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Summary

Summary

Radiotherapy is a medical treatment that uses imgiradiation to induce damage to the
tumour cells in order to reduce and eliminate nesip tissues. At the same time, one of
its goals is preserving as much as possible th@woding healthy tissues (OARs, organs
at risk). Usually, a radiotherapy treatment, witlke taim of a complete removal of the
tumour, is known as definitive treatment and cadssis the delivery of a specific amount
of dose, quantified in Gray [Gy] (e.g. 60 Gy) irffelient fractions (e.g. 30 fractions), to
treat the target and to allow the recovery of iatetl healthy tissue after the radiation

damage. The main phases of radiotherapy couldensuised as:

i.  planning phase, where a patient-specific modekighbped based on the acquired
CT, defining target tumour, OARs and dose to baevdetd through a treatment
planning system (TPS);

ii.  treatment phase, when the treatment plan is effdgtdelivered.

The development of radiotherapy systems has ledeaise of techniques which conform
the dose given to the tumour. In this context, ititensity modulated radiation therapy
(IMRT) technique, in which the intensity of rad@ii beam is modulated through a
multileaf collimator (MLC), has a great relevanéaother important aspect concerning
radiotherapy is the variation in shape and locatbthe target tumour and OARs due to
patient positioning and anatomo-pathological preess also known as organ motion.
Organ motion can be divided in inter-fraction (iteoccurs between different fractions of
the treatment) and intra-fraction motion (i.e. dcors within the same fraction). Intra-
fraction motion due to respiration is a relevasuis causing uncertainties that affects all
tumour sites in the thorax and abdomen. In ordesidmount for inter and intra-fraction
motions, margins are added to the tumour itselbggrtumour volume, GTV) during the
planning phase and hence a larger zone is irradistethis contest, the need to improve

the localization and targeting of the tumour hasepathe way for the image-guided
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Summary

radiation therapy (IGRT), which consists in the o$emaging techniques to support the
whole radiotherapy workflow and includes severrtsgies for motion quantification and
compensation. The standard clinical practice duplagning to account for organ motion
consists in the acquisition of time-resolved volgnable to describe the patient-specific
respiratory cycle, such as the 4D computed tomdy&0T), in which a set of CT images
are acquired and then retrospectively sorted thralig use of aexternal respiratory signal
(i.e. surrogate)Specifically, for the planning phase image regigirais a useful tool for
the quantification of organ motion that allows teeday, compare and fuse different
images. In particular, scientific interest has beknected towards the development of
deformable image registration (DIR) algorithms, evhiallows to quantify non-rigid
displacements through a deformation vector field/fF The DIR for time-resolved
volumes is typically performed between each regpiyaphase of the 4D CT to allow the
description of organ motion due to respiration. ldger, one of the main issues in
radiotherapy is the correct transfer of the plagnsituation in the in-room scenario in
terms of correct correspondence in patient positgpand anatomical alignment of internal
structures. In addition, inaccuracies caused bypin&®ry motion could lead to
discrepancies between the planned and deliveree, daféecting the success of the
treatment. In this perspective, an in-room reaktimonitoring iS necessary to track
directly or indirectly the target position duringeatment. In the clinical routine direct
methods based on X-ray imaging are available akageihdirect approaches, such as the
one based on local motion models, which are ablmdoa reliable correlation between the
motion of the target and a surrogate data acquiveithg treatment. The surrogate data can
be internal (e.g. implanted markers, image-basectbgates) or external (e.g. based on
optical system such as the real-time position mamemt system (RPM)). An
improvement of local motion models consists in ithextension to the global motion
models, which represent a milestone for this thpsigect. Global motion models allow
the description of the whole motion based on thguaed 4D CT images and not just of
the local displacement of the tumour, thus prowdaaditional information about OARS.
In this case, a relation between the motion fiedwid by a DIR between each respiratory
phase and a reference volume is defined with d@rpegment surrogate. Then, the motion
model is updated on the basis of the real-timeogate acquired during treatment.

Furthermore, the need to reduce the radiation ftoseimage acquisition during treatment
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has motivated the use of magnetic resonance imgiiiy) as IGRT technology, which
represents another milestone for this work. MRIadages in being a radiation-free
imaging technique, providing good soft tissue casitand allowing the acquisition of fast
images has suggested in the last years the ini@g@t MRI with treatment units, in order
to develop an in-room MRI-guidance system for tegak tumour tracking. However, the
spatial and temporal trade-off limits in achievi@umetric acquisition is still a challenge;
therefore, fast 2D orthogonal slices centred in thmour (cine-MRI) are typically
acquired in order to describe internal anatomyrdurespiratory motion. This limitation in
the volumetric acquisition suggests therefore tbe of global motion models, which can
be updated according to surrogates derived frooam cine-MRI data.

The aim of this project is therefore the transkatad global motion models typically used
for X-ray imaging into the MRI-guided scenario, lwithe aim to quantify both geometric
and dosimetric variations between planning andrreat induced by respiratory motion.
Specifically, we choose and test the models deeelopy Fayad et al. (2012) and
Vandemeulebroucke et al. (2009). Fayad’'s modelasedd on a principal component
analysis (PCA) approach for the model constructipnpnsiders as reference volume the
0% exhale phase and it requires as input the rafgamplitude with respect to the
reference value. Instead, the model developed md&@aeulebroucke is constructed by an
interpolation of the DVFs, it uses as referenceina a mean position volume (MidP - an
intermediate phase between 0% exhale and 50% jnbhale it requires as input both
amplitude and phase information computed by thédtiltransform. Both motion models
are trained on a pre-treatment dataset composed4iy CT (10 respiratory phases) and
then are updated with different surrogates extdacteom the 2D orthogonal

sagittal/coronal cine-MRI data acquired during tmeent (Figure A).

XVII



Summary

T o S S R S S S T, . 7 O, o 7 S, e 7 S . W7 S . g S, g S, g S, W A S, g A A, o A .

[ Motion model update ] i

: Treatment ;
| P —— o 1
| 4D CT . ;
: 2D cine-MRI ;
: sample : i
: | Doformablonmago S .
: registration l ?
1 1
I ]
! 1
1 WV\/WV |
! 1
I ]
I ]
! |
| ;
: Surrogate ;
| ‘ Motion model construction !
I ]
! 1
I
]
I
]
I
]
I
i
I
]

Figure A. Motion model construction: basic steps for the model construction.

The models are tested on a digital CT/MRI phantowh subsequently on two CT/CBCT
patients (i.e. patient A, with large tumour in tbever lobe of the right lung, and patient B,
with tumour in the upper part of right lung) an€@&/cine-MRI patient (i.e. patient C, with

tumour attached to the heart in the left lung). cHpmlly for CT/CBCT patients,

orthogonal slices centred in the tumour are sedewtghin the CBCT data in order to
simulate cine-MRI acquisitions. The evaluation bé tperformance of the models are
performed considering a geometric analysis follovigda dosimetric one, in order to

provide more information for a preliminary adaptatof the treatment.

The first part of the work is focused on the geaioetnalysis, which consists in the

construction and evaluation of the models (Figuye B

i.  Model construction. From the 4D CT dataset, therefce volume (i.e. 0% exhale

phase or MidP volume) is identified and a DIR isf@ened between the reference
phase and the other respiratory phases. In thig,wee use (i) external surrogate
(i.,e. RPM signal) and (ii) internal surrogates, dgnsidering the motion of the
centre of mass (COM) of the tumour (mean tumoumbawy, MTB), the motion of
the diaphragm and the motion of lung vessels dérlwe scale invariant features
transform (SIFT), an algorithm for features extiacs.
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ii.  Model update. Once the model is constructed, itipgated with internal and
external surrogates (RPM signal, MTB, diaphragmSt#T) extracted from the
treatment dataset.

iii.  Geometric quantification. The preliminary analysmsists of the validation of the

models on the digital CT/MRI phantom, thanks to finesence of a ground truth
(i.e. CT volumes acquired at cine-MRI samples)rder to quantify the geometric
error, the model output CT is compared with theugu truth. The geometric
quantification is carried out focusing the attention three regions of interest
(ROIs) (i.e. heart, diaphragm and tumour), evahgptthe Euclidean distance
between the COMs on the model output and the growntd. Finally, a statistical
non-parametric analysis (Friedman test, alpha=58bt)kdrried out in order to
identify which model and surrogates are signifibanifferent. Since for patients,
no ground truth is available, we evaluate the modekerms of their capability in
reconstructing a specific respiratory phase (irdhale). Also in this case, an
evaluation based on ROIs (i.e. diaphragm and tumaumperformed and the
difference of the ratio between the model output @Jjer the pre-treatment
surrogate and the ratio between the treatment theerpre-treatment surrogate
(Figure B) is computed.

( Surrogate extraction ]—’l ModelconstructionJ
. A

Reference volume Deformable }
identification registration J

¥
2D cine-MRI Surrogate extraction ]_’ Model update
sample ] ]

Model
construction

Model
update

Model output CT

Pre-treatment

Treatment

Geometric
quantification

Pre-treatment

L T ORI e g msrcincrs -
(] Functional block () Input data Model output

Figure B. Model workflow: essential steps leading to the models validation.
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Specifically, for the CT/MRI phantom the models &sted on an entire breathing cycle
considering both references (0% exhale and MidPg¢&ch model. Then, different tests are
performed (i) considering always both referencey,g(ving the same surrogate in pre-
treatment and treatment and (iii) only for Fayadi®del, giving the combination of

different internal surrogates or internal and exaépairs.

For the patients, the fundamental steps leadingn¢alel construction and update are
similar to the one of the phantom. Differently fratre CT\MRI phantom, in which no
inter-fraction variabilities is present, in patiennter-fraction changes can be present and
needs to be accounted (with the method shown inor€i§) and compensated into the
model. Basically, the inter-fraction evaluation darried out considering an alignment
followed by a rigid registration and a DIR (not fine CT/cine-MRI patient) between the
0% exhale in the pre-treatment and the 0% exhaleTC&one beam CT) or a gated-MRl
(i.,e. volume acquired during exhale phase in tlatinent situation) according to the

availability of the dataset.

__Image registration**

Evaluat
inter-fract

- i
Gated-
MRI*_/
(JFunctional block Input data * 0% exhale CBCT for patient A, B ** Only for patient A, B

Figure C. Inter-fraction variation: workflow for the evaluation.

Also for patients the same tests (i.e. single gjat® or combination of surrogates), similar
to the one performed on the CT/MRI phantom, aréexzhiout. However for patients, both
models are constructed considering as referencé%eexhale phase due to the only
presence of a gated-MRI acquired at the 0% exhaegduring treatment for the CT/cine-

MRI patient and hence the impossibility to consither MidP as reference.

As second part of the work, a dosimetric analysigarformed at the University of Sydney

in collaboration with the department of the RadiatiTherapy Planning unit at Liverpool
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Hospital (Sydney, Australia). We use the PinnagdleS for the creation and optimization

of a patient specific IMRT plan. We manage our gsial firstly on the CT/MRI digital

phantom and subsequently on patients, as for tomegic evaluation. For the dosimetric

analysis, we create a dosimetric plan, which cdaddsynthesized in the following steps,

similar for both phantom and patients.

Creation and optimization of the plan on the 0% adghphase. We realize a

dosimetric plan on the 0% exhale phase (referenbieme), using as guideline the
protocol established by the Radiation Therapy GogywIGroup for the treatment of
non-small cell lung cancer (RTOG 0617) and alsdMieT plan protocol provided
by the Department of Radiation Therapy Planninig\arpool Hospital. In order to
account for tumour motion during planning, we apfhlg internal target volume
(ITV) approach, which consists in the delineatiohtlee ITV considering the
maximum range of tumour motion. Once the plan ®esisthe protocol
requirements, it is ready to be applied to all dkiger respiratory phases of the 4D
CT.

Application of the plan to all the respiratory pagaof the 4DCT dataset. In this

step, the DIR are used for the translation of tatgemour and OARs from the
reference volume (0% exhale) to all the respirafamgses. Instead, the ITV, the
planning target volume (PTV) and other planningtoars remain the same as
indicated in the protocol.

Application of the plan to the output of the motiorodel. After the use of the

motion model to create the current CT, the platingdped on the 0% exhale phase
of the 4D CT, is applied to a group of outputs @y&d’'s model. As for the
geometric analysis, the dosimetric validation oa @T/MRI digital phantom is
carried out. It consists in the updating of theimped plan on Fayad’s model
outputs and on the ground truth. The two resulpdarts are compared considering
relevant metrics (i.e. the same metrics used fer ghtisfaction of the protocol
requirements). For what concern patients, due e¢oldbk of the ground truth, the
dosimetric evaluation are carried out comparing ke resulting on the inhale
phase during the pre-treatment planning with theen pipdated on the outputs of
Fayad’s model. In addition, an entire breathingatient C, the one with the most
irregular breathing pattern, is tested.
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The geometric evaluation on the entire breathingecyf the CT/MRI digital phantom
highlights that each model works better with itkevant reference phase, as it is fair to
expect. Therefore, Vandemeulebroucke’s model woekser with the MidP as reference
(e.g. the mean errors on the entire breathing cyofesidering the diaphragm, heart and
tumour are respectively 0.78 mm, 1.6 mm, 1.1 mm)il&fayad’s model works only with
the 0% exhale phase as reference (e.g. the mears @ the entire breathing cycle
considering the diaphragm, heart and tumour ar@ én, 1.25 mm and 1.17 mm
respectively). For the analysis of surrogates, wiienmodel is constructed and updated
with the RPM motion, a less precise result on tunwath respect to the other surrogates is
shown, as already demonstrated in the literatar@dtition, if we consider the diaphragm
motion to construct and update the model, a bigger on the heart with respect to the
diaphragm is appreciated. Also, the evaluationgoeréd on the CT/MRI phantom, in the
test in which the SIFT motion is used, results greater errors on the diaphragm, tumour
and heart regions than the other tests. A loweor asr therefore expected in the lungs,
since the SIFT signal describes the motion of timg lvessels. These results suggest that a
future implementation of a ROI-based model, in Whtbe surrogate extracted from a
specific anatomic region is used to update only #pecific region and not the whole

volume, could improve the performance.

Analysing the geometric evaluation performed ondéy model, where the combination
of surrogates is allowed, on the CT/MRI phantom andpatients, we can assert that the
combination of coronal and interpolated sagittalugaor different signals (internal or
internal and external) do not improve the outcosugigesting to update the model using
just the specific surrogate at the correct cursarnple. However, the combination of
different components of motion of the same surmgdiows improved results for the
CT/cine-MRI patient. Considering the combination MTB motion in superior-inferior
(SI) and anterior-posterior direction (AP) or in &hd right-left (RL) there is an
improvement on tumour motion estimation with re$per the single SI component
whereas the outcome does not improve on the digphrasuggesting again the
implementation of a ROI-based model. Moreover,ethelng on tumour position and

dimension, for both models we can assert that:
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i. if the tumour is big and in the lower lobe of thend) (patient A), the diaphragm
motion is able to describe accurately also the twmmootion and vice versa, since
the main tumour motion is in the Sl direction;

ii. if the tumour is little and in the upper lobe oktlung (patient B) or close to the
heart (patient C), the RL and AP direction of tummeotion are not negligible. In

this case, the diaphragm motion is not able tordestumour motion.

As already explained, an additional step for ifitaction evaluation is required for
patients. We find negligible variations comparedthe voxel dimension, therefore, no
inclusion of inter-fraction changes is performedour study. For all the patients, a rigid
alignment between the exhale volumes of pre-treattraad treatment is considered and
only for CBCT patients a compensation for non-rigatiations is also performed via DIR.
For what concern the CT/cine-MRI patient, nowaday® implementation of a DIR
between MRI and CT volume is still a challenge. rEf@re, future studies should require
the development and validation of a multi-modals&gtion algorithm for a more accurate

and precise estimation of the inter-fraction vaoiat

In the second part of the project, the dosimetvaleation on the protocol metrics proves
that the 4D CT leads to an accurate dose estimdtiofact, the dose-volume histogram
(DVH) curves of the target tumour and OARs are @tb$o each other (i.e. distance
between inhale and exhale phase on PTV D98 foCIh@&IRI digital phantom is around
0.87 Gy). After the evaluation of the 4D CT plare apply the dosimetric plan in the in-
room scenario on the CT output of the model. Thepgarison between the DVH curves of
Fayad’s model outputs and the ground truth forGAéVIRI digital phantom confirms the
ability of the model to approximate the ground hrand the results reached with the
geometric validation. Therefore, no dosimetric eli#nce is appreciated on the selected
metrics when coronal and interpolated sagittal esloer surrogates pairs are used to

construct and update the model.

In addition, the dosimetric evaluation on Fayad@del output carried out on patients, for

the estimation of the inhale respiratory phasehliugts that:

i.  if the respiratory motion between pre-treatment tadtment session is similar (as

for the CT/CBCT patients), the dosimetric variatisthower or equal to 1 Gy;
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ii. if the respiratory motion between the two sessichange and an irregular
breathing pattern is present (as for the CT/cinetld&ient), a greater dosimetric
variation is visible. In particular, when the MTB 18otion is combined with MTB
RL or AP motion the difference of the inhale modetput from the inhale phase of

the pre-treatment is equal to 3.14 Gy on PTV D98.

On the CT/cine-MRI patient, as a preliminary apptgasince it presents a different
respiratory motion between the pre-treatment amdttbatment session and an irregular
pattern with respect to the other two CT/CBCT pdatiewe also test an entire breathing
cycle. In this case, the cumulative dose on the PP varies of 1.17 Gy from the pre-

treatment to the treatment sessions with the medetd with the diaphragm surrogate.

In conclusion, by validating the global motion mizden a CT/MRI phantom and applying
them to three patient cases, we prove that motiodets offer an efficient strategy for
organ motion compensation in terms of both geometnd dosimetric adaptation. Our
work confirms the need to accurately establishatieial position and received dose for
tumour and OARs quantifying and compensating th@ement in order to confirm the
effectiveness of the treatment. The fusion of MRdl aadiotherapy system units and the
integration in the MRI-guidance workflow of motionodels, trained on pre-treatment 4D
CT and updated with in-room cine-MRI informationuggests therefore a good
combination to improve target coverage and hedlisye sparing during the radiotherapy

treatment.

Future studies will rely on the acquisition of n@¥/cine-MRI patients through which we
can verify the results obtained. Moreover, as mesly mentioned, the implementation of
a ROIl-based model, the development of a multi-mdai&® and the extension of the
dosimetric adaptation to others radiotherapy teples will be also taken into

consideration.
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La radioterapia € un trattamento medico che uslimiazioni ionizzanti per danneggiare
le cellule tumorali al fine di ridurre ed eliminargessuti neoplastici. Contemporaneamente
uno dei suoi scopi & preservare il piu possibiessuti circostanti sani (OARs, organs at
risk). Generalmente un trattamento radioterapice dia lo scopo di rimuovere

completamente la lesione tumorale € chiamato definé consiste nella somministrazione
di una specifica quantita di dose, espressa ine@y 60 [Gy]), in diverse frazioni (e.g. 30

frazioni), per trattare il target e permettereeituipero da parte dei tessuti sani irradiati. Le

fasi principali della radioterapia possono esseneszzate in:

i. fase di pianificazione, in cui viene sviluppato modello paziente specifico sulla
base delle CT acquisite, definendo il tumore targé&tRs e la dose che deve essere
somministrata dal sistema di trattamento (TPStrireat planning system);

ii. fase ditrattamento, in cui il piano di trattameateffettivamente somministrato.

Lo sviluppo dei sistemi di radioterapia ha condatliduso di tecniche che adattano il piu
possibile la dose prescritta al tumore. In questtdeasto, € molto rilevante la tecnica IMRT
(intensity modulated radiation therapy), in cuint@nsita del fascio di radiazione é
modulata attraverso un collimatore multi lamell@#.C, multileaf collimator). Un altro
aspetto molto importante riguardante la radioterapla variazione in termini di forma e
localizzazione cui sono soggetti il tumore e OAR®/uta al posizionamento del paziente e
a processi anatomo-patologici, anche conosciutoecamgan motion (movimento di
organi). L’organ motion puo essere classificatoiovimento inter-frazione (i.e. si verifica
tra diverse frazioni del trattamento) e intra-foa (i.e. si verifica all’interno della stessa
frazione). I movimento intra-frazione dovuto altespirazione causa incertezze che
interessano tutti i tumori del distretto toraco-achhale. Per tener conto di movimenti
inter e intra-frazione durante la fase di pian#icae vengono aggiunti dei margini al

tumore stesso (GTV, gross tumour volume), irradiamdsi una zona piu larga. La
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necessita di migliorare la localizzazione del tuendra portato allo sviluppo della

radioterapia guidata dalle immagini (IGRT, imagedgd radiation therapy), che consiste
nell'utilizzo di tecniche di imaging durante il messo di radioterapia e include alcune
strategie per la compensazione dell’organ motiagllaN\pratica clinica, durante la fase di
pianificazione, un metodo per tenere in considerszi 'organ motion consiste

nell’acquisizione di volumi ad una determinata ligeone temporale in grado di

descrivere il ciclo respiratorio del paziente, coadeesempio le 4D CT in cui un set di CT
€ acquisito e successivamente ordinato grazie adegmale respiratorio esterno (i.e.
surrogato). Relativamente alla fase di pianificaeida registrazione di immagini € uno
strumento che permette di sovrapporre, confrorganeire differenti immagini ed e utile

per la quantificazione dell'organ motion. L’intesesdel mondo scientifico si € rivolto in

particolare allo sviluppo di algoritmi per la remézione di immagini con deformazione
(DIR, deformable image registration), che permeaitdnquantificare gli spostamenti non
rigidi attraverso un campo vettoriale di spostaragtVF, deformation vector field). La

DIR, per volumi ad una certa risoluzione temporaléipicamente realizzata tra ogni fase
della 4D CT al fine di descrivere I'organ motiomgd¢o alla respirazione. Tuttavia, uno dei
problemi piu rilevanti in radioterapia riguardacorretto trasferimento del piano dalla fase
di pianificazione a quella di somministrazione delttamento, in termini di corretta

corrispondenza nel posizionamento del pazientdireeaimento anatomico delle strutture
interne. In aggiunta, incertezze dovute al movimengéspiratorio possono causare
discrepanze tra la dose pianificata e quella somstntta, influenzando cosi la corretta
riuscita del trattamento. In questo quadro, e resg@sun monitoraggio real-time durante il
trattamento per seguire direttamente o indirettdennposizione del target. Nella pratica
clinica sono disponibili metodi diretti basati smaging a raggi X cosi come approcci
indiretti, come ad esempio quelli basati su modaglinovimento locale, che sono in grado
di trovare una correlazione stabile tra il movintewlel target e il surrogato acquisito
durante il trattamento. Il surrogato pud essererimt (e.g. marker impiantati, surrogati
basati sulle immagini) o esterno (e.g. basato ssistema ottico come ad esempio I'RPM,
real-time position management). Un miglioramento medelli di movimento locale é

rappresentato dai modelli di movimento globale, caposaldo di questo progetto, che
permettono la descrizione dell'intero movimentodtassulle immagini 4D CT acquisite e

non soltanto dello spostamento locale del tumameindo in questo modo informazioni
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aggiuntive sugli OARs. In guesto caso si definisoga relazione tra il campo di
spostamento derivato dalla DIR (tra ogni fase rasmiia e il volume di riferimento) e |l
surrogato di pre-trattamento. Successivamentepdatio di movimento viene aggiornato
con il surrogato acquisito in real-time durantgaktamento. Inoltre, la necessita di ridurre
la radiazione somministrata durante il trattamerta, motivato I'uso della risonanza
magnetica (MRI, magnetic resonance imaging), cdgos# questo progetto, nell’ambito
della tecnologia IGRT. L'MRI e una tecnica di imagiche non utilizza radiazioni,
fornisce un buon contrasto per i tessuti molli erpte I'acquisizione di immagini veloci;
questi vantaggi hanno suggerito l'integrazione ’idediging MR con le unita di
trattamento, in modo da sviluppare un sistema di-glRdance per seguire il movimento
del tumore in real-time durante il trattamento.t@wig, i limiti legati al trade-off spaziale e
temporale per I'acquisizione volumetrica sono tr#’ un problema; percio tipicamente,
fette 2D ortogonali centrate nel tumore (cine-MB®No acquisite in modo da descrivere
I'anatomia interna durante il movimento respiratoQuesto limite durante I'acquisizione
geometrica suggerisce quindi 'uso dei modelli divimento globale, che possano essere
aggiornati secondo i surrogati ricavati dalle dviBd acquisite durante il trattamento.

Lo scopo di questo progetto &€ quindi applicare iodemovimento globale, tipicamente
usati per imaging a raggi X, allo scenario MRI-gnde, al fine di quantificare sia dal
punto di vista geometrico che dosimetrico le vaoazindotte dal movimento respiratorio
tra la fase di pianificazione e quella di trattatoerSpecificatamente, abbiamo scelto e
testato i modelli sviluppati da Fayad et al. (20&2yandemeulebroucke et al. (2009). II
modello di Fayad é basato sull'analisi in componprihcipali (PCA, principal component
analysis) per costruire il modello, considera cooleme di riferimento la fase di espirio e
richiede come input il range di ampiezza calcol&petto al valore di riferimento. Invece
il modello di Vandemeulebroucke e costruito subaéd di un’interpolazione di DVFs, usa
come riferimento un volume relativo ad una posigiomedia (MidP- fase intermedia tra la
fase di espirio e quella di inspirio) e richiedaneinput sia ampiezza che fase calcolati
attraverso la trasformata di Hilbert. Entrambi idath di movimento sono addestrati su un
dataset di pre-trattamento composto da 4D CT (&Dré&spiratorie) e poi aggiornati con
diversi surrogati estratti dalle cine-MRI 2D ortogdi (i.e. sagittale/coronale) acquisite
durante il trattamento (Figura A).
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Figura A. Costruzione del modello di movimentopassaggi fondamentali per la costruzione del modell

I modelli sono testati su un fantoccio digitale @RI e poi su due pazienti CT/CBCT
(Cone Beam CT) (i.e. paziente A con tumore nelleepanferiore del polmone destro,
paziente B con tumore nella parte superiore dehpok destro) e su un paziente CT/cine-
MRI (i.e. paziente C con tumore, nel polmone sinisattaccato al cuore). In particolare,
per i pazienti CT/CBCT, sono selezionate sulle CB€&Xfe ortogonali centrate nel tumore,
in modo da simulare le cine-MRI. Le performance duabdelli sono valutate
geometricamente e dosimetricamente, in modo daeygemaggiori informazioni per un

iniziale adattamento del trattamento.

La prima parte del progetto, riguardante I'anatjsometrica, pud essere sintetizzata in
(Figura B):

i.  Costruzione del modello. Una volta identificatoviblume di riferimento (i.e.

volume corrispondente alla fase di espirio o ali@m®), € eseguita una DIR tra la
fase di riferimento e le altre fasi respiratoridaldD CT. Abbiamo utilizzato come
(i) surrogato esterno il segnale RPM e come (ifjagati interni il movimento del

centro di massa (COM, centre of mass) del tumorEBMnean tumour boundary),

il movimento del diaframma e il movimento dei vesi polmoni derivati dal SIFT
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(scale invariant features transform), un algoritrper I'estrazione di punti
caratteristici.

Aggiornamento del modello. Successivamente allatrensne, il modello e

aggiornato con surrogati interni ed esterni (MTE&frdhmma, SIFT, RPM) estratti
dal dataset di trattamento.

Quantificazione geometrica. L’analisi preliminarensiste nella validazione dei

modelli sul fantoccio digitale CT/MRI grazie alleegenza del ground truth (i.e. CT
acquisite ai campioni di cine-MRI). L'errore geom@& € quantificato
confrontando la CT di uscita del modello con ilgrd truth. La quantificazione
geometrica e valutata su tre regioni di interes®®I{ region of interest), ovvero
cuore, diaframma e tumore, valutando la distanzhdsa tra i COM sull'uscita del
modello e il ground truth. Infine, e effettuata amalisi statistica non parametrica
(test di Friedman, alpha=5%) per identificare quino i modelli e i surrogati
significativamente differenti. Dal momento che peazienti il ground truth non &
disponibile abbiamo valutato la capacita dei maoddllricostruire una specifica
fase respiratoria (i.e. inspirio). E stata valutktadifferenza tra il rapporto fra
I'uscita del modello con il surrogato di pre-tratnto e il rapporto fra il surrogato
di trattamento con quello di pre-trattamento (FégB), considerando due ROls (i.e.

diaframma e tumore).

Figura B. Processo del modellopassaggi fondamentali per la validazione del modell
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Per il fantoccio CT/MRI i modelli sono stati testptima su un intero ciclo respiratorio,
considerando entrambi i riferimenti (espirio e Midser ogni modello. Poi, i test sono
esequiti (i) considerando sempre lo stesso rifertmgii) dando lo stesso surrogato in pre-
trattamento e trattamento e (iii), solo per il mémei Fayad, dando la combinazione di

diversi surrogati interni o surrogati interni edegsi.

Per quel che riguarda i pazienti, la costruzion@aggiornamento del modello e simile a
quelli realizzata per il fantoccio, con la diffee@nche nei pazienti possono essere presenti
variazioni inter-frazione che devono dunque esgaha@tate (metodo mostrato in Figura C).
La valutazione della variazione inter-frazione &ettfiata considerando un allineamento,
seguito da una registrazione rigida e una registnazcon deformazione (solo per pazienti
CT/CBCT) tra la fase di espirio in pre-trattamestda fase di espirio di un volume 3D
acquisito durante il trattamento prima delle cinBdMNel caso dei pazienti A e B abbiamo
registrato CT con CBCT mentre per il paziente @dltazione inter-frazione e avvenuta

fra CT e gated-MRI (volume acquisito durante lafdsespirio).

Figura C. Variazione inter-frazione: processo per la valutazione.

Test simili a quelli eseguiti sul fantoccio (i.egolo surrogato o0 combinazione di surrogati
diversi) sono effettuati per i pazienti. Tuttavia, questo caso entrambi i modelli sono
costruiti considerando come riferimento la fasespirio, a causa della presenza della sola
gated-MRI (per il paziente CT/cine-MRI) acquisitdaafase di espirio durante il

trattamento e quindi all'impossibilita di considerda MidP come riferimento.

Nella seconda parte del lavoro, e stata effettuatanalisi dosimetrica presso I'Universita
di Sydney in collaborazione con il dipartimentoraiioterapia dell'ospedale di Liverpool

(Sydney, Australia). Per la creazione e ottimizaaeidi un piano IMRT abbiamo usato il
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software Pinnacfe Cosi come I'analisi geometrica, I'analisi dosirest € condotta prima

sul fantoccio CT/MRI e poi sui pazienti. In entranicasi € creato un piano paziente

specifico che puo essere riassunto nei seguersaggs

Creazione e ottimizzazione del piano sulla faseggirio. E’ realizzato un piano

dosimetrico sulla fase di espirio (reference volymesando come linea guida il
protocollo stabilito dal Gruppo di oncologia e @érapia (RTOG, radiation
therapy oncology group) per il trattamento di tunsrmpolmoni (RTOG 0617) e il
protocollo per la realizzazione di piani IMRT fani dal dipartimento di
radioterapia dell’ospedale di Liverpool. Per conmgaee il movimento del tumore
nella fase di pianificazione € usato I'approccid/I{internal target volume), che
consiste nella delineazione dell’'ITV considerandmassimo range di movimento
del tumore. Quando il piano soddisfa i requisiti pietocollo, &€ pronto per essere
applicato a tutte le fasi respiratorie del datasdD CT.

Applicazione del piano a tutte le fasi respiratated dataset di 4D CT. La DIR &

stata usata per propagare i contorni del tumogetar degli OARs dal volume di
riferimento (espirio) a tutte le altre fasi. Invetg&V, PTV (planning target volume)
e gli altri contorni di pianificazione rimangono aiterati, come riportato dal
protocollo.

Applicazione del piano alle uscite del modello. Dagver utilizzato il modello di

movimento per creare la CT corrente, il piano, éhestato precedentemente
ottimizzato sulla fase di espirio del dataset di@D, & applicato ad un gruppo di
uscite del modello. Come per I'analisi geometrlaayalidazione dosimetrica viene
effettuata sul fantoccio CT/MRI, aggiornando il qmasia sulle uscite del modello
di Fayad che sul ground truth. | due piani cosenaiti vengono confrontati
considerando metriche rilevanti (i.e. le stesseriotet usate per soddisfare i
requisiti del protocollo). Per quanto riguarda zieati, a causa della mancanza del
ground truth, la valutazione dosimetrica é effatuzonfrontando il piano ottenuto
sulla fase di inspirio del pre-trattamento con i aggiornato sulle uscite del
modello di Fayad. In aggiunta, per il paziente Gtato testato un intero ciclo

respiratorio.
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La valutazione geometrica di un intero ciclo resfario per il fantoccio CT/MRI
evidenzia, com’é giusto aspettarsi, che ogni modeadl prestazioni migliori quando usa la
propria fase di riferimento. Quindi il modello da¥demeulebroucke funziona meglio con
MidP come riferimento (e.g. gli errori medi sulk@ro ciclo respiratorio considerando
diaframma, cuore e tumore sono rispettivamentet8 6hm, 1.6 mm e 1.1 mm), mentre |l
modello di Fayad funziona solo usando come rifenitoda fase di espirio (e.g. gli errori
medi sull'intero ciclo respiratorio considerandoafdimma, cuore e tumore sono
rispettivamente di 1.63 mm, 1.25 mm e 1.17 mm)ltilepquando il modello & costruito e
aggiornato con il movimento RPM si ottengono rigtilmeno precisi sul tumore rispetto
agli altri surrogati interni, come gia dimostrato letteratura. Considerando invece il
movimento del diaframma, per costruire e aggiormlaredello, si osservano errori minori
rispetto a RPM, con buone performance di compeosazilel movimento del diaframma
ma si ha un errore maggiore sulla compensazionend®imento del cuore. Anche la
valutazione dei test in cui viene utilizzato il sate SIFT conferma un errore maggiore su
diaframma, tumore e cuore rispetto agli altri tes¢ntre si prevede un errore minore sulla
compensazione del movimento dei polmoni visto ¢HelkT descrive il movimento dei
vasi e delle biforcazioni polmonari. Questi ristiluggeriscono che con lo sviluppo di un
modello basato su regioni di interesse (ROI-basedef), ovvero un modello in cui il
surrogato estratto da una specifica regione anatomwiene usato per aggiornare solo
quella specifica regione e non l'intero volume, derformance dei modelli possano

migliorare.

Con la valutazione geometrica condotta sul mods#lileayad, dove e possibile combinare i
surrogati, possiamo affermare che, sia per fanbodoe per i pazienti, la combinazione del
valore coronale e sagittale interpolato o di défdr segnali (interni o interni ed esterni)
non migliora il risultato; questo suggerisce di iaggare il modello usando solo il
surrogato specifico per il corretto campione cdeenluttavia, la combinazione di
differenti componenti di movimento dello stessorggato mostra risultati migliori sul
paziente CT/cine-MRI: se si considera la combinagia@lel movimento del MTB in
direzione superior-inferior (SI) e antherior-pogiefAP) o in direzione Sl e right-left (RL)
si ha un miglioramento sulla stima del movimentd tdenore, rispetto all’utilizzo della
singola componente Sl. In piu, a seconda dellazpos: e della dimensione del tumore,

per entrambi i modelli, si puo affermare che:
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i. seiltumore é grande e nella parte inferiore déhpne (paziente A), il movimento
del diaframma e in grado di descrivere accurataenémovimento del tumore e
viceversa, dal momento che il movimento princiidetumore € in direzione Sl

ii. se il tumore é piccolo e nella parte superiorepidone (paziente B) o vicino al
cuore (paziente C), le direzioni RL e AP non somsdurabili. In questo caso, il

movimento del diaframma non € in grado di desceviemovimento del tumore.

Come gia mostrato, nei pazienti e richiesta latezione della variazione inter-frazione.
Per la valutazione é stato considerato un allinedonégido tra I'espirio in pre-trattamento
e trattamento e, solo per i pazienti CT/CBCT, ¢astdfettuata anche una compensazione
delle variazioni non rigide attraverso una DIR. Beel che riguarda il paziente CT/cine-
MRI, attualmente, si sta ancora cercando di impteare una DIR tra MRI e CT, quindi
studi futuri richiederanno lo sviluppo e la validaze di un algoritmo di registrazione
multi-modale per una stima piu accurata della wéoize inter-frazione. Poiché le
variazioni trovate sono trascurabili se confrontede la dimensione del voxel, il nostro

studio non include la compensazione delle variazigar-frazione.

Nella seconda parte del progetto, la valutaziongindetrica, considerando le metriche
riportate nel protocollo, dimostra che le 4D CTagdiscono un’accurata stima della dose.
Infatti, le curve dell'istogramma dose-volume (DVé#hse-volume histogram) del tumore
target e OARs appaiono ravvicinate (i.e. la distainz inspirio ed espirio sul PTV D98 per
il fantoccio CT/MRI é circa 0.87 Gy).

Dopo aver valutato il piano 4D CT, abbiamo appbcdt piano alle CT in uscita dal
modello. Il confronto tra le curve del DVH dellecite del modello di Fayad e il ground
truth per il fantoccio CT/MRI confermano la capacitiel modello, gia dimostrata
geometricamente, di ricostruire il ground trutholtre, non si apprezzano variazioni
dosimetriche sulle metriche selezionate quando swseti valori coronali e sagittali

interpolati o coppie di surrogati per costruireggiarnare il modello.

Considerando la valutazione dosimetrica dei pazginle uscite del modello di Fayad, in
riferimento alla stima della fase di inspirio, sttelinea che:

i.  se il movimento respiratorio tra le sessioni di-ppegtamento e trattamento € simile

(come per i pazienti A e B), la variazione dosineete inferiore o uguale a 1 Gy;
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ii.  se il movimento respiratorio tra le sessioni di-pegtamento e trattamento cambia
ed & presente un andamento respiratorio irregdtamme per il paziente C), si
osserva una variazione dosimetrica maggiore. Itigogare, quando il movimento
MTB Sl & combinato con MTB RL o MTB AP la differemzsul PTV D98, tra
I'inspirio ricostruito dal modello e I'inspirio depre-trattamento, € di 3.14 Gy.
Questo conferma la necessita di adattare il tratéon per compensare il

movimento respiratorio.

Come approccio preliminare, sul paziente CT/cinekMRlI momento che il movimento
respiratorio tra pre-trattamento e trattamentoavarostrando un andamento irregolare se
confrontato con quello dei due pazienti CT/CBCT,testato anche un intero ciclo
respiratorio. In questo caso il modello é testaandlo il surrogato diaframma e la dose
cumulativa sul PTV D98 varia di 1.17 Gy tra pretamnento e trattamento.

In conclusione, validando i modelli sul fantocci®/®IRI e poi applicandoli ai tre pazienti,
abbiamo dimostrato che l'uso dei modelli rappremenna buona strategia per la
compensazione dellorgan motion, in termini di &aaento sia geometrico che
dosimetrico. Il nostro lavoro conferma la necesditatabilire con precisione la posizione
attuale del tumore e degli OARs e la dose chergssiono, in modo che I'adattamento del
trattamento sia efficace. La fusione di MRI comsteami di radioterapia e I'integrazione del
MRI-guidance nel processo di addestramento dei Hodestruiti con i dati di pre-
trattamento (4D CT) e aggiornati con le cine-MRLrdittamento, sembrano quindi essere
un’ efficiente strategia per migliorare la copegtudel target e preservare i tessuti sani
durante il trattamento. Studi futuri prevedono djasizione di nuovi pazienti CT/cine-
MRI che confermino i risultati ottenuti. In piu, @ gia menzionato, va anche tenuta in
considerazione limplementazione di un modello R@sed, lo sviluppo di una
registrazione multi- modale con deformazione et¢esione dell’adattamento dosimetrico

anche ad altre tecniche di radioterapia.
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Chapter I: Introduction

Chapter I Introduction

1.1. Physical basis of radiotherapy

Radiotherapy is a medical therapy consisting @fdiiting the tumour (i.e. target) through
ionizing radiation with the aim of extinguishing apgastic cells and avoiding their
proliferation in other regions (i.e. metastasisjK&on 2010). Radiotherapy uses radiation
to damage the cell via single helix (single-strahdeeak) and double-helix (double-strand
break) of the DNA, as can be seen in Figure 1 (ei@95).

Figure 1. Radiation induced damage in DNAsingle-strand break (left) and double-strand biegkt).

In both cases, radiation-induced damage can leagltaycle arrest and consequent cell
death via either apoptosis (programmed cell deathjecrosis (a passive process which
lethally kills cells, disabling any repair and fiyaany kind of following cellular
duplication (i.e. mitosis)) (Cohen E, 1999). Radesapy employs ionizing radiation (i.e.

electromagnetic waves at high frequency) with epaxgording to the law:

With : frequency
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: wavelength
300 000 000 m/s: speed of light in vacuum
6,624 16**J/sec: Planck’s constant.

The typical ionizing radiation in radiotherapy cmts of X-rays with a frequency in the
range of 1€P-107! Hz, which corresponds to an energy from 4 MeV toN2&V. The

bremsstrahlung X-Rays (which literally translates“braking radiation”) are one of the
most employed in radiation therapy and are gengfayeaccelerated electrons impinging

on high Z materials (e.g. tungsten, lead).

Interaction of X-rays with matter

When electromagnetic radiation interacts with mrattee main interactions can be listed as
follows (Turner 2007):

i.  photoelectric effect: leads to the total absorptbihe photon (i.e. primary radiation)
by an atom, and one of the atomic electrons ofrishells is ejected:;

i.  Compton scattering: the incident photon ejectswgarcshell electron from an atom and
a photon of lower energy (i.e. scattered photostétered from the same atom;

lii.  coherent scattering: all photons energy is scattére. multiple scattered photons) in
an elastic process without energy conversion oftedas into kinetic energy. This
interaction is more likely when the primary energyower than the electron binding
energy;

iv.  pair production: if the incident photon energy reaer than 1.022 MeV (twice the
electron rest mass) in the presence of an atoneusichn electron and positron pair

can be generated.

Modern radiotherapy is generally delivered with & between 4-18 MeV. At these
energies, the most important interaction is Compsoattering, with pair production

becoming more important at higher energies.

1.1.1 Cancer treatment

The main challenge concerning radiotherapy ignigitthe tumour cells preserving the

surrounding healthy tissues. In radiotherapy, thecept of “hitting tumour cells” involves
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the energy that the radiation releases to matthrs €nergy is callecabsorbed dose
(expressed in Gray [Gy]) and is defined by Inteoratl Commission of Radiation Units
(ICRU) 51 as the ratio between:

Where is the imparted energy (ICRU 36) by the ioniziadiation to the matter per unit
of mass . The goal of radiotherapy is to provide the highmsssible dose to the target
without damaging the surrounding healthy tissuesri@man 2012). Generally, the dose is
administered in daily fractions, with the aim obfacting the patient from high ionizing
radiation and to allow the healthy irradiated tesso repair the radiation-induced damage.
In fact, normal tissue and tumour show a differeahaviour: tumour cells grow more
rapidly than normal cells and this is due to gendaton involved in cell proliferatian
However, tumour cells have a reduced capacity pairedamage compared to healthy
cells, due to the presence of hypoxic cells wittha tumour (Withers 1985). The dose-
effect curve in Figure 2 shows the probability ducing lethal effects in the tumour and

of complication in the healthy tissue.

Figure 2. Dose-effect curveCurve A represents the probability of local contoblthe tumour, whereas
curve B the probability of complications in healtiigsue.

When the probability of tumour control is higheaththe probability of complications in
healthy tissue, the radiotherapy treatment delivvany be done safely. Another important
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issue that has to be taken into account is vanatio shape and positions of organ at risk

(OAR) and target tumour, which may lead to an ieetze radiotherapy treatment. These

variations can take place from fraction to fract{orer-fraction motion), or can appear in

the same fraction (intra-fraction motion). Thistofistion will be examined in depth in the

following paragraph. In order to deal with thesecemainties, the idea is to irradiate a

target larger than the tumour itself. With this @hme ICRU 50 defines the margins for any

sort of treatment planning (Figure 3):

gross tumour volume (GTV): the extension and thsitipm roughly touchable or
visible of the tumour;

clinical target volume (CTV): the tissue volume taining the gross target volume
and/or microscopic subclinical malignant patholsgahich must be eliminated;
internal target volume (ITV): the expansion of CTd¥ taking into account internal
movement (i.e. breathing);

planning target volume (PTV). a geometrical concdetined for selecting the
beam dimensions and the appropriate irradiatiohnigoes, by considering the
effect of all possible geometrical variations (ipatient positioning, ineffective
immobilization) and uncertainties (i.e. tumour skege, weight loss) to ensure that

the prescribed dose is absorbed actually in the.CTV

Figure 3. Margins for treatment planning: PTV, CTV, GTV defined by the ICRU 50 and ICRU 62.
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1.1.2 External beam radiotherapy

Radiotherapy can be classified into different tygesed on the position of the radioactive
source and the method of delivery. In brachytheréipgy source is inside the patient, very
close to the tumour. External beam radiotherapyREEBinstead has the radiation source
outside the patient and the accelerator mostly eyepl in EBRT is the linear accelerator
(linac), which is described in section 1.1.1.2. Tédernal beam radiotherapy process

consists of two main phases:

i.  planning phase: a patient-specific model of thattnent is developed by defining
the tumour and OARs margins and the dose to beedell. This step is supported
through the use of a treatment planning system YTPke TPS is also able to
assess the 3D dose distribution in a 2D formatutjinathe dose-volume histogram
(DVH), which is a histogram relating radiation ddsetissue volume. Ideally, the
100% of the dose distribution should fall in thé®%®of the irradiated volume, thus
sparing the surrounding healthy tissues;

ii. treatment phase: the treatment plan is deliveredprding to the treatment plan
performed. It has to be pointed out that variatiemth respect to the treatment plan
need to be compensated.

1.1.2.1 Linac and multi-leaf collimator

The most commonly used treatment devices in modadiotherapy are linear electron

accelerators (Karzmark et al. 1993). Electronsgamerated via thermionic emission and
injected into a linear acceleration structure, \whoonsists of a series of radiofrequency
resonant cavities. These cavities are excited énnticrowave frequency (typically ~3

GHz) and provide an oscillating electromagnetitdfi® accelerate electrons. The electron
accelerator is housed in the gantry, which is teatinent unit that rotates around the
patient allowing irradiation from different direatis. The linac inside the gantry is
installed in a direction parallel to the bed axis patient’s positioning. The gantry rotates
symmetrically about one point in space. This pagntalled the isocentre and it is the

intersection between the gantry axis and the ceatia of the beam.
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In addition to the waveguide, the gantry includise &igure 4):

Vi.

bremsstrahlung target: the metal target on whiebtedns impact, generating X-ray
photons;

primary collimator: the first step of radiation Ine&ollimation;

flattening filters: filters used for providing unifim dose profiles;

monitor chamber: the radiation detector with whible dose delivered from the
linac is controlled. The delivered dose is measunechonitor units (MUs). One
MU is defined as the fluence of a square field tlesults in a dose of 1cGy at a
specific depth in a water phantom;

secondary collimator: consists of one or two paeadpposed movable metal
blocks called jaws, which are positioned in orderbtock part of the beam not
intersecting with the target volume, resulting ireatangular beam shape;

multileaf collimator (MLC): a system of ~50-100dihg tungsten leaves which are
positioned in order to replicate the target volutoe be irradiated from the
prospective beam view (i.e. beam eye view). Thdigoration of leaves and jaws
is called segment or aperture.

Figure 4. Gantry: representation of the gantry of the linac.
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1.1.2.2 EBRT techniques

The evolution of radiation therapy has been strpmgirrelated with the development of
imaging techniques and the main concept that hasl leew imaging techniques
advancement is using images to better understaatiém and shape of internal organs and
of tumour masses. In the 1970s, computed tomogréphy has completely transformed
radiation therapy allowing the use of image datdudd a 3-dimensional (3D) patient
model and design 3D conformal radiation treatm8bt CRT). Recent technical advances
have enabled the planning and delivery of radiatiothree dimensions, so that the dose
given to the patient closely conforms to the tumshiape. Within the field of EBRT, a
variety of different techniques are used to confdhe dose to tumour. One of the most
important advances is intensity modulated radiatimerapy (IMRT). The basic idea of
IMRT is modulating the intensity of radiation beammrough the leaves of a MLC
(Bortfeld, 2006), thereby delivering a radiatioaldi with a non-uniform intensity to better
conform the tumour shape. There are two commonadstbf IMRT delivery using multi-
leaf collimators (Goraj 2012): the static technidireown as “step-and shoot” and the
dynamic technique. In the first approach, the Isaae set at a fixed position when the
radiation beam is switched on and then they chaogéion when the beam is switch off.
In the second method instead, the MLC leaves mogasnuously while the radiation is
on. In contrast with 3D CRT, in IMRT not only thadiation beams are geometrically
shaped but they also have a non-uniform radiatieente to give a pixel by pixel intensity
variation within the shaped beam (Webb 2003). bleoto better understand the concept
of intensity modulation, we should refer to theidiibns of radiant energy and energy
fluence given by ICRU 33. Radiant energy (R) is #mitted, transferred or received
energy (expressed in [J]) and energy fluenck (expressed in [J 1)) is the ratio between

and , where s the radiant energy impinging on a sphere of$ectional area

Besides the IMRT technique, other radiotherapyrgples include volumetric modulated
arc therapy (VMAT) and stereotactic body radiatiberapy (SBRT). VMAT consists of a

large number of beam directions from an arc trajgcand delivers doses dynamically
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during the rotation of the gantry. As reported by &t al. (2011) using the full gantry
range provides increased flexibility in generatimghly conformal treatment plans. SBRT
consists in the delivery of large doses in fewtitats (i.e. hypofractionation) with respect
to conventional radiation treatment, thus resulim@ highly conformal dose distribution
in a relatively short overall treatment time (Beioe@t al. 2010). The focus of this thesis

project will be on IMRT techniques.

1.1.3 Organ motion

Patient’s anatomy and position during the courseadiation therapy varies to some extent
from those used for therapy planning process (Laregeal. 2001). This is mainly due to
patient movements, inaccurate patient positioning @gan motion. Variation in patient
movement and position can be minimized with the ledlpatient positioning systems and
immobilization devices. The term organ motion refey anatomic-pathological processes
that occur during a radiation therapy treatmenistc® uncertainties in treatment delivery.
There are two main categories in which organ motim be divided: inter-fraction motion
(occurring between treatment sessions) and inae#m motion (occurring within a
treatment session). Inter-fraction motion is maidlye to anatomic variations such as
shrinking or growing of the tumour, patient weigjain/loss and geometric variations (i.e.
set up errors and uncertainties related to papesition during treatment). Intra-fraction
motion occurs while the patient is irradiated aad e caused by respiratory, muscular,
cardiac and gastrointestinal systems. Much intdrastbeen directed towards accounting
for respiratory motion, which affects all tumoutesi in thorax and abdomen, though the
disease of most relevance for radiotherapy is kargcer (Keall et al. 2006b). Indeed, the
management of organ motion due to respiration ie oh the main challenges in
radiotherapy treatment, especially for abdominal #moracic regions where respiratory
organs are involved (Brander et al. 2006). Regpimatnplies a non-rigid deformation of
the thoracic-abdominal patient anatomy, charaadriby a cyclic nature but with an
element of irregularity owing to the complex physgcal process of breathing (Korreman
2012). In the thorax and abdomen, intra-fractiomerimal anatomy motion due to
respiration is the principal cause for large safetgirgins. Motion can distort target
volumes and results in positioning errors sincéedéint parts of the tumour move in and

out of the image window with the patient’s breath{iXing et al. 2006). As consequence
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of adding safety margins, it should be considehed &lso the healthy tissues surrounding
the target volume are irradiated. Another imporiastie regarding respiratory motion is
the fact that the pattern of breath can signifigantary across patients and within a
treatment session given to the same patient. Ferd¢lason, there are no general patterns
that can be assumed for a particular patient bedbservation and treatment (Keall et al.
2006b). Keall et al. (2006) report lung tumour ot 2-30 mm in the Sl direction, 1-20
mm in AP direction and 1-10 mm in the right-leftedition (RL).

Therefore, the need to quantify and compensaterfyan motion is of primary importance
in radiation therapy to reduce margins and optinieatment delivery, thus irradiating the

tumour and sparing the surrounding healthy tissues.

1.2 Image Guided Radiotherapy for motion

compensation

The need to improve targeting in radiation treattwemotivated the use of imaging
technologies to guide radiotherapy. Such an appr@known as image-guided radiation
therapy (IGRT) (Xing et al. 2006). The term IGRTers to the steps of patient setup,
radiation planning and treatment delivery thatgné¢e new imaging tools, which interface
with the radiation delivery system and allow thepmvement of treatment accuracy by
adjusting the radiation beam based on the actustipo of the target (Jaffray et al. 2012).
One of the main tasks in IGRT is irradiating tunsuanore accurately while sparing the
normal tissue, thanks to the reduction of safetygma (e.g. CTV and PTV). The precision
introduced by IGRT can shorten the duration ofaadn therapy by reducing the number
of treatment session, increasing uniformity in ddsévered and also decreasing set up
errors (Dawson et al. 2006, Jaffray 2012). All thebaracteristics make IGRT very useful
to compensate for anatomical changes in both terdtpianning and delivery.

1.2.1 Planning phase

The planning phase in radiotherapy relies on imageke patient (typically CT) in order
to build a patient-specific model and to create tteatment plan that will be transferred

into the treatment situation. The imaging modatityst used in the clinical practice is CT,
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thanks to its high spatial resolution and excelleome structure description. In addition,
CT provides information on relative electron depsitvhich is required for dose
calculations. The recent development of ultra-fasilti-slice CT has enabled time-
resolved (4D) CT imaging of the patient’'s breathiogrcle (Xing et al. 2006). This
technique is described in detail in section 1.2.1CII' can be categorised by the shape of
the X-ray beam and detector used to form imagesltérnative to the conventional CT,
there are also cone-beam CT (CBCT) and fan-bear(FBTT), characterized respectively
by a cone-shaped or a fan-shaped X-ray bundleamtk-ray source and detector, rotating
around the patient. The main advantages of thesmitpues are faster acquisition of the
dataset of the entire field of view (FOV), a shog&amination time, and a reduction of
image unsharpness caused by the translation giatent. However, due to the increased
scatter from the larger beam size, overall imagalityuis generally lower with these
approaches (Scarfe et al. 2008). Other imaging tht@$aare also used in radiotherapy
treatment planning, such as magnetic resonanceinga®IRI), which enhances soft
tissues, and positron emission tomography (PET)¢twhprovide information on tumour
metabolism (Xing et al. 2006). Specifically, MRIoprdes complementary anatomic
information and guarantees an excellent soft-tissu@rast, a good temporal resolution
without the use of ionizing radiation. All theseachcteristics make MRI an attractive
technology for target tumour and OARs definitiongdat will be at the basis of this thesis

project.
1.2.1.1 Imaging of organ motion

Organ motion is one of the main causes of artefacBD static images. The problem of
artefacts is extremely relevant because it caneoprently affect dose-calculation accuracy
(Keall et al. 2006b). The need to account for adlice the impact of organ motion has
resulted in the development of different motion pemsation strategies. Among these,

there are methods for the reduction of respiratooyion, which include:

i. abdominal compression: realized with a body franggipped with a small
abdominal plate to reduce diaphragm motion;
ii.  breath-hold: the patient is asked to interrupt thieg during image acquisition.

The disadvantage is that the patient might not e # hold the breath in a

10



Chapter I: Introduction

consistent position for multiple-breath-hold imagior for the duration of the
acquisition process;

active breath hold (ABC): a way to control breatbldhthorough an adapted
ventilator connected to the patigiwWong et al. 1999 With this method a breath
hold of the patient can be initiated and held bytaaling the ventilator valves.

There are also methods for CT imaging which allatadacquisition during free-breathing,

such as slow CT, inhalation and exhalation breatld,hrespiratory gating and four-

dimensional CTlIn particular:

slow CT: allows to obtain the envelop of anatomstalictures in a breathing cycle
through a very slow CT scanner or acquiring forheslice more than one CT scans
(each for a breathing cycle phase) and then aveyagem;

respiratory gating (i.e. prospective sorting): aamshot image of a specific
respiratory phase is acquired for reconstructimgation-free volume with the use
of an external surrogate (i.e. a signal represietaf respiratory motion) (Kubo et
al. 1996). Typically, the respiratory signal is acgd by measuring the
displacement of the patient body surface with gbteethods, such as the real-time
position management (RPM) system (Varian, Palo ,ARtalifornia, USA), based
on an infrared tracking camera and reflective marki&ed on the patient’s thorax.
With this system, the respiratory pattern and tiege of motion are measured,
processed and displayed through a dedicated interfanother method is the use
of an elastic belt equipped with pressure sensozaiArespiratory gating system
AZ-733V (Anzai Medical Co., Ltd, Tokyo, Japan). Tlelvantage of using a
respiratory gating approach is highlighted in Feg&; in which reduced artifacts
are visible if the gating approach (Figure 5 Bused.Both breath-hold and gating
acquire an image volume in a single specific respry phase, requiring repeated

acquisition at multiple reference phases to cavemthole breathing cycle;

11
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Figure 5. Respiratory gating: coronal view of CT scans of the same patient. Ardurree
breathing. B-respiratory gating scanning at the extthlation (from Keall et al. 2002).

four-dimensional CT (4D CT) (i.e. retrospective tsw): is a time-resolved

retrospective four-dimensional imaging (4D CT) (dedet al. 2003a), which has
become a basic component for respiratory motioesassent (Keall et al. 2006b).
This method consists of acquiring volumes able éscdbe the respiratory cycle
through the retrospective sorting of 2D slices,uaregl in different respiratory
states by means of an external surrogate (Figur@l® entire breathing cycle is
typically divided into distinct bins on the phagefditude of the respiratory signal
and CT images are then sorted into several volunaesording to their

corresponding phases/amplitude in the respiratpeiec

Figure 6. The 4D CT phase-sorting procesghe CT images, breathing tracking signal and X-Ray
ON signal form the input data stream. The breatlkye is divided into distinct bins (for example,
peak exhale, mid inhale, peak inhale, mid exhalejages are sorted into these image bins
depending on the phase of the breathing cycle iictwthey were acquired, yielding a 4D CT
dataset (from Vedam et al. 2003a).
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However, the greater number of slices acquiredndutthe breathing cycle leads to
an increase of the ionizing radiation deliveredtihe patient and the external
surrogate may not correlate well with the actudaénmal motion (Vedam et al.
2003b). A possible solution to overcome the cotiehabetween external and
internal signals, is the use of multiple respiratoelated signals (Gianoli et al.
2011) or internal surrogates (Zeng et al. 2008)ckvlare expected to improve the
4D reconstruction (Rietzel et al. 2006). Internadregates could be derived from
implanted markers or, mainly, directly from the aicgd images (i.e. image-based

surrogates) (Zeng et al. 2008).

Finally, 4D CT volumes are also useful because tiagyprovide the magnitude of
the whole motion and on 4D CT the dose calculatan be performed in a way

that directly considers the motion information.
1.2.1.2 Quantification of organ motion: deformainh@ge registration

In radiotherapy planning, the expression “imagestegtion” plays an important role with
the purpose to align, compare and integrate infaomdrom different images (Maintz et
al. 1998a, 1998b). Image registration can be useadtégrate multi-modality images (i.e.
images coming from different systems like CT and IM&aining more information or
mono-modality images (i.e. images coming from thea system) acquired at different
times. Images registration is useful in radiatiberapy to quantify organ motion and to
transfer the planning situation into the treatns@nario. In general, image registration is
an optimization procesgrigure 7)for determining a spatial transformation relatimg t
position in one image (reference or fixed imagejh® corresponding position in one or

more other images (target or moving image).

13
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Figure 7. Image registration workflow: fundamental steps of the process.

Considering Figure 7 the blocks of the flowchag as follows:

interpolator: transforms the coordinates of the mgvimage into the physical
space of the coordinates of the reference one;

metric: defines the similarity metric between refese and moving volume
depending on mono-modal or multi-modal image adtjois Example of similarity
metrics for mono-modal images are the mean squae €MSE) and the
correlation coefficient (CC), whereas for multi-nabdmages mutual information
(MI) and normalized mutual information (NMI) can bsed;

optimizer: finds the optimal parameters of the ¢farmation in order to
maximize/minimize the similarity/difference betweéme reference and moving
image;

transformation: according to this block, regiswatican be divided in global,
applied on the entire image, or local, appliedubsections of the images. Among
these, transformation can further subdivided irdrigffine and deformable (Figure
8).
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Figure 8. Image registration:type of transformation.

Rigid registration allows only translation and taia and it is defined by 6 parameters (3
rotational + 3 translational). It preserves straigiss of lines and points distance and it is
part of most treatment planning systems. It is iyaised to calculate the corrections to
apply for differences in patient positioning betweplanning and treatment. Instead,
deformable image registration (DIR) is used to take account deformation due to the
non-rigid nature of the patient body. The outputDdR is described by a deformation

model, known as deformation vector field (DVF) (#ig 9), which indicates the

displacement between each voxel in the referenegénand each corresponding voxel in

the target image.

Figure 9. DVF: DVF applied to the image. A-sagittal view. B-corbunigw.

There are several ways to compute DVF such as:pilaie splines, radial basis functions

(RBF), Demons (based on the intensity conservdigtiween reference and target image)
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and free-form deformation (FFD) based on B-splinasparticular, the B-Splines based
deformable registration applies a B-spline gridootite voxel grid of the image (Figure
10). This algorithm obtains interpolated DVFs asuteof the interpolation of the B-spline
grid on the voxel-grid (Shackleford 2010).

Figure 10. B-Splines DIR:B-spline grid (in orange) applied on the voxel dfiid black) with its vectors (in
red) and the resulting interpolated vector fieldlight blue).

The DVF is obtained applying the following equation

Where:

Bi(X)B(y)B«(z): basis pre-calculated of the B-splines

P(i,j,k): B-splines coefficients to be optimized.
1.2.1.3 Treatment Planning.

Treatment planning refers to the phase in whichiatemh oncologists and medical

physicists create and optimize a patient speaifiattnent plan. This process is carried out
in a virtual environment known as treatment plagnaystem (TPS). From the acquired
images, the localization of the target tumour arghos at risk is performed by contouring.
Different dose calculation algorithms are used BSTsystems, but all require spatially
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accurate electron density information within théigya tissues (i.e. the number of electrons
per cubic area). The focus in this project is IMRENn. Considering IMRT planning
techniques, two are the approaches used for ttatiameof a treatment plan: the forward
and the inverse planning. In forward planning th&nown parameter is the dose that has
to be prescribed to achieve the purpose of theéntieyat plan. Once treatment planning
images are available, the planner defines the gordtion and angles of beams and
wedges to obtain the dose distribution. If this edabstribution is acceptable for the
specific treatment plan, the plan is ready for geilelivered. Conversely, in the inverse
planning technique, the planner defines the tadpse (i.e. prescribed dose) and the
unknown parameters are the weights and the inyengthin each beams giving the
prescribed dose. A schematic view of the differdmew®veen forward and inverse planning
is proposed in Figure 11. Although inverse plannsthe most used approach for IMRT,
they are not synonymous. There are also forwardnghg approaches that are used, but
the inverse one is the most used because the gneatnt of unknowns to determine
(Webb 2003).

Figure 11. Forward and inverse planning:in forward planning the unknown parameter is thespribed
dose (?) and the beams are the known paramete@ofiyersely, for inverse planning the dose distidn is
known (!) while the beams parameters are unknown.

The main issue in inverse planning is the infimtenber of beams and their configurations

that will give the same dose distribution. For thémson, the inverse planning is also
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identified as an ill-conditioned problem. A mathdica formulation for the ill-
conditioned inverse problem is given by Webb (2003)

$ g '3
Where:
$: 3D dose distribution

$: vector of individual beam weights
A: matrix linking each dose-space element to eaembspace element.

In other words, in the inverse problem the presdidose D is specified, the matrix A is
known and it is required to calculate b:

$ ¢ @

However, this is not generally done because theselarge number of vecto®that when

operate on matriA give the 3D dose distributioB, and the vector® cannot be negative.
A possible strategy for the solution of the ill-caroned problem is the optimization of a
cost function. Basically, in this perspective, theerse planning problem is represented
through a cost function to be optimized. The optation process means to find the best
plan for treating a particular patient with a pautar external shape, location of disease
and arrangement of internal organs (Webb 2003 fuinction can be defined as:

*+)-1,% 0 1 2 3 45
Where:
DP(x, y, z) the prescribed dose distribution
D(x, y, z) the actual delivered dose

I(x, y, z) the importance of each voxel.

The optimization problem is an iterative processcitontinues until the global minimum

of the cost function is found. As iterations go each beam element (i.e. beamlet) change
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and these changes are accepted if they lead twex lmost function. When the beams are

off (number of iterations=0), the cost function is:
*,)-1,* 0 13 4°

Hence, in the following iterations, when the beaams turned on, the cost function
gradually decreases whilg(x, y, z)increases. In Figure 12 A a plot for a generict cos
function with a well defined global minimum (redoss) and other local minima (green
circle) is shown. In Figure 12 B, a plot for a chsiction representing the inverse problem
Is shown. The wide plateau of the function represaft possible beams arrangements that
correspond to the same dose distribution (ill-cbaded problem), where a small dip in
the plateau might be present, representing thevadst of the cost function.

Figure 12. Cost function representation:A-a generic cost function with global minimum (recbss) and
local minima (green circles). B-a cost functionresgnting the inverse problem.

Before the optimization process, each beam is dd/id a number of smaller beamlets and
the corresponding dose distributions are compudedbler et al. 2009). Each beamlet has a
specific weight. This process is also known as bebased inverse planning and consists

of the steps illustrated in Figure 13.
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Figure 13. Workflow of the beamlet-based inverse planfundamental steps of the process.

Specifically:

i. beamlet weights are optimized to produce an opgathifluence map for each beam
direction;

ii. aleaf sequencing algorithm is applied to transtateh optimized fluence map into
a set of deliverable aperture shapes of the MLC.

The beamlet-based optimization requires a largebaurof segments and monitor units,
which can require also long treatment times. Fas tfeason, the direct aperture
optimization (DAO) or the direct machine parameiptimization (DMPQO) algorithms, in
which the MLC setting is produced during the optation (see section 2.3.1 in Chapter
I), are preferred. Another important aspect of dipéimization process is the definition of
objective functions and constraints, which drive tptimization. The objective function
represents the function to be minimized in ordeoldtain the optimum plan. Keall et al.
(2006a) report a table of dose-volume constraiotdMRT treatment planning that give

acceptable plans over a range of tumour volumedamadions (Table 1).
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Table 1. Dose volume constraints proposed by Keadit al. (2006a) for IMRT plans. In this case the
prescribed dose is 74 Gy in 37 fractions to the 95%f the PTV.

Structure Constraint type Dose [Gy] Volume [%] Weight
PTV Min DVH 74 95 100
PTV Min Dose 66.6 - 40
PTV Max Dose 88.8 - 40

Lungs minus Max DVH 20 30 20

Spinal cord Max Dose 45 - 50

Heart Max DVH 55 50 20
Oesophagus Max DVH 55 30 40

Objective functions can be divided in (Carlsson&00

physical functions: based on the direct measuréisardose domain. The functions
that belong to this category are (i) the maximursejavhich is typically used for
OARs since only voxels with dose exceeding thegilesd dose level are penalize,
(i) the uniform dose, (iii) the minimum dose, whics used for target tumour and
(iv) the maximum or minimum dose that a percentafy¢he interested volume
should receive, which are the Max DVH and Min DVH,;

biological functions: based on radiobiological misd¢éhat predict the clinical
outcome of the dose distribution. In this categiwgre are (i) the “tumour control
probability” function (TCP), which is the proballiof local control given the
planned dose distribution, and (ii) the “normalstis complication probability”
function (NTCP), which is the probability of somefithed undesirable effect on the
patient due to irradiation (Brahme 1999).

Instead, the constraints place restrictions onsiteof solutions, which are considered

feasible. They define what is an acceptable salutoiving the optimization process.

Different TPS systems are available in the clifior this project the attention will be
focused on the Pinnadl&PS which uses a gradient iterative method to timel best

solution. More details will be given in Chapterdéction 2.3.1.
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1.2.2 Treatment delivery

In this phase, the patient receives the target desessed by doctors and radiation
oncologists in the planning. One of the main cmagés is to correctly transfer the planning
situation in the in-room scenario, in terms of egpondence in patient positioning and
anatomical alignment of internal structures to emshe correct position of the patient at
the time of each radiation treatment. This is #&son why in-room real-time monitoring,
able to directly or indirectly observe the targesiion during treatment, is necessary. In
clinical routine, different approaches are avagalbimple approaches are non-image-
based, in which the patient is positioned and mdwednferring the location of internal
anatomy from surface landmarks (e.g. optical tragki(Bentel et al. 1999). The
disadvantage of this approach is due to the presehancertainties in deriving the target
position, because the external surrogate may nmoelate well with the internal anatomy.
Also, approaches based on CBCT, that uses a mgtgantry through which the X-Ray
source and the detector rotate around the patientd be useful (Scarfe 2008). The cone-
shaped source of ionizing radiation is directedulgh the target volume onto an X-Ray
detector on the opposite side. During the ganttgtian, sequential planar projections
images of the field of view (FOV) are acquired. S@eeries of planar images are, then,
subject to a tomographic reconstruction (Bissomenett al. 2009), hence ensuring the
acquisition of the whole volumes useful to veribftdissue position. Accurate placement
of the radiation beam at the prescribed locatiorthenpatient can be achieved through the
use of electronic portal image devices (EPID) taasuee the X-ray intensity transmitted
through a patient from a radiation port during @atment session (Herman et al. 2001).
The great advantage of this technique is thatnatestructures such as the diaphragm are
visible with mega-voltage (MV) images (i.e. EPID)dacan be correlated with tumour
location. However, kilo-voltage (kV) radiography @iuoroscopy yield higher contrast
images for a lower energy (Xing et al. 2006), allggvmore frequent imaging. Also
ultrasound (US) techniques, in which conventiongitems are employed in conjunction
with a tracking system (optical or robotic) to a&ldJS images of internal anatomy,
providing real-time information, can be useful. B\&tems have the advantage of low cost,
easy integration within the RT process and lackonizing radiation. However, bones or
air cavities can generate reflections which interfeiith the US signal from soft-tissue

targets. In addition, this technique is severelgrapor-dependent.
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1.2.2.1 Management of organ motion

The presence of organ motion due to respiratiorindutreatment delivery causes a
blurring of the static dose distribution and consagly a shift between the desired and the
delivered dose. Therefore, the compensation foarorgotion during treatment delivery is
of primary importance in order to increase the ttreat accuracy. A first method is
respiratory gating, in which the compensation fagam motion consists of turning on the
beam only in specific respiratory states. Howeitenas been shown that a better way to
treat a moving target may be dynamic MLC trackimgwhich the MLC is used to track
the tumour motion (Keall et al. 2001). Real-timeage-guidance strategies require a
method to directly or indirectly observe the targesition continuously during treatment.
Direct localization strategies entail the real-tinmeeasurement of the target position.
Fluoroscopy at kV energies can be employed to ioeabdio-opaque fiducials implanted
into (on near to) the tumour volume: a frequencyBofimages per second is reached by
Shirato et al. (2000) with an accuracy better tham mm. However, a relevant non-
therapeutic dose is delivered to the patient brfiscopy is applied for the whole treatment
duration and the implantation of radio opaque fidis¢ which is required to cope with the
low tumour contrast in kV images, represents antiaa@l risk, especially for lung cancer
patients. EPID can be also used to track internatkers; a recent real-time solution
proposed by Fuangrod et al. (2013) utilizes a cetmgmsive physics-based model to
generate a series of predicted transit EPID imageds as a reference dataset and
compares these to measured EPID frames acquir@gigdueatment. Indirect strategies to
follow target position during treatment are expéainn the next paragraph.

1.2.2.2 Dose assessment during treatment

A major issue with the current practice of radio#ipg is that anatomical variations can
introduce large uncertainty in the delivered doBescrepancies between planned and
delivered dose to tumours and normal tissues cad te unsafe and/or ineffective
treatments; as such, techniques enabling the edilonlof the delivered dose incorporating
anatomical motion are of great importance. Sevakethods have been reported to assess
the delivered dose during treatment. Among thes@esapproaches have been developed
to link EPID images to actual delivered dose thawokihe fact that EPIDs are available on

existing clinical equipment and require no addidibimaging dose (Cai et al. 2015). A
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dose estimation method based on MV images acqbydePID was proposed by Berbeco
et al. (2007) and by Aristophanous et al. (2011mE et al. (2009, 2010) combined CT
with images recorded by EPID during treatment toifyethe delivered dose. Other
approaches, reported by Veiga et al. (2015), preghtise use of DIR as a tool to assess the
delivered dose at each time of the treatment. #ubnique is known as “dose warping”
and entails the application of the DVF to the fiacty fraction dose maps to deform them
with respect to a reference in order to appredi@se variations. The choice of the DIR
algorithm leads to uncertainties in dose warpepe@asally for regions with poor imaging

quality (Veiga et al. 2015).

1.3 Motion models

An alternative to direct X-ray imaging involves timglirect motion monitoring through the
use of motion models. Motion models attempt to finklationship between the motion of
interest (i.e. organ motion) and surrogate datadushen it is not possible to directly
measure the motion of interest. Surrogate data aavmportant role in the definition of a
motion model and they should be easy measurabies hastrong correlation with the
motion of interest and a sufficiently high tempor@solution. There are different sources
and physical measurements that can be used tonatiiaiogate data, such as respiratory
bellows, that describe the movement of the chedttla@ spirometer, that measures the air
flow to and from the lung, used together with aniagb tracking signal (Lu et al. 2005).
Moreover, there are optical tracking technologgssh as the RPM system, that track the
motion of one or more points on the surface ofdimest or the abdomen. Alternatively can
be employed electromagnetic or laser based tragdystems. Therefore, the basic idea is
to track external markers or breathing signals. s@rogates for the indirect motion
monitoring) spatially and temporally correlated witmour motion (Vedam et al. 2003b).
A patient specific correlation model is used teeirthe tumour position as a function of the
surrogate and it is periodically updated with thioimation on the actual tumour position
acquired with the imaging system (Murphy et al. @00rhe main issue regarding the
indirect solution is establishing a reliable coateEin between internal and external
surrogates, especially when tumour motion is irlgun addition, it should be stressed

out that patients’ breathing patterns can varympléude, period and regularity during
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treatment sessions and there could also be systeaha@nges in the respiratory baseline.
Moreover, motion features may be markedly differestween patients, suggesting a
customized approach to respiratory management. Nayg there are several models in
X-ray radiotherapy that clinical implement this i@ation, such as the CyberKnife system
(Accuracy, Sunnyvale, California, USA) (Kilby et &010) and the VERO system (Vero
GmbH, Germany) (Kamino et al. 2006). In the Cybef&na linac mounted on a robotic
manipulator delivers treatment beams with high igfes. The system compensates organ
motion thanks to a model correlation between th&figaration of three infrared external
surface markers (surrogate signal) and the inteamngét position. Image acquisition, target
localization and alignment corrections are repeatedinuously during treatment delivery,
typically every 30—-60 s (the imaging interval canduljusted during treatment based on the
stability of the target position). For targets thaive due to respiration an additional track-
ing system enables beams to move in real-timellovwidhe target. The second example is
the Vero system (Vero GmbH, Germany), that hasrdbgled irradiation head and predicts
motion by means of models which uses real-timeanefil monitoring of patient’s surface
points and periodical imaging verification. It pemhs adaptation of the correlation model

to moving pattern similarly to the CyberKnife syste

In addition to clinically implemented solutions itme literature global image-based
respiratory motion models have been proposed. Tdteomis estimated from the imaging
data (e.g. using image registration) and the motnmuel approximates the relationship
between the surrogate data and the motion (Figdje Therefore, the construction of
global motion models is able to describe the whialernal anatomy and can improve the
description of the motion and the identificationtomour with respect to the surrounding
healthy structures (McClelland et al. 2013).
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Figure 14. Motion Model: creation of motion model (from McClelland 2012).

Most of the respiratory motion models presenteth@literature are patient specific, based
on 4D CT (Vandemeulebroucke et al. 2009, Fasdi @045) or MRI dataset (Fayad et al.
2012). Specifically, Fayad’s model is based on@pal component analysis (PCA) and
uses 4D MRI imaging for the model creation stegos®guently, the model is updated with
two “breath hold” 3D MRI volumes and 2D MRI imagesich are using a 2D image
navigator which relates to the internal organ motiescribed by the motion fields. This
model is similar to the one previously developedHayad et al. (2009) which is 4D CT
based and requires the use of external surfacenpatcquisitions. Vandemeulebroucke et
al. (2009) proposed a method for estimating regpiyamotion from the 2D cone beam
(CB) projection sequence acquired during treatmiéinst, the parametric patient-specific
motion model is created from the 4D CT acquiredtpgatment for irradiation treatment
planning and then the model is fitted to the CBjgmtion by optimizing the parameters in
order to maximize the similarity between the 2D @Bjection and the simulated
projection of the model. These two motion modell ke described in details in sections
2.2.1 and 2.2.2, since these models are the ba#iissqroject. In this framework, Cai et
al. (2015) proposed an approach to assess actualeBizered dose for patients with
significant respiratory motion during SBRT treatrhémrough the reconstruction of 3D
images of the patient using kV or MV projection gea. These images are acquired at
sampled timepoints during treatment, and at eavlepoint the 3D dose distribution is
calculated and then the deformed doses are acctedutaassess the actual delivered dose
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to tumour and critical organs. Recently, Hurwitzakt(2014) proposed to reconstruct the
3D images of respiratory phases during treatmeimgusxternal surrogate signals, based

on which the actual delivered dose can be calalffatethe entire volume.

1.4. Magnetic Resonance Imaging and its role in ingg-

guidance

The development of next-generation IGRT systenmegnaiting the use of MRI is currently
showing important progress (Jaffray 2012). The aeraswhy MRI has become an
attractive technology for target and organs at dsknition are humerous: the absence of
ionizing radiation, the high contrast of soft tissuand the good temporal resolution in
dynamic acquisition modality. In addition, MRI imag systems can offer functional
information. Diffusion-weighted imaging has thealiépto monitor physiological changes
during treatment and dynamic contrast enhancedingag an accurate assessment of the

tumour environment.

1.4.1 In-room MRI systems

The exquisite properties of MRI motivated sevemtent technological developments
towards the integration of MRI with radiation theyareatment units, raising the prospect
of fully MRI-guided treatments (Menard et al. 201B)fferent groups are working on the

integration of in-room MRI into radiotherapy guid&n(Figure 15) and these systems will

be available soon in different clinical centres.
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Figure 15. In-room MRI configurations: different systems developed.

The system proposed by Jaffray et al. (2014) ctseisa 1.5T MRI scanner on rails which
can be moved into and out of a treatment room w&itbMV linac. This configuration
however does not allow real-time MR imaging duringatment delivery, as the MRI
scanner cannot be in the treatment room duringnrerat. The ViewRay™ system (Mutic
et al. 2014) is already in clinical use and is dase three Cobalt-60 units equipped with
MLC positioned in a ring in the mid transversaln@eof the MRI system: the system can

rotate 120° to allow radiation delivery from ea@ntyy position. Limitations are linked to:

i. the characteristic of the Co-60 radiation beam,ciiprovides beams with lower
output, less penetration, larger penumbra, andehighrface doses than a linear
accelerator even if the radioactive decay doesimtetfere with operation of an
MRI unit;

ii. low-field MRI of 0.35 T, which is known to providenages with less signal-to-
noise ratio and shorter relaxation times even ifjmetic susceptibility artefacts,

heating and perturbation of the dose distributi@npevented.

Other groups are developing systems in which an MRd a linear accelerator are
integrated into one system. This is the case dbRalet al. (2014), Keall et al. (2014) and
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Lagendijk et al. (2014), which provide an MRI-guidsystem with a 6MV linac in a

conventional bunker with different field strengthdamagnet configurations. Specifically,
the UMC Utrecht prototype system (Lagendijk et2014) consists of a modified 1.5T
MRI and a 6MV accelerator in a ring in the mid-saersal plane around the MRI for
continuous rotation in either directions (Raaymaket al. 2009). In this case, active
shimming is required to compensate for magneti@atians that occur at different gantry
angles. These variations are the result of the mewt and position of magnetic linac
components. In fact, rotating the gantry while inggadds a further layer of variability to

the scanner magnetic field. Two ways in which imdggortions can be minimized are the
dynamic adaptation of the scanner’s magnetic fiedd dynamic shimming) and advanced
image reconstruction methods (Crijns et al. 2014).the configuration proposed by
Fallone et al. (2014) the accelerator is positiolaerally to the MRI (0.56T), so the beam
enters through the open side of the magnet. Inwhisthe beam transmission is facilitated
and the variability due to linac components in thagnetic field is reduced. To allow
irradiation from multiple beam angles the accelaréias to rotate together with the MRI
around the target. The accelerator can be posdi@ither laterally to the MRI, so the

beam enters through the gap, or on top of the MREre a dedicated hole in the MRI
allows the beam to enter. The Australian MRI-lirmmoposed by Keall et al. (2014) is a
specifically designed 1T open-bore MRI (Agilent)tlwvia 6 MV linac system (Varian

Linatron), designed to provide both in-line (i.eean parallel to the external magnetic
field) and perpendicular (i.e. beam perpendicular the external magnetic field)

orientations as shown in Figure 15. The in-linerapph provides also the possibility to
rotate both the MRI-linac and the patient, in theizontal and the up-right planes as

shown in Figure 16.
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Figure 16. Configuration options for in-line approach: A-patient rotation in the horizontal plane. B-
patient rotation in the upright plane (from Kedlbk 2014).

A major obstacle in MRI linac development are theciomagnetic interactions which
occur between the MRI and the linac. Various awghuaive investigated these effects;
Kolling et. al (2013) report MLC (Varian Millenniurhi20 leaf MLC) influences on the
imaging volume homogeneity, showing that (i) the ®tdoes not induce significant field
inhomogeneity if the source-axis distance increéises40cm or more) in both the in-line
and the perpendicular orientations, (ii) the défar positions of the MLC leaves during
treatment does not induce inhomogeneity that ificseifit to require dynamic shimming
and (iii) the force between the MLC and the maga@tanageable. Studies on the effect of
the magnet on the linac focusing on the electram\gare carried out by Constantin et al.
(2011). It was demonstrated that (i) the magnegid faffects an unshielded electron gun
and (ii) in the in-line configuration the primargdm current does not vanish but a large
reduction of beam current (up to 77.1%) is obseraedigher field strengths (from O to
0.16 T). (ii) In the perpendicular configuratioretburrent vanishes due to beam bending
under the Lorentz force. Maodifications to the gam @otentially improve the performance
(Keall et al. 2014). Studies on skin dose were g@edormed on a water phantom by
Oborn et al. (2010), showing that significant skioses at the beam central axis are
reported for large positive surface angles andhgtrmagnetic fields. In addition, electron
contamination from the linac may cause considerskie dose increase or hot spots at the
beam central axis in the longitudinal field. Thispdnds heavily on the properties of the
magnetic fringe field entering the linac beam codltion system, the MRI colil thickness
and the isocentre distance of the linac (Oborn.e2G2). Furthermore, the potential for

MRI to guide adaptive radiotherapy to account tonour deformation using an MLC has
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been demonstrated (Ge et al. 2012). Specifically teformation was actuated to
deformable phantoms by a linear motion platform &émal intra-fractional images were
acquired by the on-board kV imager. Using a deftnlm@amage registration software, the
sequential motion fields were used to interpolhgedisplacement at the end points of each
leaf of the MLC, thus proposing a real time dynareC tracking prototype system
capable of adapting the beam aperture to the déigrtarget.

1.4.2 In-room MRI-guidance

Nowadays the first implementation of an MRI-guidgdtem (Mutic et al. 2014) delivers
radiotherapy irradiating the patient in a specifieathing phase (i.e, gated approach)
ensuring that the desired radiation dose is dedtvéo the tumour and that normal tissues
and other OARs are spared. However, the potemtipiovement in MRI-guidance is the
achievement of a real-time tumour-tracking approéaaiial works on tumour tracking in
MRI studied the use of MRI navigator signals asgates to track tumour motion. These
signals provide high temporal information on a 1nehsional scale and have been
evaluated both for gated delivery (Crijns et allP0and for real-time tracking (Crijns et
al. 2012). The real-time tracking of the tumour mmotand deformation can be difficult
with this approach due to the 1D signal extractechfthe navigator. This problem can be
overcame through the acquisition of 2D fast cineiNtRages, which allow continuous
imaging during respiration and tracking of interaalatomical structures. Several studies
propose tumour tracking relying on the templateamatg technique: following manual
selection of a region of interest (i.e. tumouremal structure), the template matching
approach tries to find the same region of inte(DI) in the series of 2D cine-MRI
(Tryggestad et al. 2013a, Cervino et al. 2011).edwer, the capability of MRI to work on
different planes permits the acquisition of orthigiocine-MRI slices intersecting on the
target thus obtaining the 3D position of the tumdiowever, all these approaches are time
consuming and suffer from inter-operator variapilAs an alternative, several algorithms
for automatic feature extraction have been develppach as the scale invariant feature
transform (SIFT). As reported by Paganelli et 201(5a), the SIFT-based method has been
used for the extraction of distributed featurescine-MRI images, providing accurate
motion quantification as function of breathing teth variables. This method is widely

reported in the literature for image registratiargoses (Allaire et al. 2008), for tracking
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region of low-contrast in cine-MRI images (Mazuraét2016) and, as mainly required in
radiation therapy applications, for organ motiomufification (Paganelli et al. 2012).

1.5 Aim of the project

In the last 20 years, technological innovationsehamabled the integration of biomedical
images into the radiotherapy system with the ainguantify and compensate for organ
motion (Jaffray 2012), with a specific interesttie use of Magnetic Resonance Imaging
(Plathow et al. 2004).

Nowadays, the clinical practice for organ motionnagement in treatment planning is
derived typically from pre-treatment 4D CT imageslowing the simulations and
optimization of all the geometric, radiological,dadosimetric aspects. The integration of
additional images during the treatment itself wititroom units allows treatment
adaptation, thus achieving highly accurate and igeecadiotherapy to the constantly
changing anatomy of a cancer patient (Xing 200€ceRt attention has been specifically
direct to the integration of MRI directly in theeitment scenario, thanks to its exquisite
properties. However, the transfer of the treatmganning in the treatment delivery
situation and the on-line adaptation of the treatimse still a challenge, since inter and
intra-fractional changes cause uncertainties irdtiee delivered to the tumour. A possible
solution, presented in the literature, is the ulsglobal motion models, which allow the
update of a model built on the pre-treatment dataugh a surrogate acquired during
treatment. In this work, we translate the use obgl motion models typically used for X-
ray-based imaging in an MRI-guided scenario: thelehdrained on pre-treatment 4D CT
is updated on the basis of different surrogatesvel@érfrom cine-MRI slices acquired
during treatment. Specifically, two different patiespecific motion models have been
tested for validation purposes on a digital antbroprphic CT/MRI phantom and
subsequently applied to different patients. Quenaiifons are then performed in terms of
both geometric and dosimetric variations betweentgratment and treatment, in order to

provide a preliminary approach for treatment adapta

32



Chapter II: Methods and materials

Chapter Il: Methods and aterials

The main purpose of this study is the evaluatiothefgeometric and dosimetric variations
between the treatment planning and delivery, where-MRI samples are acquired. In this
chapter, after the description of the image dasaseb patient specific motion models are
described in detail, along with the geometric ekpents that were carried out. Then, after
the description of the selected dosimetric appro#uod dosimetric experiments based on

the previous geometric results are described.

2.1 Image datasets

Three different scenarios are tested in this st@dlya digital anthropomorphic CT/MRI

phantom, which is used to validate and test theanahodels, and (ii) two patients having
4D CBCT throughout treatment, and (iii) one patiém@iving cine-MRI images taken
throughout treatment. These data sources are deddn detail below.

2.1.1 CT/MRI digital phantom

The pre-treatment 4D CT dataset of the digital ptranis derived from the extended
cardiac-torso (XCAT) phantom (Segars et al. 20T0g 4D CT consists of 10 respiratory
volumes of the entire thorax (an example is showrFigure 17), with a matrix of

384x384x384 voxels and a resolution of 1 mm indaictions, representing the mean

respiratory cycle of a patient respiratory signal.
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Figure 17. CT volume-CT/MRI phantom: a slice centred in the tumour (underlined in yellow}axial
plane. B-sagittal plane. C-coronal plane.

The treatment dataset is derived by the MRI versibthe XCAT (Paganelli et al. 2015)
from 1024 CT volumes (temporal resolution: 150 matrix size 384x384x384, resolution
1x1x1mm). Therefore, the treatment dataset consistd024 2D orthogonal cine-MRI

slices, acquired alternatively in sagittal (AP @.direction) (Figure 18 A) and coronal
plane (RL vs. Sl direction) (Figure 18 B) every 188, achieving 3D information around
the tumour. The 1024 CT volumes represent the growth, which is used to validate the
model output.

Figure 18. MRI orthogonal sample-CT/MRI phantom: A-sagittal plane. B-coronal plane.

The CT/MRI digital phantom, with a tumour of 7.55mradius in the right lung, is
generated with a diaphragm motion in Sl and AP ative of 16 mm and 4 mm
respectively during treatment, while the tumour &amotion of 8 mm and 4 mm in Sl and

AP direction respectively.
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2.1.2 CT/CBCT patients

The pre-treatment 4D CT dataset of the first grotypatients (patient A and patient B)
consists of 10 respiratory volumes of the wholedkdqwith a resolution of [0.98 0.98 3]
mm in RL, AP and Sl directions) and an average Gllime. From the average CT, which
represents the mean position of the anatomy duhegbreathing cycle, the lungs and
tumour boundaries has been contoured by an exgegriré 19). The CT volume of patient
A'is 512x512x131 pixels. This patient has a latgeour (with a volume at the 0% exhale
phase of 111.6 cfpin the lower part of the right lung close to s8pnal cord. Patient B is
composed by a matrix of 512x512x77 pixels and allsmamour (volume at the 0%

exhale phase of 13.35 éin the upper part of the right lung.

Figure 19. Average CT boundaries-CT/CBCT patientsthe red lines show the manual contours of the left
lung, the blue lines surround the right lung arel yhllow lines highlight the tumour.

The treatment dataset consists of 4D CBCT (10 mghaseluded the 0% exhale phase)
patient projections, reconstructed through a rasmy signal (RPM signal), a binning
method (respiratory phase binning) and McKinnoneBaiVIKB) reconstructed algorithm
(McKinnon et al. 1981), that is a common approawiréducing noise (Shieh at al. 2014).

A matrix of 450x450%220 pixels and a resolutionlomm in all directions (Figure 20)
characterizes the CBCT dataset of the two patiéxdsalready explained, in our work the
attention is focused on 2D cine-MRI acquired iratneent, therefore these reconstructed
volumes will be used to simulate orthogonal cineiMBquisitions (i.e. orthogonal slices
centred in the tumour are extracted from the CB@faskt).
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Figure 20. CBCT slice-CT/CBCT patients:slice centred in the tumour taken from the 0% &xphase.

2.1.3 CT/cine-MRI patient

For the third patient (Patient C) the pre-treatn®dtCT dataset consists of 10 respiratory
volumes. On the exhale phase, an expert has mardellheated the tumour boundaries
(yellow line in Figure 21 A). Each phase of the @D volumes consists of a matrix of
512x512x65 pixels (resolution of [0.78 0.78 2] mifis patient has a tumour in the left
lung (volume in the 0% exhale phase of 23.37)crtose to the heart. Unfortunately, as
shown in Figure 21 B on the sagittal view, the 4DV®lumes are truncated (only the right

diaphragm is visible and the upper regions of timg$ are cut).

Figure 21. CT boundaries-CT/cine-MRI patient: slice taken from the 0% exhale phase. A-axial pl&ie
sagittal plane.

The treatment dataset (Figure 22) consists of $1Zi8e-MRI orthogonal samples and a
gated-MRI acquired at the 0% exhale phase. Thei@®MRI samples, from which the
tumour boundaries were segmented by an automafimesgtation process (Lee et al.

2012), are acquired alternatively every 300 msesagittal and coronal plane achieving, in
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this way, 3D information around the tumour. EvemyeeMRI sample is composed by a
matrix of 256x256voxels with a resolution of [1. 288 5] mm.

In addition, the RPM signal is recorded in bothnpiag and treatment, as external
surrogate to resort the 4D CT and to provide acgate (in addition to the internal ones

derived from the cine-MRI data) for the treatmenitagion.

Figure 22. 2D cine-MRI samples-patient CA-sagittal plane. B-coronal plane.

In Table 2 are summarised the image dataset ardiffeeent features for each patient.

Table 2. Summary of image dataset and tumour locain and volume of each patient.

DATASET TUMOUR
Patient Pre-treatment Treatment Location Volume
Patient A 4D CT CBCT Lower lobe of the right lung  111.6 cm
Patient B 4D CT CBCT Upper lobe of the right lung  13.4 cni
Patient C 4D CT 2D cine-MRI Left lung, attached to the heart 23.7%cm
samples
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2.2 Geometric adaptation

As described in section 1.3, a motion model is @@ss that, taking a surrogate data as
input, produces a motion estimate as output (Md¢&Hdl 2013). The general idea of a
global motion model approach is shown in Figure P8¢ motion model is constructed
starting from the training 4D CT: a relationshipgvieeen the motion field derived by a DIR
between each respiratory phase and a referencengplis defined with a pre-treatment
surrogate. Then, the motion model is updated onbimgs of the real-time surrogate
acquired during treatment. In the literature, ddfa types of models are available; in this

section, two surrogate driven motion models aretssd.

Figure 23. Motion model: the motion model construction is based on a DIRvbeh all the respiratory
phases and a reference phase and a respiratol.sigren the model is updated in treatment sessions
employing a respiratory signal.
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2.2.1 Description of Vandemeulebroucke’s model

The first motion model used is the one developed/agdemeulebroucke et al. in 20009.
The adaptation to the available data has led thdehto the layout shown in Figure 24.

Figure 24. Vandemeulebroucke’s modelyellow box-model construction during planning. Harfpox-
interfraction model update. Red box-intrafractioodal update.
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The input data for the model construction are:

i. the reference volume used for motion estimation;
ii. the DVFs derived from DIR of each CT volume on tlserence volume;
iii.  the amplitude and phase values (described thrdugilbert transform), derived

from a surrogate signal in pre-treatment and treatraessions.

The mid position phase (MidP) is used as the raterdrame, which represents the time-
average position of the anatomy during the 4D GJatiing cycle (see the section 2.2.1.1

for details).

Once the reference volume is identified, the disgtaent between this reference and all
the other respiratory phases is computed using Hi-stage B-splines algorithm in
Plastimatch (http://plastimatch.org/, Shacklefarale2010): as a result, the corresponding

DVFs are computed.

The respiratory motion model provides a specifidgiorostate § function of time and four

parameters:

i. the baseline (s);

ii.  the baseline shift (s);
iii.  the instantaneous amplitude)(
iv. the instantaneous phase)(

The motion state function is therefore calculated a
6 +78+79 .

In our work, to take into account thes, we quantify the inter-fraction variation between
the reference phase in pre-treatment and in tredttne. daily image (e.g. gated-MRI or
CBCT)). Since no relevant inter-fraction variatiosm® present, the baseline shift is not
included (see section 2.2.3.2.2 for further detailghis aspect).

Instantaneous phase; and amplitude + are computed at every time that a sample in
treatment is acquired by the Hilbert transform @raest al. 2015), a spectral analysis

technique specifically suited for the analysis oh+#linear and non-stationary processes

40



Chapter II: Methods and materials

The Hilbert transform< , of a time series x(t) is defined as the convolutad the signal
, with the signal 1/t:

where P indicates the Cauchy principal value ofitbegral.

The analytical signal associated with x(t) can biten as:

, , 7<, & ,FC¢
where& , H, 57<, Sandl |, JKLMJN§:_—.

The polar coordinate expression explicates the reataf the Hilbert transform
representation: it is the best local fit of an atople and phase varying trigonometric
function of , . The amplitude and phase parameters helps to mat&tions of the
trajectory shape and breathing level (Vandemeulelk® et al. 2009). Once the
instantaneous amplitude and phase information @mgated, the model requires as input
the ratio of the treatment over the pre-treatment.

The term D¢ in the motion state above, represents the restittee B-splines interpolation
of the model input DVFs in correspondence of thasgh «, where  varies from 0to 1. A
new DVF, describing the displacement between théomacquired at the phasea and
the reference, is obtained as output. The output BVscaled according to the amplitude
factor . The last step is the transformation (i.e. warpwighe reference image according

to the new DVF. As a result, the estimated modgwuCT volume is obtained.
2.2.1.1 Mid position

The 3D MidP scan represents all anatomy in the-tiraighted mean position over the
respiratory cycle (Wolthaus et al. 2008). The whwiecess for achieving the 3D volume is
summarised in Figure 25. Once the 4D CT datasatdgired and the reference frame,
typically the 0% exhale respiratory phase, is defina DIR between the reference and
each frame of the 4D scan is computed. New DVF®htained as the difference between

the original DVFs, resulted from DIR, and the ager®VF (i.e. mean among the original
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DVFs). Each frame of the 4D CT scan is warped whh new DVF, transforming each
frame to the time-weighted mean position. The tesylset of 10 CT volumes are finally

averaged to obtain the MidP volume.

Figure 25.MidP construction: From the 4D CT scan, at every step, two frameselected: the maximum
exhalation and the floating frame, which are reget to each other with deformable registrationisTh
process is repeated for all 10 frames with the seafexrence frame. The resulting deformation vefitdd

DVF is recomputed to deform all CT frames to theeiweighted mean position. The deformed frames are
averaged to obtain a high quality MidP CT scannf\@/olthaus et al. 2008).

2.2.2 Description of Fayad’s model

The global motion model proposed by Fayad et a0122 is based on the principal
component analysis (PCA), a statistical procedweduto simplify data, determining the

least number of variables able to describe thengdaga.
The required input dataset required:

i. the reference volume for motion estimation;
ii. the DVFs derived from DIR of each CT volume on tlsierence one;
lii.  the amplitude value (in mm), derived from surrogasegynal in pre-treatment and

treatment sessions.

The DVFs are computed using a multi-stage B-spliaégorithm in Plastimatch,
performing a DIR between the reference volume ahthe other 4D CT phases. Fayad et
al. (2012 a) suggest to consider the 0% exhaleepagseference. The obtained DVFs and

the surrogates are placed in a vector, as follows:
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Mapped_motior [d- 1 1d- 2.1...d- 1

Where:

i. Q- _isthe DVF of thew phase of thaj4D CT

il. is the number of phase bins & 10-1)

iii. / isthe number of 4D CT used to train the modet (1)

iv. + is the surrogate value of the phase, computed as the range of motion between

the value of theyiphase and the value of the reference volume.

This model allows inserting in the mapped-motiorove more than one surrogates,
attaching, therefore, more information. The PCApgplied to the mapped-motion and the
eigenvectors and the corresponding eigenvaludseotdvariance matrix are computed. By
applying the PCA, the output can be divided in tifeerent information, one derived from

the vector field (Mf) and the other from the surrogatesfM
Rstu VVFW* * X@Y Z+ F[ FVVF W *, */ @ F/ 2@\I"

R  VVFW** F/

and the model can be derived as

Rst
R RU)

Finally, when a new or more surrogates are avaldboking treatment (i.e. by computing
the range of movement between the value atwtlaamplitude and the reference value) the

model is updated. As output, a new DVF is compated
‘@ ped R 6 peg

with Sqew: [Sl_n ew Sz_n EWessonnnns S’n_n ev\] .
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The DVFewhneeds to be inverted ((DW&) 2), since it describes the displacement between
the treatment and the reference frame acquiredestrpatment, and then the model output
CT is obtained by warping the reference frame With(DVFew) .

In Fayad’s model no inclusion of the baseline isespnt, conversely to
Vandemeulebroucke’s model. However, the inter-foaicvariation can be compensated by
increasing the number of 4D CT included (n>1) ordogating a model of the exhale
reference volume and then use this estimated refereolume to build the overall motion
model, as proposed by Paganelli et al. 2015c.

2.2.3 Experiments for geometric adaptation

The main purpose of this study is the evaluatiothefgeometric and dosimetric variations
between the treatment planning and delivery. Th&MRT digital phantom is used for the
evaluation of the models performance thanks toptiesence of the CT volumes at cine-
MRI samples (i.e. ground truth). The models ardetedy considering as reference
volume: (i) the 0% exhale phase (as suggested ygdret al. 2012), since it is expected to
have reduced imaging artefacts due to the minopturmotion and higher reproducibility
of tumour position (Wolthaus et al. 2008), and (ihe MidP (as suggested by
Vandemeulebroucke et al. 2009). Figure (dws a schematic representation of the two

compared options.

Figure 26. Reference volumesA-0% exhale phase. B-MidP volume.
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Subsequently additional studies are performed oeetlpatients, testing the model only
considering the 0% exhale phase as reference,adtieetlack of data for identifying the
MidP reference in treatment for the CT/cine-MRlipat.

2.2.3.1 Validation of the models on the CT/MRI tagjphantom

Even if the models chosen are different, they megsimilar data. In this section the
necessary steps for model implementation are destriSubsequently, the different tests
carried out on the models and their validation @escribed. The workflow is shown in

Figure 27; each block will be described in detaithie following paragraphs.

Figure 27.Model workflow: essential passages leading to the model validation

2.2.3.1.1 Model construction

The essential passages leading to model constnuati® summarised in the green box

above (Figure 27).

I.  Identification of the reference volume.
As previously described, two different referencdumes are used: the 0% exhale
and the MidP. During exhalation, the diaphragmxegaand reaches its highest
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position, therefore, the exhale phase is identifiedhe one in which the diaphragm
achieves the higher excursion. The identificatioocpss is described in detail in
Appendix B. The computation of the MidP volume iplained above in section
2.2.1.1.

Deformable image registration.
Once the reference image is available a multi-stagapline DIR algorithm is
applied. In order to evaluate DIR, features poonsthe reference image and the
50% inhale CT (maximum range of motion) are ex#@daising the Scale Invariant
Feature Transform (SIFT), a method able to exstathle landmarks (i.e. features)
from 3D images and to quantify internal non-rigidtron (Paganelli et al. 2013a,
Paganelli et al. 2013b). The median accuracyn{erquartile range) between the
extracted features is evaluated.
Surrogate extraction.
The last data needed for model construction igelpiratory signal derived in pre-
treatment. In this work internal and external sigraaie evaluated.
An external signal (RPM signal), simulating the RPyistem (see section
1.2.1.1), describes the AP displacement of theathor
As internal signals we consider:
the SI and AP motion of the centre of mass (COM)th& tumour,
identified as mean tumour boundary (MTB);
the Sl respiratory motion of the diaphragm, ideedifwith the approach
explained in Appendix B;
the SI motion of the lung vessels derived through $IFT method. In
order to identify the SIFT signal, since the reafary motion is higher
in the lower lobe of the lung, different regionse aconsidered.
Therefore, the sagittal volume is split into twdfelient regions, one on
the top and the other on the bottom, and the conarlame is instead
split into four different regions (Figure 28). Twegions with the higher

range of motion are chosen for model implementation
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Figure 28. SIFT region-CT/MRI phantom: A-sagittal view. B-coronal view.

The signals extracted from the 4D CT dataset, whis$cribe the mean respiratory

movements, are used, in addition with the DVF<gréate the models.

An additional step is needed for implementing Féyadodel; as explained in section
2.2.2, the model needs as input the distance iditag of each phase with respect to the

0% exhale phase.
2.2.3.1.2 Model update

Once the model is generated, the update in thentexd scenario is performed. The
essential step leading to the model updates arenamnised in the yellow box in Figure 27

and are described in detail below.

I.  Surrogate extraction.
From the treatment dataset, the same surrogatesr{akand internal) listed above
for the pre-treatment session are considered: M Bignal; the MTB signal; the

diaphragm and SIFT signals (Paganelli et al. 2015b)

The RPM (AP direction of the thorax) and MTB (APdaBl tumour motion)
signals are the same signals used for the phanéorargtion. The extraction of the
highest point of the diaphragm (SI motion) is exeduvith the process describe in
Appendix B, but modifying the code for the avaimllata (i.e. ROl selected,
opening and closing operation (Appendix A)). Th&Skignals (SI motion) are
extracted with the same process explained above.

Since the SI motion is visible on both coronal asabittal plane, for every

surrogates describing the SI motion, two signaés arailable (i.e. one extracted
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from the coronal plane and one from the sagittah@). Instead, if the direction
investigated is the RL or the AP, only coronal agial signal is available,
respectively.

Because the 2D cine-MRI slices are alternativelyuaed in sagittal and coronal
plane, the respiratory signal is composed of 10#pdes, split into 512 sagittal
and 512 coronal samples. A cubic interpolationpigliad to all signals in order to

obtain the sagittal and coronal values every 158cniBigure 29).

Figure 29. Interpolated signal:six respiratory cycles of the diaphragm signaldgittal plane after
interpolation. This process is shown for the diagim signal but is computed for all the surrogates,
both on coronal and sagittal planes.

For applying Vandemeulebroucke’s model the ampditadd phase ratio of each
sample is obtained through the Hilbert transforshaleady explained in section

2.2.1, and used to update the model.

For Fayad's model, in order to assign the amplitugbeit as the range of motion
with respect to the reference phase, the cine-MiRipde acquired at the reference
phase has to be identified. The process leadingditification is explained in
detail in Appendix C. The accuracy of the overlgween the selected cine-MRI
sample and the correspondent 0% exhale CT sliceh@rMidP CT slice) is
evaluated by computing the median distance (z gotmtile range) between the

boundary points of the diaphragms.
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2.2.3.1.3 Tests performed

Below we describe the different tests carried outtlee models are listed. In order to
compare the different tests and the models, weidenalways the same coronal or sagittal

sample for the model update.

Vandemeulebroucke’'s model:

A preliminary check on the consistency of the mpdelies on testing the model with an
amplitude value equal to 1 and phase value correipg to the 50% inhale (equal to 0.4)
(Test 0 in Table 3). Then, the ability of the model reconstruct an entire breath is
examined. Subsequently, in order to better undeastehich reference volume and which
surrogate fit best, all the different surrogates tasted, considering the coronal or the
sagittal sample respectively. Since the same éestperformed using the MidP and the 0%
exhale phase as reference, we test the capaHbiliheonodel to reconstruct the 50% inhale
phase. The only difference, between the tests peeo using the different references, is
the use of different types of DVFs, which are coteduapplying DIR considering the
MidP volume or the 0% exhale volume respectiveljixed volume. Table 3 illustrates all
the tests performed focusing on the estimatiorhef30% inhale phase. In the second and
third columns, the signals used for the model irm@etation are listed, while in the last

two columns the amplitude and phase ratio gava@as to the model are shown.

Table 3. List of tests performed using Vatemeulebroucke’s model for both references.

PRE-TREATMENT TREATMENT AMPLITUDE PHASE
TEST SURROGATE SURROGATE [mm/mm] [rad/rad]
0 Diaphragm Sl 1 0.4
1 Diaphragm S Diaphragm Sl, coronal 1.47 0.31
sample
2 Diaphragm Sl Diaphragm Sl, sagittal 1.39 0.37
sample
3 MTB SI MTB SlI, coronal sample 0.69 0.25
4 MTB SI MTB SlI, sagittal sample 0.86 0.34
5 SIFT SI SIFT SI, coronal sample 1.75 0.26
6 SIFT SI SIFT SlI, sagittal sample 1.91 0.33
7 RPM AP RPM AP, sagittal sample 1.6 0.34
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Fayad’'s model:

Also for Fayad’s model, the first test entails tstimation of the 50% inhale of the pre-
treatment scenario, in order to check the consigtehthe model considering as reference
the 0% exhale phase (Test 0 in Table 4) or the MmlBme.

Later, we focus our attention on 0% exhale as eefee. As already explain, the output
DVF required to be inverted (DVA, before warping the reference image to obtain the
estimated CT volume, therefore, a series of tesevaluate the error due to this additional
inversion step are performed. In particular, thertap between the 50% inhale volume
and the model output CT, obtained by warping theeétale volume with the DVF is
compared with the overlap of the model output Citamed without inverting the DVF,
with the 0% exhale phase, using the same amplitatiee for the model construction and
update. Moreover, as for the other model, we teftedability of the model to estimate an
entire breathing cycle. Then, since the differemtstruction of Fayad's model allows the
combination of multiple surrogates, all the meafuhgcombinations are examined,
focusing always on the 50% inhale phase. In pdaticthe tests performed can be divided

into three categories.

Same surrogate in pre-treatment and in treatment.

We consider alternatively the coronal, the salg#temple or both, using, in this latter
case, the coronal value and the interpolated sagitie (Table 4). In the fourth column
of Table 4 the amplitude values used to updatertbéel in the treatment scenario are

listed.
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Table 4. Test performed on Fayad’s model using theame signal in training and treatment.

PRE-TREATMENT TREATMENT
TEST SURROGATE SURROGATE AMPLITUDE [mm
0 Diaphragm Sl 9.62
1 Diaphragm Sl Diaphragm SI, coronal sample 8.24
2 Diaphragm Sl Diaphragm Sl, sagittal sample 7.58
3 Diaphragm Sl Diaphragm SI, coronal and sagittal sampbeonal: 8.24 sagittal: 7.03
4 MTB Sl MTB SlI, coronal sample 4.39
5 MTB SI MTB SlI, sagittal sample 4.02
6 MTB Sl MTB SlI, coronal and sagittal sample coronal: 4.39 sagittal: 4.48
7 MTB AP MTB AP, sagittal sample 0.44
8 SIFT SI SIFT SI, coronal sample 2.4
9 SIFT SI SIFT SlI, sagittal sample 4.65
10 SIFT SI SIFT SlI, coronal and sagittal sample coronal: 2.40 sagittal: 4.55
11 RPM AP RPM AP, sagittal sample 4.02

Combination of different internal surrogates in-fneatment and treatment.

These signals describe always the SI movementdbeitring to anatomical structures

with different range of motion (e.g. tumour vs.ghaagm motion) or different motion
direction (e.g. MTB AP vs. MTB SI). For taking ineccount these differences, the

signals, both in pre-treatment and in treatmem,pseviously normalized with respect

to the maximum range of motion. In Table 5 thestese listed, the last column shows

the amplitude value used for model update in tbattnent scenario.

Table 5. Tests performed on Fayad's model using dédrent combinations of internal surrogates in

training and treatment.

PRE-TREATMENT TREATMENT
TEST SURROGATE SURROGATE

AMPLITUDE [mm]

1 Diaphragm Sl and MTB SI* Diaphragm SI*, coronal sample

2 Diaphragm Sl and MTB SI* MTB SI*, coronal sample

3 Diaphragm SI and MTB SI* Diaphragm SI*, coronal sample

7.86
6.72

Diaphragm SI*: 7.86

MTB SI*, coronal sample MTB SI**: 6.72
MTB SI**, sagittal sample MTB SI**; 4.02
*% 1 ’
4 MTB Sl 'and MTB AP MTB AP**, sagittal sample MTB AP**: 0.43
5 MTB Sl and SIFT SI** SIFT SI**, coronal sample 4.91
6 MTB Sl and SIFT SI** MTB SI**, coronal sample 4.22
SIFTSI**, coronal sample SIFT SI**: 4.91
*% 3
! MTB Sl and SIFT SI MTB SI**, coronal sample MTB SI**: 4.22

*Normalized on diaphragm Sl **Normalized on MTB Sl
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Combination of external and internal surrogateaming and in treatment.
Also in this latter case, the surrogates are nam®@lwith respect to the maximum
range of motion. In Table 6 the two tests carriatlare listed, highlighting always the

amplitude value used for the model update (lasiroal of the table).

Table 6. Tests performed on Fayad’'s model using ambination of internal and external surrogates.

PRE-TREATMENT TREATMENT
TEST SURROGATE SURROGATE AMPLITUDE [mm]
1 MTB SI and RPM AP* RPM AP*, sagittal sample 1.44
RPM AP*, sagittal sample RPM AP: 1.44
*
2 MTB SI and RPM AP MTB SI*, sagittal sample MTB SI: 3.82

*Normalized on MTB Sl

Finally, in order to evaluate if the first principaomponent of the PCA is able to
summarise the main characteristics of the dataptbdel is also implemented with four

principal components, testing the model using taplttagm as surrogate.
2.2.3.1.4 Geometric accuracy

The great advantage of the CT/MRI phantom is tlesegmce in the treatment scenario of
the ground truth (CT acquired at cine-MRI samplg)ich allows to directly evaluate the
model performance (blue box in Figure 27). The cangon between the ground truth and
the estimated output model CT is performed focusinghree different ROIs: the heart,
the tumour and the diaphragm. First, the ROIs aggnented (see Appendix A) and then
the Euclidean distance in mm between the COM isprded.

Finally, a statistical non-parametric analysis €Bman test, alpha = 5%), is carried out in
order to identify which model and which surrogatee significantly different. Three
populations are considered: the first populationtams the geometric quantifications on
the diaphragm, the second on the tumour and theolasthe heart. First, significant
differences are searched between Vandemeulebrauokedel, using both the MidP and
the 0% exhale as reference, and Fayad’'s one. Huatistic differences between all the

tests performed on Fayad’s model considering theegBale as reference are evaluated.
2.2.3.2 Evaluation of the models on patients
As previously discuss (section 2.1) patients ali isptwo groups (two CT/CBCT patients

(patient A and B) and one CT/cine-MRI patient (eatiC)) depending, essentially, on the
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treatment data made available. Even if the treatndetaset is different, all the steps
leading to the models construction and update iandas (Figure 30). Therefore, all the
patients are merged in a unique description, Hagtilng the different steps when

necessary. Finally, all the tests performed andydmmetric quantifications are described.

Figure 30. Model workflow for patients: green box-model construction. Yellow box-model ated

As shown in Figure 30 above, an additional step. (@valuation of the inter-fraction
variation) is required, conversely to the CT/MRgithl phantom. For patient C only a
gated-MRI acquired at the 0% exhale phase is d/aiko, during treatment the evaluation
of the inter-fraction variation, considering thed®i volume as reference, is not possible.
Therefore, the motion models are tested consideamgeference only the 0% exhale
phase. For patients A and B, a volumetric CBCThatexhale phase is used instead of the
gated-MRI (see section 2.3.3.2.2 for details).

2.2.3.2.1 Model construction
The fundamental steps for the model constructiersammarised in green in Figure 30.

i.  Reference volume identification.
As for the CT/MRI digital phantom the reference gdas identified looking at the
motion of the highest point of the diaphragm.
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For the CT/CBCT patients the lung contours, defimathually by an expert on the
average CT, are used as starting point for diaphragntification. Specifically, a
B-spline DIR between the average CT and each Ciinvelis performed, followed
by lung contour warping. The validation of the DIR performed, as for the
CT/MRI phantom study, through the use of SIFT (¢ee following step for
details). Then, a thin and narrow ROI (107x16 @xe& applied (Appendix A) on
the lungs boundary and the highest point of thephd@gm is identified (see
Appendix B).

For the CT/cine-MRI patient a ROI containing thghtidiaphragm is selected and a
morphological operation (i.e. dilation (Appendix)Allows the identification of the

highest point of the diaphragm (see Appendix B).

Deformable image registration.

The same multi-stage B-spline DIR algorithm usedtie CT/MRI digital phantom
is applied. In order to evaluate DIR, features tson the reference image and the
50% inhale CT (maximum range of motion) are ex@daising SIFT. The median
accuracy ( interquartile range) between the extracted featigresaluated.

Surrogate extraction.

CT/CBCT patient

The only investigated respiratory motions aretl{fg SI movements of the highest

point of the diaphragm (see Appendix B), (ii) th&@®1(for patient A only the SI
motion while for patient B also the AP and RL ma)ioThe extraction of the
tumour boundary is carried out starting from thendur boundary on the average
CT, with the same method explained above (i.e. @ifR the other 10 respiratory

phases and warping).

CT/cine-MRI patient

Internal and external respiratory signals are amred, in a similar fashion to the
CT/MRI phantom study, for the CT/MRI patient.
The external signal describes the mean AP displanewf the thorax and it is

acquired using the Varian RPM system; so we refet as the RPM signal.
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From the acquired signal, each respiratory breath the signal included
between two consecutives minima) is identified diwided into 10 bins. Last,
the mean motion of each respiratory phase is caosalput
As internal signals we consider:
the SI, AP and RL movements of the tumour. The wmn@OMs are
computed, using Plastimatch, from the boundariedahle on each CT
volume;
the SI movement of the highest point of the diaghraextracted with
the method explained in Appendix B;
the SI motion of lung vessels derived by SIFT. tdev to extract the
SIFT signal a coronal and sagittal slices, corredpat to the cine-MRI
samples, are selected on the CT volumes with thtbaodedescribed in
Appendix D. Only the regions (the same considerett@aatment) with
the most regular motion are studied.

An additional step is needed for implementing F&yadodel because, as explained in
section 2.2.2, the model needs as input the distemamplitude of each phase with respect

to the 0% exhale phase.

In Table 7 the different surrogates available faxhepatient are summarised.

Table 7. Surrogate studied and directioof motion investigated for each patient.

Surrogate Patient A Patient B Patient C
RPM AP N.A. N.A. A
MTB RL A. A
MTB AP A. A
MTB SI A. A A

Diaphragm Sl A. A. A.
SIFT SI N.A. N.A. A

N.A. = not availalfle = available
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2.2.3.2.2 Model update

Once the model is generated, the update in thentexd scenario is performed. The

essential steps leading to the model constructiohugpdate are summarised in the yellow

box shown in Figure 30.

Evaluation of the inter-fraction variation.

Differently from the CT\MRI phantom, in which noter-fraction variability is present,
in patients these changes may occur and needdodoeinted for and compensated into
the models, as proposed by Fassi et al. 2010. e steps leading to the evaluation

of the inter-fraction variations are shown in Fig®1.

Figure 31.Inter-fraction variation: workflow for the evaluation.

First, the centre alignment of the two exhale vagns performed using Amira 3D
(http://www.fei.com/software/amira-3d-for-life-sciees/). Then, for evaluating the
setup errors, a rigid registration of the two erhablumes is performed using 3D
Slicer (https://www.slicer.org/). The transformatimaps the 0% exhale treatment CT
to the pre-treatment volume and consists of 3 katiogs and 3 rotations. The rigid
transformation is evaluated computing the mediaui@cy (x interquartile range) of
the highest point of the diaphragm (identified aplained in Appendix B) and the
tumour COM (only for the CT/CBCT patients) betweire output volume of the
registration and the 0% exhale pre-treatment CEnJFor the CT/CBCT patients two-
stages B-spline DIR between these two volumes mopeed using Plastimatch to

account for any non-rigid change and the mean matfdhe DVF is the evaluated.
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surrogate extraction
Due to the different data available, the surrogatgaction requires different steps,

depending on the considered patient.

CT/CBCT patients

To simulate cine-MRI samples, sagittal and coraliakes centred in the tumour are

selected from every treatment volume. The consister the selections is evaluated
computing the mean difference (+ standard deviatartumour (only for patient A)
and diaphragm motion at the intersection of thatsdgnd coronal slices. Then, the
same surrogates extracted from the pre-treatmetaselaare extracted from the
simulated cine-MRI samples. So, the extractionhef diaphragm is realized, for both
patients, with the same process explain in AppeBdifocusing only on the right part
of the diaphragm due to low quality of the imadés:. patient A, the MTB (SI motion)
Is extracted automatically selecting a ROI centredthe tumour and applying
morphological operations (i.e. filling the holeg€sAppendix A)). The precision of the
segmentation is validated comparing the boundgustsfound with the one obtained
warping the exhale phase boundaries (the methdesisribed in detail in Appendix E).
Due to the low image quality, the automatic segmugm of the tumour (RL, AP, SI
directions) for patient B is not carried out, bhbe tsignal is extracted by warping the

exhale phase boundaries (see Appendix E for details

CT/cine-MRI patient

The same surrogates of the pre-treatment datadetrfal and internal) are extracted:
the RPM signal (AP motion), MTB signal (RL, AP aBd direction), the diaphragm
signal (SI motion) (see Appendix A) and the SIFgnsils. Using the SIFT algorithm
the SI movements of the lung vessels in six differegions are obtained. However,
for the model update, only two regions (one in oatand one in sagittal plane), with

the biggest range of motion and with the most ragpéttern, are considered.

Since the cine-MRI slices are alternatively acqline sagittal and coronal plane, a
cubic interpolation is applied to all signals irder to obtain the sagittal and coronal
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values every 150 msec. In addition to the signatsaeted from patient C a moving
average filter is applied to achieve a more regoddtern.

One last step is necessary for Fayad’'s model, dsineemodel needs as input the
distance in amplitude of each sample with resp@thé 0% exhale phase. In order to
identified the cine-MRI sample acquired at the O%hate phase the comparison
between the cine-MRI samples and the gated-MRIUujaed at the 0% exhale phase) is
carried out for patient C (see Appendix C). Theuaacy of the overlap between the
selected cine-MRI sample and the correspondent Xl8ale CT slice is evaluated by
computing the median distance (z interquartile egrigetween the boundary points of
the diaphragm. This processed is not necessathddC T/CBCT patients, since the 0%

exhale phase during treatment is known.
2.2.3.2.3 Tests performed

Below the different tests carried out on the pdtienodels are listed, first on
Vandemeulebroucke’s model and then on Fayad’'s modakidering as reference only the
0% exhale phase. In order to compare the diffetests and models, for each respiratory

signal, we consider always the same coronal ottahgample.

Vandemeulebroucke’s model

Since the ability of the model to reconstruct anirenbreathing cycle is tested and

evaluated for the CT/MRI digital phantom, where ¢gineund truth for the direct geometric

evaluation is available, the first test for patgeantail the reconstruction of the 50% inhale
phase of the pre-treatment scenario (Test O ineT@plThen all the respiratory surrogates
are tested (Table 8).
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Table 8. Tests performed on Vandemeulebroucke’s medifor patients.

TEST PRE-TREATMENT TREATMENT AMPLITUDE PHASE
SURROGATE SURROGATE [mm/mm] [rad/rad]
0 -—- - 1 0.4
1 Diaphragm Sl Diaphragm SI, coronal sample  1.18 0.41
PATIENT A 2 Diaphragm S Diaphragm SI, sagittal sample  0.73 0.39
3 MTB SI MTB SlI, coronal sample 1.07 0.40
4 MTB SI MTB SlI, sagittal sample 0.84 0.39
0 1 0.4
1 Diaphragm Sl Diaphragm Sl, coronal sample  0.89 0.41
2 Diaphragm Sl Diaphragm SI, sagittal sample  0.88 0.41
PATIENT B 3 MTB SI MTB SI, coronal sample 0.73 0.41
4 MTB SI MTB SlI, sagittal sample 0.74 0.46
5 MTB RL MTB RL, coronal sample 0.23 0.41
6 MTB AP MTB AP, sagittal sample 1.66 0.46
0 --- --- 1 0.4
1 Diaphragm Sl Diaphragm Sl, coronal sample  0.51 0.31
2 Diaphragm Sl Diaphragm SI, sagittal sample  0.58 0.38
3 MTB SI MTB SlI, coronal sample 0.62 0.85
PATIENT C 4 MTB SI MTB SI, sagittal sample 0.45 0.87
5 MTB RL MTB RL, coronal sample 0.29 0.16
6 MTB AP MTB AP, sagittal sample 1.06 0.73
7 SIFT SI SIFT SlI, coronal sample 0.41 0.30
8 SIFT SI SIFT SlI, sagittal sample 0.72 0.37
9 RPM AP RPM AP, sagittal sample 0.59 0.67
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Fayad’s model

Also for Fayad’s model the first test entails tiséiraation of the 50% inhale of the training
(i.e. built on the pre-treatment session), to chebekconsistency of the model (Test O in
Table 9). Then, since the different constructiorFafad’s model allows the combination
of multiple surrogates all the meaningful combioas are examined, focusing always on
the 50% inhale phase. In particular, the testsopeéd can be divided into three
categories.

Same surrogate in training and in treatment.

The model is tested considering alternatively tbeoeal sample, the sagittal one or
both, using, in this latter case, the coronal valne the interpolated sagittal. In Table 9
are described the test carried out on patient$e(diit tests are done according to the

available surrogates).
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Table 9. Tests performed considering only one surgates on Fayad’s model for patients.

TEST PRE-TREATMENT TREATMENT AMPLITUDE
SURROGATE SURROGATE [mm]
0 Diaphragm Sl --- 10.55
1 Diaphragm SI  Diaphragm SI, coronal sample 16.25
2 Diaphragm SI  Diaphragm Sl, sagittal sample 12
. Diaphragm Sl, coronal and coronal: 16.25
PATIENT A 3 Diaphragm S| sagittal sample sagittal: 12
4 MTB Sl MTB SlI, coronal sample 6.69
5 MTB SI MTB SlI, sagittal sample 8.06
6 MTB SI MTB S_I, coronal and coro_nal:.6.69
sagittal sample sagittal: 7.8
0 Diaphragm Sl --- 10.55
1 Diaphragm SI  Diaphragm SI, coronal sample 10.5
2 Diaphragm SI  Diaphragm Sl, sagittal sample 10
. Diaphragm SlI, coronal coronal: 10.5
3 Diaphragm Sl and sagittal sample sagittal: 9.33
PATIENTB 4 MTB SI MTB SI, coronal sample 5.81
5 MTB SI MTB SlI, sagittal sample 5.82
6 MTB SI MTB SlI, coronal and sagittal corqnal.: 5.81
sample sagittal: 3.85
7 MTB RL MTB RL, coronal sample 0.19
8 MTB AP MTB AP, sagittal sample 0.93
0 Diaphragm Sl 12,5
1 Diaphragm SI  Diaphragm SlI, coronal sample 3.46
2 Diaphragm SI  Diaphragm Sl, sagittal sample 1.9
: Diaphragm Sl, coronal coronal: 3.46
3 Diaphragm Sl and sagittal sample sagittal: 3.20
4 MTB SI MTB SlI, coronal sample 1.99
5 MTB Sl MTB SlI, sagittal sample 0.12
6 MTB S| MTB SI, coronal and coronal: 1.99
PATIENT C sagittal sample sagittal: 0.16
7 MTB RL MTB RL, coronal sample 0.13
8 MTB AP MTB AP, sagittal sample 0.43
9 SIFT SI SIFT SI, coronal sample 1.14
10 SIFT SI SIFT SI, sagittal sample 2.05
SIFT SI, coronal and coronal: 1.14
11 SIFT S| sagittal sample sagittal: 3.02
12 RPM AP RPM AP, sagittal sample 0.1
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Combination of different internal surrogates.

As for the CT/MRI digital phantom the different sajs, that describe the motion of
different anatomical structures, are normalizechwéspect to the maximum range of
motion. In Table 10 the test carried on patients lmted. In particular for patient B

different directions of motion (SI, RL and AP) aealuated. The amplitude value that

appears in Table 10 is used for the model update.

Table 10. Test carried out on Fayad’'s model for paénts combining internal surrogates.

TEST PRE-TREATMENT TREATMENT AMPLITUDE [mm]
SURROGATE SURROGATE
1 Diaphragm Sl and MTB SI Diaphragm Sl, coronal sample 16.25
PATIENTA 2 Diaphragm Sl and MTB Sl MTB SlI, coronal sample 9.69
. Diaphragm Sl, coronal sampleDiaphragm Sl 16.2¢
3 Diaphragm Sl and MTB SI
'aphrag MTB SlI, coronal sample MTB SI: 9.69
1 Diaphragm Sl and MTB SI Diaphragm Sl, coronal sample 10.5
2 Diaphragm Sl and MTB Sl MTB SlI, coronal sample 5.81
. Diaphragm SI, coronal sampleDiaphragm SI: 10.5
PATIENTB 3 Diaphragm Sland MTB SI' ™" \\16%5| coronal sample MTB SI: 5.81
MTB SlI, coronal sample MTB SI: 5.81
4 MTB Sl and MTB RL MTB RL, coronal sample MTB RL: 0.93
MTB SlI, sagittal sample MTB SI: 5.81
5 MTB Sl and MTB AP MTB AP, sagittal sample ~ MTB AP: 0.93
1 Diaphragm Sl and MTB SI* Diaphragm SI*, coronal sample 7.48
2  Diaphragm Sl and MTB SI*  MTB SI*, coronal sample 0.87
: Diaphragm SI*, coronal sampleDiaphragm Sl: 7.48
*
3  Diaphragm Sland MTB SI* ™"\irp 'aix “coronal sample MTB SI: 0.87

Diaphragm SI*, coronal sampleDiaphragm Sl: 9.15
SIFT SI*, coronal sample SIFT SI: 7.48

MTB SI**, sagittal sample MTB SlI: 4.34
MTB AP** sagittal sample MTB AP: 5.01

MTB SI**, coronal sample MTB SI: 3.41
MTB RL**, coronal sample MTB RL: 4.71

*Normalized on diaphragm Sl **Normalized on MTB SI

PATIENTC 4 Diaphragm Sl and SIFT SI**
5 MTB Sl and MTB AP**

6 MTB Sl and MTB RL**

Combination on internal and external surrogates.

Only for the CT/cine-MRI patient, the RPM signakt@nal) is combined with the
MTB or with the diaphragm, focusing on the corosaimples (Table 11). Moreover,
we study also the combination of different tumoirection (i.e. SI motion combine

with RL or AP motion). Also in these latter casds signals are normalized with
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respect to the maximum range of motion. The amgiéitualue that appears in Table 11
is used for model update.

Table 11. Test carried out on Fayad’s model for pé&nts combining internal and external surrogates.

TEST PRE-TREATMENT TREATMENT AMPLITUDE
SURROGATE SURROGATE [mm]
MTB SI*, coronal sample MTB SI: 1.66

*
PATIENTC 1 MTBSland RPM AP RPM AP*, coronal sample  RPM AP: 1.43
JDiaphragm SI**, coronal sampleDiaphragm SI:7.48

2 Diaphragm Sl and RPM AP™"o 0, AP** coronal sample  RPM AP: 4.31

*Normalized on MTB Sl
2.2.3.2.4 Geometric accuracy

Unlike for the CT/MRI digital phantom, for which @éhground truth for the direct
comparison with the models output is available,datients this piece of data is missing.
However, the relationship between the pre-treatmamd treatment surrogates (e.qg.
diaphragm) is known. Hence, by extracting the sanreogate from the output model CT
we can approximatively evaluate if the model iseatd maintain such a relationship.
Therefore, the ratio between the treatment overptieetreatment surrogate and the ratio
between the model output surrogate over the pegrrent surrogate is compared: if the
model is able to reconstruct correctly the outpdt, e difference between the ratio
should be approximately zero. As already explairfed, CT/CBCT patients only the
diaphragm and tumour motion are evaluated, thezefar evaluate the variations on the
diaphragm and tumour for each model output, alsenathese surrogates are not used for

the model construction.

Finally, the same non-parametric statistical analgarried out on the CT/MRI phantom
(i.e. Friedman test, alpha = 0.5) output is perfxuinio identify significant differences
between the models. For patients two populationcamesidered: the first contains the

diaphragm quantifications, the second the tumoeson
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2.3 Dosimetric adaptation

During the planning phase of radiotherapy, the taeraand optimization of a patient
specific treatment plan is carried out in a virtwamputer environment known as a
treatment planning system (TPS). In this work we tise Pinnacfetreatment planning

system in the research version v.9.10 to createTIMRns. For the aim of this work, we
first create a treatment plan on the 4D CT and thempply it on Fayad’'s model output in

order to appreciate dosimetric changes.

2.3.1 The Pinnacfdreatment planning system

As previously mentioned in section 1.2.1.3 in CkaptIMRT plans are typically designed
using inverse planning, which begins by specifyiing desired dose to the target tumour.
This aim is achieved through different objectivendtions and constraints (see the
definition in section 1.2.1.3, Chapter 1). In thisrk, we use the IMRT® (i.e. the inverse
planning software), which is integrated into thearRiclé TPS. In PFIMRT® multiple
objective functions and constraints can be spetife a given IMRT plan, as well as
multiple objectives and constraints may be spettifite the same structure, since it may be
difficult to synthesize the treatment goals forteucture through a single function. For
example, if the prescribed dose is 60 Gy the ITousth receive a uniform dose as close as
possible to 60 Gy, as well as the PTV should recaivleast a dose which guarantees
treatment success, but at the same time this dos¢ mot exceed a certain value. The
optimization algorithm attempts to minimize the edijve functionF( ) which is the sum

of n different objective§¥, k=1,...,n.

Where is the set of parameters to be optimized. In titemozation problems are defined
alsom functions that are constraints and are represdmtdtie constraint vector function
C(). A general expression for an objective function rbayformulated as:

5
g 8

hi
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Where:
w*= weight relevant to the k objective function
V= the considered ROI
di= the dose in the voxel
di= the dose criteria (e.g. maximum dose, minimurreylos
vi= voxel volume
vi= the voxel volume relative to the ROI volume.
When:
f(di,d)=max(d-d*, 0), Fis defined as the “Max Dose function”
f(di,d)=min(d-d', 0), Fis defined as the “Min Dose function”
f(di,d=1, F¥is defined as the “Uniform Dose function”.

Is it possible also to define the “maximum dosesnesd by a % of the ROI volume”, also
reported as “Max DVH function” or the “minimum doseceived by a % of the ROI
volume”, the “Min DVH function”. Both functions aren extension of the concept of the
Max/Min Dose functions. In this case, the ROI votuis divided in two: the high dose
sub-volume VW and the low dose sub-volumeLVlThe separation between these two
volumes is determined by the specified fractiondfihe ROI volume that receive at most
(max DVH) or at least (min DVH) dose.d

Here below in details the dose calculation stepkthe optimization approach.

Dose calculation

The Pinnacl® treatment planning system uses the Collapsed CGpavolution
Superposition (CCCS) algorithm developed by Maakieal. (1987, 1990) for the dose
computation. The CCCS dose model is a 3D dose ctatipu that handles the effects of
patient heterogeneities on both primary and saiteadiation. The essential steps of
CCCS dose computation are summarised in the FRure
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Figure 32. Dose calculationdescription of the basic steps for CCCS dose coatiput

The first step of the algorithm (yellow dashed boxFigure 32) is the modeling of the
incident energy fluence exiting from the head @ lihac as a 2D array. This modelization
takes into account the intensity variation in tieatns produced by the flattening filter (i.e.
horns of the beam), the geometric penumbra and $eandifiers such as blocks, wedges
and compensator. Then, this energy fluence plan (ee 2D array) is projected through
the patient density volume (red dashed box in [EgB2) to compute the total energy
released per unit mass (TERMA) volume. The TERMAum® is computed using a ray-
tracing technique in which a given ray is deterrdibased on the position of the radiation
source and the particular location in the 2D arrlyeach voxel along the ray path, the
TERMA is computed using the attenuated energy fieemlong the ray and also
considering (i) the mass attenuation coefficiemizansider patient heterogeneities, and (i)
the radiological depth dependence, to take intoowtic beam hardening through the

patient.

The third part of the process (green dashed bdxignre 32) entails superimposing the
TERMA volume with the energy deposition kernel &t ¢he 3D dose distribution in the

patient. The energy deposition kernel describestiexgy deposited by charged particles
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set in motion by primary, first scattered, secorghttered, multiple scattered and
bremsstrahlung annihilation photons (Mackie etl8B8). In other words, it represents the
spread of energy from the primary photon interactgte throughout the associated
volume. The superposition is performed with a magihg technique, similar to that
mentioned in the second part of the process. Tdwithm described above computes the
dose for a single beam, but multiple beams dosauledions can be done independently
and then the entire 3D dose distribution is creabiyp summing the dose from each beam
according to the corresponding beam weight. Theralgn used for dose computation is
the Adaptive Convolution Superposition, which isibally identical to CCCS, with some
differences in order to increase the speed of céatipn by a factor of 2-3, without
compromising the accuracy of CCCS. This is achiebgdadaptively changing the
resolution of the dose computation grid (i.e. gvicerlapped to the patient on which the
dose is computed) depending on the curvature of BRMA distribution and dose
distribution (McNutt 2007).

The optimization problem

The traditional inverse planning problem in IMRT & fluence-based optimization
problem. The optimization algorithm divides eacharbeinto a series of finite-sized
beamlets (see section 1.2.1.3, Chapter 1). Theesponding weights of the beamlets are
optimized to produce a fluence map for every belanmthermore, dose is expressed as a
function of the fluence distribution and during thgtimization process the fluence maps
are optimized to produce the desired dose distabutThen, these fluence maps are
converted into MLC settings. A problem with this nkibow is the machine capability
parameters that are not included in the initiairofation problem, and as such the plan
guality is often degraded in this final step, oedy complex plans generated (Ahnesjo
2006). The mathematical expression for the tragigtionverse problem posed and solved
by PIMRT is:

I )acC

with
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where F is the objective functionthe set of parameters to be optimized (e.g. thenfte)
and C the constraint function. The condition0 ensures non-negative fluences. The
condition C() O specifies if the condition on the objective fuonthas been met or
exceeded. The fluences and hence the dose resfittingthe solution of the optimization
problem cannot be delivered to the patient direbtly they need a conversion in control
points, that define the position of the leavest@ MLC. To avoid this problem a new
formulation of the inverse problem has been dewsoghe direct machine parameter
optimization (DMPO). With the DMPO approach, thecdmae parameters are directly

taken into account in the optimization problem (Abkjo 2006).

Direct machine parameter optimization (DMPO)

In Pinnaclé, the DMPO optimization problem has been descripgdiardemark et al. in

2004.The DMPO optimization problem can be formulated as:

I od)a e
with

|l e mn
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In this new formulation, the fluence can be calculated from a set of control points
described by the leaf positior&nd the segment weights where the segments describe a
specific configuration of jaws and MLCThe conditionw 0 ensures non negative
fluence,A andB are coefficients set based on the available madunal the conditioAx
b describes machine-specific requirements on the peaitions. The DMPO problem is
harder to solve than the fluence-based one, bedbhbas a greater degree of non-linearity
and it is subject to numerous linear constrainte dptimization algorithm for the DMPO
is performed by the so-called RayOptimizer® (LofEt2003) and its optimization core is
a sequential quadratic programming algorithm (S@Mjch is a basically gradient-based
optimizer. Hence, every iteration the optimizersutiee gradient of the objective function
defined inx andw to find an update of the parameters that will iayer the objective

function. The basic steps of the optimization are:
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first of all, a few iterations are performed todia set of control points which meet
the user and the machine specific requirementsinfial estimation is produced
by assigning a uniform fluence to the beam’s eyswof the target for each beam;
in the following iterations, the gradient of thejediive function is computed

through several steps (Figure 33 below):

a. with respect to the dosc-g)—:rS

)

b. with respect to the fluencé;;—: ar a5

QS a)

. .. S)r ar aSsj
c. with respect to leaf position S 4 50

arassi

segments weights-
sd gS qj sd’

In this step, the optimization of MLC leaf posit&grof the segment weights and the
conversion of fluence maps into the MLC settings also performed. Then, the
fluences are modeled with a grid which dividestieam’s cross section into small
elements, known as opening density matrix (ODM) TUDMs are then resampled
to match the MLC leaves. In this way, the fluen@ues are constrained to a
number of fluence intensity level and they are alwomposed into smaller

elements used to build the segments. At the emd; pisitions are assigned to the
segments and the remaining requirements set byobjective functions are

processed. The jaws also allow to avoid leakagedmyorming as close as possible

the MLC aperture;

at the end of this stage, when the optimizatiortg@ss reaches the optimal solution
(i.e. minimizing the cost function), the plan is$ible to be delivered without any

post-processing.
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Figure 33. Gradient-based algorithm:The figure shows the objective function and itsdigats calculated
through several steps, taken from Hardemark &Qdl4.

70



Chapter II: Methods and materials

2.3.2 Description of the dosimetric plan

2.3.2.1 The ITV approach

Each treatment plan is tumour specific and depemrdghe type of treatment to be
delivered (e.g. palliative, adjuvant, definitivéll treatment plans should conform to the
Radiation Therapy Oncology Group guidelines foratineent planning based on each
disease category (RTOG 0617, 2016). In this womk felow the guidelines presented in
the RTOG 0617, which concerns the treatment of saaH cell lung cancer (NSCLS).
This document presents also some methods to actmuimour motion during planning.
The one used in this project is the internal tanggtime (ITV) approach. The ITV is
defined by the maximum observed range of tumouilianotf we consider the 0% exhale
and 50% inhale as the two extremes of respiratooyiam, the ITV should contain the
GTV designed in the 0% exhale and the GTV designede 50% inhale phases. It has to
be pointed out that for the 4D CT plan the delimeabf the ITV is fundamental for the
placement of the isocentre of the beams, whichpkeed in the centre of the ITV. The

ITV is by definition the same in all respiratorygses.
2.3.2.2 Plan optimization

In this section we will explain the basic stagesdufor the creation and optimization of the
4D CT treatment plan on the 0% exhale. Since (atttis project has been carried out at
the Radiation Physics Laboratory at the Universit§gydney, which also collaborates with
the Liverpool Hospital and the Ingham Institute vigripool, Sydney), we also use as
guideline for the implementation of the plan, tHdRIT plan protocol used at the

department of Radiation Therapy Planning at Livetpgtospital. This protocol includes all

the specifications of the RTOG 0617 and it was wsedeference for the evaluation of the
acceptability of the elaborated plans. The creatioth optimization process of a treatment

plan can be represented with the decision tree shiowigure 34.
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Figure 34. Optimization: flowchart of the plan optimization process.

The key points for the creation of the plan are:

i.  Definition of target tumour and organs at risk.
In this phase, the target (i.e. tumour) is deliedaby an expert and labelled as

GTV. Then the critical structures surrounding tlhenour are also delineated.
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Considering that our focus is lung tumour, the nggat risk taken into account are:
lungs, heart, spinal cord and oesophagus.

Definition of planning contours.

The planning contours to be defined are the IT¥,RAV and a series of rings with
growing diameters, which are defined starting frdm ITV. ITV and PTV are
delineated in order to account for tumour motior a®t up uncertainties (see
section 1.1.1, Chapter I). The rings are fundantehtang the optimization process
to push the dose to the GTV, sparing the surrogntdealthy tissues. RTOG 0617
suggests that the PTV should include the ITV withagin at least of 0.5 cm in all
directions.

Prescription and dose grid.

The dose prescribed for a specific treatment isipdo the treatment in question.
Three major categories of treatment can be indateldr adjuvant, palliative and
definitive. The prescribed dose for a definitiveatment is 60 Gy to the 95% of the
PTV as suggested by the RTOG 0617 study. In this, $he dose grid on which the
dose is computed is defined. In this work the nmeswmh has been set to
[0.25x0.25x0.25] crh

Beams.

In our study, the beams are modelled based on ldlg¢aEVersa (Elekta, Sweden)
machine, with an energy of 6 MV for each beam amtbse rate of 550 MU/min.
The position and the number of beams around thentadre variable and defined
by the planner. What does not change is the disttnom the source of photons to
the isocentre, also known as source-axis distaé®a®), which for the linac is 100
cm. Instead, the distance from the source of riahiaif the treatment machine to
the surface of the patient (source-skin distan&)Sontinually changes while the
gantry is rotating around the patient. Usually liang cancer, the idea is avoiding
placing beams that enter in the contra-lateral I{ireg the lung without the tumour)
and also ensuring that beams are at least 20 degpeet from each other and not
opposing. IMRT is planned in “Step & shoot” (seet&n 1.1.2.2 in Chapter I)n
this way, the leaves of the MLC try to conform #steape of the PTV, in order to
protect normal tissues outside of the target voluAreexample of MLC’s leaves
shaping the PTV is shown in Figure 35.
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Figure 35. MLC's leaves:Beams Eye View (BEVSs) for two different beams alné positioning of
the MLC leaves in order to shape the tumour. AnbéaB-beam 2.

v. IMRT optimization parameters.
At this step, the planner sets the parameters dagprthe IMRT optimization
algorithm configuration. The first parameter to abe is the optimization type; all
the dosimetric plans in this project is performethg DMPO optimization (section
2.4.1.3). After choosing the optimization type, eatiparameters used in this study
are listed in the Table 12. The parameters “Minimeggment area” and “Minimum
segment MU’s” that appear in Table 12 depend oruheur volume and machine

capability parameters.

Table 12. List of parameters to set before runninghe optimization

Max iterations Set the default number of times that the softwhmikl refine the
optimization

Max number of segments Set the maximum number of segments created duragptimization

Set the default minimum contiguous area that shbaldxposed by any

Minimum segment area MLC control points

Minimum segment MU’s Set the default minimum MU'’s required for each Mt@htrol points

Select whether the software automatically compdtss when the

Compute final dose Lo
P conversion is complete

vi. Define IMRT problem.
In this last step, the user has to define a lidlasfe volume constraints on specific
ROI that will give an acceptable plan (see poiijt Wor each ROI, the planner can
define an objective function that has to be optedizA number of desired dose
metrics are entered; each may have a differenthtieiy factor, according to how

important it is to satisfy the plan requirementsr Fastance, usually the ITV has a
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Vii.

very high weighting factor in order to push theimptation to give the maximum
dose to the target tumour (see Table 1 in sectidrl.B (Keall et al. 2006a)). If
some structures have dose volume constraints toaflict” with other constraints
on other structures (e.g. two overlapping structaned one is supposed to get Max
Dose but at the same time the second one shoulMigeDose) the optimization
will be stopped without giving any results. Thissathe most “trial and error stage”
of the optimization process because standardizeshpers or constraints value do
not exist and so the planner has to attempt diffeselutions before getting the best
one.

Satisfaction of protocol requirements.

During treatment optimization, the identificatiorf the best plan solution is
achieved if the plan satisfies the requirementgp@sed in the protocol. These
requirements concern the dose that critical strestishould receive. The first
requirement to be satisfied, as suggested by th@dRU617, is that the PTV should
receive at least the 95% of the prescribed dosereTare also other requirements
on the PTV (e.g. D98 that is the dose receivedhbyd8% of the volume and D2),
on the ITV (e.g. V100 that is the % of volume whielteive the 100% of the dose
and V98) and on the Max Dose or Mean Dose recdwedrgan at risk. In Table
13 the requirements used in this work for the aizoege evaluation of the plan are
reported. These requirements are chosen accoriRFOG 0617. After the plan

has been approved, it is ready for treatment deglive

Table 13. Protocol requirements that the treatmenplan has to satisfy to be acceptable.

Structure Metric Requirements
PTV D98 At least 95% of target dose
PTV D2 <107% of target dose
Y V100 Should receive 100% of target dose
Y Vo8 Should receive 98-99% of target dose
Spinal cord Max Dose 45 Gy
Lungs Mean Dose 15 Gy
Oesophagus Mean Dose 28 Gy
Heart* Max Dose 40 Gy

*if heart is close to the PTV, the D50 on the heartilshibe inferior of 60 Gy at least.
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2.3.2.3 4D dosimetric plan

The need to account for respiratory motion durimg planning phase of radiotherapy has
resulted in the rapid growth of 4D radiotherapyjclihis defined as the “explicit inclusion
of the temporal changes in anatomy during the in@giplanning and delivery of
radiotherapy” (Keall 2004). In this 4D radiotheraggenario, there is the need to design a
treatment plan on the 4D CT dataset suitable fiothal respiratory phases, known as 4D
CT treatment planning. The basic stages for thaticne of a 4D CT treatment planning are

shown in Figure 37.

Figure 36. 4D CT treatment planning:basic steps of the approach used to create a 48o06imetric plan.
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In the first step of the 4D CT planning, we choasereference the 0% exhale phase, on
which we delineate the contours of the target artgtal structures and then we propagate
these contours to all other phases by applyindifementioned in section 2.3.3.1.1. The
plan is optimized on the 0% exhale phase and tbetheal to all other phases. Since the
Pinnaclé does not currently have the ability to plan onla @T dataset, after the plan
optimization on the 0% exhale, each phase is cermidindependently, creating on it an
individual plan, and subsequently integrated whik plans on the other phases, as reported
by Colgan et al. 2008.

2.3.3 Experiments for dosimetric adaptation

The focus of this part of the project is the evatraof the dosimetric variations between
the pre-treatment and the treatment scenario caogethatomical changes and motion.
The plan, created and optimized on the 0% exhataeo#D CT dataset, is applied on the
model outputs of Fayad’s model. At the beginnihg, €T/MRI digital phantom is used for
the dosimetric validation of the model performarnbanks to the presence of the CT
acquired at the cine-MRI samples (i.e. ground dulthen the treatment plans are also
optimized for the two CT/CBCT patients (patient AdaB) and the CT/cine-MRI patient
(patient C).

2.3.4.1 Dosimetric simulation on the digital phanto

In this section the steps for the creation andnoigtition of the 4D CT treatment plan on
the CT/MRI digital phantom are presented. The jampdated with respect to the ground
truth and to the outputs of Fayad’s model, accgrdinthe different surrogates (as reported
in section 2.2.3.1.3).

2.3.4.1.1 4D CT treatment plan

As mentioned in the section 2.2.1 the tumour inGAEMRI digital phantom is located in
the upper part of the right lung with a radius &% mm. After the segmentation of the
tumour and organ at risk on the 0% exhale phaseappdy the DVFaused during the
model construction phase (section 2.3.3.1.1) tgpwhe contours of the tumour and the
anatomic structures on all the other respiratorgspl. Once get the GTV contour on all
the phases, the ITV is delineated. Figure 37 shthwesITV derived for the CT/MRI
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phantom. The ITV is expanded from the GTV in 0% aghand the GTV in 50% inhale
adding a margin of 3 mm in SI, AP and RL directidhe ITV is always the same for all

the respiratory phases (see section 2.4.2.1).

Figure 37. ITV approach: The ITV (blue) comprehends the GTV | the 0% exHaéel) phase and in the
50% inhale phase (green). A-sagittal view. B-catafew.

After the delineation of the ITV, other planningntours are designed. They are reported
in Table 14.

Table 14. Planning conis for the CT/MRI phantom

Source New ROI Expansion AP, SI, RL [mm]
TV PTV 5
PTV PTV_02 2
PTV_02 RING_10 10
RING_10 RING_20 10
RING_20 RING_30 20
RING_30 RING_50 20
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For the CT/MRI phantom 6 beams are used to hittah@ur, with angles and energies
reported in Table 15, and the target dose is piestto the 95% of the PTV. In Figure 38

the position of the beams is shown.

Table 15. Beams setting for CT/MRI phantom

Beams Gantry angle Beam energy
1 22° 6 MV
2 342° 6 MV
3 183° 6 MV
4 228° 6 MV
5 256° 6 MV
6 298° 6 MV

Figure 38. Beams for CT/MRI phantomyposition of the 6 beams used to hit the tumour.
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In this way the IMRT parameters are set considethwy size of the tumour and are
reported in Table 16.

Table 16. IMRT parameters for CT/MRI phantom

Max iterations 40
Max number of segments 30
Minimum segment area 8 cm2
Minimum segment MU’s 8
Compute final dose Yes

The last step of the treatment plan is the definitof the dose volume constraints on
critical structures. In Table 17 the objective ftioes defined for achieving an acceptable
plan on the CT/MRI phantom are reported.

Table 17. Dose volume constraints for the CT/ MRphantom

Structure Constrain Type  Dose [Gy]  Volume [%)] Weigh
TV Uniform dose 62 - 65
PTV_02 Min dose 60 -- 45
PTV_02 Max dose 61.5 - 45
Spinal cord Max dose 20 -- 10

In this way the treatment plan realized on the CRIMphantom satisfies the protocol
requirements reported in section 2.3.2.2.

2.3.4.1.2 Application of the plan to the groundtirand model outputs

The 4D CT plan is subsequently applied to the Cduaed at the cine-MRI sample
(ground truth) and to the output of Fayad’'s mottethis process, the plan does not change
and it is simply updated to the ground truth CTmthe specific output of the model. The
only things that change is the contour, accordinthé specific respiratory phase in CT. In
this case the ITV and hence the other planning czoat are updated as well. With
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reference to the tests carried out on the Fayaddemn section 2.2.3.1.3, the 4D CT plan

is updated on:

all the tests listed in Table 4 (except for testT)ese tests are performed giving the
same surrogate in pre-treatment and treatment;

tests 3, 4, 7 in Table 5 These tests are perforgigdg combination of internal
surrogates in pre-treatment and treatment;

test 2 in Table 6. This test is performed givingnbmation of internal and external

surrogate.
2.3.4.1.3. Dosimetric validation

Since for the digital phantom the treatment dato ahcludes the ground truth, the
comparison between the plan updated on the outputSsayad’s model and the plan
updated on the ground truth is carried out in orgewnalidate the dosimetric results
generated on the model outputs. The comparisonidarssthe difference between the
output of the model and the ground truth in terfi$elevant metrics”, which are the same
of the plan evaluation. In Figure 39 a schematmcess for the dosimetric validation is

represented.

Figure 39. Dosimetric validation: schematic process of the dosimetric validationtfer CT/MRI digital
phantom.
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2.3.4.2 Dosimetric plan on patient cases

In this section the creation and optimization & #D CT treatment plan on the CT/CBCT
patients (patient A and patient B) and for the GWeVIRI patient (patient C) is described.
The plan is adapted to the outputs of Fayad’s maftefwards.

2.3.4.2.1 4D CT treatment plan

For all the patients, after the segmentation of ttreour and OARs on the 0% exhale
phase, a DVE obtained by the DIR used during the model contbucphase (section
2.3.2.1) is applied, in order to obtain the contofithe tumour and anatomical structures
on all other phases. After the delineation of thie/®n all the phases, the ITV is derived.
In all the patients, the ITV is expanded from thEMG@n the 0% exhale and from the GTV
in the 50% inhale. The specific margins added lher three patients are reported in the
Table 18.

Table 18. Margins added in AP, SI, RL direction inorder to obtain the ITV for the patients.

AP [mm] Sl [mm] RL [mm]
Patient A 10 10 10
Patient B 5 5 5
Patient C 5 5 5

The ITV considered is always the same for all tbgpiratory phases. In Figure 40 the
ITVs (in blue) designed for patient A, B and C ah@wn.
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Figure 40. ITV approach: axial, coronal and sagittal view of the patiefitee ITV (blue) comprehends the

GTV in 0% exhale (red) and the GTV in 50% inhaleeém).

Other planning contours are designed after thedy\¢onsidering a contour as source and

extending it to obtain the new one. They are regobinh the Table 19.

Table 19. Planning contours designed for patients A and C.

Source

New ROI

Patient A

Patient B

Patient C

Expansion in

Expansion in

Expansion in

AP,RL, SIImm]  AP,RL, SI[mm] AP, RL, SI [mm]
TV PTV 5 5 5
PTV PTV_02 2 2 2
PTV_02 RING_10 10 10 8
RING_10 RING_20 10 10 10
RING_20 RING_30 20 20 10
RING_30 RING_50 20 20 20

The number of beams, their energy and gantry aragkedisted in the following Table 20.

In the Figure 41 are instead shown the positiomefeams for each patient.
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Table 20. Number of beams, their pogin and energy for the patients.

Beams Gantry angle Beam energy
1 180° 6 MV
2 334° 6 MV
Patient A 3 304° 6 MV
4 267° 6 MV
5 230° 6 MV
1 0° 6 MV
2 207° 6 MV
Patient B
3 274° 6MV
4 315° 6 MV
1 0° 6MV
2 35° 6 MV
Patient C 3 67° 6 MV
4 101° 6 MV
5 141° 6 MV

Figure 41. Beams positionbeams positioned around the patients and zoomafdhe beams.
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The IMRT parameters are set considering the sizeeofumour and are reported in Table
21.

Table 21. IMRT parameters for patients.

Patient A Patient B Patient C
Max iterations 40 40 40
Max number of segments 50 30 30
Min segment area 8 cnt 8 cnt 8 cnt
Min segment MU’s 8 8 8
Compute final dose Yes Yes Yes

The last step of the treatment plan is the definitof the dose volume constraints on
critical structures. In the Table 22 are reported bbjective functions defined for an
acceptable plan for patients, in order to satibily RTOG requirements. The treatment

plans realized satisfy the protocol requiremenperied in section 2.3.2.2.
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Table 22. Dose and volume constraints for pants.

Structure Corg;rt)reaint Dose [Gy] Volume [%] Weight
ITv Uniform Dose 62 - 80
PTV_02 Min Dose 60.5 - 60
PTV_02 Max Dose 61.5 - 60
Heart Max DVH 6.2 80 30
Patient A Spinal cord Max Dose 20 - 40
Ring_10 Max DVH 57 5 25
Ring_20 Max DVH 50 30 25
Ring_30 Max Dose 40 - 20
Ring_50 Max Dose 40 - 20
ITV Uniform Dose 62 - 65
PTV_02 Min Dose 59.5 - 45
PTV_02 Max Dose 61.5 - 45
Spinal cord Max Dose 20 - 10
Patient B Heart Max DVH 6.2 80 30
Ring_10 Max DVH 57 5 10
Ring_20 Max DVH 50 30 13
Ring_30 Max Dose 45 - 18
Ring_50 Max Dose 35 - 22
ITv Uniform Dose 62 - 80
PTV_02 Min Dose 59.5 - 65
PTV_02 Max Dose 61.5 - 65
Spinal cord Max Dose 20 - 25
Patient C Heart Max DVH 6.2 80 30
Oesophagus Max DVH 6.2 80 30
Ring_10 Max DVH 57 5 25
Ring_20 Max DVH 50 30 30
Ring_30 Max Dose 40 - 20
Ring_50 Max Dose 6.2 80 30
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2.3.4.2.2. Application of the plan to the output&ayad’s model

The 4D CT plans for patient A, B and C are subsetiyi@pplied to the output of Fayad’s
model. In this application the plan does not chaitges simply updated to the particular
output of the model. The only things that changestlae contours, obviously according to
the CT. In this case the ITV and hence the othanmhg contours are updated too,
considering the CT. With reference to the testae@dwout on the Fayad’s model in section
2.2.3.2.3, the 4D CT plan are updated on:

patient A: all the tests listed in Table 9 (excdepttest 0) and test 3 in Table 10;

patient B: all the tests listed in Table 9 (exdepttest 0) and tests 3, 4, 5 in Table 10;
patient C: all the tests in Tables 9 (except fet @, tests 3,4,5 and 6 in Table 10 and
all tests in Table 11.

2.3.4.2.3 Dosimetric evaluation

In contrast to the CT/MRI phantom, the dataseta@hlCBCT/CT patients and CT/cine-
MRI patient do not include ground truth data. Hoesg\t is possible to compare the plan
applied on the inhale phase during the 4D CT plapmwith the plan updated on the
outputs of the Fayad’s model. The comparison etesuthe difference between the plan
on the model output and plan on the inhale phassidering the “relevant metrics”, which
are the same considered for the evaluation ofréerhent plan. In Figure 42 a schematic
process for the dosimetric evaluation is represkrier the sake of consistency, for patient
C (the CT/cine-MRI patient) we also consider a “metD CT plan”, which can be
explained as the mean trend of all the plans otnalten phases.

Figure 42. Dosimetric evaluation:schematic process of the dosimetric evaluationherpatient.
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Chapter lll: Results and discussions

3.1 Geometric adaptation

Starting from the model construction and then mgum model outcomes, in this section
we discuss all results. The CT/MRI phantom measangsprovide an assessment of the
accuracy of the model and, even if the motion @iy the phantom is a simplification of

clinical reality, results are confirmed by the patidataset.

3.1.1 Results on the CT/MRI digital phantom

3.1.1.1 Model construction

For the models construction, the input data requaee the DVFs, describing the motion
with respect to the reference phase (e.g. the OP@lexphase or the MidP), and the
surrogates extracted from the 4D CT pre-treatmataset.

i.  Identification of the reference volume.
In Figure 43 we show the MidP volumes overlappeth whe 0% exhale volume
(Figure 43 A) and with the 50% inhale volume (Fey43 B); the MidP correctly
occupies an intermediate position, as visible adotine diaphragm region. Figure
43 C represents the overlap between the 50% inpiadse and the 0% exhale
phase, where the diaphragm reaches its highestquosi
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Figure 43. Reference volume-CT/MRI phantom:A-overlap between the MidP volume and the
0% exhale CT. B-overlap of the MidP volume and %086 inhale CT. C-overlap of the 50% inhale
CT and the 0% exhale phase.

Deformable image registration.

In Figure 44 an example of the resulting DVF ddsng the displacement between
the 50% inhale phase and the 0% exhale phasewmnshite features points (1061
points) on the 0% exhale CT (Figure 45 A) and tB&5nhale CT (Figure 45 B)
result in a median accuracy (£ interquartile rangiel+1.4 mm. Comparing the
voxel size ([1 1 1] mm) with the median accuracyir{terquartile range), we can
assert that the DIR achieves acceptable resultdorReng accurate DIR is
important because the accuracy of the motion mpalktly depends on the accuracy

of DIR.

Figure 44. DVF-CT/MRI phantom: overlap between the 0% exhale phase and the DVéxi#l-
plane. B-sagittal plane. C-coronal plane.
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Figure 45. Extracted features by SIFT:example of the extracted points by SIFT. A-0% eghal
CT. B-50% inhale CT.

Surrogates extraction.
In Figure 46 the mean respiratory signals are shawm function of the respiratory

phase, as extracted from the 4D CT.

Figure 46. Pre-treatment signals-CT/MRI phantom:mean respiratory signals extracted from the
4D CT.

For all the signals, except for the SIFT, the 50%ale (red star in Figure 46)
corresponds exactly to th& £T volume, while the 0% exhale phase (green star |
Figure 46) corresponds to the™CT volume. Diaphragm and MTB, when SI
motion is considered, have a similar pattern bdfiedint range of motion: the
diaphragm fluctuates in a range of 9.6 mm, whetbasGTV swings in 5.8 mm

range. Comparing the Sl direction and the AP timac(range of motion: 1.43
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mm) of the MTB (blue and light blue lines in thepep right plot in Figure 46) can

be asserted that the SI motion direction is dontindhe RPM signal (range of

motion: 2.4 mm) has a reverse pattern comparebedaiaphragm: indeed, during
the inspiration the diaphragm contracts and thestcivall expands. The pattern of
the SIFT signal is different from other internafjisals because only two regions,
with the highest range of motion and regular pattare taken into account (region
1 in sagittal and 4 in coronal plane (Figure 28Cinapter I1)). Furthermore, the

CT/MRI phantom has an irregular respiratory motiothe lungs region.

3.1.1.2 Model update

Figure 47 shows the resulting signals on sagitted aoronal plane, after the cubic
interpolation, as a function of acquisition timéneTRPM fluctuates in a 4 mm range, like
the MTB in AP direction (pink lines in Figure 4As shown in Figure 47, the SI motion
(MTB and diaphragm) on coronal and sagittal plasw@svery similar; the diaphragm has
the biggest range of motion (16 mm), while the MMBves of 8 mm. The SIFT signal on
sagittal and coronal plane (range of motion: 9 nma 46 mm respectively) are different

because two regions, the same indicated abovenatgsed.

Figure 47. Treatment signals-CT/MRI phantom:respiratory signals extracted from the cine-MRI.
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In Table 23 the motions of each signal in both tpeatment and treatment session are

summarised.

Table 23. Comparison between the ranges of motiori each surrogate in pre-treatment ad treatment.

Pre-treatment Treatment
Surrogate Mean signal [mm] Coronal [mm] Sagittal [mm]
RPM AP 2.4 N.A. 4
MTB SI 5.84 8 8
MTB AP 1.43 N.A. 4
Diaphragm Sl 9.6 16 16
SIFT Sl 4 4.6 9

N.A.=not available

The last step necessary for Fayad’'s model is thatiiication of the cine-MRI sample
more similar to the 0% exhale phase (Figure 48 49 the MidP (Figure 48 B) (sample
487 and 320 respectively) (identified with the noetliescribed in Appendix C).

Figure 48. Cine-MRI samples-CT/MRI phantom: A- overlap between the chosen cine-MRI sample and
the 0% exhale volume. B-overlap between the choseEnMRI sample and the MidP.

The median accuracy (x interquartile range) in tbgion containing the diaphragm
boundaries (Table 24) has a maximum error in thghteurhood of the double of the

voxel size ([1 1 1] mm).
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Table 24. Median accuracy (+ interquartile range) a the diaphragm between the chosen cine-MRI
sample and the reference CT.

Reference Median accuracy (+ interquartile range) [mm]
0% exhale 2+0
MidP 2.83+1.64

3.1.1.3 Tests performed and evaluations

In this section the most meaningful outcomes apnted, highlighting the comparison
between Vandemeulebroucke’s model and Fayad’'s moadeterms of the reference

volume to use and the surrogate configuration.

For Fayad’s model, considering as reference thePMicest O (reconstruction of the 50%
inhale phase of the pre-treatment session) doeaaive satisfactory results. Using the
MidP as reference, the mean motion of DVFs usembtstruct the model is lower than the
case in which the 0% exhale phase is used as meferé&ince the model updating is
obtained giving the model an amplitude value, witenmodel is updated with a greater
value than the mean DVF (i.e. mean DVF motion Ov63 amplitude value 10.33) the
model is not able to reconstruct the output CT {Feg49). Due to this reason, in the
following discussion Fayad’s model, constructechvitie MidP as reference, is no longer

considered.

Figure 49. MidP as reference-Fayad’'s modeimodel output CT of Fayad's model when the MidP vodu
is used as reference.

93



Chapter Ill: Results and discussions

The models are then tested considering an entgatling cycle, using the diaphragm
motion to construct and update the models. The gémnquantification obtained are
shown in Figure 50, where in each histogram bawvtretion of the three specific ROIs
(diaphragm, heart and tumour) is summed and irlasebar the mean variation of each
ROI is shown. In Vandemeulebroucke’s outcomes,ltesie better on the diaphragm than
on the heart, where the error is higher especvatign the reference is the 0% exhale phase
(middle histogram in Figure 50). In Figure 51 A aBdthe overlap and the difference
volume, between Vandemeulebroucke’s outcome (réonigg the inhale phase) and the
ground truth, are shown. In Fayad’s model, theatmms on heart are lower than the
variations on Vandemeulebroucke’s model (FigureG1 Vandemeulebroucke’s model
performs better when the MidP is considered asert®, as highlighted by the mean error
shown in Figure 50. Comparing Fayad’'s model withndameulebroucke’s model,
considering as reference the 0% exhale, the firstiahperforms better: this result is
expected since Fayad’'s model is constructed to waitk the 0% exhale phase as

reference, while Vandemeulebroucke’s model withithaP.
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Figure 50. Breathing cycle geometric quantificationgeometric quantification of an entire breathingleyc
for Vandemeulebroucke’s model, considering the MidRime (upper case) or the 0% exhale phase (middle
case), and for Fayad’s model (lower case).
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Figure 51. Inhale phase-CT/MRI phantom:reconstruction of the inhale phase. A-Vandemeulatke's
model (reference: MidP). B- Vandemeulebroucke’s ehgeference: exhale). C-Fayad’'s model.

For what concerns Vandemeulebroucke’s model, itopmed better using the MidP as
reference instead of using the 0% exhale also deriag all the other surrogates. In Figure
52 A we report, as indicative values of all the leations, the geometric variations on
Vandemeulebroucke’s model, constructing and updétie model with the RPM signal.

In Figure 52 B the correspondent model output C&rlapped with the ground truth is

shown: the greatest difference is appreciated @nhart, as confirmed also by the
geometric evaluation. Figure 52 C shows the diffeeebetween the model output CT and
the ground truth, where, as it can be observedgtkatest difference between the two

options is on the heart.
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Figure 52. Vandemeulebroucke’s model output-CT/MRIphantom: A-geometric variation. B-overlap of
the model output and the ground truth. C-differeletveen the output volume and the ground truth.

97



Chapter Ill: Results and discussions

For what concerns Fayad’'s model, before the evaluaif its behaviour with respect to
the specific surrogate, we also have to evaluaesthor introduced by the inversion of the
vector field (DVFY). By comparing the overlap of the model outputaBifl the 50% inhale
volume (obtained with the DVH and the overlap of the model output CT (obtaivtth
the DVF) with the 0% exhale phase, we can assatttlte inversion of the DVF does not
add significant errors. In Table 25 the geometual@ation for the three ROIs and the

mean errors are reported.

Table 25. Geometric variation due to the YOF to construct Fayad’s model.

Diaphragm [mm] Tumour [mm] Heart [mm] Mean [mm]
DVE" 0.08 1.18 1.64 0.97
DVF 0.92 1.18 1.29 1.13

On Fayad’s model (using the 0% exhale as referemw@nportant differences between the
surrogates are appreciated. If we consider the sagmal to construct and update the
model, the tests in which the model is updated wighcoronal value performed better and
the combination of coronal and interpolated sagw&lues seems not to improve the
performance. This lack of improvement could be thuéhe sagittal value that, when it is
combined with the coronal value, is interpolatédistnot adding additional information to
the surrogate. In fact, the phantom was built usiegnternal surrogate the signal coming
from interleaved cine-MRI slices of a patient, imiagh only the coronal surrogate was
given as input with an interpolation at the saggmples. The geometric quantifications
are shown in Figure 53; the different colours iaticthe surrogate used to construct the
model, the dashed boxes point out the specificuatetl ROI and the dashed grey line
divides the tests in which only one surrogatessiedu(left part) from the one in which
coronal and sagittal samples are considered (pgtt). In the tests performed using SIFT
(light blue bars in Figure 53) we appreciate anralesrror higher than 5 mm. This is
because the signal describes the lung vessel matiwh this region is not directly
evaluated. Therefore, better results could be apdesl in the lung compared to the other

model outputs.
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Figure 53. Fayad’s model-CT/MRI phantom:geometric variation in mm computed as differencevben
the model output CT and the ground truth when Hmessurrogate is used to construct and update Bayad
model.

Figure 54 reports the overlap (Figure 54 A) anddliierence (Figure 54 B) between the
output model CT (updated with the coronal valuethed MTB) and its correspondent
ground truth: the model performs better on the tuwmeith respect to the diaphragm (as

can be observed looking at the difference image).

Figure 54. Fayad’'s model output CT-CT/MRI phantom: A-overlap of output model CT and the ground
truth. B-difference volume.

Since Fayad’s model allows the combination of ddfe signals, other tests are performed
with different combinations to evaluate if an impement of the model is provided by
attaching additional information. However, no imgement can be appreciated. An
example of the geometric quantification is shown Higure 55. The quantification,

examined when the diaphragm or only the MTB (cofr@amples) are considered (Figure

55 A), are compared with the quantifications oledicombining the surrogates (Figure 55
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B). In the light orange bars in Figure 55 B we higjit the assessments done when the
model is constructed using both diaphragm and MTB then updated only with the
diaphragm value (first bar on the right), with @B value (middle bar) or with both (left
bar). By constructing the model with two signalsl arpdating the model only with one,
results worsen (especially on the diaphragm). &tstéy attaching two signals also in
treatment, the outcome is similar to the one olethin the upper histogram of Figure 55 A
(i.e. using just one surrogate). So, the outcont#aireed when the model is constructed
and updated with only one surrogates are compatalge ones in which two surrogates

are involved.

Figure 55. Surrogates combination-Fayad's modelcomparison between the geometric variations when
A-the same surrogate is used in pre-treatmentraatitent; B-internal surrogates are combined.
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These results are also confirmed by the combinatibother internal surrogates (e.g.
diaphragm and SIFT) and of internal and externghas (e.g. MTB and RPM). The
reason could be linked to the signal normalizatiotih respect to the maximum range of
motion accomplished when more surrogates are ugeifethe test shown in Figure 55 B
the signals are normalized with respect to the hdegm motion). Moreover, Fayad’s
model in literature was tested considering only @oerogate (the same during pre-

treatment and treatment).

In addition, considering the first four principaimponents to run the PCA, no differences
can be appreciated. Therefore, the first princggahponent of the PCA is sufficient to

describe the data.

Finally, a statistical Friedman’s test is performdéd Figure 56we show the results

obtained considering three populations (two for d&meulebroucke’s model and one for
Fayad’s model) including the geometric quantifieaton the tumour. Using the 0% exhale
phase as reference, Vandemeulebroucke’s modedtistsially different from the case in

which the MidP is considered as reference and frayad’'s model. Considering instead
the heart, we have already underlined with the gg#om quantification that

Vandemeulebroucke’s model obtains better resuliisguthe MidP as reference and the
result is confirmed also by the statistical anay$n particular, considering all the tests
(same test for Vandemeulebroucke’'s and Fayad’s lepdesing as reference the 0%
exhale phase, the mean variation with respect ¢ogtlound truth is lower for Fayad’s
model than Vandemeulebroucke’s one (tumour: 0.781V86 mm, heart: 2.02 vs. 3.92

mm).
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Figure 56. Statistical analysis-CT/MRI phantom: comparison of the models, considering the geometri
quantification on the tumour.

Considering the entire tests performed on Fayaddat) the geometric results are proved

by the statistical ones: no improvement is assesgegh coronal and sagittal values are
used together or when different surrogates are swdb

In conclusion, analysing the geometric quantifamatcomputed on the phantom, we can
assert that:

Vi.

Vandemeulebroucke’s model reaches the lowest wammtwith respect to the
ground truth when the MidP volume is considereceésrence;
Vandemeulebroucke with the MidP and Fayad with Qbe exhale do not result
significantly different, even if a slightly bettgperformance is observed in
Vandemeulebroucke model;

when the 0% exhale phase is the reference voluraed&meulebroucke’ s model
performance is lower than Fayad’s model,

Fayad’s model works only with the 0% exhale phaseeterence;

the combination of coronal and interpolated sagitédues or different signals do
not improve the outcomes of Fayad’s model;

Better performance in the reconstructed volumeaahgéeved on the specific organ
when the relevant surrogate is used.
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In particular for the last observation (point v@nalysing the results we noticed that a
possible future improvement could be in the impletagon of a ROI-based model. The
basic idea is that the surrogate, which descrilbesmotion of a specific anatomical

structure, is used to construct and then updatentiazl.

3.1.2 Results on patients

In this paragraph the results obtained on patievitsgch confirmed the evaluation found on
the CT/MRI digital phantom, are described. Resatts presented following the structure
of Chapter Il. Specifically, analysis with the 0%hale is only applied to the patient
dataset, since for one patient (CT/cine-MRI paji¢he “daily image” for inter-fraction

quantification is acquired at the exhale phases tiat providing a daily MidP to compare

with the pre-treatment MidP.
3.1.1.1 Model construction

i.  Identification of the reference volume.
Since the DIR between the 0% exhale phase andvidrage CT is performed for
the identification of the diaphragm boundariested CT/CBCT patients, Table 26
shows the evaluation performed using SIFT. Compaitie results with the voxel

size ([0.98 0.98 3] mm), the accomplished registrgt can be considered accurate.

Table 26. Evaluation of the DIR betven the average CT and a CT volume based on SIFT.

Patient Extracted features Median accuracy (z interquartile range) [mm]
Patient A 874 0.98 +1.38
Patient B 619 1+22

After that, the highest point of the diaphragm ivery respiratory phase is
identified, in order to select the exhale respmatphase. Figure 57 shows the
overlap between the 50% inhale phase, the one ichwvithe diaphragm reaches its

lowest position, and the 0% exhale phase.
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Figure 57. Inhale/exhale overlap-Patientsoverlap between the 0% exhale phase and the 50%
inhale phase for each patient.

Deformable image registration.

The DIR, evaluated by SIFT landmarks, results inmadian accuracy (z
interquartile range) between extracted featuresvshin Table 27. Also in this case
the performed DIR procedures are accurate, becauisen the voxel size
(CT/CBCT patients: [0.98 0.98 3] mm, patient C7g0.78 2] mm).

Table 27. DIR evaluated by SIFT.

Patient Extracted features Median accuracy (z interquartile range) [mm]
Patient A 853 1+14
Patient B 592 09+14
Patient C 384 0.78 +1.56

Surrogates extraction.
Depending on tumour position (e.g. lower or higladre), tumour size and data
availability, different respiratory signals are mded from the pre-treatment

dataset. In Figure 58 all the respiratory signélsach patient are shown.
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Figure 58. Pre-treatment surrogates-Patientssurrogates extracted from 4D CT. A-patient A. B-
patient B. C-patient C.

In particular, for patient A (Figure 58 A) the drmpgm and the MTB have a
similar pattern but different range of motion: tti@phragm moves more than the
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MTB in Sl direction (17.02 mm vs. 10 mm). For tipatient the only tumour
direction investigated is the Sl, since the tumioas little motion in RL (1.7 mm)
and AP (0.5 mm) directions.

The tumour of patient B (Figure 58 B) moves suéitly in the AP direction (range
of motion: 3.6 mm) and less in the RL directionnfya of motion: 1.51 mm), but
the main motion is always in the Sl direction (roati 6.4 mm). Patient B has a
little tumour in the upper region of the right lyrtherefore, tumour motion in Si

direction is not equal to diaphragm motion (rangmotion: 10.67 mm).

For patient C, to extract the SIFT signal two di¢ene on coronal plan and one
sagittal plan) are selected, as the more similéheocine-MRI samples acquired in
treatment (applying the method in Appendix D). Ending the distance of the
tumour COMs, the selected coronal slice (FigureA39s the 178 (Euclidean
distance equals to 3.41 mm) while the selecteditahgiice (Figure 59 B) is the
138" (Euclidean distance: 5.9 mm). Figure 59 also higité in pink the two
regions that are considered. Comparing more thanstmictures (e.g. tumour and
diaphragm), the selection could be more accuraié,idnot possible since the
diaphragm disappears during the breathing cyclapiragm motion (12.5 mm) has
the most regular pattern: the diaphragm reachehigfisest excursion at the 0%
exhale phase (green star in Figure 58 C) and thiedbat the 50% inhale phase (red
star in Figure 58 C). The RPM pattern is rightlypogite to the diaphragm motion,
despite the little range of motion (4.2 mm). Alsatlis case, the SI tumour motion
is dominant (7.09 mm) but, since the tumour ischiga to the heart, remarkable
motion is observed also in RL and AP directionslZ4mm and 2.32 mm

respectively). The SIFT signal instead varies rargge of 10.91 mm.
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Figure 59. SIFT extraction-Patient C:the CT slices chosen are shown on the left partevthe
correspondent cine-MRI samples are shown on the. rAgcoronal. B-sagittal.

.1.1.2 Model update

Evaluation of the inter-fraction variations.

As already explained in paragraph 2.2.3.2.2, theerdfiaction variation is
guantified by performing a rigid registration beemethe exhale phase of the 4D
CT and a “daily volume” (CBCT for patient A, B oatgd-MRI for patient C),
followed by a DIR (if possible) to account for nagid variations. Comparing the
median accuracies (Table 28) of CT/CBCT patients Wie voxel size ([0.98 0.98

3] mm) the inter-fraction variation is not signdiat.
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Table 28. Evaluation of the inter-fracthn variation.

Rigid registration Deformable registration
Median error = iqr [mm] Mean DVF [mm]
Patient Diaphragm Tumour
Patient A 43+0.6 2917 2.67
Patient B 1.5+£0.32 09+1 0.5
Patient C 1.56+1.95 N.A. N.A.

N.A. = not available.

The results on patient A are worst because thigmqatnoves more than patient B.
An example of the corresponding rigid registrationpatient A is shown in Figure
60, where the tumour and diaphragm boundaries (exttactgh the method
explained in Appendix A) are also highlighted oe 0% exhale CT (in red) and on
the output of the rigid registration (in yellow).

Figure 60. Rigid registration-CT/CBCT patients: overlap of the 0% exhale volume (in purple),
resulting from the rigid registration, and the O%ha&e CT (in green) for patient A. A-diaphragm. B-
tumour.

The median variation (z interquartile range) ofigrit C, compared with the voxel
size ([0.78 0.78 2] mm), is an acceptable resuhe Tcorresponding rigid

registration is shown in Figure 61.
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Figure 61. Rigid registration CT/gated-MRI: overlap of the 0% exhale CT and the aligned gated-
MRI.

As it can be observed from Figure &iove, the registration performed between the
CT and the gated-MRI is not completely satisfactody better result can be
achieved by performing a DIR between these voluim&s nowadays, the DIR
between MRI and CT volumes is still a challenge antthe focus of this thesis
project. Nonetheless, the corresponding motionr afte rigid registration is
comparable to the voxel size.

In conclusion, considering the mean DVF motion,deenot appreciate a relevant
inter-fraction variation, so we decide to not apjplyy shift correction to the

models.

Surrogates extraction
Since for CT/CBCT patients the cine-MRI samplessaneulated, starting from the
4D CBCT acquired in treatment, only one respiratoygle is studied, while for

patient C, 25 breaths are acquired during treatment

CT/CBCT patients

To simulate cine-MRI samples, sagittal and cor@haés centred in the tumour are
selected. The evaluations of the consistency ofst#iections are shown in Table
29. For an accurate selection, the motion pattetestified on the sagittal and
coronal samples should be identical: observing plagterns and the mean
differences (+ standard deviation), we can ashattthe selection done is accurate,
being below the voxel size. As shown in Table 29 ekialuation of tumour motion
is performed only for patient A due to the low diyahnd contrast of CBCT images

of patient B, which does not allow a reliable tumboundary segmentation with
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the process described in Appendix A. The surrogdés/ed from the treatment
data are shown in Figure 62; the range of motioocommparable with the motion

appreciated on the pre-treatment signals.

Table 29. Evaluation of the coronal and sagittadlices selected on CT/CBCT patients.

Diaphragm Tumour
. mean difference (x standard deviation) mean difference (x standard deviation)
Patient
[mm] [mm]
Patient A 0.32+0.25 0.22+ 0.24
Patient B 1+07 N.A.

N.A. = not available
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Figure 62. Treatment signals-CT/CBCT patients: respiratory motion signals extracted in
treatment. A-patient A. B-patient B.

CT/cine-MRI patient

Figure 63 shows the SI motion of diaphragm, SIFd@ BITB on coronal plane. As
clearly visible, the MTB is not synchronized withetother signals. This is due to
the tumour position that is attached to the heagtso tumour motion is influenced
by heartbeat. Patient C is characterized by a loaege of motion during treatment
compared to pre-treatment but, like in pre-treattinéhe SI motion of the
diaphragm is bigger than SIFT and MTB motions (41n8n, 4.97mm and 3.4 mm

respectively). The range of motion in the sagipfaine is similar; in particular the
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MTB swings in Sl direction of 5.3 mm, the SIFT mev&65 mm and diaphragm of
11.32 mm. The SIFT signal has the main differenegvben coronal and sagittal

plane because two different regions, the same ochosdhe pre-treatment dataset,

are selected.

Figure 63. Sl treatment signals-Patient C:SI motion of diaphragm, SIFT and MTB on coronal
plane during treatment.

Figure 64 shows the motion recorded on the sagttaie for the RPM (motion
equal to 5 mm) and MTB, considering the AP motigeation; in this direction the
tumour moves roughly as on Sl direction (4.47 mm5v3 mm) and the RL tumour

motion is around 4.37 mm.

112



Chapter Ill: Results and discussions

Figure 64. AP treatment signals-Patient C:AP motion on sagittal plane of MTB and RPM
signals.

The last step for Fayad’'s model is the determinmatibthe cine-MRI sample more

similar to the gated-MRI acquired at the 0% exHhake Appendix C for details).

The cine-MRI chosen on coronal plan is the18dmple, with a median accuracy
(x interquartile range) between diaphragms bouedasf 2.09 + 1.48 mm (voxel

size [1.48 1.48 5] mm). The overlap of the ¥3#ne-MRI sample on coronal and
sagittal plane and the gated-MRI (in violet) iswhan Figure 65.

Figure 65. Exhale cine-MRI sample-Patient Coverlap between the 184ine-MRI sample and
the gated-MRI. A-coronal plane. B-sagittal plane.
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3.1.1.2 Tests performed and evaluations

All the tests confirm the results found on the CRMdigital phantom. Therefore,
evaluating the outcome on the diaphragm and tumeeircan confirm that Fayad’s model
performs better than Vandemeulebroucke’s modekesionly the 0% exhale phase is
considered as reference. As already explainede dwicpatient C the “daily image” for
inter-fraction quantification is acquired at thehale phase, thus not providing a daily
MidP to compare with the pre-treatment MidP, Fagadbdel with the 0% exhale phase as

reference is applied for patients.

For Fayad’s model, all the possible meaningful coations of surrogates are tested. The
combination of different signals (i.e. MTB and diapgm) or coronal and interpolated
sagittal values do not improve the model perforrean exception appears in patient B

and C, considering different tumour directionsdsttthe model (see below).

In particular, testing both models on patient A @valuation carried out on diaphragm and
tumour highlights that the model performance dassvary constructing and updating the
model only with diaphragm signal or MTB signal (&ig 66). This result is due to the
tumour position and dimension, that is big (volunfie.11.6 cnd) and in the lower lobe of
the right lung. Therefore, for patient A, the diggggm motion is able to describe also
tumour motion and vice versi addition, testing the model with two surrogatiest bar

in Figure 66) the obtained outcome is worse.
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Figure 66. Fayad's performances-Patient Aevaluation of Fayad’'s model performances.

The same result, regarding the motion of diaphrageh tumour, can not be asserted for
patient B, featuring a small tumour (volume of Bd3rP) in the upper lobe; so diaphragm
motion is not comparable to tumour motion. In addit for this patient, all the tumour
motion directions are studied. In Figure 67 meafihgesults are reported; where the
dashed line divides the model outcomes obtainetyusnly one surrogate from the model
outcome obtained using more surrogates. As it eaolserved in Figure 67, worst results
on tumour are obtained by considering only the Stiom to construct and update the
model, compared with the case in which only the &kHRL signals are used (first three
histogram bars in Figure 67). This patient in facgsents also a relevant motion in the AP
direction (as described above), therefore the sichu of also this motion component
allows to better describe tumour motion. CombinBigmotion on coronal and sagittal
plane the outcome does not improve significantiythle last two bars in Figure 67, we can
analyse the outcome appreciated on the tumour wWie®| motion is combined with AP
or RL motion. An improvement is obtained combinidB and SI motion direction (i.e.

main respiratory motion directions), even if itnet different from the outcome obtained
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using only the AP direction. Combining RL and Sl troo the model performance

worsens.

Figure 67. Fayad's performances-Patient Bevaluation of Fayad’'s models on tumour using thHéedint
motion directions of MTB signal.

Figure 68 shows the evaluation performed on tumamot diaphragm considering the
different tumour directions alone or combined (ded by the dashed line) on patient C. It
is confirmed that the combination of coronal antenpolated sagittal value does not
improve the model performance (as show in Figure@8Bparing the first and fourth bars).
Moreover, since patient C has the tumour attaclbethé heart, the combination of Si
motion with the AP motion or RL motion improves tim@del performances on the tumour
but not on the diaphragm. This confirms that impeting a ROI-based model can

potentially improve the overall performance.
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Figure 68. Fayad's performances-Patient C:geometric evaluation on Fayad’s model considerimg t
different tumour directions.

Concerning Vandemeulebroucke’s model, the samael theghlighted on Fayad’s model
appears for CT/CBCT patients. Therefore, for pat&rihe diaphragm motion is able to
describe also the tumour motion and vice versay@dsethe tumour motion for patient B is
not described by the diaphragm. For patient Chasve in Chapter Il (Table 8) the phase
values used to implement Vandemeulebroucke’'s madeldifferent, depending on the
chosen surrogate (i.e. diaphragm vs. MTB). Since miodel required as input both
amplitude and phase values, if the signals aresyrothronized this ambiguity appears, as
opposed to Fayad's model, that requires as inplit the amplitude valueFigure 69
shows the breath used to test the models: the lsghghted the 38 sample that for the
diaphragm represents an exhale phase, whereakefdViTB signal represents nearly an

inhale phase.
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Figure 69. Desynchronized signals-Patient Gespiratory breath used to test the models.

Considering the evaluation on both models, theetgfices between treatment/pre-
treatment ratio ([mm]/[mm]) and model outcome/patment ratio ([mm]/[mm]) on the

CT/CBCT patients are smaller than the one obtamedhe CT/cine-MRI patient. For

example, the mean differences on the tumour, censigl all tests, appreciated for Fayad’s
model on patient A is 0.19, for patient B is arouh89 and for patient C is 0.96. The
greater difference on patient C is reasonable,esthe voxel size in treatment is bigger
than the others ([1.48 1.48 5] mm vs. [0.98 0.988)). Since the purpose of this work is
to analyse the differences between the two modeé&nwhey are implemented with 4D CT
and 2D cine-MRI, the results on patient C are tlostelevant but new patients dataset,

with the entire thorax acquired in pre-treatmerg,r@quired to check the conclusions.

Finally, considering two populations (one for Fagadmodel and one for

Vandemeulebroucke’s model) the statistical tesghllghts a significance difference on
diaphragm for all patients across the models. hiqudar, the mean geometric variation
for CT/CBCT patients on Fayad’'s model is lower théeandemeulebroucke’s model (e.g.
0.02 ([mm])/[mm]) vs. 0.21 ([mm]/[mm]) for patient )B Therefore, Fayad's model,

considering the CT/CBCT patients, performs bettertlte diaphragm. For the CT/cine-
MRI patient the result found is opposite but foistpatient we have to take into account

the issue of not perfectly synchronized signalsicivimay shift the results towards better
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performance with the Vandemeulebroucke’s modelctwimclude the information of both

amplitude and phase of the surrogate. Finally,stiagistical test regarding only Fayad’s
model (considering one population on the diaphragah one on the tumour) highlights a
significant difference for patient B and C; Fayadisdel performs better on the diaphragm

than on the tumour.

3.2 Dosimetric adaptation

In this section, the dosimetric results obtainedlenCT/MRI digital phantom and then on
patients are reported. The validation of dosimesimulations on the CT/MRI phantom

confirms the results reached with the geometricasibn.
3.2.1 Validation of dosimetric simulation on the /@RI digital
phantom

In this section, the discussion is split in twotpéine 4D CT treatment planning and the

plan application during treatment.

4D CT treatment plan

Figure 70 shows the isodose curves of the optimptad on the 0% exhale phase and the
ITV boundaries in black. The ITV receives almodtirety 95.0% of the prescribe dose (60
Gy) and, moving far from the tumour, the dose pesgively decreases.

Figure 70. Isodose curves-CT/MRI phantom:obtained on the 0% exhale phase of the CT/MRI aligit
phantom. A-axial view. B-sagittal view.
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Figure 71 instead shows the DVH curves of all thetrios taken into consideration to
satisfy the protocol requirements (see Table 1Ghapter Il for details). For example, the
PTV D98 reaches 57.33 Gy (protocol requirementeast 57 Gy), the maximum dose
received by the heart is 4.56 Gy (protocol requeetn maximum dose 40 Gy), the
maximum dose on the spinal cord is 18.9 Gy (prdtoequirement. maximum dose 45
Gy).

Figure 71. DVH 0% exhale-CT/MRI phantom: obtained on the 0% exhale phase for the CT/MRItaigi
phantom.

The 4D CT leads to an accurate dose estimatioaxpscted due to the regular breathing
pattern and due to the ITV approach used (explained.3.2.1). Therefore, the DVH
curves obtained for each respiratory phase are sienjjar; in Figure 72 we report the
DVH curves on the PTV (Figure 72 A) and on the apaoord (Figure 72 B), as indicatives
of the whole OARs. The distance between the 0% lexphase and the 50% inhale
(maximum distance) on PTV D98 is 0.87 Gy, on PTVi®R.73 Gy and on the maximum
dose received by spinal cord is 0.42 Gy. A gredifference between the curves appears
on the DVH curves of the heart (Figure 72 C) wihpect to the spinal cord. This variation
is due to the organ motion during respiration ikategligible for the spinal cord but not
for the heart.
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Figure 72. 4D CT DVHs-CT/MRI phantom: A- ITV. B-spinal cord. C-heart.
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Application of the plan to the ground truth and mlogutput

Since no big dosimetric differences are appreciatmusidering the different surrogates,
Figure 73 shows the comparison between the detivdose (on three model outputs) and

the dose calculated on the ground truth, as repratsee of all the results found.

Figure 73. Model outputs DVHs-CT/MRI phantom: comparison of the DVHs of the ground truth and of
three model outputs. A-PTV. B-spinal cord.

Since all the DVH curves are closed to the groumthtcurve (red line in Figure 73),
Fayad’'s model ability to approximate the groundthirus confirmed on the PTV
constraints. In addition, a further proof is thetfthat for all the model output plans the

ITV V100, a strenuous metric to satisfy, reaches X00% of the volume. Moreover, the
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dosimetric evaluation confirms that the combinatmithe coronal and sagittal values

(blue dashed line in Figure 73 A and B) does natdierent or better outcomes than

updating the model only with the coronal value kpetashed line in Figure 73 A and B).

The result is also confirmed by the other test$ Wexe carried out (shown in Table 30):

for example looking at the PTV D98 of test 1 versasg 2 (0.08 Gy vs. 0.68 Gy) or test 3
compared with test 4 (0.5 Gy vs. 0.4 Gy). The santeomes are also obtained when the
model is constructed and updated with two surrayégecen dashed line in Figure 73 A
and B). Taking into account the PTV D98, the varmatappreciated when coronal values
of the diaphragm and MTB (test 9 in Table 30) isager than the one obtained only with
diaphragm or MTB (respectively test 1 and 3 on &&l).

In Figure 73 B the DVHSs curves of the spinal corel i@ported, as representative of one of
the OARs. Taking into account the maximum doseivedeby the spinal cord, a difference
is appreciated with respect to the other OARSs, igklighted also in Table 30. Even if
differences drop considering the mean dose (lessilde to the error), this variation
suggests that the DVFs used to create the modelinteoduce an error. Indeed, the
magnitude of dosimetric errors can be affecteddweral factors and the accuracy of the
DIR used to derive DVFs is a primary cause of efWieixing et al. 2015) (see 3.2.2 for

additional detail).

Moreover, as shown in Table 30, similar variatiame appreciated for all the surrogates
tested and the mean variation for all the evaluatedrics is 0.11 Gy. In particular,
constructing and updating the model using the Sighals, better outcome is appreciated
in the lungs, as it is fair to expect since theTSKignals describes the lungs vessels
motion, but the results obtained at the spinal dsrdvorse. Furthermore, when the
external surrogate (i.e. RPM) is used a greataattan appears on the PTV (variation on
D98 equal to 1. 13 Gy for the RPM while the meanat@n for the other model outcomes
is 0.55 Gy). The same result is appreciated lookinthe geometric variation on tumour;
the variation obtained using the RMP signals onal&sy model is equal to 0.97 mm,
whereas the mean variation of all the internalagates is 0.79 mm. In the phantom case,
the RPM signal can be considered as an internedgate, since it was used to generate the
phantom itself. Therefore, this variation can bsoagted to the fact that the RPM signal is
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describing the AP motion and not the full SI motiointhe tumour, confirming that the

external surrogate is not able to describe thenatenotion completely.

Table 30. Dosimetric results on the CT/MRI digitalphantom.

SPINAL

OESOPHAGUS HEART [TV LUNGS “[ooo PTV
PRE- Max Mean
TREATMENT gﬁEARToMGEA'\ITTE Mef‘g ']Dose Dose \EO%O Dose M"’E’éD]ose [82] [DG9?
TEST SURROGATE y [Gy] [Gy] y yiosy
1 Diaphragm s Diaphragm Si, 0.11 053 0 026 -1.39 -0.1 0.08
coronal sample
Diaphragm SI,
2 Diaphragm SI  coronal and 0.09 0.42 0 0.29 -1.82 0.1 0.68
sagittal samples
3 mMresi ~ MIBSIcorona 4 59 075 0 024 057 01 05
sample
MTB SI, corona
4 MTB SI and sagittal 0.04 0.79 0 0.27 -1.36 0.08 0.4
samples
5 MTB AP MTB AP, 0.15 012 0 041 029 0 063
sagittal sample
6 siFTsl  SIFTShcoronal 4 ¢ 018 0 024 -156 0.1 0.65
sample
SIFT SI, coronal
7 SIFT SI and sagittal -0.38 2.01 0 0.01 -3.4 0.4 0.46
samples
8 RPM AP ~ RPMAP, sagittal -, , 145 0 032 053 0 113
sample
. Diaphragm SI*
o  Diaphragm SI- o i'viTe six, 0.09 081 0 03 17 015 07
and MTB SI*
coronal samples
" MTB** AP and
10 MTBAP™and \\rg'q) sagittal 0.06 019 0 059 009 02 0.39
MTB Sl
samples
RPM AP** and
MTB Sl and o .
11 RPM AP** MTB SI**, sagittal -0.24 1.05 0 0.35 -0.25 0.2 0.81

samples

* Normalized signal on diaphragm Sl

** Normalizsiginal on MTB SI
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3.2.2 Evaluation of dosimetric simulation on patsen

Here the meaningful results appreciated on patiardgsreported. The discussion in split

into treatment plan and treatment delivery.

4D CT treatment plan

As shown in Table 31, where the protocol parametezdisted, all the metrics on the 0%

exhale phase are satisfied.

Table 31. Value of each protocol parameter on the%@ exhale phase.

SPINAL

OESOPHAGUS  HEART ITv LUNGS CORD PTV
MeanDose ~ D50 V1o vog  ¢ean  M&X gy py
atont [Gy] N U I U R (< Y
Patient A 27.95 1019 99 999 1693 3679 582 6351
Patient B 18.93 159 100 100 1313  20.64 5875 625
Patient C 20.75 2.35 93 994 1292 2113 5712 63.94
Protocol 28 60*  100%* 98%* 15-20* 45 64.2* 57

requirements

*dose permitted **should receive 100% (or 98%)avget dose

Figure 74shows the isodose curves of the 0% exhale phaseafdr patient on the axial
view and the ITV boundary in black. The tumour saze position of patient A and patient
C does not allow to hit uniformly the ITV with th85.0% of the prescribe dose, but with
the 90.0% dose (reported in red).
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Figure 74. Optimized plan-Patients:isodose curve and ITV boundaries (in black) onG#e exhale phase
for each patient.

Evaluating the chosen metrics for each respirghbgse, as it is fair to expect, the selected
metrics are similar. For example, the PTV D98 fa patient A varies of 0.55 Gy between
0% exhale phase and 50% inhale phase (bigger ioajafor patient B varies of 0.32 Gy
and for patient C the variation is 0.38 Gy. Figdeeshows the DVHs curves of the PTV
and of the heart for patient A, the one with thghler respiratory motion in planning
session. For the PTV the curves are close to ethen;on particular in Figure 75 we show
the zoom on the parameters observed by the pro{Bd® D98, PTV D2). Conversely for
the heart, a greater variation can be apprecidtbis. difference is linked with the ITV
approach (see paragraph 2.3.2.1 for details) asulredory motion; the ITV is delineated
considering the maximum range of tumour motion gef motion between the 50%
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inhale and 0% exhale phase) and it is the samevieny respiratory phase, while the heart
boundary changes for every phase.

Figure 75. 4D CT DVH-Patient A: A-PTV. B-heart

Instead, Figure 76 shows the DVH curves of the R the spinal cord for patient C, as
indicative of all the OARs. As it can be observadbbth histograms, the curves have a

similar pattern for each phase.
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Figure 76. 4D CT DVH-Patient C:A-PTV. B-spinal cord.

A different behavior across patients is observedhenspinal cord: for patient B and C the
spinal cord curves are close to each other, a3 to expect since it is a fixed organ, but
bigger variations are appreciated for patient A.gatient A, taking into consideration the
maximum dose received by the spinal cord, a gapaleéq 3.11 Gy) is present between the
0% exhale phase and the following one. In ordebdtier understand the reason of this
variation regarding a fixed structure, we compaesegmentation found automatically by
the Pinnacl system and the boundaries obtained by warpingctimtours of the 0%
exhale phase (i.e. the ones used for our simulgtioRigure 77 A shows the segmentation
performed on the 10% phase, where a difference degtwthe two methods is visible,
showing inaccuracy in the warping of the spinaldcstructure with the DVF obtained by
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the DIR procedure. The spinal cord volume foundPbynaclé is 22.27 crhand the COM
coordinates are [3.67 71.37 -28.33] mm. Converseiyh the contours warping, the
volume is 13.77 criand the COM coordinates are [3.71 72.33 -36.60] @omparing the
volumes at the 0% exhale phase (22.52)cthe better outcomes is reached by the
Pinnaclé system, as confirmed also by the COM variatiom®(dinates of the 0% exhale
phase: [3.68 70.88 -24.19] mm). Therefore, considetthe Pinnacfe spinal cord
boundaries on the 10% phase, the gap on the maximhose between the two consecutives
phases disappears. To check the consistency bbinadaries of the other OARs, the same
comparison is carried out, evaluating the volunmes @OM variations on patient A and on
the CT/MRI phantom. Only for the oesophagus andsttieal cord, that are thin organs,
the segmentations are different. For patient Aréseilts obtained by the Pinnatkystem
are better, otherwise for the CT/MRI phantom thepivey strategy provides better results.
In fact, for the CT/MRI digital phantom, as highiigd in Figure 77 B, the Pinnatle
automatic segmentation stops almost at the mideigghh of the spinal cord. Regarding the
CT/MRI phantom, the COM coordinates of the spir@idcfound by Pinnacfesystem are
[187.52 225 297.93] mm (volume: 8.62 Ynwhereas the COM found by contour warping
is [190.51 249.68 188.66] mm (volume: 13.37criTherefore, the step of segmentation or
warping (after the DIR) of the structures, requi@be checked carefully in order to avoid

error propagation in the dosimetric assessment.

Figure 77. Warping vs. Pinnaclésegmentation:comparison of the spinal cord segmentation. A-Ra#e
B-CT/MRI digital phantom.
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Application of the plan to the model outputs

In Figure 78 the DVH analysis of three models outplueach patient on the PTV are
reported. For the patients, as already explainé@hiapter Il, the ground truth for the direct
model comparison is not available, so we compaee dlan on the model outcome,
reconstructing a 50% inhale phase in treatmenth wie 50% inhale plan of the pre-
treatment CT. For CT/CBCT patients, the red limeBigure 78, which indicates the curves
obtained on the 50% inhale phase during pre-treainage similar to the model output
curves, since the range of motion does not varyéen pre-treatment and treatment
session. Differently, patient C reports greatefedéince since the range of motion between
pre-treatment and treatment varies (e.g. the largeation on the PTV D98 is 3.14 Gy).
The other curves in Figure 78 represent the dositnetitcome on PTV when only one
surrogate is used, when both coronal and sagitthieg are considered and when two
surrogates are tested. In particular, in ordemitedine that any surrogates combination is

similar, we report:

for patient A (Figure 78) the outcome obtained abersng the diaphragm motion
or the combination of diaphragm and MTB motion.(teo different internal
surrogates). The results confirm the one previodsiyhlighted through the
geometric evaluation; no improvement is appreciatedhbining coronal and
sagittal samples or different (internal) surrogates

For patient B (Figure 78) the outcome evaluatechguisanly the MTB Sl or
combing with the MTB RL motion direction (same fate but different motion
direction) are shown. The curve obtained combinirggsignals is the most distant
from the red curve and, as already shown, this inogigut presents the highest
geometric variation. Also in this case, the reswdbtsfirm the one previously
highlighted through the geometric evaluation;

The geometric analysis on patient C highlights erprovement on tumour
evaluation when the MTB SI motion is combined witie MTB RL or AP motion.
In these cases, we also appreciate a greater dasimariation with respect to
other tests (i.e. considering the combination oa&d AP direction the difference
of the model output from the 50% inhale of pretmeent is equal to 1.82 Gy on
PTV D2 and 3.14 Gy on PTV D98). In Figure 78 weonted, as indicative, the

130



Chapter Ill: Results and discussions

comparison between the MTB SI direction alone omismed with the AP
direction.

Figure 78. DVH curves of PTV-Patients:curves for each patients of three selected modiplubu
and the 50% inhale phase of pre-treatment.
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Figure 79 shows instead the DVH curves on the heddagach patient, as indicative of the
OARs. Also in this case, the curves for the CT/CBgzlfient are close to the 50% inhale

curve, whereas patient C reports greater variations

Figure 79. DVH curves of heart-Patients:curves for each patients of three selected modpluband the
50% inhale phase of pre-treatment.
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Therefore, evaluating all the dosimetric plans agde€l’'s model output, we can assert that:

i.  if the respiratory motion between pre-treatment @edtment session is similar, the
dosimetric variation are lower or equal to 1 GyisTis the case of the CT/CBCT
patients, where, for example, the tumour motioSlimirection of patient A in pre-
treatment is equal to 10 mm and mean motion (oittahg@nd coronal signals) in
treatment is equal to 9.17 mm;

ii. if the respiratory motion between the two sessionange, a greater dosimetric
variation is visible. For example, for patient @ thighest difference from the 50%
inhale plan of pre-treatment is equal to 3.14 Gytfe PTV D98);

iii.  combing coronal and sagittal samples or two sutesgthe dosimetric evaluation
reaches the same value obtained when only onegatterds used, as already noted
with the geometric assessment. An exception, asdyrsaid, appears for patient C

for what concern the combination of different matidirections.

It should be pointed out that the highlighted ddpancies between the planned and
delivered dose can lead to unsafe or ineffectieatinents, caused by increased dose to
OARs and decrease dose to the tumour, as recestibed by Cai et al, 2015. Therefore,
the development of a method to calculate the adloak delivered to patients has an

important role for effective and safe treatments.
3.2.2.1 Breathing cycle

As already explained, patient C is the only onehwat different motion between pre-
treatment and treatment, thus leading to geomaitritdosimetric uncertainties. Therefore,
an entire breathing cycle is tested on patient @siclering the model outcome CT
obtained with the diaphragm signal. The valuestenRTV D98 (Figure 80 A) change
according to tumour motion, following the respirgtpattern (as shown in Figure 80 B).
In particular, the maximum variation from the exhahase (10value in Figure 80 B) is

reached near the 50% inhale phase (indicated psat&sy phase 5 in Figure 80 B).
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Figure 80. Breath-Patient C:A-pre-treatment tumour motion. B- PTV D98.

This result depends on the fact that Patient Qiéacterized by a higher range on motion
on pre-treatment with respect to treatment (diffdgefrom CT/CBCT patients): for the
chosen breathing cycle the pre-treatment moti@gisal to 12 mm while the treatment one

is equal to 7.43 mm, thus leading to dosimetritedéinces between the two sessions.

In addition, in order to evaluate the dosimetriamyes on the whole respiratory cycle of
patient C, we compute the dosimetric differencetsvbéen each respiratory phase of the
treatment with respect to the correspondent pegrtrent one (Figure 81). The greatest
variation appears at the 0% exhale phas# (&@6piratory phase in Figure 81); this is due to
the different tumour motion. In fact, the amplitudsached at exhale in pre-treatment is
4.98 mm and in treatment is -0.51 mm. Therefor@new the inter-fraction component
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between the pre-treatment CT and the daily image ¢gated MRI) was quantified to be

negligible (see Table 28), for this specific bréaghcycle, a variation of the respiratory

motion is visible as for an irregular patient.

Figure 81. Correspondent phases-Patient Qlifference between the treatment phase and thesmondent

pre-treatment phase.

Table 32 shows indeed the mean value of each miotequirements of the pre-treatment

and treatment. The mean dose that reaches the EBMVrDplanning is equal to 56.96 Gy
while in treatment is 58.14 Gy. This difference the mean PTV D98 is due to the

different range of motion (indicated above) betwd#enconsidered sessions.

Table 32. Cumulative dose in pre-treatment and tretiment session

Oesophagus Heart Y Lungs Spinal cord  PTV
Mean Dose D50 V100 Mean Dose  Max Dose D2 D98
(GY] (GY] [%] (GY] (GY] (GY] (GY]
Pre-treatment 22.43 2.27 91.1 12.46 21.19 63.95 56.97
Treatment 22.9 21 96.05 12.24 20.32 65.03 58.14

Therefore, this preliminary analysis shows dosimethanges according to the breathing

cycle, suggesting that the need of updating thes dimdivered to patients is of primary

importance in the treatment of tumours in whictpnegory motion is involved.
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Chapter 1V: Conclusions and future

developments

The goal of this project is to define the groundwdo join respiration motion

compensation and detailed 4D dosimetric descrigbottumours in the thorax region. We
implement a workflow to adapt the geometric and imetric changes caused by
respiratory motion involving MRI in treatment. Imi¢ section, we report the main
conclusions reached and the future developmerteofrtethod adopted, focusing first on

the geometric accuracy of motion models and thedamimetry.

Geometric evaluation

In the first part of the thesis, we have compavea thotion models: Vandemeulebroucke’s
and Fayad's models. The use of these motion mdawmg fast 2D orthogonal-MRI
during radiation treatment with patient-specifi@adcterization of 4D motion derived from
4D CT, confirms that the two motion models canreate accurately the motion of tumour
and OARs during the radiation treatment. The moaeés tested on a CT/MRI digital
phantom and then applied to two CT/CBCT and onei@&MRI patients.

The first comparison, regarding the reconstructoddnan entire breathing cycle of the
CT/MRI digital phantom, considering both the MidBlwme and the 0% exhale phase as
reference, confirms that each model works betteth its relevant reference phase.
Therefore, better performance are reached by Vaadkeroucke’s model when the MidP
is considered as reference (as suggested by Vandismaucke et al. 2009) with respect to
the 0% exhale phase. The reason of this is inhevéhtthe model construction, which
specifically for Vandemeulebroucke et al. is basedthe interpolation of the DVFs.
Therefore, by considering the MidP, which represesut intermediate position of the

anatomy during the breathing cycle, a better outcasnobtained. Conversely Fayad’s
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model works only with the 0% exhale phase as ratsrglas suggest by Fayad et al.
2012a). In this case, the motion is described tjnotne use of PCA, thus needing the

description of the whole range of motion and nathef only intermediate position.

For each model we tested different external anefmal surrogates, derived from external
acquisitions or directly from imaging data. As reigd in the results session to estimate the
entire breathing cycle, the diaphragm motion canubed to construct and update the
model. In this case, better results are highligldedhe diaphragm rather than the heart,
especially considering Vandemeulebroucke’s modelsirilar trend is observed when
analyzing other surrogates, performing better & rgion where they are extracted. This
suggests that a future development can be the ingpiation of a ROI-based model, in
which each signal extracted from a specific ROlssd to update not the whole volume
but only the specific anatomical region. In thisyweombing the motion of different ROIs,
a more precise approximation of the anatomy caolbained. The implementation of the
ROI-based model is suggested also by the modebatah computed on the CT/MRI
digital phantom when the SIFT signal is used. s ttase a worst evaluation appears on
the diaphragm, tumour and heart but a lower egorsible at the lung vessels, from which

the SIFT signal is extracted.

Recently, two works by Harris et al. (2016) andn@tens et al. (2016) propose as possible
solutions the inclusion of the positional inforneattiof the surrogates. Specifically, Harris
et al. developed a technique to estimate volumeinie-magnetic resonance imaging (VC-
MRI) useful for inter and intra-fraction evaluatioof moving targets. Three major
respiratory pattern are extracted from the pretitneat 4D MRI based on PCA and then,
the 2D MRI acquired during treatment, are usedstorate the VC-MRI. Stemkens et al.
propose a method to estimate 3D DVFs based orRfastnaging and a subject-specific
motion model based on MRI. The 3D DVFs, computeadupgh a DIR between the 4D-
MRI acquired in pre-treatment, is parameterizechgidPCA. Then, the 3D motion is
updated in treatment warping the pre-treatment M&tlime with the incoming 2D MRI

slice.

A future development of our motion models couldtterefore to include the motion field
derived from the cine-MRI directly in the model,tiout the need of extracting specific

surrogates.
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The tests carried out on the CT/MRI digital phantshow that Vandemeulebroucke’s
model performance (when the reference is the MulBrwe) are better than Fayad’'s model
(with the 0% exhale phase as reference). Howevsse gor the CT/cine-MRI patient the
construction of the MidP is not possible, we corepidwe performance of the two models
by considering the 0% exhale phase as referencthidncase, considering all the tests
carried out on patients and on the CT/MRI digitahptom, better performance are reached
by Fayad’s model, as confirmed also by the sta#itanalysis. Future studies should
consider a CT/cine-MRI patient dataset in which ¢bastruction of the MidP is possible,
thus providing the geometric and dosimetric stuflyvandemeulebroucke’s model with
the MidP.

However, a problem regarding Vandemeulebroucke'slehavith the 0% exhale as
reference appears on patient C, where the differemtrogate signals resulted
desynchronized. In fact, Vandemeulebroucke’s moetglires as input both amplitude and
phase information, computed through the Hilbertndfarm. Therefore, due to
desynchronized signals, the samples acquired peafi time on different signals belong
to different respiratory phases. We expect tha pgnoblem could be also observed if the
MidP would be used instead of the 0% exhale phass, limiting the applicability of the
Vandemeulebroucke’s model. This does not appedrFdgad’s model, which requires as
input only the amplitude value, thus not linkingetmange of motion to a specific
respiratory phase when irregularities are present.

Moreover, as opposed to Vandemeulebroucke’s mo#leyad model allows the
combination of more surrogates. Different tests peeformed by combining different
surrogates. No improvement is pointed out by camsig both coronal and interpolated
sagittal pairs, thus suggesting to use the origaaiple at the specific timestamp to update
the model. Instead, if the model is constructechwato surrogates (e.g. diaphragm and
MTB) and updated only with one (e.g. diaphragmlitssworsen. In general, we do not
appreciate any significant difference in combingfedent normalized surrogates,
considering the same signals in construction andhtipg steps. Better results may be
reached by normalizing in a different way (i.e. moth respect to the biggest range of
motion) the respiratory signals; but a normalizafwocess is required because the signals

describe the motion of different anatomical streesuor different motion directions.
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Nevertheless, the combination of different compdsmeri motion of the same surrogate
appears on patient B and patient C. For patientliBl@ improvement on the tumour is
visible when the AP and SI tumour motion (i.e. meggpiratory motion directions) are
combined. On patient C the geometric evaluatiortumnour improves combining the Sl
direction with AP or RL tumour direction but noketlone on the diaphragm. Therefore, for
patients that breathe deeply and feature small tusnm the upper lobe of the lung, the
integration of different motion direction, allowenshly by Fayad's model, could improve
the model outcome. Moreover, the lack on the imenoent on diaphragm confirms that

implementing a ROI-based model the model perforreguwan potentially improve.

An additional analysis on new patients in which REM signal is available, can be
accomplished as well. As a matter of fact, the wtoaarried out on the CT/MRI digital
phantom highlights a less precise result on theoturvhen the RPM signal is used with
respect to internal surrogates (e.g. MTB). Thisesause the RPM signal describes the AP
motion direction and not the SI motion directione(idominant component for the
respiratory motion). lonascu et al. (2007) analygexicorrelation of internal and external
surrogates, founding that the SI motion is wellrelated, whereas the AP motion (the one
described by the RPM signals) reveals larger timftss Moreover, since the RPM signal
of the CT/MRI digital phantom is used to create fiteantom itself, analysis on new
patients are required. For what concerns patientt@re the AP tumour direction is not
negligible, the geometric variation on the tumotnew the RPM signal is used to construct
the model are bigger than the one appreciated wierMTB (AP motion direction) is
used. Therefore, internal surrogates seem ablegorithe more precisely the anatomical

motion as already confirmed in the literature.

Another difference between the models is the faett tFayad’s model requires the
computation of the DVE, but our analysis suggests that this additioregp sioes not add

appreciable errors.

Up to here, the differences between the two motaisee been highlighted but we can
underline comparable behaviour linked to tumouritpos and size for the three analysed

patients. In particular, for what concerns the aces studied we can assert that:
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if the patient (such as patient A) has a big tumauthe lower lobe of the lung,
close to the diaphragm, diaphragm motion is abledescribe accurately also
tumour motion and vice versa;

if the patient (such as patient B) has a small wwmio the upper lobe of the lungs,
the situation is opposite. Hence, diaphragm moisonot able to describe tumour
motion and vice versa. In particular, since thedums small, the AP direction of
tumour motion cannot be neglected in the model tcocison;

if the tumour is attached to the heart (is the aafspatient C), tumour motion is
influenced by heartbeat. Therefore, in order tddvedescribe tumour motion, the
AP and RL directions have to be taken into accoespecially in addition to Sl

motion for Fayad’s model.

However, as already suggested before, a deepeysena required on a larger CT/cine-
MRI patient dataset, in order to provide a moreugate evaluation according to different

respiratory motion patterns.

For what concerns inter-fraction variations, we rgiig the motion between the planning
volume and an intra-session volume. For our patiases, negligible variations are found,
therefore, no inclusion of inter-fraction changegerformed in our study. However, better
performances are expected on both models if imgamtibn variations are included,
especially for patients with irregular breathingtpans. Both rigid and non-rigid variations
are considered for CT/CBCT patients, whereas fa @iT/cineMRI patient just a
guantification of the rigid displacement is perfean Therefore, the development of a DIR
between MRI and CT volume (nowadays still a chaéemn terms of algorithms and
validation) is required for a more accurate andcigee estimation of the inter-fraction

variation.

Dosimetric evaluation

For quality assurance in radiotherapy, the valataif the actual dose received by the
patient is crucial (Glitzner et al. 2015) becausigject-specific motion can vary during the
radiation treatment or between fractions (Keakle2006) and the inhomogeneity in dose
distribution within the tumour introduces large iations in the tumour and in the OARs

dose coverage. Therefore, in the second part opmject, we create a 4D CT treatment
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plan and we study the actual dose received by tumiod OARS, when the motion model

is updated to obtain the actual CT volume.

For what concerns the 4D CT plan, the ITV approachkhich the ITV boundary contains
the over-all tumour motion (i.e. motion betweenalghand exhale phase), is used to create
the plan. The IMRT dosimetric plan is optimizedtbe 0% exhale phase and then applied
to all the other respiratory phases using the Riehaystem. For all the scenarios studied,
the regular breathing during the planning phaseldet an accurate 4D CT plan.
Therefore, analysing the DVH curves of each OAR\ary respiratory phase, the curves
are close to each other: the PTV and ITV curvesvarg similar with a mean variation of
PTV D98 across all the phases around 0.5 Gy. Atgreariation on the heart is observed
due to the ITV approach, in which the ITV boundarée fixed across all the respiratory
phases but not the boundaries of the other OARst{ee heart).

We also have to highlight that the organs boundaoie patients are extracted by warping
the contours of the 0% exhale phase. Acceptablaltsesre achieved with all the
propagated contours. However, for patient A, a gap.11 Gy appears on the maximum
dose received by the spinal cord between the 0%lexihase and the consecutive phases.
We therefore perform a comparison of the OARs batied extracted by warping and the
one extracted by the Pinnatlautomatic segmentation tool for patient A and foe t
CT/MRI digital phantom, to evaluate the performamfeour warping strategy and the
automatic segmentation. Differences between them&thods appear for the spinal cord
and the oesophagus, as confirmed by the volumettaad”OM coordinates. For what
concerns the spinal cord for patient A, the COMrdowates and volumes of the 0% exhale
phase and the consecutive one are similar wittPtheaclé segmentation tool and, in this
case, the dose gap disappears. Conversely, theatitcsegmentation of Pinnatkgystem

of the CT/MRI digital phantom stops around a haifved the length of the spinal cord.
This suggests the need to select the best papecife approach (i.e. warping vs.

automatic segmentation) in order to avoid errorthendose estimation.

The treatment plan created is then applied on Fayaddel outputs (where the 0% exhale
phase is the reference) for studying the dosimeitation between treatment and pre-
treatment caused by organ motion. The tests oil€THMRI digital phantom compare the
dose model output with the dose received by thergidruth. The DVHs curves of each
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OARs of the model output CT are close to the DVidsse of the ground truth (mean
variation of 0.11 Gy for the metrics recommendedtliiy RTOG 0617). Therefore, the
ability of the model to reconstruct the ground hrus confirmed by the dosimetric
quantification. Moreover, depending on the surregeted to construct the model, the dose
of the different OARs improves. Using the RPM sigasia surrogate, a greater variation
on the PTV D98 appears with respect to the meaierdiice of other surrogates (i.e.
difference from the ground truth of 1.13 Gy for fREM signal and of 0.55 Gy for other
surrogates). Therefore, internal surrogates are tabllescribe more precisely the anatomic
motion rather than external surrogates, as confirbnethe geometric evaluation. Indeed,
considering the SIFT signal, that describes theionobf lung vessels, a slightly
improvement is appreciated on the mean dose ratdydhe lungs, suggesting therefore

the need of an ROI-based model.

For what concerns patients, we focus the attemtiothe reconstruction of the inhale phase
by providing the dosimetric comparison of the dastine plan on the model outputs with
the 50% inhale phase of the planning session.h&lltests carried out confirm the results
found through the geometrical analysis. Therefdhes combination of coronal and
interpolated sagittal samples does not show arfgrdiice with respect to the use of the
only coronal or sagittal sample, as well as, inegah no differences are appreciated in the
combination of different surrogates (internal otegmal). An exception is appreciated on
patient C, where in the test in which the SI tummation is combined with the AP or RL
motion a greater variation, especially on PTV, banappreciated (i.e. the variation with
respect to the inhale phase on PTV D98 is equallté Gy). This result is expected since,
as already explained, the geometric evaluation lo@ tumour improved in these
correspondent tests.

So, analysing the different patient scenarios, areassert that:

if the patient’s breath is similar in pre-treatmeartd treatment session (as for
patient A and B), the dosimetric variation are lowearound 1 Gy;

if the patient's breath changes between pre-tredtnpdanning and treatment
session following an irregular pattern (as for @attiC), dosimetric variation are

bigger. For example on the PTV D98 the maximumatems is 1.73 Gy when
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only one surrogate is considered, or 3.14 Gy wh#ardnt tumour directions are
combined.

Cai et al. (2015) implemented a feasible methoadlzulate the actual dose delivered
during radiation treatment for patients with sigzaht respiratory motion. Also in their
work, an accurate dose estimation was achievemhgetteir method on a phantom with a
regular breathing pattern, while if the breath dals an irregular pattern a variation of
approximatively 2 Gy on the reconstructed dose wehpect to the 4D CT plan is

evaluated.

For patient C, we also provide a preliminary analyan an entire breathing cycle by
testing the model on the diaphragm surrogate. Thé P98 follows a respiratory pattern

and the maximum variation appears between the exdrad inhale phase. The difference
between the correspondent respiratory phases etrgagment and treatment shows the
highest variation on the exhale phase. This vamaig due to the different tumour motion
between the considered breathing cycles. Eveneifiriter-fraction variation is quantified

as negligible, this patient presents breathingyirtarities, which cause a deviation of the
exhale phase to the planning one, thus suggestengded to account for this variation and
to provide a geometric and dosimetric compensatam,achieved by motion models.
Future studies should extend this analysis alsidering the other different surrogates
extracted from the cine-MRI, since the combinatibthe AP/RL and SI component of the

tumour surrogate improves the geometric outconteeomodel.

In conclusion, the results reached in our work gonthat motion models offer a solution
to the problem of organ motion since they are ébladapt the geometric variation due to
respiration, rising the effectiveness and safenéfise dosimetric treatment. Moreover, the
fusion of MRI and radiotherapy systems enables petions for motion management,
providing the fast acquisition of internal anatoohyring treatment. The use of a motion
model trained on a 4D CT and updated on fast cifkd-Blices, provides a method to
compute the motion of tumour and OARs during radilmtreatment, thus allowing the
computation of the actual delivered dose. Furthgrovement with a ROI-based model
can provide a more comprehensive adaptation oivti@e volume, as similarly proposed

in the recent publication by Stemkens et al. (2016)
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Finally, further patient data are needed to ingesé the feasibility, accuracy and
usefulness of our approach and to confirm resuitgarticular the new patients should
breathe differently between planning and treatmpéiaise, have an entire thorax 4D CT and
orthogonal 2D cine-MRI samples acquired in treatmEaoture studies can also compare
the results found in this work using the IMRT plam,which the beam angles are fixed,
with the one obtained with the VMAT plan, in whithe gantry rotates during treatment,

in order to provide an analysis on the differergigeetric plans.
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Appendix A

Morphological image processing

Morphological image processing is defined as aectitbn of non-linear operations related
to the shape or morphology of features in an imageur work, these techniques are used
to extract the boundaries of selected ROIs (ergotu). The workflow followed, shown in
Figure 82, is implemented using the image procgssioolbox of Matlab

(http://au.mathworks.com/products/image/).

Figure 82. Morphological image processingworkflow.

The greyscale images (e.g. CT or cine-MRI) are eded into binary images (i.e.
binarization). The simplest method replaces inraage with a black pixel if the image
intensity is less than a fixed constant T or a w/igixel if the image intensity is greater
than T.Then, in order to focus the attention on a pre@satomical structure (e.g.
diaphragm) a ROI is selected. To segment propbdyROI (i.e. boundary identification),
two morphological operations are used: erosion difadion. Dilation grows the selected
object in an image in a way controlled by a shaleenent (e.g. diamond, rectangular
shape) known as structuring element. Erosionhercontrary, shrinks objects in a binary
image in a way controlled by the structuring elem@&he combination of these operations
provides to maintain the relative size of an objedleting the imperfections (e.g.
boundary discontinuity or noise). Binary openinge.(ierosion followed by a dilation)

removes the pixels in a region too small to conthm structuring element. The closing
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operation (i.e. dilation followed by erosion) filthe holes smaller than the structuring
element. Once the ROI is segmented, a set of irdbom (e.g. area in pixel, COM) can be

extracted.
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Appendix B

Highest point of the diaphragm

The highest point of the diaphragm is extracteduagyested by Rit et al. in 2012. In this
work the method is applied both to the pre-treatn@®h and to the treatment dataset.
Below the method implemented on the pre-treatmé@nofdhe CT/MRI digital phantom is
described in detail.

The first step is the selection of a ROI containihg diaphragm (Figure 83 A) in every
slice of the CT volume. After the creation of a kathe diaphragm boundaries are
computed (Figure 83 B and Figure 83 C), applyirg phocess explained in Appendix A.
By summing each voxel along the raw from the veasrthe one shown in Figure 81 D,
the highest point of the diaphragm in each framedgved. Once the highest point is
identified in every frame of the CT volume, the méaghest point is computed. The same
process is applied to every respiratory phase taimlthe mean highest point of the
diaphragm in each respiratory phase.

Figure 83. Diaphragm extraction: A-ROI (in red) applied for the extraction of théaphragm. B-the
boundary of the diaphragm (in yellow). C-mask coritey only the diaphragm. D- summing each voxel
along the raw (r) the vector shown is obtained,netrespecifies the height found.
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If the method is applied to the treatment databetaverage highest point is not computed,
since during treatment a real-time signal is exé@cDepending on the image type (e.g.
CT or cine-MRI) and quality the morphological opgera (e.g. dilation, erosion) needed to

segment the diaphragm can vary, as detailed itettte
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Appendix C

Cine-MRI sample acquired at the reference phase

Below (Figure 84) we describe in detail the impleteel method, considering as reference
the 0% exhale phase on the CT/MRI digital phant8imce the method is repeated for the
coronal (light blue dashed box in Figure 84) angitta slices (red box in Figure 84), we
focus the explanation on the sagittal plane. Farstagittal slice centred in the tumour from
the 0% exhale CT volume is extracted, the diaphresgsegmented (see Appendix A for
details) and the area {Bis computed. By segmenting the diaphragm on eaut+MRI
sample the vector A containing the areas, is computed. The first cmmspn is the
identification of the cine-MRI samples having thphragm area more similar to the
reference; in this way, from the vectog &ize(1,m), where m is the number of samples
(e.g.512)), k cine-MRI samples are selected (whemm). Then, from these k selected
cine-MRI samples and from the reference slice, lilghest point of the diaphragm is
computed (see Appendix B), obtaining respectivdlg wector ¢ (size(1,2)) and R
(size(1,k)). The second comparison is the idemtiio of the smaller distance between the
selected k cine-MRI samples and the reference tahgiice. As a result, a cine-MRI
sagittal sample is selected. Once the same prisespeated for the coronal slices, if the
selected cine-MRI samples are different, the samplle the smaller distance from the

reference CT slice is chosen.
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Figure 84. Reference cine-MRI:algorithm implemented for determining the 0% exhalghe cine-MRI
dataset. Red box-sagittal plane. Blue box-corotzadg

The same method is applied also considering thé®Nisl reference and also for patient C
to identify the cine-MRI sample more similar to t&ted-MRI, changing, in this case, the

starting reference slice.
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Appendix D

CT slices correspondent to cine-MRI samples

As a first step, the cine-MRI sample more simitatite gated-MRI (acquired at the exhale)
is identified (see Appendix C). Once the coronal sagittal sample at the exhale phase are
identified (circled in orange in Figure 85) the samethod is applied on both coronal and
sagittal planes. So, an automatic alignment andgid registration between the pre-
treatment 0% exhale CT and an in-room slices ifopmed. In this way, corresponding
slices between the in-room scenario and the pegrarent session are selected (light blue
boxes in Figure 85). Following this step, the tuimGOM is extracted on the 0% exhale
CT volume and on the aligned volumes, identifying sagittal and coronal CT slices with
the minimum Euclidean distance from the cine-MRhpkes. Finally, the slice (indicated
as | in the Figure) with the lower Euclidean dis&rbetween the chosen sagittal and
coronal slices is selected. The slice | is exérdain coronal and sagittal planes in all the
10 CT volumes.
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Figure 85. CT correspondent to the cine-MRI sample:schematic summary of the method leading the
identification of the CT slice more similar to tbime-MRI sample.

152



Appendix

Appendix E

Warping of tumour contours

The method implemented to obtain the tumour bouesdan treatment starting from the
pre-treatment boundaries is shown in Figure 84(e/ibe images shown belong to the
patient B). First, we extract the tumour boundaryhe 0% exhale phase during treatment
(green box in Figure 86) and then we extract theowr in the other respiratory phases
(pink box in Figure 86). Therefore, exploiting t¥F resulting from the DIR between the
0% exhale in pre-treatment and treatment (uppe bhx in Figure 86) and warping the
tumour boundaries of the 0% exhale CT with the BMie boundaries on the 0% exhale
CBCT are obtained (upper light blue box in Figu.8\ext, a DIR between the other
respiratory phases and the 0% exhale CBCT volumagplied (lower blue box in Figure
86). Finally, by warping the contours on the 0% a&CBCT with the DVE, the tumour
boundaries on each respiratory phase are founc(lbght blue box in Figure 86).

153



Appendix

Figure 86. Tumour warping: essential step for the tumour boundaries extracstarting from the pre-
treatment data.

154



Bibliography

Bibliography

Admiraal M.A., Schuring D., Hurkmans C.W., Dosectdédtions accounting for breathing
motion in stereotactic lung radiotherapy based DRCA and the internal target volume,
Radiotherapy and Oncology 86, p.55—-60, 2008.

Ahnesjo A., Hardemark B., Isacsson U., Montelius Phe IMRT information process-
mastering the degrees of freedom in external béwnmapy.Phys Med Biql51:R381-402,
2006.

Allaire S., Kim J.J., Breen S.L, et al. Full oriatibn invariance and improved feature
selectivity of 3DSIFT with application to medicahage analysis. IEEE Computer Society
Conference on Computer Vision and Pattern RecagniVorkshops. June 23-28 2008.
Aristophanous M., Rottmann J., Court L.E., and BedR.I.,\EPID guided 3D dose

verification of lung SBRT, Med. Phys. 38, 494%03 (2011).

Benedict SH., Yenice KM, Followill D., et al. Stetactic body radiation therapy: The
report of AAPM Task Group 101. Med Phys. 37: 40784 2010.

Bentel GC., Patient positioning and immobilizationradiation oncology. McGraw-Hill.
1999.

Berbeco R. I., Hacker F., lonascu D., and Mamon Elinical feasibility of using an EPID
in cine mode for image-guided verification of stdeetic body radiotherapy,int. J.
Radiat. Oncol., Biol., Phys. 69(1), 2586 (2007).

Bissonnette JP., Purdie TG., Higgins JA., et ah&eBeam Computed Tomographic Image

Guidance for Lung Cancer Radiation Therapy. In&di& Oncol Biol Phys. 73: 927-934,
2009.

Bortfeld T., IMRT: a review and preview, Phys MebB51(13):R363-79, 2006.

Brahme A., Optimized radiation therapy based omnofadlogical objectives. Seminars in
radiation oncology, 9(1):35_47, 1999.

Brander E.D., Andrew Wu, Hungcheng Chen, DwightdferShalom Kalnicki, Krishna
Komanduri, Kristina Gerszten, Steve Burton, Irfahmed, Zhenyu Shopu, Abdominal
organ motion measured using 4DCT, Int. J. Radiabmcology Biol. Phys., Vol. 65, No.
2, pp. 554-560, 2006.

155



Bibliography

Cai W., Hurwitz M.H., Williams C.L., Dhou S., Berbe R.l., Seco J., Mishra P. and John
H. Lewis 3D delivered dose assessment using a 4bg3€d motion model, Medical
Physics 42, 2897 (2015).

Carlsson, Utilizing Problem Structure in Optimipati of Radiation Therapy, Doctoral
Thesis, 2008.

Cervino LI, Du J, Jiang SB. MRI-guided tumor trawiin lung cancer radiotherapy. Phys.
Med. Biol. 56: 3773-3785, 2011.

Cohen E, E. J. Bernhard and W. G. McKenna, “Howsdagliation kill cells?”, Elsevier
Science, pp. 77-83, 1999.

Colgan R., McClelland J., McQuaid D., Evans P MawKes D., Brock J., Landau D. and
Webb S., Planning lung radiotherapy using 4D CTadatd a motion model, Phys. Med.
Biol. 53, 5815-5830, 2008.

Constantin DE., Fahrig R., Keall P., A study of #fect of in-line and perpendicular
magnetic fields on beam characteristics of elecgans in medical linear accelerators.
Med Phys. 38: 4174-4185, 2011.

Crijns SP., Kok JG., Lagendijk JJ., et al. TowakMRI-guided linear accelerator control:
Gating on an MRI accelerator. Phys. Med. Biol. 8615-4825, 2011.

Crijns SP., Raaymakers BW., Lagendijk JJ., Prooftaficept of MRI-guided tracked
radiation delivery: Tracking one-dimensional motidthys. Med. Biol. 57: 7863-7872,
2012.

Crijns SP., Raaymakers BW., From static to dynaltkd MRI-linac prototype: impact of
gantry position related magnetic field variation iomage fidelity. Phys. Med. Biol. 59:
3241, 2014.

Dawson LA., Sharpe MB.Image-guided radiotherapy: rationale, benefits, landations,
Lancet Oncol 2006; 7: 848-58, 2006.

Dewey W.C, Clifton C. Ling, Raymond E. Meyn, Ra@atinduced apoptosis: Relevance
to radiotherapy, International Journal of Radiatt@mcology Biology Physics, Volume 33,
Issue 4, 1, Pages 781-796, 1995

Dobler B., Koelbl O., Bogner L., Pohl F., Directaohine parameter optimization for
intensity modulated radiation therapy (IMRT) of pharyngeal cancer — a planning study,
Journal of applied clinical medical physics, Volutr@® Number 4, Fall 2009.

Elmpt W., Nijsten S., Petit S., Mijnheer B. , LambiP., and Dekker A3D in vivo
dosimetry using megavoltage cone-beam CT and EBHhetry”, Int. J. Radiat. Oncol.,
Biol., Phys. 73, 15801587 (2009).

Elmpt W., Petit S., De Ruysscher D., Lambin P., &ekker A., “3D dose delivery
verification using repeated cone-beam imaging aRtDEdosimetry for stereotactic body

radiotherapy of non-small cell lung cancer”, Radést Oncol. 94, 188194 (2010).

156



Bibliography

Eriksson D., Stigbrand T., Radiation-induced celhith mechanisms. Tumor Biol. 31:363—
372, 2010.

Fallone BG., The rotating biplanar linac-magneéisanance imaging system. Seminars in
Radiation Oncology. 24: 200-202, 2014.

Fassi A., Seregni M., Riboldi M., Cerveri P., Saru, Ivaldi G., Tabarelli de Fatis P.,
Liotta M. e Baroni G., Surrogate-driven deformalf®tion model for organ motion
tracking in particle radiation therapy, PhysicéMadicine & Biology 2015.

Fayad H., Buerger C., Tsoumpas C., et al. A Gereegpiratory Motion Model Based on
4D MRI Imaging and 2D Image Navigators. IEEE NSSIMA058-4061, 2012.

Fayad H., Clement J.F., Pan T., Roux C., ChezeRest l.e., Pradier O. and Visvikis O.,
Towards a Generic Respiratory Motion Model for 4D @naging of the Thorax IEEE
Nucl. Sci. Symp. Conf. Rec. 2009 , Page(s): 393979, 2009.

RTOG 0617 : A randomized phase Il comparison ahgard- dose (60 Gy) versus High-
Dose (74 Gy) Conformal radiotherapy with concurre@nd consolidation
carboplatin/paclitaxel +/- cetuximab (ind #10344d)patients with stage IlIA/IlIB non-
small cell lung cancer, Study Team (1/19/16)

Fuangrod T., Woodruff HC., van Uytven E., et al.spstem for EPID-based real-time
treatment delivery verification during dynamic IMRffeatment. Med Phys. 40: 1-11,
2013.

Ge Y., O'Brein R., Keall P., Real-time tumor defatron tracking using dynamic
multileaf collimator (DMLC). Int J Radiat Oncol Bi@hys. 84: S83, 2012.

Gianoli C., Riboldi M., Spadea MF., et al. A mulappoints method for 4D CT image
sorting. Med Phys. 38: 656-667, 2011.

Glitzner M., Crijns S.P.M, Denis de Senneville Bgntaxis C. , Prins F.M., Lagendijk
J.J.W. and Raaymakers B.W., On-line MR imaging dose validation of abdominal
radiotherapy, Phys. Med. Biol. 60, 8869-8883, 2015

Goraj A., Steven F. de Boer, Impact of the numblercantrol points has on isodose
distributions in a dynamic multileaf collimator amsity-modulated radiation therapy
delivery, Medical Dosimetry 37, 412-416, 2012.

Hardemark B., Liander A., Rehbinder H., Lof J.,rdat Machine parameter optimization,
Pinnacle3 White Paper Nr. 4535 983 02483, Philza94).

Herman JM., Balter JM., Jaffray D., et al. Clinicale of electronic portal imaging: Report
of AAPM Radiation Therapy Committee Task Group [8&d Phys. 28: 712-737, 2001.

http://au.mathworks.com/products/image/
http://plastimatch.org/
http://www.fei.com/software/amira-3d-for-life-sciezs/

https://www.slicer.org/

157



Bibliography

Hurwitz M., Williams C.L., Mishra P., Rottmann Dhou S., Wagar M., Mannarino E.,
Mak R. H., and Lewis J. H\Generation of fluoroscopic 3D images with a respma
motion model based on an external surrogate sigidlys. Med. Biol. 60, 52535
(2014).

International Commission on Radiation Units and Mgaments, «Report 36.
microdosimetry,» 1983.

International Commission on Radiation Units and Meaments, «Report 50. prescribing,
recording and reporting photon beam,» 1993.

International Commission on Radiation Units and Meaments, «Report 51. quantities
and units in radiation protection dosimetry,» 1993

International Commission on Radiation Units and M&aments, «Report 62. prescribing,
recording and reporting photon beam,» 1999.

lonascu D., Jiang S.B., Nishioka S., Shirato HrbBeo R.I., Internal-external correlation
investigations of respiratory induced motion ofgunmors, Med Phys., Sept 2007.

Jaffray D., Carlone MC., Milosevic MF., et al. Adigty for Magnetic Resonance—Guided
Radiation Therapy. Seminars in Radiation Oncol@gy.193-195, 2014.

Jaffray D., Image-guided radiotherapy: from curreahcept to future perspectives, Nat.
Rev. Clin. Oncol. 9, 688-699, 2012.

Kamino Y., Takayama K., Kokubo M., et al. Developmef a four-dimensional image-
guided radiotherapy system with a gimbaled X-ragchént J Radiat Oncol Biol Phys. 66:
271-278, 2006.

Karzmark CJ., Nunan CS., Tanabe E., Medical Elacftccelerators. McGraw-Hill. 1993.

Keall P., 4-Dimensional Computed Tomography Imagiagd Treatment Planning,
Seminars in Radiation Oncology, Vol 14, No 1:pp%81.-2004.

Keall P., Barton M., Crozier S., The Australian metic resonance imaging-linac
program. Seminars in Radiation Oncology. 24: 208;2014.

Keall P., Kini VR., Vedam SS., Motion adaptive x+rinerapy: a feasibility study. Med
Phys. 46:1-10, 2001.

Keall P., Mageras GS., Balter JM., et al. The Mamagnt of Respiratory Motion in
Radiation Oncology. Med Phys. 33:3874-3900, 2006b.

Keall P. J., Kini VR., Vedam SS. and Mohan R., ‘@hnial radiotherapy improvements
with respiratory gating,” Australas. Phys. Eng.. 8éed. , 2002.

Keall P., Vedam S., George R., Bartee C., Siehetsdma Fritz, Weiss E. and Chung T.,
The clinical implementation of respiratory gatedtemsity-modulated radiotherapy,
Medical Dosimetry, Vol. 31, No. 2, pp.152-162, 2806

158



Bibliography

Kilboy W., Dooley JR., Kuduvalli G., et al. The Cyimife® Robotic Radiosurgery
System in 2010. Technology in Cancer Research asatfent. 9: 433-452, 2010.

Kim T., Pollock S., Lee D., O'Brien R. and Paul HeAudiovisual biofeedback improves
diaphragm motion reproducibility in MRI, Med Phy39(11): 6921-6928, 2012.

Kolling S., Oborn B., Keall P.. Impact of the MLOhdhe MRI field distortion of a
prototype MRI-linac. Med Phys.40:121705, 2013.

Kooy H.M et al, “Monitor unit calculations for raagnodulated spread-out Bragg peak
fields” Phys. Med. Biol. 48 2797-2808, 2003.

Korreman SS. Motion in radiotherapy: photon therapilys. Med. Biol. 57: 161-191,
2012.

Kubo HD, Hill BC. Respiration gated radiotherapgatment: A technical study. Phys.
Med. Biol. 41:83-91, 1996.

Lagendijk JJW., Raaymakers BW., van Vulpen M. Thegnetic resonance imaging-linac
system. Seminars in Radiation Oncology. 24:207-2024.

Langen KM., Jones DT. Organ motion and its managéentet J Radiat Oncol Biol Phys.
50:265-78, 2001.

Lof J., Rehbinder H., McNutt T., Johnson S’IMRT: Inverse Planning Optimization,
Pinnaclé White Paper No. 4535 983 02479, 2003.

Lu, W., Low, D.A., Parikh, P.J., Nystrom, M.M., Baga, |I.M., Wahab, S.H., Handoko,
M., Fooshee, D., Bradley, J.D., Comparison of spegtsy and abdominal height as four-
dimensional computed tomography metrics in lungdida Physics 32, 2351-2357, 2005.

Mackie T. R, Bielajew A. F., Rogers D. W. O, Batisl.J, Generation of photon energy
deposition using the EGS Monte Carlo code, Physl.Mel., Vol. 33, No 1, 1-20, 1988.

Mackie T.R, Reckwerdt P.J., Gehring M. A., Holme¥®/T, Kubsad S.S., Thomadsen B.R.,
Sanders C.A., Paliwal B.R., Kinsella T.J., Clinicamplementation of the
convolution/superposition method, Proceedings efXth ICCR, 322-235 (1990).

Mackie T.R., Ahnesjoe A., Dickof P., Snider A., \Béoopment of a
convolution/superposition method for photon beddse of Comp. In Rad. Ther., 107-110
(1987).

Maintz JBA., Viergever MA., A survey of medical age registration. Medical Image
Analysis. 2: 1-36, 1998b.

Maintz JBA., Viergever MA., An overview on Medic#inage Registration Methods.
Utrecht University Repository, 1998a.

Mazur T., Fischer-Valuck B., Wang Y., Yang D., Mus., and Li H SIFT-based dense
pixel tracking on 0.35 T cine-MR images acquirediry image guided-radiation therapy
with application to gating optimization, Medicalyics 43, 279 (2016).

159



Bibliography

McClelland J.R., Hawkes D.J., Schaeffter T., Kind®A Respiratory motion models: A
review. Medical Image Analysis 17 , 2013.

McKinnon G. C. and Bates R.H.T., Towards imaging teating heart usefully with a
conventional CT scanner, IEEE Trans. Biomed. E’MER8(2), 123-127 (1981).

McNutt T., “Dose calculations - collapsed cone aantion superposition and delta pixel
beam,” Pinnacle3 White Paper, (2007).

McRobbie DW., Moore EA., Graves MJ., et al. MRbrr picture to proton. New York:
Cambridge University Press, 2006.

Menard C., van der Heide U. Introduction: Systeros §lagnetic Resonance Image
Guided Radiation Therapy. Seminars in Radiationduyy. 24, 2014.

Murphy MJ., Dieterich S. Comparative performance lioear and nonlinear neural
networks to predict irregular breathing. Phys. M@idl. 51: 5903-5914, 2006.

Mutic S., Dempsey JF., The ViewRay System: Magn&&sonance — Guided and
Controlled Radiotherapy. Seminars in Radiation Qugyp 24: 196-199, 2014.

Oborn B., Metcalfe PE., Butson MJ., et al. Montel@€a&haracterization of skin doses in
6MV transverse field MRI linac systems: Effect @ld size, surface orientation, magnetic
field strength and exit bolus. Med Phys. 37:52087%52010.

Oborn B., Metcalfe PE., Butson MJ. Electron contaation modeling and skin dose in
6MV longitudinal field MRIgRT: Impact of the MRI @aMRI fringe field. Med Phys.
39:874-890, 2012.

Paganelli C., Peroni M., Pennati F., Baroni G., 8. anP., Bellomi M., Riboldi M. Scale
invariant feature transform as feature trackinghmétin 4D imaging: A feasibility study,.
34th Annual International Conference of the IEEMES) 2012.

Paganelli C., Peroni M., Baroni G., Riboldi M., @tiéication of organ motion based on
an adaptive image-based scale invariant featurehadetMed Phys., 40(11):111701,
2013a.

Paganelli C., Peroni M., Riboldi M., Sharp GC., d@D., Alterio D., Orechhia R.m,
Varoni G., Scale invariant feature transform in @de radiation therapy: a tool for
deformable image registration assessment and neiplg indication, Phys Med Biol.;
58(2):287-99, 2013b.

Paganelli C., Seregni M., Fattori G., Summers Rlld&i M., Baroni G., Riboldi M.

Magnetic resonance imaging-guided versus surrdgaged motion tracking in liver
radiation therapy: A prospective comparative studiernational Journal of Radiation
Oncology Biology Physics, 91: 840-848, 2015a.

Paganelli C., Summers P., Bellomi M., Baroni G. &ilaoldi M., Simulation of abdominal
MRI sequences in a computational 4D phantom for ig&ded radiotherapy Computer
Assistance in Radiation Therapy Workshop, MICCAUmth, October 9th 2015b.

160



Bibliography

Paganelli C., Summers P., Baroni G., Bellomi M. &idoldi M., A global motion model
for a daily 4ADMRI, IEEE International Symposium @&omedical Imaging, Brooklyn,
NY, 16-19 April 2015c.

Pinnacle, [online]. Available: www.medical.philigpm

Pinnacle, [online]. Available: http://www.usa.pbsi.com/healthcare/solutions/radiation-
oncology/radiation-treatment-planning

Plathow C., Leys S., Fink C., Puderbach M., Hosch $¢hm Ahl A, Debus J., Kauczor
H., Analysis of intrathoracic tumor mobility dugrwhole breathing cycle by dynamic
MRI, International Journal of Radiation Oncologysé&vier Inc 2004.

Raaymakers BW., Lagendijk JJW., Overweg J., dhtdgrating a 1.5 T MRI scanner with
a 6 MV accelerator: proof of concept. Phys. Meal By4: 229-37, 2009.

Rietzel E., Chen GT.. Improving retrospective swgytof 4D computed tomography data.
Phys. Med. Biol. 33:377-379, 2006.

Rit S., Van Herk M., Zijp L.B.Sc. and Sonke J.Jya@tification of the Variability of
Diaphragm Motion and Implications for Treatment Bfiar Construction, Int J Radiat
Oncol Biol Phys. 82(3):399-407, 2012.

Sarrut D., Deformable Registration for Image-Guiatliation Therapy. Med Phys. 1-38.
2006.

Scarfe W. C., Farman A. G/Vhat is Cone-Beam CT and How Does it Work?, Dent Nl
Am 52 (2008).

Shackleford J.A., Kandasamy N., Sharp G.C, On dpwef) B-spline registration
algorithms for multi-core processors, Physics indime and Biology, Vol 55, No 21, pp
6329-6351, Nov 7, 2010.

Shieh C-C., Kipriditis J., O'Brien B., Kuncic Z.,gall P.J., Image quality in thorachic 4D
cone-beam CT: A sensitivity analysisof respiratsignal, binning method, reconstruction
algorithm, and projection angular spacing, MedRlaysics, Vol.41, No.4, April 2014.

Shirato H., Shimizu S., Kunieda T., et al. Physiaspects of a real-time tumor-tracking
system for gated radiotherapy. Int J Radiat Ondol Bhys. 48: 1187-1195, 2000.

Stemkens B., Rob HN., Tijssen R.H.N., Denis de 8eiie B., Jan J W Lagendijk J.J.W
and Van den Berg C.A.T, Image-driven, model-bade@Bdominal motion estimation for
MR-guided radiotherapy, Phys. Med. Biol. 61 533%%8016).

Tryggestad E., Flammang A., Hales R., et al. 4Dawuoentroid tracking using orthogonal
2D dynamic MRI: Implications for radiotherapy plamg. Med Phys. 40: 091712. 2013a.

Tsui B.M.W, 4D XCAT phantom for multimodality imagg research, Med Phys. 2010.

Turner, Atoms, Radiation, and Radiation ProtectRiQ7.

161



Bibliography

Vandemeulebroucke J., Kybic J., Clarysse P. andiSBr, Respiratory Motion Estimation
from Cone-Beam Projections Using a Prior Model,ir@pr-Verlag Berlin Heidelberg
20009.

Varian, [online]. Available: http://www.varian.coag/oncology/radiation_oncology/linac/

Vedam S.S., Keall P.J, Kini VR, Mostafavi H., SralldP, Mohan R, Acquiring a four-
dimensional computed tomography dataset using terrex respiratory signal. Phys Med
Biol. 48(1):45-62, 2003a.

Vedam SS., Kini VR., Keall PJ., et al. Quantifyithge predictability of diaphragm motion
during respiration with a noninvasive external neariMed Phys. 30:505-513, 2003b.

Veiga C., Lourenco A. M., Mouinuddin S., van Herk,Modat M., Ourselin S., Royle G.,

McClelland J., Toward adaptive radiotherapy forchaad neck patients: Uncertainties in
dose warping due to the choice of deformable remgiet algorithm, Medical Physics 42,

760 (2015).

Webb S., The physical basis of IMRT and inversenpiag, The British Journal of
Radiology, 76 (2003), 678-689, 2003.

Withers, Biologic Basis for Altered Fractionationt@mes, Cancer 552086-2095, 1985.

Wolthaus JW., Sonke JJ., van Herk M., and Damen, EMconstruction of a time-
averaged midposition CT scan for radiotherapy plamnrof lung cancer patients using
deformable registration, Med. Phys. 35, 3998 (2008)

Wong, Sharpe MB., Jaffray D., et al. The use oivadbreathing control (ABC) to reduce
margin for breathing motion. Int J Radiat Oncol IBtys. 44:911-919,1999.

Xing L., Siebers Jand Paul Keall, Computational Challenges for Imégeded Radiation
Therapy: Framework and Current Research, SeminaR@&udicol 17:245-257, 2007.

Xing L., Thorndyke B., Schereibmann E., Yong Yah@mn-Fang, Gwe-Yakin, Luxton G.,
Koong A., Overview of image-guided radiation theraldled Dosim 31(2):91-112, 2006

Yu CX, Tang G. Intensity-modulated arc therapyngpiples, technologies and clinical
implementation. Phys. Med. Biol. 56: R31-R54, 2011.

Zeng R., Fessler JA., Balter JM., et al. lteratbegting for four-dimensional CT images
based on internal anatomy motion. Med Phys. 5:926-2008.

162



Acknowledgments

At the end of our university course, we would lilkethank all the people who help us

during these years, especially in the last months.

First of all, Prof. Marco Riboldi for giving us tregportunity to work at this project, for his
willingness and, above all, for the chance to utader part of the thesis in Sydney.

The second thank is for Prof. Paul Keall, who haostst the University of Sydney, for his

support and for his valuable advices whenever wieaharoblem to overcome.

We'd like also to thank Dr. Chiara Paganelli wh@ports and follows us, with attention
and patience, step by step, also when we wereeimttier part of the world, sharing with

us the best and worst moments.

Another thank is for all the researchers of the tAalisn lab, especially to Brendan

Whelan, not directly involved in this work, thatvased and helped us.

163



