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Linac = linear accelerator
LUT = Look Up Table
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MVCT = Megavoltage CT
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PBS = Pencil beam scanning
pCT = planning CT
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PDD = Percentage Depth Dose
PRV = Planning organ at risk volume
PTV = planning target volume
rCT = re-planning CT
RL = right-left
ROI = region-of-interest
RP = remote positioning
RS = Range shifter
Se = sensitivity index
SFO = single field optimized
SFUD = single field uniform dose
SI = superior-inferior
SIB = simultaneous integrated boost
SOBP = spread out Bragg Peak
VOIs = volumes of interest
Vref = reference volume
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Abstract
Radiotherapy treatment is a complex process: volumes definition, image guidance,
optimization of machine parameters, and reliability of a plan are all fundamental issues even
more important in proton therapy. The aim of this thesis is to find some solutions that can
improve the clinical workflow in a modern proton therapy center. The chapters of this thesis
are focused on some if these topics: 1) automatic segmentation solutions, 2) identification of the
best proton beam spot dimension/grid for each tumor, 3) plan robustness evaluation and 4) intreatment room vs out of-treatment room patient positioning. Finally, in the appendix, we
showed benefits of Monte Carlo dose engine.
Anatomical variations occurring during irradiation, including tumor shrinkage and
deformation, can be significant and can result in suboptimal treatment of patients, especially
when highly conformal treatment techniques, such as intensity modulated radiation therapy or
proton therapy, are used. Repeat imaging and re-planning, even with a single mid-treatment CT
scan only, can significantly improve tumor coverage and organ sparing in patients who
experienced clinically apparent changes in anatomy. However, in clinical practice adaptive
planning is limited to small numbers of patients considering the need for multiple physiciandrawn volumes. Even more complex cases, with a lot of critical structures, are usually treated
with proton therapy. To optimize clinical time and widespread the practice of adaptive
radiotherapy, easing the onerous task of re-contouring is required. In the first chapter of this
thesis three commercial software solutions for atlas-based segmentation are validated through a
comparison with manual delineation of clinical target and organs at risk volumes in three tumor
sites (fifteen patients, five for each group, with cancer of the Head&Neck, pleura, and prostate
were enrolled in the study).
With the development of more advanced photon and proton techniques, such as Arc
therapy, TomoTherapy and intensity modulated proton therapy, we have new benchmarks for
comparing dose distributions achievable with protons with those produced by photons. While
photon therapy is now probably very close to its plateau in terms of dose shaping capability,
with the best examples TomoTherapy and Cyberknife, the situation in proton therapy is
different. Given the continuous technological evolution of proton therapy, it is impossible to
have a precise answer on the advantages and disadvantages of this technique. In the evolution
of proton therapy, one of the most complex technological steps is the shift from passive
scattering technique to active beam scanning and at present only a few centers in the world have
this technology. A significant parameter in the design of an active beam scanning facility is the
size of the beam. Smaller beams can achieve steeper dose gradients; however, one must also
consider the clinical cases, protocols, delivery uncertainties, delivery time, available technology
and cost in developing the proton beam dimension of choice at a facility. It is, therefore,
important to analyse which parameters can influence the dose distribution within the parameter
space available using current and future technology. The aim of the second chapter of this
thesis is to assess the quality of dose distributions in real clinical cases for different dimensions
of scanned proton pencil beams with the aim of optimizing delivery of proton plans.
Once defined the best spot dimension and grid spacing, one should evaluate the reliability
of the dose distribution and dose volume histogram (DVH). In principle the plan has to be as
robust as possible, concerning several variables, to avoid as much as possible also the need of
re-planning. Several variables can influence the robustness/reliability of a radiotherapy plan,
such as accuracy of the dose calculation algorithm, uncertainties in beam monitoring and
calibration, anatomical changes (inter and intra fraction), set-up error, misalignments between
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imaging and delivery systems, etc. For any given patient, these errors can be either systematic
(i.e. with the same module and direction throughout the treatment) or random (i.e. subject to
statistical fluctuations in either direction). It is misleading to present a single dose distribution as
‘the’ dose distribution characterizing a patient treatment, and that is why there should be some
sort of ‘error bar’ associated with each point in a dose distribution or DVH. In recent years,
methods to explicitly evaluate or control the effect of uncertainties in both photon and proton
techniques have been proposed from a research perspective. So far, not much has been done to
address one clinically relevant issue related to robustness, i.e. how to explicit include robustness
metrics in the phase of plan evaluation and dose reporting. Although ICRU report 78
underlined the importance of estimation and presentation of uncertainty, to date there is no
agreement on how to evaluate and visualize the impact of uncertainties on both dose
distributions and DVH. The aim of the third chapter of this thesis is to propose an accurate
sampling of the uncertainties space and to compare different tools to analyze plan robustness in
active scanning proton therapy, pointing out their strengths and weaknesses.
As stated above, radiatiotherapy is subject to constant technological innovations aimed at
improving the quality of dose distributions. At the same time, there is the need of optimizing
the delivery time, to make more efficient use of machines. In proton therapy, given the small
number of centers and their high cost, the need for efficient use of the beam is even more
important and nowadays there are two approaches for patient setup: 1) in-room positioning,
where all positioning procedures take place in the treatment room (also called ‘gantry’), 2)
remote positioning, where the patient is prepared out of the treatment room and then moved
(with a robotic or manual trolley) in the treatment room. In the fourth chapter of this thesis is
estimated (with some Monte Carlo simulations of facilities with one, two or three treatment
rooms) the potential advantage of remote positioning vs. in-room positioning for a proton
therapy facility in terms of patient throughput.
Accuracy of the dose calculation algorithm is obviously linked to the reliability of the
radiotherapy plan. Concerning dose calculation, several studies demonstrated the superiority of
Monte Carlo (MC) methods in the estimation of the dose compared to the semi-analytical
algorithms implemented in commercial treatment planning system (TPS). MC codes may have
wide ranging role in proton therapy, one of them being the opportunity to run fully
independent dose calculation for the individual patient treatment plan, which is the focus of the
appendix of this thesis. Moreover, especially in the context of adaptive therapy, an independent
MC code could speed up the quality assurance process and avoid repeating dosimetric
measurements in phantom for each adapted plan.
Many aspects involved in the clinical workflow of a proton therapy treatment are affected
by the conclusions of this thesis. 1) From a clinical point of view, the automated contouring
workflow was shown to be significantly shorter than the manual contouring process from
scratch, even though manual correction of the contours is always needed. There is still much
work to do to have a really automatic contouring process, but the latest software solutions seem
to be more and more reliable and require less corrections. 2) The maximum acceptable proton
pencil beam dimension (i.e. sigma) depends on the volume treated, the protocol of delivery, and
optimization of the plan. For the clinical cases, protocol and optimization used in our analysis,
acceptable sigmas are  4 mm for the Head&Heck tumor,  3 mm for the prostate tumor and 
6 mm for the malignant pleural mesothelioma. 3) The introduction in clinical software of
robustness evaluation tools, like dose-volume-histogram with percentile bands and probability
distribution of dosimetric indexes as D1%, D99% and equivalent uniform dose (EUD), will
allow the clinician to have a quick and more realistic estimate of the indices chosen for
evaluating the radiotherapy plan. These tools are also necessary to compare the clinical target
coverage obtained with different techniques (i.e. photons vs. protons) and/or compare different
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planning target volume definitions. 4) The advantage of ‘remote positioning’ (RP) vs. ‘in-gantry
positioning’ strongly depends on a) imaging and correction system available and b) the speed of
the transporters. For RP to be advantageous, reduced transport times are required. The
advantage of RP decreases with increasing number of gantries that are supplied by a single
cyclotron. 5) We showed how to simplify the MC modeling of a pencil beam scanning machine
for proton therapy treatments without accounting any hardware component and propose a
more reliable range shifter modeling than the one implemented in our treatment planning
system. The validation process has shown how this code is a valid candidate for a completely
independent treatment plan dose calculation algorithm. This makes the code an important
future tool for the patient specific QA verification process.
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Sommario
Il trattamento radioterapico è un processo complesso: la definizione dei volumi, il set-up
del paziente basato su imaging quotidiano, l'ottimizzazione dei parametri macchina e
l'affidabilità di un piano sono tutte questioni fondamentali ed ancora più importanti nella
protonterapia. L'obiettivo di questa tesi è quello di trovare alcune soluzioni che possano
migliorare il flusso di lavoro clinico in un centro di protonterapia moderno. I capitoli di questa
tesi sono focalizzati su alcuni se questi argomenti: 1) soluzioni per segmentazione automatica, 2)
identificazione della migliore dimensione/griglia dello spot di protoni per ciascun tumore, 3)
valutazione della robustezza del piano e 4) set-up del paziente nella sala di trattamento vs. set-up
del paziente fuori dalla sala di trattamento. Infine, nell'appendice, abbiamo mostrato i vantaggi
del motore di calcolo Monte Carlo.
Le variazioni anatomiche che si verificano durante il trattamento radioterapico, incluso il
la variazione di volume e la deformazione del tumore, possono essere significative e possono
comportare un trattamento sub-ottimale dei pazienti, soprattutto quando vengono utilizzate
tecniche di trattamento altamente conformate, come la radioterapia ad intensità modulata o la
protonterapia. Ripetere l'imaging e la ri-pianificazione, anche con una sola scansione CT fatta a
metà del trattamento, può migliorare significativamente la copertura del tumore ed il risparmio
degli organi a rischio nei pazienti che hanno subito cambiamenti clinicamente evidenti
dell’anatomia. Tuttavia, nella pratica clinica la pianificazione adattiva è limitata a pochi pazienti
considerando la necessità da parte dei medici di contornare ogni volta i volumi di interesse. Casi
clinici ancora più complessi, con molte strutture che devono essere contornate, sono di solito
trattati con la protonterapia. Per ottimizzare il tempo clinico e diffondere la pratica della
radioterapia adattativa, è necessario facilitare l'oneroso compito di ri-contornamento. Nel primo
capitolo di questa tesi sono state valutate tre soluzioni commerciali di software per la
segmentazione automatica, a base di atlanti, confrontando i risultati rispetto a quelli ottenuti con
la delineazione manuale (sia dei target che degli organi a rischio) in tre siti tumorali (quindici
pazienti, cinque per ciascun gruppo, con cancro testa&collo, alla pleura e alla prostata).
Con lo sviluppo di tecniche più avanzate di fotoni e protoni, come la terapia ad arco, la
TomoTherapy e la protonterapia ad intensità modulata, abbiamo nuovi benchmark per
confrontare le distribuzioni di dose realizzabili con i protoni rispetto quelle prodotte dai fotoni.
Mentre la radioterapia basata su fotoni è probabilmente molto vicina al suo plateau in termini di
capacità di conformazione della dose, con i migliori esempi di TomoTherapy e Cyberknife, la
situazione nella protonterapia è diversa. Data la continua evoluzione tecnologica della
protonterapia, è impossibile avere una risposta precisa sui vantaggi e gli svantaggi di questa
tecnica. Nell'evoluzione della terapia protonica, uno dei passaggi tecnologici più complessi è il
passaggio dalla tecnica di passive scattering alla scansione attiva del fascio (i.e. active scanning) e
attualmente solo alcuni centri del mondo hanno questa tecnologia. Un parametro significativo
nella progettazione di un impianto di active scanning è la dimensione minima del fascio di
protoni. Fasci di protoni più piccoli possono ottenere più alti gradienti di dose; tuttavia, si deve
anche considerare i casi clinici, i protocolli, le incertezze, i tempi di erogazione, la tecnologia
disponibile ed i costi, per la scelta della dimensione del fascio di protoni in un nuovo centro di
protonterapia. È quindi importante analizzare quali parametri possono influenzare la
distribuzione della dose all'interno dello spazio di parametri disponibile utilizzando la tecnologia
attuale e futura. Lo scopo del secondo capitolo di questa tesi è quello di valutare la qualità delle
distribuzioni di dose in casi clinici reali per diverse dimensioni del fascio di protoni allo scopo di
ottimizzare l’erogazione dei piani di protoni.
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Una volta definita la migliore dimensione dello spot di protoni e la spaziatura della
griglia di erogazione ottimale, si dovrebbe valutare l'affidabilità della distribuzione della dose e
dell'istogramma dose-volume (DVH). In linea di principio, il piano deve essere il più robusto
possibile, rispetto al alcune variabili, per evitare anche il più possibile la necessità di ripianificare. Diverse variabili possono influenzare la robustezza/affidabilità di un piano di
radioterapia, come la precisione dell'algoritmo di calcolo della dose, le incertezze nel
monitoraggio e la calibrazione del fascio, i cambiamenti anatomici (intra frazione ed inter
frazione), errori di set-up, disallineamenti tra sistemi di imaging e di erogazione, ecc. Per un dato
paziente, questi errori possono essere sistematici (cioè con lo stesso modulo e la direzione
durante tutto il trattamento) o random (cioè soggetti a fluttuazioni statistiche in ogni direzione).
È fuorviante presentare una distribuzione di dose singola come 'la' distribuzione della dose che
caratterizza un trattamento del paziente e per questo ci dovrebbe essere una sorta di 'barra di
errore' associata ad ogni punto in una distribuzione di dose o DVH. Negli ultimi anni sono stati
proposti da alcuni ricercatori metodi per valutare esplicitamente o controllare l'effetto delle
incertezze sia nelle tecniche di fotoni che di protoni. Finora però non è stato fatto molto per
affrontare il problema su come sia meglio introdurre in clinica i concetti della robustezza, vale a
dire come includere esplicitamente metriche di robustezza nella fase di valutazione del piano e
di reporting delle dose. Anche se il report ICRU 78 ha sottolineato l'importanza della stima e
della presentazione dell'incertezza, finora non esiste un accordo su come valutare e visualizzare
l'impatto delle incertezze nelle distribuzioni di dose e nei DVH. Lo scopo del terzo capitolo di
questa tesi è quello di proporre un accurato campionamento dello spazio delle incertezze e di
confrontare strumenti diversi per analizzare la robustezza dei piani ottenuti con scanning attivo
del fascio di protoni, evidenziando i loro punti di forza e debolezze.
Come detto sopra, la radioterapia è soggetta a costanti innovazioni tecnologiche volte a
migliorare la qualità delle distribuzioni di dose. Allo stesso tempo, c'è la necessità di ottimizzare
i tempi di erogazione, per rendere più efficiente l'uso delle macchine. Nella terapia protonica,
dato il piccolo numero di centri e il loro elevato costo, la necessità di un uso efficiente del fascio
è ancora più importante e oggi esistono due approcci per il set-up del paziente: 1)
posizionamento nella camera di trattamento, dove vengono eseguite tutte le procedure di
posizionamento nella sala di trattamento (chiamata anche "gantry"), 2) posizionamento remoto,
dove il paziente viene preparato fuori dalla sala di trattamento e poi spostato (con un carrello
robotico o manuale) nel gantry. Nel quarto capitolo di questa tesi è stato stimato (con alcune
simulazioni Monte Carlo di strutture cliniche con una, due o tre sale di trattamento) il potenziale
vantaggio del posizionamento remoto rispetto al posizionamento classico nella sala di
trattamento per centro di protonterapia in termini di flusso di pazienti.
La precisione dell'algoritmo di calcolo della dose è ovviamente legata all'affidabilità del
piano di radio/proton terapia. Per quanto riguarda il calcolo della dose, diversi studi hanno
dimostrato la superiorità dei metodi di Monte Carlo (MC) nella stima della dose rispetto agli
algoritmi semi-utilizzati nei sistemi di trattamento commerciale (TPS). I codici MC possono
avere un ampio ruolo nella protonterapia, uno dei quali è l’opportunità di eseguire un calcolo
della dose completamente indipendente per il piano di trattamento individuale del paziente, e
questo sarà il focus dell'appendice di questa tesi. Inoltre, specialmente nel contesto della terapia
adattativa, un codice MC indipendente potrebbe accelerare il processo di garanzia della qualità e
evitare di ripetere la dosimetria in fantoccio per ogni piano adattato.
Molti aspetti coinvolti nel flusso di lavoro clinico di un trattamento di protoni sono
influenzati dalle conclusioni di questa tesi. 1) Dal punto di vista clinico, il flusso di lavoro con
contornamento automatico è risultato essere significativamente più rapido del processo di
contornamento manuale da zero, anche se è sempre necessaria una correzione manuale dei
contorni. C'è ancora molto da fare per avere un processo di segmentazione veramente
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automatico, ma le soluzioni software più recenti sembrano essere sempre più affidabili e
richiedono meno correzioni. 2) la dimensione (i.e. sigma) massima accettabile del fascio di
protoni dipende dal volume trattato, dal protocollo di erogazione e dall'ottimizzazione del
piano. Per i casi clinici, protocollo e ottimizzazione utilizzati nella nostra analisi, le sigma
accettabili sono  4 mm per il tumore testa&collo,  3 mm per il tumore della prostata e  6
mm per il mesotelioma pleurico maligno. 3) L'introduzione nel software clinico di strumenti di
valutazione della robustezza, come l'istogramma volume-dose con bande percentili e la
distribuzione di probabilità di indici dosimetrici come D1%, D99% e dose uniforme equivalente
(EUD), consentirà al medico di avere un una stima più realistica degli indici scelti per valutare il
piano radioterapico. Questi strumenti sono inoltre necessari per confrontare la copertura dei
target ottenuta con tecniche diverse (cioè fotoni rispetto ai protoni) e/o confrontare diverse
definizioni del volume target di pianificazione. 4) Il vantaggio di "posizionamento remoto" (RP)
rispetto al "posizionamento in-gantry" dipende fortemente dal sistema di imaging e correzione
disponibile e b) dalla velocità dei trasportatori. Per essere vantaggioso il RP, sono necessari
tempi di trasporto ridotti. Il vantaggio di RP diminuisce con l'aumento del numero di gantry
serviti da un singolo ciclotrone. 5) Abbiamo mostrato come semplificare la modellizzazione
Monte Carlo di una macchina active scanning di protoni senza tenere conto di qualsiasi
componente hardware e proporre una più affidabile modellazione del range shifter rispetto a
quella implementata nel nostro sistema di pianificazione commerciale. Il processo di validazione
ha mostrato come questo codice sia un candidato valido per un algoritmo completamente
indipendente di calcolo della dose di piano di trattamento. Questo rende il codice un importante
strumento futuro per il processo di verifica del QA paziente.
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Introduction

The principles of radiotherapy
The three most important aspects of cancer treatment are surgery, chemotherapy, and
radiation therapy. Radiation therapy, the therapeutic use of ionizing radiation, is by far the most
recent technique used to treat cancer. X-rays, a kind of ionizing radiation, were discovered in
1895 by Wilhelm Roentgen and within months were used to treat tumors. This use of ionizing
radiation has undergone extraordinary development during the past century.
There are two general classes of radiation therapy: brachytherapy and teletherapy.
“Brachy,” a Greek word, means short distance and “tele” means long distance. Brachytherapy is
treatment performed by placing the radioactive source near or in contact with a tumor, that is,
the use of intracavitary or intraluminal placement of the treatment source. Conversely,
teletherapy is treatment with the radioactive source at a distance from the patient/tumor.
Teletherapy, also known as external beam radiation therapy, may be classified by the voltage
applied to produce X-ray photons.
The most common type of machine used nowadays in radiotherapy is called a linear
accelerator (Linac). Linacs to be used for radiation therapy were developed during and after World
War II and used the high-frequency and high-power microwave sources developed for the
manufacture of radar systems. Linacs accelerate charged particles, most commonly electrons, to
create therapeutic electron or X-ray beams up to 25 MeV in energy. Modern radiation therapy
Linacs are now fully controlled by computers and with new techniques of dose delivery, such as
intensity-modulated radiation therapy (IMRT) (Fraass et al 1999), volumetric-modulated arc
therapy (VMAT) (Yu and Tang 2011), and imaged-guided radiotherapy (IGRT) (Mackie et al
2003). The treatment delivery precision is measured in millimeters.
Whatever the technique, X-rays enter the body and deposit most of their energy in
normal tissues near the body surface. Then the deposited energy reduces as it goes towards the
center of the body. X-rays also continue to penetrate through the tumor and irradiate the
healthy tissue behind it (Fig 1). This undesirable pattern of energy placement can result in
unnecessary damage to healthy tissue, thus it is considered a sub-optimal treatment.
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Fig. 1 Dose deposition of a proton beam showing the Bragg peak (solid blue) compared to the dose deposition of a
typical X-ray beam (red). In reality the Bragg peak is actually remarkably fine, so it is usually spread out or scanned
creating the so-called ‘Spread-out Bragg Peak” (dashed blue).

Proton therapy
As such, the use of heavier charged particles, such as protons, were proposed for
radiotherapy as early as the mid 1940’s (Wilson 1946). Proton beams have a characteristic called
the “Bragg peak” such that they deliver their maximum dose at a precise depth and then stop
(Fig 1). The depth of penetration of the protons is related to their energy and can be precisely
controlled to match the location of the tumor.
High energy proton beams for therapy are generated using cyclotrons or synchrotrons
to accelerate protons to the energies (~200MeV) required for therapy. After extraction from the
cyclotron or synchrotron, they are directed via beam lines to the treatment room(s). Given the
size of the accelerator and related treatment delivery equipment, and in contrast to conventional
photon therapy, typical proton therapy facilities consist of a single accelerator and multiple
treatment rooms, as shown in figure 2. Due to the need to share the proton beam between
different treatment rooms, this treatment paradigm can have important consequences on
treatment workflow and patient throughput, and consequently, also on the cost-effectiveness of
proton therapy.
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Fig. 2 Cyclotron that generates proton beams for two treatment rooms equipped with gantry (i.e. steel
infrastructure that allow the proton beam to spin around the patient to achieve the best ballistic) and two
treatment/research rooms with fixed horizontal line.

Currently, two proton-beam delivery methods are available: passive scattering, which
includes single and dual scattering; and active scanning, commonly known as pencil beam
scanning (PBS).
In passive scattering (Flanz and Smith 2009, Polf et al 2007, Wroe et al 2013), the proton
beam is spread by placing scattering material into the path of the protons. A single scatterer
broadens the beam sufficiently for treatments requiring small fields. For larger fields, a second
scatterer is needed to ensure a uniform dose profile. A combination of custom-made
collimators and compensators conform the dose to the target volume. The spread out Bragg
peak used for treatment is obtained via a set of range modulator wheels or ridge filters inside
the nozzle of the delivery system (Fig 3).

xvii

Fig. 3 Illustration of passive scattering delivery method in proton therapy.

In contrast, for scanning-beam techniques (Pedroni et al 1999, 2005, Lomax et al 2004b, Smith et
al 2009) , magnets deflect and steer the proton beam. Under computer control, a narrow monoenergetic beam paints the treatment volume, voxel-by-voxel, in successive layers. The depth of
penetration of the Bragg peak is adjusted by varying the energy of the beam before it enters the
nozzle (Fig 4). As such, PBS provides considerably more flexibility in delivery than passive
scattering, as the weight (delivered dose) of each Bragg peak can be individually weighted.

Fig. 4 Illustration of active scanning delivery method in proton therapy.
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To exploit this flexibility, PBS delivery is typically divided into two main categories:
Single Field, Uniform Dose (SFUD) and Intensity Modulated Proton Therapy (IMPT). An
SFUD plan is the combination of individually optimized fields, each of which deliver a (more or
less) homogenous dose across the target volume. As such, an SFUD plan is the spot scanning
equivalent of treating with ‘open’ fields (i.e. 3D conformal photon plans). An example of a
SFUD plan is shown in Fig. 5. This consists of four individual fields planned to a skull base
tumour. Note how each individual field (F1-F4) deliver a more-or-less homogenous dose across
the tumour volume. The combined (summed) dose from all these fields is shown on the right.

Fig. 5 Example of SFO plan.

In contrast, IMPT is the simultaneous optimisation of all Bragg peaks from all fields
(with or without additional dose constraints to neighboring critical structures). That is why
IMPT technique is also called ‘multi-fields’ optimized (MFO). As such, MFO is the PBS
equivalent of IMRT (and field patching for passive scattering proton therapy) (Lomax 1999).
An example, MFO plan to the same case as in figure 5 is shown in figure 6. Note, in contrast to
the SFUD plan, each individual field in this example now delivers a much more modulated,
inhomogenous dose distribution to the target volume. Despite this, the combined dose
distribution (figure 6, left) still provides excellent dose coverage to the target volume. Although
not shown in this example, IMPT is typically used in more complex cases in order to selectively
reduce doses to critical organs close to the target volume.
Due to the power of PBS and SFUD/IMPT planning, PBS proton therapy is currently
considered to represent the future of proton therapy, with nearly all newly planned and underconstruction proton facilities providing some form of PBS capability. As such, investigating
various aspects of PBS proton therapy has been the main focus of this thesis.

xix

Fig. 6 Example of MFO plan.

Imaging and treatment planning for radiotherapy
Together with the progress of radiation therapy delivery, has been the parallel
development of dose calculation and treatment-planning techniques. The ability to quantify the
delivered dose evolved from simple skin erythema observations in the late 1800s to single-point
calculations inside the patient in the mid 1900’s and to computer-based dose calculations in the
late 1960s. Finally, with the invention of computed tomography (CT) by Cormack and
Hounsfield in 1972 , three-dimensional (3D) dose calculation became possible. The use of CT
in treatment planning allowed several important advances in radiation therapy and resulted in
greater precision in dose distribution, dose optimization, and patient positioning. However, one
of the most important advances CT provided for 3D dose calculation was the precise
visualization of the geometric positions of tumor and normal tissue in a patient. The radiation
dose could then be calculated and optimized in order to determine the best dose distribution in
the target (tumor), thus avoiding the surrounding normal tissue. Another advance CT offered
was the creation of digitally reconstructed radiographs (or DRRs) for patient position
verification at the time of treatment using the Linac.
As stated above, modern radiation therapy Linacs are now fully controlled by computers
and treatment delivery precision is measured in millimeters. A more precise method of target
definition is necessary for such precise delivery. While CT has revolutionized the field of
radiation therapy, further improvements in imaging are desirable in which the dose can be
delivered with even better accuracy. CT has several limitations such as suboptimal tissue
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contrast, lack of functional information, and the inability to visualize small groups of cancer
cells that are separated from the gross tumor. If we can overcome these limitations, we can
further improve the precision of the target definition and provide better patient outcomes.
The application of other imaging modalities, such as magnetic resonance (MR) imaging
and positron emission tomography (PET), can provide additional information in order to more
precisely define tumor localization for treatment planning using radiation therapy. In particular,
MR has better soft-tissue contrast than CT and provides better visual discrimination between
tissue that should be treated and that which should not. PET allows the identification of areas
of metabolic activity and thus allows the radiation oncologist to escalate the radiation dose for
the most aggressively growing tumors or regions therein. Despite its limitations, for several
reasons CT is currently the only 3D imaging method accepted for treatment planning (despite
some rare exception like gamma knife that use MRI as 3D imaging). Most treatment-planning
algorithms were developed specifically for CT as it was the first available 3D imaging modality
and CT scanners are more commonly used than MR or PET. Furthermore, the geometric
fidelity of CT is better than that of MR in which distortions may occur, and as CT generally has
shorter acquisition times than MR or PET, organ/tumor motion management can be assessed.
Most importantly, with CT it is possible to identify the mass attenuation coefficient
(μ/ρ (m2/Kg)) or attenuation characteristics for high-energy photons, X-rays, and gamma-rays,
as this is critical for precise dose calculation. Photon interactions with tissue, such as photoelectric absorption, Compton scatter, and pair production, are dependent on the atomic
number, electron density of the tissue, and photon energy. Therefore, to accurately calculate the
radiation dose, the specific mass attenuation factor for different types of tissue, that is,
heterogeneity, encountered by a photon beam must be identified. For this reason the treatment
planning dose calculation is still only possible using CT. The primary disadvantage of CT for
treatment planning is the low tissue contrast which can result in the tumor definition varying
significantly from physician to physician. Other imaging modalities, such as MR and PET, may
help in the tumor definition due to their improved soft-tissue contrast and functional
information. Therefore, in contemporary radiation therapy practice MR and PET are often used
to complement CT for tumor delineation and normal tissue identification, although only CT is
used for dose calculation.
MR is a powerful diagnostic tool. As mentioned before, compared to CT imaging, MR
has several advantages, such as greater intrinsic soft-tissue contrast and resolution than CT and
non-ionizing radiation, as it uses radiofrequency waves for signal generation. Despite the wide
use of MR for diagnostic imaging, in radiation therapy treatment planning MR is still a
secondary image modality due to its image artifacts, lack of tissue density information, and
relatively small field of view (FOV). However, improvements in MR hardware and software
design have allowed MR imaging to become part of the RT planning workflow. Protocols
generated specifically for the purpose of RT planning rely on fundamentally robust, highresolution, contrast-consistent, large FOV acquisitions, compared to the variety of sequences
that may be used in diagnostic imaging. This effort has helped to increase the use of MR in RT
planning. Indeed, in recent years, there have been major developments in the use of combined
MRI-linacs which will allow for on-line MRI imaging during treatment (Lagendijk et al 2008).
PET entails imaging the biodistribution of a radiolabeled compound selected based on
its biochemical behavior. Most commonly, 2-[18F]fluoro-2-deoxy-D-glucose (FDG), a glucose
analog, is used and is transported into cells, phosphorylated, and then trapped intracellularly.
Differing from CT and conventional MR which show morphology, FDG-PET shows
metabolically active tissue . As such, PET can be used to refine the target volume or to provide
a dose boost to the most metabolically active tumors or areas therein. PET can also be used to
monitor tumor response, while noting that metabolic changes would precede changes in tumor
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shape and size. PET limitations, like resolution, and the possible lack of differentiation between
inflammatory process and tumor activity should be taken into account.
The ability to fuse and co-register the three, main types of oncologic imaging
techniques, that is, CT, MR, and PET, became available for radiation oncology planning in the
early 1990s due to the improvement of the software algorithms used to register and fuse
multimodality imaging datasets. Registration is the ability to align the same points from different
images. In medical applications, these points are the same anatomical regions of the body, such
as bone and organs, for the same patient. Fusion is the ability to display different types of
registered images anatomically overlain on one another in a single, composite image. Fusion
provides the best information for each image, that is, geometric definition and tissue density
from the CT image, soft-tissue contrast from the MR image, and metabolic information from
the PET image. The combined information reduces the uncertainty regarding the tumor
definition for geometric localization as well as determining the size and spread of the disease.
By improving the accuracy of the target definition, image fusion can potentially improve the
treatment outcome and decrease complications as less normal tissue is irradiated. Currently,
most radiation treatment planning systems support image registration and fusion.
In the last two-three decades, radiotherapy has made tremendous progress and has
become increasingly effective. This enormous change is related to the significant advances in
image acquisition methods described above and the technological development of equipment
dedicated to radiation treatment, thanks also to an intensive computerization of the process. 3D
conformal radiotherapy and subsequent developments have made it possible to deliver
therapeutic radiation doses with precision, accuracy and therefore a security not previously
feasible. Moreover, the recent integration of image acquisition techniques allows to control in
real-time the patient anatomy (image guided radiation therapy) and to change the characteristics
of the treatment plan in relation to any morphological changes of the target (Adaptive
Radiotherapy - ART) (Wu et al 2011).
Equally promising are the developments related to proton therapy, that have also made
enormous progress over the last 10-20 years. However, despite this, there are many aspects that
still need to be improved and studied in detail to evaluate their impact on a realistic clinical
workflow and in the context of proton therapy. It is the aim of this thesis to perform such an
analysis on various aspects of the different processes involved with clinical PBS proton therapy.
Pencil Beam Scanning Proton therapy – some critical processes
The aim of this thesis is to analyze and, where possible, optimize some of the major
steps of the process of treating patients with PBS proton therapy, as described above. As such,
various aspects critical to PBS proton therapy of the following five main processes have been
investigated in this work






Volume delineation
Treatment planning
Plan evaluation
Treatment workflow
Patient specific quality assurance

and will be outlined in more detail in the following sections.
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Volume delineation

A critical aspect of any form of treatment planning for radiotherapy is the definition, in
the form of contours defined on different slices through the planning CT, of the tumour to be
treated, together with the outlines of any critical organs that may be affected by the treatment.
These volumes are then used to plan the treatments (i.e. define field arrangements and their
shapes) such as to be able to concentrate the high dose regions into the tumour, whilst
avoiding, as much as possible, the neighboring critical structures. In addition, once the 3D dose
distribution for a plan has been calculated, such structures are used to evaluate the plan through
the calculation of dose-volume histograms (summarizing the doses with the structure) together
with other statistical metrics such as mean, maximum and minimum applied doses. As such, the
structure delineation process is one of the most critical in the whole radiotherapy treatment
process, but also remains the one part of radiotherapy that is completely manual in the majority
of radiotherapy and proton centres. Thus, it is also one of the most time-consuming processes,
typically requiring many hours of clinical input from highly specialized and expensive medical
doctors.
The problem of structure delineation is compounded as both radiotherapy and proton
therapy move towards so-called ‘adaptive therapy’, where new 3D CT images of the patient may
be taken during the treatment course and the treatment plan adapted based on anatomical
changes of the patient or tumour (e.g. due to shrinkage). Given the sensitivity of proton therapy
to such anatomical changes (Albertini et al 2008), it is expected that plan adaption in this
modality will be required even more often compared to photon-based treatment. Thus, the time
required for delineation could become a major issue, as after re-imaging of the patient, and
before the re-optimization of the plan, a new segmentation of organs at risk (OARs) and target
is required.
Nowadays, there are several software solutions that promise to reduce time and costs for
contouring, by partially automating the structure delineation problem (Huyskens et al 2009)
(Voet et al 2011) (Tsuji et al 2010). Indeed, this approach also has the additional benefits of
potentially reducing inter and intra-observer variation in the structures (one of, if not the
biggest source of uncertainty in radiotherapy), a problem which in general is not quantified in
the daily clinical workflow. As such, the standardization of volume definition within a
department and between departments, together with the associated reduction of variability in
patient outcomes, would bring big advantages in understanding and optimizing radiotherapy in
the future.
For this reason, the first chapter of this thesis presents the results of a study performed to
validate three commercial software solutions for deformable image registration (DIR) and atlas
based segmentation through a comparison with manual delineation of clinical target and organs
for risk volumes in three tumor sites. Both the accuracy and time reduction of these approaches
have been quantified.


Treatment planning

Once structures have been defined, the next step in the process is treatment planning,
whereby fields are defined and calculated in order to best concentrate dose to the defined
tumour, whilst minimising as much as possible doses to normal tissues. As described above, for
PBS proton therapy, there are two main modes of treatment: SFUD and IMPT (Lomax et al
2004a, Pedroni et al 2005), both of which involve the definition of Bragg peak/pencil beam
positions and their subsequent optimisation in order to determine the individual dose to be
delivered by each pencil beam.
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Computerized Treatment Planning Systems (TPS) have been used in external beam
radiation therapy to generate beam shapes and dose distributions for many years. However, as
already mentioned, the simultaneous development of computerized tomography, along with the
advent of readily accessible computing power from the 1970s on, led to the development of
CT-based computerized treatment planning, providing the ability to view dose distributions
directly superimposed upon a patient’s anatomy in three-dimensions. Although many of the
tools and techniques developed for the treatment planning of photon treatments have also been
adopted in treatment planning for protons, in contrast to photon TPS that have decades of
improvements and thousands of users, treatment planning for PBS proton pencil beam
scanning is still very much in its infancy.
One of the under-investigated parameters for PBS treatment planning is the effect of the
size (width) of the initial scanned pencil beam on the delivered dose distribution (Kooy et al
2010). Although in principle, the best dose distributions (i.e. those with the sharpest penumbra
between the tumour and normal tissue doses) will always be achieved using the narrowest
beams, this can come at the cost of both delivery time and sensitivity of the plan to various
delivery errors (so called plan robustness).
As such, in chapter 2 of this work, we have performed a systematic analysis of the effect of
varying pencil beam size and grid spacing on the quality of dose distributions in real clinical
cases in order to more fully understand the interplay of these parameters on PBS plan quality
and in particular in comparison to state-of-the-art photon treatments.


Plan evaluation

An aspect for many years much forgotten of the treatment planning process is to provide
estimates of the uncertainties associated with calculated dose distributions. Although ways of
calculating and presenting such uncertainties were proposed by Goitein more than 30 years ago
(Goitein 1985), such tools have been slow to be incorporated into the treatment planning
process for either photons or protons. Due to worries about the additional uncertainties
associated with proton treatments however (in particular to range uncertainties), such tools are
slowly now being developed and assessed under the label of ‘robustness analysis’ (Albertini et al
2011, McGowan et al 2015). However, although a number of different approaches to calculating
and evaluating the robustness of plans have been developed and reported in the literature, there
is no standardisation of these tools, and little in the way of comparison between different
techniques. Given that such approaches are already being incorporated into the plan
optimisation process, it is important that any robustness tools used are fully understood and,
more importantly, are clinically relevant. For instance, if such approaches overestimate the
uncertainties, then this could have a detrimental effect on the quality of the final plan and
ultimately could be counter-productive.
For this reason, in chapter 3 of this thesis we have performed a comprehensive
investigation and comparison into a number of different strategies for calculating, displaying
and evaluating plan robustness to both systematic and random delivery errors that may occur in
PBS proton therapy, and proposals made of what we believe are realistic and clinically relevant
metrics of robustness.


Treatment workflow

One of the major disadvantages of proton therapy, and perhaps the biggest hurdle to its
wider adoption, is the cost of equipment and patient throughput issues if compared to
conventional radiotherapy. Indeed, from a cost-effectiveness point of view, these two are
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related, as it can be a particular challenge to finance a costly facility when the number of
patients that can be treated per day is also reduced. This clearly has consequences on the cost of
treatment per patient and eventually on the acceptance of proton therapy as a financially viable
treatment modality. Also, as for conventional radiotherapy, proton therapy is fractionated (i.e.
patients receive treatments every working day over many weeks) and therefore, on each
treatment day, require precise positioning before treatment. However, this daily procedure of
imaging, evaluation, set-up correction, etc., are time consuming and, if performed in the
treatment room, can potentially restrict efficient use of the treatment room and beam
availability. Given the already high operating costs of proton therapy facilities, it is therefore
reasonable to consider changes in traditional (conventional) radiotherapy techniques in order to
see if changes in daily workflow can improve daily patient throughput and therefore the number
of patients that can be treated per year. In chapter 4 therefore, we present a Monte Carlo based
model of patient throughput through exemplary proton therapy facilities consisting of a single
accelerator and one or more treatment rooms (see e.g. figure 2 above). In particular, we
investigate whether performing patient set-up and imaging outside of the treatment room (as
performed for many years on Gantry 1 at PSI, see e.g. Bolsi et al 2008) could bring significant
advantages in patient throughput for larger facilities.


Quality assurance

The final aspect of the proton therapy process we investigate in this thesis is Quality
Assurance (QA). QA is an important aspect of any radiotherapy department, and is typically
divided into periodic QA (i.e. machine tests that are performed daily, weekly, monthly and
yearly etc.) and patient specific QA. In current practice, each time a plan is optimized for a
patient, in addition to approval from the responsible physician, a dosimetric (experimental) QA
of the specific plan is performed. For proton therapy, this process is particularly timeconsuming, because it typically requires multiple measurements at different depths in a water
phantom per field. In addition to the time required from highly specialised staff such as medical
physicists for this procedure, such measurements also require beam time, and can thus, in the
worse-case, ultimately restrict the number of patients treated per day. In fact, there is a double
effect here, as the more patients that are treated on a facility, the larger the number of plan
verifications that need to be performed. The problem will only be compounded if regular
adaptions of the treatment plan need to be performed, with each new plan for each patient
having to be experimentally validated.
As such, an interesting alternative to experimentl validation, could be an in-silico QA based
on an independent calculation engine (i.e. by replacing dosimetric measurements with
independent Monte Carlo simulations in water and, eventually, in the patient geometry). Several
studies demonstrated the superiority of Monte Carlo methods in the estimation of the dose
compared to the semi-analytical algorithms implemented in commercial treatment planning
systems (TPS) (Grassberger et al 2014, Hotta et al 2010, Parodi et al 2012, Yamashita et al 2012,
Paganetti et al 2008, Paganetti 2012).
In the Appendix of this thesis therefore, we propose a method for creating and validating a
Monte Carlo (MC) model of a proton Pencil Beam Scanning (PBS) machine. This process
demonstrates how such an approach could be a valid candidate for a completely independent
treatment plan dose calculation algorithm.
Note: This work is included as a chapter in this thesis as, although I was not the lead on this
project, I contributed to certain aspects of the published work.
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Systematic evaluation of three different commercial software solutions for
automatic segmentation for adaptive therapy in head-and-neck, prostate and
pleural cancer.
M. La Macchia, F. Fellin, M. Amichetti, M. Cianchetti, S. Gianolini,
P. Vitali, A.J. Lomax, L. Widesott
Radiat. Oncol. 2012
Vol. 7, No 160, pp 1-16

1.1 INTRODUCTION
Anatomical variations occurring during irradiation, including tumor shrinkage and shape
deformation, can be significant and can result in suboptimal treatment of patients, especially when
highly conformal treatment techniques, such as intensity modulated RT or proton therapy, are used
(Schaly et al 2004)(Albertini et al 2008).
Repeat imaging and re-planning, even with a single mid-treatment CT scan only, can significantly
improve tumor coverage and organ sparing in patients who experienced clinically apparent changes in
anatomy (Hansen et al 2006)(Nuver et al 2007). However, in clinical practice adaptive planning is limited
to small numbers of patients considering the need for multiple physician-drawn volumes. To
widespread the practice of adaptive radiotherapy easing the onerous task of re-contouring is required.
In this context, a fast, robust, and automatic region-of-interest (ROI) delineation method is
needed and has led to a growing array of automatic contouring (AC) software (Huyskens et al 2009)
(Voet et al 2011) (Tsuji et al 2010). These algorithms generally deform one set of contours from an
initial CT to fit the anatomy of a second CT, and they can also redraw the ROI of interest for each CT
from scratch.
The purpose of the present study was to compare three different commercial algorithms applying
them to a number of clinical cases (locally advanced head and neck tumors, high-risk prostate cancers
and operated malignant pleural mesotheliomas). The software solutions (SS) were evaluated
quantitavely both in terms of speed and reliability. For this paper, although I’m not the first author, I
defined the structure of the work and the parameters to compare, and I contributed to all the parts of
the article, being also the corresponding author with the editor.
1.2 METHODS AND MATERIALS
All volumes of interest (VOIs) were outlined manually by three experienced physicians (M.LM.
M.A., M.C.) on planning CT (pCT), that represented our atlas for AC on three SS re-planning CT
(rCT). We used the three commercial software to generate the automatic contours, subsequently all
these VOIs were manually corrected (ACMC). The VOIs on the rCT were also manually countered
from scratch, that represented our gold standard (GS). The times employed for AC, for ACMC (when
needed), and for GS contouring were recorded. To evaluate the contours quality, AC and MCAC were
compared, by the use of several parameters, with those manually delineated on rCT (GS).
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1.2.1 Patient data and manual contouring
A conventional helical CT scanner was used for image acquisition. A total of 15 patients (five
with locally-advanced head and neck tumors, five with operated malignant pleural mesotheliomas and
five with high-risk prostate cancer) were enrolled in the study. In addition to the treatment pCT images,
a further set of CT images (rCT) was acquired for each patient during the RT course, usually in the
middle of the treatment. For head and neck, prostate and mesothelioma patients the images had a slice
thickness of 3, 2.5, and 5 mm, respectively. A commercial treatment planning system (Focal 4D by
Elekta, Sweden) was used for the manual contouring from scratch of ROIs and for the correction of
the ROI obtained with the AC (Fig. 1.1).
All head and neck patients (two oropharynx, one oral cavity, one nasopharynx, and one larynx)
had pathologically confirmed Stage III-IV disease. The target volumes were determined according to
the ICRU definition of GTV e CTV. For each patient, neck levels were delineated according to
international consensus guidelines(Grégoire et al 2006). In addition, 16 Organs at risk (OARs) were
contoured (parotid, cochlea, esophagus, brainstem, spinal cord, mandible, thyroid, pharynx, masticatory
spaces, larynx, oral cavity, temporal lobes, eyes, lenses, optic nerves and chiasm). Five mesothelioma
patients had been previously treated with extra peritoneal pleuro-pneumonectomy and received
adjuvant thoracic irradiation. The CTV included the entire hemithorax and thoracotomy incision and
site of chest drains. Two patients had a lesion on the right side and three on the left. Contoured normal
tissues were: contralateral lung, heart, esophagus, liver, bowel, spinal cord, spleen, kidneys. Five highrisk prostate cancer patients (PSA>20ng/mL; Gleason score 8-10 or c/pT3a/b) (National
Comprehensive Cancer Network 2004) had been previously treated, two with definitive radiotherapy
and three with post-operative irradiation. The CTV encompassed the prostate and seminal vesicles
(definitive irradiation) or prostatic bed (post-operative irradiation) and pelvic lymph-nodes. The defined
OARs were: rectum, bladder, femoral heads and bowel.
1.2.2 Automatic contouring
Using three commercially available programs a) ABAS 2.0 (CMS-Elekta, Stockolm, Sweden) (A),
b) MIM 5.1.1, (MIMVista corp, Cleveland, Ohio) (M), and c) VelocityAI 2.6.2 (Velocity Medical
Systems, Atlanta, Georgia) (V), contours from the initial pCT were deformed to the re-planning CT for
each patient.
In ABAS an atlas patient consists of a CT scan with pre-defined organs of interest, both target
volumes and OARs. A detailed description of the method has been published by Han et al. (Han et al
2008). First, non-rigid registration is used to transform the CT scan of an atlas patient (pCT) to replanning CT scan. Specific models for e.g., H&N, prostate and brain are available in the software,
taking structure-specific information, like elasticity, into account. Then, using the obtained
transformation, auto-contours are generated by mapping the atlas contours to the re-planning CT scan.
Also in MIM, we decided to use a single-atlas segmentation approach: the pCT of the patient was
inserted into the atlas and, therefore, the algorithm extracts information from one CT to generate the
automated contour of the rCT. In order to do that, firstly, rigid registration with rotations and,
secondly, deformable registration were applied. The previously validated intensity-based free-form
deformable registration algorithm utilizes regularization to minimize the likelihood of folds or tears in
the deformation fields to fit one CT to another (Piper 2007).
A single-atlas segmentation approach was used also with VelocityAI. Between planning CT and
re-planning CT, we firstly applied a rigid registration with rotations and secondly, a deformable multi
pass registration. Finally, we copied the contours from planning CT to re-planning CT and this
software applied automatically to them the deformation matrix. VelocityAI uses the basis-spline (Bspline) method (van Dam et al 2010) for deformable registrations.
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1.2.3 Time/Speed evaluation
Focal 4D, ABAS and MIM were installed in a 3 GHz HP xw 8600 workstation running
Windows with 8 GB RAM , whereas VelocityAI was installed in a 2.66 GHz HP xw 8600 workstation
running Windows with 4 GB RAM. The times required for the ex-novo ROIs definition on rCT, for
the three software solutions to generate the AC, and finally, the time for manual correction of AC were
calculated.
The time to manually define the volumes on rCT was calculated from the opening of the latest
CT to the last ROI. The time needed by the software solutions for the generation of automatic
contours was measured by import of CT until the end of the entire generation process. The time
needed to check the automatically-obtained volumes was taken from the time of loading the CT until
the time needed for final volume correction (Fig. 1.1). The usefulness of the automatic contours
procedure was evaluated comparing 1) the time needed from the software+manual corrections vs
manual contour from scratch or 2) just the manual correction time vs manual contour from scratch (i.e.
not considering the time needed by the computer for the generation of the deformed contours).

Fig. 1.1 contouring Flow chart showing input data and software evaluation strategy.

1.2.4 Quantitative evaluation of automated and manually corrected contours
The performance of the automatic segmentation software was assessed by quantitatively
comparing manual GS contours with AC or MCAC contours in terms of volume, position and shape.
A sensitivity and specificity study was also conducted. Manual segmentation was used as the reference
segmentation.
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As an initial measure of the similarity between the automatic and manual contours, the volume of
every structure was calculated and the difference between the automatically generated volume (VAA,
VMA, VVA, for ABAS, MIM and VElocityAI, respectively) and the manually generated volume, or
reference volume (Vref), was calculated for each structure, as follows:

V (%) 

Vauto  Vref
Vref

 100

(1.1)

Also the difference between manually corrected automatic volume (VAM, VMM, VVM, for ABAS,
MIM and VElocityAI respectively) and the Vref was calculated.
Since its introduction, DICE similarity coefficient (DSC) index (Dice 1945) has been widely used
in the evaluation of deformable image registration results. The DSC index is defined as

DSC 

2  Vref  Vauto 
Vref  Vauto

(1.2)

Vref were compared to automatically contoured ROIs (or manually corrected after automatic
generation ROIs). DSC values range from 0 to 1, and are identical to 1 if automatic and manual
volumes were equal with a complete intersection.
For all the software evaluated, the sensitivity index (Se) of contours was computed as:

Se 

Vref  Vauto
Vref

(1.3)

The sensitivity reflects the probability that the automatic contours (before or after the manual
corrections) match the reference contour and some authors renamed it as the overlapping index (OI)
(Tsuji et al 2010).
We defined, as a surrogate of the specificity, the inclusiveness index (IncI):
IncI 

Vref  Vauto
Vauto

(1.4)

The inclusiveness index reflects the inclusion of Vauto within Vref , i.e. the probability that a voxel
of the Vauto is really a voxel of the Vref .
As a general measure for the location of the structures, for each patient and for each structure
(manually defined from scratch (i.e. reference structure), automatically generated and manually
corrected after automatic generation) mass centre is calculated and the distance in the three coordinates
was evaluated:

x  xauto  xref ; y  y auto  y ref ; z  z auto  z ref

(1.5)

As reported in Figure 1.1, to evaluate in a systematic and consistent way these parameters, we exported
in VODCA4rt (MSS GmbH, Hagendorn, Switzerland) version 4.4.1 all the DICOM images and
structures. Therefore, we used the analysis tool box of VODCA for the automatic calculation of the
variables described above.
A non-parametric Wilcoxon signed rank test was used to determine whether the observed
differences in mean doses were statistically significant. Also the Holm-Bonferroni correction was
considered.
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1.3 RESULTS
1.3.1 Time/Speed evaluation
Tab. 1.1 shows the average time needed for manual contouring, the software time for AC and
correction time for the VOIs on rCT for each district. The differences in AC time between A, M and V
are always statistically significant.
After comparing, for each district the sum of the average automatic + manual correction times
for each software with the total time needed to get the GS, we can conclude the following: 1) for
prostate patients, the software that allows the average time savings was MIM (55 min.), while the
average gain was 31 min. and 41 min with ABAS and VelocityAI respectively; 2) for the head and neck
district, ABAS was the software that spares more time with an average gain of 1 hour and 23 min.;
MIM can save 1 hour and 4 min., and VelocityAI 45 min; 3) for the mesothelioma cases, the average
obtained gain was 22 min. with both ABAS and MIM, and 15 min. with Velocity. In all sites, the time
saving for all three software solutions, compared to the manual contouring from scratch, is statistically
significant. In table 1.1 we reported also the time needed for the manual correction, separated from the
time need for the automatic contouring because the reader could be interested in the ‘physician time’
saved, independently from the time need by the software to generate the automatic contours.
1.3.2 Contours evaluation
In the pelvis, a significant example in regards to the DSC can be represented by the rectum. Tab.
1.2 shows how this index is similar in all three software solutions, in regards to the AC (A = 0.77, M =
0.75, V = 0.75). However, it is quite far from the value 1; this means that all three VOIs, which were
obtained automatically, are not qualitatively close to the GS. After the manual correction of the
automatic contours, the DSC improved for all the software but the values of this index still remained ≤
0.9. For this organ we found a V from about +30% to -15% for AA and MA respectively that was
reduced to about 5% after the manual correction. The z values for rectum (before and after the
manual correction) underlined the difficulty of contouring the cranio-caudal limits of this structure. The
three software tended to give us CTV1 and bowel volumes smaller than the GS. VelocityAI had a lower
sensitivity index, also after manual correction, in comparison to the other two software.
Regarding the head and neck cases (Tab. 1.3), there were no statistically significance differences
between the three software for the CTV2, Larynx, and superior part of the larynx. Generally, after the
manual correction, ABAS showed a higher inclusiveness index whereas MIMVista a higher sensitivity.
From the V parameter analysis, we found that ABAS tended to underestimate the volume of the VOI,
while MIMVista and VelocitAI tended to overestimate it.
Finally, in the mesothelioma cases (Tab. 1.4), the sensitivity index was usually higher for ABAS,
before the manual correction, and for VelocityAI after the manual correction. Regarding the IncI index
statistically significant differences are present in both automatic and manually corrected contours: MIM
usually resulted to be the best software in both cases. For the automatic contours, the V ranged from
about +30% for the esophagus, to –10% for the intestine; these differences usually decreased after MC,
but sometimes remained high (i.e. CTV, esophagus, and spinal cord).
Due also to the low number of patients examined, applying the Holm-Bonferroni method,
none of the difference between the software would have been statistically significant. That is why we
reported in our Tables the p values obtained with the Wilcoxon test.
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Table 1.1 Mean time, for the five patients, for each tumour considered
Manual contouring
time (SD)

Software

Automatic
contouring time (SD)

Manual corrections
time (SD)

Automatic+corrections

PROSTATE

1.18.37 (0.09.23)

ABAS
MIM
VELOCITY AI

0.14.51 (0.00.39)
0.02.34 (0.00.12)
0.08.23 (0.00.16)

0.32.42 (0.06.37) * °
0.20.31 (0.05.12) * # +
0.28.35 (0.05.40) * °

* § =
* % =
* % §

HEAD & NECK

2.43.12 (0.48.21)

ABAS
MIM
VELOCITY AI

0.10.58 (0.02.21)
0.03.46 (0.00.35)
0.06.21 (0.00.37)

1.09.15 (0.13.49) * ° +
1.35.30 (0.17.11) * #
1.52.30 (0.5.46) * #

* § =
* %
* %

MESOTHELIOMA

1.21.02 (0.05.00)

ABAS
MIM
VELOCITY AI

0.08.32 (0.00.17)
0.02.35 (0.00.17)
0.06.47 (0.00.22)

0.50.24 (0.03.35) * ° #
0.56.00 (0.02.21) * #
0.59.36 (0.09.04) * #

* =
*
* %

Anatomical districts

- For manual corrections time:
"*" = vs Manual contour from scratch: p<0.05
"#" = vs Manual correction from ABAS: p<0.05
"°" = vs Manual correction from MIM: p<0.05
"+" = vs Manual correction from VelocityAI: p<0.05
- For automatic+corrections:
"*" = vs Manual contour from scratch: p<0.05
"%" = vs ABAS+ Manual correction from ABAS: p<0.05
"§" = vs MIM + Manual correction from MIM: p<0.05
"=" = vs Velocity AI + Manual correction from VelocityAI: p<0.05
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Table 1.2 Mean values and standard deviations of parameters that evaluate the countours generated by the three software,
before and after the manual correction, for each organ of the prostate patients.
AA
CTV1
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
CTV2
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Rectum
DSC, (SD)
Sensitivity, (SD)
IncI , (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Bladder
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Bowel
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Femoral head right
DSC, (SD)
Sensitivity, (SD)
IncI , (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)

0.86 (0.08)
0.82 (0.11)
0.92 (0.05)
-11.48 (7.83)
0.45 (0.33)
0.60 (0.64)
1.25 (1.44)

MA

VA

0.79 (0.05)
0.76 (0.14)
0.72 (0.11)
0.70 (0.20)
0.89 (0.07)
0.85 (0.06)
-17.83 (17.60) -17.70 (23.61)
0.35 (0.24)
0.38 (0.52)
0.93 (0.56)
0.68 (0.56)
3.18 (2.39)
1.88 (1.25)

AM

MM

0.88 (0.09)
0.85 (0.11)
0.91 (0.06)
-7.73 (6.32)
0.35 (0.24)
1.03 (1.01)
1.28 (1.02)

0.81 (0.04)
0.76 (0.09)
0.88 (0.03)
-13.15 (12.11)
0.55 (0.40)
0.83 (0.50)
2.23 (1.19)

VM
0.82 (0.02)
0.82 (0.07)
0.84 (0.07)
-1.30 (15.18)
0.85 (0.58)
0.88 (0.90)
2.20 (0.60)

p value

*
°

0.77 (0.06)
0.67 (0.12)
0.93 (0.06)
-27.46 (17.74)
1.63 (1.37)
3.54 (1.28)
1.28 (1.79)

0.86 (0.01)
0.87 (0.02)
0.85 (0.02)
2.54 (4.98)
0.45 (0.41)
2.58 (0.92)
1.28 (1.79)

0.83 (0.02)
0.84 (0.03)
0.82 (0.04)
2.78 (8.47)
0.35 (0.47)
2.55 (1.30)
1.90 (1.62)

0.87 (0.08)
0.86 (0.09)
0.88 (0.08)
-1.44 (8.11)
0.98 (1.13)
2.23 (2.62)
1.58 (1.90)

0.87 (0.01)
0.87 (0.03)
0.86 (0.03)
1.88 (7.6)
0.48 (0.41)
2.85 (0.93)
2.23 (1.85)

0.84 (0.01)
0.85 (0.03)
0.84 (0.02)
2.12 (6.31)
0.58 (0.22)
2.68 (1.03)
1.90 (1.63)

* ° =
* ° =
* #
* #

0.77 (0.07)
0.88 (0.06)
0.69 (0.11)
30.2 (24.30)
2.00 (1.78)
2.74 (1.81)
6.54 (5.33)

0.75 (0.09)
0.70 (0.17)
0.84 (0.06)
-15.38 (24.1)
2.14 (1.46)
1.36 (0.85)
6.02 (5.25)

0.75 (0.04)
0.72 (0.13)
0.79 (0.08)
-7.06 (23.65)
3.36 (1.70)
1.50 (1.71)
6.04 (4.16)

0.90 (0.07)
0.92 (0.08)
0.88 (0.07)
4.7 (10.10)
1.30 (2.11)
1.44 (1.15)
3.78 (4.05)

0.87 (0.05)
0.89 (0.05)
0.86 (0.09)
5.2 (13.88)
0.720 (0.71)
0.90 (0.30)
6.8 (3.71)

0.86 (0.05)
0.87 (0.07)
0.86 (0.09)
2.34 (16.64)
1.92 (1.70)
1.16 (0.76)
7.28 (5.11)

0.93 (0.03)
0.93 (0.03)
0.92 (0.06)
1.88 (8.29)
1.10 (0.16)
1.32 (1.53)
1.80 (0.66)

0.88 (0.07)
0.88 (0.12)
0.89 (0.04)
-1.70 (14.87)
0.46 (0.46)
3.42 (3.98)
2.02 (1.12)

0.72 (0.15)
0.67 (0.25)
0.89 (0.13)
-20.24 (43.21)
0.90 (0.67)
3.44 (4.06)
5.02 (2.92)

0.95 (0.04)
0.96 (0.03)
0.94 (0.04)
2.40 (3.90)
0.66 (0.53)
0.52 (0.56)
2.02 (2.28)

0.93 (0.02)
0.96 (0.03)
0.91 (0.03)
6.12 (5.89)
0.46 (0.46)
0.72 (0.57)
1.80 (1.19)

0.93 (0.02)
0.93 (0.05)
0.93 (0.05)
0.20 (8.79)
0.86 (1.01)
0.76 (0.34)
2.02 (1.43)

# °
=
+
=

* # ^
* °

^

^

0.83 (0.10)
0.79 (0.15)
0.89 (0.08)
-10.78 (17.74)
3.44 (2.63)
8.42 (3.68)
9.78 (10.21)

0.85 (0.09)
0.82 (0.14)
0.90 (0.04)
-9.12 (14.13)
2.58 (1.84)
6.88 (3.90)
9.78 (12.15)

0.88 (0.03)
0.88 (0.03)
0.88 (0.05)
-0.10 (6.50)
3.32 (3.06)
5.34 (3.72)
6.28 (4.43)

0.89 (0.12)
0.88 (0.18)
0.91 (0.05)
-3.38 (18.54)
2.16 (1.79)
4.20 (5.56)
6.02 (11.39)

0.92 (0.02)
0.94 (0.02)
0.91 (0.03)
2.36 (2.98)
2.98 (1.40)
7.48 (3.82)
0.26 (0.58)

0.87 (0.09)
0.84 (0.15)
0.91 (0.01)
-7.82 (15.27)
3.46 (3.36)
4.78 (5.87)
5.00 (11.18)

=
=

0.94 (0.04)
0.94 (0.05)
0.94 (0.04)
0.12 (4.98)
0.16 (0.36)
0.18 (0.25)
1.76 (1.11)

0.94 (0.02)
0.96 (0.02)
0.93 (0.03)
2.92 (4.63)
0.36 (0.21)
0.36 (0.38)
1.76 (1.70)

0.92 (0.03)
0.94 (0.03)
0.90 (0.04)
4.82 (4.53)
0.46 (0.49)
0.74 (0.51)
1.76 (2.09)

0.94 (0.04)
0.94 (0.05)
0.95 (0.04)
-0.18 (4.92)
0.16 (0.36)
0.26 (0.24)
1.78 (1.43)

0.94 (0.01)
0.95 (0.02)
0.93 (0.03)
2.76 (4.98)
0.36 (0.21)
0.36 (0.38)
2.02 (0.66)

0.93 (0.02)
0.95 (0.03)
0.91 (0.03)
4.22 (5.08)
0.64 (0.31)
0.92 (0.67)
2.04 (1.11)

# ° =
°
* # ° + ^=
°
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Femoral head left
DSC, (SD)
Sensitivity, (SD)
IncI , (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)

0.94 (0.04)
0.95 (0.04)
0.93 (0.05)
2.30 (5.73)
0.62 (0.91)
0.16 (0.36)
3.28 (1.91)

0.94 (0.03)
0.96 (0.02)
0.92 (0.05)
4.92 (6.06)
0.68 (0.67)
0.36 (0.38)
2.26 (1.85)

0.92 (0.02)
0.94 (0.02)
0.90 (0.04)
5.42 (6.47)
0.66 (0.49)
0.64 (0.31)
2.02 (1.92)

0.94 (0.04)
0.95 (0.04)
0.94 (0.05)
1.24 (6.01)
0.62 (0.91)
0.16 (0.36)
2.02 (1.43)

0.94 (0.02)
0.96 (0.02)
0.92 (0.04)
4.94 (5.70)
0.68 (0.67)
0.36 (0.38)
1.52 (1.04)

0.92 (0.03)
0.95 (0.03)
0.90 (0.05)
4.94 (7.35)
0.76 (0.44)
0.76 (0.51)
2.30 (1.37)

* # ^
° =
# ^
* # + ^

For automatic segmentation: *AA vs MA: p<0.043, #AA vs VA: p<0.043, °MA vs VA: p<0.043,
For automatic segmentation+ manual correction: +AM vs MM: p<0.043, ^AM vs VM: p<0.043, =MM vs VM: p<0.043
Abbreviations: CTV = Clinical target volume; SD = Standard deviation, DSC = DICE similarity coefficient, IncI = inclusiveness index,
AA = Abas Automatic, MA = MiM Automatic, VA = Velocity Automatic, AM = Abas Manual Correction, MM = MiM Manual
Correction, VM = Velocity Manual Correction

Table 1.3 Mean values and standard deviations of parameters that evaluate the contours generated by the three software,
before and after the manual correction, for each organ of the head and neck patients.

CTV1
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
CTV2
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Larynx
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Sup. Pharynx
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)

AA

MA

VA

AM

MM

VM

p value

0.68 (0.19)
0.73 (0.23)
0.64 (0.17)
14.10 (25.99)
2.62 (2.02)
2.58 (2.70)
5.40 (7.98)

0.67 (0.17)
0.76 (0.19)
0.61 (0.18)
25.92 (21.18)
2.92 (1.76)
2.66 (2.72)
5.70 (5.65)

0.66 (0.18)
0.74 (0.22)
0.60 (0.17)
23.28 (28.44)
2.44 (1.58)
2.86 (2.37)
5.10 (5.77)

0.72 (0.15)
0.79 (0.18)
0.67 (0.13)
17.72 (22.19)
2.12 (1.45)
2.60 (2.47)
5.40 (7.98)

0.76 (0.11)
0.85 (0.10)
0.69 (0.13)
24.94 (26.01)
2.70 (1.03)
2.74 (2.47)
3.60 (5.67)

0.71 (0.09)
0.81 (0.16)
0.65 (0.09)
27.40 (32.49)
2.88 (2.42)
5.30 (3.32)
4.80 (5.02)

#

0.84 (0.03)
0.85 (0.04)
0.83 (0.06)
3.50 (11.31)
2.95 (2.30)
2.38 (0.69)
1.50 (1.23)

0.83 (0.03)
0.86 (0.05)
0.81 (0.06)
7.40 (13.33)
2.85 (1.85)
3.73 (2.50)
1.50 (2.12)

0.81 (0.02)
0.85 (0.05)
0.78 (0.05)
10.00 (12.34)
3.08 (1.81)
2.53 (1.94)
1.88 (2.25)

0.85 (0.03)
0.86 (0.04)
0.83 (0.06)
4.45 (10.20)
2.48 (2.56)
2.23 (0.95)
1.50 (1.23)

0.84 (0.03)
0.88 (0.04)
0.81 (0.06)
8.38 (11.57)
2.95 (1.80)
3.60 (2.54)
1.88 (1.44)

0.82 (0.03)
0.86 (0.04)
0.78 (0.06)
10.68 (12.51)
3.38 (1.37)
2.90 (1.51)
2.63 (1.44)

0.86 (0.04)
0.87 (0.06)
0.86 (0.03)
1.43 (5.92)
0.65 (0.51)
0.38 (0.25)
5.63 (3.75)

0.87 (0.01)
0.88 (0.03)
0.85 (0.03)
3.85 (6.75)
0.38 (0.48)
0.75 (0.65)
9.75 (5.81)

0.82 (0.04)
0.85 (0.06)
0.80 (0.05)
5.83 (9.59)
0.88 (0.48)
0.40 (0.80)
3.75 (4.50)

0.90 (0.03)
0.92 (0.04)
0.87 (0.02)
5.15 (3.37)
0.90 (0.52)
0.38 (0.25)
0.75 (0.87)

0.89 (0.02)
0.93 (0.01)
0.85 (0.02)
8.55 (1.93)
0.53 (0.61)
0.50 (0.58)
1.50 (1.23)

0.86 (0.05)
0.91 (0.02)
0.82 (0.08)
11.20 (11.32)
0.50 (0.00)
0.90 (0.52)
0.75 (1.50)

0.36 (0.22)
0.49 (0.38)
0.42 (0.14)
27.70 (90.39)
1.18 (1.41)
1.88 (1.38)
6.00 (3.24)

0.35 (0.12)
0.33 (0.13)
0.57 (0.05)
0.50 (0.14)
0.52 (0.11)
0.51 (0.35)
0.47 (0.32)
0.74 (0.10)
0.80 (0.11)
0.76 (0.11)
0.42 (0.26)
0.40 (0.23)
0.49 (0.13)
0.40 (0.20)
0.42 (0.19)
67.50 (125.10) 57.25 (112.28) 61.63 (48.64) 146.60 (134.73) 107.58 (96.01)
1.43 (1.27)
1.73 (2.45)
0.98 (0.95)
0.75 (0.50)
1.03 (0.82)
1.90 (1.04)
3.23 (3.78)
1.13 (0.90)
1.48 (1.63)
1.88 (1.74)
6.75 (3.12)
4.88 (3.75)
3.00 (1.73)
4.50 (2.12)
3.38 (3.09)
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* #

Mid. Pharynx
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Inf. Pharynx
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Thyroid
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)

patients.

Masticator space right
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Masticator Space left
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Mandible
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Spinal cord
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)

0.57 (0.10)
0.52 (0.12)
0.65 (0.13)
-18.94 (18.43)
0.60 (0.82)
3.32 2.64()
4.20 (4.55)

0.56 (0.13)
0.57 (0.17)
0.56 (0.12)
4.62 (27.73)
0.80 (0.45)
2.78 (1.08)
3.90 (4.70)

0.43 (0.19)
0.44 (0.19)
0.44 (0.21)
4.12 (37.64)
1.20 (1.11)
2.64 (2.256)
4.80 (5.13)

0.61 (0.09)
0.59 (0.12)
0.64 (0.10)
-7.48 (16.77)
0.90 (0.82)
3.02 (2.78)
4.20 (4.42)

0.60 (0.12)
0.68 (0.15)
0.55 (0.13)
27.38 (34.84)
0.80 (0.45)
2.76 (2.32)
5.40 (4.81)

0.62 (0.12)
0.64 (0.13)
0.61 (0.11)
4.66 (9.21)
0.70 (0.57)
1.68 (1.29)
5.10 (5.37)

0.65 (0.07)
0.66 (0.05)
0.59 (0.08)
0.65 (0.08)
0.75 (0.11)
0.69 (0.07)
-20.04 (15.57) -5.58 (17.12)
1.12 (0.44)
0.72 (0.47)
2.06 (2.28)
1.62 (1.63)
3.90 (3.29)
2.70 (1.26)

0.63 (0.07)
0.60 (0.09)
0.66 (0.09)
-7.46 (16.01)
0.90 (0.65)
1.38 (1.43)
3.00 (3.82)

0.71 (0.04)
0.67 (0.04)
0.75 (0.10)
-9.96 (14.02)
0.60 (0.55)
1.90 (2.12)
4.50 (3.52)

0.72 (0.03)
0.72 (0.10)
0.72 (0.05)
1.62 (19.64)
0.50 (0.50)
1.52 (0.61)
4.20 (2.47)

0.72 (0.04)
0.73 (0.07)
0.72 (0.09)
3.22 (18.60)
0.70 (0.48)
1.28 (2.07)
2.70 (3.25)

0.73 (0.11)
0.79 (0.15)
0.69 (0.11)
14.86 (23.01)
0.98 (0.82)
1.18 (1.06)
3.00 (2.37)

0.77 (0.06)
0.81 (0.10)
0.75 (0.10)
10.34 (28.54)
1.26 (1.51)
0.98 (0.90)
2.10 (2.28)

0.73 (0.07)
0.79 (0.08)
0.70 (0.11)
15.70 (26.54)
1.48 (1.37)
1.68 (2.12)
1.50 (1.50)

0.81 (0.05)
0.86 (0.08)
0.78 (0.10)
14.00 (25.25)
0.50 (0.00)
0.70 (0.45)
2.70 (2.47)

0.82 (0.06)
0.84 (0.05)
0.81 (0.10)
5.72 (17.65)
0.70 (0.98)
0.40 (0.42)
1.20 (1.96)

0.82 (0.05)
0.84 (0.04)
0.80 (0.07)
5.98 (9.27)
1.56 (1.93)
0.60 (0.55)
2.10 (1.34)

^

0.80 (0.04)
0.79 (0.07)
0.84 (0.10)
-3.52 (21.72)
0.82 (0.58)
1.12 (0.69)
3.30 (1.64)

0.82 (0.03)
0.84 (0.03)
0.80 (0.03)
4.74 (3.43)
1.00 (0.5)
1.20 (0.99)
4.80 (5.13)

0.80 (0.03)
0.80 (0.06)
0.80 (0.02)
-0.62 (6.99)
0.82 (0.58)
1.20 (1.29)
5.40 (4.70)

0.85 (0.02)
0.83 (0.07)
0.86 (0.05)
-3.16 (12.28)
0.50 (0.71)
1.02 (0.36)
2.70 (0.67)

0.84 (0.04)
0.91 (0.02)
0.79 (0.07)
16.28 (12.24)
0.90 (0.82)
1.78 (1.85)
3.00 (3.52)

0.84 (0.02)
0.86 (0.03)
0.82 (0.02)
5.14 (2.48)
0.82 (0.30)
1.30 (1.19)
2.70 (1.64)

°
° + =
+ ^
° =

0.79 (0.05)
0.72 (0.08)
0.89 (0.05)
-18.64 (12.32)
0.84 (1.34)
2.26 (1.85)
3.00 (2.60)

0.81 (0.05)
0.79 (0.08)
0.85 (0.01)
-7.02 (10.16)
1.02 (0.65)
1.76 (1.27)
6.00 (5.09)

0.77 (0.05)
0.73 (0.09)
0.82 (0.01)
-10.58 (12.18)
1.02 (0.82)
2.12 (0.80)
6.00 (5.91)

0.86 (0.02)
0.82 (0.05)
0.90 (0.02)
-8.30 (5.83)
1.040 (0.96)
1.820 (1.08)
2.40 (0.82)

0.86 (0.03)
0.89 (0.03)
0.83 (0.07)
8.26 (10.51)
0.92 (0.58)
2.52 (2.76)
3.00 (4.37)

0.85 (0.02)
0.86 (0.04)
0.84 (0.03)
3.00 (5.82)
0.62 (0.69)
1.94 (1.37)
2.40 (1.34)

* # °
* ° + ^
° + ^
° + ^

0.89 (0.02)
0.87 (0.05)
0.92 (0.02)
-4.76 (7.12)
0.30 (0.27)
0.30 (0.27)
0.60 (0.82)

0.86 (0.02)
0.86 (0.04)
0.86 (0.05)
-0.48 (9.51)
0.60 (0.42)
0.40 (0.22)
0.30 (0.67)

0.84 (0.02)
0.82 (0.04)
0.86 (0.06)
-3.60 (12.00)
0.50 (0.35)
0.50 (0.35)
1.20 (1.26)

0.90 (0.02)
0.88 (0.04)
0.92 (0.02)
-3.88 (6.02)
0.30 (0.27)
0.30 (0.27)
0.90 (0.82)

0.89 (0.02)
0.92 (0.03)
0.86 (0.05)
7.06 (9.05)
0.70 (0.57)
0.30 (0.27)
0.60 (0.82)

0.89 (0.02)
0.92 (0.03)
0.87 (0.05)
7.02 (8.78)
0.30 (0.27)
0.20 (0.27)
0.60 (0.82)

*
+ ^
* # + ^

0.70 (0.10)
0.60 (0.14)
0.89 (0.07)
-32.46 (19.30)
0.80 (0.45)
3.62 (6.98)
7.80 (11.74)

0.81 (0.05)
0.78 (0.10)
0.86 (0.07)
-9.00 (16.93)
0.60 (0.22)
4.88 (7.20)
7.20 (12.79)

0.78 (0.06)
0.75 (0.08)
0.83 (0.08)
-8.40 (14.92)
0.92 (0.66)
2.78 (3.96)
6.00 (10.92)

0.84 (0.02)
0.78 (0.05)
0.91 (0.05)
-13.18 (9.26)
1.00 (0.80)
0.92 (0.43)
0.60 (0.82)

0.87 (0.01)
0.87 (0.03)
0.87 (0.02)
0.66 (4.55)
0.90 (0.42)
0.32 (0.72)
0.30 (0.67)

0.86 (0.01)
0.88 (0.04)
0.84 (0.03)
5.52 (8.34)
0.30 (0.27)
0.62 (0.59)
0.00 (0.00)

*
* #
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°
* #
* +

*
# ^
* #

°
°

* # + ^

Parotid gland right
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Parotid gland left
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Cochlea right
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Cochlea left
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Brain stem
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)
Esophagus
DSC, (SD)
Sensitivity, (SD)
IncI, (SD)
V (%), (SD)
x (mm), (SD)
y (mm), (SD)
z (mm), (SD)

0.78 (0.08)
0.79 (0.13)
0.80 (0.11)
-1.06 (21.92)
1.50 (1.00)
6.46 (7.06)
2.40 (0.82)

0.79 (0.07)
0.82 (0.12)
0.77 (0.09)
8.96 (21.67)
1.62 (1.24)
5.64 (5.66)
2.40 (0.82)

0.73 (0.08)
0.79 (0.16)
0.71 (0.08)
13.02 (29.54)
2.02 (1.06)
6.58 (6.25)
3.60 (2.51)

0.80 (0.06)
0.82 (0.12)
0.80 (0.09)
4.40 (22.94)
1.96 (1.79)
6.4 (7.11)
1.80 (1.26)

0.82 (0.05)
0.86 (0.10)
0.79 (0.07)
10.40 (18.23)
1.62 (1.24)
4.32 (6.34)
1.50 (1.06)

0.80 (0.05)
0.84 (0.10)
0.79 (0.10)
9.14 (23.61)
1.94 (1.19)
5.76 (7.04)
1.20 (1.64)

# ° =
+
#
*

0.79 (0.07)
0.77 (0.11)
0.82 (0.07)
-5.84 (17.41)
2.00 (1.46)
1.68 (2.21)
3.60 (2.73)

0.78 (0.08)
0.79 (0.11)
0.77 (0.11)
4.44 (20.36)
2.46 (1.23)
2.60 (1.37)
3.30 (2.68)

0.73 (0.04)
0.77 (0.05)
0.69 (0.04)
12.96 (4.75)
2.12 (1.43)
2.12 (1.76)
4.50 (1.50)

0.80 (0.07)
0.79 (0.11)
0.82 (0.09)
-1.88 (21.29)
2.12 (1.62)
1.38 (1.60)
2.70 (1.96)

0.81 (0.06)
0.83 (0.09)
0.80 (0.11)
6.54 (21.64)
2.08 (1.46)
0.78 (1.21)
3.60 (2.73)

0.81 (0.05)
0.85 (0.07)
0.78 (0.08)
9.78 (14.61)
3.08 (1.75)
1.38 (2.00)
2.70 (2.23)

°
^
#
*
^

0.63 (0.13)
0.59 (0.17)
0.71 (0.17)
-5.28 (6.84)
0.90 (0.42)
1.38 (1.77)
0.50 (0.71)

0.63 (0.17)
0.68 (0.24)
0.64 (0.23)
16.94 (54.41)
0.72 (0.47)
1.38 (1.20)
0.90 (0.82)

0.46 (0.16)
0.80 (0.03)
0.42 (0.13)
0.77 (0.09)
0.55 (0.25)
0.88 (0.09)
-15.74 (23.04) -7.36 (17.40)
1.28 (1.11)
0.42 (0.24)
1.60 (1.90)
0.40 (0.42)
2.40 (2.01)
0.40 (0.65)

0.77 (0.10)
0.84 (0.11)
0.72 (0.07)
17.9 (21.82)
0.62 (0.69)
0.30 (0.27)
0.30 (0.67)

0.69 (0.07)
0.80 (0.10)
0.64 (0.14)
33.98 (49.56)
0.72 (0.88)
0.72 (0.30)
0.90 (0.82)

# ° ^
# °
# + ^
+

0.52 (0.16)
0.45 (0.22)
0.87 (0.10)
-51.04 (29.55)
1.00 (0.50)
0.40 (0.42)
0.90 (0.82)

0.69 (0.10)
0.69 (0.13)
0.70 (0.15)
6.06 (30.04)
0.60 (0.42)
0.40 (0.42)
1.00 (1.28)

0.59 (0.07)
0.58 (0.07)
0.63 (0.13)
-5.40 (13.70)
1.00 (0.71)
0.90 (0.55)
1.00 (1.28)

0.78 (0.07)
0.69 (0.09)
0.92 (0.05)
-23.32 (10.44)
0.30 (0.27)
0.60 (0.55)
0.30 (0.67)

0.78 (0.04)
0.81 (0.05)
0.76 (0.09)
10.24 (12.62)
0.40 (0.22)
0.20 (0.45)
1.20 (1.26)

0.72 (0.07)
0.75 (0.08)
0.72 (0.16)
11.50 (34.88)
0.50 (0.50)
1.00 (0.50)
0.40 (0.65)

°
* +
* # + ^
* + ^

0.80 (0.07)
0.74 (0.09)
0.89 (0.06)
-17.50 (8.23)
0.70 (0.57)
1.40 (0.82)
2.40 (3.29)

0.81 (0.11)
0.76 (0.17)
0.89 (0.03)
-14.36 (19.96)
1.32 (0.78)
1.76 (0.80)
3.00 (3.82)

0.77 (0.15)
0.73 (0.22)
0.85 (0.03)
-13.68 (26.28)
1.12 (0.69)
1.88 (0.74)
4.20 (4.67)

0.88 (0.02)
0.86 (0.04)
0.90 (0.02)
-4.54 (6.22)
0.60 (0.22)
0.68 (0.82)
0.90 (0.82)

0.88 (0.03)
0.86 (0.08)
0.90 (0.03)
-4.00 (10.88)
0.92 (0.86)
0.90 (1.34)
0.90 (1.34)

0.89 (0.03)
0.89 (0.03)
0.88 (0.04)
1.44 (1.75)
1.04 (1.02)
1.10 (0.67)
0.30 ()

0.63 (0.10)
0.57 (0.15)
0.76 (0.12)
-21.68 (29.94)
1.12 (0.42)
3.84 (5.83)
7.80 (11.64)

0.65 (0.15)
0.57 (0.19)
0.79 (0.09)
-27.04 (26.22)
1.38 (1.05)
4.54 (6.48)
7.50 (12.68)

0.64 (0.13)
0.63 (0.17)
0.67 (0.11)
-5.92 (23.75)
1.54 (0.86)
3.66 (3.77)
6.60 (10.64)

0.83 (0.05)
0.85 (0.06)
0.82 (0.10)
5.62 (18.34)
0.60 (0.65)
0.82 (0.84)
1.50 (1.06)

0.84 (0.06)
0.87 (0.04)
0.82 (0.11)
8.26 (18.26)
0.80 (0.57)
1.12 (0.76)
1.20 (1.26)

0.83 (0.06)
0.88 (0.02)
0.79 (0.10)
12.04 (12.37)
1.00 (0.79)
0.72 (0.79)
1.20 (1.26)

=

^

°

For automatic segmentation: *AA vs MA: p<0.043, #AA vs VA: p<0.043, °MA vs VA: p<0.043,
For automatic segmentation+ manual correction: +AM vs MM: p<0.043, ^AM vs VM: p<0.043, =MM vs VM: p<0.043
Abbreviations: CTV = Clinical target volume; SD = Standard deviation, DSC = DICE similarity coefficient, IncI = inclusiveness index,
AA = Abas Automatic, MA = MiM Automatic, VA = Velocity Automatic, AM = Abas Manual Correction, MM = MiM Manual
Correction, VM = Velocity Manual Correction
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Table 1.4 Mean values and standard deviations of parameters that evaluate the contours generated by the three software, before and
after the manual correction, for each organ of the mesothelioma patients.
AA
CTV
DSC, (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Contro lateral lung
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Esophagus
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Heart
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Intestine
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Liver
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Kidney left
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)

MA

VA

AM

MM

VM

p value

0.85 (0.02)
0.92 (0.03)
0.79 (0.02)
15.54 (1.53)
3.42 (4.20)
3.82 (3.60)
4.00 (4.87)

0.86 (0.02)
0.90 (0.02)
0.82 (0.02)
9.26 (2.06)
3.42 (2.79)
3.92 (3.61)
4.00 (4.87)

0.85 (0.02)
0.91 (0.02)
0.80 (0.02)
13.48 (2.45)
4.10 (2.24)
3.52 (3.90)
4.50 (4.80)

0.85 (0.02)
0.92 (0.03)
0.80 (0.02)
14.90 (1.45)
4.20 (4.24)
3.54 (3.69)
4.00 (3.35)

0.94 (0.04)
0.93 (0.03)
0.95 (0.06)
-1.78 (4.95)
0.98 (1.24)
1.78 (1.56)
0.50 (1.12)

0.91 (0.02)
0.94 (0.03)
0.87 (0.02)
8.10 (3.04)
3.40 (2.51)
2.36 (1.51)
0.00 (0.00)

+ ^
* ° ^
* ° + ^ =
* ° + ^ =
=

0.95 (0.03)
0.93 (0.05)
0.97 (0.02)
-4.66 (5.16)
0.70 (0.67)
2.46 (2.59)
7.50 (7.07)

0.94 (0.03)
0.90 (0.06)
0.99 (0.01)
-8.68 (6.59)
0.40 (0.55)
2.46 (2.59)
7.50 (7.07)

0.94 (0.02)
0.92 (0.04)
0.96 (0.020)
-4.16 (5.43)
0.88 (1.43)
2.24 (2.50)
10.00 (7.91)

0.97 (0.01)
0.97 (0.01)
0.97 (0.02)
0.14 (3.36)
1.48 (2.22)
1.30 (0.67)
1.88 (3.75)

0.98 (0.01)
0.97 (0.01)
0.98 (0.03)
-1.24 (3.51)
0.60 (0.42)
0.90 (0.96)
1.88 (3.75)

0.99 (0.01)
0.99 (0.01)
0.99 (0.01)
-0.52 (0.98)
0.00 (0.00)
0.00 (0.00)
0.00 (0.00)

^ =
° ^ =
* °
* °

0.68 (0.08)
0.78 (0.08)
0.61 (0.13)
32.92 (31.51)
3.82 (2.46)
2.74 (2.78)
7.50 (7.29)

0.67 (0.08)
0.69 (0.10)
0.67 (0.13)
6.80 (25.74)
2.36 (1.84)
2.54 (2.84)
8.00 (6.94)

0.62 (0.03)
0.73 (0.09)
0.54 (0.07)
37.98 (28.67)
2.92 (2.49)
2.26 (2.33)
7.00 (6.47)

0.69 (0.08)
0.79 (0.08)
0.62 (0.13)
33.46 (32.52)
3.34 (1.87)
2.74 (2.77)
7.50 (7.29)

0.83 (0.12)
0.80 (0.13)
0.86 (0.12)
-5.98 (11.80)
1.30 (0.76)
1.18 (1.81)
5.00 (7.32)

0.76 (0.02)
0.84 (0.07)
0.70 (0.06)
21.22 (17.13)
1.40 (0.55)
2.16 (2.92)
5.50 (7.37)

0.88 (0.03)
0.86 (0.09)
0.91 (0.04)
-4.48 (14.19)
1.26 (1.04)
1.78 (1.22)
2.50 (1.77)

0.87 (0.05)
0.82 (0.10)
0.93 (0.04)
-11.40 (13.81)
1.18 (0.80)
1.58 (1.26)
3.50 (2.85)

0.88 (0.05)
0.86 (0.10)
0.90 (0.03)
-4.58 (14.07)
1.20 (0.45)
1.76 (1.48)
3.50 (2.24)

0.90 (0.01)
0.89 (0.06)
0.91 (0.05)
-1.50 (11.80)
1.38 (0.99)
1.86 (1.25)
3.00 (2.09)

0.94 (0.01)
0.93 (0.03)
0.96 (0.04)
-2.30 (6.80)
0.80 (0.45)
1.08 (1.10)
1.50 (1.37)

0.95 (0.01)
0.94 (0.02)
0.96 (0.02)
-2.02 (4.08)
1.58 (0.93)
1.28 (0.72)
2.00 (2.09)

+ ^
* ° ^
* ^
* °

0.77 (0.13)
0.75 (0.21)
0.85 (0.09)
-9.54 (30.30)
2.94 (1.36)
4.12 (4.23)
11.50 (8.40)

0.74 (0.15)
0.68 (0.21)
0.86 (0.08)
-19.36 (29.33)
4.90 (4.77)
4.20 (4.05)
12.00 (7.37)

0.77 (0.13)
0.74 (0.21)
0.84 (0.10)
-9.7 (31.47)
4.52 (5.51)
4.70 (3.83)
12.00 (7.16)

0.87 (0.03)
0.90 (0.05)
0.86 (0.07)
5.46 (14.22)
2.08 (1.21)
1.86 (1.55)
3.00 (4.11)

0.93 (0.04)
0.90 (0.06)
0.97 (0.03)
-7.48 (5.73)
1.58 (1.05)
1.48 (0.67)
0.00 (0.00)

0.93 (0.02)
0.95 (0.01)
0.92 (0.04)
2.98 (5.13)
1.08 (1.10)
1.86 (2.54)
1.00 (1.37)

+ ^
* ° ^
* ° + ^ =
* ° + =
^

0.93 (0.02)
0.92 (0.02)
0.93 (0.03)
-0.80 (2.10)
3.24 (2.53)
1.28 (1.11)
1.50 (2.24)

0.93 (0.03)
0.90 (0.03)
0.95 (0.04)
-5.08 (2.16)
2.64 (1.81)
1.56 (1.09)
3.50 (2.85)

0.90 (0.01)
0.92 (0.03)
0.88 (0.02)
5.44 (4.93)
3.80 (2.26)
1.38 (0.70)
4.50 (3.26)

0.93 (0.03)
0.93 (0.03)
0.93 (0.03)
0.00 (2.29)
2.16 (1.90)
1.18 (1.27)
2.50 (1.77)

0.97 (0.02)
0.95 (0.03)
0.98 (0.02)
-2.96 (2.41)
0.60 (0.65)
0.60 (0.55)
1.00 (1.37)

0.95 (0.02)
0.96 (0.02)
0.94 (0.03)
2.26 (4.28)
0.70 (0.45)
1.00 (0.70)
1.00 (1.37)

# ° +
^
* # ° + =
* ° + =

0.89 (0.02)
0.88 (0.05)
0.89 (0.02)
-0.98 (7.21)
0.90 (0.74)

0.87 (0.03)
0.84 (0.06)
0.90 (0.03)
-7.40 (8.71)
1.10 (0.65)

0.81 (0.06)
0.81 (0.12)
0.82 (0.04)
-1.40 (15.64)
1.30 (0.57)

0.91 (0.01)
0.93 (0.02)
0.88 (0.02)
4.90 (4.36)
0.80 (0.57)

0.95 (0.02)
0.92 (0.03)
0.98 (0.03)
-6.08 (3.41)
0.50 (0.50)

0.92 (0.02)
0.91 (0.02)
0.93 (0.04)
-1.10 (5.61)
1.00 (0.79)

* # ° =
* #
* # ° + =
* +
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^

^

# °
* #
* ° + =
* ° + =
^
+

y (mm). (SD)
z (mm). (SD)
Kidney right
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Spinal cord
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)
Spleen
DSC. (SD)
Sensitivity. (SD)
IncI. (SD)
V (%). (SD)
x (mm). (SD)
y (mm). (SD)
z (mm). (SD)

0.60 (0.42)
2.00 (1.12)

0.70 (0.84)
4.00 (2.85)

1.18 (1.11)
6.50 (5.18)

0.40 (0.22)
1.50 (1.37)

0.20 (0.27)
0.00 (0.00)

0.50 (0.36)
0.00 (0.00)

0.89 (0.02)
0.88 (0.04)
0.90 (0.05)
-1.92 (9.47)
1.46 (1.13)
0.60 (0.55)
3.50 (2.85)

0.86 (0.04)
0.83 (0.06)
0.91 (0.05)
-8.68 (8.81)
1.06 (1.24)
0.70 (0.45)
3.00 (4.11)

0.83 (0.05)
0.81 (0.10)
0.86 (0.09)
-4.30 (17.24)
1.10 (0.74)
1.08 (1.70)
5.00 (6.37)

0.91 (0.02)
0.93 (0.03)
0.89 (0.05)
4.28 (7.74)
0.80 (0.76)
0.60 (0.55)
1.00 (1.37)

0.95 (0.02)
0.91 (0.03)
0.99 (0.02)
-7.72 (1.43)
0.60 (0.42)
0.50 (0.35)
0.50 (1.12)

0.93 (0.01)
0.92 (0.02)
0.94 (0.02)
-2.46 (3.08)
0.50 (0.71)
0.80 (0.57)
0.50 (1.12)

#
#
# ° + ^ =
+ ^ =

0.71 (0.07)
0.65 (0.15)
0.82 (0.15)
-15.72 (32.61)
1.00 (0.61)
4.70 (5.93)
22.00 (23.21)

0.69 (0.08)
0.61 (0.16)
0.85 (0.13)
-24.9 (31.50)
0.80 (0.27)
4.40 (4.90)
22.00 (22.87)

0.74 (0.06)
0.74 (0.16)
0.78 (0.12)
-0.72 (34.59)
0.40 (0.42)
4.02 (4.06)
21.50 (21.84)

0.73 (0.04)
0.69 (0.12)
0.83 (0.14)
-12.86 (31.11)
1.00 (0.61)
4.70 (5.93)
9.00 (8.94)

0.83 (0.02)
0.72 (0.18)
1.00 (0.00)
-27.76 (18.01)
0.30 (0.45)
0.80 (0.67)
3.00 (4.11)

0.86 (0.05)
0.85 (0.11)
0.88 (0.06)
-3.02 (16.70)
0.40 (0.65)
0.2 (0.27)
1.00 (2.24)

# ° ^
* # ° ^
* # ° + =
* # ° =

0.92 (0.01)
0.90 (0.00)
0.93 (0.02)
-3.85 (2.04)
0.75 (0.65)
2.58 (2.89)
2.50 (2.04)

0.90 (0.03)
0.86 (0.03)
0.96 (0.03)
-10.38 (2.89)
0.88 (0.48)
2.95 (2.61)
1.88 (2.93)

0.84 (0.04)
0.88 (0.02)
0.80 (0.06)
9.90 (10.45)
1.00 (0.41)
3.58 (3.49)
3.75 (2.23)

0.93 (0.01)
0.92 (0.01)
0.94 (0.01)
-3.00 (1.12)
1.48 (0.78)
1.73 (1.51)
1.25 (1.44)

0.95 (0.02)
0.92 (0.02)
0.99 (0.02)
-6.73 (1.16)
0.50 (0.00)
1.00 (0.58)
0.00 (0.00)

0.94 (0.01)
0.94 (0.01)
0.93(0.03)
1.18 (4.04)
0.75 (0.64)
1.75 (0.29)
1.88 (2.39)

# ° =
^
* # ° +
* +

For automatic segmentation: *AA vs MA: p<0.043, #AA vs VA: p<0.043, °MA vs VA: p<0.043,
For automatic segmentation+ manual correction: +AM vs MM: p<0.043, ^AM vs VM: p<0.043, =MM vs VM: p<0.043
Abbreviations: CTV = Clinical target volume; SD = Standard deviation, DSC = DICE similarity coefficient, IncI = inclusiveness index,
AA = Abas Automatic, MA = MiM Automatic, VA = Velocity Automatic, AM = Abas Manual Correction, MM = MiM Manual
Correction, VM = Velocity Manual Correction

1.4 DISCUSSION
The need to re-plan and adapt the treatment to internal anatomy variations due to tumor
shrinkage and shape deformation (Schaly et al 2004)(Hansen et al 2006) has increased over the years in
order to better use the performances of highly conformal treatment techniques. However, this modality
is very time-consuming. In order to reduce the commitment of medical staff in delineating target and
ROI’s for the modifications of the volumes to draw, systems for the automatic contouring have been
increasingly developed. The use of atlas-based tools to delineate OARs for cancer sites including head
and neck (Piper 2007)(Teguh et al 2011), breast (Reed et al 2009), endometrium (Young et al 2011) and
prostate (Hwee et al 2011) have shown to reduce volume delineation variability and the total time
required to contour. The reduction of intra- and inter-observer variability is a very important goal
related to the automated contouring issue due to the impact that this variability may have on the quality
of the treatment plan. In this study, we compared three different commercial software solutions for
atlas-based auto-contouring through a comparison with manual delineation of target and OAR in three
tumor sites. For the purpose of this study, the contours of manually-generated VOIs on pCT were
taken as a reference atlas. These were then compared to the VOIs (contours) automatically generated
by A, M and V, and successively corrected manually. This procedure has shown to be able to save time
although the AC must be re-checked and corrected manually by physicians: on average, about 40
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minutes were saved for the high-risk prostate patients, one hour for the head and neck patients, and 20
minutes for the mesothelioma cases.
Regarding the prostate cases, the auto-segmentation module faces the same problems as the
clinicians when drawing the prostate: a) in the cranial direction there is poor or no contrast on CT
between the base of the prostate and the bladder, b) in the caudal direction, there is poor or no contrast
between the apex of the prostate and the rectum. As in the correction/re-planning of the prostate
plans, the volumes that needed more corrections were the rectum, the CTV and the bowel. The
volumes closer to the gold standard were the femoral heads and the bladder. It was noted that the most
cranial and caudal slices of all volumes underwent more changes leading to greater intra-observer
variability. This was especially true for some organs, such as the rectum (Fig. 1.2) (i.e. we found that
also after the manual correction, the V and z parameter can remain significant for some organs). For
the GS, the rectum was contoured according to the guidelines (National Comprehensive Cancer
Network 2004) and for the AC, these anatomic limits were not always respected. This may lead the
intra-observer variability: the AC could bring us to correct a contour that is a bias for the physician.

Fig. 1.2 Patient manually contoured from scratch (red), automatically segmented (green) by the three software and corrected
after automatic segmentation (yellow) for a prostate patient, an head and neck case, and a malignant mesothelioma cancer.
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As regards the head and neck district the first consideration to do is that the re-planning CT
was performed without contrast media; surely this would have been helpful for the physician for target
delineation and most probably for the three software too. Nonetheless results both in terms of time
and of contouring accuracy are good and promising. All three software significantly reduced the time
needed to re-plan the VOIs in comparison to the time needed to re-plan the same VOIs from scratch
(GS). Indeed both the automatic contouring time, the manual correction time and their sum are
statistically shorter than the gold standard contouring time. Each software allows a time sparing of 1
hour, a length that is surely relevant in a daily clinical activity. The significant differences found among
the times provided by the three software, including manual corrections, can be explained in part with
the fact that the referring contouring physician for the head and neck district had been using one of
them in his clinical practice during the months preceding the analysis. When evaluating quality
according to the established parameters, ∆V, ∆x,y,z, DICE similarity coefficient, sensitivity and
inclusiveness indexices, VOIs generated with the automatic contouring and VOIs manually corrected
from automatic contouring compares favourably with their corresponding gold standard VOIs. Indeed
even lower scores of the quality indexes are in an acceptable range. As for the prostate cases, we found
a volume variation between the GS VOIs and the automatic generated manually corrected VOIs in
particular for CTVs, for organs with not-precisely-defined boundaries such as the superior pharynx and
for organs of small volume such as cochlea. This intra-observer variability is a well-known
phenomenon of the radiotherapy planning more evident when there are not anatomical points of
reference. Variation in the position of the mass centre is particularly evident for the z axis both for
automatic generated and manually corrected automatic generated but it is limited to the length of a
couple of slices. As expected, scores of DICE similarity coefficient, sensitivity and inclusiveness
indexes for automatic generated manually corrected are better than the automatic generated
corresponding ones, pointing out the necessity of correction from a physician of the automatic
generated VOIs.
In the mesothelioma cases the bowel required some work to be re-contoured manually
particularly in the most cranial and caudal slices. Moreover, thoracic cavity showed some differences
probably for a different content of air cavities, requesting some more manual interventions.
The accuracy evaluated with sensitivity, inclusiveness and DSC indexes, and the other
volumetric parameters, has shown that there wasn’t one of the three software that was always better
than the other: depending on the VOI, parameter and kind of cancer considered, from time to time a
software can be better than another. And, even more importantly, not necessarily a statistically
significant difference between the software leads to a clinically relevant difference. Looking at the data
reported in our table (Tables 1.2, 1.3 and 1.4), it is up to the clinician to assess what might be the most
suitable software for the specific patient/protocol.
Moreover, the three commercial software solutions have other differences that were not
evaluated in this study. We can observe that A is the only one that doesn’t have its own contouring
tools. In addition, both V and M have tools for the deformable registration of CT images, cumulative
dose volume histogram calculation, and V manages also the deformable registration of MRI with CT
images (useful for treatment planning on brain, prostate and for paediatric patients), but we didn’t test
the reliability of such tools.
In the context of on-line adaptive treatment, both automatic delineation of CTV and OARs are
important. In general, we can say the higher the sensitivity of the OARs automatic segmentation, the
lower the risk for over-irradiation of the organs; the higher the sensitivity of the CTV segmentation, the
lower the risk for under-irradiation of tumor tissue. On the other hand, as discussed by Tsuji et al.
(Tsuji et al 2010), it is difficult to determine a priori whether automatic contours have acceptable
accuracy because the importance lays also in the dosimetry of their resultant plans. Tsuji et al. found
differences in target coverage and conformality with a similar range of DSC and also Voet et al. (Voet et
al 2011) found under-dosages in the PTV of up to 11 Gy even for DSC coefficients of 0.8. On the
other hand, in the Tsuji et al.’s statistical analysis, a significant correlation between the overlapping
index, what we call “sensitivity index”, and the target coverage was shown. Tsuji et al. concluded that
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because of its stronger correlation with target coverage, the sensitivity index may be a better initial
measure to predict contour utility, as opposed to DSC.
As underlined in the literature (Zhang et al 2007), mapping planning contours to daily diagnostic
CT images, instead of daily MVCT or kV CT, would facilitate adaptive re-planning. Deformable image
registration relies on image quality. In the present study, we used CT images from a fan-beam CT
scanner. Our current automatic ROI delineation method can be directly applied to IGRT by CT-on-rail
positioned in the treatment room. The image quality of Cone beam CT-CBCT is inferior to that of a
fan-beam CT scanner. More importantly, the signal/noise ratio is dramatically low compared to the one
of regular fan-beam CT images. If the contours are available on daily CT images, dose–volume
histograms can be calculated to evaluate the necessity of re-planning, or the contours can be used
directly for intensity-modulated RT optimization. In addition, the daily dose distribution can be
transformed back to the planning CT scan by using the same deformable image registration method to
compare to the original plan and to estimate the cumulative doses delivered to the patient.
1.5 CONCLUSIONS
The automated contouring workflow was shown to be significantly shorter than the manual
contouring process from scratch, even though manual correction of the VOIs is always needed. For the
H&N district, a clinician can save about one hour, for a prostate patient, the time saved is about 40
minutes, and for a mesothelioma patient about 20 minutes. The differences, both in time and quality,
between the software were statistically significant in many cases, but the absolute values of such
differences are often modest, and their clinical impact is difficult to predict.
1.6 SUMMARY
Purpose: To evaluate, in the context of adaptive radiotherapy, three commercial software solutions
for atlas-based segmentation through a comparison with manual delineation of clinical target and
organs at risk volumes in three tumor sites.
Materials and methods: Fifteen patients, five for each group, with cancer of the Head&Neck, pleura,
and prostate were enrolled in the study. In addition to the treatment planning CT (pCT) images, one replanning CT (rCT) image set was acquired for each patient during the RT course. Three experienced
physicians manually outlined on the pCT all the volumes of interest (VOIs). We used three software
solutions (VelocityAI 2.6.2 (V), MIM 5.1.1 (M) by MIMVista corp and ABAS 2.0 (A) by CMS-Elekta)
to generate the automatic contouring(AC) on the repeated CT. All the VOIs obtained with AC were
successively corrected manually (ACMC). Were recorded the time needed for: 1) ex novo ROIs
definition on rCT; 2) generation of AC by the three software solutions; 3) manual correction of AC.
To compare the quality of the volumes obtained automatically by the software and manually corrected
with those drawn from scratch on rCT, we used the following indices: overlap coefficient (DICE),
sensitivity, inclusiveness index, difference in volume, and differences of displacements on three axes (x,
y, z) from the isocenter.
Results: In all the sites, the time savings for all three software, compared to the manual contouring
from scratch, is statistically significant and similar between the software. For the Head&Neck district a
clinician can save about one hour, for a prostate patient about 40 minutes, and for a mesothelioma
patient about 20 minutes. The best DICE (DSC) similarity coefficient index was obtained with the
manual correction for: A (contours for prostate), A and M (contours for H&N), and M (contours for
mesothelioma), but the differences between the software were generally modest.
Conclusions: From a clinical point of view, the automated contouring workflow was shown to be
significantly shorter than the manual contouring process from scratch, even though manual correction
of the VOIs is always needed.
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Is there a single spot size and grid for intensity modulated proton therapy?
Simulation of head and neck, prostate and mesothelioma cases.
L. Widesott, A.J. Lomax, M Schwarz
Med. Phys. 2012
Vol. 39, No 3, pp 1298-308

2.1 INTRODUCTION
In the last decade there have been several studies reported in literature that compare the dose
distributions achievable with protons with those produced by photons (Trofimov et al 2007, Cozzi et al
2001). With the development of more advanced photon and proton techniques, such as Arc therapy,
TomoTherapy and IMPT, these studies have been used as a benchmark for comparison with the
improved dose distributions(Widesott et al 2008, 2011, Schwarz et al 2011, Thorwarth et al 2008, Toscas
et al 2010, Krayenbuehl et al 2010).
While photon therapy is now probably very close to its plateau in terms of dose shaping
capability, with the best examples TomoTherapy and Cyberknife, the situation in proton therapy is
different. Given the continuous technological evolution of proton therapy, it is impossible to have a
precise answer on the advantages and disadvantages of this technique. It is, therefore, important to
analyze which parameters can influence the dose distribution within the parameter space available using
current and future technology.
In the evolution of proton therapy, one of the most complex technological steps is the shift
from passive scattering technique to active beam scanning (Lomax et al 2004a, Pedroni et al 2005) and at
present only a few centers in the world have this technology. A significant parameter in the design of an
active beam scanning facility is the size of the beam (Kooy et al 2010). Smaller beams can achieve
steeper dose gradients; however, one must also consider the clinical cases, protocols, delivery
uncertainties, delivery time, available technology and cost in developing the sigma (i.e. beam size) of
choice at a facility. In the literature one can find several planning comparison studies between IMRT
and IMPT techniques with physical properties of the proton beam obtained by Monte Carlo
simulations or measurement in centers that are equipped with such technology, but no study has
attempted to systematically assess what beam size is needed to solve some clinically relevant planning
problems.
The aim of this work is to assess, for the first time in a systematic approach, the changes in
quality of the dose distribution in real clinical cases in relation to the different dimensions of the proton
beam. Bearing in mind that our previous papers (Widesott et al 2008, Schwarz et al 2011) assumed = 3
mm at patient entrance (equivalent to a full-width-at-half-maximum of about 7 mm), now we are going
to gradually increase this value up to 8 mm and study how target coverage changes for three different
clinical cases (prostate, head and neck, and malignant pleural mesothelioma). Also the distance between
spots (i.e. the grid of delivery) will be optimized, to obtain the best grid for each .
2.2 METHODS AND MATERIALS
2.2.1 Proton pencil beam algorithm
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We use the pencil beam (PB) algorithm from Soukup et al (Soukup et al 2005) for calculating
dose distributions within heterogeneous media with the models enabled for large angle scatter and the
nuclear reaction lateral correction. A principal problem for all PB algorithms are lateral heterogeneities
(Schaffner et al 1999). To improve the dose distribution in such conditions, the original spot can be
decomposed into a user-defined number of sub-spots (Soukup and Alber 2007) (the more sub-spots
the more accurate but also the slower the dose computation). In this work, we used 1 sub-spot for
planning the prostate and malignant mesothelioma cases and 49 sub-spots for the head and neck case.
The size of the nuclear lateral correction increases with incident proton energy (Pedroni et al 2005). For
this reason, and due to time of calculation constraints, we use the PB algorithm with this option
enabled for only the prostate and mesothelioma cases. A dose grid of 3 x 3 x 3 mm is used for plan
optimization and dose calculation.
2.2.2 Sigma and grid optimization
We vary the sigma of the incident Gaussian-shaped beam, from σx = σy = 3 mm to σx = σy = 8
mm, to evaluate the impact on the plan quality. The spots are positioned on a plane perpendicular to
the central ray in the field. The distance between spots (center to center) is optimised on the plane
ranging from 4 mm (x and y) to 12 mm (x and y).
For each dimension of the pencil beam, we optimize the spot spacing that guarantees the best
coverage of the PTV.
We use the following beam model configuration in Hyperion: all pencil beam directions are
parallel in both scanning directions (infinite source-to-axis distance); the initial energies are chosen in
increments corresponding to 5 mm range in water; no energy-modifying devices are used above 70
MeV; and, for ranges that would result in initial energies below 70 MeV, a range shifter of constant 3.5
cm thickness is inserted and the initial energy increased to obtain the desired range.
2.2.3 Dosimetric protocols and plan optimization parameters
IMPT plans for a nasopharynx cancer, a prostate cancer, and a malignant pleural mesothelioma
are optimized in the Hyperion treatment planning system (TPS) (Alber et al 2000). The optimization
will try to satisfy the dose objectives in the planning target volume (PTV) as long as all planning
objectives for the organs at risk (OARs) are met. All doses are in Gy(RBE) and are calculated assuming
a constant Relative Biological Effectiveness (RBE) of 1.1. The dosimetric protocols used in this study
are applied in photon therapy clinical practice. Two of them were used in a previous planning
comparison between IMPT and helical TomoTherapy (HT) (Widesott et al 2008, Schwarz et al 2011).
These studies show the protocols require either protons or advanced photon technique, such as HT, to
be realized. In this respect, they are good examples of protocols seriously testing the dose shaping
capabilities of a radiation therapy technique. Our study is designed to create equal or better OAR dose
distributions than those achievable in HT while maintaining the same dose to the target (especially in
volumes with low and median doses). The fundamental question of our study could be rephrased as
‘What is the maximum beam size for IMPT delivered with 2-3 beam directions to be dosimetrically
better than advanced photon techniques?’ We start with IMPT plans with sigma = 3 mm and increase
the sigma until the dose distribution is worse than HT. In this study, we assume the target is static.
2.2.3.1 Nasopharynx case
Two clinical target volumes (CTV) are defined: CTV1 which matches the tumor mass plus
positive nodes, and CTV2 which includes the regional nodes at risk according to published criteria for
selection and delineation of the neck nodes. Each CTV is expanded to PTV (5 mm margin) (Fig. 2.1).
The simultaneous integrated boost (SIB) approach is followed with the intent to deliver 54 Gy and 66
Gy in 30 fractions to PTV2 and PTV1, respectively. Prescription for PTV2 is >95% of the volume
receives >54 Gy. Target goal for PTV1 is >95% of the volume receives >64.7 Gy (Widesott et al 2008).
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Dose-volume constraints are defined for the OARs, except for the parotid glands, where a mean
dose constraint is applied (Table 2.1).
TABLE 2.1 Dose volume constraints for the Head&Neck patient. The table is ordered from highest priority at the top to
lowest priority at the bottom.

Structure

Constraints
Volume (%)

Dose (Gy/Gy(RBE))

PTV1

≥ 95

64.7
Maximum dose ≤ 70.6
Median dose = 66

PTV2

100

54
Median dose < 56

Spinal cord
Spinal cord expansion
Brain stem
Brain stem expansion
Optic chiasm
Optic nerves
Eye
Vertebral body
Mandible
Parotid glands
Mucosae outside target
Larynx
Thyroid
Esophagus
Brain
Pulmonary apexes

< 20

Maximum dose ≤ 40
Maximum dose ≤ 45
Maximum dose ≤ 50
55
Maximum dose ≤ 45
Maximum dose ≤ 45
Maximum dose ≤ 45
Maximum dose ≤ 65
55

< 18
< 67
< 40
< 25
< 50
< 40
< 20
< 60
< 50
< 20
< 50
< 40
< 60
< 30
< 20
< 5 cm3
< 50

Maximum dose ≤ 65
50
15
30
50
20
30
50
20
30
50
45
50
20
30
50
50
30

<5

Three coplanar equidistant beams (60°, 180°, and 300° gantry angles) are applied. A posterior field is
preferred to an anterior one in order to avoid crossing the oral cavity.
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Fig. 2.1 PTV and OAR contours in the transversal, sagittal and coronal planes. The contour colours are: yellow for PTV1;
red for PTV2; violet for the parotid glands; green for the mandible; blue for the brain stem and larynx; brown for the spinal
cord; and sky blue for the thyroid and submandibular glands. The directions of the proton beams (yellow arrows) are shown
in the transversal plane.

2.2.3.2 Prostate case
Three CTVs are defined: CTV1 (prostate), CTV2 (proximal third of the seminal vesicles) and
CTV3 (distal two thirds of the seminal vesicles). Each CTV has a PTV generated as a 8–10 mm
expansion of the CTV (Di Muzio et al 2009). The dose prescription, defined as the median dose in the
PTV, is 74.2 Gy for PTV1 and PTV2 and 65.5 Gy for PTV3, to be delivered simultaneously in 28
fractions (i.e. 2.6 and 2.3 Gy/fraction, respectively). The goal is to deliver more than 95% of the
prescribed dose to more than 95% of the volume while keeping the dose homogeneity as high as
possible.
Table 2.2 shows the contours for the OARs which includes the rectum (from the anus to the
curvature in the sigmoid), the bladder, the penile bulb, the femoral heads, and the femurs.
Two lateral fields (-90° and 90° gantry angles) are applied (Fig. 2.2).

Fig. 2.2 PTV and OAR contours in the transversal, sagittal and coronal planes. The contour colors are: red for PTV1; yellow
for PTV2; green for PTV3; violet for the bladder; sky blue for the rectum; and blue for the femoral heads. The directions of
the proton beams (yellow arrows) are shown in the transversal plane.
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TABLE 2.2 Dose volume constraints for the prostate patient. The table is ordered from highest priority at the top to lowest
priority at the bottom.

Structure

Constraints
Volume (%)

Dose (Gy/Gy(RBE))

PTV1

≥ 95

70.5
Maximum dose ≤ 78
Median dose = 74.2

PTV2

≥ 95

70.5
Maximum dose ≤ 78
Median dose < 74.2

PTV3

≥ 95

62.2
Maximum dose ≤ 70
Median dose = 65.5

Rectum

Bladder

< 60
< 40
< 25
< 15-20

Bowel cavity

< 55
< 45
< 35
< 10
<2

Femoral heads
Penile bulb

< 5-10
< 45

Maximum dose ≤ 70-72
35
50
60
65
Maximum dose ≤ 77-78
50
60
70
Maximum dose ≤ 55-60
40
50
Maximum dose ≤ 55-60
40
Mean dose <45-50
50

2.2.3.3 Malignant pleural mesothelioma case
The clinical target volume (CTV) includes the hemithorax cavity, diaphragm reconstruction,
pericardial reconstruction, mediastinal fatty tissue and drain sites. The planning target volume (PTV2) is
obtained by adding a 1cm isotropic margin to the CTV. The irradiation protocol prescribes 50Gy in 25
daily fractions of 2Gy to PTV2. In three out of seven cases, 60Gy is delivered as a simultaneous boost
to areas at increased risk of recurrence (PTV1) based on surgical and pathological reports. This boost
target volume is identified on CT datasets using clips placed during surgery. The goal is to deliver more
than 95% of the prescribed dose to more than 99% of the volume. The dosimetric protocol includes a
series of prioritized constraints for the OARs (see Table 2.3).
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TABLE 2.3 Dose volume constraints for the malignant pleural mesothelioma patient. The table is ordered from highest
priority at the top to lowest priority at the bottom.

Structure

Constraints
Volume (%)

Dose (Gy/Gy(RBE))

PTV1

≥ 95

57
Maximum dose ≤ 65
Median dose = 60

PTV2

≥ 99

47.5
Maximum dose ≤ 58
Median dose = 50

Liver
Ipsilateral kidney
Controlateral kidney
Spinal cord
Controlateral lung
Oesophagus
Small bowel
Heart

< 45
< 30
< 30
< 10
< 30
< 30
< 50

Mean dose ≤ 30
30
Mean dose ≤ 30
20
Mean dose ≤ 30
20
Maximum dose ≤ 50
45
Mean Dose < 8.5
55
30
Mean dose < 22
45

We use two orthogonal and coplanar beams (Fig. 2.3).

Fig. 2.3 PTV and OAR contours in the transversal, sagittal and coronal planes. The contour colours are: blue for PTV1; red
for PTV2; sky blue for the liver; yellow for the heart; violet for the oesophagus; and green for the spinal cord. The directions
of the proton beams (yellow arrows) are shown in the transversal plane.

2.3 RESULTS
2.3.1 Head and neck
2.3.1.1 Grid selection
Fig. 2.4 shows the coverage of PTV1 and PTV2 for various spot spacing and for the extreme
values of  = 3 mm and 8 mm. The best coverage of PTV1 for sigma = 3 mm (Fig. 2.4 (a)) is obtained
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with a 5 mm distance between the spots. For a spot with  = 8 mm, the spot spacing that assures the
best coverage of PTV1 is 8 mm (Fig. 2.4 (c)). The optimal grids for PTV2 are the same as PTV1 (see
Figure 2.4 (b) and 2.4 (d)). This assessment (data not shown) is made for each beam size used in the
next paragraph, and the best grids have a spot spacing of 4 mm, 6 mm and 6 mm for sigma 4 mm, 5
mm and 6 mm, respectively.
PTV2 (54 Gy) with sigma=3mm and several grids

Volume [%]

grid
grid
grid
grid
grid
grid
grid
grid
grid

66,7

68,7

70,7
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Fig. 2.4 The coverage of PTV1 and PTV2 for various distances between the proton spots. PD is the prescribed dose.

2.3.1.2 Sigma comparison
The coverage of the PTV is determined as a function of  using the optimal distance between
spots determined in Section 2.3.1.1. Fig. 2.5a shows that sigma must be 4 mm or smaller to guarantee
coverage of 95% of PTV1 with > 64.7 Gy/Gy(RBE).Fig. 2.5b shows that sigma must be 5 mm or
smaller to guarantee the coverage of > 95% of PTV2 with 54 Gy/Gy(RBE).
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Fig. 2.5 (a) About 95% of PTV1 is covered with 64.7 Gy/Gy(RBE) (that is 98% of the prescribed dose) when sigma 4
mm. (b) About 95% of PTV2 is covered with 54 Gy/Gy(RBE) when sigma 5 mm. PTV = planning treated volume, PD =
prescribed dose.

Fig. 2.6 shows the dose volume histograms (DVH) for selected OARs. Since this is a
constraints-based optimization, where constraints on OARs are always respected and the coverage of
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PTV is optimized with lower priority, the DVH for the selected OARs do not change appreciably with
different sigma.
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Fig. 2.6 Dose volume histograms of (a) the right parotid gland, (b) larynx and (c) mandible for different dimensions of the
scanned proton beam. The orange dots represent the dose-volume constraints used in the optimization of the plan.

2.3.2 Prostate
2.3.2.1 Sigma comparison
Fig. 2.7 shows the PTV coverage for a two-field proton treatment of prostate cancer for various
sigma at the optimum spot spacing. The best grids have a spacing of 4 mm for sigma = 3 mm and 4
mm and 5 mm for sigma = 5 mm, 6 mm and 8 mm and these data are shown in the legend of Fig. 2.7.
Beams with sigma ≤ 3 mm are needed to achieve at least 95% coverage of the prescribed dose to more
than 95% of PTV1, PTV2 and PTV3. The requirements are more easily met with PTV3 than PTV1
and PTV2. It is well covered with proton beams as large as 6 mm while still satisfying the clinical
requirements.
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Fig. 2.7 Coverage of the (a) prostate (PTV1), (b) 1/3 of the seminal vesicles (PTV2) and (b) distal seminal vesicles (PTV3)
using different dimensions of the scanning proton beam at the optimum spot spacing. PTV = planning treated volume, PD
= prescribed dose.

As in the head and neck case, the DVHs of the OARs satisfy the constraints defined in Table
2.2 for all the considered pencil beam dimensions (Fig. 2.8).
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Fig. 2.8 Dose volume histograms of (a) rectum, (b) bladder and (c) femoral heads for different dimensions of the scanned
proton beam (sigma of the beam ranging from 3 to 8 mm). The orange dots represent the dose-volume constraints used in
the optimization of the plan.

2.3.3 Malignant pleural mesothelioma
2.3.3.1 Sigma comparison
As shown in Fig. 2.9, the PTV prescription (to deliver more than 95% of the prescribed dose to
more than 99% of the volume) is satisfied with all values of  for PTV2. There is, however, some loss
of coverage of PTV1 for > 5 mm. As reported in the legend of Fig. 2.9 the optimum grids had a
distance between the spots of 6 mm, 7 mm, 8 mm, 9 mm, and 12 mm for sigma = 3 mm, 4 mm, 5 mm,
6 mm, and 8 mm, respectively.
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Fig. 2.9 Coverage of the PTV1 and PTV2 using different dimensions of the scanning proton beam and optimized grid for
scanning pattern. PTV = planning treated volume, PD = prescribed dose.

The DVHs of the OARs satisfy the constraints defined in Table 2.3 for all the considered pencil
beam dimensions (Fig. 2.10).
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Fig. 2.10 Dose volume histograms of (a) heart, (b) esophagus, (c) spinal cord and (d) liver for different dimensions of the
scanned proton beam (sigma of the beam ranging from 3 to 8 mm). The orange dots represent the dose-volume constraints
used in the plan optimization.

2.4 DISCUSSION
The transition from proton passive scattering to pencil beam scanning (PBS) technique requires
very complex technological developments, and that is why today very few centers in the world are able
to offer this technology. One of the main features on which manufactures are concentrating their
efforts is the ability to obtain a beam of protons that is small enough to allow one to sculpt the dose
better than the state of the art photon therapy technology (i.e. RapidArc, VMAT, TomoTherapy). It is
evident that with narrower pencil beams one has steeper lateral penumbra and more freedom in
defining the spot position, but it is important to evaluate when these characteristics are really needed,
especially at low energies (i.e. the more superficial tumors) which is not a trivial problem.
In this context, we believe it is essential to assess the dependence of the quality of IMPT plans
with beam size. This assessment should help to determine what beam characteristics are needed to
achieve plans that are dosimetrically better than those achieved with advanced photon techniques.
Recent work by Parodi et al. (Parodi et al 2010) and Bäumer et al. (Bäumer and Farr 2011)
address the problem of target coverage with scanned proton beams. Parodi et al. (Parodi et al 2010)
investigated the dosimetric effects of changing the sigma of a proton beam vs. nominal planning
conditions in a simplified phantom with one proton beam direction. They evaluated the impact on the
homogeneity of the delivered dose with changes of 150%, 200%, and 250% of the nominal focus.
Widths larger than 150–200% of the nominal focus size were problematic since they increase the lateral
penumbra of the treatment field which in turn affects the clinical safety margins. Besides spreading
dose outside the planned treatment field, this effect can also reduce the mean dose by a few per cent
with respect to the prescription and substantially reduce the fraction of the tumour volume receiving
the intended high-dose values. Bäumer et al. (Bäumer and Farr 2011) investigated the dependence of
penumbra width, flatness and robustness on the spot width and spacing. Their discussion was mainly
restricted to a one-dimensional dose box and analytical methods were used to derive expressions for
the lateral penumbra and flatness for continuous scanning and uniform discrete spot scanning.
Two studies (Steneker et al 2006, van de Water et al 2012), performed at the Paul Scherrer
Institute, Switzerland, compared plans obtained with beam characteristics on their first gantry to what
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can be realistically achieved with the finalization of their second gantry for Head&Neck lesions.
However, to the best of our knowledge, this is the first work that tries to analyze the issue of the beam
size in a systematic way and for different clinical cases.
In addition to the size of the beam, it is important to consider the scanning technique, for
example: a) spot scanning with a fixed distance between the spots and beam off between the spots (i.e.
spots delivered on a grid) or raster scanning (i.e. variable distances between the spots and beam on
from spot to spot); and b) continuous scanning (e.g. line scanning or contour scanning). Our analysis
uses the spot scanning delivery technique, with the same x and y distance between the spots and is
the same technique used at the Paul Scherrer Institute. We did not assess the impact of an elliptical
dimension of the spot and/or non-regular grid spacing, which may be subject of future analysis.
Our results show that different grid spacing may be needed for each sigma depending on the
characteristics of the target site, the number of beams used and the optimization protocol. For the
smallest proton beam (sigma = 3 mm) the adequate spacing is 5 mm for the three-field head and neck
case, 4 mm for the two-field prostate patient and 6 mm for the malignant pleural mesothelioma.
Because we used three proton fields for the H&N case and two proton fields for the prostate, it is
reasonable to think that having more degrees of freedom in the optimization of the H&N case could
lead to a more spaced grid. Anyway, because of the specific anatomy and dose constrained used, that
grids optimization was observed.
For the largest proton beam (sigma = 8 mm), the best spacing is 5 mm for the three-field head
and neck case, 4 mm for the two-field prostate patient and 6 mm for the malignant pleural
mesothelioma. One should expect different optimum grid spacing when considering different 'classes'
of patients and IMPT optimization protocols.
Finally, of all the possible grids that satisfy the clinical requirements, it is preferable to use the
grid with the largest distance between spots to reduce the delivery time.
Our results show that the maximum acceptable sigma depends on the volume treated and the
protocol of delivery and optimization. Sigma should be  4 mm for the Head&Neck case,  3 mm for
the prostate case and  6 mm for the mesothelioma case. We are forced to use very small pencil beam
(sigma = 3 mm) for the prostate case mainly because there is significant overlap between PTV1 and the
rectum and because the prescription for the prostate gland (74.2 Gy/Gy(RBE)) is in conflict with the
constraints of the rectum (i.e. maximum dose = 70-72 Gy/Gy(RBE)). This is particularly true when
trying to guarantee that the high-dose coverage and, even more, the homogeneity in the PTV is
comparable to that obtained with TomoTherapy (Widesott et al 2011).
For the Head&Neck patient, which has complex target volumes and a large number of organs
at risk, a relatively small beam is required to be competitive with state of the art photon therapy
(Widesott et al 2008). Such a small beam would not be required, however, to be competitive in the high
dose regions with 3D conformal radiation therapy or low quality IMRT (i.e. with low number of fields
or segments). Unlike prostate cancer, the treatment of Head&Neck lesions requires the use of low
energy to cover the superficial part of the tumor. The delivery of proton pencil beams with small sigma
at low energy presents significant technological challenges that are not completely solved to date. That
is why a range shifter of constant 3.5 cm thickness is used in our analysis for ranges that result in initial
energies below 70 MeV and the initial energy is increased to obtain the desired range. While the range
shifter is necessary to deliver the beam, it greatly increases the size of the beam for the most superficial
part of the PTV making the dose distribution in this region essentially independent of the incident
beam dimensions that are considered in this analysis.
The mesothelioma case allows the use of a large pencil beam, probably because: 1) the OARs
constraints are mostly based on mean doses, 2) the dose-volume constraints in general do not affect the
coverage of PTV2, and 3) the volume of PTV2 is very big compared to all OARs except the liver.
There is, however, a small dependence of the coverage of PTV1, which receives a dose of 10 Gy more
than PTV2, on the size of the beam.
In general, steeper dose gradients can be achieved with small sigmas. For large tumors, such as
mesothelioma, which can reach > 70,000 spots in the case of sigma = 3 mm and about 15,000 spots
with sigma = 9 mm, or high risk prostate patients, where lymph nodes should be treated, it is essential
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to achieve a trade-off between quality of the plan and time for delivery. Using pencil beams with larger
sigma may help to reduce the delivery time, but this depends on the characteristics of the machine.
It may be advantageous to use spots with large sigma for the inner region of the PTV and small
sigma for the external region of the PTV, but this is not currently feasible with our TPS. This approach
may provide a good compromise between speed and quality assuming that changing the size of the
beam does not require time consuming procedures and energy changes are fast. It may also be
advantageous to use patient-specific collimators. While this may improve the dose distribution, there
will be additional costs for the management of collimators, additional time for inserting collimators in
the nozzle and an unwanted neutron component generated by this hardware.
We want to emphasize here that it is the beam size at the tumor location that determines the
quality of the target coverage. While it is true that entrance sigma is easy to define in a TPS and to
determine in practice, a relationship between the sigma at the entrance and the optimal tumor coverage
may be complex and ambiguous. Too many variables such as the number of fields, target delineation,
planning restrictions etc. may affect the established relationship. The target coverage can be improved
when using larger beam sizes by increasing the number of beam directions. In a previous study,
(Schwarz et al 2011) we found that increasing the number of beams was beneficial to all dosimetric
parameters in case of prostate treatments. For instance, prostate coverage such as V95% and V98%
improved by 2-4% when five beams were used instead of two.
The beam size is one of the variables to be considered while discussing plan robustness. It is
reasonable to think that the smaller the proton pencil beam the less robust is the plan, while the larger
the sigma, the more robust the plan will be, but it needs to be verified in a more systematic way
(Albertini et al 2011a). Such work should include uncertainties in the delineation of targets and OARs,
the selection of margins, etc., and the IMPT plan should be optimized with algorithms that take into
account the uncertainties (Unkelbach et al 2009, Morávek et al 2009).
The work presented herein uses the protocol for PTV coverage and OAR constraints from the
TomoTherapy technique (Widesott et al 2008, Schwarz et al 2011). Our conclusions could be different if
we had chosen a protocol for a different system, for example VMAT or RapidArc (Rao et al 2010, Rong
et al 2011). These techniques have different features and TomoTherapy excels at target dose
homogeneity. It is possible that pencil beams with a larger dimension could deliver dose distributions
with the same coverage as one of these other systems.
2.5 CONCLUSIONS
We determined the dependence of the maximum sigma that obtains comparable target coverage
and sparing of OARs to advanced photon techniques for three clinical cases. Sigma must be  4 mm
for the Head&Neck cancer,  3 mm for the prostate cancer and  6 mm for the malignant pleural
mesothelioma. Furthermore, the spot spacing was optimized for each 'class' of patients. The use of the
range shifter for the low energy spots is likely to play an important role in the Head&Neck results.
One should also consider the trade-off between quality, speed of delivery and robustness of the plan.
2.6 SUMMARY
Purpose: The aim of this work is to assess the quality of dose distributions in real clinical cases
for different dimensions of scanned proton pencil beams. The distance between spots (i.e. the grid of
delivery) is optimized for each dimension of the pencil beam.
Materials and methods: We vary the sigma of the initial Gaussian size of the spot, from σx = σy = 3
mm to σx = σy = 8 mm, to evaluate the impact of the proton beam size on the quality of intensity
modulated proton therapy (IMPT) plans. The distance between spots, x and y, is optimised on the
spot plane, ranging from 4 mm to 12 mm (i.e. each spot size is coupled with the best spot grid
resolution). In our Hyperion TPS, constrained optimization is applied with respect to the organs at risk
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(OARs), i.e., the optimization tries to satisfy the dose objectives in the planning target volume (PTV) as
long as all planning objectives for the OARs are met. Three-field plans for a nasopharynx case, twofield plans for a prostate case, and two-field plans for a malignant pleural mesothelioma case are
considered in our analysis.
Results: For the Head&Neck tumor, the best grids (i.e. distance between spots) are 5 mm, 4 mm,
6 mm, 6 mm and 8 mm for sigma = 3 mm, 4 mm, 5 mm, 6 mm and 8 mm, respectively. Sigma  5 mm
is required for volumes with low dose and sigma 4 mm for volumes with high dose. For the prostate
patient, the best grid is 4 mm, 4 mm, 5 mm, 5 mm and 5 mm for sigma = 3 mm, 4 mm, 5 mm, 6 mm
and 8 mm, respectively. Beams with  > 3 mm did not satisfy our first clinical requirement that 95% of
the prescribed dose is delivered to more than 95% of prostate and proximal seminal vesicles PTV).
Our second clinical requirement, to cover the distal seminal vesicles PTV, is satisfied for beams as wide
as sigma = 6 mm. For the mesothelioma case, the low dose PTV prescription is well respected for all
values of , while there is loss of high dose PTV coverage for > 5 mm. The best grids have a spacing
of 6 mm, 7 mm, 8 mm, 9 mm, and 12 mm for sigma = 3 mm, 4 mm, 5 mm, 6 mm, and 8 mm,
respectively.
Conclusions: The maximum acceptable proton pencil beam sigma depends on the volume treated,
the protocol of delivery, and optimization of the plan. For the clinical cases, protocol and optimization
used in this analysis, acceptable sigmas are  4 mm for the Head&Neck tumor,  3 mm for the prostate
tumor and  8 mm for the malignant pleural mesothelioma. One can apply the same procedure used in
this analysis when given a ‘class’ of patients, a sigma and a clinical protocol to determine the optimal
grid spacing.

29

30

3
Do we need robust plan for adaptive radiotherapy and how to evaluate robustness
of scanned proton radiotherapy plans?
L. Widesott, F. Fracchiolla, G. Gargano, A.J. Lomax, M. Schwarz
Work in progress

3.1 INTRODUCTION
Several variables can influence the robustness, reliability, of a radiotherapy plan, such as
accuracy of the dose calculation algorithm, uncertainties in beam monitoring and calibration,
anatomical changes (inter and intra fraction), set-up error, misalignments between imaging and delivery
systems, etc. For any given patient, these errors can be either systematic (i.e. with the same module and
direction throughout the treatment) or random (i.e. subject to statistical fluctuations in either direction).
It was more than thirty years ago when Goitein (Goitein 1985) first underlined the need to
identify the uncertainties sources, and to assess their magnitudes in order to estimate the overall
accuracy of therapy. As Goitein pointed out, it is misleading to present a single dose distribution as ‘the’
dose distribution characterizing a patient treatment, and that is why there should be some sort of ‘error
bar’ associated with each point in a dose distribution or dose volume histogram (DVH). In recent years,
methods to explicitly evaluate or control the effect of uncertainties in both photon and proton
techniques have been proposed from a research perspective (Unkelbach and Oelfke 2005)(Maleike et al
2006)(Unkelbach et al 2007)(Lomax 2008a)(Lomax 2008b)(Cutanda Henríquez and Vargas Castrillón
2010)(Albertini et al 2011).
So far, not much has been done to find consensus on one clinically relevant issue related to
robustness, i.e. how to explicit include robustness metrics in the phase of plan evaluation and dose
reporting. Although ICRU report 78 (ICRU 78 2007) underlined the importance of estimation and
presentation of uncertainty, to date there is no agreement on how to evaluate and visualize the impact
of uncertainties on both dose distributions and DVH. The approaches range from a) performing a
small number of calculations, one using nominal values and others using extreme values of the
parameters upon which the dose depends (Goitein 1985) to b) estimating, by thousands of simulations,
the probability that the dose delivered to a voxel is within predefined dose intervals (e.g. (Schwarz et al
2006),(Maleike et al 2006)) to c) presenting the worst case scenario analysis based on a few dose
distributions simulating set-up and range uncertainties (Albertini et al 2011).
The aim of this study is to propose an accurate sampling of the uncertainties space and to
compare different tools to analyze plan robustness in active scanning proton therapy, pointing out their
strengths and weaknesses.
3.2 METHODS AND MATERIALS
In recent years, several methods have been presented to evaluate the uncertainties and,
therefore, the robustness of a radiotherapy plan (Maleike et al 2006)(Pflugfelder et al. 2008)(Albertini et
al 2011). Since there isn’t to date a universally-recognized method for assessing them, we want to
propose here some tools with the intent to give clinicians and medical physicists as much information
as possible. These tools should be practical and at the same time user-friendly.
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An upstream consideration is that, unlike photon therapy, where the dosimetric effects of geometrical
uncertainties can be assessed by shifting the planned dose distribution with respect to the anatomy (see
e.g. Bos et al IJROBP 2006), in proton therapy, geometrical errors are generally associated with dose
perturbations, therefore the dose needs to be recalculated after every displacement and change in the
CT calibration curve.
3.2.1 Uncertainties model
We simulated range uncertainty as systematic error and setup uncertainty as both random and
systematic error. Both range and setup errors are modelled via a discrete set of N possible error
scenarios. Moreover, we consider the simplified case that random and systematic displacements are
uncorrelated in the three spatial dimensions, so that the probability distribution for a three-dimensional
displacement can be factorized.
3.2.1.1 Setup and range uncertainty
The systematic and random errors are both described by normal distributions with  and,
variance, respectively. We represent the possible setup errors with a discrete set of shifts evenly
spaced in x, y and z with a resolution (s) chosen by the operator. To get a precautionary estimation,
the shifts applied to the CT data sets have been calculated in order to cover at least three times the
sigma of the positioning error (
Setup errors should be evaluated in combination with range uncertainties due to errors in the
transformation from CT Hounsfield units (HU) to relative proton stopping power (Schaffner and
Pedroni 1998)(Lomax 2008a). These errors are systematic and propagate throughout the treatment
course. As previously suggested by Lomax et al (Lomax et al 2001), we model range uncertainty via two
error scenarios: one overshoot scenario and one undershoot scenario. Overshoot and undershoot is
modelled by a c% scaling of the CT Hounsfield numbers (i.e. variations in the Hounsfield numbers,
which lead to variations in the stopping power and, finally, in the range). It is a simplification for errors
that influence different proton pencil beams in different ways (e.g., imaging artefacts due to metal
implants).
3.2.2 Uncertainty analysis
A common approach to report the value of a parameter subject to fluctuations is to provide the
mean (or median) value and its standard deviation. A major problem with the display of an expected
value of dose and its standard deviation is that it requires the observer to integrate both values into one
information about the possible ranges of dose values that may be realized during treatment. This
integration has to happen inside the observer’s mind and is not trivial. Moreover, to properly use the
standard deviation as variability index, the data have to be normally distributed, and this may not always
be the case for dose distributions (Albertini et al 2011).
The full simulation of range and set-up uncertainties would require to:
1)
2)

3)
4)
5)

Select a set-up error (s) ≤3
Sample a number of random error equal to the fractions number. The random error
has mean equal to s and variance Sum all fraction doses, thus obtaining a
simulation of a treatment course.
Repeat step 2 until a statistically-reliable estimation of the random error is obtained.
Repeat steps 1-3 for all set-up error ≤3
Repeat steps 1-4 for all CT calibration curves.

The procedure described above, was expected to be very time consuming. Therefore, in a
preliminary test we simulated 50 treatment courses, with s = 0 and the nominal calibration, in order to
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have a first estimate of the impact of the random error. Since the effect of the random error is
recognized to be smaller, we decided to focus on the simulation of systematic set-up and range errors.
At the end of the results section, we also evaluated the impact of the random error simulating =2 mm
and =0 mm and nominal calibration for a case of IMPT plan in skull base chordoma.
Once the desired dose distributions are obtained, tools are needed to quantify plan robustness
with clinically meaningful metrics.
We, therefore, implemented the following methods:
a) Agreement within a dose interval. We displayed on the patient anatomy the probability that even
after range and setup uncertainties the actual voxel dose is within a user-defined dose
interval (D) with respect to the nominal (i.e. planned) dose. Where the probabilities have
been estimated by calculating the occurrence of a particular dose range or parameter in the
237 dose calculations.
b) Probability-Volume Histograms. In the same way as from dose maps, one can calculate DVHs,
such that the probability maps generated in a) can be displayed as cumulative probabilityvolume histograms.
c) Worst case scenario. For each voxel of the ROIs the maximum (and/or minimum) value across
all simulations was calculated and displayed on top of the patient anatomy.
d) Worst case scenario within a given probability threshold: to avoid one limit described above at point
c) (i.e. that the effect of uncertainties is overestimated due to a very unlikely event) we could
limit the analysis to those dose distributions with at least a given probability of occurrence
(e.g. 5%). This is the method proposed also by Albertini et al. (Albertini et al 2011) where
they made simulations based on 1.87 , which was equivalent to 85% probability. One can
argue that the worst case is always for a defined probability threshold or a given offset
magnitude, which can be related to a probability. The only difference in c) and d) then is the
probability threshold we choose. For c), we essentially are assuming a 99.7% probability for
the worst case (as we restrict the calculations to 3), and in d) to 95%. We decided to
separate these two approaches, to make them more understandable and to explicitly
demonstrate the influence of the probabilistic threshold.
e) Dose-Volume (DV) bands. Dose volume histogram is the tool most commonly applied to
summarize a 3D dose distribution. A comparison of DVH for the nominal planning
conditions alone does not provide any information about the relative sensitivity of dose
distributions to delivery uncertainties. We implemented a variation on the DVH concept
where we show for each dose value the range of volumes that can receive that dose as a
result of uncertainty. While looking at a DV band, one should look at them dose point by
dose point and take care not to interpret the curves as actual DVHs. The DV band shows
the range where the DVHs can move rather than showing any specific DVH.
f) Probability distribution of a dosimetric index. It may be useful to assess the whole probability
distribution of a single dosimetric index (e.g. D1%, V95%, mean dose, etc). Then, to further
summarize the information contained in a dose distribution, we calculated probability
histograms of the equivalent uniform dose (Niemierko 1997) (EUD) for the CTV, and
generalized EUD (Wu et al 2002) (gEUD) for the OARs.
To perform such operation, we implemented a procedure performing the following steps:
1. Generate via software text files in the scripting language of our treatment planning system
(XiO 4.63, ELEKTA Medical Systems) thus allowing isocentre shift and dose recalculation
without manual intervention
2. Select the CT calibration curve, perform the shifts and dose recalculation
3. Collect the resulting dose grids and run the robustness analysis
4. Visualize the results via the CERR toolset (Deasy et al 2003).
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3.2.3 Generation of clinically realistic treatment plans for robustness analysis
Pencil beam scanning (PBS)-based proton plans for a low grade glioma and a skull base
chordoma were optimized in XiO. All doses are in Gy(RBE) and are calculated assuming a constant
Relative Biological Effectiveness (RBE) of 1.1. The proton beam characteristics are: full-width-at-halfmaximum (FWHM) of about 9 mm at patient’s entrance, initial energies 70-230 MeV, peak width
multiplier =1 (i.e. distance between energy layers equal to one Bragg Peak width, D 80%-80%) and a
scanning pattern of 6 x 6 mm. Due to the time-consuming scheme for the robustness evaluation, a
4mm dose grid and spot decomposition = 1 was chosen.
The first clinical case has been planned with both single field uniform dose (SFUD) and
intensity modulated proton therapy (IMPT), the second only with IMPT and their robustness to set-up
and range errors has been quantified. With SFUD plans, we refer to plans constructed by adding
together fields which have each been individually optimized to deliver a homogeneous dose through
the target volume. In contrast, IMPT plans are calculated through the simultaneous optimization of all
Bragg peaks of two or more fields, which, only when combined, provide a homogeneous dose through
the target (DeLaney and Kooy 2007).
3.2.3.1 Low grade glioma
The first case was a patient with a low-grade glioma (LGG). Planning treatment volume (PTV)
was represented by surgical cavity, any contrast-enhancing area on post-gadolinium T1-weighted MRI
as well as hyper intensity on T2-weighted MRI plus 2.5 cm expansion. Contours were manually edited
to respect natural anatomical barriers. The dose prescription was 54 Gy(RBE) in 27 fractions with the
following goals: 1) Compliance of maximum dose constraints for primary OARs (optic nerves, chiasm,
retinas, brainstem). Maximum dose allowed to 1% of the volume (D1) of optic nerves and chiasm was
55 Gy(RBE), and D1 for brainstem was 54 Gy(RBE). 2) At least 95% of the PTV volume should
receive 95% of the prescribed dose (V95  95%). Once the previous goals were met, a further effort
was made to reduce the dose to secondary OARs: cochlea mean dose, lens max dose, pituitary gland
volume receiving 50 Gy(RBE) (V50), brain (whole brain tissue minus PTV) and temporal lobes
(omolateral lobe = whole lobe minus PTV) volume receiving 30 (V30) and 40 Gy(RBE) (V40).
Two coplanar fields (gantry angles -270°, -300°; couch angles 0°) were applied (figure 3.1 (a)).
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a)

b)

Fig. 3.1 CTV, PTV and OAR contours in the transversal and coronal planes for: (a) the low grade glioma patient. The
contour colours are: blue for CTV, red for PTV, yellow for chiasm, light blue for left optical nerve and green for right
optical nerve. (b) Chordoma patient. The contour colours are: blue for CTV, red for PTV, green for brainstem, yellow for
left temporal lobe and light blue for right temporal lobe. The directions of the proton beams (yellow arrows) are shown.

3.2.3.2 Chordoma
The second case was a clivus chordoma after surgery. The clinical target volume (CTV) matched
the pre-operative tumor extension and the tumor bed. PTV was defined as 5mm isotropic expansion of
CTV to PTV. The prescribed dose to the PTV was 74 Gy(RBE). Target goal for PTV was V95>95%
of the prescribed dose.
In the optimization protocol, the highest priority was given to the chiasm, brain stem and visual
pathway constraints and then to PTV coverage: maximum dose to the brainstem surface 64 Gy(RBE),
maximum dose to the brainstem center 53 Gy(RBE), maximum dose to the chiasm and optical nerves
60 Gy(RBE). Once the high priority constraints were met, the planner tried to spare all the other OARs
(as right and left temporal lobe, internal carotid artery, etc...) as much as possible without
compromising the PTV coverage.
Four fields (gantry angles -80°, 80°, -110° and 110°; couch angles: -10°, 10°, -10° and 10°) were
applied (figure 3.1 (b)).
3.2.4 Simulation parameters
Based on the assumption that proton therapy is delivered with daily imaging and patient position
correction with no action level, we set =2mm (Bolsi et al 2008) and 1mm.
Range uncertainty was simulated with a 3% variation in the Hounsfield Units (a value commonly
accepted in proton therapy (Lomax 2008a)), and to satisfy the 99% confidence level (i.e. 3). We
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simulated the shifts reported in figure 3.2, with step (s) of 1 mm. This produced a total of 237 dose
calculations. In the evaluation process, each simulated scenario will be weighted with its probability to
occur.

Fig. 3.2 Shifts (s) and CT calibration scheme implemented for the simulation of the set-up and range errors.

3.3 RESULTS
In this section we show how the tools we developed for robustness analysis can be applied to two
clinically-realistic cases, i.e. a low grade glioma case and a skull base chordoma case.
3.3.1 Low grade glioma
We compared a SFUD plan versus an IMPT plan. Figure 3.3 shows the DV bands (percentile
DVHs) for the CTV resulting from the SFUD and IMPT plans: the purple area delimits 90% (5% 95%) of the variations in dose-volume values, and nominal (yellow) lines are the DVHs of planned
dose distributions. Looking at the two purple bands, one could say that the SFUD and IMPT plan have
similar robustness. D99% of CTV (Fig. 3.4), assures that in both SFUD and IMPT, the CTV coverage
is ensured: in over 95% of the case D99% > 95% of the prescribed dose. Finally, EUD histograms for
SFUD and IMPT (Fig. 3.5) show small fluctuations in values for both techniques. The omolateral optic
nerve was one of the most critical organs at risk in plan optimizations. D1% histograms (Fig. 3.6) show
that even if the nominal DVHs are slightly better for IMPT, the 95% percentiles of D1% histograms
are better for SFUD than for IMPT, which does not fulfill the clinical constraint anymore (D1% <
55Gy).
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Fig. 3.3 CTV's DV bands for low grade glioma (SFUD left, IMPT right);  = 0 mm and  = 1 mm.

Fig. 3.4 CTV's D99% percentile histogram for low grade glioma (SFUD left, IMPT right);  = 0 mm and  = 1 mm, red dotted
line overlaid dark blue and pink dotted line.

Fig. 3.5 CTV's EUD percentile histogram for low grade glioma (SFUD left, IMPT right);  = 0 mm and  = 1 mm.
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Fig. 3.6 Omolateral optic nerve's D1% probability histogram for low grade glioma (SFUD left, IMPT right);  = 0 mm and
 = 1 mm.

In figure 3.7, we show probability maps to have voxel’s doses in the intervals nominal (i.e. planned)
dose ±1Gy or ± 2Gy. These maps are suitable for 2D robustness analysis of CTV as they allow to
quickly spot both under and over-dosage.

Fig. 3.7 Percentile of dose in [Nominal – Gy, Nominal + Gy] interval for low grade glioma. Upper left: IMPT plan and
D =1Gy; upper right: IMPT plan and D=2Gy. Lower left: SFUD plan and D 1Gy; lower right: SFUD plan and D
=2Gy. Green line represents the CTV;  = 0 mm and  = 1 mm. Percentile over 95% is not showed.

Information of 2D difference maps can then be summarized with a histogram representation (see
example in figure 3.8, which shows the results also for a nominal ± 4Gy). These results suggest that
IMPT is marginally better than SFUD for coverage of the CTV for all considered intervals. While there
is a 95% percentile that 75% of CTV volume will be in the nominal ± 1Gy interval with IMPT, only
70% of the volume will stay in the same interval at the same probability level for SFUD.
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Fig. 3.8 CTV's probability-volume histograms for low grade glioma. Comparison between SFUD (green) and IMPT (red).

3.3.2. Skull base chordoma
Figure 3.9 shows DV bands and D99% for the CTV when only systematic errors are simulated,
and figure 3.10 shows DV band and D1% for the brainstem surface for the skull base chordoma case:
the planning constraint (D1% < 64Gy) is met by the nominal dose, but the robustness analysis shows
that there is only a 50% percentile that this will actually happen when uncertainties are taken into
account.

Fig. 3.9 DV bands and D99% Histogram for CTV of skull base chordoma, with  = 0 mm and = 1mm
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Fig. 3.10 Brainstem surface's DV bands and D1% histogram for skull base chordoma, with  = 0 mm and = 1mm.
.

When compared to low grade glioma (see figure 3.7), the coverage of CTV for the IMPT plan is
much less robust. Figure 3.11 and 3.12 show as well how the robustness of CTV’s coverage for the
skull base chordoma case is much lower than for the low grade glioma case; for instance, considering a
95% percentile level and the nominal ±2Gy dose interval, the percentage of CTV volume fulfilling this
criteria is 95% for the low grade glioma and 35% for the skull base chordoma.

Fig. 3.11 Probability of dose in [Nominal – Gy, Nominal + Gy] interval for skull base chordoma. Left: IMPT plan and D
=1Gy; Right: IMPT plan and D=2Gy. Blue line represents the CTV and red line the brainstem;  = 0 mm and  = 1 mm.
Percentile over 95% is not showed.
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Fig. 3.12 CTV's probability-volume histograms for skull base chordoma IMPT plan.

2D dose difference maps may be useful also for organs at risk, in particular when they have
serially responding complications. For example, figure 3.13 shows probability maps for voxels having
doses <+ 1Gy (left map) and <+ 2Gy (right map) than the planned dose. From figure 3.13, one can
say that a large part of brainstem surface in front of the CTV has less than 50% probability to have
doses less 1Gy or 2Gy higher than the nominal dose. In addition, probability-volume histograms for
the chiasm (figure 3.14) show that in the skull base chordoma case, 100% of the chiasm will have a
53% occurrences of having doses increases less than 2Gy. As in the other graphs of the results section,
more than probability volume histogram, it would be correct call it percentile volume histogram, because
we don’t have the probability associated to each scenario.

Fig. 3.13 Percentile of dose < Nominal + D Gy for skull base chordoma. Left: D =1Gy; right: D =2Gy. Blue line
represents the CTV and red line the brainstem;  = 0 mm and  = 1 mm. Percentile over 95% are not showed.
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Fig. 3.14 Chiasm's Probability-Volume Histograms for skull base chordoma.

As described in the methods section, our ‘worst case scenario’ essentially assumes a 99.7%
probability range (as we restricted the calculations to 3). To underline the importance to limit the plan
evaluation taking into account those plans within a given probability range, we focused our attention on
the events with at least 95% percentile of occurrence. In figure 3.15 we show some possible worst case
analysis: maximum (left column) and minimum (right column), dose distributions (upper row), with
worst case at 95% percentile dose distributions (middle row) and the difference between these two
(lower row). Greater difference can be seen in the comparison between the simple worst maximum
cases and the 95% percentile worst maximum cases. For example, for the brainstem surface there are
voxels with dose values close to 80Gy whereas for 95% percentile, the same voxel has values close to
70Gy. This means that the ‘classical’ worst case analysis shows the reader some information that can
occur with very low probability (just one time in hundreds of simulations), and that is why we believe it
is better to use the worst case analysis at 95% percentile, to avoid being influenced by very unlikely
events.
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Fig. 3.15 Worst case analysis. Upper left: Worst Maximum. Middle left: Worst Maximum at 95% percentile. Lower left:
Worst Maximum - Worst Maximum at 95% percentile. Upper right: Worst Minimum. Middle right: Worst Minimum at 95%
probability. Lower right: Worst Minimum - Worst Minimum at 95% percentile. Blue line represents the CTV and red line
the brainstem.

3.3.2.1 Influence of random errors
Figure 3.16 shows DVH percentile and D99% for CTV for 50 different treatment scenarios (i.e.
50 treatments, 74 Gy prescriptions, 2 Gy per fraction for a total of 1850 fractions simulated) where no
systematic error and only random errors (2mm sigma) and nominal calibration are simulated. The
interval of 5%-95% percentile of D99% reduces to 0.7Gy whereas in the case of systematic error it is
near 5Gy (see figure 3.9). Figure 3.17 shows DVH percentile and D1% for chiasm. The interval of 5%95% percentile of D1% is 1.2Gy, whereas in the case of systematic error, it is about 11Gy (see figure
3.18).
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Fig. 3.16 Percentile DVH and D99% histogram for CTV of skull base chordoma, with  = 2mm and =0 simulated.

Fig. 3.17 Percentile DVH and D1% histogram for chiasm of skull base chordoma with  = 2mm and =0.

Fig. 3.18 Chiasm’s DV bands and D1% histogram for skull base chordoma with  = 0 and  = 1mm.

3.4 DISCUSSION
Therapists and radiotherapy planners in general, are often implicitly aware of the sources and
magnitudes of uncertainties in clinical practice, and also the PTV concept was developed to take into
account factors that could put the coverage of the clinical target volume (CTV) at risk. However,
especially in the context of sophisticated delivery techniques such as IMPT, or complex multi-field
treatments, PTV volume and experience alone, may be inadequate. As showed by Albertini et al
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(Albertini et al 2011), when individual doses from IMPT fields are highly inhomogeneous, a range
misestimation will lead to a misalignment between the fields, and increased inhomogeneity of the target
dose. Thus, increasing the margin expansions around the tumor would not completely resolve the loss
of coverage.
Unkelbach (Unkelbach et al 2007), Pflugfelder (Pflugfelder et al 2008), Trofimov (Trofimov et al
2012) and Chen (Chen et al 2012) have taken a step further and included robustness into the treatment
plan’s optimization process. They further observed that the improvement in plan robustness may be
associated with a deterioration of nominal plan quality. A plan that robustly covers the target could
produce more dose to critical structures. Conversely, a plan that robustly spares a nearby critical
structure will likely underdose the target. So, finding a trade-off between robustness and nominal plan
quality is essential. That’s why it is important, to avoid comparing ‘apples with oranges’, that whenever
we compare two nominal treatment plans (i.e. SFUD vs. IMPT, or proton vs. photon), the robustness of
the plan needs to be evaluated to ensure the same coverage probability of the CTV and/or sparing of
OARs.
First of all, we believe that it is essential to learn more about what input parameters should be
included and how to weight them; secondly, the proper tools for the robustness analysis should be
developed. Only after that, we can think about including a robust optimization tool. Also Chen et al.
wrote that: ‘investigating the number of error scenarios required for optimization is linked to the
question how the robustness of a treatment plan should be measured and visualized’.
ICRU 78 (ICRU 78 2007) highlighted the importance to estimate uncertainty in at least two
types of data: ‘the first involves the estimate of the uncertainty in the dose at selected points in threedimensions within the patient, the second type involves the estimation of uncertainties in quantities
such as D98%, D50%, EUD, TCP, and NTCP or in quantities used for constraints’. Also a paper by
Trofimov et al underlined that although various outcome scenarios can be simulated, and many 2D
dosimetric/probabilistic analysis can be presented to the decision maker, evaluation of the drasticallyincreased amount of information for review may pose a significant challenge. In the time-constrained
environment of the clinic, the sheer size of the additional body of information may possibly even
discourage the reviewer from considering the uncertainties altogether.
That is why we presented some tools as DVH with bands (similarly to that proposed by
Trofimov et al (Trofimov et al 2012)), and probability distribution of dosimetric indexes such as D1%,
D99% and EUD histograms. DVH with percentile bands allow clinicians to have a quick overview of
the robustness for each dose value of interest and to immediately see where the dose range shows large
fluctuations or where it is more stable (i.e. more robust). In order to control more quickly and
efficiently, we can focus the robustness analysis only on those dose indices that have been optimized
(dose-volume points used for constraints, D1%, D99%, EUD, etc.) and a plan could be considered
sufficiently robust if these indices remained below a certain threshold considered safe by the clinician.
On the other hand, although it is important to have some parameters for quick clinical use (i.e.
DVH points, EUD, etc...) on which to evaluate the robustness, it is also significant to display the 2D
dose maps because it must be clear that whenever information is abstracted, and in particular when the
dimensionality of the information is reduced so as to make it more ‘digestible’, one loses information.
Thus, one has to exercise increasing degrees of caution as the dimensionality of the information one is
looking at is reduced. In some clinical cases, knowing the spatial location of any areas with a wide range
of dosimetric uncertainty can be extremely useful, that is why we have introduced tools for 2D analysis
that aimed to be the most comprehensive as possible. If a large number of error scenarios is simulated
and one is assuming a 99.7% probability for the worst case (i.e. restricting the calculations to 3), the
worst-case scenario is a quick but probably too conservative criterion for robustness analysis: it may
highlight under-dosage/over-dosages that occur only once over hundreds of simulations. This way, we
can evaluate the maximum fluctuation of the dose for each voxel. The main advantage of such an
approach is the possibility to see at a glance whether any voxel has the risk of being significantly
over/under-dosed. The main disadvantage is that such analysis is very conservative and can be
performed only at the level of the single voxel, as the worst case scenario loses all correlations between
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voxels. Instead, the clinical goal may be that a treatment plan is acceptable for the majority of cases; for
this reason, we adjusted this tool by introducing the probability threshold (i.e. display the maximum
variation of dose occurring within the 95% percentile). We, therefore show a plan that is acceptable for
the majority of uncertainty scenarios. Using this tool, we can also focus our attention on the hot-spot
worst case scenario or cold-spot worst case scenario as described in figure 3.15.
Finally, we propose another tool of clinical utility for the analysis of 2D dose maps. The  D
dose agreement tool allows the physician to choose the dose interval on which to make the
probabilistic estimates. For example, this tool allows you to evaluate which is the likelihood that the
prescription dose to the CTV is not included at around of the prescription  D. It will be a clinical
decision to choose between D = 1 Gy, 2 Gy, etc., threshold on which to make the analysis. The
threshold choice will be based also on what kind of volume to consider (CTV, serial or parallel OAR,
etc.) and on the patient's clinical history (re-irradiation, radical, pediatric, compassionate). The tools
explained in this paper can be also used 1) to verify the effectiveness of the expansions used for the
PTV definition in protontherapy (assuming it is legitimate to speak of PTV in the context of IMPT
(Albertini et al 2011)) and 2) to compared the CTV coverage obtained with different techniques (i.e.
photons vs protons).
A limitation of all the 2D dose evaluation tools is that the overall dose distribution is relatively
difficult to interpret because the expected dose can never be simultaneously realized in all voxels. The
spatial 3D distribution of dose expectation values is, therefore, not a good surrogate for the delivered
dose distribution as a whole. It has to be interpreted for each voxel separately.
The approaches presented here are very important in the context of protontherapy. However
they can be applied to any other external beam radiotherapy technique: i.e. the concept of DVH bands
can be applied to a wide range of modalities wherever the DVH are used and delivery uncertainties are
present.
There are some limitations to our study: 1) In comparison to Maleike et al (Maleike et al 2006)
we do not consider intra-fraction or interfraction organ motion, which can be significant in certain sites
like lung and liver. In the present paper, we focused on skull base and brain tumors which are not
affected by movements. 2) Our uncertainties analysis doesn’t take into account the impact of rotations,
anatomical changes and contouring errors. 3) To satisfy the 99.7% confidence level we simulated shifts
up to 3. It should be recognized, however, that different confidence levels might be used for different
situations. A 1 or 2 standard deviation calculation might be more appropriate for some organs and 2 or
3 standard deviation for others. 4) There are still some bugs in XiO scripting procedure that don’t allow
you to run without interruptions our 237 simulations. In addition, the time needed to finish those
simulations strongly depends on dose calculation grids and number of fields: in our cases it ranged
from 10 to 18 hours.
3.5 CONCLUSIONS
In the practice of radiotherapy, the estimation and reporting of uncertainty has historically been
at best implicit. Following also the ICRU 78 indications, the theoretical high precision of the intensity
modulated proton plans necessarily requires an explicit evaluation of their accuracy/reliability. Hence,
the need for tools that can aid clinicians in the evaluation of the treatment plan, hoping to find the best
compromise between completeness of information and ease of use.
There is still an open debate on what the most appropriate tools for this evaluation are: the
results we have shown allow comparing some methods proposed by others with new tools herebyintroduced. Worst case analysis is expected to be too conservative (shows the reader some information
that can occur with very low probability); that is why we believe it is better to use the worst case
analysis at 95% probability or D dose agreement, to avoid being influenced by very unlikely events.
The introduction in clinical software solutions of robustness evaluation tools, like DVH with bands and
probability distribution of dosimetric indexes as D1%, D99% and EUD, will allow the clinician to have
a quick and more realistic estimate of the chosen indexes for the evaluation of the radiotherapy plan.
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These tools are also fundamental to compare the CTV coverage obtained with different techniques (i.e.
photons vs. protons) and/or PTV definitions.
3.6 SUMMARY
The aim of this study is: 1) compare different tools to analyze plans robustness in active
scanning proton therapy, pointing out their strengths and weaknesses; 2) assess the advantages of an
accurate sampling of the uncertainties space. We simulated range uncertainty as systematic error and
setup uncertainty as both random and systematic error. Both range and setup errors are modelled via
a discrete set of 273 possible error scenarios. Overshoot and undershoot is modelled by a 3%
scaling of the CT Hounsfield numbers. The following methods were evaluated: a) agreement within a
dose interval (D), b) Probability-Volume Histograms, c) worst case scenario, d) worst case scenario
within a given probability threshold, e) dose-Volume (DV) bands, and f) probability distribution of a
dosimetric index. Worst case analysis is expected to be too conservative (shows information that may
occur with very low probability) that is why we believe it is better to use the worst case analysis at
95% probability or D dose agreement, to avoid being influenced by events very unlikely. The
introduction in clinical software of robustness evaluation tools, like DVH with percentile bands and
probability distribution of dosimetric indexes as D1%, D99% and EUD, will allow the clinician to
have a quick and more realistic estimate of the indices chosen for evaluating the radiotherapy plan.
These tools are also necessary to compare the CTV coverage obtained with different techniques (i.e.
photons vs. protons) and/or compare different PTV definitions.

47

48

4
In gantry or remote patient positioning. Monte Carlo simulations for proton
therapy centers of different sizes
G. Fava, L. Widesott, F. Fellin, M. Amichetti, V. Viesi, A.J. Lomax,
L. Lederer, E.B. Hug, C. Fiorino, G. Salvadori, N. Di Muzio, M Schwarz
Radiother. Oncol. 2012
Vol. 103, No 1, pp 18-24

4.1 INTRODUCTION
Radiation therapy is subject to constant technological innovations aimed at improving the
quality of dose distributions (Tsai et al 2011, Rao et al 2010, Wolff et al 2009). At the same time, there is
the need of optimizing the delivery time, to make more efficient use of machines (Bolsi et al 2008). In
proton therapy, given the small number of centers and their high cost, the need for efficient use of the
beam is even more important.
In proton therapy nowadays there are two approaches for patient setup: 1) In-room positioning,
where all positioning procedures take place in the treatment room (internal positioning, IP), 2) remote
positioning (RP), where the patient is prepared out of the treatment room and then moved (with a
robotic or manual trolley) in the treatment room.
Since preparation procedures, evaluation of patient setup and its corrections are time
consuming, in principle it is reasonable to carry out all these operations outside the treatment room to
maximize the use of the beam and the treatment room. This way, while a patient is irradiated, the next
one can already start the procedure for positioning, allowing work in parallel.
The only center currently using a robotic RP is the Paul Scherrer Institute (PSI), which published a
study to test the accuracy and reliability of this system (Bolsi et al 2008).
Other proton centers in Europe (Essen, Prague, Dumitrovgrad), are expected to have the
possibility of RP, and also the Trento project was assessing such possibility. This study aims at a
qualitative and quantitative assessment of the difference in throughput between RP and IP for a
number of clinically realistic configurations. Although I’m not the first author of this paper, I defined
the structure of the work and the simulations parameters, and I contributed to all the parts of the
article, being also the corresponding author with the editor.
4.2 METHODS AND MATERIALS
4.2.1 Analysis of clinical workflows
In order to simulate realistic workflows with different setup systems, we analyzed how the
fractions are actually delivered in clinical practice, with either approach, dividing them into functional
steps, and measuring treatment times of a fair number of patients in order to identify the correct input
data for the Monte Carlo (MC) simulations.
At PSI we measured the treatment phases for 28 patients treated with RP over the course of
two consecutive workdays. These patients represent a heterogeneous population (paediatric patients,
adult patients with brain, Head&Neck and abdominal tumours) and were all treated with spot scanning
technique. Table 4.1 summarizes the measured times, while Figure 4.1 shows the layout of PSI’s
preparation, setup and treatment room.
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Table 4.1 Mean times and standard deviations of the steps within a treatment session at PSI.

STEPS OF TREATMENT
(1) Pt entrance
(2) Pt on the transporter
(3) Move to setup
(4) Immobilization and pt ready for imaging
(5) Imaging
(6) Check patient position
(7) Corrections and pt ready for undock
(8) Undock from CT
(9) Move to treat
(10) Dock at the gantry
(11) Move transporter in parking position
(12) Pt ready for treat and techs out of treatment room
(13) Start first field
(14) End first field
(13) Start second field
(14) End second field
(13) Start third field
(14) End third field
(13) Start fourth field
(14) End fourth field
(15) Techs into treatment room
(16) Dismount Pt immobilization devices
(17) Move transporter from recovery position
(18) Dock
(19) Transporter transits in front of CT room
(20) Transporter in parking position
(21) Pt out of moulage
(22) Pt dismission
MEAN TOTAL TREATMENT TIME

MEAN
[min.sec]
0.00
1.37
1.57
3.11
1.14
1.45
6.21
0.44
1.23
2.28
1.16
3.05
0.22
1.21
1.44
1.22
2.00
1.32
1.03
1.34
0.30
1.24
0.58
0.56
2.39
0.51
0.24
1.36
45.17

Legend: Pt = patient; techs: technicians; SD = standard deviation; CT = computer tomography.
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SD
[min.sec]
0.00
0.37
0.37
2.54
0.26
0.24
1.25
0.12
1.15
0.25
0.28
0.45
0.08
0.28
0.53
0.23
0.53
0.39
0.54
1.08
0.11
0.19
0.26
0.14
0.30
0.10
0.29
0.34
6.02

13,14
GANTRY
ROOM
10, 16
18
11,17

CONSOLLE IMAGING
GANTRY

9

CTTCROOM
ROOM

GANTRY
AND
IMAGING
CONSOLLE
CONSOLLE
GANTRY
E TC

12,15,19
3,4,5,7,8
5,6 13,14
2,20,21
22

CHANGING
SPOGLIATOI
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1
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SALA ANESTESIA
ROOM
PEDIATRICI

Fig. 4.1 PSI Layout; numbers indicate the steps within the fraction.

A treatment session at PSI works as follows (Fig. 4.1):
the patient, undressed (1), is placed on the treatment couch attached to the robotic transporter (2), then
wheeled into the CT room (3), where the couch is coupled to the CT and the patient is immobilized
with devices (e.g. bite-block) and positioned to acquire the CT images (4). Once the reference scans are
acquired (5), the setup of the patient is monitored through placement of landmarks (6) and the
necessary corrections are performed (7). The couch is then coupled to the transporter (8) and the
patient is transported in the treatment room (9), where the couch is coupled to the gantry (10). The
transporter is parked in a corner (11) and the gantry is set for the delivery (gantry and couch rotation,
lowering the floor ...). All the personnel leaves the room, closing the entrance door to the gantry (12),
and the delivery can start (13).
Between the end of one field (14) and the beginning of the next one (13), the gantry and/or
couch is rotated. After the delivery, the technician enters the treatment room (15), raises the floor and
sets the gantry in rest position, after which the patient is freed from the immobilization devices (16).
The technician shall then handle the transporter, leading it in close to the patient (17). At this point, the
couch is coupled (18) and it proceeds with the transport out of the room. When the transporter is in
front of the CT room (19), the treatment room is considered available and the next patient, who
meanwhile has already executed imaging and corrections, can be conducted into the treatment room.
The transporter is then moved in rest position (20) and the patient can get out of moulage (21) and be
dismissed (22).
There are published data that try to assess the effect of recent changes in photon radiotherapy
technology on the patient throughput and delivery time (Delaney et al 2005, Sze et al 2012). In order to
run a sensitivity analysis of the results, using comparable input parameters, treatment times were
collected at a photon radiotherapy center which uses two different IMRT techniques. At St. Raffaele
Hospital in Milan we measured treatment times for 12 patients treated with Helical Tomotherapy and
positioned with Megavoltage CT (MVCT), and for 16 patients treated with Rapid Arc and imaged with
a kilovoltage Cone Beam CT (CBCT). Table 4.2 shows the times measured at PSI and St. Raffaele.
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Table 4.2 Comparison of the times of fraction-macro-phases measured at PSI and St. Raffaele, divided into macro-phases.
These measured times allow us to vary some input parameters in Monte Carlo software in a realistic range.

PSI

St. RAFFAELE

Proton therapy

TomoTherapy®

RapidArc®

CT

MVCT

KV-CBCT

MEAN

SD

MEAN

SD

MEAN

SD

PATIENT PREPARATION

6.58

2.33

3.14

0.53

3.27

1.15

IMAGING AND CORRECTION

8.55

1.56

6.47

0.49

4.13

0.49

MOV. AFTER-IMAGING

10.04

3.17

MEAN TREATMENT TIME

8.00

2.13

7.51

2.25

3.34

0.23

MOV. AFTER-TREATMENT

5.15

2.22

PATIENT DISMOUNTING

3.56

0.56

2.11

0.30

1.50

0.38

TOTAL TREATMENT TIME

45.17

6.02

20.10

3.01

13.03

2.14

Legend: CT = computer tomography; MVCT = Mega-voltage CT; KV-CBCT = Kilo Voltage cone beam CT.

4.2.2 Definition of input parameters
Starting from the functional steps described above, we defined the input parameters for the MC
software to simulate first the working condition of PSI, then the impact of the IP in the PSI context,
and finally the influence of parameters such as the imaging and setup correction procedure, the
transporter speed and the time required to switch the beam between gantries. Based on the data
gathered at St. Raffaele Hospital, additional values were assigned to some treatment phases in order to
simulate the effect of a faster (or slower) imaging and correction system (ICS). In addition, we assumed
the possibility of a transport system either faster or slower than PSI’s. More specifically, we defined as
'normal imaging&correction' the time required for positioning procedures at PSI, 'fast
imaging&correction' we assumed 300 sec, similar to that obtainable with RapidArc (Table 4.2), and
‘slow imaging&correction’ the hypothetical time required for a longer procedure such as MRI imaging
(see Table 4.3).
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Table 4.3 Input parameters to simulate workflows with external and internal positioning.

VALUES

NOTES

Remote Positioning

In-room Positioning

WorkingHoursPerDay

13 hours

13 hours

Appointment interval

(minutes)

(minutes)

PrepToPositioningTime

60 sec

266 sec

DockUnDock

120 sec

not used

GantryTransferTime

normal:406 sec, fast 280 sec, slow:510 sec

45 sec

GantryExitTime

normal:388 sec, fast 260 sec, slow:490 sec

174 sec

RotationTime
SwitchingTime

90 sec
normal: 45 sec
fast: 10 sec

90 sec
normal: 45 sec
fast: 10 sec

SpotsPerMinute

2000

2000

BeamSwitching

0/1

0/1

0=at the end of the treat; 1=between fields

Number of transporters

0/1

not used

1=two; 0=three

PreparationTimeMean

120; SD = 40 sec (range 80-180)

90; SD = 30 sec (range 70-180)

PrepImobilization

251 sec

not used

SetForTreat

90 sec

90 sec

PositioningTimeMean

normal: 562; SD = 103 sec (range: 360-750)

normal: 562; SD = 103 sec (range: 360-750)

fast: 300; SD = 60 sec (range: 125-390)
slow: 800; SD = 120 sec (range: 550-1050)

fast: 300; SD = 60 sec (range: 125-390)
slow: 800; SD = 120 sec (range: 550-1050)

PARAMETERS
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to optimize in every simulation

As described in Table 4.3, we assume that in IP some parameters are the same as in RP
(i.e. rotation time, beam switching time, spots per minute, etc.) while other parameters are
typical of the IP, such as the time it takes the patient to enter or exit the gantry. We assume
that the process of images acquisition and correction of position occur in the same way in both
IP and RP. Some parameter name (table 4.3), and the values ascribed to them, represent
several stages of the treatment. Combined in one diction (i.e. GantryExitTime includes the
patient’s exit time out of the treatment room, but also the entrance of the technician in the
room after the delivery, the removal of immobilization devices and a part of the dismount).
PrepToPositionigTime parameter, assumes different values in RP and IP because: 1) in IP
indicates the time that elapses from when the patient entered in the treatment room and is
located in front of the couch, until when the technician left the room and is preparing to
acquire the images, i.e. after the fixation of the immobilization devices. This time is obviously
considered part of the block "Treatment Room", as all operations are carried out within the
gantry room; 2) in RP indicates the time that elapses from when the patient is prepared on the
robotic transporters to when the transporter is in front of the CT door.
Due to the very limited number of clinical centers where a transporter is currently used,
we did not have any data on different transporters. We defined as 'normal transporter' the
transport recorded at PSI, and then we assumed a 'fast transporter' (25% speed increase) and a
'slow transporter' (25% speed decrease).
Lastly, assuming a single cyclotron serving all the gantries, to evaluate the impact of the
beam switch time, we run our simulations with two different values of that parameter: 45 and
10 seconds.
4.2.3 Monte Carlo simulations
We modified the home-made MC code created at PSI (Bolsi et al 2008), in order to
simulate a wide range of workflows with different patient positioning schemes (RP vs. IP),
number of treatment rooms (one to three), number of transporters (two or three) and
technique used to switch the beam (between fields or between fractions). The code also allows
one to record the percentage of utilization of the rooms and the patient’s waiting time between
different treatment phases.
The general approach was to simulate a series of treatment days. For each day, a
preparation and positioning time (sampled from a distribution with a given mean and SD as
reported in Table 4.3) and a beam on-time was randomly assigned to a number of patients.
The beam on-times are selected from a database of 132 real treatments delivered at PSI with
spot-scanning (Lomax 1999), with each treatment consisting of a specific number of fields
(from 1 to 4). Our results were obtained assuming a scanning speed of 2000 spots per minute
and the total number of spots in a treatment session ranged from 187 to 17730. Scanning
speeds and beam intensities were as currently used at PSI gantry one.
Concerning the timing of ICS, as explained above, we used the values reported in
Table 4.3, based on the clinical data recorded at PSI and St. Raffaele Hospital (Table 4.2). To
avoid negative or unrealistic values for this phase, we set maximum and minimum values,
based on our data from actual treatments (e.g. if the time considered for a ‘normal’ ICS had a
mean of 562 sec with a SD of 103 sec, in our MC simulations, we constrained the values
between 360 and 750 sec).
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A crucial parameter is the frequency of patient appointments. Since the software can
calculate the waiting time for each patient in different locations (i.e. waiting room, preparation,
positioning, treatment room before delivery of the treatment), it is necessary to optimize the
time interval among patients in order to have acceptable waiting times. The value of three
minutes was set as the maximum acceptable limit for delays in all locations, excluding the
waiting room, where the maximum limit was set at 10 minutes, because this waiting time is not
detrimental to the proper execution of the fraction. We ran the simulations with fixed
appointment schedule (i.e. one patient per transporter every 40 minutes); if the average delay in
one location (i.e. positioning or treatment room) was above three minutes, we increased the
appointment schedule by one minute and ran again the simulation until the average waiting
time was less than three minutes.
Also, in the multiple gantries context we defined a fixed patient appointment interval
for each gantry that allows to treat patients in 20 days with a mean waiting time (patient ready,
but without the possibility of starting the imaging procedure or the delivery) in one of the
functional location (i.e. positioning or treatment room) below 3 minutes. When we simulated
two treatment rooms, the patient’s admission to the second gantry was shifted by half the
appointment time (one third if three treatment rooms are simulated).
For each setup configuration we simulated a 20-day series of 13 hours of treatment per
day, so as to estimate the statistical fluctuations in the results for different patient mix and
schedules. The results available at the end of the simulation are the average, maximum and
minimum number of patients treated daily, the average and maximum waiting time in every
locations, the beam and rooms utilization rate.
Simulations with one treatment room assume full availability of the beam, while
simulations with two or three treatment rooms assumed the switch of the beam between the
gantries at the end of a fraction. Since the proton therapy center in Trento has two gantries,
additional configurations for a two gantries facility were simulated: we compared the results for
two vs. three trolleys and for beam switching between fields vs. switching between fractions.

4.3 RESULTS
4.3.1 One treatment room simulations
Table 4.4 shows the results for one treatment room simulation: the number of patients
treated with remote positioning (±SD) vs. internal positioning (±SD) was reported, as well as
the percentage increase or decrease of patients treated with RP.
In working conditions similar to those at PSI (which we defined as 'normal') RP allows
one to treat about four more patients in 13 hours (+16%) than IP. The advantage of RP
increases by increasing the transporter speed and the time of ICS, reaching percentages around
45% in case of fast transporter and slow ICS.
However, in a configuration with “slow transporter” and “fast ICS”, RP is actually
doing worse (about 14% less patients treated). Then, in the remaining situations (slow
transporter -normal ICS and normal transporter -fast ICS) the two setup systems seem to be
equivalent.
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Table 4.4 Number of patients treated with RP vs. IP for one treatment room and 13 working hours per day. We
simulated 20 days of treatment, mean values and SD for one working day are shown. Several values for
transporter and imaging&correction speed were considered.

FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

SLOW
IMAGING&COR

NORMAL
IMAGING&COR

FAST
IMAGING&COR

32±0.8 vs 22±0.4

34±0.8 vs 25±0.7

34±0.5 vs 29±0.8

+45.4%

+36.0%

+17.2%

29±0.5 vs 22±0.4

29±0.4 vs 25±0.7

29±0.2 vs 29±0.8

+31.8%

+16.0%

0.0%

25±0.3 vs 22±0.4

25±0.0 vs 25±0.7

25±0.4 vs 29±0.8

+16.6%

0.0%

-13.8%

4.3.2 Two gantries simulations
Table 4.5 (a) shows that RP with the input parameters measured at PSI, i.e. normal
transporter and normal imaging&correction, allows one to treat in 13 hours 6 more patients
(+13,3%) (i.e. 51 patients daily treated with remote positioning vs. 45 patients treated with in
room positioning). The advantage is around 32% in the fast transporter- slow ICS condition,
but, again, in the lower right corner of the table IP is more efficient. Compared to Table 4.4
which represents the case of a single treatment room, Table 4.5 ((a) and (b)) shows a smaller
advantage of RP. In case of fast beam switch time (Table 4.5 (b)) we found an increased
advantage for RP just in case of fast transporter and fast imaging&correction procedure.
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Table 4.5 Number of patients treated with RP vs. IP, for two treatment rooms and 13 working hours per day. We
simulated 20 days of treatment, mean values and SD for one working day are shown. Several values of transporter
and imaging&correction speed were considered, with switch of the beam at the end of the fraction and beam
switching time of 45 sec (a) and 10 sec (b) respectively and the use of three transporters for RP with beam switch
at the end of fraction, and with a beam switch time of 45 sec (c).

(a)

FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

SLOW
IMAGING&COR

NORMAL
IMAGING&COR

FAST
IMAGING&COR

54±1.5 vs 41±0.9

53±1.0 vs 45±0.7

55±0.6 vs 52±1.0

+31.7%

+17.8%

+5.8%

51±0.7 vs 41±0.9

51±0.7 vs 45±0.7

50±0.9 vs 52±1.0

+24.4%

+13.3%

-3.9%

45±0.4 vs 41±0.9

44±0.6 vs 45±0.7

46±0.6 vs 52±1.0

+9.8%

-2.2%

-11.5%

(b)

FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

SLOW
IMAGING&COR

NORMAL
IMAGING&COR

FAST
IMAGING&COR

56±1.3 vs 42±0.5

57±1.4 vs 45±1.0

58±0.9 vs 51±1.4

+33.3%

+26.7%

+13.7%

50±0.8 vs 42±0.5

51±0.6 vs 45±1.0

48±0.8 vs 51±1.4

+19.0%

+13.3%

-5.9%

46±0.7 vs 42±0.5

47±0.5 vs 45±1.0

46±0.6 vs 51±1.4

+9.5%

+4.4%

-9.8%

(c)
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FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

SLOW
IMAGING&COR

NORMAL
IMAGING&COR

FAST
IMAGING&COR

53±0.9 vs 41±0.9

52±0.6 vs 45±0.7

54±1.0 vs 52±1.0

29.3%

15.6%

3.9%

49±0.7 vs 41±0.9

48±0.6 vs 45±0.7

50±0.7 vs 52±1.0

19.5%

6.7%

-3.9%

43±0.5 vs 41±0.9

44±0.6 vs 45±0.7

41±0.6 vs 52±1.0

4.9%

-2.2%

-15.4%

4.3.3 Three gantries simulations
The simulations with three gantries are useful to estimate how the beam waiting time
affects the results for the two setup systems. Table 4.6 shows a slight advantage of IP for all
situations examined, in case of slow beam switching. RP with three gantries is not sensitive to
the transporter speed. This is due to overcoming the acceptable delays in one of the critical
phases of the treatment (i.e. in positioning and/or treatment locations). For instance, it could
happened that a patient is ready to be irradiated in one gantry but he/she is forced to wait
because the beam is being used in the second treatment room and already booked in the third
treatment room.
Table 4.6 Number of patients treated (±SD) with RP vs IP, for three treatment rooms and 13 working hours per
day. We simulated 20 days of treatment, mean values and SD for one working day are shown. Several values of
transporter and imaging&correction speed were considered, with switch of the beam at the end of the fraction
and beam switching time of (a) 45 sec and (b) 10 sec respectively.

(a)
SLOW
IMAGING&COR
FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

NORMAL
FAST
IMAGING&COR IMAGING&COR

47±0.4 vs 49±0.5

48±0.6 vs 50±0.5

49±0.6 vs 50±0.7

-4.1%

-4.0%

-2.0%

47±0.5 vs 49±0.5

48±0.4 vs 50±0.5

49±0.5 vs 50±0.7

-4.1%

-4.0%

-2.0%

47±0.6 vs 49±0.5

47±0.6 vs 50±0.5

48±0.5 vs 50±0.7

-4.1%

-6.0%

-4.0%
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(b)
SLOW
IMAGING&COR
FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

NORMAL
FAST
IMAGING&COR IMAGING&COR

51±0.5 vs 51±0.8

51±0.6 vs 51±0.5

53±0.6 vs 51±0.5

0.0%

0.0%

+3.9%

51±0.4 vs 51±0.8

52±0.7 vs 51±0.5

53±0.6 vs 53±0.5

0.0%

+1.9%

0.0%

51±0.5 vs 51±0.8

51±0.4 vs 51±0.5

51±0.5 vs 51±0.5

0.0%

0.0%

0.0%

Less patients are treated with three gantries by both types of setup than with two
gantries if the beam switch time is slow (Table 4.5 (a) vs Table 4.6 (a)).
With IP, one can treat a slightly higher number of patients than in a center with two
treatment rooms, in case of either slow or normal ICS (49 vs. 41 and 50 vs. 45); however,
when fast imaging is used the number is actually lower in a three-gantry facility than in a twogantry facility (50 vs. 52). With RP, the data appears even worse; with the exception of
combinations with slow transporter, where the number of fractions is slightly higher, the
simulations indicate that structures with two gantries could treat more fractions than facilities
with three rooms (assuming the same mean waiting time).
If a fast beam switch time is available, it is possible to treat more patients in both RP
and IP condition compared to slow beam switch simulation, but RP seems gain more from the
fast beam switch characteristic.
4.3.4 Additional simulations for two gantries
The simulations conducted so far assumed beam switching between the gantries at the
end of treatment, and for RP, the use of two transporters for each treatment room. We wanted
to analyze the impact of these choices, first by assuming the use of three instead of two
transporters for the RP.
In principle, the third transporter could optimize the preparation time of patient n, done while
patient n-1 undergoes imaging and patient n-2 beam delivery. Table 4.5 (c) shows a slight
decrease in the number of fractions performed with RP and three transporters compared to
two transporters. Whether for the combination fast transporter - slow ICS, the use of three
transporters gives nearly the same result, with increasing speed of ICS the use of the third
transporter becomes counterproductive (from -11.5% to -15.4%). In general, there is a
reduction of about two fractions in almost all the simulated conditions.
A simulation was then performed assuming one can switch the beam between the
gantries at the end of the delivery of each field. This would help to further optimize the use of
the beam and generally increase the number of fractions, because, during the setting of a field
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(gantry and couch rotations) in a room, the beam would be used in another. The simulations
were performed for structures with two gantries. If we compare Table 4.5 (a) and 4.7 (a), we
find a slight convenience of intra-fraction beam switch only for RP, if a fast transporter is
available. Overall, we can say that the use of either technique brings to very similar results. On
average, a fast beam switch, allows one to treat 1-2 more patients per day (see Table 4.5 (b) and
4.7 (b)).
Table 4.7 Comparison between the number of patients treated (±SD) with RP (two transporters) vs. IP,
simulation for two treatment rooms, for 13 working hours per day, switch between beams, switching time of (a)
45 sec and (b) 10 sec respectively.

(a)

FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER

SLOW
IMAGING&COR

NORMAL
IMAGING&COR

FAST
IMAGING&COR

57±1.1 vs 41±1.3

57±0.8 vs 45±1.1

58±0.9 vs 52±1.2

39.0%

26.7%

11.5%

49±1.1 vs 41±1.3

51±0.8 vs 45±1.1

50±1.0 vs 52±1.2

19.5%

13.3%

-3.9%

45±0.8 vs 41±1.3

45±0.8 vs 45±1.1

45±0.6 vs 52±1.2

9.8%

0.0%

-13.5%

SLOW
IMAGING&COR

NORMAL
IMAGING&COR

FAST
IMAGING&COR

60±1.4 vs 42±1.0

59±1.3 vs 47±1.2

60±0.8 vs 54±1.0

42.8%

25.5%

11.1%

53±0.7 vs 42±1.0

51±0.7 vs 47±1.2

52±0.5 vs 54±1.0

26.2%

8.5%

-3.7%

46±0.6 vs 42±1.0

46±0.7 vs 47±1.2

46±0.7 vs 54±1.0

9.5%

-2.1%

-14.8%

(b)

FAST
TRANSPORTER
NORMAL
TRANSPORTER
SLOW
TRANSPORTER
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4.4 DISCUSSION
In a typical proton therapy workflow, a significant amount of time is spent in the
treatment room for preparation, imaging and setup correction: it therefore seems logical to try
to take these steps of the treatment outside the treatment room.
The lack of centers with both RP and IP, and therefore the absence of actual data to
compare the two systems in clinical practice, brought us to carry out MC simulations. We
simulated different type of tumours treated, number of fields, preparation and setup times and
ran a sensitivity analysis of some parameters in order to have a complete overview of the
possible clinical impact of the different choices.
The simulation for one treatment room underlines the importance of a rapid
transporter in RP; this parameter has a decisive influence on the number of patients treated,
unlike the time of ICS, which seems less important. As the time the patient spends in the
treatment room is longer than the time spent in the imaging room; one should have
paradoxically, a slow ICS to avoid a long wait in the positioning room before treatment can
start.
For IP, ICS times are obviously crucial. In general, RP allows one to treat about 20%
more patients than IP, but in three out of nine combinations it didn’t show any benefit.
The results for two treatment rooms showed a smaller advantage of RP than in a single room
facility (about 10% vs. 20%).
The simulation for RP with three transporters instead of two showed increased waiting
times in the location where they should be as small as possible i.e. in the CT room after the
setup corrections.
In fact, even if one optimizes the time needed to prepare patient n, thanks to the ready
availability of a couch, he/she may enter the imaging room only after patient n-1 has ended
his/her positioning and has accessed the treatment room, which is now freed from patient n-2,
who has ended his/her delivery and has been transported out of the treatment room. The
‘interplay’ between the treatment phases of the three patients determines that patient n is ready
but must wait for the end of the fraction of patient n-2 and therefore the optimization of the
preparation time does not benefit the overall productivity.
The results for two treatment rooms, with beam switching between fields, are similar to
those obtained when the switch occurred only at the end of treatment, except in combination
with fast ICS (i.e. if CBCT approach similar to RapidArc would be possible in a proton gantry
room); in such a case there was a slight increase in the benefit for RP. The switch at the end of
each field theoretically allows more flexibility in managing the beam, but in practice the time to
setup the gantry and couch is often smaller than the time needed to switch and deliver the
beam in another room, thus reducing the efficiency. A beam switch time of 10 seconds would
be needed to get the most out of the beam switching between fields (see Table 4.7 (b)).
The simulation with three gantries showed a substantial equivalence of the two systems
(with a slight convenience for IP); both setup approaches were almost insensitive to different
time of ICS, and, in case of RP, to the transporter speed (Table 4.6 (a) and (b)).
In fact, the waiting time for the beam could easily exceed 3 minutes and forced us to
set the patient appointment interval to about every 45 minutes. In many simulated conditions,
the total number of fractions which can be delivered in a three-treatment room facility is lower
than those obtained in a two room facility. Therefore, a third treatment room does not
automatically increase the productivity of a center unless one is willing to increase the
maximum waiting time in the gantry room. This is, however, a choice that may affect the
quality and/or tolerability of treatment.
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The results indeed depend heavily on the threshold of acceptability for the delays.
Please note that, in our simulations, the average three-minute waiting time accepted, should be
added to the 7 minutes that on average we measured, in the PSI context, between the end of
the setup procedure and the beginning of beam delivery. So, in our scenario, the actual overall
time between setup correction and beam delivery was about 10 minutes. This time window is
probably acceptable for non-mobile lesions (i.e. cerebral, skull base, etc.) while in other types
of tumours, it may be necessary to repeat both imaging and the possible corrections. For
instance, Mendenhall et al. reported in their study that treatment positioning was re-evaluated
if more than 5 minutes passed before beam availability (Mendenhall et al 2012). In general,
intra-fraction motion (Wu et al 2008, Bortfeld et al 2002), may decrease significantly possible
advantage of using RP.
Another issue to be evaluated in future research, is the effect of optimizing the patient
appointment time, by on-line software algorithm, instead of using a fixed appointment time
table. Such optimization, could in principle decrease the waiting times and increase the number
of patients treated.
The speed of delivery (number of spots per minute), as well as the complexity of the
treatments (i.e. paediatric patients treated with anaesthesia) and the implementation of work
procedures and protocols (MRI, on-line re-planning, radiosurgery, etc ...) are also factors that
could significantly affect results. A limitation of this study, which was in part mitigated by the
sensitivity analysis, is the implementation of PSI parameters, both for the technological and
clinical (i.e. on average 2-3 fields for treatment, complex cases, no prostatic patients) side,
which may or may not apply to other centers.
In the choice of which positioning system to adopt, it is therefore crucial, for RP, to
take into account a number of parameters, such as hardware and software packages for ICS,
patient transport times between locations, protocols for working in parallel, etc. Our sensitivity
analysis allows one to consider, depending on the context in which the technology will be
implemented, what will be the possible advantage or disadvantage of the positioning approach.
Finally, even if, there is a gain in throughput, under some conditions, with RP, one
must then assess if the number of fractions gained is worth the overall costs of the system,
including maintenance, the need for extra staff, and down-time due to technical failures of the
robotic transporter and clinical problems related to this.

4.5 CONCLUSIONS
For a one treatment room facility, remote positioning brings about a 20% increase in
throughput, which drops to 10% in case of a two-gantry facility. The advantage varies
considerably with different transporter speed and time needed for imaging and setup
correction.
With three gantries, the two positioning systems are essentially equivalent; moreover,
with the patient waiting time and beam switching parameters simulated in our study, going
from two to three gantries does not increase the number of treated patients because of the
bottleneck caused by the beam waiting time. The choice of remote positioning should
probably not be based only on throughput considerations, keeping in mind that for some kind
of tumours it is not acceptable end the imaging and set-up correction procedure to many
minutes before the delivery.
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4.6 SUMMARY
Purpose: We estimated the potential advantage of remote positioning (RP) vs. in-room
positioning (IP) for a proton therapy facility in terms of patient throughput.
Materials and methods: Monte Carlo simulations of facilities with one, two or three
gantries were performed. A sensitivity analysis was applied by varying the imaging and setup
correction system (ICS), the speed of transporters (for RP) and beam switching time. Possible
advantages of using three couches (for RP) or of switching the beam between fields was also
investigated.
Results: For a single gantry facility, an average of 20% more patients could be treated
using RP: ranging from +45%, if a fast transporter and slow ICS was simulated, to -14% if a
slow transporter and fast ICS was simulated. For two gantries, about 10% more patients could
be treated with RP, ranging from +32% (fast transporter, slow ICS) to -12% (slow transporter,
fast ICS). The ability to switch beam between fields didn’t substantially influence the
throughput. In addition, the use of three transporters showed increased delays and therefore a
slight reduction of the fractions executables. For three-gantries, RP and IP showed similar
results.
Conclusions: The advantage of RP vs. IP strongly depends on ICS and the speed of the
transporters. For RP to be advantageous, reduced transport times are required. The advantage
of RP decreases with increasing number of gantries.
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5
Overall Conclusions and future developments
‘Time’ is a crucial factor in the context of proton therapy (PT), and optimization of all
the clinical workflow is mandatory. I believe that there is considerable potential for further
improvement through on-line, near real-time processes involving 3D CT image acquisition,
automated segmentation, deformable registration, and modification of IMPT parameters,
possibly including re-planning, performed just before the delivery of each fraction. Since all of
these steps, including the IMPT plan adaptation/re-planning, are performed online, while the
patient is on the treatment table, it is crucial to minimize the time required for each of these
steps and/or evaluate the feasibility for out-of room patient set-up.
In proton therapy complex cases (i.e. with a lot of critical structures) are typical in
comparison to standard radiotherapy. In order to optimize clinician time, it is therefore
important to evaluate the automatic segmentation of OARs and target on imaging data set of
the patient. In the first chapter of this thesis the automated contouring workflow was shown to
be significantly shorter (but still too long to be compatible with on-line re-planning) than the
manual contouring process from scratch, even though manual correction of the VOIs is always
needed. The timing for automatic contouring per se took only few minutes, but the manual
correction is still time consuming. It is expected that latest hardware and software are going to
be more reliable and bring these times to be compatible also with on-line re-planning in an
adaptive therapy workflow. Future research on this topic at our institute will involve the use of
the new treatment planning system (Raystation 6.0) to evaluate 1) the speed and reliability in
auto segmentation and manual correction and 2) the time required for recalculation and reoptimization of the plan. For instance, our preliminary tests with Raystation 6.0 for automatic
plan adaptation (i.e. form new CT acquisition to the delivery of the re-optimized plan) found a
time frame of more than one hour that is not compatible with on-line adaptive proton therapy.
The process has to be optimized not only regarding the TPS component, but also regarding
the handling of the scanned images and the flexibility of the oncology informatics system that
has to handle potentially dozens of plans for each patient. All these future steps will be
possibly automated with a script file into Raystation.
In the second chapter of this thesis, regarding the optimization of plan delivery, we
determined the dependence of the maximum proton spot size that obtains comparable target
coverage and sparing of OARs to advanced photon techniques for three clinical cases. Sigma
of the spot must be  4 mm for the Head&Neck cancer,  3 mm for the prostate cancer and 
6 mm for the malignant pleural mesothelioma. Furthermore, the spot spacing was optimized
for each 'class' of patients. In the future, one should also consider the trade-off between
quality, speed of delivery and robustness of the plan. In detail, it could be considered the
correlation between plan quality/reliability and 4D treatments, i.e. in case of target motion
during delivery, like lung and liver tumors, a big spot size could decrease the interplay effect
issue. Also in case of treatments with gating, big spots should decrease considerably the
delivery time. Another interesting issue, could be to exploit simultaneously small proton spots
(i.e. nice penumbra to spare the critical structures close to the target) to cover the edge of the
tumor, and large spots to cover the central part of the tumor. In principle, this ‘double spot’
approach should be able to guarantee high dose conformity to the target with a significant
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reduction in the number of spots and therefore in the delivery time. Interplay effect is another
critical topic for proton pencil scanning in case of moving target. In the near future, in the
Raystation 6.0 software, it will be possible run the script to evaluate the interplay effect on 4D
CT using log files with all the information of the proton spots delivered. This will allow to
assess the impact, on target coverage, of different techniques for breathing management (i.e.
free breathing vs breath hold) and delivery (i.e. gating vs no-gating and small spots vs big spots).
In the context of plan quality and reliability, following also the ICRU 78 indications, we
agree that the theoretical high precision of the intensity modulated proton plans necessarily
requires an explicit evaluation of their accuracy/reliability. Hence the need for tools, as
presented in the third chapter, that can aid clinicians in the evaluation of the treatment plan,
with the hope of finding the best compromise between completeness of information and ease
of use. The introduction in clinical software solutions of robustness evaluation tools, like
DVH’s with bands and probability distributions (i.e. 95% confidence interval) of dosimetric
indexes such as D1%, D99% and EUD, will allow the clinician to have a quick and more
realistic estimate of the chosen indexes for the evaluation of the radiotherapy plan. These tools
are also fundamental to compare the CTV coverage obtained with different techniques (i.e.
photons vs. protons) and/or different PTV definitions. One development in this direction will
be 1) the automatization by a script in our TPS (Raystation) of the generation of multiple
DVH related to different set-up and range error and 2) the reporting of uncertainties in term
of 95% confidence interval around the DVH points as already proposed by other authors
(Malyapa et al 2016, Lowe et al 2016). This should be done for several proton (SFUD and
IMPT) and photon (IMRT, RapidArch, etc.) plans to understand which are reasonable size of
the error bars.
One of the ultimate goals of robustness, is ‘plan robust optimization’ that should
guarantee a priori a robust plan for a pre-defined range and set-up error. Unkelbach (Unkelbach
et al 2007), Pflugfelder (Pflugfelder et al 2008), Trofimov et al (Trofimov et al 2012) and Chen
(Chen et al 2012) included robustness into the treatment plan’s optimization process. We
believe that before starting to introduce in clinical practice robust optimization, it is
fundamental to understand and find an agreement on the metrics that should measure the
robustness of a treatment plan. That is why we focused the third chapter on this issue. Once
we agree on the evaluation metric, the natural next step will be to compare different, robust or
not, optimization protocols.
Finally, to optimize the patient throughput in proton therapy, the sensitivity analysis of
external positioning issue presented in the fourth chapter of this thesis, allows one to consider,
depending on the context in which the technology will be implemented, the possible advantage
or disadvantage of the positioning approach: i.e. in-room or out of room positioning. If we
need many minutes (after the acquisition of 2D or 3D image of the patient) before we are able
to deliver the proton fields to the patient, it could play much in favour of remote positioning,
since our simulations were more favourable to the remote positioning the more time
consuming the set-up imaging procedure. Future research in this direction should insert in the
simulations the time needed for all the process of plan adaptation (time that nowadays is not
less than one hour, as mentioned above) to see the impact on patient throughput in both
remote and in-gantry set-up scenarios. The best context for out of room positioning would be
for a single proton gantry solution (like the solutions recently offered by major vendors) with a
complex imaging procedure based on magnetic resonance (MR) instead of CT. In the proton
therapy center in Essen, Germany for instance, they have the possibility of using a out-oftreatment room, MR for positioning, and Bostel et al (Bostel et al 2014) are currently evaluating
the feasibility and safety of a shuttle-based MR-linac connection to provide MR-guided
radiotherapy. Of course, even if there would be a gain in throughput with remote positioning,
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under adaptive therapy conditions, one must then assess if the number of fractions gained is
worth the overall costs of the system, including maintenance, the need for extra staff, and
down-time due to technical failures of the robotic transporter and clinical problems related to
this.
Overall, some aspects of the clinical workflow in proton therapy were studied in this
thesis and for each issue we tried to find solutions that can be easily implemented in clinical
routine. A lot of research and developments are still needed however to obtain a robust on-line
adaptive proton therapy, but all the ingredients are going to be available in the next years.
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Appendix
Characterization and validation of a Monte Carlo code for
independent dose calculation in proton therapy treatments
with pencil beam scanning
F.Fracchiolla, S. Lorentini, L. Widesott*, M Schwarz
Phys Med Biol 2015
Vol. 60, No 21, pp 8601-8619

A.1 INTRODUCTION
Pencil beam scanning (PBS) is a delivery technique becoming widely available in proton
therapy, since it allows to fully take advantage of the advantages provided by protons, up to
the delivery of Intensity Modulated Proton Therapy (IMPT) treatments (Lomax 1999). The
presence of sharp gradients within the target makes this technique sensitive to uncertainties in
CT calibration (Grantham et al 2015), patient positioning (Liebl et al 2014), patient movement
during the treatment delivery (Zhang et al 2012) and even dose calculation (Schuemann et al
2014).
Concerning dose calculation, several studies demonstrated the superiority of Monte Carlo
methods in the estimation of the dose compared to the semi-analytical algorithms
implemented in commercial treatment planning systems (TPS) (Grassberger et al 2014, Hotta et
al 2010, Parodi et al 2012, Yamashita et al 2012, Paganetti et al 2008, Paganetti 2012). Monte
Carlo codes may have wide ranging role in proton therapy, one of them being the opportunity
to run fully independent dose calculation for the individual patient treatment plan, which is the
focus of our work.
The proton therapy center in Trento is a cyclotron-based facility (IBA ProteusPLUS)
featuring pencil beam scanning as the unique beam delivery technique in two isocentric gantry
rooms and a fixed, horizontal line.
PBS is a delivery technique which is mostly hardware free, but not completely and
there are situations where using a beam modifier is a necessity. For instance, the minimum
beam energy that can be transported at isocentre does not allow to treat shallow targets. In this
case, an energy preabsorber (Range Shifter - RS) is positioned on the beam path. Our gantries
have the possibility to mount the RS on a moveable drawer at the end of the ‘snout’. It can,
also, be moved closer to the patient skin in order to reduce the in-air scattering of the beam
(figure A.1). A scattering source located centimeters away from the patient makes dose
calculation more difficult, thus making an even stronger case for an approach as accurate as
Monte Carlo.
* My contributions to this paper were manly in the design of the study, discussion and review of the article.
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Figure A.1 The moveable range shifter (RS). The RS is mounted on the black support (the snout) that can be
extended from its maximum distance (42.5 cm) from the isocenter (left) toward the patient at a minimum distance
of 17.5 cm from the isocenter (right).

In the following we will describe our Monte Carlo tool used and the tuning procedures
of the code for each kind of measurement. This process was implemented in order to avoid
the whole nozzle modeling. While in the Passive Scattering delivery techniques the treatment
head modeling is necessary in order to have the correct dose distribution of a treatment plan
(Stankovskiy et al 2009, Peterson et al 2009), in this study no nozzle device will be simulated.
This approach is similar to (Grevillot et al 2011) and (Grassberger et al 2015). With respect to
the first of these two works, here is presented a method to validate the code in terms of
absolute dose. In this work, differently from (Grassberger et al 2015) a comprehensive set of
measurements is used to validate the tool and wide space is dedicated to the moveable RS
modeling.
Our work aims at developing and validating a Monte Carlo code based on TOPAS (version
beta12) (Perl et al 2012) that can be used as a quality assurance tool during the treatment plan
verification process. The work is divided in two phases:
1) The creation of the beam model based on acceptance and commissioning
measurements avoiding the whole nozzle modeling;
2) The validation of the model by simulating simple Spread Out Bragg Peaks (SOBP) in
water (with different range and modulation combinations) and treatment plans on
anthropomorphic phantom.

A.2 METHODS AND MATERIALS
A.2.1 The Monte Carlo code
Our Monte Carlo code is based on TOPAS (Perl et al 2012), a software environment
developed at SLAC National Accelerator Laboratory, the Massachusetts General Hospital and
the University of California San Francisco. Built on top of the Geant4 toolkit (Agostinelli et al
2003), TOPAS offers advanced features for complex geometry management (including the
patient CT images with their own calibration curves in terms of material composition and
density), material settings, source modeling, definition of physics processes, and a timedependent description of the simulation, all managed through a user-friendly parameter
system.
TOPAS allows the simulation of full 4D particle therapy systems even without a
complete knowledge of Geant4 or advanced programming skills, which was one of the main
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limit in the past for a widespread use of the Geant4 code. Details about the TOPAS system are
available in the literature (Perl et al 2012, Shin et al 2012, Schümann et al 2012, Ramos-Méndez
et al 2013).
A.2.2 Beam characterization
A.2.2.1 Depth-Dose curves: tuning of R90 and Bragg-Peak Shape
Integral Depth Dose (IDD) curves were measured with a Bragg Peak Chamber (PTW
type 34070, radius of 4.08 cm) in a water phantom. The IDDs were measured from 70 to 220
MeV with an energy step of 10 MeV. The same mean energy value was simulated in the Monte
Carlo code in order to have the same range (defined here as the position of the 90% of the
maximum of the curve in the Bragg peak’s distal fall-off(R90)). The simulated energy spectrum
used was gaussian, with a sigma defined in terms of percentage of the mean energy. The
scoring volume was defined as a stack of cylindrical dosels (dose scoring voxels) with a radius
of 4.08 cm and a height of 0.05 cm. The comparison between simulations and measurements
was done as in Grevillot et al. (Grevillot et al 2011). In particular we tuned the energy spectrum
until the local error between the curves was better than 2%. The comparison was done in
relative dose: the curves were normalized at the area under the curve (AUC) calculated
between water surface (0 depth) and the corresponding R90.
Once this tuning was finalized, a Look Up Table (LUT) both for the simulated energy
and the simulated energy spread was built. Intermediate values of these two parameters were
linearly interpolated if intermediate nominal energies were used in the treatment plan.
A.2.2.2 Spots properties in the transversal plane: tuning of spot shape, size and beam divergence
Measurements in the transversal plane were based on a scintillating screen coupled
with a CCD camera mounted in front of the nozzle exit window, similar to what has been
described elsewhere (Dowdell et al 2012, Grevillot et al 2011). Spot size was measured in air at
five distances from the isocenter: −19.8 cm, −10 cm, 0 cm, +10 cm, +20 cm, by using a 4x4
pattern of spots in order to evaluate the effect of beam optics on spot size (‘beam divergence’).
This pattern was used to investigate the spot shape and size also within the measurement
plane. Throughout this work spot size is defined as the value of the sigma obtained via a single
Gaussian fit.
Each of these measurements were carried out for energies between 70 and 220 MeV in
10MeV steps and In addition, they were repeated for different Gantry angles (from 0° to 330°
in 30 deg steps) in order to estimate the variability of the spot size as a function of the beam
direction. This was useful to define the acceptance criteria in the tuning phase of this
parameter in the MC code.
The proton beam source was defined in TOPAS as a point source. We also defined a
beam angular spread along the transversal directions (X and Y). The values for such spread
were chosen in order to have the best match in beam size at the isocenter plane (using the
values measured with a Gantry angle of 270° as reference).
We simulated a plane of 30x30 cm2 at five depths in air. The proton fluence was scored on a
0.5x0.5 mm2 grid.
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A.2.2.3 Absolute Dose Validation
For absolute dose validation, we used the approach proposed by Gomà et al (Gomà et
al 2014). The measurements covered energies ranging from 70 to 220 MeV in 10 MeV steps.
First, as suggested in IAEA TRS-398 (IAEA 2001), a ionization chamber (a plane parallel
ionization chamber, IBA Dosimetry PPC05 - Markus model) was used to determine the dose
at 2 cm depth in a water phantom for mono-energetic layers (10x10 cm2, 0.25 cm of spot
spacing and 1MU/spot). The depth of 2 cm was chosen as it is the flattest region of the Bragg
peak curve throughout the whole energy range, thus making the measurements reliable even in
presence of small positioning errors. Second, using a Faraday Cup, the number of protons per
monitor unit (MU) was estimated.

Figure A.2 Top left: simulated quasi monoenergetic spot; the scoring plane is placed at 2cm in depth in the water
phantom. Top right: Dirac’s delta distribution used to convolve the single spot in order to obtain the planar dose
distribution shown at bottom. The spot spacing used to obtain the top right image is the same used in the
experimental setup for the ionization chamber measurements.

For each of these energies, we simulated a single monoenergetic spot in the center of
the field; a dose scoring volume (0.5mm size in depth) was placed at 2cm in the water
phantom, with a grid resolution of 0.5x0.5mm2. With this method, we obtained a 2D dose
distribution at desired depth. Convolving this distribution with a pattern of Dirac’s deltas
equally spaced (using the same spot spacing used in the experimental setup) we obtain a planar
dose distribution as showed in figure A.2. The statistical uncertainty was always below 0.05%
for all energies.
Knowing the dose per simulated proton and the dose at 2 cm in water determined with
the chamber, the number of protons delivered per spot is:
𝐷

𝑝
𝐼𝐶
𝑁𝐼𝐶+𝑀𝐶
= (𝐷/𝑝)

𝑀𝐶
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(A.1)

𝑝
Where 𝑁𝐼𝐶+𝑀𝐶
is the number of delivered protons, (𝐷/𝑝)𝑀𝐶 the dose per proton
estimated by MC simulations ant 𝐷𝐼𝐶 the dose determined with the ionization chamber. We
then compared this data with the protons per MU estimated experimentally via the Faraday
Cup.
In this way a relation between energy and protons per MU was derived; for the
intermediate energies, where measurements were not available, values were generated via a
linear interpolation and included in a look-up table (LUT).
The TPS gives as output a DICOM file containing a list of spot including the spot weight
which is expressed in terms of MU. The number of protons per spot is, thus:
𝑁𝑝,𝐿𝑈𝑇 (𝑖,𝐸𝑖 )

𝑁𝑝 (𝑖, 𝐸𝑖 ) = 𝑀𝑈𝑇𝑃𝑆 (𝑖, 𝐸𝑖 ) 𝑀𝑈

𝐿𝑈𝑇 (𝑖,𝐸𝑖 )

(A.2)

Where: i is the spot index, 𝐸𝑖 is the energy of the i-th spot, 𝑀𝑈𝑇𝑃𝑆 (𝑖, 𝐸𝑖 ) are the MU
from the TPS for the i-th spot,

𝑁𝑝,𝐿𝑈𝑇 (𝑖,𝐸𝑖 )

is the number of protons per MU coming from

𝑀𝑈𝐿𝑈𝑇 (𝑖,𝐸𝑖 )

the LUT interpolation, 𝑁𝑝 (𝑖, 𝐸𝑖 ) is the number of protons for that particular spot delivered
during the treatment.
Since the number of protons delivered in a treatment session is typically in the range of
10^9-10^10 and is therefore way too high to be simulated, a scaling factor was introduced.
This scaling factor is used to let the user choose the number of protons to be simulated, that
are then going to be redistributed to take into account equation A.2. The scaling factor is
defined as follows:
𝐹𝑆 =

𝑁𝑝𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑
𝑁𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑

=

𝑁𝑝𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑
∑𝑇𝑜𝑡
𝑖=1 𝑁𝑝 (𝑖)

(A.3)

Where 𝐹𝑆 is the scaling factor, 𝑁𝑝𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 is the total number of protons to be
simulated and 𝑁𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 = ∑𝑇𝑜𝑡
𝑖=1 𝑁𝑝 (𝑖) is the total number of protons that will be delivered
during a fraction of the treatment calculated as the proton number sum of all spots (see eq.
A.2).
A.2.2.4 Range Shifter Modeling
Following the same method used for the fields without device beam modifier (open
field), an additional lookup table was created for the Range Shifter modeling. As a first step,
IDD were measured using a Multi Layer Ionization Chamber (MLIC) from 70 to 220 MeV in
10MeV energy steps with the Range Shifter on the beam path. The R 90 and R80-80 (defined as
the distance between the proximal and distal points of the curve at 80% of the peak signal)
were derived and compared with the simulations. Simulations were run in a geometry similar to
the one described for the range tuning.
In our Proton Therapy center the range shifter can be moved along the beam direction.
As described above, the spot size was measured. We then measured the spot size using the
scintillating screen coupled with a CCD camera and setting the Range Shifter at three distances
from the isocenter: the maximum distance (42.5 cm), an intermediate distance (30.5 cm) and
the minimum one (17.5 cm).
In the MC code, as in the open field spot size tuning, a 30x30cm2 plane in air with a
0.5x0.5cm2 of spatial resolution in which the proton fluence was scored, was simulated. No

73

physical range shifter was simulated. The spectrum was varied in order to have the best IDD
shape and spot size match between simulation and measurements. The simulated spot size was
varied until a good agreement (differences lower than 1%) was obtained.
A.2.3 Model validation
In order to simulate a complete treatment on patient we developed a software tool to
convert the information coming from the XiO plans into a TOPAS input file. This tool works
as shown in figure A.3. The plan coming from the TPS is divided in two kind of information:
physics information (spot positioning, spot size, beam energy, number of MU per spot etc.)
and geometrical information (gantry and couch rotation). The first ones need to be processed
in order to take into account the beam modelling done above. Those information are
translated in terms of TOPAS parameters making use of look up tables. In these tables the
parameters are expressed as a function of energy. This feature let the user to modify the beam
model by changing only the look up tables without modifying any part of the code. The
second group of information (the geometrical ones) pass through the translation tool with no
modification because the beam model (in the MC as in the TPS) is gantry and couch angle
independent.

Figure A.3 Scheme of the translation tool from TPS to MC. Geometrical information such as gantry and couch
angle go through the tool with no modification. Physics information are processed to derive the right TOPAS
parameter (proton momentum, proton energy spectrum, number of protons per spot to simulate etc.).

A necessary information to perform dose calculation on CT images is the CT calibration curve.
The method used in TOPAS is the same used by Schneider et al. (Schneider et al 2000). A CT
dataset of a dedicated phantom provided by CIRS (CIRS n.d.) was acquired with nine inserts
of different materials. The average Hounsfield Unit (HU) per each insert was determined.
Knowing the material composition of each insert and its density, the relationship between HU
interval, material composition and density was obtained.
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A.2.3.1 Simulated homogeneous dose distributions in water
The code was first step validated on three homogeneous dose distributions in water with
the following properties:
1. Maximum Range 8 g/cm2, Modulation 6 cm, Lateral dimensions 3x3 cm2 (with RS)
2. Maximum Range 10 g/cm2, Modulation 5 cm, Lateral dimensions 5x5 cm2 (without RS)
3. Maximum Range 20 g/cm2, Modulation 6 cm, Lateral dimensions 5x5 cm2 (without RS)

The dose distributions were planned in the TPS on virtual phantoms (i.e. no CT images
were used) and simulated on the same geometry defined in TOPAS filled with the
G4_WATER material. In this way, no CT calibration curve (neither in the TPS nor in TOPAS)
influenced the results.
Measurements were then taken on a water phantom. PDD were measured using a parallel
plate ionization chamber (PPC05, IBA dosimetry) to compare R90 of each spread out Bragg
Peak (SOBP); 2D dose distribution were measured at different depths using the scintillating
screen and slabs of water equivalent material. These measurements were scaled in terms of
absolute dose using as scaling factor the ratio between the measurement performed with the
parallel plate chamber and the value of the dose distribution in the middle of the field.
Differences were quantified via the gamma function (Low et al 1998) (3%, 3mm).
A.2.3.2 Simulated Treatment Plans on anthropomorphic phantom
After the preliminary validation on simpler dose distributions, six different treatments were
planned on an anthropomorphic phantom (see Table A.1). The phantom has the same
characteristics as described by Albertini et al (Albertini et al. 2011), with the possibility to insert
up to three gafchromic films between the slabs of the phantom head on sagittal planes.
Table A.1 Summary of plans simulated on the anthropomorphic phantom. The last column specifies if the RS was
used and its coordinates, expressed as distance from isocentre.

Name ID
PzID1
PzID2
PzID3
PzID4
PzID5
PzID6

Prescription Dose
(GyRBE)
52.0
60.0
54.0
50.0
50.0
50.0

# Fields With/Without RS (extension
[cm])
3
No RS
4
No RS
3
No RS
2
No RS
1
RS (28.17)
2
RS (42.5 and 27.78 )

In this case CT images of the phantom were acquired and used for both planning and
Monte Carlo simulation phase. All simulated lesions were located in the head. Starting from
the CT image acquisition, the whole treatment chain was followed: contouring by clinicians,
planning of the treatment, plan approval, beam delivery and dose distribution verification. The
last step was performed using gafchromic films (EBT3), calibrated before each single delivery.
For every plan the TPS and MC dose calculation were compared on a number transversal
dose planes (min 8, max 15) using a gamma analysis with a passing criteria of (3%,3mm). While
planning on the TPS a dose grid of 2 mm of resolution was set, a spot decomposition equal to
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7 was used and nuclear interactions were switched on (For more detail on dose calculation in
the TPS see Soukup et al (Soukup et al. 2005)).
Film measurements were compared with MC and TPS dose distributions (sagittal
planes) using the same criteria specified above. The Dose percentage and Distance To
Agreement values were chosen in order to consider the uncertainty in film calibration, in spot
positioning, in patient positioning and in CT calibration curve.
Comparisons were done in terms of absolute dose: no re-normalization of dose distribution
was performed.
A.3 RESULTS AND DISCUSSION
A.3.1 Beam characterization
A.3.1.1 Depth-Dose curves: tuning of R90 and Bragg-Peak Shape
The maximum R90 difference between measurements and simulations was 0.1 mm and
less than 0.01mm on average (figure A.4). The mean point-to-point dose differences between
the Bragg Peak curves are always below 0.5% while the dose difference at the peak as a
function of energy is always below 2% (figure A.4). This confirms that the tuning of the mean
energy and the energy spread allowed for a good agreement between simulations and
measurements. An example of IDD comparison, after the tuning of the mean energy and the
energy spread, is shown in figure A.5 for 110 MeV. The red continuous line is the local
percentage error.
Figure A.6 shows the energy spread (expressed as a percentage on the mean energy) as a
function of the mean energy. This parameter was derived for 17 energies. The intermediate
values were linearly interpolated. In the plot two trends can be highlighted: 1) For energies
higher than 190MeV the slope of the curve increase and 2) the energy spread decrease rapidly
while the energy increases.

Figure A.4 Comparisons of simulated and measured Bragg peaks for 16 energies and the range agreement, mean
point-to-point and dose-to peak differences. Lines between the points are to guide the eyes only. Landmarks at
±2%, ±1% and 0% are also displayed.
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Figure A.5 Comparison between IDD measured and IDD simulated after the tuning of the energy spectrum for
110 MeV.

Figure A.6 Energy spread TOPAS parameter trend as a function of beam energy. This parameter is defined as
percentage of the mean energy value. A linear interpolation was performed to calculate intermediate energy spread
values for intermediate energies.

A.3.1.2 Beam properties in the transversal plane: tuning of spot shape, size and beam divergence
Figure A.7 shows spot sizes as a function of gantry angle. For each gantry angle a 4x4
spot pattern was delivered. This pattern covered an area of about 15x15 cm2 in order to
investigate the whole area used for the treatments we then simulated. The maximum variation
from the average value was about 4%. Starting from these results, we compared simulated and
measured spot size values at different distance from the isocenter as a function of energy. We
obtained average differences of 0.7% at the isocenter and 2.3% on the five scoring planes
located at different distances from the isocenter. The maximum deviation was in the proximal
plane (positioned at 19.8 cm proximal to the isocenter), where the percentage difference was
about 9.0%. This was due to the source modeling: in TOPAS we defined the source as a point
source so the momentum of the particles had a spatial cone distribution. This led to maximum
spot size differences at the extremes of the treatment volume (-19.8 cm and +20 cm from the
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isocenter). Nonetheless these differences were deemed acceptable because they were within the
acceptance test criteria and daily QA acceptance thresholds.

Figure A.7 Spot size dependence of a 180 MeV energy beam as a function of Gantry angle. For each Gantry angle
16 spots (a pattern with 4 rows and 4 columns) was delivered. Error bar are not shown for clarity; on average they
are +/-0.2 mm

A.3.1.3 Absolute Dose Validation
In figure A.8 a comparison between Faraday Cup measurements and the number of
protons per MU derived from the combination of ionization chamber measurements and MC
simulations is shown. A very good agreement was obtained with these two independent
methods for the estimation of the number of protons per MU. The average difference between
these data was 0.5%.

Figure A.8 Comparison between the two methods used to calibrate the monitor chambers: MC and ionization
chamber measurements (diamonds) and Faraday Cup measurements (squares).
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A.3.1.4 Range Shifter Modeling
As for the open field model characterization, for the RS modeling a tuning of the code
was implemented in order to obtain the best agreement between R90 and R80-80 of the Bragg
peak curves. The R90 and R80-80 differences (measured – simulated) as a function of nominal
beam energy are shown in figure A.9. The R80-80 differences are always below 0.5% (the same
threshold obtained with the modeling of the beam without any passive object on the beam
path). The R90 differences are on average less than 1% with a maximum difference of 2% at 70
MeV.

Figure A.9 Range Shifter modeling. In blue (triangles) R90 differences between measurements and simulations. In
green (circles) R80-80 differences between measurements and simulations. The red curve, related to the right
vertical axis, shows the mean energy values needed to be simulated in order to obtain the values described with
the blue and green curves.

Since the model of the RS was done without simulating the object on the beam path,
we decreased the mean energy in order to have the same range we measured in water when the
RS was used. This relationship is shown in figure A.9 (circle dotted-dashed line).
In figure A.10 the trend of the spot size as a function of the energy and of the RS
distance from the isocenter is shown. These measurements were used to tune the spot size in
the MC code when the RS was used in the treatment field. The agreement between MC and
measurements was as good as for the open field case discussed above. Differences were 0.5%
on average.
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Figure A.10 Spot size in terms of sigma in air at the isocenter as a function of energy and snout distance with the
Range Shifter mounted on the snout. The error bar are smaller than the marker points.

A.3.2 Model validation
A.3.2.1 Simulated Dose Box in Water
Figure A.11 shows the PDDs for three SOBPs with three combinations of range and
modulation. The range differences were always less than 1.1 mm. In table A.2 differences in
terms of R90 between MC and measurements and TPS and measurements are summarized.
Table A.2 SOBP’s R90 differences between MC and measurements (second column) and between TPS and
measurements (third column).

SOBP
Range = 8cm, Modulation = 6cm
Range = 10cm, Modulation = 5cm
Range = 20cm, Modulation = 6cm

R90MC – R90Meas
(mm)
-1.1
0.1
-0.3

R90TPS – R90Meas
(mm)
0.6
-0.1
-0.4

Table A.3 shows the results of the gamma analysis performed on transversal planes at
different depths in water. For both comparisons the agreement between MC and
measurements and between TPS and measurements is good and similar to the results described
in the literature (Yamashita et al 2012). For 8 cm and 10 cm SOBP range the gamma analysis
passing rate is always better than 98%. For the 20cm range SOBP with the passing rate fell
below 98%. The comparison at 19.5 cm shows the worst agreement between TPS and
measurements with a passing rate of about 80% while the MC is always better than 93%.
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Table A.3 Gamma analysis (3%,3mm) on transversal planes for three SOBP planned, delivered and simulated in
water at different depths.
Depth
(cm)

1.0
4.0
5.0
6.5

Range 8 cm Modulation 6 cm
Measurements
vs MC

Measurements
vs TPS

99.98%
99.96%
100.00%
99.97%

100.00%
100.00%
100.00%
99.22%

Gamma Analysis - Passing Rate (%)
Range 10 cm Modulation 5
Depth
cm
(cm)

2.5
6.0
7.5
9.0

Measurements
vs MC

Measurements
vs TPS

98.92%
99.98%
100.00%
98.45%

100.00%
100.00%
100.00%
99.41%

Depth
(cm)

10.0
15.0
17.5
19.5

Range 20 cm Modulation 6
cm
Measurements Measurements
vs MC
vs TPS

95.86%
95.80%
96.26%
93.15%

98.09%
95.04%
92.23%
80.46%

Figure A.11 Percentage Depth Dose (PDD) curve comparison between Monte Carlo (continuous blue line),
chamber measurements (red triangle) and TPS (green circle). three SOBPs are shown. Top: Range 8 cm
Modulation 6 cm (with RS), middle: Range 10 cm Modulation 5 cm, bottom: Range 20 cm Modulation 6 cm).
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A.3.3 Simulated Treatment Plans on anthropomorphic phantom
A.3.3.1 Comparisons between Monte Carlo and commercial TPS
The 2D gamma analysis results on the transversal axis for each of the six treatment plans
simulated on the anthropomorphic phantom is shown in table A.4. These results summarize
the analysis performed on various axial planes. An example of the comparison between TPS
and MC, in terms of axial dose planes, is shown in figure A.12 . For each row in the figure this
normalization was performed:
D(x, y)′TPS/MC =

D(x,y)TPS/MC ∙100%

(A.4)

Dmax TPS

Where D(x, y)TPS/MC is the original dose value at (x,y) coordinate (coming from TPS or MC
respectively), Dmax TPS is the maximum dose in the TPS dose plane for that particular row and
D(x, y)′TPS/MC is the normalized Dose value at (x,y) coordinate.
Table A.4: MC vs TPS gamma analysis (3%,3mm) comparison on transversal planes for six treatment plans in the
head and neck region. The last column shows the number of axial dose planes used for the comparison.
PlanID

Gamma Analysis results – Passing Rate (%)
Mean
Min
Max

PzID1
PzID2
PzID3
PzID4
PzID5
PzID6

99,34
98,02
99,09
97,56
69,32
76,21

96,62
97,61
97,59
94,79
62,71
73,25

Number of axial
dose planes

100,00
99,52
100,00
99,13
81,45
80,10

13
14
14
9
9
8

A.3.3.2 Comparison between Monte Carlo, commercial TPS and experimental data
For each of these plans a measurement was performed using the anthropomorphic phantom
and the EBT3 gafchromic (calibrated for each delivery), table A.5 shows the gamma analysis
results for the six treatment plans, for both MC vs Measurement and TPS vs Measurement.
The comparison with MC results gave an average passing rate of 96.0% while for the
commercial TPS the average passing rate was 92.2%. The worst agreement came from the
treatment plans with the RS, whose gamma analysis is shown in figure A.13.
Table A.5 Gamma analysis (3%,3mm) on sagittal plane for six treatment plans in the head and neck region. MC vs
Measurement and TPS vs Measurement are shown.

PlanID
PzID1
PzID2
PzID3
PzID4
PzID5
PzID6

Gamma Analysis results – Passing Rate (%)
MC vs Measurement
TPS vs Measurement
93,50
92,22
97,73
98,95
97,54
97,57
96,54
94,41
95,99
88,95
93,65
81,20
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Figure A.12 TPS-MC axial dose planes comparison for six treatment plans in the head and neck region. (legends
for dose and gamma values at the bottom). The normalization of the dose maps is described in the text.
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Figure A.13 Gamma analysis comparison between measurement and MC and between measurements and TPS
dose distribution in a sagittal plane for the patient PzID5 (first row) and for the patient PzID6 (second row) for
which the Range Shifter was used.
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A.4 CONCLUSIONS
This work proposes a method to model a proton PBS machine by using only
acceptance and commissioning measurements. No hardware specification of the nozzle is
requested but the virtual source to isocenter distance. In our center a moveable snout is
mounted on the nozzle. This allows to move any passive beam shaping object (such as Range
Shifter or apertures) toward the patient to reduce undesired in-air broadening of the beam.
This feature is also modeled in the Monte Carlo and the agreement between measured and
simulated dose distributions is satisfactory.
We propose a series of measurements to characterize those beam parameters that are
essential in TOPAS to define some important characteristics of the beam such as spot shape,
spot size, energy, energy spread, angular divergence and number of protons per MU (Grevillot
et al 2011, Grassberger et al 2015, Dowdell et al 2012). In this work, we implemented a method
to translate the information coming from the TPS in terms of MU per spot into an
information for the MC in terms of number of protons per spot. Using a scaling factor, a
reduced number of protons are simulated compared to the delivered one. Applying the inverse
of this scaling factor to the dose distribution simulated, an absolute dose distribution is
obtained. This means that the MC results can be compared against the clinical TPS results or
measurements with no additional scaling.
The beam model was validated first on simple water phantom geometries, as in
(Yamashita et al 2012), than on an anthropomorphic phantom. These comparisons were
carried out between MC, TPS and measurements.
The comparison in the water phantom in terms of PDD and transversal dose planes with
respect to the beam direction showed a very good agreement between MC, TPS and measured
dose distributions. The agreement between MC and measurements was particularly good in the
high dose regions where the gamma analysis provided results of passing rate always above 93%
and the range calculated from PDDs were in good agreement as shown before in other works
(Yamashita et al 2012).
The second step was to compare the results of six treatment plans on
anthropomorphic phantom for which measurements with radiochromic films were possible.
We obtained very good results when a comparison between MC and measurements was
performed. Comparing TPS results with measurements and with MC an underestimation of
dose by the TPS was evidenced when the Range Shifter was used. In these plans the RS was
also moved toward the patient, so here we were testing also the feature of the moving RS.
This is the evidence that our moveable RS modeling performs better than in the TPS and that
the MC can be a valid tool to verify treatments plan during patient QA.
The plan, in the very near future, is to use this tool on patient treatment plans,
comparing the commercial TPS and our MC on real patient CT images. This tool will provide
to the physicist a method to calculate a full 3D dose distribution that can be compared to the
dose distribution coming from TPS and can be used as an independent dose calculation
algorithm for patient specific QA.
In conclusion, the strengths of the Monte Carlo tool we developed are:
 the simplicity of the description of a proton PBS machine using as reference
measurements the data coming from the acceptance and commissioning without using
any parameter of the machine itself (monitor chambers, nozzle design, deflection
magnets etc.).
 An improved accuracy in describing the moveable Range Shifter with respect to the
TPS.
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the system of Look Up Table collecting all measurements is useful if the user want to
define more than one beam model defining simply a new set of Tables without
changing the code.
The calibration of MU in terms of number of protons per MU let the user have a dose
calculation tool able to provide a full 3D absolute dose distribution.
A.5 SUMMARY

We propose a method of creating and validating a Monte Carlo (MC) model of a proton
Pencil Beam Scanning (PBS) machine using only commissioning measurements and avoiding
the nozzle modeling. Measurements with a scintillating screen coupled with a CCD camera,
ionization chamber and a Faraday Cup were used to model the beam in TOPAS using any
machine parameter information but the virtual source distance from the isocenter. Then the
model was validated on simple Spread Out Bragg Peaks (SOBP) delivered in water phantom
and with six realistic clinical plans (many involving 3 or more fields) on an anthropomorphic
phantom. In particular was investigated the behavior of the moveable Range Shifter (RS)
feature and its modeling has been proposed. The gamma analysis (3%,3mm) was used to
compare MC, TPS (XiO-ELEKTA) and measured 2D dose distributions (using radiochromic
film). The MC modeling proposed here shows good results in the validation phase, both for
simple irradiation geometry (SOBP in water) and for modulated treatment fields (on
anthropomorphic phantoms). In particular head lesions were investigated and both MC and
TPS data were compared with measurements. Treatment plans with no RS showed always a
very good agreement with both of them (𝛾-Passing Rate (PR) > 95%). Treatment plans in
which the RS was needed were also tested and validated. For these treatment plans MC results
showed better agreement with measurements (𝛾-PR>93%) than the one coming from TPS (𝛾PR<88%). This work shows how to simplify the MC modeling of a PBS machine for proton
therapy treatments without accounting any hardware component and propose a more reliable
RS modeling than the one implemented in our TPS. The validation process has shown how
this code is a valid candidate for a completely independent treatment plan dose calculation
algorithm. This makes the code an important future tool for the patient specific QA
verification process.
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