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Abstract
In radiotherapy, proton irradiation can maximise the dose to the tumour
while sparing the surrounding, healthy tissue. Most new proton centres are
built for pencil beam scanning (PBS), which has been used to treat patients
at PSI since 1996. An important part of the treatment process for PBS is the
use of dose calculation algorithms for optimizing the dose to the tumour. In
particular, Monte Carlo techniques are considered to be the gold standard
and are expected to give the most accurate dose predictions in the patient
geometry.
The use of Monte Carlo techniques for PBS proton therapy is the main
topic of this thesis.
As such, we investigate the following:

•

the accuracy of Monte Carlo calculations for proton pencil beam scanning,

•

the application of Monte Carlo simulations for accurate dose calculations,

•

the use of Monte Carlo simulations to investigate advanced delivery
techniques to sharpen the lateral fall-o for PBS proton therapy.

Despite their accuracy, uncertainties remain with Monte Carlo calculations, and in the rst part of this thesis, we will tackle two potential sources
of errors in Monte Carlo simulations which have so far not been quantied
for proton pencil beam scanning: The setup/tuning process and the ability of Monte Carlo to predict absolute dose. To this aim, in the rst study
of this thesis (chapter 3), two independently developed Monte Carlo simulation engines for proton pencil beam scanning have been compared within the
scope of a collaborative project with The Christie NHS Foundation Trust,
Manchester, UK. We have identied the ionization potential of the water
used during the tuning and the pre-absorber description as possible pitfalls
in the tuning process. As a consequence, an expanded tuning procedure has
been proposed.

Additionally, remaining uncertainties of the relative dose

distribution due to the user setup have been quantied to within
vii

±2.5%.

In
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the second study (chapter 4), we then moved on to compare absolute doses
simulations of single energy layers, as well as for a comprehensive set of more
complex elds, to ionization chamber measurements, aiming to quantify the
accuracy of the absolute dose prediction. For complex elds, absolute doses
predicted by the Faraday cup based Monte Carlo simulations were found to
be systematically 1% lower than ionization chamber measurements.

After

correcting for this oset however, Monte Carlo simulations were found to
predict absolute dose within

±2%.

Next, this validated Monte Carlo framework was applied for analysing
both calculational uncertainty and the combination of calculational and delivery errors for a set of clinically applied PBS proton treatments. As such,
in the third study (chapter 5) we used the Monte Carlo system to evaluate
the accuracy of two analytical dose calculation algorithms for the prediction
of dose in the patient geometries.

Although inevitably less accurate than

Monte Carlo dose calculations, analytical approaches have a huge speed advantage, and for this reason are used for routine clinical planning and dose
optimisation at most PBS proton facilities. Dose agreement to the Monte
Carlo simulations was found to depend on the treatment site. Clinical indices however did not substantially depend on the analytical model used,
and agreed to within

±5

±4

% for the planning target volume, and to within

% for the organs at risk for all patients considered in this study.

In

the fourth study (chapter 6), treatment accuracy was further investigated
from the point of view of both calculational (analytical versus Monte Carlo)
and delivery uncertainties by performing Monte Carlo calculations of the
delivered doses directly using data from the delivery log-les of actually delivered treatments.

We show that absolute doses predicted in the patient

CT agree within 3% to measured absolute dose scalings, and demonstrate
the application of this tool for patient specic quality assurance.
In the nal part of this thesis, Monte Carlo simulations have then been
applied to study dierent approaches to sharpen the lateral fall-o for proton pencil beam scanning, rst for simple square elds in a water phantom
and then in patient geometries.

In the fth study therefore (chapter 7),

the use of energy level specic collimation and optimization to sharpen the
lateral penumbra has been studied in a simple geometric phantom to fully understand the magnitude and dependencies of penumbral enhancement under
dierent conditions, for instance, with and without the use of a pre-absorber.
This work shows that the combination of collimation and optimization could
substantially sharpen the penumbra for ranges in water below 15 cm.

In

addition, when using a pre-absorber, small air-gaps are crucial. However, if
this cannot be minimised, then the use of a set of thin pre-absorber plates
to minimize the amount of material in the beam path can help optimize
penumbra. Finally, in the sixth study (chapter 8), the combination of energy
level specic collimation and optimization are studied in clinically relevant
geometries and plans, with the doses delivered to normal tissues outside of
viii
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the target (V30) being compared for dierent delivery techniques (e.g. grid
and contour scanning), and with and without the use of a multi-leaf collimator. Optimized collimation alone has been found to reduce the dose outside
the target by 20% whilst, when combining collimation, optimization and
contour scanning, doses can be reduced by up to 25% without substantially
aecting the target dose homogeneity.
In conclusion, this thesis has resulted in the setup and validation of a
Monte Carlo system which can now be used to recalculate dose distributions, both directly from the treatment planning system and/or from delivery log-les. As such, we believe that this tool could be used to replace, or
at least reduce, patient specic quality assurance measurements, as well as
to investigate calculational uncertainties in the patient geometry. Furthermore, detailed simulations using the developed Monte Carlo system show
substantial improvements in the penumbra for proton pencil beam scanning
when combining optimization with energy specic collimation, which is an
important rst step in the quest to improve lateral penumbra in PBS proton
therapy.

ix
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Zusammenfassung
In der Strahlentherapie kann die Protonenbestrahlung die Dosis zum Tumor
maximieren, während gleichzeitig das umliegende, gesunde Gewebe geschont
wird. Die meisten neuen Protonenzentren verwenden die Pencil Beam Scanning (PBS) Technik, mit welcher seit 1996 Patienten am PSI behandelt
werden. Dosisberechnungsalgorithmen werden eingesetzt, um die Dosis im
Tumor zu optimieren und sind ein wichtiger Teil des PBS Behandlungsprozesses. Monte-Carlo-Berechnungen werden dabei als Goldstandard angesehen und es ist zu erwarten, dass sie die genauste Dosisvorhersage in der
Patientengeometrie ermöglichen.
Die Verwendung von Monte-Carlo-Techniken für PBS Protonentherapie
ist der Hauptgegenstand dieser Dissertation, in welcher wir die folgenden
Themen untersuchen:

•

Die Genauigkeit von Monte-Carlo-Berechnungen für PBS Protonentherapie

•

Die Anwendung von Monte-Carlo-Simulationen für genaue Dosisberechnungen

•

Die Verwendung von Monte-Carlo-Simulationen, um fortgeschrittene
Dosisapplikationstechniken zu untersuchen, welche darauf zielen, den
lateralen Abfall des PBS Protonenfeldes zu verschärfen

Trotz ihrer Genauigkeit enthalten auch Monte-Carlo-Berechnungen Unsicherheiten, und im ersten Teil dieser Dissertation werden wir zwei potentielle
Fehlerquellen in Angri nehmen, welche bisher noch nicht für PBS Protonentherapie quantiziert wurden: Der Aufbau-/Anpassungsprozess und die Fähigkeit von Monte Carlo, absolute Dosis vorherzusagen. Hierzu werden in der

ersten Studie dieser Dissertation (Kapitel 3) zwei unabhängig voneinander
entwickelte Monte-Carlo-Simulationsroutinen im Rahmen eines kollaborativen Projekts mit dem The Christie NHS Foundation Trust (Manchester,
UK) miteinander verglichen. Dabei identizierten wir das Ionisierungspotential des Wassers, welches für die Anpassung verwendet wurde, und den absorbierenden Karbonblock (Preabsorber) als mögliche Fallen im Anpassungsprozess. Folglich wurde ein erweitertes Anpassungsverfahren vorgeschlagen.
xi
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Zusätzlich wurde die verbleibende Unsicherheit der relativen Dosisverteilung aufgrund des benutzerspezischen Setups als

±2.5%

quantiziert. In

der zweiten Studie (Kapitel 4) gingen wir dazu über, absolute Dosissimulationen von sowohl einzelnen Energieschichten als auch komplexeren Feldern
zu Ionisierungskammermessungen zu vergleichen. Dies zielte darauf ab, die
Genauigkeit der absoluten Dosisvorhersagen zu quantizieren. Für komplexe
Felder waren die absoluten Dosisvorhersagen der Faraday-Becher-basierten
Monte-Carlo-Simulationen systematisch 1% niedriger als Ionisierungskammermessungen. Nachdem jedoch dieser Oset korrigiert wurde, prognostizierten Monte-Carlo-Simulationen die Absolutdosis innerhalb von

±2%.

Als nächstes wurde der validierte Monte-Carlo-Aufbau angewendet, um
für einen Satz von klinischen PBS Protonenbehandlungen sowohl die Berechnungsunsicherheiten als auch die Kombination von Berechnungs- und Dosisapplikationsfehlern zu analysieren. Wir verwendeten dafür das Monte-CarloSystem in der dritten Studie (Kapitel 5), um die Genauigkeit von Dosisvorhersagen zweier analytischer Dosisberechnungsalgorithmen in der Patientengeometrie zu beurteilen. Obwohl analytische Ansätze unweigerlich weniger
genau sind als Monte-Carlo-Dosisberechnungen, haben sie einen grossen Geschwindigkeitsvorteil und werden daher in den meisten PBS Protonenzentren
routinemässig für die klinische Planung und Dosisoptimierung eingesetzt. Es
wurde gezeigt, dass die Dosisübereinstimmung zu Monte-Carlo-Simulationen
vom Behandlungsbereich abhängt. Klinische Indizes hingen jedoch nicht wesentlich vom analytischen Modell ab, und stimmten für alle Patienten dieser
Studie innerhalb von
von

±5

±4

% für das Planungs-Zielvolumen und innerhalb

% für die kritischen Organe überein. In der vierten Studie (Kapi-

tel 6) wurde die Behandlungsgenauigkeit weiter untersucht, diesmal aus der
Sicht von sowohl Berechnungs- (analytisch gegen Monte-Carlo) als auch Dosisapplikationsunsicherheiten. Dafür wurde die Monte-Carlo-Berechnung der
zugeführten Dosis direkt von den während wirklich applizierten Behandlungen aufgezeichneten Protokolldateien gestartet. Wir zeigen, dass die absolute
Dosis, welche im Patienten-CT vorhergesagt wurde, innerhalb von 3% mit gemessenen absoluten Dosisskalierungen übereinstimmt, und veranschaulichen
die Anwendung dieses Werkzeuges für patientenspezische Qualitätssicherung.
Im nalen Teil dieser Dissertation wurden Monte-Carlo-Simulationen angewendet, um verschiedene Ansätze zur Schärfung des lateralen Abfalls des
PBS Feldes zu untersuchen, zuerst für einfache, quadratische Felder in einem
Wasserphantom und dann in der Patientengeometrie. In der fünften Studie
(Kapitel 7) wurde die Verwendung einer Kombination von Kollimation einzelner Energieschichten und Optimierung in einem einfachen geometrischen
Phantom untersucht, um die laterale Penumbra zu schärfen und um die Grösse und die Abhängigkeit der Penumbra-Verbesserung unter verschiedenen
Bedingungen, zum Beispiel mit und ohne Preabsorber, zu verstehen. Diese
Arbeit zeigt, dass die Kombination von Kollimation und Optimierung die
xii
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Penumbra für wasseräquivalente Reichweiten unterhalb von 15cm wesentlich schärft. Zusätzlich sind kleine Luftzwischenräume entscheidend, wenn
ein Preabsorber verwendet wird. Falls dies jedoch nicht minimiert werden
kann, hilft es, die Menge des Materials im Strahlengang mit einem Set von
dünnen Preabsorber Platten zu minimieren, um die Penumbra zu optimieren. Abschliessend wird in der sechsten Studie (Kapitel 8) die Kombination
von Kollimation einzelner Energieschichten und Optimierung in klinisch relevanten Geometrien und Plänen untersucht, wobei die Dosis zum normalen
Gewebe ausserhalb des Ziels (V30) für verschiedene Applikationstechniken
(Spots auf einem Raster oder entlang des Zielumrisses), mit und ohne Multilamellenkollimator, verglichen wird. Optimierte Kollimation alleine reduziert
die Dosis ausserhalb des Ziels um 20%, während die Dosis um bis zu 25%
reduziert werden kann, wenn Kollimation, Optimierung und Spotplazierung
entlang des Zielumrisses kombiniert werden, ohne dass die Zieldosishomogenität erheblich beeinusst wird.
Zusammengefasst entstand aus dieser Dissertation der Aufbau und die
Validierung eines Monte-Carlo-Systems, welches jetzt verwendet werden kann,
um Dosisverteilungen sowohl direkt vom Behandlungsplanungssystem als
auch von während der Behandlung aufgezeichneten Protokolldateien nachzurechnen. Wir glauben deshalb, dass dieses Werkzeug zur Anwendung kommen könnte, um sowohl patientenspezische Qualitätssicherungsmessungen
zu ersetzen oder mindestens zu verringern, als auch um Berechnungsunsicherheiten in der Patientengeometrie zu untersuchen. Ausserdem zeigen detaillierte Simulationen mit diesem Monte-Carlo-System wesentliche PenumbraVerbesserungen für PBS Protonentherapie, wenn Optimierung und Kollimation einzelner Energieschichten kombiniert werden. Dies ist ein wichtiger
erster Schritt im Bestreben, die laterale Penumbra für PBS Protonentherapie
zu verbessern.
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Chapter 1

Introduction
1.1 Radiotherapy
1.1.1 Background
In 2014, in the US 23% of all deaths were due to cancer and after heart
disease, cancer is the most common cause of death.

The lifetime prob-

ability of developing cancer is 38%/41% (female/male, 2011-2013) (Siegel
et al. (2017)). Radiotherapy, either alone or combined with surgery and/or
chemotherapy, is employed to treat cancer and ideally, over 50% of all cancer
patients should receive radiation therapy as part of their treatment (Delaney
et al. (2005)).
When the patient is irradiated, the radiation interacts with the tissue,
ionizing and exciting the individual atoms and molecules (physical phase).
Subsequently, reactive free radicals are formed (chemical phase). Both lead
to biological damage, for example in the DNA, which can be repaired (biological phase). Finally, un- or misrepaired damage leads to cell death, which
causes both tumour control and normal tissue damage (Joiner et al. (2009)).
As such, it is important to concentrate the deposited energy in the tumour to minimize normal tissue complications while maximising the benets
of radiation therapy.
Conventionally, cancer patients are irradiated with photons. Advanced
photon techniques, for example the delivery of intensity modulated radiation not only from a distinct set of eld directions but dynamically over
an arc of up to 360 degrees (volumetric modulated arc therapy (VMAT,
(Otto (2008))), or image guidance during treatment (integration of MRI and
accelerator (Raaymakers et al. (2009))), improve dose conformity.
In this thesis, we investigate the use of protons to treat cancer, the background of which is presented in the following section in more detail.
1
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1.1.2 Rational for proton therapy
In 1946, (Wilson (1946)) proposed protons for radiotherapy.

Due to the

physical depth dose characteristics of particles (Figure 1.1) protons deposit
most of their dose at the depth of the Bragg peak. Additionally, as protons
stop, almost no dose is deposited behind the Bragg peak.

Protons there-

fore oer the potential to maximise the dose to the tumour while sparing
the dose to the surrounding, healthy tissue. However, to deliver an approximately homogeneous depth dose distribution to the tumour, protons with
a set of dierent energies are combined (Spread Out Bragg Peak).

Addi-

tionally, even though biological eects lie outside the scope of this thesis, it
is worth mentioning that the biological eectiveness of protons is dierent
when compared to photons. Therefore dose distributions are scaled by a factor of 1.1 to achieve photon equivalent doses (relative biological eectiveness,
see (Paganetti (2014)) for more detail).
In the following, both the underlying proton physics and delivery techniques (passive scattering and pencil beam scanning) are shortly discussed
and an overview of proton therapy and treatment workow at PSI provided.

Figure 1.1: Integrated depth dose curve (Bragg peak) in water for a proton beam.

1.2 Overview on proton physics
A proton beam is dened by
1. the depth dose curve of the protons (Figure 1.1) and
2. the lateral proton beam shape.
In the following, the main factors inuencing these will be shortly recapitulated.

For a more detailed overview on proton physics, we refer to

(Gottschalk (2012)) and (Lomax (2009)).
2
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1.2.1 Depth dose curve
This paragraphs summarizes the most important aspects inuencing the
depth dose curve of protons following (Gottschalk (2012)).
Protons primarily lose energy when colliding with electrons in the material. The resulting depth dose curve is dened by two main factors, namely
that protons lose more energy with declining velocity (characteristic Bragg
peak shape) and the stopping of the protons (virtually no dose behind the
Bragg peak, Figure 1.1).
As such, the range of the proton beam is determined by its initial energy.
The longitudinal width of the Bragg peak is given by the initial energy spread
and by the energy/range straggling in the material due to the statistical
variations of the interactions.
Additionally, nonelastic nuclear interactions inuence the shape of the
depth dose curve by reducing the dose in the peak and increasing the dose
in the plateau.

1.2.2 Lateral beam shape
The lateral beam shape is characterized by the beam optics and the beam
broadening when passing through material.

1.2.2.1 Beam optics
This paragraph provides a short overview on beam optics based on (Safai
et al. (2008)).
The beam optics is determined by the three moments dening the angular
spatial distribution:
spread of the beam

A2,z and
the initial spatial/angular
p A0,z , which denep
σx =
A2,z /2 and σθ =
A0,z /2, and A1,z , which

denes the correlation between position and direction.
The optical beam propagation in vacuum along the beam direction

z

is

then given by

A2,z = A0,0 · z 2 + 2 · A1,0 · z + A2,0

(1.1)

A1,z = A0,0 · z + A1,0

(1.2)

A0,z = A0,0

(1.3)

1.2.2.2 Beam broadening
Coulomb scattering
Due to Coulomb interactions between the nucleus and the proton, protons are deected as they transverse through matter.

Even though most

of these individual events cause only very small scattering angles, the total combination of these is the main factor inuencing beam width increase
(multiple Coulomb scattering, (Gottschalk (2012))).
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This nuclear scattering, which was rst discovered by Rutherford in 1911
(Rutherford (1911)), has been theoretically formulated for single (Moliere
(1947)) and multiple scattering events (Moliere (1948)).

A Gaussian ap-

proximation of this process has been developed by (Highland (1975)), and
been further developed by (Lynch and Dahl (1991)).

Figure 1.2:

Factors contributing to beam size:

beam size due to scattering in water
as

q

2 + σ2
σopt
M CS .

Note that here

σM CS

σopt

Initial beam size in air

and total beam size

σtot

σopt ,

calculated

includes the contribution of air.

Data is

from PSI Gantry 2. All beam sizes have been calculated at the Bragg peak.

The beam optics and the Multi-Coulomb scattering (both Gaussian contributions) add in quadrature to the total beam size

σtot :

2
2
2
σtot
= σopt
+ σM
CS

(1.4)

Figure 1.2 shows the beam size at the Bragg peak for clinical proton
beams with energies ranging from 70 MeV to 230 MeV, demonstrating the
inuence of the initial beam size in air (optics and scattering in air,

σopt )

and of the scattering in water (σM CS ).
Even though 98% of protons are included in this Gaussian beam shape
(Gottschalk (2012)), it is worth noting that there is an additional single scattering tail.

Nuclear interactions
Nuclear interactions, whilst predominantly contributing to a loss of protons at the Bragg peak (section 1.2.1), also produce secondary neutrons and
radioisotopes and result in widely scattered secondary protons and other
fragments ((Lomax (2009)); see (Pedroni et al. (2005)) for a detailed mathematical characterization). In total, this leads to the so-called nuclear beam
halo.
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1.2.2.3 Investigations of lateral beam shape in this thesis
In summary, the lateral beam shape is determined by the initial beam size,
multiple Coulomb scattering in the patient, and a tail due to single scattering
and nuclear interactions.
As such, it signicantly impacts the potential of proton therapy.
First, it leads to limitations in analytical dose calculation accuracy. Analytical calculation algorithms only take the integrated water equivalent depth
of a calculation voxel into account. The depth of the scattering material is
therefore often not considered correctly, and the scattering eects of density
heterogeneities are assumed to occur either at the entrance of the patient
or just before the Bragg peak (see dose calculation, section 1.5). Additionally, single scattering and nuclear dose halo are often neglected analytically,
leading to approximations in the lateral dose distribution and absolute dose
prediction.
In addition to these limitations in analytical dose modelling, the nite
beam shape due to the initial beam size and the multiple Coulomb scattering
physically restricts the dose conformity to the tumour.
As such, in this thesis, using Monte Carlo simulation techniques we investigate both absolute dose predictions for proton therapy, as well as the
accuracy of relative analytical dose distributions, and discuss strategies to
improve the lateral beam shape to achieve the best possible dose to the
tumour.

1.3 Proton delivery techniques

(a)

(b)

Figure 1.3: Protons can be delivered using either passive scattering (a) or pencil

beam scanning (b).

1.3.1 Principles: Passive scattering and pencil beam scanning
Two techniques are currently employed to deliver proton therapy to the patient: Passive scattering and pencil beam scanning, both of which will be
5
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recapitulated here. For more details refer for example to (Slopsema (2012))
and (Flanz (2012)).
In passive scattering, multiple energies are combined in one beam using
range modulation to create a homogeneous depth dose distribution.

This

beam is widened using scattering material and is subsequently dened laterally using a collimator/aperture. A patient specic compensator then denes
the maximal depth in the patient, which due to tumour volume irregularity
and density heterogeneities in the patient varies across the eld (Figure 1.3a,
only components dening the lateral fall-o are shown).
However, most newly built proton modalities are based on the pencil
beam scanning (PBS) technique.

Here, a set of elemental proton pencil

beams (spots) is combined to cover the target. The depth of each spot is
determined by adjusting its energy or by inserting a piece of absorbing material (range-shifter/pre-absorber). Laterally, the beams are deected using
magnets (Figure 1.3b).

1.3.2 Lateral penumbra
Proton pencil beam scanning allows for exible dose shaping to cover the
tumour while sparing the organs at risk. It has however been shown that
for shallow targets the penumbra of an individual pencil beam is worse than
that of a collimated broad beam (Safai et al. (2008)). In addition, due to
range uncertainties and concerns about the biological eectiveness of protons
at the distal end of their range, incident eld angles are often chosen such
that critical organs are located laterally to the eld, instead of distally (see
Figure 1.3). A small lateral penumbra is therefore crucial to spare organs at
risk.
For passive scattering, the penumbra is dened by the source size of the
broad beam, by the collimator and by the scattering in the patient. For pencil
beam scanning on the other hand (the focus of this thesis), the penumbra is
determined by the following factors:
1. The initial beam size of the proton spot in air.
2. The scattering in the patient.
3. The optimization algorithm (spot locations and spot weights).
4. The additional (optional) use of collimation.
The initial beam size depends on the beam line and Gantry characteristics, as well as on additional scattering material in the beam path. Both
careful usage of a pre-absorber (Titt et al. (2010)) and the minimisation
of the air-gap between any scattering material and the patient, for example
through the use of a universal, couch mounted bolus (Both et al. (2014)), can
help to minimize beam size. In addition, dedicated optimization algorithms
6
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help sharpen the lateral fall-o, through the process of edge-enhancement
(Pedroni et al. (1995)). This eect can be additionally enhanced using contour scanning to optimally position pencil beams such as to follow the target
contour (Meier et al. (2017)) instead of a regular grid. Finally, although collimators are obligatory for passive scattering, for pencil beam scanning, as
individual pencil beams are constrained to the target volume by the scanning
approach, collimators are typically not applied.
Nevertheless, employing collimation for PBS has been investigated (see
for example (Bues et al. (2005)) and has been shown to sharpen the penumbra in a water tank (Charlwood et al. (2016)) as well as in patient geometries
(Dowdell et al. (2012), Geng et al. (2016), Moteabbed et al. (2016), Yasui
et al. (2018), Yasui et al. (2015)). Furthermore, (Hyer et al. (2014a)) have
suggested the use of a dynamic collimation system consisting of four orthogonal trimmer plates, which enables energy layer specic collimation, a work
which has been extended by (Gelover et al. (2015)) to demonstrate the inclusion of trimmed beamlets for optimization in the patient geometry. Finally,
(Moignier et al. (2016c), Moignier et al. (2016a), Moignier et al. (2016b),
Smith et al. (2016)) studied the eect of such a device in patient geometries.

1.3.3 Proton therapy at PSI
At PSI, currently one passive scattering system for ocular tumours (OPTIS
2, since 2010) and three PBS Gantries (Gantry 1, since 1996 (Munkel et al.
(1996)); Gantry 2, since 2013; Gantry 3, since 2018) are in clinical operation.
Whereas Gantry 1 and Gantry 2 have both been developed in-house, Gantry
3, which has recently started clinical operation, is a commercial solution.
In this thesis however, we concentrate on the delivery and beam characteristics of Gantry 2. Gantry 2 (Safai et al. (2012), Pedroni et al. (2011),
Pedroni et al. (2004)) enables fast treatment due to fast energy switching
times (below 100 ms), as well as, and more importantly for this work, small
in-air beam sizes (below 5 mm) down to 70 MeV.
The minimal deliverable energy of Gantry 2 (70 MeV) corresponds to a
water equivalent range of 4.1 cm (see energy range relation on the x-axis of
Figure 1.2). For tumours located closer to the patient's surface, an additional
piece of material, the pre-absorber, needs to be inserted. In Gantry 2, this
is an automatic element. Dierent pre-absorber settings are available, either
pre-absorber OUT (no pre-absorber), pre-absorber IN (pre-absorber in for
all spots of the eld) or pre-absorber AUTO (pre-absorber in only for the
spots with ranges <4.1 cm).
The pre-absorber is one of the components contained in the telescopic
Gantry 2 nozzle (see (Pedroni et al. (2011)) for more detail). Additionally,
the nozzle includes two redundant ionization chambers to monitor the delivered charge (Monitor 1 & Monitor 2), a strip chamber to conrm the beam
position and a protective piece of Rohacell (Figure 1.4).
7
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components move with the nozzle, the angular spatial distribution of the
proton beam at isocenter depends on the nozzle extension, regardless of the
pre-absorber being IN or OUT.

(a)

(b)

Figure 1.4: Photograph (a) and schematic drawing (b) of the PSI Gantry 2 nozzle.

1.4 Treatment workow for proton pencil beam scanning at PSI
Conceptually, the treatment workow for proton therapy is as follows:
1. Pre-treatment imaging: MRI (for tumour denition) and CT images
(for treatment planning) are acquired before treatment.
2. Tumour delineation, contouring of tumour and organs at risk, prescription of target dose and constraints on organs at risk.
3. Treatment planning: Dose calculation (see chapter 2) and optimization
of eld arrangement and spot weights.
4. Patient specic quality assurance:

Absolute doses are measured for

each eld in a water tank (Trnkovà et al. (2016), Lomax et al. (2004)).
5. Delivery of the treatment.
For this thesis, special attention will be given to treatment planning and
to patient specic quality assurance.

1.4.1 Treatment planning
Treatment planning aims to dene the characteristics of the treatment in
order to deliver the prescribed dose to the target while fullling the prescriptions on critical structures. First, treatment angles, i.e. a set of beam
8
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directions (dened by gantry and couch angles) are chosen. Each direction
constitutes one eld, and the combination of these elds results in a treatment plan. For each eld, proton spots lying inside and up to 5 mm outside
the planning target volume (PTV) are identied. Then, the initial dose calculation determines the dose given to the patient based on predened proton
uences for each spot. As this is not the best possible dose distribution, in
the next step these proton numbers are then optimized to achieve a homogeneous dose to the tumour while sparing the healthy tissue. The optimization
can either be performed such that each eld contributes a uniform dose to the
target (single eld uniform dose, SFUD), or such that the individual elds
are inhomogeneous, for example to spare organs at risk, while the combined
plan delivers a homogeneous dose to the target (intensity modulated proton
therapy, IMPT (Lomax (1999))).
Figure 1.5 shows example resulting dose distributions for individual, optimized elds and the combined plan for a three eld, SFUD skullbase plan.
The dose distributions are coloured according to the scale on the right, with
the PTV outlined in red and a critical structure (the brainstem) in yellow.

Figure 1.5: Dose distributions for three individual elds and the combined plan.

The planning target volume is marked in red, the brainstem is shown in yellow.

These dose distributions are then evaluated quantitatively based on dose
volume histograms for the target and the organs at risk. Dose volume histograms show the integrated volume receiving a certain amount of dose, as
shown in Figure 1.6 for the PTV and for the brainstem of the Plan shown in
Figure 1.5. Qualitatively, this demonstrates the dierent shapes of dose volume histograms for the target and the critical organ, with the optimization
aiming to achieve a homogeneous dose to the whole target while minimizing
the dose to the surrounding healthy tissue.
Quantitatively, the treatment plan is judged by evaluating dened points
on these DVHs, namely either the dose to a certain percentage of the volume
or the volume which receives a certain amount of dose. These clinical pre-

scriptions, for example the dose to 2% of the volume, or the volume receiving
9
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Figure 1.6: Dose volume histograms for the planning target volume (red) and the

brainstem (blue).

90% of the dose, have typically been dened beforehand by the clinician and
are used to assess the plan quality.

1.4.2 Patient specic quality assurance
After a plan has been dened and agreed with the responsible medical doctor,
patient specic quality assurance measurements aim to identify potential
errors in the dose calculation, data transfer and delivery.

At PSI, these

are especially important to verify the absolute dose, which is not accurately
predicted by the analytical dose calculation. They take one to three hours
per patient and are therefore a major bottle neck in the treatment workow.
Furthermore, a recent publication demonstrated the relative insensitivity
of such measurements to detect errors in the dose delivery (Matter et al.
(2018)).
Possible alternatives to such measurements are the use of independent
dose calculation systems. So far, eorts have been taken to either recalculate
plans with the analytical algorithm from log les (Meier et al. (2015)), to
analyse the eect of delivery uncertainties (Belosi et al. (2017), Scandurra
et al. (2016)) or to recalculate plans using a dierent dose calculation algorithm to highlight possible calculation uncertainties (see for example (Beltran
et al. (2016))).
Dierent approaches to dose calculations in patient geometries will be
summarised in the following section.
10
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1.5 Dose calculation algorithms for proton therapy
In radiotherapy, there are two main approaches to calculate the dose to the
patient: Analytical and Monte Carlo.

1.5.1 Analytical dose calculation methods
In principle, there are two methods to analytically calculate the dose for
proton therapy: The pencil beam algorithm and the ray-casting approach.
The PSI treatment planning system employs an analytical dose calculation
known as the ray-casting algorithm. In contrast, most commercial systems
use a pencil beam superposition approach.
Both mathematical models have been introduced by (Schaner et al.
(1999)). Based on this publication, the ray-casting, which is the one used
for the main part of the thesis, is in the following shortly recapitulated and
the conceptual dierences to the pencil beam approach are highlighted.
For the ray-casting dose calculation, and depending on the eld direction
and the stopping power converted from the CT, each voxel is assigned a water
equivalent depth WED. The dose per spot (lateral position

w)

is then calculated at each voxel (lateral position

position

z,

water equivalent depth

W ED)

x

xi and yi ; weight
y, longitudinal

and

as follows:

1
Dspot =ID(W ED) · w · q
x
π A2,z (W ED) · Ay2,z (W ED)
2 /Ax (W ED)−(y−y )2 /Ay (W ED)
i
2,z
2,z

· e−(x−xi )

(1.5)

(1.6)

The integral depth dose curve (ID ) for each energy in the treatment planning system has been pre-calculated, and tted to measured data using an
analytical model and is available as a look-up table.

x
variance A2,z (W ED)

=

2σx2 and

Ay2,z (W ED)

=

The doubled spatial

2σy2 contain the combined

inuence of the initial angular spatial distribution of the spot and the scattering in the patient (also both accessed from pre-calculated look-up tables).
Finally, the total dose is determined by adding up the contributions of all
individual spots.
As density heterogeneities are taken into account using the water equivalent depth of the dose calculation point, the longitudinal distance of the
density heterogeneity with respect to the calculation point is not considered,
i.e. a high density material at the entrance of the patient will lead to the
same change at the Bragg peak as a heterogeneity just before the Bragg
peak. Conceptually, the ray-casting algorithm therefore handles all heterogeneities as if they were just before the calculation point. For Gantry 2 dose
calculations, no corrections for the beam halo (see for example (Pedroni et al.
(2005))) are considered in the treatment planning system.
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In contrast, the pencil beam algorithm superposition algorithm decomposes each physical proton pencil beam into a set of elemental pencil beams
(beamlets) traversing through the patient. For this, a uence map for each
energy level is rst calculated and then de-convoluted with a pencil beam
dose kernel corresponding to the beamlet width due to Multi-Coulomb Scattering.

In contrast to the ray casting approach, this method handles all

heterogeneities as if they were at the entrance of the patient (Schaner et al.
(1999)).

1.5.2 TOPAS Monte Carlo simulations for proton therapy
Monte Carlo simulations track each particle through the patient geometry,
while assuming probabilities (cross sections) for dierent interactions. These
probabilities are described by a probability density function, based on which
a random number is sampled (Paganetti (2012a)).
Multi-purpose Monte Carlo codes as for example the C++ based Geant
4 (Agostinelli et al. (2003)) require extensive programming experience to set
up and start a simulation.

Therefore, dedicated Monte Carlo toolkits for

medical physics applications have been developed, as for example Gate (Jan
et al. (2004)) and TOPAS (Perl et al. (2012)), both wrapping around the
Geant 4 tool.
TOPAS, which is used for the main part of the thesis, enables the user
to run simulations based on text les, which include the simulation settings
(physics, source, geometry) without the need for C++ programming. Additionally, default parameters, as for example physics settings for proton
therapy (Jarlskog and Paganetti (2008)) facilitate the setup of Monte Carlo
simulations for non-experts. TOPAS has been thoroughly validated for passive scattering (Testa et al. (2013)) and has recently been introduced for
proton pencil beam scanning (Grassberger et al. (2015), Fracchiolla et al.
(2015)).

1.5.3 Comparison of analytical and Monte Carlo calculations
It is important to note that uncertainties, for example the values of the ionization potential of tissues, inuence of biology or CT imaging and conversion
(Paganetti (2012b)) remain for both Monte Carlo and analytical algorithms.
Additionally, dierences between Monte Carlo simulation engines inuence
the simulation results, as has been shown for mono-energetic beams in the
patient geometry (Titt et al. (2012)).

Nevertheless, if carefully commis-

sioned, Monte Carlo calculation algorithms improve the handling of complex
and lateral heterogeneities (Paganetti (2012b)) and are therefore expected
to be more accurate in predicting the dose in the presence of density heterogeneities. On the other hand, analytical algorithms are considerably faster
than Monte Carlo calculations and therefore more practical during the dose
12
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Figure 1.7: Dose calculation for one example plan using two dierent analytical

algorithms compared to Monte Carlo simulations.

optimization processes.
Multiple institutes have benchmarked their analytical calculation algorithm against Monte Carlo simulations (Tourovsky et al. (2005), Yepes et al.
(2018), Widesott et al. (2018), Grassberger et al. (2014), Schuemann et al.
(2014), Schuemann et al. (2015), Taylor et al. (2017), Tommasino et al.
(2018)), and this is one of the aims of this work as well. For example, Figure
1.7 shows an example plan (nasal cavity, 4 elds, with pre-absorber) calculated with both the pencil beam superposition and ray casting algorithms
(upper row), compared to Monte Carlo calculations (lower row).

The dif-

ference patterns dier for ray-casting and pencil beam, demonstrating the
distinct calculation approaches.

1.6 Aims and outline of the thesis
This thesis focusses on Monte Carlo (MC) techniques for proton pencil beam
scanning. In particular, it tackles the following three research topics: The
accuracy of Monte Carlo simulations, the application of Monte Carlo simulations for more accurate dose calculation, and the investigation of advanced
beam delivery techniques to optimize the lateral fall-o for proton pencil
beam scanning.

Each of these topics has been divided into two research
13
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questions, each of which form a chapter of the thesis:
Topic 1. Monte Carlo accuracy

Q1: How accurate is the tuning process of MC simulations for proton
pencil beam scanning?
Q2: How accurate is MC absolute dose prediction for proton pencil beam
scanning?
Topic 2. Dose calculation accuracy

Q3: How do dierent mathematical models for analytical dose calculations perform when compared to MC simulations?
Q4: What is the combined inuence of calculational and delivery uncertainties for proton dose calculations?
Topic 3. Investigations into lateral fall-o

Q5: How does the combination of collimation and optimization improve
the penumbra for proton pencil beam scanning?
Q6: How does the combination of collimation and optimization improve
dose distributions in the patient geometry?
After this Introduction (Chapter 1), Chapter 2 introduces the setup and
tuning of the Monte Carlo system for the PSI Gantry 2. Chapters 3-8 are
then each dedicated to one of the research questions stated above and presented in the form of accepted or submitted publications as follows. For all
manuscripts, we included the preprint (author's original) version. All references are combined in the bibliography at the end of the thesis.

Chapter 3: How accurate is the tuning process of MC simulations for proton
pencil beam scanning?
The inuence of the user specic setup of the Monte Carlo simulations
has so far not been investigated in the literature.

To this aim, two inde-

pendently developed Monte Carlo simulation engines for proton pencil beam
scanning have been compared within the scope of a collaborative study with
The Christie NHS Foundation Trust, Manchester, UK.

Chapter 4: How accurate is MC absolute dose prediction for proton pencil
beam scanning?
There is no comprehensive analysis comparing Monte Carlo simulated
absolute doses based on Faraday cup measured proton numbers to doses
measured with ionization chambers for realistic treatment settings. We have
therefore compared single energy layers, as well as a comprehensive set of
more complicated elds measured during patient specic verications, to
Monte Carlo simulations, aiming to quantify the accuracy of the absolute
dose prediction of Monte Carlo calculations.
14
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Chapter 5: How do dierent mathematical models for analytical dose calculations perform when compared to MC simulations?
After investigating the accuracy of our simulation setup, the Monte Carlo
tool has been applied to investigate the accuracy of analytical algorithms
(calculational uncertainty). Multiple studies have compared analytical dose
calculation algorithms to Monte Carlo simulations, most of which are based
on the pencil beam superposition approach. So far however, no study has
investigated and compared the performance of both the pencil beam and
ray-casting approaches. In this study we therefore evaluate both mathematical concepts in the patient geometry for a wide range of treatment sites.

Chapter 6: What is the combined inuence of calculational and delivery uncertainties for proton dose calculations?
Monte Carlo calculations enable to characterize the calculational uncertainty related to the analytical algorithm.

In contrast, independent dose

calculations based on the same algorithm as the treatment planning system
allow the recalculation of dose distributions based on information recorded
during the delivery, e.g.
during treatment.

from log les recorded by the delivery machine

In this study, we investigate the combination of both

uncertainties by Monte Carlo recalculated plans using data from clinically
acquired log les.

Chapter 7: How does the combination of collimation and optimization improve the penumbra for proton pencil beam scanning?
Finally, dierent approaches to sharpen the lateral fall-o for proton pencil beam scanning have been investigated using Monte Carlo simulations, rst
for square elds in a water phantom and then for patient plans. In this part
of the thesis, collimated beam shapes are included in the optimization to
sharpen the lateral penumbra in a water tank. Additionally, dierent preabsorber techniques are investigated.

Chapter 8: How does the combination of collimation and optimization improve dose distributions in the patient geometry?
In this chapter, the collimation and optimization concepts tested for simple elds and in water in chapter 7 are extended to patient geometries and
their eectiveness assessed for various delivery techniques (grid scanning,
contour scanning) with and without collimation.
The thesis is concluded with a critical discussion of the work (Chapter 9)
and summarized in the Conclusion (Chapter 10).
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Chapter 2

Monte Carlo setup for the PSI
Gantry 2
The following work has been presented at the SASRO/SSRMP annual meeting 2016 (Sursee, Switzerland, 2016) and at the Optimization of Medical
Accelerators Project (OMA), Topical Workshop Facility Design Optimization for Treatment (Paul Scherrer Institut, Switzerland, 2018).

2.1 TOPAS Monte Carlo simulations
Simulations in this thesis have been performed using the Geant 4 based
TOPAS Monte Carlo simulation toolkit.
Geant 4 is a C++, object-oriented Monte Carlo tool, which has been
developed in a tremendous collaborational eort with main contributions
from CERN and SLAC (Agostinelli et al. (2003)). Its applications are not
only in the eld of collider physics, but range from simulating of radiation
induced DNA damage (Geant4-DNA Project, (Incerti et al. (2010))) to space
applications (Daly et al. (2001)).
These diverse utilization possibilities however come at the cost of complexity, as users need to be able to dene their simulations in C++ and
to determine suitable geometry and physics settings. TOPAS, which wraps
around the Geant 4 toolkit, has been developed to make Monte Carlo simulations more accessible for medical physics and especially proton therapy.
Simulations are dened using parameter les. Additionally, default components, ranging from simple geometries to complex devices, physics settings,
scoring options and time features are provided (Perl et al. (2012)).
For passive scattering, TOPAS has been extensively validated experimentally against quality assurance measurements (Testa et al. (2013)) and
compared to measurements in a lung phantom (Grassberger et al. (2014)).
Furthermore, it has been used to determine range uncertainties in the patient
geometry (Schuemann et al. (2014)), for the comparison of clinical indices
17
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to the analytical treatment planning system for lung patients (Grassberger
et al. (2014)) as well as for a set of fty patients treated in a variety of
treatment sites (Schuemann et al. (2015)).
(Grassberger et al. (2015)) demonstrated the set-up of a TOPAS calculation framework for proton pencil beam scanning without a full model of
the treatment head, based only on spot size and depth dose measurements.
This is also the approach chosen by (Fracchiolla et al. (2015)), who additionally validate the TOPAS simulation results against measurements in an
anthropomorphic head phantom.
TOPAS (http://www.topasmc.org/ (2018)) is available free of charge for
non-prot, research organizations (funding from the US National Cancer
Institute's ITCR).
In this thesis, we will expand the validation of TOPAS absolute dose
predictions for proton pencil beam scanning, evaluate the inuence of user
settings on simulation results, use the toolkit to analyse calculational uncertainties (with and without the inclusion of delivery uncertainty) and nally
to evaluate multiple penumbra sharpening methods.
This chapter demonstrates the TOPAS setup for the PSI Gantry 2, which
will be the basis for the research work presented in the following chapters.

2.2 Simulation setup
We choose to model the PSI Gantry 2 using TOPAS, version 3.0.p1, and
the TOPAS default physics list (Jarlskog and Paganetti (2008), Perl et al.
(2012)). For proton pencil beam scanning, the whole treatment head does
not need to be modelled (Verburg et al. (2016)), and the simulation can be
started at a designated point before the patient (see for example (Grassberger
et al. (2015), Grevillot et al. (2011), Fracchiolla et al. (2015))). For our application, we have chosen the upstream side of the pre-absorber of the fully
retracted nozzle as the starting point of the simulation (47.8 cm upstream of
isocenter). All regions around the patient have been set to air. For elds with
a pre-absorber, this has been modelled as a physical component in the beam.
For the modelling of the PSI Gantry 2 in TOPAS, the process was as
follows (Figure 2.1):
1. Beam model: Characterize each spot at the start of the simulation.
2. Pre-absorber: Model the pre-absorber as a physical component.
3. Patient: Model water phantom/patient.
4. Geometry: Combine all modelled components.
5. Include in the Independent Dose Calculation (IDC).
In the following, each of these steps is explained in more detail.
18

CHAPTER 2.

Figure 2.1:

Principle:

MONTE CARLO SETUP FOR THE PSI GANTRY 2

Monte Carlo model for the PSI spot scanning Gantry

(Gantry 2).

2.3 Beam model specic for Gantry 2
Conceptually, the Gantry 2 beam model consists of three parts. First, the
energy and the energy spread of the incoming proton beams are tuned to
match measured depth dose curves. Second, the initial angular spatial distribution is set to reproduce beam propagation in air. Finally, proton numbers
are assigned to each spot.

2.3.1 Initial energy and energy spread
To reproduce depth dose curves in water, individual spots have been simulated for each available energy tune in a square water phantom (Figure 2.2
a). Doses have been scored in a cylindrical scoring geometry with a radius of
4 cm and a depth binning of 0.1 mm. Energy and energy spread at the start
of the simulation are adjusted to reproduce the range (within 0.1 mm) and
the longitudinal width of the Bragg peak (within 0.2 mm) when compared
to measured depth dose curves (Figure 2.2 b and c).

2.3.2 Initial angular spatial distribution
To reproduce spot sizes in air, the initial angular spatial distribution (three
parameters for each lateral direction), which denes the beam optics, needs
to be determined. In principal, the three moments dening the beam size
propagation are provided by the treatment planning system.

This data is

however based on beam size measurements in air at dierent distances from
isocenter and as such contains both the inuence of beam optics and scattering in air.
In the MC simulations however, to best represent reality, the region
around the patient has been set to air.
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(a)

(b)

(c)
Figure 2.2:

Simulation setup (a) and results (b) for the tuning of energy and

energy spread for the Monte Carlo (MC) simulation to reproduce range (R80%)
and width (80% to 80%) (c) of the measured depth dose curves.

ters would be used as input to the simulation, in-air scattering would be
included twice, namely both in the input data and in the actual simulation.
As simulation input, we therefore need to dene a set of parameters which
includes the optical beam propagation only.
To this aim, and for each available proton energy, a spot with zero initial
angular spatial distribution has been simulated in air. The resulting beam
size

σair,M C

at dierent distances from the isocenter, which is purely due to

the scattering in air, has then been subtracted in quadrature from the measured beam size in air

σmeas

(see also (Grevillot et al. (2011))). A quadratic

t to the air-subtracted curve,

2
σopt

as a function of distance

z

from isocen-

ter, consequently provides the optical moments of the initial angular spatial
distribution (A0,0 ,

A1,0 , A2,0 )

at the isocenter (see for example (Safai et al.,

2008) for more details on beam propagation):

2
2
2
σopt
(z) = σmeas
(z) − σair,M
C (z)
2
2σopt
(z)

2

= A0,0 · z + 2 · A1,0 · z + A2,0

(2.1)
(2.2)

Next, the optical parameters are calculated at the starting point (SP) of the
20
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cm):

2
A2,SP = A0,0 · zSP
+ 2 · A1,0 · zSP + A2,0

(2.3)

A1,SP = A0,0 · zSP + A1,0

(2.4)

A0,SP = A0,0

(2.5)

Finally, as input for the TOPAS simulation, the following parameters are
calculated for the

x

and

y

directions:

Sigma =

q

A2,SP /2
q
SigmaP rime = A0,SP /2
p
Correlation = A1,SP / A0,SP · A2,SP

(2.6)
(2.7)
(2.8)

When using these parameters as input to the Monte Carlo simulation, simulated proton spot sizes in air (Figure 2.3, only proton dose is scored) t to
the measurements within 0.1 mm.

(a)

(b)

Figure 2.3: Simulation setup (a) and resulting spot sizes (sigma of proton beam,

(b)) in air for three example energies.

As the start of the simulation is xed 47.8 cm upstream of isocenter,
the simulation of in-air scattering needs only to be performed once for each
energy.

On the other hand, the initial phase space of Gantry 2 changes

as a function of nozzle extension.

This subtraction of air scattering and

the generation of optical beam parameters is therefore performed for each
combination of energy and nozzle extension.

2.3.3 Proton numbers
During treatment planning, after the optimization process a spot weight
is assigned to each physical pencil beam of each eld. In the PSI treatment
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planning system, this spot weight is proportional to the number of protons
(based on Faraday cup measurements). It is worth noting that in this setup,
proton numbers are therefore based directly on Faraday cup measurements
and not on ionization chamber readouts, which could aect absolute dose
results (Clasie et al. (2012), Gomà et al. (2014)).
Monte Carlo modelling all delivered protons (typically around

105

to

108

protons per spot) however would require unreasonably high computation
times. Therefore, a factor has been introduced to scale the number of protons for each spot by a xed number. This scaling factor can be chosen by
the user (see Chapter 2.7). A higher scaling results in less modelled protons
and therefore in faster calculations at the cost of a higher statistical uncertainty. Naturally, the best scaling factor depends on the applications. For
clinical dose distributions, a factor of 500 for water tank simulations and a
factor of 1000 for patient calculations have been found to achieve reasonable
calculation times and statistical uncertainty.

If higher statistical accuracy

is necessary however, for example for a comparison study aiming to identify
subpercentage dierences between Monte Carlo settings, a higher scaling
may be more suitable.

2.4 Pre-absorber modelling
The pre-absorber can either be modelled as a physical component (Grassberger et al. (2015)) or be included in the initial beam description (Fracchiolla et al. (2015)).

For the PSI Gantry 2 setup, we chose the physical

approach, i.e. modelling the pre-absorber as a component in the simulation.
When inserting such a piece of carbon in the beam, the depth dose curve
is shifted by its water equivalent thickness. With the same simulation setup
as used for the tuning of the depth dose curves, the density of the preabsorber has therefore been slightly adjusted to reproduce these experimentally determined shifts of the depth dose curves to within 0.2 mm (Figure
2.4).

2.5 Water phantom or CT based patient model
Simulations can be performed either in a water phantom or in the patient geometry. For water phantom simulations, calculation grid size and air gap are
chosen according to the settings used in the treatment planning system when
recalculating dose distributions in water.

In the patient however, internal

anatomy is described in the form of a CT, providing Hounseld units (HU)
for each voxel of the data set. These HU and all characteristics describing
the CT, namely numbers and size of voxels in all three dimensions, are read
into the Monte Carlo simulation. For the simulations, the HU information
22
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(a)

(b)

Figure 2.4: Simulation setup (a) and results (b) for the tuning of the pre-absorber

to reproduce the experimentally determined range shift due to the additional material in the beam.

needs to be transformed to material and density, for which we use the conversion curve derived by (Schneider et al. (2000)). The HU to stopping power
curve (relative to water) calculated in the Monte Carlo simulation using this
conversion has been provided in the TOPAS user forum. However, as we use
a dierent CT scanner (HU to stopping power according to (Schneider et al.
(1996))), we need to adjust this conversion to t the clinical HU to stopping
power curve. Therefore the density in the Monte Carlo simulation has been
adjusted for each HU (Paganetti (2012b)).

2.6 Geometry in the Monte Carlo simulation
Finally, to run a Monte Carlo simulation, the components discussed above
(beam model, pre-absorber, patient/water tank) need to be combined in
the TOPAS coordinate system (see Figure 2.5).

Geometrical information

(nozzle extension, spot positions, gantry and table angle, shift of patient)
are provided by the treatment planning system. As such, each pencil beam
is rotated according to the gantry angle. As Gantry 2 employs a parallel (not
a divergent) eld, all spots within a eld are delivered with the same angle.
Laterally, each spot is positioned according to the coordinates dened by
the treatment planning system, with the spots being combined in one eld
using the TOPAS time feature, i.e. the simulation iterates through the spots
by assigning a (virtual) time to each pencil beam. The patient position is
dened by the table angle and the shift of the patient's isocenter.
Finally, the pre-absorber can either be totally extracted (OUT), used for
only part of the eld (AUTO) or used for all spots of the eld (IN), and this
information is also provided by the TPS. For the AUTO setting, the eld is
23
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split in a part with and without the pre-absorber and the simulation results
subsequently combined. The position of the pre-absorber is dened by the
gantry angle and the nozzle extension.

Figure 2.5: Geometry of the simulation.

2.7 Inclusion in the Independent Dose Calculation
(IDC)
As part of this work, an Independent Dose Calculation (IDC) framework,
developed by (Meier et al. (2015)), has been expanded to include the Monte
Carlo simulation. As such, the IDC
1. Reads in an input le dening the plan.
2. Converts the plan and spot characteristics to the parameters needed
for the Monte Carlo simulation (beam model and geometry, see above).
3. Writes dedicated TOPAS parameter les.
4. Starts the simulation.
5. Reads the resulting dose distribution.
6. Writes output les in the TPS specic format.
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The IDC provides a graphical user interface, in which the user can choose
the input le and set the dose calculation algorithm (either analytical or

Monte Carlo ) and the simulation geometry (CT or water phantom ) in dropdown menus. Additionally, the following Monte Carlo settings are available:

•

Option Run calculations on local computer (default): Text les are
written and used to start the TOPAS simulation. Output is read back
automatically and converted to the TPS format.

•

Option Generate les for cluster : Text les are created. These have
to be copied to the cluster manually, where the simulation is run and
the output has to be copied back.

Convert cluster dose results to TPS les converts the simulation results to the TPS format.
Furthermore, the user can set a scaling factor to scale the amount of
modelled protons and the TOPAS starting seed of the simulation in the
user interface.

It is important to note that the MC simulation has been

included in the IDC without altering the reading of input les. Monte Carlo
simulations can therefore be started from either planned (treatment planning
system), steering (machine control settings) or log (information recorded
during delivery) information.

2.8 Example dose distributions
As an example of the use of the MC set-up described in this chapter, gure
2.6 shows a slice of a relative dose distribution (3-eld plan) calculated with
the treatment planning system (TPS), recalculated in Monte Carlo (MC)
and the dierence between the two. For this comparison, each Monte Carlo
calculated eld has been scaled to give the same mean dose to PTV as the
eld planned by the treatment planning system.
In this work, this MC set-up has been thoroughly validated, been used
to assess the accuracy of delivered dose distributions and nally used to
simulate the potential for patient and energy specic collimation in PBS
proton therapy.

All these will be described in detail in the following six

chapters of this thesis.

25

CHAPTER 2.

Figure 2.6:

MONTE CARLO SETUP FOR THE PSI GANTRY 2

An example slice of a plan calculated with the treatment planning

system (TPS), the Monte Carlo simulations (MC) and dose dierence (without air,
MC-TPS).
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Q1: How accurate is the tuning
process of MC simulations for
proton pencil beam scanning?∗
This is investigated in the study Comparison of two Monte Carlo calculation engines for proton pencil beam scanning, which has been submitted to
Radiaton Oncology on the 2nd of October 2018.
Additionally, this work has been presented as an oral contribution at the
International Conference on Monte Carlo Techniques for Medical Applications (Naples, Italy, 2017) and at the 23rd UK Monte Carlo User Group
Meeting (Guildford, UK, 2018).

I contributed to this study by setting up of the PSI Monte Carlo system, running the
simulations in the PSI system and comparing and interpreting the simulation outputs.
∗
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COMPARISON OF TWO MONTE CARLO CALCULATION

ENGINES FOR PROTON PENCIL BEAM SCANNING

Abstract
Background:

Monte Carlo (MC) simulations substantially improve the ac-

curacy of the predicted doses for proton therapy. Such calculation engines
however require the user to choose settings and adjust parameters to characterize their system. The aim of this study is to determine and quantify
the sensitivities and uncertainties of setting up such a MC system.

Methods:

Doses simulated with two similar MC calculation engines (both

Geant4 based), but independently tuned to the same proton pencil beam
scanning Gantry, have been compared in simple geometries and a patient
CT. Dierent methods of modelling a pre-absorber have also been employed,
in one system by modifying the beam source parameters (descriptive modelling) and in the other by the addition of the pre-absorber as a physical
component in the MC simulations (physical modelling).

Results:

After the independent tuning of both systems in water (resulting in

excellent range agreement for both) range dierences of up to 3.6mm/4.8mm
in bone/brain like tissues were nevertheless found. On further investigation,
these resulted from the use of dierent mean ionisation potentials for water
during the independent tuning process.

When repeating using a common

denition of water, ranges in bone/brain agreed within 0.1mm and gamma
analysis (global 1%, 1mm) showed excellent agreement of >93% for all elds,
and >97 % of dose voxels for all elds agreed within

±2.5% of the prescribed

dose between the two systems for calculations on patient data. However, differences of 7% in absolute dose between descriptive and physical denitions
of the pre-absorber were still found, which can be explained by a lack of
modelling of proton uence loss in the pre-absorber using the descriptive
approach.

Conclusions:

Given the substantial dierences observed resulting from in-

dependent tuning of MC systems, we propose a more detailed tuning process for MC simulations for proton pencil beam scanning to minimize the
inuence of these parameters. Additionally, standard validation procedures,
including the inter-comparison between MC engines and/or measurements in
non-water materials, might be necessary when introducing MC calculations
in clinical practice.
Keywords: proton therapy, pencil beam scanning, Monte Carlo simulation,
ionisation potential
List of abbreviations:
HU: Hounseld unit
IMPT: Intensity modulated proton therapy
MC: Monte Carlo
PBS: Pencil beam scanning
SFUD: Single led uniform dose
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3.1 Background
Due to the improved depth dose characteristics of protons when compared to
conventional photon therapy, the number of proton centres is growing globally. Most of the new centres are built for proton pencil beam scanning, as
its intrinsic dose painting potential (Lomax (1999)) can be used to maximise
the dose to the tumour while sparing nearby organs at risk.
To ensure good treatment outcome however, accurate dose calculations
to predict and plan the delivered dose are critical. Especially at treatment
sites with complex or lateral inhomogeneities, there is an uncertainty in the
proton range predicted by analytical algorithms. Monte Carlo simulations
can substantially improve the accuracy of the predicted doses (Paganetti
(2012b)).
In general, multipurpose Monte Carlo codes such as Geant4 (Agostinelli
et al. (2003)), which are suitable for medical physics applications and oer
high exibility, require advanced programming skills. Therefore, two toolkits
GATE (Geant4 Application for Tomographic Emission, (Jan et al. (2004)))
and TOPAS (TOol for PArticle Simulations, (Perl et al. (2012))) have been
developed.

Both are based on Geant4, are dedicated to medical physics

applications, and allow the user to dene complex simulation setups in text
based parameter les.

Monte Carlo calculation engines for proton pencil

beam scanning using these toolkits have been set up at multiple institutes
(Winterhalter et al. (2018b) Fracchiolla et al. (2015) Grassberger et al. (2015)
Grevillot et al. (2011)).
Even using these toolkits, Monte Carlo calculations for proton pencil
beam scanning are not yet o-the-shelf tools: First, the underlying settings,
for example physics lists and ionisation potentials must be chosen.
the geometry of the simulations, i.e.

Then,

the beam origin and the modelled

components, need to be dened and an institute specic beam description
implemented. To do so, beam parameters (energy, energy spread and initial
phase space) are adjusted to reproduce commissioning measurements in air
and water.
So far, dierent Geant4 physics settings for proton therapy have been
thoroughly analysed in water and in PMMA (Grevillot et al. (2010)), as well
as in water and for a Faraday cup model (Jarlskog and Paganetti (2008)).
Additionally, the inuence of ionisation values on proton ranges has been
evaluated for mono-energetic proton beams in water/tissue cylinders (Andreo
(2009)).

To investigate the dierences between Monte Carlo engines in a

clinical setting, in (Titt et al. (2012)) a Geant4 and a MCNPX based Monte
Carlo calculation engine are compared. Since these two models had been set
up for two dierent proton therapy treatment heads, only mono-energetic
beams, and not patient dose distributions were compared in the patient CT.
Thus there is a lack of comparison of Monte Carlo models for clinical
proton dose calculations which take into account the whole setup and tuning
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process. To investigate this, at two dierent institutions, we have indepen-

dently developed and tuned similar Monte Carlo calculation engines, one
based on GATE and one TOPAS, using the same measured data from a
proton pencil beam scanning (PBS) Gantry. In this collaborative study we
then compare dose distributions calculated in both systems in simple geometric setups and in clinical patient calculations.

Our goal is to identify

parameters contributing to uncertainty in dose and quantify dierences due
to the user setup.
The study is structured as follows: First the setup of the Monte Carlo
systems is presented.

Next, the system validation and the comparison of

dose results in simple geometric and clinical patient cases are shown. Based
on these results, critical factors when setting up a Monte Carlo system for
proton pencil beam scanning are identied and the dose dierences due to
the dierent tunings discussed.

3.2 Methods
3.2.1 Tuning a PBS Monte Carlo system
For passive scattering proton therapy, a detailed model of the treatment head
needs to be included in the Monte Carlo simulation (see for example (Verburg
et al. (2016))). In contrast however, for PBS proton therapy, it is sucient to
start the Monte Carlo simulation at a dened point before the patient, and
not all hardware needs to be explicitly modelled (Winterhalter et al. (2018b)
Fracchiolla et al. (2015) Grassberger et al. (2015) Grevillot et al. (2011)
Verburg et al. (2016)). At this starting point, each pencil beam is described
by its energy, energy spread, and initial phase space (beam size, angular
spread and correlation). Additionally, to deliver pencil beams with energies
below 70 MeV, a pre-absorber (range shifter) is typically required.

This

pre-absorber can either be modelled as a physical component, whereby all
protons are tracked through the pre-absorber as part of the MC simulations
(Winterhalter et al. (2018b) Grassberger et al. (2015)), or as a descriptive
component by adjusting the beam energy, energy spread and phase space
after the pre-absorber accordingly (Fracchiolla et al. (2015)). This data is
then used to perform a pre-absorber specic tuning of the MC.
In summary, based on previous literature, the tuning process contains
the following steps:
1. Without pre-absorber:

•

Characterize initial phase space of pencil beams in air.

•

Tune energy and energy spread to reproduce measured depth dose
curves in water.

2. With a physical pre-absorber
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•

Tune material properties of the pre-absorber (for example density)
to match depth dose curves in water

OR With a descriptive pre-absorber

•

Characterize initial phase space of pencil beams in air.

•

Tune energy and energy spread to reproduce depth dose curves
in water measured with the pre-absorber.

3. Convert CT voxels to material and density
In this work, Monte Carlo models, based on the same MC engines and
tuned to the same proton pencil beam scanning Gantry, i.e. based on exactly
the same measured data, have been independently developed at two dierent
institutes (PSI and The Christie).

3.2.2 PSI and The Christie MC Systems
Both systems are based on the Geant4 10.02.p01 Monte Carlo code, with
the PSI system being modelled with the TOPAS 3.0.p1 and The Christie
system with the GATE 7.2 toolkit. Physics have been dened as the TOPAS
default physics list (Perl et al. (2012), Jarlskog and Paganetti (2008)) in
the PSI system and the QGSP_BIC Geant4 reference list in The Christie
model.

The beam models start at the upstream side of the pre-absorber

if the nozzle is fully retracted (47.8 cm upstream of iso-center) for the PSI
model and at the monitor unit chamber (74.1 cm upstream of iso-center) for
The Christie model, respectively.

In the PSI model, the pre-absorber has

been modelled as a physical component, whereas in The Christie model it
has been included as a descriptive component (see section 2.1 above). Both
engines apply the same number of protons per pencil beam. Beam models
have been tuned independently, such that each system matches the same
commissioning data (beam widths in air and depth doses in water). Table
3.1 summarizes the settings of both systems. Finally, for both MC systems
the same CT calibration has been applied, derived using the calibration
described by (Schneider et al. (2000)).

In this process, the CT scanner

is rst characterised by scanning a set of materials of known composition
and density, and for which the proton stopping power can be theoretically
calculated.

The scanner response is then characterised by parametrizing

the relationship between the theoretical stopping powers and the measured
Hounseld unit (HU) values for each material (Schneider et al. (1996)). Using
this parametrization, predicted HU values are then calculated for a set of 71
reference human tissues. This provides a table which acts as a calibration
for the CT scanner, and which can be applied to any patient CT image to
provide a mapping between a voxel's measured HU value and a corresponding
reference tissue denition (in terms of material composition and density).
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Monte Carlo engine

PSI model

The Christie model

Geant4 10.02.p01

Geant4 10.02.p01

Toolkit

TOPAS 3.0.p1

GATE 7.2

Physics

TOPAS default list

QGSP_BIC

47.8 cm upstream of iso-

74.1 cm upstream of iso-

center

center

Physical object in the

Modify

beam

tion

Starting point

Pre-absorber

beam

descrip-

Table 3.1: Setup of the Monte Carlo models for the same proton beam scanning

Gantry, developed at two dierent institutes.

3.2.3 System validation
Monte Carlo PBS systems are typically validated by comparing simulated
lateral pencil beam sizes in air and depth dose curves in water to measurements for each pencil beam provided by the Gantry for a wide range
of energies; see for example (Winterhalter et al. (2018b), Fracchiolla et al.
(2015)). Such a pencil beam is characterized by its energy, energy spread and
initial phase space. For the PSI and the Christie models, tuning was done
independently using the same set of PSI Gantry 2 commissioning measurement data, consisting of integral depth dose curves measured with a Bragg
peak chamber and spot sizes in air measured with a scintillating screen. For
three example pencil beams (71MeV (no pre-absorber)/86MeV (with preabsorber), 163MeV and 229MeV), simulations in air and water have then
been repeated for this study, using the same geometry and scoring setup
for the dierent models: Doses are scored in water/air cuboids with 10cm
x 10cm cross sections and 36cm (water)/50cm (air) depths. Scoring dimensions are 0.5mm (in depth) x 1mm x 1mm and 107 protons are simulated for
each pencil beam. Additionally, absolute doses scored in the whole cuboid
are compared.

3.2.4 System comparison
3.2.4.1 Material blocks
For three pencil beams (71MeV (no pre-absorber)/86MeV (with pre-absorber),
163MeV, 229MeV), simulated doses for both MC set-ups have been compared
in brain and in bone like cuboids (see Table 3.2) with the same physical
and scoring dimensions as the water cuboid (section 3.2.3).

Brain (den-

sity=1.04g/cm3) and bone (density=1.42g/cm3) are dened according to
(ICRU (1992)).
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H

C

N

O

Na

Brain

0.107

0.145

0.022

0.712

Bone

0.063

0.261

0.039

0.436

Cl

K

Ca

Brain

0.003

0.003

0

Bone

0.001

0.001

0.133

Table 3.2:

Mg

P

S

0.002

0

0.004

0.002

0.001

0.001

0.061

0.003

Material denitions for brain and bone like cuboids, which are dened

according to (ICRU (1992)).

3.2.4.2 Patient CT
Dose distributions have also been compared in a patient CT data set for a
three eld SFUD (single led uniform dose) plan without pre-absorber (voxel
dimensions 1.7/1.7/2.0mm) and a four eld IMPT (intensity modulated
proton therapy) plan with pre-absorber (voxel dimensions 1.2/1.2/2.0mm).
High number statistics are crucial to quantify the dierences due to simulation setups. Therefore, all elds have been calculated by scaling the number
of simulated protons per eld such as to provide a statistical uncertainty at
the 90-100% dose level of <= 0.35% (calculated in the GATE simulations
according to (Chetty et al. (2006))). Dierences are quantitatively analysed
by examining dose dierence distributions and by using the global gamma
analysis (Low et al. (1998)).
Table 3.3 summarizes the simulation setups for system validation (water/air) and for the comparison of the two Monte Carlo engines (bone, brain,
CT).

Beam

Pre-absorber

Phantom

Pencil beam (3 energies)

No

Water

Pencil beam (3 energies)

Yes

Water

Pencil beam (3 energies)

No

Air

Pencil beam (3 energies)

Yes

Air

Pencil beam (3 energies)

No

Bone

Pencil beam (3 energies)

Yes

Bone

Pencil beam (3 energies)

No

Brain

Pencil beam (3 energies)

Yes

Brain

Patient plan (3 elds)

No

CT

Patient plan (4 elds)

Yes

CT

Table 3.3: Simulations for system validation (water/air) and for the comparison

of the two Monte Carlo engines (bone, brain, CT).
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3.3 Results
3.3.1 Comparison without pre-absorber
3.3.1.1 Comparison in water

Figure 3.1: Depth dose curves in water without pre-absorber.

For simulations in water, without pre-absorber (Figure 3.1, PSI and independent Christie system) ranges agreed to within 0.25 mm between the
PSI and The Christie model. In addition, absolute doses agreed to within
1.01% and beam sizes in air (sigma of the Gaussian beam) to within 0.34
mm. As such, The Christie system agreed well with the PSI model in water,
as expected given the fact that both systems were tuned to match the same,
in-water measurements.

3.3.1.2 Comparison in non-water tissues
In the simulated material blocks, and in contrast to the results in water,
ranges were found to dier by 0.7/2.1/3.6mm (2.2/1.5/1.5% of total range)
for energies of 71/163/229MeV transported through bone (Figure 3.2a, PSI
and independent Christie system), and by 0.9/2.8/4.8mm (2.2/1.6/1.5% of
total range) through brain tissue (Figure 3.2 b, PSI and independent Christie
system).

In both cases, the independently developed Christie system pre-

dicted deeper ranges than the PSI model.
When comparing clinical dose distributions in the patient CT (Figure
3.3), range dierences were also observed, with The Christie model again
predicting higher ranges in the patient. Gamma analysis showed relatively
36
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(a)

(b)
Figure 3.2: Depth dose curves in bone (a) and brain (b) without pre-absorber.
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good agreement for a (2%, 2mm) criterion (>95% agreement for all elds),
but a signicant amount of voxels failed for a stricter (1%, 1mm) comparison
(≤ 75% pass rate for all elds, see Table 3.4).

Figure 3.3: For a clinical proton eld without pre-absorber, doses calculated with

the PSI Monte Carlo engine (a), the independently developed The Christie Monte
Carlo model (b) and the dose dierence PSI  The Christie on one example slide
through the high dose region (c) and as a histogram for the whole distribution (d).

3.3.1.3 Further investigation of range discrepancies
Based on these results, the substantial range discrepancies found in both
material blocks and the patient CT between the two systems were further
investigated. Consequently, it was found that, during the independent tuning of the two systems, the denition of water for the two systems diered. In
the PSI system, water was dened using the Geant4 default water description

3

(fractions: H: 0.111894 & O:0.888106, density 1.0g/cm , I = 78eV), whereas
in The Christie system, water was dened using its elemental composition

3

(H2O, density 1.0g/cm , I=69eV calculated internally in Geant4). As such,
the Christie system was then re-tuned using the same water denition as the
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Field 1

Field 2

Field 3

76.4 %

78.0 %

80.1 %

Gamma analysis: 1%, 1mm

72.1 %

75.0 %

74.2 %

Gamma analysis: 2%, 2mm

97.4 %

98.0 %

95.3 %

Water matched systems

F0

F1

F2

Independent systems
Voxels within

Voxels within

±

±

2.5%

97.8 %

98.8 %

99.9 %

Gamma analysis: 1%, 1mm

2.5%

93.8 %

95.5 %

98.6 %

Gamma analysis: 2%, 2mm

99.9 %

99.9 %

100 %

Pre-absorber models

F0

F1

F2

Scaling

F3

0.926

0.933

0.925

0.927

90.6 %

95.2 %

87.6 %

93.6 %

Gamma analysis: 1%, 1mm

93.3 %

99.0 %

94.6 %

94.9

Gamma analysis: 2%, 2mm

99.5 %

100 %

99.9 %

99.6

Voxels within

Table 3.4:

±

2.5%

Dose dierences and gamma analysis for the comparison of clinical

plans between The Christie models and the PSI model. For the pre-absorber plan,
doses predicted by The Christie system have been scaled to account for an absolute
dose oset (Scaling factor).

PSI system.

After this re-tuning, ranges between both systems agreed to

within 0.1 mm for water and all material blocks (Figure 3.1 and Figure 3.2,
PSI and water matched Christie system). In addition, agreement substantially improved for the comparison in the patient CT (Figure 3.4), with the
Gamma analysis agreement at the 1%, 1mm level increasing to >93% for all
elds, and most voxels (>97 % for all elds) agreeing to within

±2.5%

of

prescription dose (Table 3.4) for doses >10% in the patient after re-tuning
of the Christie system.

3.3.2 Comparison with pre-absorber
3.3.2.1 Comparison in water with pre-absorber
With the pre-absorber (Figure 3.5), although ranges between the water
matched systems also agree to within 0.25mm, absolute doses simulated with
The Christie system were found to be 6.9%, 4.0%.

4.2% higher (80MeV,

163MeV, 229MeV) than for the PSI set-up.

3.3.2.2 Comparison in non-water tissues with pre-absorber
With pre-absorber, ranges in bone and brain agreed to within 0.27mm after
water matching. Absolute dose dierences however were found to be com39
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Figure 3.4: For a clinical proton eld without pre-absorber, doses calculated with

the PSI Monte Carlo engine (a), the water matched The Christie Monte Carlo
model (b) and the dose dierence PSI  The Christie on one example slide through
the high dose region (c) and as a histogram for the whole distribution (d).
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Figure 3.5: Depth dose curves in water with pre-absorber.

parable to the water simulations (6.9/3.8/4.0% bone, 6.9/4.0/4.2% brain).
Similarly, although relative doses agree well between the two systems in the
patient CT (Figure 3.6), the absolute doses predicted by The Christie system (descriptive pre-absorber) are also 7% higher than those predicted by
the PSI model (physical pre-absorber).

3.4 Discussion
In this study, we present a comparison of two Monte Carlo systems that have
been tuned based on exactly the same proton pencil beam scanning beam
data and which are based on the same MC engine. During the independent
tuning process, dierent values for the ionisation potential of water were inadvertently dened. In the PSI system, the Geant4 default value for water of
78 eV was used, whereas in the independently tuned Christie model, this was
calculated internally using the Bragg additivity rule (Wilson et al. (1984)),
leading to an ionisation potential of 69 eV. (Andreo (2009)) have previously
demonstrated the dierences of proton ranges in water for mono-energetic
beams when varying the ionisation potential of water. Despite this however,
in our study, ranges in water agreed well, since the energy of the pencil
beams were individually tuned to reproduce measurements in water. Consequently, the dierences due to the water ionisation potentials are not visible
when comparing simulations in water to each other or to measurements. As
such, these dierences are only revealed when comparing dose distributions
in other materials (material blocks or patient CT), and might be undetected
when setting up a Monte Carlo system using typical validation measure41
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Figure 3.6: For a clinical proton eld with pre-absorber, doses calculated with the

PSI Monte Carlo engine (a), the water matched The Christie Monte Carlo model
(b) and the dose dierence PSI  The Christie on one example slide (c) and as a
histogram for the whole distribution (d). The Christie doses are scaled by 7% to
show the relative agreement.
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ments in water/air. In fact, if we had not done this comparison study, as a
consequence we would have used two Monte Carlo calculation engines predicting substantially dierent ranges in non-water materials. We therefore
believe that before Monte Carlo calculation engines are used routinely in
clinical practice, there is a need for a standard validation procedure. This
might include an inter-comparison as has been done in this study, and/or
measurements in non-water materials.

It is worth noting that although a

range dierence exists in bone and in brain, it is not possible to say from
the current results which system (or choice of ionisation potentials) is more
accurate. This would require experimental validation of range and/or ionisation potentials in non-water materials to be performed, for example by
measuring ranges of pencil beams passing through blocks of materials of
known elemental compositions.
In general, choosing the best ionisation potential for water is not straightforward. On the one hand, a current ICRU report recommends I = 78 eV
(ICRU (2016)), updated from the previously recommended I = 75 eV (ICRU
(1984)). However, in both GATE and TOPAS the ionisation potentials used
for materials in patient CT are calculated from elemental ionisation potentials using the Bragg additivity rule. Therefore, it is arguably more consistent
to modify/adjust the ionisation potentials for each element rather than to
adjust the ionisation potential of water alone.
It is important to note that we changed the ionization potential of water
during the tuning process of the Monte Carlo simulation without altering the
CT conversion, i.e. we used the same conversion of Hounseld units (HU)
to material compositions and densities for both setups. In practice, based
on the derivations of (Schneider et al. (2000)), there are two ways to derive
the scanner specic HU conversion scheme necessary for the Monte Carlo
simulation:
1. Repeating the calibration process described by (Schneider et al. (2000))
for the institute specic scanner and scanner settings.
2. Using the original curve by (Schneider et al. (2000)) while adjusting
the densities of the individual materials to match the Monte Carlo
calculated stopping powers relative to water to those of the institute
specic scanner (Paganetti (2012b)).
The second approach aims to get Monte Carlo stopping powers which
are consistent to the treatment planning system. This has for example been
chosen by (Schuemann et al. (2014), Schuemann et al. (2015)) to investigate
dierences between the analytical and the Monte Carlo simulations.

It is

however important to note that an ionization potential of water has to be
assumed to derive the stopping powers relative to water of the institute specic scanner (Schneider et al. (1996)). To be self-consistent, i.e. get the same
ranges in the patient CT as the treatment planning system, the same I value
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should be used for the tuning process of the Monte Carlo simulation. We are
currently investigating the potential consequence of such in-consistencies.
After retuning with the same ionisation potential of water, both simulation engines agree very well (1%, 1mm gamma agreement >93 % for all
elds). Compared to a typical clinical constraint of > 95% for 3%,3mm (Titt
et al. (2012)), this is a very high passing rate. Additionally, the demonstrated
agreement is higher than the results presented by (Titt et al. (2012)) when
comparing Geant4 and MCNPX in a clinical setting, as may be expected
given that for our study both Monte Carlo models had been tuned to match
the same beam data.
The residual dose dierences we observe (within 2.5 %) illustrate the
uncertainty caused by the user setup procedure. These might be caused by
the dierent underlying settings (physics and geometry), the independent
beam model tuning, or dierences or mistakes in the implementation. This
study, comparing two Geant4 based Monte Carlo engines, is the rst to
quantify the precision of such Monte Carlo setups alone. Even though these
dierences are small when compared to other uncertainties as for example
patient setup and CT conversion (see Paganetti (2012b) for more detail),
it is important to note that there is an uncertainty correlated to the setup
process of the Monte Carlo engine. As it is impossible to measure the dose
in the patient, neither of the Monte Carlo systems necessarily represents the
ground truth.
Finally, the pre-absorber can either be modelled as a physical component
or be included in the initial beam description.

When including the pre-

absorber in the beam optics and using the same number of protons, doses
are higher when compared to the physical modelling. This is mainly due to
proton loss in the pre-absorber not being taken into account correctly in such
a descriptive approach.

This emphasized the importance of absolute dose

measurements with a pre-absorber when validating the Monte Carlo setup
(Winterhalter et al. (2018b)). When the pre-absorber cannot be modelled as
a physical component, for example due to overlap problems with the CT, and
a descriptive model is preferred, it is therefore important to take this proton
loss into account. This can for example be done by performing Faraday cup
or ionization chamber measurements with the pre-absorber to introduce an
energy dependent scaling factor for proton uences of the individual pencil
beams (See e.g. Fracchiolla et al. (2015)).
In summary, when following the tuning process as described in section
3.2.1, ionisation potentials and the modelling of objects have been shown to
be critical parameters. We therefore propose an extended tuning procedure
(new/altered steps marked in italic ):
1. Choose the water denition, especially the ionization potential.

This

should be the same as used for the creation of the stopping power curve
in the TPS.
44

CHAPTER 3.

COMPARISON OF TWO MONTE CARLO CALCULATION
ENGINES FOR PROTON PENCIL BEAM SCANNING

2. Without pre-absorber:

•

Characterize initial phase space of pencil beams in air.

•

Tune energy and energy spread to reproduce measured depth dose
curves in water.

3. With pre-absorber, physical description

•

Tune material properties (for example density) to match depth
dose cuves in water

OR With pre-absorber, optical description

•

Characterize initial phase space of pencil beams in air.

•

Tune energy and energy spread and proton number to reproduce
measured depth dose curves in water.

4. Perform validation procedures, for example the inter-comparison be-

tween MC engines and/or measurements in non-water materials.
5. For the CT conversion, use the original curve by (Schneider et al.

(2000)) while adjusting the densities of the individual materials to
match the Monte Carlo calculated stopping powers relative to water
to those of the institute specic scanner.

3.5 Conclusions
This study highlights some potential uncertainties that can occur purely from
the process of tuning MC systems for proton pencil beam scanning therapy.
As such, we propose new steps in the tuning process, to potentially minimize
the inuence of ionisation potentials and the modelling of objects, which
have been shown to be critical parameters. Standard validation procedures,
including the inter-comparison between MC engines and/or measurements in
non-water materials, might be necessary when introducing MC calculations
in clinical practice. When using the same water denition during the tuning
process, the agreement between the two water matched Monte Carlo setups
is excellent, with remaining dose dierences due to user setup within 2.5%.
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Q2: How accurate is MC
absolute dose prediction for
proton pencil beam scanning?∗
This is investigated in the study Automated Monte Carlo simulations of
proton pencil beam scanning for absolute dose quality assurance., which
has been submitted to Physics in Medicine and Biology on the 11th of December 2017. It has been published with the title Validating a Monte Carlo
approach to absolute dose quality assurance for proton pencil beam scanning (accepted on the 16th of July 2018, published on the 23rd of August,
https://doi.org/10.1088/1361-6560/aad3ae).
Part of this work has been presented orally at the PTCOG 57th Annual
Conference, (Cincinnati, USA, 2018) and as an E-Poster at the ESTRO 37
(Barcelona, Spain, 2018).
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CHAPTER 4.

AUTOMATED MONTE CARLO SIMULATIONS OF PROTON

PENCIL BEAM SCANNING FOR ABSOLUTE DOSE QUALITY ASSURANCE

Abstract
For radiotherapy, it is crucial to guarantee that the delivered dose matches
the planned dose. Therefore, patient specic quality assurance (QA) of absolute dose distributions is necessary. Here, we investigate the potential of
replacing patient specic QA for pencil beam scanned (PBS) proton therapy
with Monte Carlo simulations as incorporated in a pre-existing system for
independent dose calculations (Meier et al. (2015)). First, the setup of the
automated Monte Carlo model is presented with an emphasis on the absolute
dose validation. Second, the absolute dose results obtained from the analytical TPS calculation and from the Monte Carlo simulation for a comprehensive set of patient elds are compared to patient specic QA measurements.
Absolute doses measured with the Farmer chamber are shown to be 1.4 %
higher than the doses measured with the Semiex chamber. For single energy layers, Monte Carlo simulated doses are 2.1±0.4 % lower than the ones
measured with the ionization chamber and 1.1±1.0 % lower than measurements compared to patient eld verication measurements. After rescaling
to account for this 1.1 % discrepancy, 98 elds (94.2 %) agree within 2 %
to measurements, the maximum dierence being 2.3 %. The results do not
substantially depend on the pre-absorber (range shifter), indicating that it
has been modelled accurately in the Monte Carlo implementation. In conclusion, an automated, easy-to-use Monte Carlo calculation system has been set
up. This system reproduced patient specic QA results over a wide range of
cases, showing that the time consuming measurements could be reduced or
even replaced using Monte Carlo simulations without jeopardizing treatment
quality.
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4.1 Introduction
Due to the improved depth dose characteristics of particles when compared
to photon therapy, the number of proton therapy centres is growing globally.
Most of these centres are built for proton pencil beam scanning (PBS), because of its inherent dose-painting potential (Lomax (1999)), which can be
used to increase the sparing of organs at risk and/or to escalate the delivered
dose.
For proton therapy (PT), it is crucial to guarantee that the delivered dose
matches the planned dose. Approximations in the analytical dose calculations used in the treatment planning system (TPS), for example concerning
the nuclear interactions (Pedroni et al. (2005)), might lead to signicant
dierences between predicted and delivered absolute doses.
Therefore, patient specic quality assurance (QA) of absolute dose distributions is necessary in PT. Multiple experimental approaches for patient
specic QA have been reported (Lin et al. (2015), Henkner et al. (2015), Arjomandy et al. (2010)) including the procedure employed at the Paul Scherrer
Institute PSI (Lomax et al. (2004), Trnkovà et al. (2016)). These measurements are used to verify the planned doses and, if there are discrepancies
between calculation and measurement of absolute dose, to adjust the uences of the applied pencil beams.

For PSI Gantry 2 (Safai et al. (2012),

Pedroni et al. (2011), Pedroni et al. (2004)), each patient eld is currently
veried using patient specic measurements.
In this work, we investigate the potential of replacing this patient specic
QA with Monte Carlo simulations, aiming to decrease the workload and time
needed for each patient without compromising the quality of the treatments.
Monte Carlo models for proton PBS have been set up at multiple centres
(Fracchiolla et al. (2015), Grassberger et al. (2015), Grevillot et al. (2011)).
Compared to (Grevillot et al. (2011)) in this work, we add a detailed validation of absolute dose. Compared to (Fracchiolla et al. (2015)), we do not
include the pre-absorber in the beam description but model it as a component
in the beam, and, when compared to (Fracchiolla et al. (2015), Grassberger
et al. (2015)) we add the comparison of an extensive set of patient elds
recalculated in water to patient specic measurements.
The study is structured as follows.

First, the setup of the automated

Monte Carlo model is presented with an emphasis on the absolute dose validation.

This is done according to (Gomà et al. (2014)), with additional

measurements including the pre-absorber and with an expansion of the analysis to account for a small setup error of the ionization chamber. Next, the
absolute dose results obtained from the analytical TPS calculation and from
the Monte Carlo simulation for a comprehensive set of patient elds are
compared to patient specic QA measurements. Based on these results, the
potential of replacing patient specic QA measurements with Monte Carlo
simulations is discussed.
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4.2 Materials and Methods
4.2.1 Clinical dose calculation
For all patient treatments at our institute, analytical calculations are performed using the ray casting model as described by (Schaner et al. (1999)).
In the following, this is shortly recapitulated below.
The dose at a point

(x0 , y0 )

(x, y, z)

originating from a pencil beam centred at

is calculated assuming a Gaussian beam shape
2

2

(y−y0 )
(x−x0 )
−
1
−
2
2
2σ
x
D(x, y, z) = Np · ID(wed) ·
e
e 2σy
2πσx σy

(4.1)

in which Np is the number of protons and ID is the integral dose. The ID
depends on the water equivalent depth (wed), which in turn depends on
the calculation point, wed=wed(x,y,z). To model any pre-absorbers in the
beam, the same algorithm but dierent ID and sigma lookup tables are used.
For calculations in patient geometries, this calculation does not include any
corrections for contributions of secondary particles  i.e. there is no second
or third Gaussian model implemented.
All elds are optimized in the patient geometry, then recalculated in
water and experimentally veried as described in the next section.

4.2.2 Patient specic QA procedure
In clinical practice at PSI, for each patient eld, absolute doses of clinical
elds are measured using a water phantom.

The complete QA process is

done using the in-house developed treatment planning system and has been
described in detail by (Trnkovà et al. (2016), Lomax et al. (2004)) for PSI
Gantry 1. Similar equipment and analysis are also applied for Gantry 2. The
only dierence is that the dose is measured with a two-dimensional array of
ionization chambers (27x27 chambers, PTW seven29XDR (T10031)) instead
of two orthogonal arms (each 13 chambers). In the following, this procedure
is summarized:
1. Deliver eld to the water phantom and measure dose at planes at
dierent depths (planned measurement ).
2. Compare calculations and measurements, if necessary allowing for shifts
in both longitudinal directions (limit 2 mm, same limit as used in the
clinical procedure) and in depth (limit in this study 1 mm, clinical
limit 3 mm) due to experimental set-up uncertainties.
3. Determine a eld specic output factor correction (`boosting factor')
and adjust the proportional uence of all Bragg peaks (BP) of the eld
accordingly.
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4. Deliver boosted eld to the water tank (boosted measurement ).
5. `Teach' the eld. This corrects for small position osets of the individual BPs, see (Bula et al. (2015)) for more details.
6. Deliver the boosted and taught eld (taught measurement ).

4.2.3 Monte Carlo simulations
All Monte Carlo simulations in this work have been performed using TOPAS
(Perl et al. (2012)) version 3.0.p1, which is based on Geant 4 (Agostinelli
et al. (2003)) version 10.02.p01, with the default TOPAS physics list (Jarlskog and Paganetti (2008), Perl et al. (2012)).

4.2.3.1 Beam and pre-absorber model
For passive proton scattering, it is necessary to include all hardware contained in the nozzle in the Monte Carlo simulation (Verburg et al. (2016)).
In contrast, for proton pencil beam scanning dose calculations, it is sucient
to start the Monte Carlo model at the nozzle exit (Fracchiolla et al. (2015),
Grassberger et al. (2015), Grevillot et al. (2011), Verburg et al. (2016)) and
this is the approach chosen for this work. The beam model is the same as
described in (Winterhalter et al. (2018c)) and is in the following presented
in more detail.
The lowest deliverable energy at PSI is 70 MeV. To achieve ranges lower
than a water equivalent depth (WED) of 4.1 cm, a 2.5 cm carbon plate (preabsorber) is inserted in the beam.

For any specic eld, the pre-absorber

is either not used (pre-absorber OUT), used for all Bragg peaks (BPs) in
the eld (pre-absorber IN) or only for BPs with ranges below 4.1 cm (preabsorber AUTO), for more details see (Winterhalter et al. (2018c)). If the
pre-absorber is used, it is modelled as a physical component in the Monte
Carlo simulation.
All Monte Carlo simulations start at 47.8 cm upstream of the isocenter,
which corresponds to the upstream side of the pre-absorber when the nozzle
is fully retracted.

At that location each pencil beam is characterized by

its energy, energy spread, angular-spatial distribution and the number of
protons.
For each energy tune provided by the TPS, the input energy for the Monte
Carlo simulations has been adapted, such that the simulated water equivalent
ranges match the measured depth dose curves. The energy spread has been
chosen such that the widths of the simulated depth dose curves match the
measured ones. Contributions originating from scattering in air have been
subtracted in quadrature from the measured, total beam size (sigma of the
Gauss beam). A t to the new curve has provided the set of the three optical
parameters for each combination of energy tune and nozzle extension.
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The TPS provides directly the number of protons per BP. For the automated plan simulations (see section 4.2.3.2), these have been scaled by a
factor of 500, as modelling all protons would exceed reasonable computation
times. Finally, the pre-absorber has been modelled as a component in the
beam, and its density has been adjusted such that the shift of the depth dose
curves corresponds to measurements.

4.2.3.2 Automated Monte Carlo simulations

Figure 4.1: Extension of the IDC (orange) to include the Monte Carlo algorithm

(blue).

The Monte Carlo calculation algorithm has been included in the Independent Dose Calculation system (IDC), described by (Meier et al. (2015)).
In the graphical user interface of the IDC, the user can choose between the
analytical (identical to the treatment planning system, see section 4.2.1) and
the Monte Carlo algorithm. Due to the modular setup of the IDC, the reading of the input data (plan, steering or log les) has not been altered by the
inclusion of the Monte Carlo algorithm. Instead of being passed on to the
analytical TPS algorithm, this input data is transferred to the Monte Carlo
simulation (see gure 4.1). TOPAS parameter les (Perl et al. (2012)) are
written and the simulation is run on the local computer or on the PSI cluster
Merlin 4. After the simulation is nished, the output les are converted to
the TPS dose format.
The TOPAS parameter les are explained in more detail in gure 4.2:
An overall parameter le (the Start File ) contains the computer/ cluster
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specic settings (output to console, number of threads, etc.).

The Beam

File describes the proton pencil beams employing the TOPAS time feature.
Each individual pencil beam is characterized according to the beam model
described in section 4.2.3.1. The origins of the beams are shifted according
to their spatial position and rotated consistent with the Gantry orientation.
Depending on the settings chosen in the graphical user interface, the dose
is either recalculated in a water phantom (Water Phantom File ) or in the
patient geometry.

For the patient geometry, the position of the patient

(table angle and position, Patient File ), the CT information (Hounseld
Units HU, CT File ) and the CT scanner specic HU to material conversion
(HU Conversion File ) are included. If the pre-absorber has been used for
the delivery of this eld, it is described in the Pre-absorber File, using its
material properties (section 4.2.3.1) and its position, which is derived from
the nozzle extraction. The pre-absorber is placed in a parallel world (Enger
et al. (2012)) to avoid potential overlap with the CT. The simulation is
started by passing the Start File to TOPAS.

Figure 4.2: Parameter les for the Monte Carlo simulations.

In summary, any user familiar with the IDC can easily recalculate any
eld (plan, steering and log les) in TOPAS, either in the patient CT or in a
water phantom. In this work, plan les have been recalculated in the water
phantom to reproduce the patient specic quality assurance measurements
(see section 4.2.2).

4.2.4 Absolute dose validation of Monte Carlo simulations
4.2.4.1 Measurement devices
Three dierent ionization chambers have been used for absolute dosimetry
measurements for validation of the MC tool. A Semiex (PTW 31010) chamber, an IBA Farmer chamber (IBA-FC65-G) and a plane parallel Advanced
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Markus chamber (PTW 34045), which had been cross- calibrated against the
Semiex chamber. The ion recombination correction factor (ks) for a continuous beam has been determined in a Spread Out Bragg Peak (SOBP) for
all three chambers. To evaluate possible dierences between these ionization
chambers, the same SOBP eld has been measured according to the TRS398 code of practice (IAEA (2000)) with all three chambers. Additionally,
for patient specic quality assurance, elds have been measured with a twodimensional array of ionization chambers (PTW seven29XDR (T10031)).
Based on the comparison above, the results obtained during patient specic
QA have been scaled such that all absolute dose values are reported with
respect to the same chamber (see section 4.2.5 for more details).

4.2.4.2 Monte Carlo simulations of absolute dose
The same method as presented by (Gomà et al. (2014)) has been applied in
this work to validate the absolute dose predicted by the Monte Carlo simulations. The dose measured in water with an ionization chamber is compared
to the dose predicted by the Monte Carlo simulation. The relation between
delivered monitor units (MU) and delivered protons has been determined
via Faraday cup measurements (Gomà et al. (2014), Lin et al. (2009)). This
relation has been used to predict the number of protons to be used in the
MC simulation for a given number of planned MU. As such, 10x10 cm quasi
mono-energetic layers (21 energies between 71 MeV to 229 MeV), with a
beam spacing of 3 mm, have been delivered to a water tank. Absolute doses
have been measured at water equivalent depths of 2.00 cm, 3.00 cm, 5.00 cm
and 10.00 cm with the Advanced Markus chamber. For three energies (151
MeV, 163 MeV, 229 MeV), the same measurements have been performed
while using the pre-absorber.
For Monte Carlo simulations of the single energy layers, a water phantom
with the same dimensions as the water tank used in the experiment has been
modelled. The detector has not been modelled as a physical device but as
a virtual scoring component whose lateral dimensions match the Advanced
Markus chamber. The dose has been scored in 0.1 mm bins over the whole
depth of the water phantom. This allows to vary the read-out position to
account for a possible detector shift, as explained in the following in more
detail.

106 protons have been simulated per BP. Finally the results have been

scaled based on the delivered number of protons which have been determined
based on Faraday cup measurements (Lin et al. (2009)).
However, as mentioned by (Gomà et al. (2014)), the results obtained
with the ionization chambers are very sensitive to setup errors.

To avoid

this problem, the dose has been measured at multiple depths for each energy
layer. For the three lowest energies, the ratios of two measurements taken
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at 2 cm and 3 cm water equivalent depths

Ratio =

DW ER=3cm
DW ER=2cm

(4.2)

have been compared to the simulated ratios while allowing for a small shift
of the readout position of the simulation results. It is important to note that
an absolute oset of the detector, not a relative displacement between the
two measurement points, has been considered. The oset which leads to the
best agreement has been applied when reading out the simulated absolute
doses.
Finally, the relative dose dierence between simulations and measurements has been computed, i.e.:

∆D =

Dsim − Dmeas
Dmeas

(4.3)

4.2.5 Comparison of Monte Carlo and analytical results to
patient specic QA measurements
Analytical calculations and Monte Carlo simulated doses have been compared to measurements for 104 elds from 29 plans for 16 patients who have
been chosen to give an overview over the patient population treated at PSI
within a one year period. The planning target volumes range from 46.7 cm

3

3
to 935.8 cm , air-gaps for the water phantom measurements from 11 cm to
27 cm, minimum ranges from 0.2 cm to 8.4 cm and maximum ranges from
8.0 cm to 24.7 cm.

Details for each patient eld are summarized in the

appendix.
If measurements of elds in the planned state were available, analytical/Monte Carlo calculations have been compared to measurements as explained
in section 4.2.2, step 2 and step 3. For head and head&neck cases, the boosting had been predicted based on the analytical model and only boosted/taught

measurements had been recorded. In this case, the comparison has been done
based on the taught measurements, while correcting the results to replicate
the boosting scenario.
Possible uctuations of the PTW array have been taken into account.
Before each QA, a standard eld is delivered to the PTW array. This eld
is veried yearly using the Farmer chamber. The measurement results have
then been scaled to take the dierence between the QA PTW measurements
when compared to the yearly Farmer measurement into account.
Finally, based on the comparison of ionization chambers explained in
section 4.2.4.1, the measurements have been scaled to account for dierences
between the Farmer and Markus chamber, such that all results in this study
are stated with respect to the Markus chamber.
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4.3 Results
4.3.1 Tuning of the Monte Carlo model
The results of the tuning of the Monte Carlo model have already been presented in (Winterhalter et al. (2018c)) and are for completeness repeated
here. Ranges and width of the measured and simulated depth dose curves t
within 0.1 mm/0.2 mm respectively whereas the sigma of the proton beam
propagating through air ts to within 0.1 mm of measurement. Finally, shifts
of the depth dose curves due to the pre-absorber t within 0.2 mm between
simulations and measurements.

4.3.2 Absolute dose validation of the Monte Carlo simulations
Especially for low energy proton beams, the dose gradients are high even at
shallow depths and a small shift of the detector can signicantly inuence
the measured absolute doses.

For the three lowest energies (71 MeV, 75

MeV, 80 MeV), the readout position of the simulated doses has been varied
and, for each position, the ratio of the rst two measurement points (xed
distance of 1 cm) has been calculated. Figure 4.3 shows the dierence between the measured and simulated ratios depending on the WED of the rst
measurement point.

The best agreement (0 % dierence, blue horizontal

line) is achieved for a slightly lower WED of the detector than the expected
2.00 cm (pink vertical line). Therefore, extraction of the simulation results
has been shifted by 0.2 mm (green vertical line, 1.98 cm WED for the rst
measurement depth, 2.98 cm for the second, etc.).
Figure 4.4 shows the dierence between the measured and simulated
doses for all energies and measurement depths after the detector position
has been corrected.
Before correcting for detector position, Monte Carlo simulated doses were
2.0±0.5 % (mean, SD) lower than those measured with the ionization chamber over all elds and 2.1±0.5 %/1.4±0.6 % lower than the measured ones
without/with pre-absorber respectively.

After correction, dierences were

found to be 2.1±0.4 %, 2.2±0.4 % and 1.5±0.4 % respectively.

4.3.3 Patient specic quality assurance
4.3.3.1 Scaling to account for dierence between the ionization
chambers
The measurements of the SOBP eld with the Farmer chamber gave a mean
result of 0.985 Gy, whereas the result for the Semiex and for the Markus
chamber were 0.971 Gy (see table 4.1).

Since the Markus chamber has

been cross-calibrated against the Semiex chamber, these readouts agree.
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Figure 4.3:

Dierence between the calculated and measured ratios between the

doses at the rst two measurement depths.

However, the Farmer chamber is 1.4% higher than the Semiex chamber.
As explained in section 4.2.5, the measurements obtained during the patient
specic QA have been scaled to account for this dierence, such that all
results in this study are stated with respect to the Markus chamber.
Chamber

kq

ks

Dose [Gy]

IBA Farmer chamber

1.040

1.001 (at 400

0.985

(IBA-FC65-G)

Volt)

Semiex (PTW 31010)

1.029

1.001 (at 400

0.971

Volt)
Advanced

Markus

crosscalibrated

chamber (PTW 34045)

1.000 (at 300

0.971

Volt)

Table 4.1: Beam quality correction factor (kq), ion recombination factor (ks) and

dose measured (mean over repeated measurements) in the middle of an SOBP eld
for three dierent chambers.

4.3.3.2 Analytical calculations
Analytically calculated absolute doses have been compared to the patient
specic QA measurements.

The mean boosting values (with standard de59
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Figure 4.4: Dierence between simulated and measured absolute doses after the

detector position has been shifted by 0.2 mm.

viation) were 6.1±1.4 % (all elds), 6.2±1.4 % (pre-absorber IN), 5.9±1.10
% (pre-absorber OUT) and 5.9±1.7 % (pre-absorber AUTO). 88 elds (84.6
%) agree within 2 % when compared to the average deviation over all elds,
the maximum dierence being 3.5%. The results for each eld are listed in
the appendix.

4.3.3.3 Monte Carlo simulations
Figure 5 shows the boosting factors obtained when comparing the Monte
Carlo simulated absolute doses to the patient specic QA measurements.
These were found to be -1.1±1.0 % (for all elds), -1.1±0.9 % (for preabsorber IN, red), -0.7±0.9 % (for pre-absorber OUT, blue) and -1.2±1.1
% (for pre-absorber AUTO, black).

98 elds (94.2 %) agree within +/-

2 % when compared to the average deviation (yellow area in gure 6), the
maximum dierence to this average being 2.3%. 0.5% error bars are depicted
to indicate that only full percentage boosts can be chosen when doing the
analysis in the TPS. The results for each eld are also listed in the appendix.
In summary, if measurements were replaced by the MC simulations described here, eld specic boost factors could be predicted to within +/-2
% for 94 % of investigated elds, if we allow for the observed systematic
dierence between MC and measurement of 1.1 %.
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Figure 4.5: Dierences when comparing Monte Carlo simulated doses to patient

QA measurements for 104 elds.

Red dots mark elds with pre-absorber, blue

triangles elds without pre-absorber and black squares mixed elds.
area marks the average

±

2%.
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4.4 Discussion
This study emphasizes the strength of the Independent Dose Calculation
system (Meier et al. (2015)).

Due to the modular structure of the IDC,

the Monte Carlo algorithm has been included without restricting the wide
selection of input les (plan, steering and log les). The IDC can now be used
as a level 4 independent system and it is straightforward to recalculate elds
not only with the analytical (see for example the extensive analysis of log
les recalculated in the CT (Scandurra et al. (2016), Belosi et al. (2017))),
but also with the Monte Carlo algorithm. This work therefore completes the
development of the IDC, which can now not only be used for relative dose
comparison but also for the calculation of absolute doses.
Absolute doses measured with the Farmer chamber have been shown to
be 1.4% higher than the doses measured with the Semiex chamber. The
results by (Gomà et al. (2015)) indicate that the kq factors of the two chambers might not be consistent, which could explain the discrepancy observed
here. When using the experimentally determined kq factors by (Gomà et al.
(2015)) also for this study, absolute doses between the chambers were found
to agree within 0.5 %. Since a further study conrms a slight overestimation
of the kq value of the Farmer chamber (Gomà et al. (2016a)), all further
results have been reported with respect to the Markus chamber, which had
been cross-calibrated against the Semiex chamber. It is however important
to note that the observed discrepancy is within the expected accuracy of 2.0
% for these cylindrical chambers (IAEA (2000)).
The absolute doses predicted by the Monte Carlo algorithm with proton
numbers based on Faraday cup measurements have been compared to the
ones measured with the plane parallel Advanced Markus chamber (PTW
34045) for single energy layers.

Doses predicted by the Faraday cup and

Monte Carlo simulation are systematically 2.1±0.4 % lower than the ones
measured with the ionization chamber; without and with pre-absorber the
simulated doses are 2.2±0.4 % and 1.5±0.4 % lower than the measured ones
respectively. The results do not substantially depend on the pre-absorber,
indicating that it has been modelled accurately.

It is important to note,

that these results were obtained with the Markus/Semiex chamber. Using
the Farmer chamber as reference would increase the dose dierence between
ionization chamber and Monte Carlo/Faraday cup to 3.5 %.
This dose dierence is consistent with previous authors who also found
that the Faraday cup/Monte Carlo combination resulted in lower doses than
measured with the ionization chamber (Clasie et al. (2012), Gomà et al.
(2014)).

(Gomà et al. (2014)) list the tabulated beam quality correction

factors, the collection eciency of the Faraday cup and the accuracy of the
Monte Carlo simulation as possible causes, concluding that the dierence in
absolute dose might be explained by a slight overestimation of the tabulated
beam quality correction factors. Other authors using TOPAS have not found
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this discrepancy but an excellent agreement of an average absolute dose
dierence of 0.5 % (Fracchiolla et al. (2015)) which could be explained by
the dierent ionization chamber (IBA PPC-05) used for their work (Gomà
et al. (2016b)) or the dierences in Faraday cup measurements. Compared
to previous publications, our analysis has been expanded by introducing a
method to determine the shift of the detector and therefore minimize the
inuence of setup errors.
The comparison between analytical calculations and patient specic QA
shows that the analytical algorithm overestimates dose on average by 6.1
%. Possible reasons are approximations in the dose calculation, for example
the use of a single, instead of double Gaussian, (for nuclear interactions) to
model the individual pencil beams (see Pedroni et al. (2005)), or in the underlying beam data. This emphasizes that an independent model to predict
the absolute dose is necessary.
The comparison between Monte Carlo simulations and patient specic
QA measurements on the other hand demonstrate a systematic absolute dose
dierence of 1.1

±1.0 %.

This is consistent with the absolute dose validation

of single energy layers, with Monte Carlo simulated doses also being lower
than measurements. The dierence is slightly less than the one found during
the absolute dose validation, the values however agree within their standard
deviations.
Multiple approximations when comparing Monte Carlo calculation and
patient specic QA might introduce random errors, which manifest in the
scattering of the results and therefore in the standard deviation of 1.0 %:
The comparison software (part of the in-house treatment planning system)
only allows for full percentage shifts and for full mm shifts (lateral and in
depth); moreover the Monte Carlo simulations have been binned according
to the analytical calculation grid, not according to the chamber dimensions
of the measurement array.
In agreement with the individual energy layers, no signicant dierence
was observed between the results with and without pre-aborber.
It is not straightforward to determine whether the dose predicted by the
Monte Carlo simulations, or the dose obtained from the ionization chamber
measurements, should be taken as gold standard. On the one hand, the beam
quality correction factor of the ionization chamber might be overestimated
(Gomà et al. (2014)), which would suggest using the Faraday cup/Monte
Carlo combination as ground truth. On the other hand, some authors claim
that there are unresolved issues regarding Faraday cup measurements (Palmans and Vatnitsky (2016)). Additionally, absolute doses in proton therapy
are traditionally veried by comparing to dose measurements in water. This
would indicate that the Monte Carlo simulations should be scaled to reproduce the results obtained during the ionization chamber measurements.
Introducing such a scaling/output factor is in agreement with (Clasie et al.
(2012)) who scaled the Monte Carlo generated peaks and with (Grassberger
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et al. (2015), Verburg et al. (2016)) who scaled the absolute number of protons by a small, range dependent amount to match doses measured in the
centre of a broad eld.
After accounting for this systematic shift, MC predicted output (boosting) factors have been found to agree with measurement over all elds to
within +/-2.3%.

As such, it may be possible that patient specic mea-

surements for determining absolute dose and correcting output factors could
either be fully replaced by Monte Carlo simulations, or the analytical measurement scaled before verication, such that just one measurement per eld
would be necessary for quality assurance.

4.5 Conclusion
An automated, easy-to-use Monte Carlo calculation system has been set up.
This system reproduced patient specic QA results over a wide range of
cases, showing that the time consuming measurements could be reduced or
even replaced using Monte Carlo simulations without jeopardizing treatment
quality.
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4.7 Appendix
The following table summarizes for all cases: The patient and plan number,
the sizes of the PTVs, minimum, maximum range and air-gap, dierence
between analytical calculation and measurement; dierence between Monte
Carlo calculation and measurement.
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Field Patient
1
P1
2
3
4
5
6
7

Plan

PTV
[cm3 ]

Min.
Range
[cm]
450.49 0.224
0.224
0.224
0.224
0.984
0.479
0.224

Max.
Range
[cm]
10.983
10.728
7.969
7.969
11.233
10.983
13.749

Airgap
[cm]
20
23
12
13
20
20
25

Preabsorber
IN
IN
IN
IN
IN
IN
IN

Analytical[%]
6.51
7.58
9.63
9.63
6.55
6.51
5.50

Monte
Carlo
[%]
-2.01
-0.94
-0.59
-1.60
-0.83
-0.94
-0.83

8
9
10
11
12
13
14

P2

1

197.73 1.489
0.731
1.993
2.744
79.19 1.238
4.481
4.731

13.249
13.749
14.75
14
10.983
13.502
14.252

25
20
19
26
20
19
20

IN
IN
IN
IN
IN
IN
IN

6.99
6.99
5.93
6.99
7.40
6.38
5.32

-1.49
-1.49
-1.49
-0.43
-1.11
0.06
-1.00

15
16
17
18
19
20
21
22

P3

1

94.76

2

46.74

4.147
5.414
5.16
4.147
4.907
6.168
6.168
4.654

13.645
14.149
13.897
13.645
12.145
14.149
13.645
12.395

16
20
18
16
22
20
18
21

OUT
OUT
OUT
OUT
OUT
OUT
OUT
OUT

6.66
5.61
5.61
5.61
6.57
6.57
7.64
7.64

-0.73
-0.73
0.32
-0.73
-0.89
-0.89
1.24
0.17

23
24
25
26
27
28

P4

1

470.71 0.224
0.224
0.224
238.03 0.224
0.224
0.224

12.239
14.252
19.508
13.249
10.983
11.737

15
22
19
22
17
13

IN
IN
IN
IN
IN
IN

6.57
6.60
5.57
5.85
6.87
6.91

-0.89
0.27
-1.75
-0.50
-0.61
0.56

29
30
31
32
33
34
35
36

P5

205.19 0.224
0.224
0.224
0.224
205.19 0.224
0.224
0.224
0.224

8.717
10.983
10.983
9.722
8.717
10.983
10.983
9.722

13
24
12
15
13
24
12
15

IN
IN
IN
IN
IN
IN
IN
IN

7.82
6.80
6.80
6.80
8.62
7.59
6.52
8.67

-0.81
-0.68
-0.68
-0.68
1.01
-1.01
0.06
-1.01

37
38
39
40
41

P6

555.26 1.228
1.489
1.489
123.12 3.494
3.494

13.249
14
13.749
12.239
12.741

11
15
15
12
12

IN
IN
IN
IN
IN

4.77
4.77
4.77
6.25
6.25

-1.34
-2.36
-1.34
-0.90
-0.90

42
43
44
45

P7

668.6

18.01
16.503
18.261
16.503

13
18
13
19

IN
IN
IN
IN

4.18
4.15
3.14
5.21

-2.07
-3.21
-3.11
-2.16

1

2

2

1

2

1
2
1

0.224
0.224
0.224
0.224
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46
47
48
49
50
51
52
53

2

3

1

668.6

0.224
0.224
0.224
0.224
329.55 0.224
0.224
0.224
0.224

18.01
16.503
18.261
16.503
12.994
14.252
12.994
14

13
18
13
19
15
19
15
20

IN
IN
IN
IN
IN
IN
IN
IN

4.18
4.49
3.47
3.43
6.09
6.12
8.21
6.12

-1.75
-1.84
-2.80
-2.90
-0.28
-0.19
-2.40
-0.19

567.22 4.147
4.147
4.147

15.658
15.912
15.912

13
15
21

OUT
OUT
OUT

5.36
4.33
3.70

-0.84
-0.84
-0.45

104.77 0.731
0.984
1.238
102.77 0.731
0.984
1.238

8.906
11.398
10.899
9.656
10.401
10.651

22
16
17
22
16
17

AUTO
AUTO
AUTO
AUTO
AUTO
AUTO

7.59
6.57
6.57
5.33
5.33
5.33

0.06
-0.89
0.17
-0.80
-0.80
-1.83

64.5

0.224
0.224
0.224
0.224
569.55 0.224
0.224
0.224
0.224
0.224
0.224

15.912
14.75
16.414
15.752
15.912
14.75
16.414
15.752
9.156
8.906

12
15
12
17
12
15
12
17
15
14

AUTO
IN
AUTO
IN
AUTO
IN
AUTO
IN
AUTO
AUTO

6.72
4.59
4.62
4.59
3.08
3.02
3.08
6.17
8.18
8.18

-1.53
-2.80
-0.51
-1.75
-3.05
-3.29
-3.05
-3.29
0.02
-2.02

54
55
56

P8

57
58
59
60
61
62

P9

63
64
65
66
67
68
69
70
71
72

P10

73
74
75
76

P11

1

543.34 0.224
0.224
0.224
0.224

10.477
10.224
10.477
10.224

22
18
22
18

IN
IN
IN
IN

7.47
6.46
7.47
6.46

-0.64
-0.64
-0.64
-0.99

77
78
79
80
81
82
83

P12

1

736.19 0.984
0.984
2.495
8.162
8.41
2.244
1.993

14.75
12.239
19.255
22.936
24.691
11.233
12.741

23
18
20
15
19
22
17

IN
IN
IN
OUT
OUT
IN
IN

6.41
6.41
6.41
4.38
4.38
8.43
8.43

-0.69
0.32
-0.69
-2.72
-2.72
-1.70
-0.69

84
85
86
87

P13

1

935.78 1.489
1.489
467.04 1.741
1.741

12.741
11.233
12.491
10.728

18
21
18
21

IN
IN
IN
IN

5.54
5.54
6.57
6.57

-0.60
-0.60
-1.20
-1.20

88
89
90
91

P14

160.4

15.408
16.164
15.912
15.158

15
20
18
15

IN
IN
IN
IN

6.28
6.28
5.23
4.17

-0.04
-1.09
-1.09
-0.04

2
1
2

1

2

2
1

4.147
4.147
4.147
4.147

66

CHAPTER 4.

AUTOMATED MONTE CARLO SIMULATIONS OF PROTON

PENCIL BEAM SCANNING FOR ABSOLUTE DOSE QUALITY ASSURANCE

92
93
94
95

2

97.32

4.147
4.147
4.147
4.147

14.903
15.658
14.903
14.903

16
18
19
18

IN
IN
IN
IN

6.99
4.91
5.93
6.99

-1.49
-2.44
-1.49
-1.49

96
97
98

P15

1

282.21 1.741
1.489
1.489

11.737
10.728
10.983

21
16
21

IN
IN
IN

6.51
6.51
6.51

-0.59
-0.59
-0.59

99
100
101
102
103
104

P16

1

78.32

2

78.32

12.145
11.149
11.398
12.145
11.149
11.398

26
27
27
26
27
27

OUT
OUT
OUT
OUT
OUT
OUT

5.72
5.72
5.72
6.68
6.68
6.68

0.43
-1.69
-0.63
-0.79
-0.79
-0.79

5.917
4.4
4.654
5.917
4.4
4.654

Table 4.2: Summary of all patient elds: Patient, plan, PTV, minimum and max-

imum range, air-gap, pre-absorber and dierence between analytical calculations
and measurements and Monte Carlo simulations and measurements.
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Q3: How do dierent
mathematical models for
analytical dose calculations
perform when compared to MC
simulations?∗
This is analysed in the study Evaluation of the ray-casting analytical algorithm for pencil beam scanning proton therapy, which has been submitted
to Physics in Medicine and Biology on the 14th of September 2018.

∗
For this study, I set up the Monte Carlo system to calculate dose distributions in
the patient CT, supervised the data creation and analysed and compared the nal dose
distributions.
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Abstract
For pencil beam scanned (PBS) proton therapy, analytical dose calculation
engines are still typically used for the optimisation process, and often for
the nal evaluation of the plan.

Recently however, the suitability of ana-

lytical calculations for planning PBS treatments has been questioned. Conceptually, the two main approaches for these analytical dose calculations
are the ray-casting (RC) and the pencil-beam (PB) method. In this study,
we compare dose distributions and dosimetric indices calculated with both
algorithms on both the clinical, and as a function of the dose grid resolution, to Monte Carlo (MC) calculations.

The analysis is done using a

comprehensive set of clinical plans which represent a wide choice of treatment sites. When analysing dose dierence histograms for relative treatment
plans, pencil beam calculations with double grid resolution perform best,
with on average 97.7%/91.9% (RC), 97.9%/92.7% (RC, double grid resolution), 97.6%/91.0% (PB) and 98.6%/94.0% (PB, double grid resolution) of
voxels agreeing within

±5%/±3% between the analytical and the MC calcu±4% for the PTV

lations. For all algorithms, dosimetric indices agree within
and within

±5%

for critical organs. While the clinical agreement depends

on the treatment site, there is no substantial dierence of indices between
the dierent algorithms.

The pencil-beam approach however comes at a

higher computational cost than the ray-casting calculation. In conclusion,
we would recommend using the ray-casting algorithm for fast dose optimization and subsequently combine it with one Monte Carlo calculation to scale
the absolute dose and assure the quality of the treatment plan.
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5.1 Introduction
In the nearly 22 years since the treatment of the rst patient with Pencil
Beam Scanned (PBS) proton therapy in 1996 (Munkel et al. (1996)), more
than 1500 patients have been treated at our institute, many with clinical
follow-ups of 10 years or more. In addition, PBS has become the delivery
method of choice for proton therapy in almost all new and planned facilities worldwide and is supported in all major treatment planning systems.
However, the quality of PBS proton treatments is highly dependent on the
optimisation of the pencil beam uences of each eld, a problem which is
highly degenerate and often complex.
Typically, the optimisation of PBS treatments is based on analytical dose
calculations using the pencil-beam approach (Hong et al. (1996), Soukup
et al. (2005), Schaner et al. (1999)), which decomposes the physical proton
beam into a set of elemental pencil beamlets propagating through the heterogeneities within the patient. Multiple commercial systems, for example XiO
(Computerized Medical Systems Inc, now ELEKTA), Raystation (Raysearch
Laboratories) and the Eclipse Treatment Planning System (Varian Medical
Systems) have implemented such an approach. In contrast however, for all
cases treated at our institute, a simple and fast analytical dose calculation,
based on the ray casting method and a single Gaussian representation of
lateral scatter, has been used (see e.g. Schaner et al. (1999)).
The single Gaussian, ray casting algorithm was originally selected for
clinical planning at out institute for two reasons. First, because the major
density heterogeneities that have to be modelled are in the patient and therefore typically close to the Bragg peak. As discussed by Schaner, the ray
casting algorithm tends to compare well with simple Monte Carlo (MC) calculations when density hetereogeneities are close to the Bragg peak, whereas
the more conventional pencil beam de-composition algorithms typically perform better when density heterogeneities are further upstream. Second, it
was selected for its speed of calculation, as the combination of ray-casting
and a single Gaussian model of lateral scatter provides calculation times of a
few seconds per eld for full 3D dose calculations of small to medium volumes
on standard, non-GPU computer hardware. Although a dose model including a second Gaussian model has been subsequently introduced (Pedroni
et al. (2005)), due to the additional calculational overhead of this algorithm,
this is only used as a post-processing calculation for predicting eld specic
output factor corrections for Gantry 1 to correct for the consequences of the
secondary particle `dose halo' on the absolute dose of the eld (see e.g. (Pedroni et al. (2005), Trnkovà et al. (2016), Lomax et al. (2004)). For Gantry
2, an experience based analytical model has been introduced to predict absolute dose output factors, which are subsequently veried in a water phantom
(see e.g (Winterhalter et al. (2018b)).
Recently, multiple studies have used Monte Carlo simulations to investi73

CHAPTER 5.

EVALUATION OF THE RAY-CASTING ANALYTICAL

ALGORITHM FOR PENCIL BEAM SCANNING PROTON THERAPY

gate the accuracy of commercially available analytical dose calculations, for
example comparing the XiO TPS to TOPAS simulations for passive scattering (Schuemann et al. (2015), Grassberger et al. (2014)). For pencil beam
scanning, the accuracy of the RayStation analytical TPS has been examined
using GATE (Saini et al. (2017)) and the RayStation Monte Carlo algorithm
(Tommasino et al. (2018), Widesott et al. (2018)). Furthermore, the Eclipse
TPS has been validated with a track-repeating-based Monte Carlo (Yepes
et al. (2018)) for over 500 patients and a wide range of treatment sides. In
contrast to our experience, the authors of many of these studies question the
validity of analytical calculations for PBS proton therapy (see for example
(Taylor et al. (2017), Tommasino et al. (2018), Widesott et al. (2018))).
In previous work, the performance of the ray casting algorithm for a
limited set of clinical cases has been compared to a simple (primary particle only) in-house developed MC (Tourovsky et al. (2005)) with clinically
acceptable results. In addition, its accuracy for predicting relative dose distributions has been tested experimentally in an anthropomorphic phantom
(Albertini et al. (2011)). Given the considerable time advantages of using
a simple, single Gaussian analytical dose calculation for the calculationally
demanding task of optimising PBS proton therapy and IMPT, we therefore
believe it is of interest to know how accurate this algorithm is in the clinical
setting and when compared to state-of-the-art MC engines, especially as a
large body of clinical outcome data now exists on its clinical use (see for
example (Weber et al. (2016)) for the long term outcomes of 151 chordoma
and 71 chondrosarcoma patients).
Consequently, in this paper, we extend on our previous validation studies
of the ray casting algorithm, by comparing it to a well validated, state-ofthe-art MC engine over a wide range of clinically applied cases. In addition,
an in-house developed pencil beam deconvolution algorithm, similar to that
utilized in the majority of commercial planning systems, has been included
in the comparison.

5.2 Materials and Methods
5.2.1 Algorithms
We compare two dierent analytical dose calculations (ADC), namely the

ray-casting and the pencil-beam algorithm (Schaner et al. (1999)), to Monte
Carlo simulations (MC). Both the ADC's and the MC have been implemented in the independent dose calculation (Meier et al. (2015)) developed
at our institute.
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5.2.1.1 Analytical dose calculation algorithms
For the analytical dose calculations, Hounseld units are converted to stopping power, and, based on this conversion, each calculation point is assigned
a water equivalent depth (WED). Both analytical algorithms are based on
the same beam data as used for the clinical treatment planning system
(Hounseld unit conversion, depth dose curves, initial beam angular spatial distribution, scattering in water). All analytical calculations have been
performed on a rectangular calculation grid with grid size identical to the
clinical dose calculation (4mmx4mmx2.5mm), or for comparison, also on a
rectangular grid with double the clinical resolution (2mmx2mmx1.25mm).
Finally, all analytical calculations have been interpolated on the CT grid.

Ray-casting (RC)
As the name implies, a ray tracing approach is applied to each physical pencil
beam (spot ). As such, the dose deposited by each spot is calculated at each
grid point by adjusting to the water equivalent depth of that point (Schaner
et al. (1999)):

1
2
2
D = ID(W ED) · w · p
· e−∆x /Ax −∆y /Ay
π Ax · Ay
where

w

(5.1)

is the spot weight, and the lateral distances between spot and the

∆y respectively. The integral depth dose ID
and the doubled spatial variance Ax and Ay , which include the initial angular
calculation point are

∆x

and

spatial distribution and the multi-coulomb scattering, depend on the water
equivalent depth of the grid point. With this approach, the point dose at each
calculation grid point is calculated. The inuence of a simple heterogeneity
along the beam path is demonstrated in Figure 4 A of (Schaner et al.
(1999)).

As mentioned above, this is the algorithm used for clinical dose

calculation and optimization of all patients treated at our institute.

Pencil beam (PB)
In this work, an in-house, rather than commercial, implementation of the PB
algorithm has been used as we want to compare algorithms for clinical plans
delivered on Gantry 2 at our institute. This has a number of features that
are not currently supported by commercial planning systems (e.g. parallel
scanning, use of a pencil beam specic pre-absorber, an initial phase space
that changes as a function of the nozzle extraction, see e.g. (Pedroni et al.
(2004)), thus excluding the use of commercial algorithms for the study. Furthermore, by using the in-house PB algorithm, we do not have to rely on a
black box provided by a commercial vendor but we can access all the code
used for the calculations and we can therefore directly compare the validity
of two distinct mathematical models (RC and and PB).
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In our PB approach, each spot is divided into a set of elemental pencil
beams. First, based on the initial angular spatial distribution, the proton
uence

Φ

in vacuum is calculated at each grid point. Then, a dose kernel

K

consisting of the dose contribution of each elemental pencil beam in water
(depending on the ID and scattering at this water equivalent depth) is determined. Finally, the uence is convoluted with the dose kernel (Schaner
et al. (1999)):

D=

XX
x̃

Φ (x − x̃, y − ỹ, z) · K (x̃, ỹ, W ED)

(5.2)

ỹ

Figure 4 C of (Schaner et al. (1999)) shows the inuence of a simple heterogeneity in the beam path when using this algorithm.
As described in the work of (Schaner et al. (1999)), we have implemented
this algorithm here by summing up the total uence of all pencil beams at
a given energy level, and then de-composing this cumulative uence into a
set of calculational proton beamlets. This way, we avoid de-composing each
physical pencil beam, and thus reduce calculational time for the algorithm.
The initial angular spatial distribution is contained in the proton uence

Φ,

therefore the width of the elemental pencil beams contributing to the dose
kernel

K

only depends on the multi Coulomb scattering in the patient. As

a consequence, the pencil beams at low water equivalent depths are very
sharp.

A naive implementation of this algorithm therefore results in high

point doses at the surface of the patient. As such, in our implementation,
we consider mean doses instead of point doses by integrating the dose which
contributes to each grid voxel.

5.2.1.2 Monte Carlo simulations
Monte Carlo simulations have been performed using the TOPAS (Perl et al.
(2012)) Monte Carlo toolkit with the TOPAS default physics list (Jarlskog
and Paganetti (2008), Perl et al. (2012)).

In contrast to the Monte Carlo

calculations by (Tourovsky et al. (2005)), this includes not only primary
but also the tracking of secondary particles and is in the following denoted
as full physics Monte Carlo.

Our simulation setup has been validated

in water (Winterhalter et al. (2018b)), included in the independent dose
calculation (Winterhalter et al. (2018d)) und compared to an independently
developed Monte Carlo implementation of the same spot scanning Gantry
(Winterhalter et al. (2018a)). For each voxel of the patient CT, Hounseld
units are converted to material composition and density and the Monte Carlo
dose results are scored directly in the patient CT. Proton numbers have
been scaled such that statistical uctuations of the elds are below 1% (see
(Winterhalter et al. (2018d))).
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5.2.2 Choice of patients
Patients have been selected to represent a wide range of treatment sites
(Table 5.1).

This selection includes typical cases treated at our institute

(Brain 2-4, Craniospinal, Sacrum). Furthermore, a set of worst case scenarios, namely treatment sites with high sparing of organs at risks (Skull-base,
Paraspinal) or a high amount of density heterogeneities (Nasal cavity, Clavicula, Mediastinum, Lung) have been included.
Out of these 17 patients, three have been treated without range shifter
(pre-absorber Out ), ve have been treated with range shifter (pre-absorber

In ), six have been treated with pre-absorber applied only for the supercial
parts of each eld (pre-absorber Auto ), two with a combination of elds
with pre-absorber In and pre-absorber Out and one with a combination of
pre-absorber In and pre-absorber Auto.

5.2.3 Analysis
The analysis has been done in MATLAB R2014b.

5.2.3.1 Absolute dose comparison
In clinical practice, each eld is delivered to and measured in a water phantom and if necessary, pencil beam uences scaled to match the planned
absolute dose (boost, see (Lomax et al. (2004), Trnkovà et al. (2016))). Alternatively, Monte Carlo simulations in the patient CT can be used to scale
the spot uences to achieve the desired mean dose to PTV (see (Winterhalter
et al. (2018d))). In this study, we employ this latter approach. However, as
we are interested in the inuence of calculation algorithms alone, plans are
recalculated from planned treatment planning system les instead of logles.
As such, rst, Monte Carlo results are scaled to reproduce Farmer chamber
measurements (see (Winterhalter et al. (2018b))). Then, each Monte Carlo
eld is normalized to the mean dose to the PTV (in the patient CT) as calculated by the ray-casting calculation (MC based scaling ). Finally, this MC
based scaling is compared to the eld specic output corrections that were
actually determined for the plans from measurements in water performed as
part of our plan and patient specic QA procedure.

5.2.3.2 Relative dose comparison
Each eld is rst normalized to the mean dose delivered to the PTV by
that eld, before being summed into the nal, multiple eld plan. For each
analytical plan, a dose dierence histogram when compared to the Monte
Carlo simulation is calculated, considering only voxels inside the patient (HU
>-900, exclusion of table etc.)

and doses > 10% of the PTV prescription

dose. Plans have been analysed by comparing the amount of voxels agreeing
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Treatment side

Number of
plans

Number of
elds

Skull-base 1
Skull-base 2

2
2

7
8

Preabsorber
setting
Out
In

Brain 1

1

3

In, Out

Brain 2
Brain 3
Brain 4

2
1
3

4
3
8

Auto
Auto
Out

Nasal cavity
Craniospinal
Paraspinal 1

3
2
2

12
4
8

In
Auto
In

Paraspinal 2

2

4

In, Auto

Clavicula

2

5

Auto

Mediastinum 1/Neck

1

7

In

Mediastinum 2

1

7

In, Out

Mediastinum 3

1

2

Auto

Lung
Sacrum
Leg

1
2
1

2
5
3

Out
Auto
In

Comment

Close
to
brainstem,
high sparing.
Small, close to
eyes, anterior
Supercial
Supercial
Centrally located
Supercial
Close
to
brainstem,
with metal
Neck, sparing
of spinal cord
Supercial,
partly
extending into
mediastinum
Large extension,
along
the neck into
mediastinum
Unusual
beam
arrangement to
spare breasts
Single integrated boost

Table 5.1: Choice of patients for the evaluation of algorithms
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to the MC simulation within

±3%

and

±5%

(see for example (Tourovsky

et al. (2005))).

5.2.3.3 Dosimetric indices
In contrast to the relative dose comparison (section 5.2.3.2), dosimetric indices have been evaluated for the complete treatment instead of the individual plans. For each patient, the plans have therefore been combined to the
respective treatment series.
The coverage of the planning target volume has been analysed using the
same dosimetric indices as (Schuemann et al. (2015)), namely comparing the
volume that receives 90% of the prescription dose (V90 ) and the dose to
95%/50%/2% of the target volume (D95, D50, D02 ).
This study covers a wide range of treatment sites and a wide range of
dierent critical organs. For comparison purposes therefore, patients have
been divided into two cohorts, a rst cohort of treatments in the cranium
and head & neck region (Table 5.2), and a second for treatments in the
thorax/abdomen (Table 5.3). For the head/head and neck cohort, the most
common critical organs were identied as the brainstem, the spinal cord,
the chiasm and the optic nerve, for the thorax cohort the spinal cord, the
lung, the oesophagus and the heart.

For all evaluated critical organs, the

dosimetric indices dened as constraints in the original plan prescription have
been compared between analytical and Monte Carlo calculations. Voxels in
air have been excluded for both the analysis of planning target volume and
organs at risk.
Treatment side

Prescrip-

Prescrip-

Prescrip-

Prescrip-

Prescrip-

tions

tions

tions

tions

tions

on

brain-

spinal

stem

cord

Skull-base 1

D2

D2

Skull-base 2

D2

D2

Brain 1

D2



Brain 2

D2

Brain 4

D2

Nasal cavity

on

on

chiasm

on

on

optic

optic

nerve L

nerve R

D2

D2

D2

D2,

D2

D2

D2

D2



D2

Mean

Mean

Mean

D2

D2,Mean

D2,

D2,

Mean

Mean

D2

D2

D2,Mean

D2

D2

Craniospinal

D2

D2

D2

D2

D2

Paraspinal 1

D2

D2







Mean

Table 5.2:

Dosimetric indices for the evaluation of organs at risk for the head

cohort.
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Treatment side

Prescrip-

Prescrip-

Prescrip-

Prescrip-

tions

tions

tions

on

tions

oesopha-

heart

on

spinal

on

lung

cord

on

gus

Craniospinal

D2

V20

D2

V25

Paraspinal 2

D2

Mean,

D2, V54,



V20,

V45

V50
Clavicula

D2

V30,

D2

V20, V5
Mediastinum 1

D2

Mediastinum 2



Mediastinum 3

D2

V15,

V25,
Mean

D2

D2

V20



D2,Mean

Mean,

D2

Mean

D2

V60,

V12

V5, V20
Lung

D2

Mean,
V5, V20

V45

Table 5.3: Dosimetric indices for the evaluation of organs at risk for the thorax

cohort.

5.2.4 Outline of the study
The following ADC have been compared to MC simulations:

•

Raycasting, clinical calculation grid (4x4x2.5mm) (RC ).

•

Raycasting, calculation grid with double resolution (2x2x1.25mm) (RC2 )

•

Pencil beam, clinical calculation grid (4x4x2.5mm) (PB ).

•

Pencil beam, calculation grid with double resolution (2x2x1.25mm)
(PB2 ).

First, the scaling based on mean absolute doses to the PTV has been calculated for each eld and compared to the experimental boosting.

Subse-

quently, each eld has then been normalized to the planned mean dose to
the target and elds have been combined to the respective plans. For these
plans, dose dierence distributions between ADC and MC have been compared. Finally, plans have been fused to reproduce the respective treatment
series and dosimetric indices have been analyzed for the primary target and
the selected organs at risk.
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5.3 Results
5.3.1 Absolute dose comparison
The dierent ADCs predict comparable absolute mean doses to the PTV
(maximal dierence 0.7%) and the dierence in mean dose between Monte
Carlo and ray-casting (MC normalization, blue squares in Figure 5.1a) agrees
to the experimental boosting (red circles in Figure 5.1a) within -0.4±1.2%
(mean and standard deviation, Figure 5.1b). No systematic dierences were
seen in the results for elds with or without range shifter. This conrms, in
patient geometries, the predictive power of full-physics MC calculations for
absolute dose as already reported by (Winterhalter et al. (2018b)).

(a)

(b)

Figure 5.1: Normalization ratios obtained from Monte Carlo simulations (in the

patient CT) and from measurements (in water) (a) and dierences between these
normalization ratios, with dierent colours representing the pre-absorber setting
for each eld (b).

5.3.2 Relative dose comparison
Over all treatment sites, the minimum percentage of voxels in any case agreeing to within

±3%

(Figure 5.2) between the two ADC models and the MC

were 82%, 82%, 81% and 85% for the RC, RC2, PB and PB2 algorithms respectively, improving substantially to 93%, 92%, 94% and 94% respectively
for a tolerance of

±5%.

Mean agreements over all patients were 91.9% (RC),

92.7%(RC2), 91.0%(PB) and 94.0%(PB2) for a tolerance of
97.9% 97.6% and 98.6% for

±5%.

±3%, and 97.7%,

As these values indicate, PB2 generally

performs slightly better than the other algorithms. When analysing the

±5%

passing rate (Figure 5.2a), >95 % of the voxels agree between the ADC and
the Monte Carlo for all patients except for the clavicula, the mediastinum
2&3 and the lung treatment.
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For supercial treatment sites with heterogeneities at the end of the target (Brain 1, Nasal cavity), RC performs better than PB. Agreement is improved when using half the grid size (RC2) and best results are then achieved
with PB2. This trend is more visible when analysing the agreement within

±3%

(Figure 5.2b), with the PB<RC<RC2<PB2 for all head cases (skull-

base 1&2, Brain 1-4), except for the nasal cavity, for which RC2 and PB2
perform similarly. For two of the deeper targets, with many heterogeneities
along the beam path (Mediastinum 2 & 3), RC performs better than RC2
and best results are achieved with PB and PB2 (RC2<RC<PB<PB2). Figure 5.3 and Figure 5.4 illustrate the dose and dose dierence distributions
for the plans with the highest (Skullbase2, rst plan) and the lowest (Mediastinum3)

±5%

passing rates. Again, no systematic dierences in results

were observed for plans with and with the range shifter.

5.3.3 Dosimetric indices
For the primary PTV (Figure 5.5), the comparison of dosimetric indices
shows an agreement within

±4%

for all patients and algorithms.

Indeed,

for only two out of the seventeen patients (clavicula and lung) agreement is
outside of

±2%.

For OAR's in the head cohort, all indices agree within

±5

%, and all

indices except the right chiasm (D2 dierence up to 4.1%) and left the optic
nerve (D2 dierence up to 3.1%) of the Brain1 case agree within

±3% (Figure

5.6).
For the OAR in the thorax cohort, all indices agree within

±5

%, and

all indices except the lung right of the Mediastinum3 case (V5 dierence up
to 4.9%) and the lung left of the Lung case (V5 dierence up to 3.2%) agree
within

±3%

(Figure 5.7).

5.3.4 Calculation time
To illustrate the speed of the dierent algorithms, calculation times on a
standard computer (8 cores) for one eld of the Skullbase1 and one eld of
the Craniospinal treatment are compared (Table 5.4). This shows an increase
of calculation times by a factor of 7-8 when reducing the grid spacing of the
analytical calculations (RC to RC2 and PB to PB2) and by a factor of 25-28
between the two analytical algorithms (RC to PB and RC2 to PB2). Both
analytical algorithms perform the calculations within seconds to minutes and
are substantially faster than the Monte Carlo implementation (calculation
times ranging from hours to days).
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a)

b)
Figure 5.2:

Voxels agreeing within 5% (a) and 3% (b) between analytical and

Monte Carlo algorithm. If multiple plans have been applied to the same patient,
markers have been connected.

5.4 Discussion
In this study, the performance of single Gaussian ray-casting and pencilbeam analytical dose calculation algorithms for PBS proton therapy have
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Figure 5.3: Dose (upper row) and dose dierence distributions (lower row) for the

plan with the highest

Figure 5.4:

±5%

passing rates (Skullbase2, rst plan).

Dose (upper row) and dose dierence distributions (lower row) for

the plan with the lowest

±5%

passing rates (Mediastinum3). Because this a single

integrated boost plan, it includes higher boost doses.

Algorithm

Skullbase

Craniospinal

RC

1 s

14 s

RC2

8 s

1 min, 52 s

PB

27 s

6 min, 29 s

PB2

3 min, 21 s

45 min, 47 s

MC

7h

7d 11h

Table 5.4: Calculation times for two example elds.
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Figure 5.5:

(a)

(b)

(c)

(d)

Dosimetric indices for all treatments for the ray-casting algorithm

(a), ray-casting algorithm with double grid resolution (b), pencil beam algorithm
(c) and pencil beam algorithm with double grid resolution (d). Marker shapes and
colours are chosen according to (Schuemann et al. (2015))

been analysed in comparison to a full-physics MC calculation. When analysing
the dose dierences, all algorithms show a good agreement to Monte Carlo
simulations, with over 92% of the voxels agreeing within

±5

% for all treat-

ment sites. For the ray-casting approach with clinical grid size, an agreement
of over 93% (±5 %) is comparable to previous results showing >89% (14
plans, compared to an in-house built Monte Carlo (Tourovsky et al. (2005))
and >90% (Winterhalter et al. (2018d)), 5 plans, including both calculational and delivery uncertainties). It is worth noting however, that for all
analytical algorithms, no correction for the lateral eects of nuclear interactions (see for example Pedroni et al. (2005) have been included, with the
initial pencil beams being described by a single Gaussian distribution in each
lateral direction only.
Over all cases, the highest passing rates for voxels within
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(a)

(b)

(c)

(d)

Figure 5.6: OAR for head treatments for the ray-casting algorithm (a), ray-casting

algorithm with double grid resolution (b), pencil beam algorithm (c) and pencil
beam algorithm with double grid resolution (d). Dierent colors represent dierent
organs, dierent markers (according to (Schuemann et al. (2015)), D2/mean dose
are represented by a cross/diamond) dierent prescriptions.

±5

% are achieved for the pencil beam algorithm with small grid size. As

the pencil beam decomposition is coupled to the grid spacing, a higher grid
resolution improves the dose calculation.

In contrast, for the ray-casting,

the best grid size depends on the treatment region (see below). Even though
the pencil-beam algorithm (half grid size) leads to highest passing rates,
the dierence between the dierent algorithms is small (average agreement
dierences between algorithms within 3%/1% for the

±3%/±5%

passing

rates). This is also visible when analysing the dosimetric indices, with neither
the PTV coverage (Figure 5.5) nor the organ at risk analysis (Figure 5.6 and
Figure 5.7) showing a substantial dierence between the algorithms.
For the PTV, dosimetric indices t within

±4%.

This is in agreement

to (Schuemann et al. (2015)) who show an agreement within -5% to 1%. As
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Figure 5.7:

(a)

(b)

(c)

(d)

OAR for thorax treatments for the ray-casting algorithm (a), ray-

casting algorithm with double grid resolution (b), pencil beam algorithm (c) and
pencil beam algorithm with double grid resolution (d). Dierent colors represent
dierent organs, dierent markers dierent prescriptions.

Markers for D2/mean

dose (cross/diamond) are chosen according to (Schuemann et al. (2015)), see Figure
5.5 and Figure 5.6. V5, V12 and V15 are represented by a circle; V20, V25 and
V30 by a square and V45, V50, V54 and V60 by a triangle.

87

CHAPTER 5.

EVALUATION OF THE RAY-CASTING ANALYTICAL

ALGORITHM FOR PENCIL BEAM SCANNING PROTON THERAPY

we normalized the elds to the mean to PTV (see below), we do not observe
the absolute dose oset seen in (Schuemann et al. (2015)).

Furthermore,

our spread of indices agrees well with Figure 3 of (Yepes et al. (2018)), with
(Yepes et al. (2018)) observing higher dierences (up to 15%) for some outliers. However, as we did not analyse the same set of patients and treatment
arrangements, we cannot draw a general conclusion on our performance versus the Eclipse algorithm based on the comparison to the work of (Yepes
et al. (2018)).
For treatments in the head region, when analysing the dose dierence
histograms, all algorithms show an agreement >95% (±5 %). For the clinical
grid spacing, the ray-casting is superior to the pencil beam approach. When
decreasing the grid size, both algorithms improve, with the pencil beam
with half grid size leading to best results.

For the nasal cavity patient,

ray-casting and pencil beam with half size perform similarly.

This could

be explained by the fact that for this case, many heterogeneities are at the
end of the target, which might lead to a superior performance of the raycasting approach (Schaner et al. (1999)). All algorithms lead to excellent
PTV coverage (values within

±2

%) and all organs at risk show a very good

agreement, except for the D2 of the chiasm of the Brain1 patient, which is
underestimated by both analytical algorithms with the clinical grid size. For
this patient, the chiasm had been divided in a left and right chiasm, leading
to a very small structure. Consequently, with the clinical grid size, only a few
calculation points lie within this volume. Agreement is therefore improved
for both algorithms when using a ner grid spacing.
For treatments in the thorax region, dose dierence agreement (±5 %) for
the Mediastinum3 and the Lung treatment drop below 95% for all algorithms.
When there are many heterogeneities along the beam path (see Mediastinum
3 case in Figure 5.4), ray-casting performs worse than pencil-beam, and
doubling the grid resolution decreases the performance of the ray-casting.
This could be explained by the sharp edges obtained in the ray-casting dose
calculation (Schaner et al. (1999)) which are unphysical for such a case and
smooth out when interpolating on a bigger grid. For all algorithms, PTV
coverage is worst for the Lung and the Clavicula treatment. Additionally,
as expected from the dose dierences observed in Figure 5.4, the V5 of the
healthy lung for the Mediastinum3 case is underestimated by the analytical
algorithms. This is in agreement with (Grassberger et al. (2014)), who also
show an underestimation of V5 over a set of lung treatments. However, even
for these worst case scenarios, in our study clinical indices agree between
analytical and Monte Carlo calculations within

±4

% (PTV) and

±5

%

(OAR). In addition, these dierences should be put into the context of other
uncertainties in the delivery of PBS proton therapy to the lung area. For
instance, much higher dosimetric dierences are predicted as a result of both
anatomical changes during treatment (see e.g. Homann et al. (2017) for the
eect of anatomical changes on lung patients) or due to motion (see e,g Zhang
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et al. (2018) for the impact of motion on liver tumour treatments) than we
have observed in this comparison of analytical dose calculations with MC.
Calculation times however show a substantial dierence between the investigated algorithms, even if none of the algorithms have been optimized for
speed. As such, in our implementation, the pencil-beam algorithm includes
multiple error functions, which slow down calculation times.

Additionally

no eort has been investigated in accelerating the Monte Carlo simulations,
and, for comparison purposes, the calculation times reported here have been
obtained running the simulations on one computer instead of the PSI cluster.

Nevertheless, this comparison emphasized the advantage of using the

ray-casting algorithm, which allows for very fast dose calculations.

Math-

ematically, the ray-casting is expected to be faster than the pencil-beam,
because it does not require the computationally expensive kernel superposition (da Silva et al. (2015)) and we therefore expect the ray-casting to be
faster also in a setting in which all algorithms are optimized for speed.
Speed is an important attribute in PBS proton therapy planning, particularly in the optimisation step.

The optimisation of PBS proton ther-

apy and IMPT is a highly degenerate problem and to best search the large
and complex solution space, fast dose calculation algorithms will always be
advantageous. For instance, in Multi-Criteria-Optimisation (MCO, see for
example Craft et al. (2005)), many solutions need to be searched to nd the
Pareto surface. In robust optimisation, multiple dose calculations need to be
performed per iteration loop to sample the various error scenarios, a problem
that will only become larger if rotational or anatomical uncertainties (see e.g.
van de Water et al. (2018)) would be included as well. Finally, new methods for optimising not just dose, but pencil beam position and delivery are
also being developed (van de Water et al. (2013)), as will (inevitably) beam
angle optimisation in the future. The problem is particularly acute if some
of these methods (i.e. pencil beam position, robust optimisation) need to be
performed on a regular or even daily basis as part of an adaptive therapy
regime. We believe therefore that all these developments in optimisation will
benet from fast dose calculations and, even if analytical calculations like
the ray casting approach are limited in their accuracy, we have shown that
they are nevertheless accurate to a few percent for all measured dosimetry
metrics, whilst being fast enough to enable complex optimisation solutions
beyond what are currently the norm.
It should however be noted that for all comparisons, the MC calculated
doses have been normalised to the eld specic mean dose to the PTV. This
is partly necessary due to the use of a single Gaussian approximation in the
analytical doses. In the full-physics MC simulations, the lateral scatter of
secondary particles is more accurately taken into account, and thus the overall dose to the target is lower in the MC calculation than for either analytical
approach. In clinical practice, such an over-estimation of the dose by the raycasting approach would lead to an under-irradiation of the target, an eect
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that is dealt with clinically by the eld specic verication of each eld using absolute dosimetry measurements in a water phantom (see Lomax et al.
(2004), Trnkovà et al. (2016)).

Based on these measurements, the output

factors (monitor units) of the eld are scaled to compensate for the measured discrepancy (see e.g. Winterhalter et al. (2018b)). In this work, such
eld-specic output factor corrections have been simulated by normalising
all dose calculations to the mean dose to the PTV. Interestingly, these simulated dierences in absolute dose, as assessed by analysing the eld specic
normalisation factors based on the mean dose to the PTV for each eld between each algorithm and the MC calculation, are surprisingly close to the
clinically used eld specic dosimetric corrections determined during plan
verication. This is in agreement to previous work from our group for ve
preliminary cases (Winterhalter et al. (2018d)). Nevertheless, for individual
elds, dierences bigger than 4% might occur (see Figure 5.1b). The analysed plans are therefore slightly dierent when compared to the clinically
applied plans, for which the elds had been scaled using the experimental
boosting. In practice, this study therefore represents an approach in which
the optimization is performed analytically, and then one Monte Carlo calculation for each eld is used to scale the absolute dose results. This approach
(Winterhalter et al. (2018d)) would not only reduce the amount of measurements and therefore increase patient throughput, but it might also be more
accurate, as it takes the real patient geometry (not a at water phantom)
into account to calculate the absolute dose scaling.
In summary, we would argue that, based on the results for the cases
investigated here, optimization using the ray casting analytical algorithm,
when combined with a Monte Carlo re-calculation based on the resulting optimised pencil beam positions and uences, will lead to clinically acceptable,
and due to their ability to eciently search through complex solution space,
possibly even superior, treatment plans.

Thus, we believe that analytical

algorithms are not unsuitable for proton dose calculations in lung as has
been recently claimed (Taylor et al. (2017)), but could actually provide the
key to unlocking the full potential of PBS proton therapy.

5.5 Conclusion
Dose dierences depend on the investigated algorithm and treatment site,
with the pencil-beam algorithm with double grid spacing leading to best
results.

The dierences between algorithms are however small, and clini-

cal dosimetric indices depend on the treatment site but are not substantially
inuenced by the choice of algorithm and grid size. On the contrary, calculation times depend on the algorithm, with the ray-casting algorithm enabling
fastest dose calculations.
Therefore, based on this comparison, we would recommend using the
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ray-casting algorithm for fast dose optimization and subsequently combine
it with one Monte Carlo calculation to scale the absolute dose and assure
the quality of the applied plan.
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Abstract
Patient specic quality assurance is crucial to guarantee safety in proton pencil beam scanning. In current clinical practice, this requires extensive, time
consuming measurements. Additionally, these measurements do not consider
the inuence of density heterogeneities in the patient and are insensitive to
delivery errors.
In this work, we investigate the use of log le based Monte Carlo calcu-

lations for dose reconstructions in the patient CT, which take the combined
inuence of calculational and delivery errors into account. We demonstrate
its application as a patient specic quality assurance tool for a set of ve
patients (16 elds) treated for dierent indications. For all elds, absolute
dose scaling factors based on the log le Monte Carlo agree within
the measurement based absolute dose scaling.
that more than 90% of the voxels agree within

±

3% to

Relative comparison shows

±

5% between the analytical

calculated plan and the Monte Carlo based on log les.
The log le based Monte Carlo approach is an end-to-end test incorporating all requirements of patient specic quality assurance. It has the potential to reduce the workload and therefore to increase the patient throughput,
while simultaneously enabling more accurate dose verication directly in the
patient geometry.
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6.1 Introduction
In proton therapy, the dose is conned close to the tumour while sparing the
surrounding, healthy tissue when compared to conventional radiotherapy.
Most new proton therapy facilities are built for proton pencil beam scanning,
which allows the most exible dose conformation to the tumour (Lomax
(1999)).
As with all radiotherapy modalities, patient safety is crucial for proton
pencil beam scanning and it is very important to ensure that the dose is
delivered as planned. To this aim, daily quality assurance procedures guarantee that the machine and the safety system function properly and that
the beam characteristics (position, width, range, output) remain within the
respective tolerance limits (Actis et al. (2017)).
Additionally, in current clinical practice, each eld is measured in a water
phantom before it is applied to the patient (Lomax et al. (2004), Trnkova et
al., 2016). This patient specic quality assurance aims to test (1) whether the
dose calculation algorithm works accurately, (2) the data transfer between
treatment planning system and delivery system has been correct and (3) the
plan can be delivered by the machine (see for example Matter et al. (2018)).
These measurements are very time consuming, occupy both personal resources as well as beam time and therefore could limit the amount of patients
that can be treated. Furthermore, they might be suboptimal to full the criteria specied above.

In particular, even though failure of the analytical

algorithm is most likely to occur in the presence of density heterogeneities
(Paganetti (2012b)), during these patient specic quality assurance measurements the calculation result is only validated in water. Additionally, (Matter
et al. (2018)) showed in a recent study that the measurement procedure is
insensitive to a wide range of data transfer/delivery errors. As such, even
though this is the method most used in clinical practice, the measurement
based approach might be suboptimal to full the aims of patient specic
quality assurance specied above.
Instead of measurements, independent dose calculation engines based on
a dierent algorithm can be employed to full the rst requirement of patient
specic quality assurance, i.e. to verify the analytical calculated dose distributions. Comparable to the independently calculated prediction of output
factors in passive scattering proton therapy (Paganetti (2006), Testa et al.
(2013)), these independent dose calculations can be used to recalculate pencil
beam scanning plans in water (Mackin et al. (2013)). Alternatively, planned
dose distributions can be recalculated in the patient CT to verify the analytical dose (Beltran et al. (2016)). As such, Monte Carlo calculation engines
have been set up at multiple pencil beam scanning institutes (Grassberger
et al. (2015), Grevillot et al. (2011), Fracchiolla et al. (2015), Winterhalter et al. (2018b)). Monte Carlo calculations have been shown to improve
the calculation accuracy in the presence of density heterogeneities (Taylor
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et al. (2017), Grassberger et al. (2014)) and multiple studies have employed
Monte Carlo to validate analytical algorithms for dierent treatment sites
(Tourovsky et al. (2005), Grassberger et al. (2014), Schuemann et al. (2015),
Taylor et al. (2017), Yepes et al. (2018), Tommasino et al. (2018), Widesott
et al. (2018)). In summary, for the rst aim of patient specic quality assurance, i.e. to test whether the dose calculation algorithm works accurately,
independent dose calculation engines, based on the same input data but on
a dierent algorithm, especially Monte Carlo algorithms, allow to verify the
three-dimensional dose distribution directly in the patient CT.

Machine control les and log les are invaluable tools for the second and
third aim of patient specic QA, i.e. to conrm the data transfer and the
deliverability of the plan. Machine control les contain the information sent
to the delivery machine and validate the data transfer. Log les include the
data recorded during delivery and therefore verify both data transfer and
deliverability of the plan. For quality assurance, delivery parameters can be
directly compared to the nominal values (Li et al. (2013)).

Alternatively,

the dose can be reconstructed with the clinical dose calculation algorithm
using the spot positions and monitor units recorded in the log les, showing
the impact of delivery variations on the dose distribution in water (Lin et al.
(2017)) or directly in the patient CT (Li et al. (2013), Belosi et al. (2017),
Meier et al. (2015), Scandurra et al. (2016)). In summary, log le based dose
reconstructions with the clinical dose calculation algorithm are eective to
analyse the inuence of data transfer and plan delivery directly on the patient
CT. In fact, it has been shown that such log le based dose reconstructions
are more sensitive to data transfer and delivery errors than patient specic
quality assurance measurements (Matter et al. (2018), Meier et al. (2015)).

In this work, we investigate the use of Monte Carlo calculations in the
patient CT based directly on the delivery information recorded in the log
les.

This approach includes the simultaneous eect of calculational and

delivery errors, showing the combined inuence on the dose delivered to the
patient.

As such, it goes beyond the work of (Beltran et al. (2016)) and

others by also including delivery uncertainties into a MC based plan QA
process.

The study is structured as follows:

First, we present the inclusion of

the Monte Carlo calculation in the independent dose calculation. Then, the
individual eects and the combined inuence of calculational and delivery
errors are presented for an exemplary patient.

Finally, the application of

this approach for patient specic quality assurance is demonstrated for a set
of patients treated for dierent indications.
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6.2 Materials and Methods
6.2.1 Level 4 independent dose calculation

Figure 6.1: Treatment planning system data, machine control les and treatment

log les are input les (yellow) for the independent dose calculation (Meier et al.
(2015)) (green), which has been expanded to include the Monte Carlo algorithm
(orange).

At our institute, an independent dose calculation (IDC) has been developed by (Meier et al. (2015)). This system can be used as an independent
check of the treatment planning system when recalculating dose distributions
from TPS input data.

Furthermore, it also enables dose calculations from

machine control les and treatment log les. Machine control les consist of
the information sent to the delivery system and are central to check the data
transfer between the treatment planning system and the delivery machine.

Log les include the information recorded during dose delivery, namely the
couch position, gantry angle and the delivered positions and monitor units
for each applied pencil beam. Dose reconstructions from log les are valuable
to monitor both data transfer and deliverability of the applied plan.
Analogous to the clinical treatment planning system, the IDC has initially been based on the analytical ray-casting algorithm (Schaner et al.
(1999)) and it has been used for an extensive set of log le based ray-casting
calculations (Belosi et al. (2017), Scandurra et al. (2016)).
Recently, TOPAS (Perl et al. (2012)) 3.0.p1 (Geant 4 (Agostinelli et al.
(2003)) 10.02.p01) Monte Carlo calculations have been included in the IDC
(Winterhalter et al. (2018b)), see Figure 6.1) without altering the input data.
As such, starting from the input data obtained from either TPS input les,
machine control les or log les, Monte Carlo input les are automatically
created and passed on to TOPAS. After the Monte Carlo simulation, the
dose results are written in the TPS specic output format.
The absolute dose predictions in water of this Monte Carlo setup have
been validated against an extensive set of measurements (Winterhalter et al.
(2018b)), furthermore the dose predictions in the patient CT have been
compared to an independently developed Monte Carlo engine (Winterhalter et al. (2018a)).

As such, and using the terminology of (Meier et al.

(2015)), the IDC has now reached level 4 independence.
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distributions have been calculated based on log-le les using both the Ray
casting (RCLF) and Monte Carlo (MCLF) dose engines, and have been compared to the nominal, TPS predicted distributions calculated also using both
approaches (RC and MC). For all MC calculations, the proton numbers (uences) of the original plan have been scaled by a factor of 1000. For three
example elds, this scaling led to statistical uctuations of 0.5-0.6% of the
prescription dose.
The comparison of the RC and MC calculations alone shows the inuence
of calculational uncertainties due to the approximations in the ray-casting
algorithm, whereas the dierence between either RC and RCLF or MC and
MCLF demonstrates the magnitude of the delivery uncertainties of the dose
delivery system. Finally, the comparison between RC and MCLF includes

both the calculational and the delivery uncertainties.

6.2.2 Application: Monte Carlo from log les for patient
specic absolute dose quality assurance
6.2.2.1 Measurement based patient specic quality assurance

Figure 6.2: Workow of the measurement based patient specic quality assurance.

During clinical routine at our institute, for patient specic quality assurance each eld is measured in water.

The detailed measurement and

comparison procedure has been described elsewhere (Lomax et al. (2004),
Trnkovà et al. (2016)) and is in the following shortly summarized.
From the treatment planning system, the nominal plan is transferred
to the Gantry.

Then the dose is delivered to a water phantom and two-

dimensional absolute dose distributions are measured at two dierent depths
with a PTW seven29XDR array or similar. Finally, the measured doses are
compared to the planned dose, which has been recalculated in water (Figure
6.2). If absolute doses do not agree, the pencil beam uencies are globally
scaled to correct for this oset (measurement based boosting ). For the dose
comparison, the standard deviation between measured and calculated doses
is recorded.
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6.2.2.2 Monte Carlo log le based patient specic quality assurance

Figure 6.3: Workow of the MCLF based patient specic quality assurance.

In this study, we investigate the use of log le based Monte Carlo calculations as a method for patient specic absolute dose quality assurance. Each
eld is rst delivered to a beam-stopper. Then, Monte Carlo simulations are
based on the information recorded in the corresponding log les.

Finally,

Monte Carlo doses recalculated from log les are compared to the planned
ray-casting dose in the patient CT (Figure 6.3).
Monte Carlo dose calculations enable for absolute dose prediction directly
in the patient CT. Since the PTW array has been calibrated to a Farmer
chamber, in this study the Monte Carlo has been scaled to match Farmer
measurements (Winterhalter et al. (2018b)). To compare the absolute doses
predicted by the ray-casting algorithm to the log le based Monte Carlo
calculations, MCLF results have been scaled to obtain the planned (RC)
mean dose to the PTV in the patient CT (Monte Carlo based boosting ).
After each eld is scaled by the Monte Carlo based boosting, the elds
are added to a plan. For each plan the number of voxels agreeing within

±

5% (for voxels with Hounseld Unit>-900 and with RC dose >10% of prescription dose) is calculated to quantify the relative dose dierence between
RC and MCLF.

6.2.3 Choice of patients
For a set of ve patients treated at our institute for dierent indications
(skull-base, brain, lung, nasal cavity, paraspinal, see Table 6.1) the log le
recorded during one random fraction has been used for the Monte Carlo
recalculation. For each patient, we analyse one treatment plan, consisting
of 2-4 elds, leading to 16 elds in total.

Out of these 16 elds, 10 were

delivered with a range shifter.
For one exemplary skull-base patient, dose dierence distributions demonstrating the dierent error sources (calculation, delivery and the combination
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of both) are displayed to show the feasibility of the log le based Monte Carlo
calculations.
Next, for all patients, the RC calculations are compared to the MCLF
calculations to demonstrate the potential application of MCLF for patient
specic quality assurance of absolute and relative dose.
Treatment site

Number of elds

Range shifter

Skull-Base

3

OUT

Brain

3

OUT (1 Field) & IN (2 Fields)

Lung

2

OUT

Nasal cavity

4

IN

Paraspinal

4

IN

Table 6.1: Summary of patient characteristics.

6.3 Results
6.3.1 Monte Carlo from log les: Combination of calculational and delivery errors

Figure 6.4: Relative ray-casting (a,b, e,f ) and Monte Carlo (c,d, g, h) calculations

from planned and log les for a single eld (a-d) and a three-eld plan (e-h). MC
and MCLF results have been scaled to obtain the planned (RC) mean dose to the
PTV.
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Figure 6.5: Dose dierence due to delivery for Ray-casting (a,e) and Monte Carlo

(b,f ) calculations and dose dierences due to dierent algorithms (c,g) and the
combined dierences due to algorithms and delivery (d,h) for a single eld (a-d)
and a three eld plan (e-h).

For one eld of a three-eld plan of a skull-base patient, dose (Figure
6.4a  d) and dose dierence (gure 6.5a  d) distributions demonstrate the
power of log le based Monte Carlo calculations.
Analytically calculated dose dierences at the lateral edge due to the
delivery uncertainty (RC minus RCLF, gure 6.5 a) are reproduced in the
Monte Carlo calculations (MC minus MCLF, gure 6.5 b). The calculational
uncertainty leads to dose dierences at the distal fall-o (RC minus MC, gure 6.5 c). Finally, both delivery and calculational uncertainty are considered
in the log le based Monte Carlo calculations (RC minus MCLF, gure 6.5
d). As expected, the uncertainties are less pronounced when adding up the
three-eld plan (Figure 6.4e  h and gure 6.5 e  h).

6.3.2 Log-le based Monte Carlo calculations for patient specic, absolute dose quality assurance
6.3.2.1 Absolute dose comparison
For ve patients (Table 6.1) Monte Carlo based boosting factors have been
compared to measurement based boosting factors (gure 6.6). Boosting factors have been calculated for each eld (gure 6.6 a). The comparison (gure
6.6 b) shows that the Monte Carlo based boosting agrees to the measurement
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based boosting within +/-3% for all elds.

(a)
Figure 6.6:

(b)

Monte Carlo and measurement based absolute dose scaling factors

(gure 6.6 a) and the corresponding dierences (gure 6.6 b).

Dierent marker

shapes represent dierent elds.

6.3.2.2 Relative dose comparison
Finally, after accounting for these absolute dose osets of the individual
elds, the elds are summed up to reproduce the treatment plan (Figure
6.4 and gure 6.7). For all plans, more than 90% of the voxels agree within

±

5% between the ray-casting based on planned les and the Monte Carlo

based on log les (gure 6.8), and for all plans except the lung treatment,
agreement is above 97%.

6.4 Discussion
In this study, we present a log le based Monte Carlo tool which concludes the
development of the independent dose calculation used at our institute (Meier
et al. (2015)). Taking both calculational and delivery errors into account,
the log le based Monte Carlo calculation is the closest representation of the
real delivered dose to the patient and we show how calculational, delivery
errors and the combination of both inuence the dose distribution in the
patient. The dierences between nominal and log le based plan (gure 6.5)
are most likely due to a small oset in couch position. Such sensitivity to
even small deviations in the delivery parameters demonstrates the power of
log-le based calculation.
Additionally, we demonstrate the application of such a tool for patient
specic quality assurance. For absolute dose quality assurance, we propose
to scale the dose to the mean PTV dose in the patient CT. The obtained
boosting factors agree within +/- 3% to the measurement based boosting
factors. Previously, it has been shown that absolute doses can be reproduced
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Figure 6.7:

Relative dose distributions (upper dose scale) for Ray-casting from

planned les and Monte Carlo from log les and dose dierence distributions (lower
dose scale) Ray-casting minus Monte Carlo from log les for four dierent indications.
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Figure 6.8: Number of voxels agreeing within

±

5% between RC and MCLF for

the dierent plans.

within +/- 2% when comparing absolute doses in water to Monte Carlo
simulations (Winterhalter et al. (2018b)). Considering this uncertainty and
taking into account that two completely dierent techniques are compared
(scaling to mean to PTV in the patient CT versus measurements at two
depths in a water phantom), this is a surprisingly good agreement.
Relative doses are compared by analysing the voxels with dierences
within

±

5%, showing an agreement of over 90% for all considered plans.

The agreement is worst for the lung treatment.

This shows how complex

density heterogeneities inuence the performance of the analytical dose calculation. Even though a comprehensive validation of the ray casting algorithm lies outside the scope of this study, this demonstrates how such a
quality assurance can pick potential calculation inaccuracies in the patient
CT. Before using this tool for patient specic quality assurance, clinically
relevant passing criteria need to be established. Such passing criteria could
be based on the dose distribution alone, for example the number of voxels
agreeing within a certain percentage (Belosi et al. (2017), Scandurra et al.
(2016)) or a gamma analysis (Low et al. (1998)).

Alternatively, the dose

volume histograms for target and organs at risk could be compared to the
clinical prescriptions. The criteria need to be chosen such that most of the
elds pass, but nevertheless all clinically relevant errors are detected.
It is worth noting that for this study the Monte Carlo recalculation was
based on a log le recorded during one random fraction, not on the one
created during the patient specic quality assurance measurement. However
we do not expect a considerable inuence of this assumption, since it has
been shown that the analytical dose reconstruction does not substantially
depend on the chosen fraction (Scandurra et al. (2016)).
The log le based Monte Carlo recalculation simultaneously checks the
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accuracy of the dose calculation engine, the data transfer and the deliverability of the plan. As such, it fulls the three criteria on patient specic
quality assurance specied in the Introduction.
When compared to the measurement based quality assurance (Lomax
et al. (2004), Trnkovà et al. (2016)), the main advantage of the Monte Carlo
from log les is that dose distributions are calculated directly in the patient
CT. This approach includes the eect of the density heterogeneities and the
curvature of the patient surface and is therefore undoubtedly a more accurate representation of the patient than a at water phantom. Additionally,
measurements have been shown to be less sensitive to delivery errors than
analytical dose reconstructions from log les (Matter et al. (2018), Meier
et al. (2015)).

Therefore, the log le based Monte Carlo reconstruction is

presumably also more suitable to pick up data transfer or delivery errors
when compared to the standard measurements.
Alternatively, calculational and delivery errors can be analysed independently with a Monte Carlo calculation from planned les and a separate log
le analysis (Zhu et al. (2015)) or even the combination of Monte Carlo simulation from planned les, a dose reconstruction from machine control les
and a dose reconstruction from log les (Matter et al. (2018)). Compared to
this procedure, the log le based Monte Carlo calculation simultaneously includes delivery and calculational errors and shows their combined inuence.
Analogous to the measurements, this is therefore an end-to-end test of all
uncertainties considered during patient specic quality assurance.
One limitation of the log le based Monte Carlo approach is that the log
le needs to be generated before the treatment, which requires the eld to be
delivered once. The solution presented here is to deliver the eld to a beam
stopper. Such a delivery takes minutes. In contrast, the measurement based
quality assurance takes approximately one two three hours per patient due
to the need for careful and accurate detector setup and dose measurement.
Therefore, the log le based Monte Carlo approach reduces the workload and
can increase the throughput.
When using the log les for patient specic quality assurance, it is crucial
to guarantee that the content of the log le represents the machine performance. The reproducibility of parameters, which are by default not included
in the log les (beam energy, spot size) has to be guaranteed during other
quality assurance measurements, for example during daily quality assurance
(Actis et al. (2017)).

Additionally, the conversion of the data recorded in

the log les to the parameters necessary for dose calculation, for example
the conversion of monitor units to number of protons, has to be checked
regularly.
Monte Carlo simulations need to be thoroughly validated before being
applied for patient specic quality assurance. Especially absolute dose predictions with and without range shifter need to be compared to measurements before using the Monte Carlo simulations for absolute dose quality
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assurance (Winterhalter et al. (2018b)).

Additionally, a cross comparison

between dierent Monte Carlo implementations can help to minimize the
inuence of user setup (Winterhalter et al. (2018a)).

Independent clinical

commissioning of the whole system, including measurements in water and
heterogeneous phantoms, is essential before using it clinically.
In this study, we discuss patient specic quality assurance as one possible
application of a log le based Monte Carlo tool. Potentially, this tool could
be used whenever dose reconstruction including both calculational and delivery errors is desired, for example for daily adaptive proton therapy. During
adaptive proton therapy, the dose is restored/re-optimized before each fraction based on daily imaging (see for example Bernatowicz et al. (2018)). The
accumulation of the doses delivered during the previous fractions could be
used as the input for this daily re-optimization, aiming to not only take daily
image changes into account but also to correct for previous errors. Monte
Carlo dose reconstruction from log les could be invaluable for the calculation of these accumulated doses.

6.5 Conclusion
We present a log le based Monte Carlo tool for dose reconstructions in
the patient CT, which takes the combined inuence of calculational and delivery errors into account. This tool is an end-to-end test incorporating all
requirements of patient specic quality assurance and we demonstrate its application for replacing patient specic quality assurance measurements. This
has the potential to reduce the workload and therefore to increase the patient number, while simultaneously enabling more accurate dose verication
directly in the patient CT.
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Q5: How does the combination
of collimation and optimization
improve the penumbra for
proton pencil beam scanning?∗
This has been published as A study of lateral fall-o (penumbra) optimisation for pencil beam scanning (PBS) proton therapy in Physics in
Medicine and Biology (submitted on the 10th of July 2017, accepted on
the 19th of December 2017 and published on the 11th of January 2018,
https://doi.org/10.1088/1361-6560/aaa2ad).
Additionally, parts of the work have been shown as posters at the PTCOG 56
(Chiba & Yokohama, Japan, 2017), at the Varian Research Partnership Consortium (Chicago, USA, 2017) and as an oral contribution at the Jahrestagung der Biomedizinischen Technik und Dreiländertagung der Medizinischen
Physik (Dresden, Germany, 2017).
Furthermore, the eect of the order of components has been investigated
in the Comment on `Collimated proton pencil-beam scanning for supercial targets: impact of the order of range shifter and aperture' , which is
attached in the Appendix of this Thesis.

∗
I expanded the one-dimensional collimation model to two dimensions, and wrote the
programs to optimize the two dimensional dose distributions. Additionally, I set up and
ran the Monte Carlo simulations and analysed the simulated doses.
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Abstract
The lateral fall-o is crucial for sparing organs at risk in proton therapy. It is
therefore of high importance to minimize the penumbra for PBS. Three optimisation approaches are investigated: Edge collimated, uniformly weighted
spots (collimation), pencil beam optimisation of uncollimated pencil beams
(edge-enhancement) and the optimisation of edge collimated pencil beams
(collimated edge-enhancement).

To deliver energies below 70MeV, these

strategies are evaluated in combination with the following pre-absorber methods: Field specic xed thickness pre-absorption (xed), pencil beam (range)
specic, xed thickness pre-absorption (automatic) and pencil beam (range)
specic, variable thickness pre-absorption (variable). All techniques are evaluated by Monte Carlo simulating square elds in a water tank. For an air
gap of 10cm, without pre-absorber collimation lowers the penumbra only
for water equivalent ranges (WER) from 4.15cm to 10.8cm by up to 2.2mm
(from 5.4mm to 3.2mm for a depth of 4.15cm WER). The sharpest lateral
fall-o is achieved through collimated edge-enhancement, which lowers the
penumbra down to 2.8mm. For Bragg peaks with WER of more than 15cm,
edge-enhancement and collimated edge-enhancement are not substantially
dierent.

When using a pre-absorber, the sharpest fall-os are obtained

when combining collimated edge-enhancement with a variable pre-absorber
positioned downstream of the collimator. For edge-enhancement and large
air gaps, it is crucial to minimize the amount of material in the beam. For
small air gaps however, the superior phase space of higher energetic beams
can be employed. For an air gap of 2cm, it is therefore best to use a xed
thickness pre-absorber for depths up to 8cm WER. In conclusion, collimated
edge-enhancement combined with the variable pre-absorber is the recommended setting to minimize the lateral penumbra for PBS. Without collimator, it is favourable to use the variable pre-absorber for large air gaps and a
modication of the automatic pre-absorber for small air gaps.
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7.1 Introduction
Due to the superior depth dose characteristics of particles, proton therapy
delivers less integral dose to healthy tissue when compared to photon therapy. This is used to spare healthy tissue, especially when organs at risk are
located close to the target volume. In many cases, Pencil Beam Scanning
(PBS) is the method of choice for proton therapy due to its inherent exibility, for example in the realization of intensity modulated proton therapy
(Lomax (1999)). Because of range uncertainties and potential higher biological eectiveness at the distal edge of a eld (Paganetti et al. (2002)) however,
the distal fall-o is rarely employed to spare critical organs. As such, beam
angles are chosen such that organs at risk are typically spared using the lateral fall-o (penumbra) of the eld. It is therefore of high clinical importance
to minimize this lateral penumbra.
Two main aspects determine the lateral fall-o for PBS: The width of the
applied pencil beam, and the ability of the used optimisation algorithm to
preferentially weight lateral pencil beams such that the lateral eld penumbra
approaches that of a single pencil beam, see e.g. (Pedroni et al. (1995)), an
eect we call edge-enhancement.
The penumbra of an individual, Gaussian proled pencil beam, is inuenced by the initial beam size in air and subsequent scattering in a patient.
In turn, beam size is determined by the initial proton energy, any material
that may be inserted along the beam path and the air gap between such
materials and a patient. However, as there is a limit on the lowest energy
that can be transported through the beam line, additional pre-absorber material often needs to be inserted in the beam path to lower the energy, and
consequently reduce the proton range in a patient to treat more supercial
tumours. Such a use of a pre-absorber can lead to competing eects with respect to lateral penumbra. On one hand, it introduces additional scattering
and increases beam size. As such, it is advantageous to minimize the air gap
between pre-absorber and patient (Both et al. (2014), Titt et al. (2010)). On
the other hand the introduction of a pre-absorber can be used to lower the
lateral spot width for low ranges, due to the reduction of scattering in the
beam line for higher energetic protons (Titt et al. (2010)).
Furthermore, it has been shown by Safai and co-workers that the penumbra for PBS is inferior to that of passive scattering for shallow targets (Safai
et al. (2008)) and collimation may therefore be required to improve lateral
fall-o, as already described in a number of publications, see e.g. (Bues et al.
(2005), Charlwood et al. (2016), Dowdell et al. (2012), Geng et al. (2016),
Hyer et al. (2014a), Moteabbed et al. (2016)).
As such, the penumbra for PBS proton therapy is dependent on a number
of characteristics of the delivery and planning process, the optimal combination of which has not yet been dened.

This study therefore aims to

comprehensively and quantitatively investigate the penumbra of PBS pro113
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ton therapy as a function of pencil beam optimisation with and without
additional collimation, dierent pre-absorber strategies, air-gap and nozzle
geometries.

The overall aim of this work is to establish the best concepts

and geometries to optimize the lateral fall-o of PBS.

7.2 Materials and methods
7.2.1 Outline of the study.
In this work, three penumbra enhancement scenarios for PBS proton therapy
have been studied:
1. Edge collimated, uniformly scanned elds (Collimation ) an approach
that is consistent with passive scattering
2. Un-collimated pencil beam scanning, using edge-enhancement by pencil beam weight optimisation (Edge-enhancement )
3. Edge collimated pencil beam scanning combined with edge-enhancement by optimisation (Collimated edge-enhancement )
In turn, each of these strategies has been evaluated in combination with
a variety of pre-absorber strategies for delivering low range pencil beams.
1. Field specic xed thickness pre-absorption (Fixed )
2. Pencil beam (range) specic, xed thickness pre-absorption (Auto-

matic )
3. Pencil beam (range) specic, variable thickness pre-absorption (Vari-

able ).
In addition, the inuence of the nozzle conguration of the collimator/
pre-absorber combination on penumbra has been studied, as has the additional inuence of the gap between the last element (either collimator or
pre-absorber) and the patient. As such, our study has been structured as
follows.
First, the three penumbra enhancement scenarios have been compared
without pre-absorber for a xed, clinically relevant air-gap (10 cm). Second,
the best conguration for the collimator/pre-absorber combination has been
assessed by evaluating the best order of the collimator with respect to the preabsorber (e.g. before or after) for a xed air-gap. Finally, the dierent preabsorber strategies have then been analysed in combination with the dierent
penumbra enhancement strategies using this best nozzle conguration and
for dierent air gaps. For all scenarios, penumbras have been estimated based
on comprehensive Monte Carlo simulations of a simple eld and collimator
geometry, as described in the following section.
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7.2.2 Simulation geometry and Monte Carlo simulations.
All estimates of penumbras in this work have been calculated for mono-energetic, 8x8 cm PBS elds in a water tank, with a lateral spacing between
pencil beams of 0.4 cm in both directions orthogonal to the eld direction.
For the collimation scenario (see below) an extra `rim' of pencil beams were
simulated (e.g.

a scanned eld size of 9.6 x 9.6 cm) in order to ensure a

homogenous area of 8x8 cm. Penumbras for elds with energies from 70 to
230 MeV have been studied.

For Gantry 2 at PSI (Pedroni et al. (2004),

Pedroni et al. (2011), Safai et al. (2012)), and therefore the beam widths
used in this study, the beam width (sigma of the Gauss beam) at the surface
of the water tank varies from 2.0 mm at 230 MeV to 4.3 mm at 70 MeV, the
lowest energy that can be transported through the gantry. For all collimated
elds, a 9 cm thick tungsten collimator has been modelled to form an 8x8
cm aperture centred on the centre of the scanned eld (gure 7.1a). This
collimator thickness has been chosen in order to fully stop protons of all
energies up to 230 MeV (Dienderfer et al. (2011)).
The resultant dose distributions in water for each scenario and energy
have been simulated using the TOol for Particle Simulation TOPAS (Perl
et al. (2012)) version 3.0.p1, which is built on the Monte Carlo toolkit Geant
4.10.02.p01 (Agostinelli et al. (2003)). The default physics list as described
by (Jarlskog and Paganetti (2008), Perl et al. (2012)) has been used.
Although for simulations of passive scattering, all components of the
beam line should be modelled (Verburg et al. (2016)), this is not the case for
PBS elds. Instead, it is sucient to implement a beam model at the treatment head exit (Fracchiolla et al. (2015), Grassberger et al. (2015), Grevillot
et al. (2011), Verburg et al. (2016)), and this is the approach followed in this
work. As such, the Monte Carlo pencil beam model, which starts upstream
of the pre-absorber, has been validated against the commissioning data of
the PSI Gantry 2. In contrast to other work (Fracchiolla et al. (2015)), all
pre-absorber scenarios (see below) have been modelled as additional physical
components in the Monte Carlo. Within TOPAS, the collimator has been
built using the TsMultiLeafCollimator module based on three leaf pairs,
the positions of which have been dened to form the 8 by 8 cm collimator
opening (see 7.1b). Using this geometry, Monte Carlo simulations have been
performed in a 20.05x20.5x40cm (along the beam direction) water tank with
a scoring grid of 0.05x0.5x0.2 cm. The resulting penumbra for each eld has
been extracted from the middle prole (e.g. through the centre of the eld).
Throughout this work, penumbra has been quantied as the 80-20% fall-o
relative to the average dose in the middle of this prole (-0.5 cm to 0.5 cm),
and the penumbras on either side of the prole have been averaged to provide a single penumbra per scenario. All penumbras quoted are penumbras
at the Bragg peak.
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7.2.3 Penumbra enhancement scenarios
7.2.3.1 Collimated uniformly scanned elds (collimation)
Figure 7.1 shows the geometric set-up assumed for this scenario (gure 7.1a
and b), together with example lateral pencil beam uences and example
(collimated) lateral dose proles at the Bragg peak for the 70 and 230 MeV
elds.

As can be seen, pencil beam weights are uniform across the whole

eld, and no edge enhancement of the elds has been performed (gure 7.1c
and d).

a)

b)

9.6 cm

8 cm

18 cm

d)

c)

Figure 7.1:

Collimation.

A collimated square (a and b) eld is simulated in a

water tank. The incoming beams are equally weighted for energies from 70 MeV
(c) up to 230 MeV (d)

7.2.3.2 Un-collimated edge-enhancement (edge-enhancement)
In this scenario (gure 7.2), no collimator is used (gure 7.2a and b), but
the pencil beam uences within the eld are optimised such as to sharpen
the lateral edge of the eld (gure 7.2c and d). The optimisation has been
performed such that the dose homogeneity within the eld is within 95-107%
of the mean dose and that pencil beams at the edge of the eld are enhanced
such that the resulting lateral fall-o approaches that of a single pencil beam.
The optimisation process used is described in section 7.2.3.4 below.
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a)

b)
8 cm

8 cm

d)

c)

Figure 7.2: Edge-enhancement. An uncollimated, square (a and b) eld is sim-

ulated in a water tank.

The weights of the Gaussian shaped beams have been

optimized for energies from 70 MeV (a) up to 230 MeV (b).

117

CHAPTER 7.

A COMPREHENSIVE STUDY OF LATERAL FALL-OFF

(PENUMBRA) OPTIMISATION FOR PENCIL BEAM SCANNING (PBS)
PROTON THERAPY

7.2.3.3 Collimated edge-enhancement (collimated edge-enhancement)

In this nal scenario, pencil beam optimisation and collimation have been
combined. As such, the same aperture as for the collimation approach has
been simulated (gure 7.3a and b) and its eect on the shape of the individually applied pencil beams during the optimisation process (gure 7.3c and
d) taken into account. That is, pencil beams at the collimator edge are more
aected by the collimator, whilst pencil beams located more centrally in the
eld are progressively less inuenced due to the increased distance from the
collimator edge (see for example the shape of the most lateral pencil beam
proles in gure 7.3c). Subsequently, the same optimisation algorithm and
criteria as for the edge-enhanced scenario is applied, but with a modied analytical pencil beam model being used to compute the partially collimated
pencil beams. This model is described in detail in section 7.2.3.5.

a)

b)

8 cm

18 cm

d)

c)

Figure 7.3: Collimated edge-enhancement. A collimated, square (a and b) eld is

simulated in a water tank. The weights of the collimated beams are optimized for
energies from 70 MeV (c) up to 230 MeV (d). Note the asymmetric pencil beams
at the eld edges as a result of the collimation.
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7.2.3.4 Optimisation algorithm
For scenarios 2 and 3, two-dimensional, pencil-beam-by-pencil-beam optimisation has been applied to each simulated mono-energetic eld, such as
to obtain a dose homogeneity across the eld of 95-107% (ICRU (1999)) at
the depth of the Bragg peak. The optimisation procedure, which is based
on the optimisation algorithm used in the PSI in-house treatment planning
system (TPS), has been implemented in MATLAB R2014b and optimises in
a two-dimensional plane at the depth of the Bragg peak based on an analytical representation of pencil beam shape at this depth (described in the
next section).
As initial starting conditions to the optimisation, all pencil beams are
uniformly weighted across the eld. For each pencil beam (j) the weight

wj,k

th iteration is then iteratively calculated according to the following
after the k
(Lomax (1999)):

PN

wj,k =

2 2 Pi
i=1 gi di,j Di
wj,k−1 PN
2 2
i=1 gi di,j

in which N is the number of grid points,
grid point i,

Di

is the calculated dose,

gi

Pi

(7.1)

is the prescribed dose at the

is the importance function and

di,j

is the dose of the spot j deposited at the grid point i. The prescribed dose

Pi

is dened to be homogeneous within the eld with a Gaussian fall-o at

the edge of the target, characterized by the sigma of the individual Gauss
beam.

The importance function

gi

is rst set to one.

After 60 iterations,

the optimisation is completed and the dose prole along the middle line is
checked for hot and cold spots. If these exceed the 95%-107% tolerances for
prescribed dose, the importance function

gi

is reduced by 0.1 outside the

target. This is repeated until all constraints are met. If it is not possible
to full all restrictions, the Gaussian fall-o of the prescribed dose is shifted
by 1 mm. If a hot spot remains, the weights of the most lateral spots are
reduced until the calculated dose is within 95%-107% of prescribed dose. The
middle line was chosen to evaluate the dose homogeneity to prevent hot and
cold spots at the corners, which arise due to the square eld, from degrading
the penumbra.

7.2.3.5 The analytical beam model
For edge-enhancement alone (no collimation), the lateral shape of the pencil
beams have been modelled analogously to the PSI TPS planning system, by
assuming they can be described as two-dimensional Gaussian distributions
(See e.g. gure 2 c and d). The dose contribution from a spot j centred at
(tj ,

uj )

to the point (ti ,

ui )

is then calculated as
2

di,j = wj ·

1 − (ui −u2j ) − (ti −t2j )
2σ
e
e 2σ
2πσ 2
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Based on the work of (Safai et al. (2008)), this model has been further
expanded for the collimated edge-enhancement scenario to include the nonsymmetric eect of collimation on those pencil beams that are applied close
to the collimator (see appendix and gure 3 c and d). In its nal form, the
lateral form of a partially collimated pencil beam can be described in the
form of a Gauss convoluted with an error function in the following way:



−

(ui −uj )2
Ã2

1 e
p
di,j = wj · 
2
π Ã2


−





·

erf

(apU 2j − ui ) 
(ui − apU 1j )
√
√
+ erf
·
Q2
Q2

(ti −tj )2

Ã2
1 e
·
 p
2
π Ã2

(7.3)





erf

(apT 2j − ti ) 
(ti − apT 1j )
√
√
+ erf

Q2
Q2

(7.4)

All uence optimisations in this work have been performed using these
analytical models of pencil beam shape and the optimised uences then used
as input into the Monte Carlo for full simulations of eld dose distributions
for nal evaluation of eld-edge penumbra.

7.2.4 Pre-absorber strategies
For all pencil beam scanning facilities, there is a lower limit on the energy
that can be transported through the treatment gantry, putting a lower limit
on the minimum Bragg peak range that can be delivered without the use
of additional beam modifying devices. Similar to a number of commercial
systems, this limit for our gantry is 70 MeV, corresponding to a WER of 4.15
cm.

Thus for elds requiring Bragg peaks with water equivalent residual

ranges in the patient of less than 4.15 cm, some energy degrading material
will need to be introduced between the nozzle and the patient.

This is

typically known as a pre-absorber (or range shifter) and its use can have a
substantial inuence on the lateral penumbra. In this work, three potential
pre-absorber strategies have been simulated  xed, automatic and variable and each will be briey described in the next sections.

7.2.4.1 Fixed pre-absorption.
In this scenario it is assumed that a pre-absorber is inserted for the delivery
of all pencil beams of a eld.

This pre-absorber is modelled as a 2.5 cm

thick (4.18 cm water equivalent thickness WET) carbon block. As the preabsorber is only required for delivery of Bragg peaks with depths <4.15
cm this is not necessarily an optimal solution. However, it is nevertheless
the solution currently provided by most manufacturers, even if some have
a number of dierent pre-absorber thicknesses to choose from for any given
eld.
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7.2.4.2 Automatic pre-absorption.
For the automatic scenario, an identical pre-absorber is utilized as for the
xed scenario. In this scenario it is assumed that the pre-absorber is only
inserted for delivering Bragg peaks within a eld that have a WER below
4.15 cm. Note for depths <4.15 cm WER, the automatic pre-absorber is, by
denition, the same as the xed pre-absorber.
For deeper Bragg peaks, it would be automatically removed from the
eld. With this scenario, it is expected that the penumbra at depths beyond
4.15 cm WER will be improved in relation to the xed pre-absorber scenario.
Such an `automatic' pre-absorber is already installed on our Gantry 2 at PSI
and is in the nal stages of clinical commissioning. First patient treatments
with this scenario are expected in the summer of 2017.

7.2.4.3 Variable pre-absorption
The nal pre-absorber scenario studied is an extension of the automatic
approach, but now extended such that the xed thickness pre-absorber is
replaced with a set of `mini' pre-absorbers, each of which can be added
into the beam as required.

For our simulations, we have modelled such a

variable pre-absorber as a set of eight carbon mini-range shifter plates. The
rst has a thickness of 0.4 cm (0.68 cm WET), whilst the remaining seven
each have a thickness of 0.3 cm (0.50 cm WET) up to a total of 4.18 cm
WER thickness (equivalent to the xed/automatic pre-absorber thickness).
In this scenario, the individual plates would just be inserted one-by-one to
successively `pull' the low range Bragg peaks back towards the surface, thus
optimally minimising the amount of scattering material in the beam.

As

with the automatic scenario, Bragg peaks with WER more than 4.15 cm
would be delivered without any pre-absorption material in the eld.
This approach should further reduce the amount of material and the
amount of scattering in the beam path for low range pencil beams and is
expected to bring an additional benet on the lateral penumbra of supercial
elds compared to the automatic pre-absorber.

7.2.4.4 Nozzle congurations
The eect on penumbra of the relative arrangement of pre-absorber and collimator in the nozzle has also been investigated. As such, simulations have
been performed with the collimator placed either directly downstream or upstream of the pre-absorber. Penumbras for these two dierent arrangements
are expected to be dierent as, on one hand, it is benecial to position the
collimator downstream of the pre-absorber in order to cut-o protons scattered in the pre-absorber, whilst on the other, by placing the pre-absorber
downstream of the collimator, the distance between pre-absorber and patient
is reduced, thus reducing the contribution of the angular confusion produced
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by the pre-absorber to the nal penumbra. In addition, the inuence of this
air gap (here dened as the distance from the last beam modifying element
to the surface of the water tank) has also been investigated.

For air gaps

from 2 cm to 20 cm, the penumbra has been analysed for the individual components or for the pre-absorber and collimator combination moving towards
the patient surface.

7.3 Results
7.3.1 Validation of the Monte Carlo model
For validation of the Monte Carlo beam model, simulations of integral depth
dose curves in a water tank and lateral spot proles in air have been compared
to measurements of pencil beams on the PSI Gantry 2. The WER and widths
are reproduced within 0.1 mm and 0.2 mm respectively and lateral proles
(sigma) of the initial proton beams propagating in air are matched within
0.1 mm. The water equivalent thickness of the pre-absorber ts within 0.2
mm of that measured for Gantry 2.

7.3.2 Penumbra estimates
7.3.2.1 Optimisation and collimation without pre-absorber
Example lateral proles resulting from the Monte Carlo simulations for two
energies (70 and 230 MeV) and for collimation, edge-enhancement and colli-

mated edge-enhancement collimation are shown in gure 7.4. An air gap of 10
cm has been used for all, and all have been calculated without a pre-absorber.
The advantage of collimation at low energies (70 MeV) is qualitatively clear,
with the proles for the collimation and collimated edge-enhancement being
visibly sharper. However, for the highest energy (230 MeV), one sees instead
the advantage of edge-enhancement resulting from the optimisation procedure, with clearly sharper penumbras for the edge-enhanced and collimated

edge-enhancement scenarios than for collimation alone.

The resulting 80-

20% penumbras for these three scenarios, and over a full range of energies,
are plotted in gure 7.5a (all for an air gap of 10 cm).
Collimation lowers the penumbra for Bragg peaks with depths between
4.15 cm and 10.8 cm WER by up to 2.2 mm (from 5.4 mm to 3.2 mm for a
depth of 4.15 cm WER). For deeper WER (>10.8 cm), the penumbra from
collimation is up to 3.6 mm higher than that achieved by edge-enhancement
(13.1 mm vs 9.5 mm for a depth of 32.67 cm WER). The sharpest lateral fallo is achieved by collimated edge-enhancement, which lowers the penumbra
to 2.8 mm at a depth of 4.15 cm WER. For depths of more than 15 cm WER,

edge-enhancement and collimated edge-enhancement are not substantially
dierent, a result which is to be expected given that pencil beam shape and
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size, and therefore lateral penumbra, is dominated by scattering in the water
phantom at these depths.

a)

b)

c)

Figure 7.4: Monte Carlo calculated proles at the Bragg peak for 70 MeV (left)

and 230 MeV (right). a) For collimation alone, b) for edge-enhancement alone and
c) for collimated edge-enhancement.

7.3.2.2 Optimisation and collimation with pre-absorber
The degrading eect on penumbra resulting from the use of the xed preabsorber (with and without collimation) is shown in gure 7.5b. Of particular interest here is the eect of the placement of the pre-absorber in relation
to the collimator. When placed downstream, the addition of collimation has
little impact, whereas if placed upstream of the pre-absorber, the penumbra
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can be reduced by more than 2 mm at depths below 3.5 cm WER. It is thus
this best nozzle conguration (pre-absorber downstream of the collimator)
that has been used for all further simulations.
For depths above 4.15 cm WER, and with an air gap of 10 cm, edge-

enhancement reduces penumbra by up to 1.8 mm when replacing the xed
by the automatic pre-absorber (c.f. blue curves in gures 6a and 6b), and by
0.7 mm for depths below 4.15 cm WER when replacing the xed/automatic
by the variable pre-absorber (c.f. blue curves in gure 7.6 b and c). Interestingly, collimation degrades penumbra in the presence of the pre-absorber
over all ranges (gure 7.6a), and by up to 1.5 mm (from 9.3 mm to 10.8
mm for a depth of 0.2 cm WER) when compared to edge-enhancement combined with the automatic pre-absorber (gure 7.6b). The lowest penumbra
is achieved by combining collimated edge-enhancement with the variable preabsorber. This combination reduces penumbra by up to 2.2 mm (from 5.8
mm to 3.6 mm at a depth of 3.5 cm WER) compared to edge-enhancement
(gure 7.6c).

(a)
Figure 7.5:

(b)

Lateral penumbra (air gap 10 cm) as a function of WER with and

without pre-absorber.

a) Penumbras for each penumbra enhancement scenario.

b) Penumbras resulting from the use of a xed pre-absorber without collimation
or edge enhancement (cyan curve) and for pre-absorber placement upstream of a
collimator (magenta) or downstream (red).

7.3.2.3 The eect of the air gap
In order to simplify our analysis, all simulations up to this point have been
performed with a xed air gap (from the pre-absorber/collimator to the patient) of 10 cm.

From our clinical experience, this is a relatively realistic

estimate of a typical air-gap for PBS proton therapy, although it can vary
considerably from patient-to-patient and as a function of the incident eld
direction. In this nal part of our study therefore, dierences on the penumbra as a function of air gap have been studied. For this, the air gap is dened
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(a)

(b)

(c)
Figure 7.6:

WER dependent penumbras for the xed (a), automatic (b) and

variable (c) pre-absorber and for edge enhancement (blue curves), collimation (red)
and collimated edge-enhancement (black).

as the distance from either the collimator (if no pre-absorber is used) or the
pre-absorber downstream surface to the water phantom surface.
For collimation alone, reducing the air gap from 20 cm to 2 cm reduces
the penumbra by up to 2.1 mm (from 4.4 mm to 2.3 mm for a depth of
4.15 cm WER), with the eect being highest for the smallest ranges (gure
7.7 a).

Therefore the `cross-over' point for penumbra between collimation

and edge-enhancement (i.e.

the depth where edge-enhancement becomes

sharper than collimation alone) shifts from 8 cm WER for an air gap of
20 cm to 12 cm WER for an air gap of 2 cm.

The air gap has a much

bigger eect for all pre-absorber scenarios however, with the penumbra for

edge-enhancement combined with the xed pre-absorber reducing by up to
9.4 mm when reducing the air gap from 20 cm to 2 cm (from 15.1 mm to
5.7 mm for a depth of 0.2 cm WER). As such, the use of an automatic or

variable pre-absorber has greatest eect for larger air gaps, where, for an air
gap of 20 cm, it would reduce penumbra by up to 3.3 mm for depths greater
than 4.15 cm WER (xed versus automatic ) and by up to 2.6 mm for depths
below 4.15 cm WER (automatic versus variable ). For air gaps smaller than
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(a)

(b)

Figure 7.7: WER dependent penumbras for air gaps of 2 and 10 cm a) without

pre-absorber for collimation and edge enhancement and b) for edge-enhancement
with xed, automatic and variable pre-absorbers. Note that for depths >4.15 cm
WER, the variable pre-absorber curve is, by denition, the same as that without a
pre-absorber and so has not been plotted.

5 cm, no benet is obtained from the variable pre-absorber. In fact, for an
air gap of 2 cm, it is favourable to use a xed thickness pre-absorber for
depths up to 8 cm WER (gure 7.7b).
Finally, gure 7.8 shows penumbras of supercial Bragg peaks (depths
<=4.15 cm WER) for collimation and collimated edge-enhancement, for

xed/automatic and variable pre-absorption and for air gaps of 2 and 20
cm.

For such supercial Bragg peaks delivered using the xed/automatic

pre-absorber, collimation would provide the sharper penumbras only for
small air gaps (2 cm and 5 cm), whereas edge-enhancement tends to be
sharper for larger air gaps (10 cm and 20 cm).

The sharpest penumbras

are obtained when collimated edge-enhancement is combined with the vari-

able pre-absorber. This improves the penumbra by up to 3.2 mm/1.4 mm
(for air gaps of 2 cm /20 cm) compared to the edge-enhancement/variable
pre-absorber combination.

7.4 Discussion
In this work, multiple strategies for improving the penumbra of PBS proton therapy have been evaluated using a comprehensive set of Monte Carlo
simulations based on PSI Gantry 2 beam data. The results are summarised
in a succinct form in gure 7.9, which compares lateral penumbra at 3, 5
15 and 20 cm WER for all combinations of collimation, optimisation and
pre-absorber strategies for an air gap of 10 cm. For depths below 4.15 cm
WER, penumbra is minimized by combining collimated edge-enhancement
and the variable pre-absorber (gure 7.9a), whereas for larger depths, the
smallest penumbras are achieved without any pre-absorber (equivalent to the
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(a)
Figure 7.8:

(b)

Low WER (<=4cm) penumbras for xed/automatic (square) and

variable (circle) pre-absorption for 2 and 20cm air gaps for a) collimation and b)
collimated edge-enhancement.

Note that for depths <4.15 cm WER, the xed

pre-absorber curve is, by denition, the same as the automatic pre-absorber curve.

automatic/variable scenarios, gure 7.9b-d). In addition, collimation alone
improves penumbra for depths between 4 and 11 cm WER when compared to
edge enhancement alone, whereas collimated edge-enhancement provides the
best penumbras over all depths, but particularly below 15 cm WER (gure
7.9b).
For PBS delivery, there is a lower threshold on range below which collima-

tion alone leads to a narrower penumbra when compared to edge- enhancement alone, but above which edge-enhancement leads to a sharper fall-o.
This threshold depends on multiple parameters:

The initial pencil beam

size, the optimisation algorithm used and the air gap between the collimator
and the phantom/patient.

In the work by Safai et al., this threshold was

also analysed for dierent air gaps, but also for a dierent initial beam size
(see gure 7a (Safai et al. (2008))) when compared to a passive scattering
system. It was found to be at the somewhat deeper depths of 12.7 cm to
22.8 cm WER for an air gap of 10 cm, depending on the initial beam size
at the source level (0 cm to 0.7 cm).

In that work, no optimisation step

was performed however, and it was assumed that the penumbra for PBS
was that of the fall-o of a single pencil beam. Whilst this should lead to a
shallower threshold depth, the pencil beam was simulated to be propagating
through 220 cm of air before reaching the water tank based on the beam line
and Gantry statistics of that study. Especially for low energies, this leads
to a big pencil beam size at the surface of the water tank and therefore a
large penumbra at the Bragg peak (>9 mm for a range of 4 cm WER for an
initial beam size of 0 mm). For this reason, the threshold range calculated
here (10.8 cm WER for an air gap of 10 cm) is somewhat lower than the
threshold found by Safai et al. Similarly, for an air-gap of 5 cm, a deeper
threshold range of 17.5 cm WER was predicted by (Bues et al. (2005)), again
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Figure 7.9:

(a)

(b)

(c)

(d)

A summary of the predicted penumbras for 3 cm (a), 5 cm (b) 15

cm (c) and 25 cm (d) WER for edge enhancement (blue), collimation (red) and
collimated edge-enhancement (black) for the xed, automatic and variable preabsorber.

Note that for depths <4.15 cm WER, the xed pre-absorber is, by

denition, the same as the automatic and for depths >4.15 cm WER, the automatic
and the variable pre-absorber are the same (both without pre-absorber) and hence
the labels are combined.

due to the large assumed pencil beam size (for 72 MeV: 2.6 cm FWHM at
the surface of the water phantom, leading to a penumbra of 1.3 cm at the
Bragg peak).
This shows the importance of minimising the pencil beam width for PBS
in order to have a lateral penumbra that is competitive with passive scattering if collimation is not used.

Indeed, although the pencil beam sizes

simulated here are those of the PSI Gantry 2, pencil beam sizes for many
commercial PBS gantry systems are now quite similar to these, and thus,
many of the threshold depths reported here will also be similar for such
systems.
Finally, in the work of (Charlwood et al. (2016)), collimation was shown
to sharpen the penumbra for all energies.

For a pencil beam propagating

through 220 cm of air, their spot widths agree with the work of Safai et. al.
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Since Charlwood et. al. analysed monoenenergetic PBS elds without edgeenhancement, their penumbras for the uncollimated PBS elds are however
much higher than the ones presented by Safai and co-workers, representing
a worst case scenario in which the PBS alone and collimation lines do not
cross. In our study, we show that, in agreement with Safai et al., the lines
cross when edge-enhancement techniques are employed.

The optimisation

algorithm used in our work is that used for clinical planning at our institute
and clearly demonstrates an edge-enhancement characteristic, at least for
the simple geometries studied here. It is unclear to what extent other optimisation algorithms, including those in commercial planning systems, would
provide a similar outcome.

This could be an interesting area for further

research. Nevertheless, it is clear that an optimisation algorithm that can
exploit edge-enhancement is critical to reducing lateral penumbra for PBS
proton therapy.
We have also shown that an additional strategy  collimated edge- en-

hancement  which assumes that eld-edge pencil beams can be sharpened
by collimation and then subsequently enhanced in weight by the optimisation
procedure, leads to the sharpest lateral penumbras and improves penumbra
for ranges in water below 15 cm in particular. This result leads to the suggestion that a collimator system for PBS could be limited in its thickness
to stop protons up to a WER of 15 cm, such a collimator being completely
removed from the beam for deeper energy layers. However, it also reinforces
the importance of the optimisation algorithm for reducing lateral penumbra.
In addition the magnitude of the benets of collimated edge-enhancement
will also depend marginally on the initial beam width of the proton beam,
although to a much lesser extent than for edge-enhancement alone. As such,
we believe that similar benets from this approach can be expected from any
treatment facility with similar beam width characteristics as Gantry 2.
For the delivery of Bragg peaks with ranges below that of 70 MeV, we
have also included in our simulations three dierent types of pre-absorber,
and investigated the most optimal positioning of such devices in relation to
the collimator in order to minimize penumbra. Our simulations indicate that
it is best to position any pre-absorbing device downstream of the collimator
in order to minimise penumbra, as it minimizes the distance between the
pre-absorber and the phantom/patient.
In addition, for penumbra enhancement through edge- enhancement alone,
the choice of the best pre-absorber technique has been found to depend on
the air gap between the pre-absorber and the phantom/patient. For large air
gaps, reducing the amount of material in the beam path is crucial as more
material leads to more scattering, a higher angular divergence and to larger
beam sizes. For air gaps above 5 cm therefore, the variable pre-absorber minimizes the penumbra. However, the sharpest fall-os are generally achieved
for small air gaps as the angular divergence introduced by the pre-absorber
has less inuence. Indeed, in this case, more material in the beam can re129

CHAPTER 7.

A COMPREHENSIVE STUDY OF LATERAL FALL-OFF

(PENUMBRA) OPTIMISATION FOR PENCIL BEAM SCANNING (PBS)
PROTON THERAPY

duce the penumbra for low ranges, because of the favourable beam optics of
high energy protons, which also scatter less in the nozzle and, as such, have
smaller beam widths at isocenter. Previous authors have also demonstrated
the potential benets of using a pre-absorber to reduce pencil beam sizes
if the air gap is small (Titt et al. (2010)). Compared to their results, the
results presented here show less benets of employing a pre-absorber due to
the relatively small initial beam sizes for low energies at the PSI Gantry.
Nevertheless, in order to exploit this characteristic, the air gap can be minimized by employing a universal bolus (Both et al. (2014)) or, for some eld
directions, by using the patient table as a pre-absorber.

A possible alter-

native could be to attach an automated pre-absorber system to the patient
table, such that the pre-absorber can be placed directly above the patient. In
this case, a variation of the automatic pre-absorber described here could be
considered, in which the pre-absorber would be inserted for all Bragg peaks
delivered up to a depth of about 8 cm WER (for an air gap of 2 cm), whilst
being removed from the beam for deeper depths. From the results presented
here, this would lead to the smallest penumbras over the entire deliverable
range of delivered depths for small air gaps.
In summary, when using a xed thickness pre-absorber, collimation is
superior to edge-enhancement alone only for small air gaps. For all air gaps,
the sharpest fall-os are achieved when collimated edge-enhancement is used.
This technique in combination with a variable pre-absorber provides the
overall best penumbra. Although we would also expect advantages for this
approach for other nozzle geometries (i.e. pre-absorbing material upstream
of the collimator and/or considerably larger initial pencil beam sizes), the
penumbras will be certainly compromised in comparison to those demonstrated here.
As a next step, the potential clinical benets of these dierent penumbra
enhancement strategies will be analysed. As such, the analytical model of
partially collimated pencil beams described in section 7.2.3.5 can easily be
implemented in a treatment planning system and be used for the delivery
of collimated energy layers (Smith et al. (2016), Torikoshi et al. (2007)). In
addition, for clinical cases, we believe that energy layer specic collimation
can be best exploited if combined with some form of alternative scanning
pattern such as `Contour scanning', as recently described by (Meier et al.
(2017)). Indeed, given the simple, square geometry used in the simulations
in this work, contour scanning is essentially an assumed condition for the
results presented here.

7.5 Conclusions
The following settings are recommended to minimize the lateral penumbra for PBS: Collimated edge-enhancement combined with the variable pre130
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absorber positioned downstream of a collimator results in the sharpest lateral
fall-o. When no collimator is available, it is advised to utilize the automatic
pre-absorber for small air gaps and the variable pre-absorber for large air
gaps.

In a next step, these settings will be implemented in the treatment

planning system to analyse the clinical benets.
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7.7 Appendix
Thorough knowledge of the work by Safai et.

al.

is recommended, which

we expand to include the model for a collimated pencil beam with arbitrary
initial Gaussian angular-spatial distribution. We assume the at the source
level (see gure 1, (Safai et al. (2008))) the initial angular-spatial distribution
is Gaussian in both coordinate and direction space (identied by

A2x,0 ).

00
The pencil beam is centred at (xk , 0).

A0x,0 , A1x,0 ,

Hence, the conguration

function can be written as


1
αx x00 , θx00 = q
·
π A0x,0 A2x,0 − A21x,0
00 2
2
00 −x00 )2 −2A
00
00 00
1x,0 (x −xk )θx +A2x,0 θx )/(A0x,0 A2x,0 −A1x,0 )
k

e−(A0x,0 (x

(7.5)

which can be inserted in Eq 8 by Safai et al., which then lead to the following
solution

PLpen (x, x00k , z)






00 2
x − apx,1
apx,2 − x
1 e−(x−xk ) /Ã2x
p
√
√
=
erf
+ erf
2
Q2x
Q2x
π Ã2x
(7.6)

where

Ã2x = A2x,z 0 + 2A1x,z 0 (z − z 0 ) + A0x,z 0 (z − z 0 )2 + C2

(7.7)

and

Q2x =

Ã2x B̃2x
Ã2x − B̃2x
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with

B̃2x = C2 +

A0x,z 0 −

A21x,z 0
A2x,z 0

!
(z − z 0 )2

(7.9)

and

apx,1 = (a1 − x00k )
apx,2 = (a2 − x00k )
Anx,z 0

(n

= 0, 1, 2)

A2x,z 0

Ã2x
+ x00k
+ A1x,z 0 (z − z 0 )

A2x,z 0

Ã2x
+ x00k
+ A1x,z 0 (z − z 0 )

(7.10)

are the moments of the angular-spatial distribution

of the uncollimated beam at

z0,

that is

A2x,z 0 = A2x,0 + 2A1x,0 z 0 + A0x,0 z 02 + A02
A1x,z 0 = A1x,0 + A0x,0 z 0 + A01
A0x,z 0 = A0x,0 + A00
Again,

Ã2x

(7.11)

is the total doubled spatial variance for the uncollimated pencil

beam, which by substituting Eq. 7.11 into Eq. 7.7 can be rewritten as

Ã2x = A2x,0 + 2A1x,0 z + A0x,0 z 2 + A02 + 2A01 (z − z 0 ) + A00 (z − z 0 )2 + C2
(7.12)
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Q6: How does the combination
of collimation and optimization
improve dose distributions in
the patient geometry?∗
This is investigated in the study Contour scanning, multi-leaf collimation
and the combination thereof for proton pencil beam scanning., which has
been submitted to Physics in Medicine and Biology on the 5th of September
2018 and has been accepted on the 22nd of November 2018 (https://doi.org/10.1088/13616560/aaf2e8)
Additionally, extracts of the work have been presented at the AAPM 60th
annual meeting (Nashville, USA, 2018, SNAP oral presentation).

I expanded the analytical collimation model to three dimensions, implemented an
analytical model of a multi-leaf collimator and included both in an independent implementation of the treatment planning system. Additionally, I included the collimator in
the Monte Carlo simulations, performed the calculations and analysed the resulting dose
distributions.
∗
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Abstract
In proton therapy, the lateral fall-o is often used to spare critical organs.
It is therefore crucial to improve the penumbra for proton pencil beam scanning. However, previous work has shown that collimation may not be necessary for depths of >15cm in water. As such, in this work we investigate
the eectiveness of a thin multi leaf collimator (just thick enough to completely stop protons with ranges of <15cm in water) for energy layer specic
collimation in patient geometries, when applied in combination with both
grid and contour scanned PBS proton therapy. For this, an analytical model
of collimated beam shapes, based solely on data available in the treatment
planning system, has been included in the optimization, with the resulting
optimised plans then being recalculated using Monte Carlo in order to most
accurately simulate the full physics eects of the collimator. For grid based
scanning, energy specic collimation has been found to reduce the V30 outside the PTV by 19.8% for an example patient when compared to the same
pencil beam placement without collimation. V30 could be even further reduced by a further 5.6% when combining collimation and contour scanning.
In addition, mixed plans, consisting of contour scanning for deep elds (max
range >15cm WER) and collimated contour scanning for supercial elds
(<15cm), have been created for four patients, by which V30 could be reduced by 0.8% to 8.0% and the mean dose to the brain stem by 1.5% to
3.3%. Target dose homogeneity however is not substantially dierent when
compared to the best un-collimated scenario. In conclusion, we demonstrate
the potential advantages of a thin, multi leaf collimator in combination with
contour scanning for energy layer specic collimation in PBS proton therapy.
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8.1 Introduction
Dose distributions can be shaped more exibly in proton pencil beam scanning (Lomax (1999)) when compared to passive scattering proton therapy. It
has been shown however that for some scenarios, the lateral fall-o (penumbra) for a collimated double scattering system is superior to that of a single
pencil beam (Safai et al. (2008)). On the other hand, due to range degradation, range uncertainties and a potential increase in biological eectiveness at
the distal end of the eld (Paganetti (2014)), the lateral fall-o is often used
to spare critical organs. It is therefore desirable to improve the penumbra
for proton pencil beam scanning.
As such, multiple studies have investigated collimation for proton pencil beam scanning, showing a benet of collimation when comparing lateral
fall-o in a water phantom (Charlwood et al. (2016), Bues et al. (2005)).
Additionally, the eect of patient specic apertures has been analysed in patient geometries (Dowdell et al. (2012), Geng et al. (2016), Moteabbed et al.
(2016), Yasui et al. (2018), Yasui et al. (2015), Bäumer et al. (2018)). Furthermore, a new system, consisting of four moving trimmer plates, and which
enables energy layer specic collimation, has recently been reported (Dynamic Collimation System, (Hyer et al. (2014a), Hyer et al. (2014b)). Alternatively, dedicated optimization algorithms which employ edge-enhancement
(Pedroni et al. (1995)) decrease the lateral fall-o without the need for
additional hardware, while (Meier et al. (2017)) showed that this eect is
strengthened when positioning the pencil beams on a pattern following the
target contour (contour scanning) instead of the traditional xed grid.
(Winterhalter et al. (2018c)) have recently introduced an analytical model
for representing collimated pencil beams in order to optimize pencil beam
weights in single energy layers, showing that the sharpest penumbras for simple square elds are achieved when combining optimization and collimation.
However, even when combined with optimization, collimation only sharpens
the penumbra for water equivalent depths up to 15 cm. Therefore, a thin
multi-leaf collimator for energy layer specic collimation may be sucient
for enhancing penumbras, as it may only need to be employed for energy
layers with water equivalent depths less than 15cm.

Additionally, as the

dose is already dened through the pencil beam placement, the individual
leafs do not need to cover the full eld width. Both these factors could oer
the possibility to employ light and simple multi-leaf collimators for proton
pencil beam scanning.
In this study, we employ our previously developed analytical model (Winterhalter et al. (2018c)) to investigate the use of such a restricted thickness
multi leaf collimator for proton pencil beam scanning in the patient geometry. As such, we combine multiple pencil beam placement methods (contour
scanning and grid scanning) with optimization and collimation, aiming to
identify the best combination to minimize the lateral doses to normal tissue.
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To our knowledge, this is the rst work simulating an energy layer-specic,
limited thickness multi leaf collimator for proton pencil beam scanning in
the patient geometry. Furthermore, it is also the rst time contour scanning
and collimation have been combined.
The study is structured as follows: First, we present the dierent pencil
beam placement methods and the collimator denition. Next, the translation
of the one dimensional collimation model into the treatment planning system
is discussed. For one example patient, a comprehensive set of combinations of
pencil beam placement methods with and without collimation is compared,
analysing both dose reduction to normal tissue and target dose homogeneity.
Finally, based on this comparison, the best collimated and uncollimated
scenarios are identied and evaluated for three additional patients.

8.2 Materials and Methods
8.2.1 Pencil beam placement and collimator denition

a)

b)

u
(up and
down)

u

t (left and right)

t

d)

c)

u

u

t

t

Figure 8.1: Pencil beam positions (red) and collimator denition (black) for one

energy layer for a) the grid and b) the contour scanning. For two example pencil
beams, the analytical collimation positions are marked in green and blue (c & d).
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8.2.1.1 Pencil beam placement
Energy layer specic collimation for two dierent pencil beam placement
options has been investigated in this work: Grid scanning and water equiva-

lent contour scanning. Grid scanning is the clinical approach currently used
at our institute.

As such, pencil beams are placed at xed positions on a

square grid with a xed beam spacing of 4 mm (see red dots in Figure 8.1a),
with spots up to 5 mm outside the target being included in the optimization process. More recently, contour scanning (Meier et al. (2017)) has been
proposed as an alternative placement approach (Figure 8.1b). In this, a wireframe model (Fuchs et al. (1977)) of the target volume is constructed and
for each vertex of this model, the water equivalent depth is calculated. For
each energy layer of the eld, points corresponding to the water equivalent
depth of that layer are obtained by assuming linear behaviour of the water
equivalent depth along the wireframe edge. These points are then connected
to produce an energy-layer specic contour of the target. Next, this contour
can be expanded by a user dened contour expansion, which in the work of
Meier et al was found to help ensure target dose homogeneity (Meier et al.
(2017)). This contour is then successively shrunk to obtain a set of concentric
contours within the target volume for each energy layer, which are then used
to guide the pencil beam placement in each layer. It is worth however noting
that the contour scanning approach used here diers slightly from that of
(Meier et al. (2017)), who took geometrical planes in the patient to cut the
wireframe model to generate geometric (not water equivalent) contours.

8.2.1.2 Collimator denition
As in previous work, collimation has been shown not to improve penumbra
for water equivalent depths deeper than 15cm (Winterhalter et al. (2018c)), a
limited thickness tungsten multi-leaf collimator, capable of completely stopping protons with a water equivalent range of only up to 15cm has been
assumed in all simulations. As such, the collimator thickness, which should
be more than twice the range of these protons in the collimator (Dienderfer
et al. (2011)), was chosen to be 4 cm and the width of each leaf dened as 0.5
cm. For each energy layer, the leaf positions are individually dened such
that all pencil beam positions lie within the collimator or exactly on the collimator boundary (Figure 8.1a and 8.1b), thus simulating energy-level-specic
leaf positions for the MLC.

8.2.2 Calculation of un-collimated and collimated plans
All un-collimated and collimated plans have been optimized in the patient
CT using an independent version (Meier et al. (2015)) of our clinical optimizer (Lomax (1999)). Each eld has been optimized such that it contributes
a uniform dose to the target. For each patient, one eld arrangement used
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during clinical treatment has been chosen. After optimization, all plans have
been recalculated using the TOPAS (Perl et al. (2012)) Monte Carlo toolkit.

8.2.2.1 Analytical model of a general pencil beam
(Winterhalter et al. (2018c)) showed that the optimization of collimated pencil beams sharpens the penumbras of square elds in a water tank. The same
analytical model of the collimated pencil beams has here been implemented
to calculate the dose D of one pencil beam at a calculation point (depth,
transversal directions t and u, see Figure 8.1):
2
∆u2
I ·w
− ∆t − A
2U
D= √
e A2T
· errorFnT · errorFnU/4
π A2T · A2U




t − ap1,t
ap2,t − t
√
√
errorFnT = erf
+ erf
Q2t
Q2t

“

in which

I

beam weight,

” “

”

is the integrated dose at this calculation depth,

A2T

and

A2U

(8.1)

(8.2)

w is the pencil

are the spatial moments of the angular spatial

distributions (including both initial beam size in air and scattering in the
patient) of this pencil beam and

∆t

and

∆u

are the distance between the t

(u) -position of the calculation point and the pencil beam.
Compared to the clinical, un-collimated pencil beam described by a Gaussian function (Schaner et al. (1999)), and based on the theoretical derivations of (Safai et al. (2008)), for both dimensions the sum of two error functions are multiplied to take the collimated pencil beam shape into account.
These functions depend on the initial angular spatial moments at the position of the collimator, the scattering in the patient, and the longitudinal and
transversal boundary of the collimator. For the sake of clarity, in the following, the transversal u direction is labelled with up/down and the transversal
t direction with left/right. See (Winterhalter et al. (2018c)) for the detailed
beam model and its derivation.
It is important to note that this model is only one-dimensional in either
the t or u directions. Therefore, the following parameters need to be dened
for each pencil beam:

•

The longitudinal position of the collimator (along the beam axis). This
is dened as being in the middle of the collimator.

•

The transversal collimator boundaries in the u-direction (up and down)

•

The transversal collimator boundaries in the t-direction (left and right).

For typical tumour volumes however, the aperture shape formed by the
multi leaf collimator at any energy level is not a simple square opening (see
e.g.

gure8.1a and b).

As such, the determination of a single left/right,

up/down collimator boundary for any single pencil beam for use by the
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two-dimensional analytical approximation is not straightforward.

This is

demonstrated for two example pencil beams (green and blue) in Figure 8.1c
and Figure 8.1d. In the t-direction, the collimator edge has been dened as
the left and right collimator leaf positions at the same u coordinate as the
pencil beam (see horizontal blue/green lines), whereas in the u-direction, the
rst leaf that cuts o more than one sigma of the respective pencil beams
denes the up and down collimator opening (see vertical lines).

As such,

in the analytical description, each pencil beam is assumed to be cut with a
dierent square collimator opening (see green and blue areas in Figure 8.1c
and 8.1d).

8.2.2.2 Monte Carlo calculation
Monte Carlo is the state of the art for most accurate dose calculations (Paganetti (2012b)) and the method of choice to investigate new hardware (see
for example Charlwood et al. (2016), Dowdell et al. (2012), Geng et al.
(2016)).

As such, after analytical optimization, all elds have been recal-

culated using the TOPAS (Perl et al. (2012)) Monte Carlo toolkit. For uncollimated dose distributions, this setup has previously been included in an
independent dose calculation system (Winterhalter et al. (2018d)), has been
validated in water (Winterhalter et al. (2018b)) and compared to an independent Monte Carlo implementation (Winterhalter et al. (2018a)). For the
collimated dose distributions, the same framework has been used to convert
the analytically optimized plans to the TOPAS parameter les. Additionally,
a multi leaf collimator has been dened using the TsMultiLeafCollimator
TOPAS component. Leaf positions are set for each energy layer according
to the collimator denition (Figure 8.1a and 8.1b, see chapter 8.2.1). As is
clinical practice with Single Field Uniform Dose (SFUD) plans at our institute, all elds have been scaled to give 100% mean dose to the PTV before
adding up to a plan.

8.2.3 Analysis of plans
All pencil beam placement/collimation scenarios have been compared by
calculating the reduction in the volume of non-target normal tissue dose
(namely all tissue outside the PTV) that receives more than 30% of the
prescription dose (V30) with respect to the nominal (grid scanning/nocollimation) plan. In addition, the dierences in mean and equivalent uniform dose to the brainstem (EUD, n=0.16 (Mayo et al. (2010))) in relation
to the same nominal plan have also been assessed. To evaluate the target
dose homogeneity, dose volume histograms of the planning target volume
have been evaluated.
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8.2.4 Outline of the study
First, a collimated eld and a collimated plan are analytically calculated in
the patient CT and compared to the Monte Carlo simulation.

Second, as

the eectiveness of contour scanning is dependent on the contour expansion
used (Meier et al. (2017)) the pencil beam placement, collimation and optimisation scenarios as summarised in Table 8.1 have all been investigated.

Mnemonic

Scanning

Contour

pattern

expansion

Collimated?

Optimised
for

(mm)

collimation?

G

Grid

N/A

No

No

C0

Contour

0

No

No

C1

Contour

1

No

No

C2

Contour

2

No

No

C3

Contour

3

No

No

CC3

Contour

3

Yes

No

OCG

Grid

N/A

Yes

Yes

OCC2

Contour

2

Yes

Yes

OCC3

Contour

3

Yes

Yes

Table 8.1:

Scanning, collimation and re-optimisation scenarios studied in this

work

For both Grid scanning scenarios, a pencil beam spacing orthogonal to
the beam direction of 4mm has been used. Finally, from all these scenarios,
the best un-collimated and collimated scenarios, as assessed from the maximal dose reduction to the normal tissue V30 whilst retaining target coverage,
have been identied and then applied to three additional patient plans.

8.3 Results
8.3.1 Analytical model of a collimated pencil beam
Figure 8.2 shows the relative dose at the surface of a water tank for one
collimated example pencil beam (71 MeV), calculated with the analytical (a)
and the Monte Carlo simulation (b) together with a one dimensional prole
(c), all demonstrating an excellent agreement between the two calculations.
In the patient geometry however, the comparison between Monte Carlo
and analytical calculation (Figure 8.3) shows signicant dose dierences for
a single eld, even if for the full, three-eld plan, these dierences are less
pronounced. In both cases, the dose homogeneity in the target is degraded
for the Monte Carlo calculation with respect to the analytically calculated
142

CHAPTER 8.

CONTOUR SCANNING, MULTI-LEAF COLLIMATION AND

THE COMBINATION THEREOF FOR PROTON PENCIL BEAM SCANNING

(a)

(b)

(c)
Figure 8.2: Collimated pencil beam calculated with the a) analytical and the b)

Monte Carlo model.

The one dimensional prole (c) for the analytical and the

Monte Carlo calculated pencil beam. Doses are normalized to the maximum dose
in this plane.

distribution (Figure 8.4).

As a consequence, for all the following results,

the analytical model has been used in the optimisation process only, with
all analysed dose distributions having then been nally recalculated using
Monte Carlo calculations.

8.3.2 Detailed comparison of all scenarios
For one example patient, all the delivery scenarios listed in Table 8.1 have
been compared and analysed.
First, energy-layer-specic collimation has been simply added to the
Monte Carlo simulation of an optimised contour plan with an expansion
of 3 mm plan  i.e.

without including the collimated pencil beam model

in the optimisation (Figure 8.5) (Scenario CC3). This shows a substantial
degradation of dose in the target (green line in Figure 8.8), and illustrates
the necessity of including the pencil beam specic eect of collimation in the
optimization process.
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Figure 8.3: Analytical (rst column) and Monte Carlo (second column) calcula-

tions and dose dierences (analytical minus Monte Carlo, third column) for a single
eld (rst row) and a three eld plan (second row) for the collimated contour scanning with three millimetre contour blow-up (OCC3). The planning target volume
is marked in red; the brainstem contour is highlighted in yellow.

Figure 8.4: Analytical and Monte Carlo dose volume histograms of the planning

target volume for a collimated three eld plan (three millimetre contour blow-up,
OCC3, see Figure 8.3).
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Figure 8.5: Grid plan without collimation (G, left), a collimated contour scanning

plan without re-optimization (CC3, middle) and dose dierence (right).

Figure 8.6: Uncollimated contour scanning plans with contour blow-up between

0 mm and 3mm (upper row, C0, C1, C2, C3) and dose dierence contour scanning
plan minus grid plan (lower row).
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Figure 8.7: Collimated contour scanning plans with contour blow-up 2 mm and

3mm and collimated grid plan (upper row, scenarios OCC2, OCC3, OCG) and dose
dierences between these collimated plans minus the un-collimated grid plan (G,
lower row).

Figure 8.8: Dose volume histograms of planning target volume for the dierent

plans.
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Next, the dierent pencil beam placement scenarios have been compared
to the grid plan without (Figure 8.6) and with collimation (Figure 8.7).
As may be expected, the closer the pencil beams are positioned to the
target (i.e.

the smaller the expansion), the more the dose to the normal

tissue is reduced. This is qualitatively shown in the dose and dose dierence
distributions for the un-collimated (Figure 8.6) and the collimated plans
(Figure 8.7). Quantitatively (Table 8.2), for the un-collimated plans, placing
the pencil beams following the target contour reduces the V30 outside the
target by between 5.9% (for scenario C3) to 26% (scenario C0).
Optimised collimation alone reduces the V30 by 19.8% (collimated grid,
OCG) when compared to the same pencil beam placement without collimation.

The V30 can be even further reduced however when using contour

scanning, by 25.4% for a contour blow-up of 3mm (OCC3) and by 32.8% for
a contour blow-up of 2mm (OCC2) when compared to the un-collimated grid
plan (G). In contrast, the target dose homogeneity declines as the expansion
reduces (Figure 8.8), resulting in substantially worse dose volume histograms
of the planning target volume for scenarios C0 and OCC2 when compared
to the other scenarios.

V30 [%]
Mean dose to
brainstem [%
of grid mean
dose]
EUD brainstem [% of
grid EUD]

C0
-26.0%
-14.2%

C1
-19.0%
-11.3%

C2
-12.5%
-8.8%

C3
-5.9%
-6.6%

OCC2
-32.8%
-16.3%

OCC3
-25.4%
-13.2%

OCCG
-19.8%
-7.0%

-2.5%

-1.6%

-1.1%

-0.7%

-3.2%

-2.5%

-2.1%

Table 8.2: Dierence in mean dose, mean dose to brainstem and EUD brainstem

for all scenarios when compared to the grid plan.

As such, the contour expansions providing the best balance between normal dose reduction and clinically acceptable target dose homogeneity were
found to be 1mm without collimation (scenario C1) and 3mm with collimation (scenario OCC3), which resulted in reductions in V30 of 19.0% and
25.4%, and of mean dose to the brainstem of 11.3% and 13.2%, for the C1 and
OCC3 scenarios respectively in comparison to the grid approach (scenario
G in Table 8.1). These improvements are further illustrated in Figure 8.9,
showing example dose proles along one line through the target, and demonstrating the improved lateral fall-os of these scenarios when compared to
the grid plan.
In the following, these two scenarios (C1 and OCC3) have therefore been
compared in more detail for this and three additional patients.
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c)
Penumbra
left
Penumbra
right

G

C1

OCC3

8.6 mm

7.7 mm

6.9 mm

7.9 mm

7.0 mm

6.3 mm

a)

b)

One dimensional dose proles for the grid (G), contour 1 mm (C1)

Figure 8.9:

and collimated contour 3 mm (OCC3) plan, prole (a) and zoom at the lateral edge
of the eld (b) and the penumbra (80-20%) for this prole (c).

8.3.3 Comparison of best scenarios without and with collimation
In a rst attempt to compare the best collimated and un-collimated scenarios, the OCC3 plans have been compared to the C1 plans for four dierent
patients.

As such, for two patients the V30 is slightly increased and dose

dierence distributions do not show a benet of collimation (see Figure 8.10
and Table 8.3). This is due to the fact that for each of the three additional
patients, at least one eld is deeper than 15 cm. For these elds, the deep energy layers are not collimated and the OCC3 approaches the un-collimated
C3 scenario.

Scenario C1 is therefore expected to deliver more conformal

doses for targets deeper than 15cm WER.

V30 [% of uncollimated V30]
Mean dose to brainstem [% of uncollimated mean dose]
EUD brainstem [% of
uncollimated EUD]
Table 8.3:

Patient 1
-7.9%

Patient 2
-3.1%

Patient 3
3.7%

Patient 4
2.3%

-2.1%

-1.7%

-1.1%

-2.0%

-0.9%

+1.4%

-1.9%

-0.8%

Dierence in mean dose, mean dose to brainstem and EUD brainstem

for all patients when the collimated is compared to the uncollimated plan.

Consequently, mixed plans consisting of collimated and un-collimated
elds have been created. For these, elds with a highest energy layer that is
deeper than 15 cm WER are delivered without collimator (C1), whereas more
supercial elds are delivered with collimated scenario OCC3.
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Figure 8.10: Comparison (right) of collimated contour scanning plans with con-

tour extensions of 3 mm (OCC3, left) and uncollimated contour scanning plans
with contour extension of 1 mm (C1, middle).
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arrangement, for all patients the V30 is reduced by between 0.8% to 8.0%,
and the dose to the brainstem reduced by 1.5% to 3.3% (Figure 8.11 and
Table 8.4). Target dose homogeneity is however not substantially dierent
(Figure 8.12) when compared to the best un-collimated scenario. For three
patients, the equivalent uniform dose to the brainstem is also reduced by
0.5% to 1.6%, whilst for one patient, the collimated scenario (OCC3) leads
to a hot spot in the brainstem which increases this by 0.9%.

Collimated elds/total elds
V30 [% of uncollimated V30]
Mean dose to brainstem [% of uncollimated mean dose]
EUD brainstem [% of
uncollimated EUD]

Patient 1
3/3

Patient 2
2/3

Patient 3
1/3

Patient 4
2/4

-7.9%

-8.0%

-0.9%

-0.8%

-2.1%

-3.3%

-3.1%

-1.5%

-0.9%

+0.9%

-1.6%

-0.5%

Table 8.4: Dierence in mean dose, mean dose to brainstem and EUD brainstem

for all patients when the combined collimated plan is compared to the uncollimated
plan (Figure 8.11).

8.4 Discussion
In this study, we employ the model developed by (Winterhalter et al. (2018c))
and based on the theoretical derivations of (Safai et al. (2008)), to optimize
collimated dose distributions in the patient geometry. This model for a general collimated pencil beam is solely based on scattering data and the initial
angular spatial distribution of the beam already included in the treatment
planning system. Even though good agreement is achieved for an individual
pencil beam, agreement is worse for a eld in the patient geometry. This is
most likely due to the expansion of the lateral collimation model from one
dimension to the three dimensional dose calculation. As such, for the analytical description of each pencil beam in both transversal directions, a left
and right collimator edge are dened. For a multi-leaf collimator as it is used
here, this corresponding square collimator opening does clearly not represent
reality. As such, the model could for example be improved by introducing
a uence correction to take the square collimated surface in the analytical
model versus the real surface collimated by the multi-leaf collimator into
account. However, when applying the model for the optimization of the collimated beam shapes, even without such a correction, acceptable collimated
plans have still been achieved when nally re-calculated using Monte Carlo.
As has been proposed by (Bues et al. (2005)), pencil beam scanning dose
distributions can be delivered with a multi leaf collimator.
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Figure 8.11: Comparison (right) of mixed plans with collimated contour (contour

extensions of 3 mm, OCC3) and uncollimated contour scanning (contour extension
of 1mm) (left) and uncollimated contour scanning plans with contour extension of
1 mm (middle, C1).
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Figure 8.12:

Dose volume histogram of the planning target volume for uncolli-

mated (continuous line) and mixed (dotted line) plans. Dierent colours represent
the dierent patients.

patient specic apertures for proton pencil beam scanning however (Dowdell
et al. (2012), Geng et al. (2016), Moteabbed et al. (2016), Yasui et al. (2018),
Yasui et al. (2015)), the multi-leaf system enables the collimation of each individual energy layer.

Such energy layer specic collimation, as has been

applied at the Heavy Ion Medical Accelerator in Chiba (HIMAC, (Torikoshi
et al. (2007))), can also be obtained with the recently developed Dynamic
Collimation System (Hyer et al. (2014a)), which is built of four orthogonal moving trimmers.

Their optimization is based on the parametrization

of Monte Carlo calculated beamlets (Gelover et al. (2015)), and, due to the
square arrangement of the trimmers, does not suer from the edge eects explained above. Multiple planning studies show the potential benets of such
a system when compared to uncollimated pencil beam scanning (Moignier
et al. (2016c), Moignier et al. (2016a), Moignier et al. (2016b)) and when
compared to a xed aperture (Smith et al. (2016)). An advantage of a multi
leaf collimator solution however, could be a potentially faster dose delivery,
as the leafs of the multi leaf collimator are positioned only once for each energy layer. In contrast, for the dynamic collimation system, dierent trimmer
congurations are necessary for each row of pencil beams. In addition, the
leaf positions corresponding to rows of the energy layer that have already
been delivered can already be set to their position for the next energy layer
whilst the rest of the layer is being delivered, thus further increasing the
eciency of collimated delivery.
To our knowledge, this is the rst study combining dierent pencil beam
placement methods, namely contour and grid scanning, together with col152
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limation. (Meier et al. (2017)) showed for uncollimated dose distributions,
that the closer the pencil beams are positioned to the target using contour
scanning, the more the dose to the normal tissue is reduced, while simultaneously the target dose homogeneity is slightly degraded. We conrm these
results and illustrate the same eect for collimated dose distributions.

In

particular, it is demonstrated that the collimated contour scanning reduces
the dose to the normal tissue more than the collimated grid scanning, showing the benet of combining collimation and contour scanning.
In our simulations, we have assumed that the collimator leafs are positioned on the centres of the most peripheral spots of each energy layer, as this
intuitively leads to the sharpest lateral fall-o. The spots however need to
be farther outside the target with collimation, i.e. the contour blow-up necessary to retain target dose homogeneity with collimation (3 mm) is higher
than the one without collimation (1 mm), which might be explained by a
shift of the centre of the collimated spots (Wang et al. (2015)). Therefore,
this margin might only be slightly decreased by improving the analytical
collimation description (see above).
In conclusion, based on the evaluation of maximal dose reduction without
degrading target dose homogeneity for one patient, the best un-collimated
scenario (C1, contour scanning, blow-up 1mm) and the best collimated scenario (OCC3, contour scanning, blow-up 3 mm) were identied and used for
plans from thee additional patients. Plans have been combined of C1 elds
(maximal WED>15cm) and OCC3 elds (maximal WED<15cm). Comparing this mixed collimation approach to the uncollimated contour scanning
shows a reduction of the dose to normal tissue without degrading the target
dose homogeneity. In this rst attempt of combining contour scanning and
collimation, for each eld, only one placement option has been chosen. The
dose distributions could be further improved, and the benets of collimation
could further enhanced however, by combining dierent pencil beam spacing
and collimation approaches, i.e.

1mm contour for high energy layers and

collimated 3 mm contour for low energy layers, within the same eld.
For three out of the four investigated patients, the equivalent uniform
dose to the brainstem has been slightly decreased when comparing the best
collimated to the best un-collimated scenario. For one patient however, it has
been slightly increased due to a hot spot in the brainstem. Next, the model
for collimated pencil beams needs to be implemented in the IMPT planning algorithm (Lomax (1999)), such that this could be prevented by setting
constraints on the organs at risk. Additionally, it is worth noting that all
patients presented in this study have been treated without range shifter. In
a next step, the range shifter will be included in the optimization procedure
to calculate collimated dose distributions for more supercial targets. Furthermore, the robustness of the collimated dose distributions, for example
the inuence of a shift in pencil beam positions or a slight mis-positioning
of the collimator leafs, needs to be evaluated.
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8.5 Conclusion
We demonstrate the application of a multi leaf collimator for energy layer
specic collimation in the patient CT. A model solely based on data available in the treatment planning system has been used for optimization of collimated beam shapes. Best dose reduction to normal tissue without degrading target dose homogeneity was obtained when combining contour scanning
(deep elds) and collimated contour scanning (supercial elds).
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Chapter 9

Discussion
9.1 Summary of publications
This thesis contains ten chapters and resulted in seven submitted or published manuscripts (six papers, Chapter 3-8, and one comment, Appendix).
In the rst study (Chapter 3), the accuracy of the user specic setup of a
Monte Carlo framework has been investigated and improvements in the setup
procedure have been proposed. The second study (Chapter 4) demonstrates
a comprehensive absolute dose validation of this Monte Carlo system. Subsequently, the Monte Carlo framework is applied for dose calculations in the
patient geometry to investigate two analytical calculation approaches (Chapter 5) and to examine the combined inuence of calculational and delivery
uncertainties (Chapter 6). Finally, a new delivery modality, namely the combination of optimization and collimation for proton pencil beam scanning,
is studied by analysing penumbras in a water tank (Chapter 7) and dose
reduction in the patient geometry (Chapter 8). A comment, which investigates the inuence of dierent component choices and arrangements on the
penumbra, is attached in the appendix.
In this chapter, the limitations, applications and future work resulting
from this thesis will be discussed. This discussion is divided into two parts:
The rst includes the setup and the application of the Monte Carlo system
for patient calculations (chapters 2-6), whilst the second contains the investigation of collimation techniques (chapters 7 and 8, as well as the published
comment in the Appendix).

9.2 Monte Carlo simulations for patient calculations
This section rst summarizes additional applications, not reported in detail in the thesis, of the developed Monte Carlo setup, demonstrating its
utilization as a research tool and for potential clinical applications.
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9.2.1 Applications of the Monte Carlo framework
As described in chapters 2 and 6, the TOPAS based Monte Carlo simulations developed in this thesis have been implemented in an independent dose
calculation engine (Meier et al. (2015)). As such, Monte Carlo simulations
based on treatment planning (planned les), machine (steering les) or delivery information (log les) can now be started from the same graphical user
interface as the analytical calculations. This has led to the MC being used
in a number of additional applications, outside of the scope of this thesis,
but outlined here in order to indicate the exibility and usefulness of the
developed MC simulation set-up.

9.2.1.1 Research applications
As part of a SNF funded project investigating the potential of Daily Adapted
Proton Therapy (DAPT), Neno et al. are using Monte Carlo simulations
based on planned TPS les to compare the inuence of calculational uncertainties resulting from analytical dose calculations to the dosimetric eects
of anatomical variations. To this aim, plans of 15 lung patients have been
Monte Carlo recalculated. As part of the same project, Matter et al. have implemented a GPU based dose optimization algorithm for PBS proton therapy
based on the ray-casting analytical calculation, for which the MC simulation
tool has been used to validate these calculations.

Additionally, Matter et

al. are investigating whether already delivered doses can be included in the
optimization process using Monte Carlo calculations from steering and log

les.
Finally, Van de Water et al are using the MC tool to investigate spot
reduced plan techniques. As such, conventional and spot reduced plans have
both been Monte Carlo calculated from log-les and then compared to the
nominal plan in order to investigate the sensitivity of spot reduced plans to
both dose calculation and delivery uncertainties (Figure 9.1).

9.2.1.2 Clinical applications
Two dedicated Monte Carlo computers have now been set up for the clinical
treatment planning and medical physics group. Chosen treatment plans, for
example including very supercial elds or highly modulated plans, can be
validated using the Monte Carlo.

However, it is important to note that,

even though Monte Carlo simulations are now available as an independent
dose calculation engine in the clinic, this system has not yet been clinically
commissioned (see Outlook) and as such no clinical decisions can be based
on its results.

To illustrate the potential use of the MC tool as an aid in

the clinical setting, an example of its use for a clinical question will be here
described.
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Figure 9.1: Log le based Monte Carlo (LF MC), nominal Ray-casting dose (TPS)

and dose dierence distributions (without air) for the conventional plan (upper row)
and for the spot reduced plan (lower row).

Two plans, one using a standard clinical approach and an alternative using couch kicks (small rotations of the patient table) to circumvent treatment
angles parallel to density interfaces, had been provided from medical physics
(Alessandra Bolsi) with a question about whether the alternative plan would
potentially reduce uncertainties in the analytical dose calculation. Table and
Gantry angles for both plans are summarized in Table 9.1.
Figure 9.2 and Figure 9.3 show dose dierence distributions/histograms
for both plans conrming that more voxels agree within the PTV and that
the dose to the brainstem is less underestimated by the analytical algorithm
(Table 9.1) when applying the couch kick. The Monte Carlo calculations thus
conrm the medical physics intuition and emphasize that a small dierence in
treatment settings can substantially inuence the dose calculation accuracy.

9.2.2 Limitations of the Monte Carlo setup
As has been highlighted in the Introduction (Chapter 1), Monte Carlo simulations are subject to multiple uncertainties, as for example CT conversion,
etc. In the following therefore, we will highlight the current limitations of
our Monte Carlo setup, namely possible improvements in the validation, HU
conversions and calculation speed.
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Settings

PTV (voxels
within

Clinical
plan
Couch
kick

voxels within

(voxels with
di.>+3%)

F0:
F1:
F2:
F0:
F1:
F2:

Table 9.1:

±3%)

Brainstem

100◦ ;

α=
α = 180◦ ;
α = 100◦ ;
α = 100◦ ;
α = 180◦ ;
α = 100◦ ;

β
β
β
β
β
β

180◦

=
= 180◦
= 0◦
= 160◦
= 180◦
= 20◦

91.7%

4.0%

93.8%

1.2%

Settings for the two analysed plans (beam angle

±3%

α,

table angle

β ),

between Monte Carlo and Ray-casting (PTV) and voxels with

dose dierences >+3% (brainstem).

Figure 9.2: Monte Carlo and Ray-casting dose and dose dierence distributions

(without air) for a clinical plan (upper row) and for the same plan with a couch

◦

kick of 20

(lower row).
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(b)

Dose dierence histograms for PTV (a) and brainstem (b) for a

◦

clinical plan (blue) and for the same plan with a couch kick of 20 (orange) for
dose dierences MC  RC. Only voxels with Hounseld units >100 and planned
dose>10% are considered. For the brainstem, only dose dierences for which the
analytical dose underestimates the dose, i.e. RC < MC, are shown.

9.2.2.1 Monte Carlo validation
The Monte Carlo setup has been cross-compared to an independent implementation of beam data from the same spot scanning Gantry (Chapter 3)
and absolute dose predictions have been validated in water (Chapter 4). At
the time of this writing, we had not however performed any measurements
in more realistic patient geometries.

On the other hand, as other authors

have used the TOPAS framework to test dose predictions in such a geometry
(see for example (Fracchiolla et al. (2015)) or (Grassberger et al. (2014)) and
we have thoroughly validated our setup in water using the TOPAS default
physics models, we would not expect substantial dierences between simulations and measurements in a more realistic phantom. It is nevertheless
important to also perform such measurements for our own system, to validate
not only TOPAS but also our user specic Monte Carlo setup and tuning.
As such, during a Monte Carlo `Sandpit' workshop in March 2017 in Manchester UK, a project dedicated to designing a standard phantom for Monte
Carlo simulations has been funded. Such a phantom could facilitate a fast
experimental Monte Carlo validation in non-water materials. The author of
this thesis is a co-proposer of this project.

9.2.2.2 Hounseld unit conversion
As the Hounseld unit to material conversion curves had been matched for
the cross-calibration study, neither of the performed tests validated the conversion to stopping power used in the Monte Carlo for calculations in the
patient CT (Chapter 5, 6 and 8). As such, errors in this would not be picked
up by the comparison described in chapter 3.
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In principle, HU conversions to material and density are taken from
(Schneider et al. (2000)) with the densities in our implementation being
slightly adjusted (Paganetti (2012b)) to match the stopping power curve
implemented in our TPS (Schneider et al. (1996)). This process should for
example be validated during an independent code review and eventually
through detailed validation measurements in anthropomorphic phantoms or
even biological samples. In addition, the Monte Carlo calculations have been
tuned using the new ionization potential recommendation of 78eV for water as dene by the ICRU 90 (ICRU (2016)). On the other hand, the TPS
HU-SP conversion curve has been created assuming an ionization potential
of 75eV. For self-consistency therefore, either the TPS curve should be updated or the Monte Carlo be retuned using the same ionization potential.

Figure 9.4: Monte Carlo and Ray-casting dose and dose dierence distributions

(without air) for a plan (upper row) and a single eld (lower row, eld direction
marked with an arrow).

For example, when analysing patient calculations for complex cases (see
leg treatment in Figure 9.4), we observe small range dierences between
the Monte Carlo and analytical calculations, with the analytical calculation
predicting slightly higher ranges in the patient (lower row of Figure 9.4).
There are multiple reasons for such a range dierence (dierences in multiple
Coulomb scattering, etc.) with the dierence in ionization values used for
the Hounseld unit conversion potentially being one of them.

9.2.2.3 Speed of the Monte Carlo simulations
Depending on the eld size, a Monte Carlo calculation takes hours (skullbase/brain) to days (craniospinal irradiation).

As such, calculation times

will have to be improved for routine clinical application. There are two ap160
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proaches to speeding up the Monte Carlo simulation, either by optimizing
the simulation setup/code or the underlying computational hardware.
In the current simulation setup, the simulation starts 47.8 cm upstream of
the isocenter and all particles are tracked through all parts of the geometry.
Clearly, as we are only interested in the nal dose distribution in the patient,
not all of these particles are relevant. Speed could therefore be improved by
reducing the modelling of low energy electrons far away from the patient.
After any such changes however, it has to be carefully veried that dose
distributions (in water/in the patient) have not been inuenced. Secondly,
from a hardware point of view, TOPAS enables to use the GEANT 4 with
multi-threading options.

As such, simulation times could be substantially

improved when using multiple computers or installing a dedicated Monte
Carlo cluster.

9.2.3 Outlook: Monte Carlo calculations for clinical practice
In summary, to overcome the limitations described above, necessary improvements are:

•

A revision of the Hounseld unit conversion.

•

Calculation time improvements, either through changes in the code or
through additional computational hardware.

•

A thorough commissioning, including




an independent code review and
detailed measurements in geometric and anthropomorphic phantoms.

As a future application, this system could also be used for patient specic
quality assurance. This could substantially reduce the amount of measurement time necessary, increasing patient throughput and facilitating dose verication directly in the patient CT rather than in a substitute water phantom
as necessarily has to be done for measurement based verications. Additionally, it could be applied to investigate dierent clinical treatment plans. As
such, in this thesis, rst steps for an automated Monte Carlo setup for patient
calculations have been performed, namely the Monte Carlo setup (Chapter
2), the comparison to an independent implementation (Chapter 3), the absolute dose validation (Chapter 4) and the inclusion in the independent dose
calculation (Chapter 5 and 6). However it should be repeated that, if this
system is to be used clinically, an independent and thorough clinical commissioning will be crucial. Finally, a beam model needs to be developed for our
new Gantry 3 (a commercial PBS proton therapy machine) and could also
be included in this Monte Carlo framework. This would allow to calculate
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and compare plans delivered at both gantries at CPT (Gantry 2 and Gantry
3) using exactly the same MC calculation engine.

9.3 Collimation for proton pencil beam scanning
In the nal topic of this thesis, MC simulations have been used to comprehensively study the potential for energy specic collimation in PBS proton
therapy.

This section summarizes the limitations and future directions of

these investigations.

9.3.1 Limitations of the collimation calculations
9.3.1.1 Experimental validation
So far, for both water tank (Chapter 7) and patient calculations (Chapter
8), the eects of the collimator have only been investigated theoretically, i.e.
with analytical and Monte Carlo calculations and the predicted penumbras/dose reductions have not been validated experimentally. The experimental
validation of square eld penumbras in a water tank (Chapter 7) is relatively
straightforward. A square collimator has to be produced and, for the edgeenhancement and collimated edge-enhancement, steering les containing the
optimized spot weights generated. Next, doses could be measured using lms
or a CCD camera and measured penumbras could be compared to analytical
and Monte Carlo predictions. For the validation of patient elds (Chapter 8),
a multi-leaf collimator would however be necessary. Both experimental validations are planned, and rst discussions with manufacturers of collimators
are underway to develop prototype systems that could be tested.

9.3.1.2 Calculational approximations
For both collimation studies, the analytical model has been applied for the
optimization of the two-dimensional/three-dimensional dose distributions,
which have then been recalculated using the Monte Carlo engine. As such,
shortcomings of both the analytical and the Monte Carlo framework will be
discussed in this section.

Analytical optimization
A thorough validation of the analytical, one-dimensional collimation model
is still missing. To this aim, the analytical calculations could be compared
to Monte Carlo predictions and measurements for a well-dened set of simulations, containing single collimated spots and collimated square elds. In
addition, when translating the model to two dimensions, each spot sees a
square collimator opening (see Chapter 8), which is currently a large simplication of the problem. As such, the denition of this collimator opening could
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be further improved, for example by including a uence correction function.
In addition, in the study reported in chapter 8, a single spot spacing method
has been chosen for each eld and the leaf positions of the multi leaf collimator dened dependent on the target contour and the spot positions. To
achieve best possible dose distributions however, dierent spot positioning
methods should be combined for each eld, for example by allowing for a
larger contour expansion for collimated, compared to uncollimated, energy
layers in the same eld.

Ideally however, both the spot positions and the

leaf positions should be added as parameters in the optimization process.
Finally, the pre-absorber should be included in the analytical collimation
calculations. To optimally sharpen the lateral fall-o, dierent pre-absorber
settings (In, Auto, Variable) and air-gaps could then be evaluated in the
patient geometry.

Monte Carlo calculation
The limitations of the Monte Carlo framework discussed above also apply
to this work. Additionally, for the collimated dose calculations, the translation of the collimation settings to the Monte Carlo calculations should be
included in the independent code review. In addition, the TOPAS module
TsMultiLeafCollimator has been used to describe the multi-leaf collimator.
For more realistic simulations, a more detailed model (for example including
air gaps between the individual leafs) will be necessary to realistically model
all physics eects, such as potential interleaf transmission.

9.3.2 Outlook: Designing a collimator for proton pencil beam
scanning
In summary, the following improvements are necessary for the collimation
calculations:

•

Experimental validation of both analytical and Monte Carlo calculations.

•

Improvements in the analytical model:




Thorough validation of one dimensional spot shapes.
Corrections of two dimensional collimator description, for example by adjusting pencil beam uences.



•

Inclusion of spot and leaf positions in the optimization process.
Inclusion of the pre-absorber and dierent pre-absorber settings

Improvements in the Monte Carlo setup:




Independent code review including collimation.
More realistic collimator model.
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Additionally, to translate the potential benets of collimation to patient
treatments, an energy layer specic multi leaf collimator for proton pencil
beam scanning needs to be designed.

Requirements for such a collimator

would be:
1. Low activation
2. Low neutron production
3. Light design
4. Fast adjustment of leafs.
To fullll these requirements, rst a suitable material needs to be chosen.
Requirements 1 and 2, namely the activation and neutron production, could
be investigated and evaluated for dierent materials using Monte Carlo calculations. To this aim, the Monte Carlo setup however needs to be revisited,
potentially adjusting the physics settings for activation and neutron calculations and subsequently rechecking the Monte Carlo validation. The third
requirement (light collimator design) should also be considered during the
choice of material. Additionally, the collimator should be thin, as we are not
aiming to stop protons with ranges deeper than 15 cm and small leaf lengths
could be used, as only part of the eld needs to be covered.
Finally, for a fast adjustment of the leaves, mechanics and electronics
need to be optimized. To this aim, the mechanical and electronic design of
multi-leaf collimators used for photon therapy could be studied and translated to proton therapy. This could potentially be done as a collaboration
project with commercial collimator vendors.
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This thesis investigates the accuracy of Monte Carlo simulations, the applications of Monte Carlo for more accurate dose calculations, and also its
use for advanced delivery techniques to sharpen the lateral fall-o for proton
pencil beam scanning. Here we will briey review the main conclusions of
this thesis for each of these topics.
Topic 1. Monte Carlo accuracy
First, two aspects concerning the accuracy of the Monte Carlo simulations have been analysed:

Q1: How accurate is the tuning process of MC simulations for proton pencil
beam scanning?
We have identied the ionization potential of water and the pre-absorber
description as possible pitfalls in the tuning process. As a consequence, an
expanded tuning procedure has been proposed. Additionally, remaining uncertainties due to the MC user setup have been quantied to within

±2.5%.

Q2: How accurate is MC absolute dose prediction for proton pencil beam
scanning?
For complex elds, absolute doses predicted by the Faraday cup based
Monte Carlo simulations are systematically 1% lower than ionization chamber measurements. After correcting for this oset, Monte Carlo simulations
predict measured absolute doses within

±2%.

Topic 2. Dose calculation accuracy
Next, the validated Monte Carlo framework has been applied for more accurate dose calculations, answering the following research questions on both
the calculational and the combined inuence of delivery and calculational
uncertainty:
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Q3: How do dierent mathematical models for analytical dose calculations
perform when compared to MC simulations?
Dose agreement depends on the treatment site. Overall, dose distributions agree best for the pencil beam algorithm with high grid resolution.
Clinical indices however do not substantially vary with the mathematical
calculation model, and agree within
and within

±5

±4

% for the planning target volume

% for the organs at risk for all cases considered in this study.

Q4: What is the combined inuence of calculational and delivery uncertainties for proton dose calculations?
Log le based Monte Carlo calculations demonstrate the inuence of both
calculation algorithm and delivery variations. Absolute doses predicted in
the patient CT agree within 3% to measured absolute dose scaling factors,
demonstrating the application of this tool for patient specic quality assurance.
Topic 3. Investigations into lateral fall-o
Finally, the Monte Carlo framework has been used to investigate the inuence of advanced beam delivery techniques on the penumbra for proton
pencil beam scanning.

Q5: How does the combination of collimation and optimization improve the
penumbra for proton pencil beam scanning?
Collimation and optimization substantially sharpens the penumbra for
ranges below 15 cm. With pre-absorber, small air-gaps are crucial. If this is
however technically not possible, minimizing the amount of material in the
beam path optimizes the penumbra.
The specications of both the collimator and the pre-absorber primarily
determine the optimal order of these components.

Q6: How does the combination of collimation and optimization improve dose
distributions in the patient geometry?
In the patient geometry, collimation reduces the dose outside the target
(V30) by 20%. If combining collimation, optimization and contour scanning,
doses are reduced by up to 25% without substantially aecting the target
dose homogeneity.
In conclusion, this thesis resulted in the setup and validation of a Monte
Carlo system, which can now be used to calculate dose distributions from
planned, steering and log-les, in water and in the patient geometry and
could help to replace or reduce patient specic quality assurance measurements. Additionally, it can be used to investigate dierent settings for patient
calculations. Furthermore, penumbra improvements using a multi leaf collimator have been demonstrated, which is an important step in the direction
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of minimizing the lateral fall-o for proton pencil beam scanning.
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Q5: How does the combination
of collimation and optimization
improve the penumbra for
proton pencil beam scanning?∗
The eect of dierent material and thickness choices for pre-absorber and
collimator on the best order of components has been investigated in the
Comment on `Collimated proton pencil-beam scanning for supercial targets: impact of the order of range shifter and aperture' , which has been
accepted in Physics in Medicine and Biology (submitted on the 9th of July
2018, accepted on the 12th of September 2018 and published on the 17th of
October 2018, https://doi.org/10.1088/1361-6560/aae0e1).

∗

I ran the simulations and performed the data analysis
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APPENDIX A.

COMMENT ON `COLLIMATED PROTON PENCIL-BEAM

SCANNING FOR SUPERFICIAL TARGETS: IMPACT OF THE ORDER OF
RANGE SHIFTER AND APERTURE'

Abstract
We read with interest the study by Bäumer et al. (2018), in particular that
their conclusions are in contrast to those of our earlier paper (Winterhalter
et al. (2018c)), namely that positioning the collimating aperture downstream
of the range shifter leads to a superior penumbra.

In contrast, we found

sharper penumbras for the PSI scanning Gantry when the aperture is positioned upstream of the range shifter. We have run additional Monte Carlo
simulations with components derived from the paper of Bäumer et al. (2018),
but without modifying the beam description. As such, we obtain a relative
penumbra reduction of 13% if the aperture is positioned downstream of the
ranges shifter, which lies well within the measured/calculated penumbra reductions of Bäumer et al. (2018) of 17%/11%. The conclusions of Bäumer
et al. (2018) and our previous work are therefore complementary, given the
dierences in the arrangement of the beam modifying devices used in the
two works. In addition, our analysis implies that initial beam characteristics
are less important in determining the best order of components.
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APPENDIX A.

COMMENT ON `COLLIMATED PROTON PENCIL-BEAM

SCANNING FOR SUPERFICIAL TARGETS: IMPACT OF THE ORDER OF
RANGE SHIFTER AND APERTURE'

To the editor:
We read with interest the recently published study by Bäumer et al.
(2018), and in particular that the conclusions of the Essen group are in
contrast to those of our earlier paper (Winterhalter et al. (2018c)).

We

would like to take this opportunity to make a few comments on this.
Bäumer et al. (2018) conclude that for the IBA ProteusPlus delivery system, positioning the collimating aperture downstream of the range shifter
leads to a superior penumbra, whereas we found superior penumbra for the
PSI scanning Gantry when the aperture is positioned upstream of the range
shifter (Winterhalter et al. (2018c)). As such, Bäumer et al. (2018) list the
following possible explanations for these, at rst sight conicting, conclusions, namely the use of divergent versus the parallel scanning, the thickness
of the collimator and the dierent minimum accelerator energies.
In order to investigate this discrepancy further, we have run additional
simulations using the Monte Carlo system used in our publication, but now
with components derived from the paper of Bäumer et al. (2018).
For an energy of 120 MeV and an airgap of 10 cm, the following three
combinations of components have been simulated:
1. A 9 cm thick tungsten collimator and a 2.5 cm thick carbon range
shifter, analogous to Winterhalter et al. (2018c).
2. A 3.3 cm thick brass collimator and a 2.5 cm thick carbon range shifter.
3. A 3.3 cm thick brass collimator and a 6.5 cm thick Plexiglas (PMMA)
range shifter, analogous to Bäumer et al. (2018).
It is worth noting that the beam description (initial phase space, eld size
and beam spacing, see Winterhalter et al. (2018c)) is the same for all three
scenarios. We simulated a parallel beam with the angular spatial distribution of one spot given by Gantry 2 of PSI. Furthermore, the range shifter
material, although not specically described by Bäumer et al. (2018), has
been assumed to be plexiglass, based on the described water equivalent thickness of 7.4 cm and the dimensions as indicated in Figure 2 of Bäumer et al.
(2018)).
Table A.1 shows the penumbra at 5 mm depth in a water tank for all three
combinations, with the aperture being either positioned upstream (ap-us) or
downstream (ap-ds) of the range shifter (for the arrangement of components
see Figure 1 of Bäumer et al. (2018)).
Interestingly, these results conrm the conclusions of both Winterhalter et al. (2018c) and Bäumer et al. (2018). For the PSI scenario (1), the
penumbra of the ap-us is superior, whereas for scenario (3) the ap-ds fall-o
is sharper, as reported by Bäumer et al. (2018). For scenario (2), which combines the PSI range shifter with a thin (3.3 cm) collimator, ap-us and ap-ds
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1) 9 cm tungsten

2) 3.3 cm brass

3) 3.3 cm brass

collimator & 2.5 cm

collimator & 2.5 cm

collimator & 6.5 cm

carbon range

carbon range

plexiglas range

shifter

shifter

shifter

ap-us

0.46 cm

0.44 cm

0.79 cm

ap-ds

0.55 cm

0.44 cm

0.70 cm

Table A.1:

Penumbra at 5 mm depth (energy 120 MeV, airgap 10 cm) for the

dierent arrangements and components

are identical in terms of penumbra. This demonstrates that not only the collimator thickness, but the combination of both collimator thickness and the
exact specication of the range shifter, as determined by the minimum deliverable energy, determine the lateral fall-o. Although absolute penumbras
simulated for scenario (3) are slightly lower than the values measured/calculated by Bäumer et al. (2018) (see Table 1 of Bäumer et al. (2018), ap-us: 0.90
cm/0.88 cm; ap-ds: 0.77 cm/0.79 cm), the relative penumbra reduction of
13% obtained with our simulations lies well within the measured/calculated
penumbra reductions of Bäumer et al. (2018) of 17%/11%. The dierences
in the absolute values could be due to the range shifter material, dierent
initial angular spatial distribution and beam spacing, and use of a parallel
beam instead of a divergent beam.

In conclusion, the best order of range

shifter and collimator appears to be mainly determined by the thicknesses
of both the collimator and range shifter, the latter being determined by the
minimal deliverable energy. As such, the conclusions of both Bäumer et al.
(2018) and our previous work are complementary, given the dierences in the
arrangement of the beam modifying devices used in the two works. In addition, our analysis implies that initial beam characteristics are less important
in determining the best order of components.
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