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ABSTRACT

M odern intensity-modulated radiotherapy (IMRT) techniques
including fixed-gantry IMRT, VMAT and Helical Tomotherapy allow
for the delivery of treatments with high levels of target dose confor-
mity while sparing the sorrounding healthy tissues at the same time,
ultimately reducing the risk for side effects. On the one hand, imple-
menting IMRT treatments is a sophisticated process based upon the
need of solving an optimization problem known as inverse-planning
aimed at finding the optimal beam modulation for the achivement
of the prescribed dose objectives. Typical inverse-planning problems
involve the optimiztion of cost-functions of hundreds to thousands of
variables. Therefore, the efficiency of this process is highly constrained
by the capability of the used algorithms to explore the cost-function’s
landscape efficiently when looking for an optimal solution.

On the other hand, the use of intensity-modulated beams possib-
lity introduces factors that might affect the dosimetric and delivery
accuracy of the resulting plan either because of inaccuracies in the
dose calculation occuring in the treatment planning system (TPS) or
errors during treatment delivery. In literature, the collection of such
factors is referred to as plan complexity. Thereby, prior to treatment
delivery to the patient, each plan is delivered onto a system of dose
detectors to check for its dosimetric and delivery accuracy. However,
this process which is known as patient-specific quality assurance (PSQA),
highly impacts the overall efficiency of the radiotherapy workflow
since it requires considerable time and the involvement of several
resources.

It turns out that, with the aim of improving the overall efficiency
of the radiotherapy workflow, the development and use of new tools
are worth being investagated. The topic of this thesis falls within this
context. On the one hand, new methods based on complexity metrics
are proposed as possible support tools for the characterization of the
dosimetric and delivery accuracy of radiotherapy treatment plans. A
novel software package called UCoMX is presented, which is the first tool
for the extraction of complexity metrics from IMRT/VMAT and Helical
Tomotherpay plans made freely available. Morover, three original
investigations aimed at validating the use of complexity indicators
within the PSQA process are presented, showing that they would allow
for a 50% reduction of the PSQA workload at the center where this
research has been carried out. In the near future, the use of such tools
could become effective alternative to standard measurement-based
PSQA procedures.



On the other hand, on an independent research line, the use of
quantum computers for the optimization of the fluence maps of fixed-
gantry IMRT plans is proposed. Quantum computers are under intense
development by several research groups and companies worldwide
and might lead to a revolution in the field of computation. Therefore,
their use in the inverse-planning process might lead to unprecedented
benefits in terms of efficiency. In this work, two original investigations
that explored the feasibility of using quantum computers in radio-
theray are proposed through the definition of novel strategies for the
reformulation of the inverse-planning problem in a form compatible
with the features of quantum hardware.

The ultimate aim of the present doctoral project was to put the
basis for the future adoption of the aforementioned tools in clinics, by
investigating both their potentiality and limitations.
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SOMMARIO

£ e moderne tecniche di radioterapia ad intensita modulata (IMRT)
tra cui la IMRT a campi fissi, la VMAT e la Tomoterapia Elicoidale,
permettono di erogare trattamenti caratterizzati da un alto livello di
conformita della dose al target e, contemporaneamente, di ottenere
un notevole risparmio dei tessuti sani circostanti, riducendo com-
plessivamente il rischio di danni collaterali. Da un lato, la realizzazione
di un piano di trattamento IMRT e un processo articolato, alla cui
base vi e la necessita di risolvere un problema di ottimizzazione noto
come inverse-planning, che permetta di ottenere una modulazione
della fluenza del fascio tale da garantire il raggiungimento degli obiet-
tivi di dose prescritti. Tale problema di ottimizzazione & tipicamente
descritti da una funzione costo definita su centinaia o migliaia di
variabili. Pertanto, I'efficienza di tale processo e fortemente vincolata
all’abilita degli algorimi di ottimizzazione utilizzati di esplorare in
modo efficiente il panorama della funzione costo.

Dall’altro, I'utilizzo di fasci ad intensita modulata potenzialmente
introduce nei piani di trattamento radioterapico alcuni fattori che
potrebbero comprometterne la qualita dosimetrica e di erogazione a
causa, per esempio, di inaccuratezze nel calcolo della dose effettuato
dai sistemi di pianificazione (TPS) o di errori di erogazione da parte
dell’unita di trattamento. In letteratura, I'insieme di tali fattori & noto
come complessita di un piano di trattamento. Pertanto, in una fase
precedente all’erogazione del piano di trattamento sul paziente, questo
viene erogato su un sistema di rivelatori di dose con lo scopo di
verificarne l’accuratezza dosimetrica e di erogazione. Tuttavia, tale
processo, noto come controllo qualita paziente specifico (PSQA) ha
un notevole impatto sull’efficienza complessiva del flusso di lavoro
radioterapico poiché richiede tempo e notevole coinvolgimento di
risorse.

Con lo scopo, quindi, di andare a migliorare l'efficienza complessiva
del flusso di lavoro radioterapico, emerge l'esigenza di esplorare
l'utilizzo di nuovi strumenti. In tal contesto si inserisce il presente
lavoro di tesi. Da un lato, vengono proposti dei metodi basati sulle
metriche di complessita quali potenziali strumenti di supporto alla carat-
terizzazione della qualita dosimetrica e di erogazione dei trattamenti
radioterapici. Viene presentato UCoMX, il primo pacchetto software li-
beramente disponibile per I'estrazione di indicatori di complessita da
piani IMRT a gantry fisso, VMAT e Tomoterapia Elicoidale, compati-
bile con la gran parte dei TPS e delle unita di trattamento utilizzati in
clinica. Vengono, inoltre, proposti tre studi originali sull'impiego e la
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validazione degli indicatori di complessita nell’ambito del processo di
PSQA, mostrando che essi potrebbero permettere una riduzione del
carico del lavoro stimata del 50% presso il centro in cui e stato svolto
il presente lavoro. In un futuro, tali strumenti potrebbero configurarsi
come validi sostituti dei sistemi basati su misura.

Dall’altro lato, su una linea di ricerca indipendente, si propone
l'utilizzo dei computer quantistici per 1’ottimizzazione delle mappe
di fluenza dei piani IMRT a gantry fisso. I computer quantistici, ad
oggi oggetto di intenso sviluppo da parte di gruppi di ricerca e in-
dustrie a livello globale, potrebbero portare a una rivoluzione nel
campo computazionale in termini di potenza di calcolo. Pertanto, il
loro utilizzo nel processo di inverse-planning potebbe introdurre dei
benefici notevoli. Si propongono, quindi, due studi originali nei quali
si ¢ andati ad esplorare la fattibilita di utilizzo di tali calcolatori in am-
bito radioterapico mediante lo sviluppo di strategie originali per una
riformulazione del problema di inverse-planning che sia compatibile
con le caratteristiche dell’hardware quantistico.

Lo scopo finale del presente progetto di dottorato era, pertanto,
quello di porre le basi per la futura adozione degli strumenti sopra
menzionati in clinica, investigandone nel dettaglio sia le potenzialita e
che gli attuali limiti.
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PREFACE

I have carried out my PhD research activity between the Quantum
group of the Department of Physics and Astronomy of the University
of Padova, and the Department of Medical Physics of the Veneto Insi-
titute of Oncology. During my doctoral career, I pursued two different
directions of research. First, I analysed and developed complexity
indicators for characterizing the dosimetric accuracy of radiotherapy
treatment plans. Second, I developed and implemented strategies for
optimizing classical non-polynomial functions of continous variables
on quantum hardware, with a particular focus on the cost-functions
typically used for the inverse-planning optimization of treatment plans
in radiotherapy. With the aim of reflecting the heterogeneity of my
doctoral career and for the sake of clarity, I have divided the present
thesis into two parts: The complexity of radiotherapy treatment plans and
Towards the use of quantum computers in radiotherapy. Although it is
noteworthy that the two topics comfortably align with the main focus
of my doctoral project, namely developing computational tools to
improve the efficiency of the radiotherapy workflow, making them
converge was far beyond the scope of this thesis.

Most of the contents presented in this thesis are original research
investigations taken from the papers that I have contributed to as the
primary author (either those published on peer-review journals or the
ones that are currently under review or being written). Only minor
modifications have been performed to make their reciprocal connec-
tions explicit to the reader. Additionally, two introductory chapters
have been added to convey the needed theoretical prerequisites to
allow the reader to get the details of the investigations and develop-
ments herein presented. Finally, three additional scientific papers that
I have contributed to as a co-author during my doctoral career have
been reported in the Appendix.
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PREFAZIONE

H o svolto la mia attivita di ricerca di dottorato tra il gruppo Quan-
tum del Dipartimento di Fisica e Astronomia dell’Universita di Padova
e la UOC di Fisica Sanitaria dell'Istituto Oncologico Veneto. Durante
il mio percorso di dottorato, ho perseguito due diverse direzioni di
ricerca. In primo luogo, ho analizzato e sviluppato indicatori di comp-
lessita per caratterizzare 1’accuratezza dosimetrica e di erogazione dei
piani di trattamento radioterapico. In secondo luogo, ho sviluppato
e implementato strategie per I'ottimizzazione di funzioni di variabili
continue su hardware quantistico, con particolare attenzione alle fun-
zioni costo tipicamente utilizzate durante il processo di pianificazione
inversa per l'ottimizzazione dei piani di trattamento in radioterapia.
Con I'obiettivo di riflettere 1'eterogeneita del mio percorso di dottorato
e per motivi di chiarezza, ho diviso la presente tesi in due parti: La
complessita dei piani di trattamento radioterapico e Verso I'uso dei computer
quantistici in radioterapia. Sebbene sia degno di nota il fatto che i due
argomenti si allineino comodamente con 1’obiettivo principale del mio
progetto di dottorato, ovvero lo sviluppo di strumenti computazionali
per migliorare l'efficienza del flusso di lavoro in radioterapia, farli
convergere era ben oltre lo scopo del progetto qui presentato.

La maggior parte dei contenuti presentati in questa tesi sono ricerche
originali tratte dai lavori a cui ho contribuito come autore principale
(sia quelli pubblicati su riviste peer-review, sia quelli attualmente
in fase di revisione o di scrittura). Sono state apportate solo piccole
modifiche per rendere esplicito al lettore il loro reciproco collegamento.
Inoltre, sono stati aggiunti due capitoli introduttivi, uno nella prima e
uno nella seconda parte, per trasferire al lettore i necessari prerequisiti
teorici per la comprensione dei dettagli delle indagini e degli sviluppi
qui presentati. Infine, in Appendice sono riportati altri tre lavori scien-
tifici a cui ho contribuito come coautore durante il mio percorso di
dottorato.
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MOTIVATION AND OUTLINE

Cancer is the leading cause of death worldwide, a burden that
affects approximately 19 millions people each year and causes approx-
imately 10 millions deaths'. According to the World Health Organi-
zation (WHO), between 30% and 50% of cancers can be prevented by
avoiding risk factors and implementing existing evidence-based pre-
vention strategies. But where prevention fails, treatment is needed. In
this context, radiotherapy treatments play a crucial role in several cases.
Radiotherapy is a compound word that connects the two terms radia-
tion and therapy. It is a medical technique that exploits different types
of ionizing radiation to kill tumor cells in patients affected by cancer. It
is well documented that approximately 50% of such patients require at
least one course of radiotherapy during their disease history globally,
a value that rises to 87% for breast cancer. The typical radiotherapy
workflow is a complex process which involves the participation of
several professionals. Among tyem, the Medical Physics Expert (MPE)
is essential to achieve proper management and practical implemen-
tation of the treatment. In particular, according to both International
and Italian regulations, it is among the responsibility of the MPE to
ensure the use of sufficient and appropriate technological tools for
calculating, monitoring and evaluating the dosimetric accuracy of the
treatment plans.

Among the different steps composing the radiotherapy workflow
where the MPE is actively involved, two of them are central in this
thesis: the optimization of radiotherapy treatment plans, which occurs
using optimization algorithms implemented in the treatment plan-
ning systems (TPSs) used for the creation of radiotherapy treatment
plans, and the patient-specific pre-treatment verification of the dosi-
metric and delivery accuracy of the resulting plans, which usually
occurs prior to the actual plan delivery to the the patient. Without
these two fundamental processes, external beam intensity-modulated
radiotherapy treatments could not be delivered with the needed preci-
sion, accuracy and safety. In general, several human and technological
resources are involved in these processes and a significant amount
of time is required for their execution, leading to constraints on the
number of patients that can receive radiotherapy each day. Therefore,
any procedure or strategy aimed at improving the overall radiotherapy
workflow efficiency should consider the two aforementioned steps.

One the one hand, the inefficient nature of the well established
measurement-based patient-specific quality assurance (PSQA) can be

1 Last available update: GLOBOCAN 2020
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attributed to the requirement of administering every treatment plan
on a dose detector system before it can be administered to patients.
This procedure is crucial to ensure that the calculated dose distri-
bution from the TPS aligns with the measured distribution within
some clinical tolerance and action limits. This measurement-based
procedure is the universally accepted standard, endorsed worldwide
by professional organizations such as ESTRO and ASTRO. However, it
invariably diminishes the machine time available for treating patients.
In addition, when the dosimetric accuracy of a treatment plan does
not fulfill the tolerance and action thresholds, it compels the need to
return to the planning process. This not only degrades the efficiency of
the process but also may cause delays in the treatment of the patient.

To reduce the typical workload caused by the measurement-based
PSQA process, research teams worldwide have attempted to develop
alternative not-measurement-based PSQA methodologies to evaluate
the dosimetric and delivery accuracy of plans. Among the different
approaches proposed, some of them rely on the so-called complexity
metrics, mathematical indicators devised to identify factors of radio-
therapy treatment plans that may increase the risk of poor dosimetric
and delivery accuracy. In this context, several groups have applied ar-
tificial intelligence tools to create machine-learning and deep-learning
models capable of predicting the dosimetric and delivery accuracy
of treatment plans and provide support to the planner during this
process. However, the lack of a shared consensus and evidence on
which are the most effective complexity indicators to consider as well
as the lack of commercial platforms for their computation is somehow
slowing down their systematic adoption across institutions worldwide.
The first part of this thesis, The complexity of radiotherapy treatment plans,
focuses on this topic.

Prior to treatment verification, however, it comes the creation of
the radiotherapy plan. In modern intensity-modulated radiotherapy, a
treatment plan is the result of an optimization process called inverse-
planning where hundreds to thousands of variables associated with
the intensity of the radiation beams need to be optimized. It turns out
that, the efficiency of this process is intimately related to the ability of
the adopted optimization algorithms to explore the landscape of the
associated cost-function. In clinic, this task is routinely tackled through
optimizers implemented in the commercial TPSs available. However,
the introduction of a novel computational paradigm, namely quantum
computing, might give an unprecedented boost to the efficiency of this
process in the future. Although large-scale quantum computers that
can be used like classical calculators are absent, these novel machines
are undergoing intense development by tenths of research groups and
companies worldwide. Although different approaches to realisation
are still under investigation, the basic working principle of using quan-
tum bits (qubits) to process information has been well established
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and accepted across the expert community. Qubits behaviour is ruled
by the laws of quantum mechanics, and this is what should provide
quantum computers with unprecedented computational power com-
pared to classical calculators. In fact, exploiting quantum features
such as the superposition principle and the entanglement effect they
will be endowed with inborn parallelization capabilities that even the
most powerful classical supercomputers on Earth cannot match. This
revolution will affect several sectors, including the simulation of many-
body quantum systems, material science, chemistry, cryptography, and
optimization.

It turns out that, exploiting the parallelization potential of future
quantum computers in radiotherapy might improve the efficiency of
the inverse-planning optimization process, possibly leading to better
plans in the same time or allowing to implement more sophisticated
functions capable to account for additional factors. Therefore, this
might also impact the overall quality of the opimization process. How-
ever, there are two critical aspects that need to be addressed to achive
this aim: establishing efficient strategies to map continuous variables
onto the discrete system of qubits building up the quantum proces-
sors, and finding a suitable and effective representation of the initial
cost function in terms of a quantum Hamiltonian whose ground-state
corresponds to the minimum-cost configuration of the cost-function
describing the inverse-planning optimization problem. In the litera-
ture, different strategies to solve classical combinatorial optimization
problems on qubits-based hardware (e.g. quantum annealers) have
been proposed, such as Quadratic Unconstrained Binary Optimization
(QUBO) or Polynomial Unconstrained Binary Optimization (PUBO).
However, such strategies are generally very expensive in terms of the
number of qubits required, especially if continuous variables problems
are considered. In fact, they are naturally designed for problems in-
volving discrete-valued variables (e.g. binary) for whom a one-to-one
(or one-to-few) mapping with the qubits in the quantum processor can
be established quite straightforwardly. Therefore, new more efficient
strategies are needed for more general continuous variables prob-
lems, especially with the aim of using them on near-term quantum
devices that are expected to be equipped with limited numbers of
qubits. These aspects lay at the core of the investigation presented in
the second part of the thesis, Towards the use of quantum computers in
radiotherapy.

The work proceeds as follows.

CHAPTER 1 conveys some basics elements of modern radiotherapy
that are necessary to understand the research contents presented
later on in the work. In particular, the following topics are discussed:
intensity-modulated radiotherapy techniques, the inverse-planning
optimization problem, the comparison between dose distributions, the
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measurement-based patient specific quality assurance and complexity
metrics.

CHAPTER 2 provides a detailed and comprehensive overview of UCoMX
(Universal Complexity Metrics Extractor), the software package devel-
oped within this PhD project for the extraction of complexity metrics
from radiotherapy treatment plans. The package implements most of
the complexity indicators proposed in the current literature and can
handle DICOM RT-Plan files from several TPSs and treatment units.
In this chapter, the complexity indicators implemented in the package
are explained thoroughly.

CHAPTER 3 presents two original investigations on the complexity
of Helical Tomotherapy treatment plans. First, a validation of the ef-
fectivness of the original complexity metrics developed within this
doctoral project is proposed. In particular, their relation with PSQA
results and plan efficiency is investigated. Second, the training and
validation of machine-learning models for the prediction of the PSQA
results is presented.

CHAPTER 4 presents an analysis of the complexity of VMAT plans
where the relation between two complexity limitation strategies avail-
able in a commercial TPS and complexity metrics has been investi-
gated. Furthermore, results on the definition of operational limits on
some complexity metrics as decision-support tools for the reduction
of PSQA workload is discussed.

CHAPTER 5 provides a theoretical introduction to many-body quan-
tum systems and Tensor Network Methods. The latter are among the
most powerful alternatives available to date for the simulation of quan-
tum many-body systems and allow, among other things, to emulate
the behaviour of quantum hardware thus configuring themselves as
valuable test benches.

CHAPTER 6 presents the first application of Tensor Network Methods
to a fixed-gantry IMRT fluence optimization problem. In particular, the
formulation of the beamlets intensity inverse-planning optimization
problem in terms of a qubits Hamiltonian is discussed. First, test on
toy-models are presented. Second, a more realistic application to a
simplified version of a prostate cancer treatment is proposed.

CHAPTER 7 presents a novel approach developed within this doc-
toral project for the optimization classical non-polynomial functions
of continuous variables on quantum hardware (e.g. quantum comput-
ers). The core of this approach consists of a novel efficient strategy
for the discretization of continuous variables that exploits a small
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number of qubits. The validation of the developed strategy on differ-
ent non-polynomial, non-convex optimization problems is presented,
namely: unconstrained optimization and constrained optimization of
the Gramacy-Lee function, and a fixed-gantry IMRT fluence optimiza-
tion problem.
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MOTIVAZIONE E STRUTTURA DELLA TESI

I 1 cancro ¢ la principale causa di morte nel mondo, un fardello che
colpisce ogni anno circa 19 milioni di persone e causa circa 10 milioni
di morti®>. Secondo 1'Organizzazione Mondiale della Sanita (OMS),
tra il 30% e il 50% dei tumori possono essere prevenuti evitando i
fattori di rischio ad essi associati e attuando le strategie di prevenzione
esistenti basate sull’evidenza. Ma quando la prevenzione fallisce, &
necessario procedere al trattamento. In questo contesto, la radioterapia
svolge un ruolo cruciale in molti casi. '‘Radioterapia’ &€ una parola
composta che collega i due termini radiazioni e terapia. E una tecnica
medica che sfrutta diversi tipi di radiazioni ionizzanti per uccidere le
cellule tumorali nei pazienti affetti da cancro. E ben documentato che
circa il 50% di questi pazienti richiede almeno un ciclo di radioterapia
nel corso della loro storia di malattia, un valore che sale a 87% per il
cancro al seno. 11 tipico flusso di lavoro della radioterapia € un processo
complesso che prevede la partecipazione di diversi professionisti. Tra
queste, lo specialista in fisica medica e essenziale per ottenere una
corretta gestione e attuazione pratica del trattamento. In particolare,
secondo le normative internazionali e italiane, € tra le responsabilita
dello specialista in fisica medica garantire 1utilizzo di strumenti tecno-
logici sufficienti e appropriati per il calcolo, il monitoraggio e la
valutazione dell’accuratezza dosimetrica dei piani di trattamento.
Tra le diverse fasi che compongono il flusso di lavoro della radio-
terapia in cui lo specialista in fisica medica ¢ attivamente coinvolto,
due sono centrali in questa tesi: I'ottimizzazione dei piani di tratta-
mento radioterapico, che avviene utilizzando un algoritmo di ottimiz-
zazione implementato nel sistema di pianificazione del trattamento
(TPS) adottato per la creazione dei piani di trattamento radioterapico,
e la verifica pre-trattamento paziente-specifica dell’accuratezza dosi-
metrica e di erogazione dei piani risultanti, che di solito avviene prima
dell’effettiva erogazione del piano al paziente. Senza questi due pro-
cessi fondamentali, i trattamenti di radioterapia a fasci esterni erogati
mediante tecniche ad intensita modulata non potrebbero essere ef-
fettuati con la precisione, ’accuratezza e la sicurezza necessarie. In
generale, in questi processi sono coinvolte diverse risorse umane e
tecnologiche e per la loro esecuzione & necessaria una quantita signi-
ficativa di tempo, con conseguenti limitazioni del numero di pazienti
che possono essere trattati ogni giorno. Pertanto, qualsiasi procedura
o strategia volta a migliorare l'efficienza complessiva del flusso di

2 Ultimo aggiornamento disponibile: GLOBOCAN 2020
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lavoro della radioterapia dovrebbe prendere in considerazione anche
le due fasi sopra descritte.

Da un lato, la natura inefficiente della verifica pretrattamento pa-
ziente-specifica (PSQA) basata su misure puo essere attribuita alla
necessita di somministrare ogni piano di trattamento su un sistema di
rivelatori di dose prima di poterlo somministrare al paziente. Questa
procedura ¢ fondamentale per garantire che la distribuzione di dose
calcolata dal TPS si allinei con quella misurata entro i cosidetti limiti
di tolleranza e azione clinica. Questa procedura basata sulla misura e
lo standard universalmente accettato, approvato e sostenuto in tutto
il mondo da organizzazioni professionali come ESTRO e ASTRO.
Tuttavia, riduce inevitabilmente il tempo macchina disponibile per
il trattamento dei pazienti. Inoltre, quando l'accuratezza dosimetrica
di un piano di trattamento non soddisfa le soglie di tolleranza e di
azione, ¢ necessario tornare al processo di pianificazione. Cido non
solo riduce 1'efficienza del processo, ma puo anche causare ritardi nel
trattamento del paziente.

Per ridurre il carico di lavoro tipico del processo di PSQA basato
sulle misure, gruppi di ricerca in tutto il mondo hanno cercato di
sviluppare metodologie alternative di PSQA non basate sulle misure
per valutare I'accuratezza dosimetrica e di erogazione dei piani. Tra i
diversi approcci proposti, alcuni si basano sulle cosiddette metriche di
complessita, indicatori matematici ideati per identificare i fattori dei
piani di trattamento radioterapico che possono aumentare il rischio
di scarsa accuratezza dosimetrica e di erogazione. In questo contesto,
diversi gruppi hanno applicato strumenti di intelligenza artificiale
per creare modelli di apprendimento automatico (machine-learning e
deep-learning) in grado di prevedere l'accuratezza dosimetrica e di
erogazione dei piani di trattamento e di fornire supporto al pianifica-
tore durante questo processo. Tuttavia, la mancanza di un consenso
condiviso e di prove su quali siano gli indici di complessita pit1 efficaci
da considerare, cosi come la mancanza di piattaforme commerciali
per il loro calcolo, sta in qualche modo rallentando la loro adozione
sistematica nelle istituzioni di tutto il mondo. La prima parte di questa
tesi, La complessita dei piani di trattamento radioterapico, si concentra su
questo argomento.

In una fase precedente alla verifica del trattamento, tuttavia, avviene
la creazione del piano di radioterapia. Nella moderna radioterapia
basata su tecniche a intensita modulata, un piano di trattamento e
il risultato di un processo di ottimizzazione chiamato pianificazione
inversa, in cui si vanno ad ottimizzare centinaia o migliaia di vari-
abili associate all'intensita dei fasci radianti. L'efficienza di questo
processo ¢ intimamente legata alla capacita degli algoritmi di ot-
timizzazione adottati di esplorare efficientemente il panorama della
funzione-costo associata al problema di pianificazione inversa. In
clinica, questo compito viene affrontato nella routine quotidiana at-
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traverso gli algoritmi di ottimizzazione implementati nei TPS commer-
ciali. Tuttavia, I'introduzione di un nuovo paradigma computazionale,
ossia l'informatica quantistica, potrebbe dare in futuro un impulso
senza precedenti all’efficienza di questo processo. Sebbene non esista-
no computer quantistici su larga scala che possano essere utilizzati
analogamente ai calcolatori classici, queste nuove macchine sono in
fase di intenso sviluppo da parte di decine di gruppi di ricerca e
aziende in tutto il mondo. Sebbene i diversi approcci alla realizzazione
siano ancora in fase di studio, & condiviso all’interno della comunita
degli esperti il principio di funzionamento di base per elaborare le
informazioni che prevede I'impiego dei bit quantistici (qubit). Il com-
portamento dei qubit e regolato dalle leggi della meccanica quantistica
e questo dovrebbe fornire ai computer quantistici una potenza di cal-
colo senza precedenti rispetto ai calcolatori classici. Infatti, sfruttando
caratteristiche quantistiche come il principio di sovrapposizione e
I'effetto entanglement, saranno dotati di capacita di parallelizzazione
innate che nemmeno i pitt potenti supercomputer classici potranno
eguagliare. Questa rivoluzione interessera diversi settori, tra cui la sim-
ulazione di sistemi quantistici a molti corpi, la scienza dei materiali,
la chimica, la crittografia e I'ottimizzazione.

Ne consegue che lo sfruttamento del potenziale di parallelizzazione
dei futuri computer quantistici in radioterapia potrebbe migliorare
I'efficienza del processo di ottimizzazione della pianificazione inversa,
possibilmente portando a piani migliori nello stesso tempo o permet-
tendo di implementare funzioni pit sofisticate in grado di tenere
conto di fattori aggiuntivi. Tutto cid potrebbe avere un impatto sulla
qualita complessiva del processo di ottimizzazione. Tuttavia, ci sono
almeno due aspetti critici che devono essere affrontati per raggiungere
questo obiettivo: stabilire strategie efficienti per mappare le variabili
continue sul sistema discreto di qubit che costituiscono i processori
quantistici e trovare una rappresentazione adeguata ed efficace della
funzione costo iniziale in termini di una Hamiltoniana quantistica
il cui ground-state corrisponda alla configurazione a costo minimo
del problema di ottimizzazione in pianificazione inversa. In letter-
atura sono state proposte diverse strategie per risolvere problemi di
ottimizzazione combinatoria classica su hardware basato su qubit
(ad esempio, annealer quantistici), come la Quadratic Unconstrained
Binary Optimization (QUBO) o la Polynomial Unconstrained Binary
Optimization (PUBO). Tuttavia, tali strategie sono generalmente molto
costose in termini di numero di qubit necessari, soprattutto se si con-
siderano problemi a variabili continue. Infatti, esse sono naturalmente
concepite per problemi che coinvolgono variabili a valore discreto (ad
esempio binarie) per le quali & possibile stabilire in modo abbastanza
semplice una mappatura uno-a-uno (o0 uno-a-poco) con i qubit del
processore quantistico. Pertanto, sono necessarie nuove strategie pit
efficienti per problemi pit generali di variabili continue, soprattutto
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con l’obiettivo di utilizzarle su dispositivi quantistici a breve termine, i
quali si prevede saranno dotati di un numero limitato di qubit. Questi
aspetti sono al centro dell'indagine presentata nella seconda parte
della tesi, Verso 'uso dei computer quantistici in radioterapia.

La presente tesi si articola come di seguito riportato.

Il carrToLoO 1 introduce ad alcuni elementi di base della moderna
radioterapia, necessari per comprendere i contenuti della ricerca pre-
sentati pitt avanti nel lavoro. In particolare, vengono trattati i seguenti
argomenti: le tecniche di erogazione ad intensita modulata, il prob-
lema di ‘ottimizzazione in pianificazione inversa, il confronto tra dis-
tribuzioni di dose, il controllo qualita paziente-specifico pre-trattameto
basato su misure e le metriche di complessita.

Il cariToro 2 fornisce una panoramica dettagliata e completa di
UCoMX (Universal Complexity Metrics Extractor), il software svilup-
pato nell’ambito di questo progetto di dottorato per l'estrazione di
metriche di complessita dai piani di trattamento radioterapico. Il pac-
chetto implementa la maggior parte degli indicatori di complessita
proposti nella letteratura corrente e puo gestire file DICOM RT-Plan
provenienti da diversi TPS e unita di trattamento. In questo capitolo,
gli indicatori di complessita implementati nel pacchetto sono spiegati
in modo approfondito.

Il cariToLO 3 presenta due indagini originali sulla complessita dei
piani di trattamento realizzati mediante Tomoterapia Elicoidale. In
primo luogo, viene proposta una validazione dell’efficacia delle met-
riche di complessita originali sviluppate nell’ambito di questo progetto
di dottorato. In particolare, si va a studiare la loro relazione con i risul-
tati di PSQA e di efficienza del piano. In secondo luogo, vengono
presentati I’addestramento e la validazione di modelli di apprendi-
mento automatico per la previsione dei risultati di PSQA.

Il carriTOLO 4 presenta un’analisi della complessita dei piani VMAT
in cui e stata studiata la relazione tra due strategie di limitazione della
complessita disponibili in un TPS commerciale e le metriche di comp-
lessita. Inoltre, vengono discussi i risultati relativi alla definizione di
limiti operativi su alcune metriche di complessita come strumenti di
supporto decisionale per la riduzione del carico di lavoro associato al
PSQA.

Il carriToLo 5 fornisce un’introduzione teorica ai sistemi quantistici
a molti corpi e ai metodi di rete tensioriale. Questi algoritmi sono
tra le piti potenti alternative ad oggi disponibili per la simulazione
di sistemi quantistici a molti corpi e permettono, tra le altre cose, di
emulare il funzionamento dell’hardware quantistico configurandosi,
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quindi, come dei preziosi banchi prova.

Il cariToLO 6 presenta la prima applicazione dei metodi di rete
tensoriale ad un problema di ottimizzazione della fluenza di piani
IMRT a gantry fisso. In particolare, viene discussa la formulazione del
problema di ottimizzazione dell’intensita dei beamlet in termini di una
Hamiltoniana descrivente un sistema di qubit interagenti. In primo
luogo, vengono presentati dei test su modelli giocattolo. Successiva-
mente, viene proposta un’applicazione piti realistica a una versione
semplificata di un trattamento per cancro alla prostata.

Il cariTOLO 7 presenta un nuovo approccio sviluppato nell’ambito
di questo progetto di dottorato per l'ottimizzazione di funzioni di
variabili continue su hardware quantistico (ad esempio, computer
quantistici). Il cuore di questo approccio consiste in una nuova strate-
gia efficiente per la discretizzazione di variabili continue che sfrutti
un ridotto numero di qubit. Viene presentata la validazione di tale
strategia su tre diversi problemi di ottimizzazione non-convessi e
non-polinomiali, in particolare: ottimizzazione non vincolata e ottimiz-
zazione vincolata della funzione di Gramacy-Lee e un problema non
polinomiale di ottimizzazione della fluenza in piani IMRT a gantry
fisso.
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THE COMPLEXITY OF RADIOTHERAPY
TREATMENT PLANS
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Radiotherapy boasts a long-standing story that has lasted since
the very first observation of X-ray by Wilhelm Conrad Roentgen in
1896. However, despite the impressive quality, accuracy and precision
of modern radiotherapy treatments, the pace of evolution of this cancer
treatment modality is far from slowing down. On the one hand, this
is due to the technological developments of recent years, including
automation and artificial intelligence [1, 2], the increasing availability
of clinical facilities for particle therapy [3], the evolution of medical
imaging techniques with the development of novel MRI-linacs [4],
and the spreading relevance of the so-called FLASH effect that has
opened the possibility of fast and ultra-high dose rate treatments in the
future [5]. On the other hand, evidence of biological benefits arising
from the combination of radiotherapy with other cancer treatment
modalities such as chemotherapy or immunotherapy [6-8] are pushing
the boundaries of its applicability way further.

The content of this chapter will focus on the so-called external beam
radiotherapy (EBT), which constitutes approximately 80% of radio-
therapy applications globally [9]. More precisely, treatment with X-ray
photons will be considered only, thus not covering those performed
using electrons, protons or light ions. The chapter is structured as fol-
lows. In Sec. 1.1, the working principles of three intensity-modulated
radiotherapy (IMRT) delivery methods, namely fixed-gantry IMRT,
Volumetric Modulated Arc Therapy (VMAT) and Helical Tomotherapy
(HT) will be presented. In Sec. 1.2, the process of verification of the
dosimetric and delivery accuracy of radiotherapy treatments, also
known as patient-specific quality assurance (PSQA) will be discussed.
Finally, Sec. 1.3 will offer an introduction to the complexity of radio-
therapy treatment, including a discussion on the so-called complexity
metrics, briefly retracing their history and describing how they are
related to the PSQA process and can contribute to improving both
the efficiency and effectiveness of the radiotherapy workflow. At the
end of this chapter, the reader will own all the necessary pieces of
knowledge to access and understand the details of the research work
presented in this thesis.
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Figure 1.1: Schematics of the main steps involed in the realization of an
IMRT treatment. FROM CAVINATO ET AL (2021) [15].

1.1 INTENSITY MODULATED RADIOTHERAPY TECHNIQUES

Based on the data contained in IAEA DIRAC database, roughly 80%
of the radiotherapy facility installed globally is devoted to EBT [9]. In
contrast with other delivery methods such as brachytherapy [10], EBT
radiation is delivered from outside the patient’s body. In the specific
case of X-ray photons, this is done using a linear accelerator (LINAC).
The delivery of these types of treatments is a sophisticated process
where several healthy organs are generally involved in addition to the
target tumor, and an optimal radiotherapy treatment should always
account for delivering a sufficient amount of radiation dose to the
target while avoiding damages to the sorrounding healthy tissues.

Today’s standard-of-care delivery methods are represented by the
so-called Intensity Modulated Radiotherapy (IMRT) techniques. Com-
pared to older and less advanced 2D or 3D conformal radiotherapy
treatments (3DCRT) which are not covered in the present introduction,
IMRT allows reaching higher tumor dose conformity and better spar-
ing of the surrounding healthy tissues at the same time, with increased
local control and reduced local re-occurrence, toxicities and possible
complications of treatments [11-13]. The two peculiar features of these
types of treatments are the following;:

1. The intensity (or fluence) of the radiation beams is not spatially
uniform;

2. The final treatment results from an optimization process known
as inverse-planning [14].

Figure 1.1 shows a schematics of the main steps involved in the
realization of a radiotherapy treatment using IMRT techniques. The
key fact in IMRT is that each radiation beam gets subdivided into a
grid of hundreds of smaller beams called beamlets whose intensity can
be tuned independently from each other allowing for non-uniform
beam intensity profiles. The optimal set of beamlet intensity levels
is the result of the associated inverse-planning problem, which is
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usually described by an optimization problem with following general
formulation:

Wopt = argmingF(W|{Aq,..., AnC1,...,Cear, ... ar}) (1.1)

where F is the optimization function describing the inverse-planning
problem and @ is the set of beamlet intensity levels, namely the opti-
mization variables. The A;s are the so-called influence matrices, which
contain the information on the dose delivered to a given structure
(either tumor or surrounding organ) by each radiation beam per uni-
tary values of the beamlet intensity levels. The entries of each A;
depend on several factors including the energy of the radiation beams,
the anatomy and geometry of the patient and the geometry of the
treatment, namely the arrangement of the radiation beams around
the patient. The latter depends on the details of the adopted IMRT
delivery technique. The C;s are the so-called constraints, namely the
requests or limits in dose both for the tumor and the surrounding
organs, while the a;s are the associated priorities that represent the
relative importance of each constraint during the optimization process.
The result of such an optimization problem is here represented by @,
which is the optimal set of beamlet intensity levels that best satisfies
the constraints for a particular treatment. In Ch. 6 the mathemati-
cal formulation of the inverse planning problem in Eq. (1.1) will be
discussed in more detail.

During the delivery of treatment, the local intensity modulation is
obtained through a very peculiar mechanical collimator called multi-
leaf collimator (MLC) consisting of pairs of highly absorbing tungsten
leaves that can block the incident radiation and move against each
other. Based on the specific IMRT delivery technique used, the con-
struction details of the MLC may vary as it will be discussed later in
this work [16]. IMRT delivery techniques can be divided into two main
categories: fixed gantry and moving gantry. Fixed-gantry IMRT was
the first proposed IMRT technique, where radiation is delivered only
when the gantry is stationary while the MLC is allowed to move. In
particular, the MLC can be operated in two modes: dynamic (or sliding
window) and step-and-shoot (or stop-and-shoot). The former involves
the continuous movement of MLC leaves from a specific field opening.
The desired fluence map is achieved by either narrowing or widening
the aperture or varying the leaf speed while the beam is on [17]. The
fluence generated by a pair of opposing leaves A and B at point x
is proportional to the time interval between their passage through x.
Differently, in step-and-shoot mode, the field is divided into several
sub-fields (or segments). The beam is switched off while the MLC
moves from one segment to the next. In general, sliding-windows
IMRT allows for producing more conformal dose distributions com-
pared to step-and-shoot, but it results in less efficient delivery and
increased leakage and total body dose [16].
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In 2007, Karl Otto proposed a new delivery technique, which has
become widely adopted globally across institutions: the Volumetric
Modulated Arc Therapy (VMAT) [18]. This technique has evolved
from the fixed-gantry IMRT method. Like other “arc’ therapies, such as
tomotherapy (described in the following), VMAT treatments involve
the patient being treated from a full 360° beam angle. During the treat-
ment, the radiation source (i.e. gantry) moves continuously. Moreover,
it allows for the simultaneous variation of three parameters, namely
the dose rate, gantry rotation speed, and opening shapes of the treat-
ment aperture through the movement of MLC leaves. In comparison
to standard fixed-gantry IMRT, it enables enhanced delivery efficiency
by reducing the delivery time and lowering the total number of MUs
administered.

On the other side of the coin, Helical Tomotherapy (HT) is another
advanced arc therapy technique available which differs consistently
from VMAT [19]. During an HT treatment, beam fluence modulation is
achieved through a pneumatically powered binary MLC that acts on a
fan beam that rotates around the patient, while the couch is translated
through the gantry at a constant speed. As for VMAT, thousands
of beamlets are typically involved in this process, a fact that makes
this technique very suitable to deliver a highly conformal dose to the
PTV and optimal OARs sparing at the same time, making it a valid
competitor of VMAT [20-22]. However, despite HT was developed
before VMAT, it has had a less fortunate history. In fact, HT requires
the installation of dedicated equipment which are not the same used
for fixed-gantry IMRT, while the treatment units already available for
the latter could be adapted to VMAT, too. Also thanks to this fact,
the VMAT became predominant. This fact has also influenced the
development of complexity indicators for HT, as it will be discussed
in Sec. 1.3.

1.2 PATIENT-SPECIFIC QUALITY ASSURANCE (PSQA)

As discussed in Sec. 1.1, the dose distributions obtained using IMRT
delivery techniques, either fixed and moving gantry, are generally
more heterogeneous compared to those of 3D conformal radiother-
apy plans, making use of more complex fields geometry and higher
degrees of modulation. If on the one hand, this allows achieving
more conformal treatments and improved patient outcome, proce-
dures to assess the accuracy of calculated dose distributions and to
detect clinically relevant errors that may occur during the radiation
delivery constitute a necessary part of the IMRT process. To this pur-
pose, different professional organizations around the globe (American
Association of Physics in Medicine (AAPM), American Society for
Radjiation Oncology (ASTRO) , European Society for Radiation Oncol-
ogy (ESTRO), etc.) have recommended the introduction of so-called
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patient-specific quality assurance (PSQA) programs as a needed and
fundamental part of the IMRT process, also through the publication
of reference guidelines for their implementation [23].

As discussed in Sec. 1.1, each IMRT plan is the result of an inverse-
planning optimization process which is carried out for specifically
for each patient. Therefore, also the process of quality assurance of
such plans becomes patient-specific, and needs to be carried out for
each treatment plan independently. Currently, PSQA programs are
routinely performed at all clinics worldwide as a fundamental step of
the radiotherapy workflow. This verification process is necessary to get
patient-specific information on the dosimetric and delivery accuracy of
each treatment plan and allows for the safe delivery of the treatment
to the patient. However, it is a time-consuming and resource-intensive
process. For this reason, several clinics worldwide have been trying to
overcome this limitation by proposing alternative PSQA approaches
to those currently adopted. This will be discussed in more detail later
in this work and it is one of the main topics of the research activity
presented in this thesis.

In general, two main sources of errors are aimed to be detected
through this process: planning errors and delivery errors [23]. The for-
mer have to do with the TPS and includes innacuracies in the modeling
of MLC leaf ends, tongue-and-groove effects, leaf/collimators trans-
mission, collimators/MLC penumbra, and output factors for small
field sizes. Conversely, delivery errors have to do with the inaccuracy
of the treatment unit in delivering the treatment created with the TPS
due to the finite precision of both mechanical systems and feed-back
controls systems, and may include MLC leaf position errors, MLC
leaf speed or acceleration errors, gantry rotational stability or beam
stability. The ability to detect one or more sources of errors strictly de-
pends on the particular PSQA methods adopted. Several approaches
for PSQA have been proposed, including measurement-based, inde-
pendent re-calculation of the dose, analysis of the treatment machine’s
log files, and, more recently virtual PSQA approaches. A brief intro-
duction to some of these PSQA methodologies will be provided later
in this chapter for what is ancillary to this work. However, before
moving to that topic an introduction to another important concept is
provided: the comparison of dose distributions, which is at the base
of most of the commonly used PSQA approaches.

1.2.1  Comparing dose distributions: the y-index passing rate

Broadly speaking and neglecting the specific implementation details
of each PSQA methodology, most of the PSQA procedures adopted in
clinics nowadays foresee the comparison between two ‘doses’”: the one
calculated using the treatment planning system and the one obtained
using an external tool, either a phantom detector or an indepen-
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Figure 1.2: Geometrical representation of the gamma- index. ADAPTED FROM
HUSSEIN ET AL (2017) [24].

dent calculation algorithm. Based on the methodology adopted, such
comparison can involve either point-dose or 1D, 2D or 3D dose distri-
butions, and focus on performing either dose difference or distance-
to-agreement tests [25—27].

Each of the two approaches has its own advantages and disad-
vantages [23]. However, within the scope of this work, this section
focuses on the most commonly adopted measure of agreement be-
tween dose distributions which tries to gather the two types of tests
into a unique one: the y-passing rate which was introduced by Low
and colleagues [28, 29] and whose use is suggested by the report of
the AAPM Task Group 218 [23].

Let’s consider two dose distributions and call them the evaluated
(E) and reference (R) dose distributions, respectively. In most clinical
applications, the first one corresponds to that calculated with the TPS
used the create the treatment plan, while the second one that obtained
using the external PSQA tool. However, this is not a strict rule and
different conventions might be adopted across institutions [REFs from
TG218]. Then, based on the two aforementioned distributions, the
following quantity is defined:

S5 o 2 = o 2
G = (50 (1) 6

with §(7g, 7r) the dose difference between an evaluated and a reference
point, and r(7g, 7r) their distance. The term AD denotes the so-called
dose difference (DD) criterion which is usually expressed as a per-
centage of a dose value chosen as reference. In particular, if a global
normalization is used, the reference dose value is the same for all pairs
of points. Typical values used in this case are the maximum dose value
in one of the two distributions, the prescription dose, or the value of
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the evaluated dose distribution located in a specific point of the refer-
ence one. Conversely, when local normalization is used, for each pair
of points the dose value of the point of the evaluated dose distribution
is used. The term Ad indicates the so-called distance-to-agreement
(DTA) criterion and it is usually expressed in millimeters.

The y-index is defined for each point of the reference dose distri-
bution R as the minimum displacement computed considering all
the points of the evaluated dose distribution E in terms of I'(7g, 7r),
namely:

v(7r) = min{I' (7, 7r) }V{7E } (1.3)

Points with ¢(7g) € [0, 1] satisfy both the DD and DTA criteria. Con-
versely, 7(7r) > 1 indicates a failure to fulfill either one or the other
criterion.

The vy-passing rate (PR, %) is the percentage of points passing the
v-test. A geometrical interpretation of the y-index formulation can
be provided as it shown in Fig. 1.2. in fact, Eq. (1.2) forms an ellipse
whose x and y semi-axes coincide with the DTA and DD criteria.
Points falling inside the ellipse pass the 7-test, while those falling
outside fail it. In general, in the computation of the PR, % points with
a dose smaller than a user-selected value, TH, are not included in
the analysis. This helps the user to focus on clinically relevant doses.
Typical settings for y-index computation are 3% or 2% DD combined
either with 2 mm or 3 mm DTA and TH = 5 — 10%. Both local and
global normalization are used. However, other choices might be found
in the literature, which might also depend on the specific detector
used in case of measurement-based PSQA.

Following the most recent clinical guidelines contained in the AAPM
TG-218 report [23], action and tolerance limits can be defined on the
number of points passing the -y test as criteria to evaluate the accuracy
of delivery of radiotherapy treatment plans. Based on the definition
provided in [23], action limits are defined as ‘the amount the quality

measures are allowed to deviate without risking harm to the patient’

or, similarly "limit values for whom clinical action is required’. On
the other side, tolerance limits are defined as the boundaries within
a process is considered to be operating normally, that is, subject to
only random errors’. In the same document, universal action and
tolerance limits are suggested on the PR, %(3%,2mm) with global
normalization as 90% and 95%, respectively. However, center-specific
action and tolerance limits can be defined using statistical process
control techniques [30] as it is also discussed in App.A.

1.2.2  Measurement-based PSQA: the ArcCheck® phantom

Among all the alternatives available for pre-treatment PSQA of IMRT
plans, those based on measurements are the current gold standard

9
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Figure 1.3: (@) The ArcCheck® phantom with the CavityPlug™ homogeneous
PMMA cylinder. (b) Helical grid detector arrangement of the
ArcCheck® phantom. ADAPTED FROM SUNNUCLEAR.COM.

adopted at all institutions worldwide. The most common measurement-
based methods are three: true composite (TC), perpendicular field-by-
field (PFF), and perpendicular composite (PC). However, based on the
tools used for the analysis presented later on in this thesis, the present
introduction focuses on TC, only.

Each one of the aforementioned approaches has its own peculiarity;
however, three steps are foreseen for all of them. First, the plan’s
dose distribution is recalculated onto the detector geometry whose
3D images (i.e. CT scan) are available within the TPS. Second, the
plan is delivered to the detector using the same treatment machine
that will be used also for treating the patient. The radiation beams are
delivered to the detector using the same treatment parameters as for
the patients, including MLC and JAW positions, Monitor Units (MUs)
and gantry angles, and the radiation dose delivered to the detector is
collected. Third, the measured dose distribution is compared to the
calculated one as described in Sec. 1.2.1.

The main advantage related to the use of TC methods is that they
simulate the delivery of the treatment to patients. This is usually
done by means of phantoms equipped with matrices of radiation
detectors. In particular, they allow measuring inaccuracies of the
gantry, collimators, couch angles, and MLC leaf positions with gantry
angle (the so-called gravity effects). Additionally, the dose distribution
obtained is very close to the one that would be delivered to the patient,
making the comparison simpler and more significant from a clinical
point of view [23].

At the institution where the research project was carried out, the
PSQA TC measurement method adopted is based on the ArcCheck®
detector [31]. This phantom detector consists of 1386 n-Si diodes with
dimensions 0.8 x 0.8 mm arranged in a helical shape at 3 cm depth
along the long-axis of a cylindrical phantom made of PMMA. The
diodes are placed at 1 cm center-to-center distance and measure both
exit and entrance doses during the delivery of treatment. The cylinder
is 21 cm long and has a diameter of 21 cm. The cylinder has a central
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cavity that can be filled using the PMMA CavityPlug™ In Fig. 1.3 a
picture of the ArcCheck® phantom and a schematic of the arrangement
of the detectors is shown.

1.3 COMPLEXITY METRICS

In Sec. 1.1 three modern IMRT delivery techniques have been de-
scribed. If the use of these techniques allows, on the one hand, im-
proved target volume conformity, maximum normal tissue sparing,
dose escalation with potential patient benefits due to a reduction of
acute and late toxicities, on the other hand, there are some side effects
to consider. For instance, the high degree of dynamic modulation
of machine parameters allowed places high demands on both the
treatment machines and the TPSs, a fact that may affect the overall
dosimetric and delivery accuracy of the resulting treatments [32].

In the literature, the collection of factors that may contribute to this
phenomenon is commonly referred to as plan complexity [33, 34], an
idea based on the concept that treatment plans that are too complex
would result in significant discrepancies between the delivered and
calculated dose distributions. This could be due to either inaccuracies
in dose calculation by the TPS or errors in treatment delivery. In
this context, several mathematical indicators defined from machine
parameters or radiotherapy plan properties have been proposed to
quantify such factors and link them to the results of the pre-treatment
PSQA process. These are known as complexity metrics.

1.3.1  Complexity metrics for fixed-gantry IMRT and VMAT

Historically, the first papers proposing the use of complexity metri+cs
were published in the early 2000s [35-39]. The metrics presented in
those works were derived from the 2D fluence map of IMRT treatment
plans and, therefore, they were later categorized among the so-called
fluence metrics by several authors [33, 34, 40]. Thanks to their TPS-
and machine-agnostic definition, they can be generalized to VMAT,
too. However, they are affected by a lack of sensitivity to fluence-map
degeneracy, namely, they cannot recognize whether a fluence map has
been generated by a single large beam or by a combination of small
beams [41]. Additionally, they do no provide any information on TPS
or machine-related characteristics. A list of the main fluence metrics
proposed in the literature is reported in Tab. 1.1.

11
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Table 1.1: List of the main fluence metrics proposed in the literature.
ADAPTED FROM ANTOINE ET AL (2019) [34] AND CHI-
AVASSA ET AL (2019) [33]

Name Description Main reference
Fluence map The FMC is a normalized Llacer et al [38]
complexity root sum over the local

-FMC differences between bixel

Modulation in-
dex - MI

2D modulation
index - 2D MI

Maximum
intensity ration
- MIR

Plan intensity
map variation -
PIMV

Fractal dimen-
sion analysis

Angular  Sec-
ond Moment -
ASM

values and their two
neighbours.

It quantifies the variations
of photon fluence along
one direction between
neighboring pixels in the
fluence map including a
threshold defined as a
fraction of the standard
deviation in the beam

Webb [36]

Generalization of the MI
which considers changes
along x, y and diagonal
directions

Nicolini et al [42]

It considers the maximum Coselmon et al [39]
intensity allowed for each

beamlet during the

optimization process

It considers the intensity
difference between
neighbour beamlets along
the x, y and diagonal
directions.

Analysis of three fractal
dimensions: variation,
power spectrum and
variogram methods.

Nauta et al [43]

Metric based on the
GLCM that indicates a
measure of the
homogeneity of a fluence
map

Park et al [44]

Continued on next page
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Table 1.1: List of the main fluence metrics proposed in the literature.
ADAPTED FROM ANTOINE ET AL (2019) [34] AND CHI-
AVASSA ET AL (2019) [33] (Continued)

Name Description Main reference

Inverse Differ- Metric based on the

ence Moment - GLCM that indicates a

IDM measure of the local
homogeneity of a fluence
map

Contrast - CTR Metric based on the
GLCM that indicates a
measure of the local
variation in a fluence map

Variance - VAR  Metric based on the
GLCM that indicates a
measure of the
inhomogeneity of a
fluence map

Correlation - Metric based on the

COR GLCM that indicates a
measure of the linear
dependency of gray levels
in a fluence map

Entropy - S Metrics based on the
GLCM that indicates a
measure of randomness
of a fluence map

With the advent of the VMAT technique, several groups around
the world began to develop new complexity metrics, each focusing
on different aspects of treatment plans, also in order to overcome the
limitations of existing fluence metrics. The proposed metrics can be
divided into two additional categories, as is generally accepted [33,

40]:

* Deliverability: metrics based on the idea that the ability of treat-
ment machines to deliver treatments as planned is affected by
variations in machine mechanical and dosimetric parameters [35,
41, 42, 45-56]. A list of the main deliverability metrics is reported
in Tab. 1.2.

* Accuracy: metrics aimed at quantifying challenging MLC config-
urations that may compromise dose calculation accuracy due to
machine modelling and algorithm inaccuracies in the TPS [37,
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40, 41, 43, 57-63]. A list of key accuracy metrics is provided in
Tab. 1.3.

For the sake of completeness, it should be noted that some metrics fall
between the two categories mentioned above because of their defini-
tion. It is for this reason that other authors have preferred to merge
the two groups into a single one, called the degree of freedom varia-
tion [34]. Overall, more than fifty complexity metrics for IMRT/VMAT
have been proposed in the literature including fluence, accuracy, and
deliverability metrics.

Table 1.2: List of the main deliverability metrics proposed in the liter-
ature. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33]

Name Description Main reference

Monitor Unit - Total number of monitor Du et al [41], Mohan et

mMu units of the plan al [35], Masi et al [47]
Monitor unit Total number of monitor

per cGy - units of the plan

MUcGy normalized by the

fraction dose

Plan normal- Total number of monitor

ized monitor units of the plan

units - PMU normalized to a single
fraction of 2 Gy

Plan averaged Field aperture irregularity Du et al [41]
beam irregular- per CP, by considering
ity -P1 the non-circularity of the

aperture area

Plan averaged Field aperture area per

beam modula- CP by considering the

tion - PM union area of all aperture
areas of a beam

Aperture area Field area variation from  McNiven et al [48]

variability - amaximum area

AAV

Leaf sequence Field irregularity
variability - comparing adjacent leaf
LSV positions

Continued on next page
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Table 1.2: List of the main deliverability metrics proposed in the liter-
ature. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33] (Continued)

Name Description Main reference
Modulation Product between the

complexity AAV and LSV

score - MCS

Dose rate varia-
tion - DRV

Gantry speed
variation - GSV

Variation of the norminal
dose rate

Variation of the nominal
gantry speed

Gantry an-
gle per MU -
deg/ MU

Leaf travel per
MU - mm /MU

Average distance traveled
by the gantry per MU
delivered

Average distance travel by
the MLC leaves per MU
delivered

Miura et al [49]

Monitor units
per con-
trol point -
mu/cp

MU < 3 -
%MU/CP < 3

Average number of MU
delivered at each CP

Proportion of CPs with
MU < 3

Shen et al [50]

Proportion of leaf speeds
and leaf accelerations
from a given range,
respectively

Modulation in-
dex for speed
of MLC - MIs

Modulation
index for speed
and accelera-
tion of MLC -
Mla

Total modu-
lation index -
MIt

MLC leaves speed
modulation between
different control points

MLC leaves speed and
acceleration modulation
between different control
points

Modulation of speed and
acceleration of the MLC,
gantry acceleration and
dose rate variation

Park et al [51]

Continued on next page
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Table 1.2: List of the main deliverability metrics proposed in the liter-
ature. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33] (Continued)

Name Description Main reference
Modulation Adaptation of the MCS Masi et al [47]
complexity designed for IMRT to

score for VMAT

VMAT plans -

MCSv

Leaf travel - LT

Leaf travel
modulation
complexity
score - LTMCS

Modulation in-
dex for station
parameter op-
timized radia-
tion therapy -

MIsporT

Delivery com-
plexity - DC

Adapted
modulation
complexity
score - oMCS

Entire distance traveled
by each leaf over the
VMAT arc averaged over
all in-field moving leaves

Combination of LT and
MCSv

Modulation of MLC
around a given CP
considering a certain
range of adjacent CPs,
weighted by the
corresponding MU per
gantry angle

Li and Xing [53]

Sensitive to the Monitor
Units and the total
number of segments of an
IMRT plan

Anker et al [54]

Combination of aperture ~ Sumida et al [55]
area variability and

sectored leaf sequence

variability, which

considers a specific organ

located in the field, per

segment for an IMRT

beam

Continued on next page
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Table 1.2: List of the main deliverability metrics proposed in the liter-
ature. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33] (Continued)

Name Description Main reference
MLC leaf veloc- Ratio between the Agnew et al [56]
ity - MLCyeo distance travelled by an

active MLC leaf between
two consecutive CPs and
the time between two
consecutive CPs

Table 1.3: List of the main accuracy metrics proposed in the litera-
ture. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33].

Name Description Main reference
Average leaf Average distance between Nauta et al [43]
gap -ALG opposing leaf pairs

Mean field area
-MFA

Small aperture
Score - SAS(x)

Closed
score - CLS

leaf

Cross-axis
score - CAS

Mean asymme-
try distance -
MAD

Segment area
per control
point - SA/CP

Segment areas without
making a distinction
between single and split
tields into a given
segment and between
line-like and circular-like
fields

Kairn et al [57], Crowe
et al [40]

Proportion of apertures
smaller than x

Proportion of closed leaf
within jaw field

Proportion of leaf pairs
with leaf crossing central
axis

Distance between the leaf
pair center and the
central axis

Continued on next page
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Table 1.3: List of the main accuracy metrics proposed in the litera-
ture. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33]. (Continued)

Name

Description

Main reference

Modulation de-
gree - MD

Inverse of the sum over
all segments of the
segment area multiplied
by the segment MU

Heijmen et al [58]

Plan averaged
beam area -PA

MLC aperture area
weighted by the MU

Segment
area/Perimeter
- SA/CP or
Circumfer-
ence/area -

C/A

Carlsson et al [59],
Godsted et al [60]

Edge metric -
EM

Ratio between MLC
perimeter and area with
different weight on
cross-axis and cross-leaf
perimeter

Edge area met-
ric- EAM

Converted
aperture met-
rics CAM

Relative amount of edge
region for the MLC
aperture

Field aperture per CP by
considering the distance
between the MLC leaves
in both X and Y
directions

Godstedt et al [60]

Leaf offset im-
pact on calcula-
tion - LOIC

PTV mean dose with
respect to a change in the
leaf offset parameter of
the machine model

Mathot et al [62]

Average leaf
pair opening -
ALPO

Ratio between the sum of
the aperture area and the
sum of the fractional MU
during which a leaf pair
is open.

Zygmanskin et al [37]

Continued on next page
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Table 1.3: List of the main accuracy metrics proposed in the litera-
ture. ADAPTED FROM ANTOINE ET AL (2019) [34] AND
CHIAVASSA ET AL (2019) [33]. (Continued)

Name Description Main reference
Tongue-and- It is a measure of the Yao and Farr [63]
groove - TG MLC aperture

irregularity
Equivalent Side of a square field Wolfs et al [64]
Field Size - equivalenttoa
EFS rectangular one

1.3.2  Complexity metrics for HT

Although HT was introduced into the clinic before the advent of
VMAT, the development of complexity metrics for this delivery tech-
nique followed a much slower evolution. There are at least two main
reasons behind this fact: first, the adoption of HT units in clinics world-
wide was less fortunate than that of standard C-arm Linacs used for
fixed-gantry IMRT and VMAT, with several clinics that found it more
convenient to adapt the existing units for fixed-gantry IMRT to VMAT
instead of installing a new HT platform. Second, the extension of the
metrics designed for fixed-gantry IMRT to HT is not straightforward
because of their different delivery modalities and characteristic of the
MLC (see Sec. 1.1).

Most of the studies present in the literature focused their efforts on
determining the role of typical HT delivery parameters such as the
modulation factor (MF), the maximum and mean leaf opening time
(maxLOT and mLOT, respectively), and the pitch as possible indicators
of complexity [65, 66]. Other authors have investigated the effect of
individual leaf latencies on the dosimetric accuracy of plans with a
high proportion of small LOTs or LOTs close to the projection time [67,
68]. In general, the effort of all those papers was aimed at defining
clinical practices for the planner to get treatment plans with both high
efficiency and delivery accuracy without affecting the clinical quality.

In 2020, Santos and colleagues [69] proposed a set of complexity
metrics specifically designed for HT. The authors proved that those
metrics provide a quantitative description of the differences among
three categories of treatments that were known in advance to exhibit
qualitative differences in the plans’ sinograms (i.e., stereotactic treat-
ments of the brain, prostate plans, and head and neck plans). Some of
the indexes showed a mild correlation with PSQA results of stereotac-
tic brain plans. The work done by Santos and colleagues provided a
first significant step forward in the characterization of the complexity
of HT plans and it was one of the starting points of the research work
presented in this thesis for what HT is concerned.
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Figure 1.4: Number of publications on the use of Arfiticial Intelligence tools
for PSQA since 2016.

1.3.3 Complexity metrics and PSQA

The development of complexity indicators is closely linked to enhanc-
ing the efficiency, accuracy and safety of the PSQA process. On the one
hand, the currently implemented measurement-based PSQA verifica-
tion has been identified as a bottleneck in the radiotherapy workflow.
This is due to it being a resource-intensive and time-consuming pro-
cess, as discussed in the previous pages. Therefore, the implementation
of robust and reliable complexity indicators that can identify factors
that may affect the accuracy of radiotherapy plans would improve
this process. For instance, establishing operational boundaries on such
metrics, to be utilised as "traffic lights," could enable the early detec-
tion of plans that may result in potential PSQA failures. This approach
would offer a dual advantage: firstly, more attention can be given
during the planning stage to those plans expected to be more crucial;
secondly, the measurement-based PSQA can be avoided for plans
falling within a safe zone determined by previously authenticated
complexity indicators.

On the other hand, it is important to consider that the commonly
used discrepancy measures the PSQA relies on (i.e. DD, DTA, PR, %)
are subject to various limitations. Therefore, it is also imperative to
investigate the use of more sensitive and precise tools capable of
provide more accurate results in terms of error detection to guarantee
the highest safety for the patient being treated.

In the last years, this research area has gained increasing interest and
attention thanks to the constantly increasing availability of artificial
intelligence tools. Several groups around the globe has applied well-
grounded machine- and deep-learning strategies to create models
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capable of combining the information provided by different types of
input information, including complexity metrics, to predict the results
of the PSQA process or to enhance the capability of detecting several
types of dosimetric and delivery errors. All those approaches go under
the name of virtual PSQA (VPSQA).

Based on a bibliographic research performed on PubMed, more
than 40 papers have been published on this topic since 2016. Fig-
ure 1.4 shows the temporal trend of the number of publications per
years on this topic. In general, approximately 80% of the investi-
gations proposed in the literature focused on classification [70-84]
or regression [85—97] tasks as well as combinations of the two ap-
proaches [98-103] aimed at predicting the PSQA results either in
terms of PR,% or statistics of the gamma distributions (i.e. mean
7), or at detecting and identifying several type of errors (e.g.random
errors, mechanical/positioning errors or MUs errors). This was done
using well-established machine and deep-learning algorithms includ-
ing Logistics Regression, Poisson regression, Support Vector Machines
(SVMs), tree-based learners (i.e. AdaBoost, Random Forest, XGBoost,
etc.), Feed-Forward Neural Networks (FFNNs) and Convolutional
Neural Networks (CNNs). The remaining papers focused on different
tasks, including quality assurance-based optimization as well as the
generation of synthetic gamma maps or measured dose maps [104—
109] also thanks to the most recents development coming from the
field of artificial intelligence such as Variational AutoEncoders (VAEs),
Generative Adversarial Networks (GANs) and Transformers.

More than half of the examined paper used either complexity met-
rics or a combination of the latter with other types of variables, such
as DVH’s metrics, radiomics features, dosiomics features or deep-
features automatically extracted using deep-neural network based
models. Most of the other studies focused on input variable different
from complexity metrics as well as on different input information such
as fluence maps, gamma maps or dose-difference maps.

The interest in this research area is rapidly increasing over the years
and this topic is expected to become central in clinical radiotherapy
in the near future. However, all the developments and investigation
coming from literature have to do with the IMRT/VMAT technique.
Later in this work, in Ch. 3 the first and only example of the realization
of a vPSQA model for HT will be presented.
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I n Ch. 1, an introduction to complexity metrics was provided and
their role in the PSQA process was delineated. Establishing a robust set
of complexity indicators would possibly allow for efficient assessment
of plan delivery and dosimetric accuracy, ultimately driving standard-
ization of the optimization approaches and reducing the workload
associated with pre-treatment PSQA. This calls for the necessity of
shared and valiated tools devoted to the evaluation of treatment plan
complexity.

THIS CHAPTER presents UCoMX (Universal Complexity Metrics
Extractor) a free software package named that has been developed
within this PhD project. In a context where the interest in plan com-
plexity is constantly increasing, it is crucial to lay the foundations
for shared tools for its evaluation. As reported in Tab. 2.1 UCoMX is
platform-agnostic software that has been validated on most of the com-
mon commercial combinations of TPSs, treatment units, and MLCs
available on the market. It includes metrics either for fixed-gantry
IMRT, VMAT, and HT, a fact which makes it a universal tool.

Table 2.1: List of the combinations of treatment unit, TPS and MLC
used to test the functioning of UCoMX.

Number of

Availability Model MLC TPS
leaves
In-house TrueBeam HD120 120 Eclipse,
RayStation
Unique Millenium 120 Eclipse,
120 RayStation

Halcyon- Dual-layer 114 (56-58)  Eclipse,

Ethos stacked Ethos
staggered
RadixAct Binary 64 RayStation,
Eclipse

Continued on next page
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Table 2.1: List of the combinations of treatment unit, TPS and MLC
used to test the functioning of UCoMX. (Continued)

Number of

Availability Model MLC TPS
leaves
Other TrueBeam  Millenium 120 Eclipse
120
Axesse Agility 160 RayStation
Sinergy MLCiz2 80 RayStation,
Monaco,
Pinnacle
MRIdian Dual-layer 138 (60-70)  ViewRay
stacked
staggered

Two extraction engines build up the core of UCoMX: VCoMX (VMAT
Complexity Metrics Extractor), designed for fixed-gantry IMRT
and VMAT plans, and TCoMX (Tomotherapy Complexity Metrics
Extractor), suitable for HT plans. They are described in details in
the following sections. The platform was developed on MATLAB® R2020b
(The MathWorks Inc, Natick, MA, USA) and can be downloaded from
10.5281/zenodo.8276838. Two different versions are available:

* MATLAB®-based version, which requires a valid MATLAB® licence
installed.

e Stand-alone compiled version, which works without the need
of MATLAB®.

Both the two version are equipped with a Graphic User Interface (GUI)
which allows for a simplified experience for the user. However, the
MATLAB®-based version’s GUI might not be compatible with releases
older than R2020a. Dedicated text files are made available to the user
to set the input and overcome this compatibility issue. The functioning
of UCoMX is documented in the related user manual which can be found
in App. ??. A brief overview is provided in Sec. 2.3. In Sec. 2.1 and 2.2
the IMRT/VMAT and HT complexity metrics are described.

2.1 VCOMX

The VMAT/IMRT complexity metrics implemented in the VCoMX
extraction engine were selected from those proposed in the literature
and well summarized in Refs. [33] and [34] as well as in Tab. 1.1, 1.2, 1.3
of Ch. 1. For consistency with the existing literature, the metrics
were subdivided into categories according to what was proposed
by Crowe [40] and, later, by Chiavassa and colleagues [33] as it was
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already discussed in Sec. 1.3. A few additional metrics developed
during this project have also been included. In total, 43 complexity
metrics are currently implemented in the VCoMX engine.

In total, 26/ 40 metrics were taken from either Ref.[33] or Ref.[34].
The remaining 16 were taken from the other relevant literature pre-
sented in Ch. 1. Fifteen metrics contained either in [33] or [34] were
excluded due to their strong similarity to other ones. However, in
a future version of the package they will be included for sake of
completness. The detailed description of the implemented metrics is
provided in Sec. 2.1.4. However, before moving to that, in Sec. 2.1.1,
2.1.2 and 2.1.3, a description of the general approach used for their
computation is provided.

2.1.1  Control points, control arcs and segments

In the DICOM RT-Plan files of VMAT treatments, each delivery arc is
divided into several sectors called control arcs (CAs), each of which
has extremals called control points (CPs). For each CP, the MLC leaves
positions, jaws positions, and other relevant pieces of information
are stored. The total number of CPs in a complete arc depends on
various factors, such as the arc length, the use of the ‘dual-arc” option
available on some TPSs, and the angular distance between adjacent
CPs which also varies depending on the specific TPS used. In the VCoMX
implementation, all the values are initially mapped from the extremals
of the control arcs to their centres to account for the continuous VMAT
delivery across CPs Figure 2.1 provides a visual representation of

(2
2

o
7 o
<
%

Figure 2.1: Schematic representation of CAs and CPs in VMAT treatments.

both CPs and CAs. Regarding the structure of DICOM RT-Plan files,
fixed-gantry IMRT (either step-and-shoot or sliding window) is a
special case of VMAT, where “arcs” become ‘fields’, and CPs become
‘segments’. For the rest of this document, we will use the terminology
that is based on CAs/CPs. following replacements:
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e arcs — fields
* control arcs — field’s segments

In the following, the nomenclature based on arcs and CAs will be
used.

2.1.2  Active control arcs and active leaves pairs

During VMAT treatment delivery, there may be portions of arcs where
radiation is interrupted. To address this, beam-on CAs are defined as
those where a non-zero number of Monitor Units (MUs) are delivered.
The current version of VCoMX only considers active arcs, while inactive
ones are ignored. Furthermore, the active leaf pairs are defined at
each CA based on two criteria. (1) Facing leave pairs must form a
gap greater than the minimum possible gap set on the TPS, which
is derived directly from the DICOM RT-Plan file; (2) active leaves tip
must not be covered by the jaws. Both two criteria must be fulfilled
for a leaf pair to be considered in computing the metrics.

2.1.3 Plan value and notation used

Metrics are computed at each active CA of each arc. In the current
version, the plan value (i.e. the final value of the metric reported in
the output table) is generally calculated as the average over all arcs
and CAs. More precisely, given a metric m;; computed at each CA j
and arc i, the plan value is computed as:

1 N4 NCA;
m = S NCA, g ]; mjj (2.1)

where N4 and NCA; denote the number of arcs and corresponding
active CAs. Additionally, for some metrics a weight corresponding to
the relative number of monitor units delivered might be also included
as:

1 Ny NCA; MUZ]

m= ———— m;;—— 2.2
NCA; & & "My (22)

where MUj; is the number of monitor unit delivered during the j — th
control-arc of the i — th arc, and MU,y is the total number of monitor
unit delivered during the plan. The latter is particularly useful in
the case of geometrical metrics describing the shape, dimensions and
irregularity of the beam eye view (BEV).

Consistently with this description, the notation used in the following
pages is the following;:

* The index i runs from 1 to the number of plan arcs Ny;
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Figure 2.2: Schematic example of the asymmetry distance. The red points
indicate the centroid of the leaf gaps. The MAD for each segment
is computed as the average of distance of the red points from the
central axis of the MLC (dotted line).

¢ the index j runs over the active CAs of a given arc i, namely
from 1 to NCA;;

¢ the index I runs over the leaves of each MLC bank, namely from
1toN Ll’]' / 2,'

. x;?l(B) and y;?l(B) indicate the positions of the leaves with respect to
the center of the beam in the cross-leaf and along-leaf direction,

respectively.

¢ In some case, the index k € [1; NCP] will be used to indicated
CPs. NCP is the number of CPs. In particular, CA j is found
between CP k and k + 1.

2.1.4 Complexity metrics: accuracy

Leaf gap (LG). This metric measures the distance between each pair
of opposing at each arc and CA. It is defined as:

LGy = (yf‘?l - yﬁz) (2.3)
The plan value is called average leaf gap (ALG).
Small aperture score (SASn). This metric was first introduced by

Crowe and colleagues [40]. It measures the fracion of leaf gaps smaller
than a given threshold, and it is computed on the whole plan as:

SAS, = Z NLZ]/Z E Z Z LGZ']‘ < 1’1] (2.4)

where [LG;j < n] is 1if LG;j < n, 0 otherwise.
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Asymmetry distance (MAD). This metric measures the average dis-
tance between the centroid of the BEV and the central axis of the MLC.
It is measured in mm and it is calculated as follows:

No/2 ( [yiy ] + Lyl
AD; =Y (’lzﬂ> (2.5)

=1

The plan values is the so-called mean asymmetry distance (MAD). A
schematic representation is shown in Fig. 2.2

Perimeter (P). The perimeter of the BEV is measured in mm and
it is computed as follows:

Pij = 2(xij + i) (2.6)

The plan value is computed using Eq. (2.2).

Equivalente field size (EFS). The EFS is implemented based on
the definition provided in [64], and it is computed as follows:

EFS; = —J 0
L+ Wy

(2.7)

with L;; and W;; shown in Fig. 2.3a. The plan value is compute using
Eq. (2.2).

Percentage of small fields (psmall). This metrics counts the per-
centage of fields with EFS;; < 30 mm and it is defined as follows:

psmall;j = [EFS;; < 30 mm| (2.8)

where the term in the square brackets is equal to 1 if EFS;; < 30 mm,
0 otherwise.

Edge metric (EM) This metric was first proposed by Younge and
colleagues [61] and quantifies the "amount of edge” in a VMAT/IMRT
plan. It is measured in mm~! and it is computed as follows:

ClPxi]- + Czpyi]'
BAi]'

EM;j = (2.9)
where Px;; and Py;; denote the length of the perimeter of defined by
the MLC ends and sides, respectively, at the j — th CA of the i — th
arc. The two constants C; and C; are scaling factors to adjust the
relative importance of Px;; and Py;;, independently. In the current
implementation, C; = 0 and C; = 1 consistently to what used in the
original paper. In a future version of the code, the user will be able
to set these two parameters arbitrarily. A schematic representation of
Px;j and Py;; is shown in Fig. 2.3b.
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(@)

Figure 2.3: (@) Schematic representation of L;; (blue arrow) and W;; (average
of the red arrows) in the computation of the EFS;;. (b) Schematic
representation of Px;; (green) Py;; (red) in the definition of EM.

(b)

2.1.5 Complexity metrics: deliverability metrics

Monitor units (MUs). This metric indicates the number of monitor
units delivered during a CA. In this case, the plan value is computed
as the sum over all arcs and CAs, namely:

N4 NCA;

MUs =) ) MuUs; (2.10)
i=1 j=1

Monitor units per unitary prescribed dose (MUcGy). This metric
measures the ration between MUs and the prescribed dose per fraction.
It is measured as MUs/cGy, and it is computed as follows:

MUs
DF

MUcGy = (2.11)

Monitor units per control-arc (MUCA). This metric measures the
average number of MUs delivered per each CA. It is computed as
follows:

MUSZ'

MUCA; = 5=
1

(2.12)

Monitor units per unitary gantry angle (MUdeg). This metric mea-

sures the average number of MUs delivered per unitary gantry rotation.
It is measured in MU/°, and it is computed as follows:
M Usij
CAL;;

MUdeg;; = (2.13)
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where CAL;; is the angular length (i.e. in °) of CA i of arc j.

Leaf travel (LT). This metric was introduced by Masi and col-
leagues [47] and the total distance travelled by the MLC leaves during
a CA. It is measured in mm, and it is computed as follows:

NL;;/2
LT = Z ‘A]/z{?ﬂ + ’Ayi‘;l‘ (2.14)
=1
with:
A(B
Ayijl( )= Vi — yf?kﬂ)z (2.15)

which correspond to the distance travelled by leaf I between CP k and
k+1.

Leaf travel per monitor unit (LTMU). This metric measures the
distance travelled by the MLC leaves per delivered MU. It is measured
in mm /MU, and it is computed as follows:

LT;;
MUsij

LTMUU = (2.16)

The plan value is computed using Eq. (2.2).

Leaf travel per leaf and monitor unit (LTNLMU). This metric mea-
sures the distance traveled by the MLC leaves per delivered MU and
active leaf. It is measured in mm /MU, and it is computed as follows:

LT;

LTNLMU;; = ——F7+—
g (NLZ']'MUSZ']')

(2.17)

Leaf travel per leaf and unitary CA length (LNA). This metric
measures the average leaf travel per single leaf and unitary CA length.
It is measured in mm/°, and it is computed as follows:

LT;:

LNA; = — 1 18
NAij NL,CAL; (218)

Delivery Time (dt). The total delivery time is not stored in the DI-
COM RT-Plan file and it is handled by the machine during treatment.
Therefore, its computation is based on a strategy aimed at mimicking
what the machine does. In particular, for each CA the following time
intervals are computed:

. dtl(]MAX’MLC): estimated time interval for the MLC moving at its

maximum speed;
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. thJMAX'GANTRY) : estimated time interval for the gantry moving

at its maximum speed;

. dtl(]MAX’] AWS). estimated time interval for the jaws moving at

their maximum speed;

. dtl(.MAX’DR): estimated time interval for the machine at its maxi-

mum allowed dose rate.

During delivery, the machine adapts the speeds of its mechanical axis
and the dose rate to the element leading the longest time. Therefore,
the delivery time for a given CA is computed as:

dt;; = max ( d tZ(]MAX,MLC)’ d tl(jMAX,GANTRY)’ d tI(]MAX,]AWS)/ d tEjMAX,DR))
(2.19)
The total delivery time is thus computed as:
N4 NCA;
dt = Z 2 dt;j (2.20)
i=1 j=1

Dose rate (DR). This metric measures the average dose rate dur-
ing the treatment. It is measured in MU /min, and it is computed as
follows:

M ui]'

dtij

DR;j = (2.21)

Mean dose rate variation (mDRV). This metric measures the aver-
age variation of dose rate per degree of gantry rotation. It is measured
in MU/ (min °), and it is computed as follows:

DRjj11 — DR;;

DRV;j =
M = (CALy 4 + CAL/2)

(2.22)

Gantry speed (GS). This metric measures the average speed of ro-
tation of the gantry. It is measured in °/s, and it is computed as
follows:

CAL;;
dt

GSij = (2.23)

ij
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Mean gantry speed variation (mGSV). This metric measures the av-
erage variation of the gantry speed per degree of gantry rotation. It is
measured in 1/s, and it is computed as follows:

GSij+1 — GSjj
(CALZ‘]'_H + CALZ']'/2>

mGSV;; = (2.24)

Leaf speed (LS). This metric measures the average translation speed
of the leaves of the MLC. It is measured in mm/s, and it is computed
as follows:

1 NL; Ayijl
NL dt

LS;; = (2.25)

ij =1 “tij

where Ay;j is computed according to Eq. (2.15).

Aperture area variability (AAV). This metric is computed accord-
ing to the definition provided by Masi and colleagues [47]. It is calcu-
lated ‘as the area defined by apertures of opposing leaves in the single
control point normalized to the maximum area in the arc’, namely:

NLy/2 (. B A
Y (Vi — yikl) W
NL;/2

AAVi = B A
Yo [max(yP) — max(y)] - w,

(2.26)

where mux(yf(B)) denotes the position of the I — th leaf of bank A(B),
and w; its width.

Based on the approach proposed in Ref. [47], the AAV in Eq. (2.26)
is computed at each CP and then mapped to the CAs as follows:

AAVi + AAVg
2

AAV;; = (2.27)

The plan value is computed using Eq. (2.2).

Leaf sequence variability (LSV). This metric is computed accord-
ing to the definition provided by Masi and colleagues [47]. It is calcu-
lated “for each control point considering in each bank the differences
in position between adjacent MLC leaves’ as follows:

YK 2y et = Y — Vi
LSV = : 2.28
4 a_I{;I,B} ( (I\le'k/2 - 1) * Ymax,l N ( )
where:
(ass) acey = [max(yf) = minyf)| | (2.20)

indicates the possible maximum change in leaf position within CP k.
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Figure 2.4: (1) Schematic representation of the area of the BEV A;;. (b)
Schematic representation of jaw area JA;;.

Based on the approach proposed in Ref. [47], the LSV in Eq. (2.28)
is computed at each CP and then mapped to the CAs as follows:

LSV + LSV,
LS‘/Z] — S ik +2 S ik+1 (2'30)

The plan value is computed using Eq. (2.2).

Modulation complexity score for VMAT (MCSv).This metric was first
introduced by McNiven and colleagues [48] for the IMRT technique
and then adapted to the VMAT technique by Masi and colleagues [47].
It combines the AAV and the LSV in a single numerical score and it is
computed as follows:

Plan area (PA). This metrics evaluated the area of the BEV. It is
measured in mm?, and it is computed as follows:

N,»]-/2
A=) LGy -w (2.32)
=1

The plan value is computed according to Eq. (2.2), and it is called the
plan area (PA). A schematic of A;; is shown in Fig. 2.4a.

Jaw area (JA). This metric measures the average area defined by
the Jaws. It is measured in mm?, and it is computed as follows:

JAi; = (‘]aw?l - ]awf;2

X ‘]aw}? — ]awz-;z

) (2.33)

where ]awg(y)
using Eq. (2.2).

are shown in Fig. 2.4b. The plan values is computed
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(@) (b)

Figure 2.5: (1) Example of leaf pairs with zero toungue-and-groove. (b) Ex-
ample of leaf pairs with non-zero tongue-and-groove.

BEV-Jaw area ratio (BJAR). This is a novel metric which measures
the ratio between the area of the BEV and that of the JAW. It is com-
puted as follows:

ARy — i
BJAR;; = ]TW (2.34)

Plan irregularity (PI). This metric was proposed by Du and col-
legues [41], and it is computed as follows:

2
PIZ.].

Bl;; =
g 47TA1']'

(2:35)

The plan values is computed using Eq. (2.2), and it is called plan irreg-
ularity (PI) according to the original paper.

Plan modulation (PM). This metric was proposed by Du and col-
legues [41], and it is computed as follows:

Y NCA MU A
BM;; =1 j=1 ij44ij

36
MU, AP (2:36)

where Al! is the area of the union of the BEVs of al CAs of beam 1.
Following the original paper, the plan value is called plan modulation
(PM), and it is computed using Eq. (2.2). The values of PM range from
0 to 1, with the two values corresponding to the lowest and highest
level of modulation, respectively.

Tongue-and-groove (TG). This metric was first proposed by Yao and
collegues [63]. For each leaf in the two banks compute its contribution
to the tongue-and-groove effect as:

0 Vi1 — Yin <0
TG‘Xij(l - 111) = LGijl Yijl—1 — Yiji > LGijl (2.37)

Yiji-1 — Y1 othercwise
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with « = {A, B}.
The TG effect for each leaf pair is thus computed as follows:

1
TGij =5 Y [TGaij(1 —1,1) + TGayj(1 +1,1)] (2.38)
19
The value of the tongue-and-groove is thus computed as follows:
NL;/2
TG = Z TGij (2.39)

I=1
The plan values is computed using Eq. (2.2). In Fig. 2.5a and 2.5b,
schematics of leaf pairs with zero and non-zero TG effect are shown,
respectively.

Modulation degree (MD). The use of this metric was proposed in
Ref. [58], and it is computed as follows:

MUs
MD = = Ay MUy (2.40)

Zi] Atoti

Modulation index (MI). The modulation indexes were first intro-
duced by Park and collegues [51]. We refer to the original paper for
all the mathematical details concerning its computation. In VCoMX,
the metrics has been implemented as described by the authors.

2.2 TCOMX

The TCoMX extraction engine implements 51 metrics for the HT tech-
nique. In total, 27/51 were taken either from Ref. [69], or from other
relevant literature [65-67], and includes also typical parameters re-
ported by the TPSs [110]. The remaining 24 metrics were developed as
part of this thesis project. Metrics are organised in categories and sub-
categories based on the features of the HT plans described. The three
categories were identified as delivery, leaf open time (LOT) statistics,
and sinogram, and they are described in Sec. 2.2.2, 2.2.3 and 2.2.4.

2.2.1  Plan sinogram and open leaves.

In the DICOM RT-Plan files of HT plans, each complete rotation of the
gantry is divided into 51 parts called projections. This information is
stored in the sinogram, a matrix containing the fractional LOT values
for each leaf at each projection. TCoMX calculates the complexity
metrics using these data. To obtain the absolute LOTs, the sinogram is
multiplied by the projection time, which is saved as a separate field
in the DICOM RT-Plan file. Each LOT value correspond to the time
a certain leaf remains open during a given projection. Therefore, the
open leaves at a given projection are all those with LOT > 0 ms.
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2.2.2  Complexity metrics: delivery parameters

Modulation Factor (MF).Itis a dimensionless quantity computed as:

mLOT
ME = x[OT (2.41)

with mLOT the mean LOT and maxLOT the maximum LOT. These
two quantities are explicitely defined in Sec. 2.2.3.

Number of projection per rotation (Ny.;:). Each rotation of the
gantry is subdivided into N, .+ discrete steps called projections. To
date, this parameter is fixed by construction to 51 for all the existing
machine. However, it was left as a free parameter for practicality.

Number of projections (N,,;).Itis the total number of projections
in the treatment and corresponds to the number of rows of the sino-
gram stored in the RT-PLAN files minus one.

Number of rotations (N,y). It quantifies the number of gantry rota-
tions during the treatment. It is defined as follows:

Nproj

Npot =
Nproj,rot

(2.42)

Projection Time (PT). The duration of each projection is refered
to as projection time. It is measured in seconds (s).

Gantry Period (GP). It quantifies the duration of each rotation and it
is related to PT through the following relation:

GP = Nproj,rot x PT (2'43)

and it is measured in seconds (s).

Treatment Time (TT). It quantifies the duration of the treatment. It is
related to the gantry period by the following relation:

TT = GP X Nyt (2.44)

It is measured in seconds (s).

Field Width (FW).Is is defined as the distance between the Y jaws. It
is measured in millimeters (mm).

Pitch It is a dimensionless quantity defined as follows:

. FW
pitch = A—y (2.45)
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Figure 2.6: Example of LOT distribution.

where Ay is the translation of the couch after each full gantry rotation.

Couch Translation (CT). It is defined as follows:
CT = Nyot Xx FW x Pitch = Nyt X Ay (2.46)

It is measured in millimiters (mm):

Couch Speed (CS). It is defined as follows:
CT

CS = TT (2.47)
It is measured in millimiters per second (mm/s).
Target Length (TL). It is defined as follows:

TL=CT—-FW (2.48)

It is measured in millimiters (mm). A detailed explanation of this
relation is provided in Ref. [110].

Treatment time over fraction dose (TTDF). It is defined as follows:

TT
TTDF = DF (2.49)

where DF is the dose per fraction expressed in cGy. It is measured in
s/ cGy.

2.2.3 Complexity metrics: absolute and relative LOT statistics

LOT mean (mLOT) Itis computed as the arithmetic average of the non-
zero entries of the sinogram multiplied by the projection time. The
unit of measure used is the millisecond (ms).
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LOT standard deviation (sdLOT) It is computed as the sample stan-
dard deviation of the non-zero entries of the sinogram multiplied by
the projection time. The unit of measur used is the millisecond (ms).

LOT median (mdLOT) It is computed as the median of the non-zero
entries of the sinogram multiplied by the projection time. The unit of
measure used is the millisecond (ms).

LOT mode (moLOT) It is computed as the mode of the non-zero en-
tries of the sinogram multiplied by the projection time. The unit of
measure used is the millisecond (ms).

LOT maximum (maxLOT) It is computed as the maximum of the non-
zero entries of the sinogram multiplied by the projection time. The
unit of measure used is the millisecond (ms).

LOT minimum (minLOT) It is computed as the minimum of the non-
zero entries of the sinogram multiplied by the projection time. The
unit of measure used is the millisecond (ms).

LOT kurtosis (kLOT) Itis computed as the kurtosis of the non-zero
entries of the sinogram.

LOT skewness (sLOT) Itis computed as the skewness of the non-zero
entries of the sinogram.

Cumulative LOT Number Score (CLNS,) Itis a dimensionless metrics
defined as follows:

1 NF’”’j Nieaves

Y. ) Oin) n € [0; PT] (2.50)

CLNS,, =
Lij O i3 j=1

with:

O:(n)=1 if S;; x PT <
H) =1 if Syx PT < et
Oji(n) =0 otherwise

It counts the fractional number of LOTs smaller than n.

Cumulative LOT Number Score at Projection Time (CLNSy,) It is
dimensionless metrics defined as follows:

NP"”j Nieaves
Y. Oj(n) nel0,PT) (2.52)

CLNSptn = == 3,
LijOij o j=1

with O;‘j(n) defined as in Eq. (2.51). It counts the fractional number of
LOTs which are closer than n ms to the projection time.
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Relative LOT statistics are computed in the same way absolute
ones, considering the fractional leaf open times (FLOT), namely the
LOT divided by the projection time. The metrics implemented in
TCoMX corresponding to this category are: mFLOT, sdFLOT, mdFLOT,
moFLOT, maxFLOT, maxFLOT, minFLOT, CFNS,,.

2.2.4 Complexity metrics: sinogram geometry and modulation

Leaves with n Open Nearest Neighbors (LnNS). It was introduced
by Santos et al. in [69] and it is a dimensionless metric defined as
follows:

LnNS = x 100% (2.53)

1

1 e [No(n)]

Nproj i= No

where Np(n) indicates the number of open leaves with n open neigh-
bors and Np the number of open leaves. The sub-index i indicates
that the ratio has to be evaluated at each projection. The plan value is
obtained as the average over all the projections. The index n can take
three different values: 0, 1 and 2.

Treatment Area (TA). It is defined as follows:

Nproj

N Y (JRi—Li|+1) (2.54)
proj i1

1
TA =

where R; and L; are the right-most and left-most open leaves at projec-
tion i, respectively.The plan value is obtained by averaging over all the
projections. Since the LOTs values are not considered in this definition,
TA represents the average cumulative open area. It is measured in
number-of-leaves.

Number of Connected Components (nCC).Itis a dimensionless metric
which counts the number of independent groups of connected leaves
inside the treatment area. It is computed at each projection and then
averaged over all the projections to get the plan value. In Fig. 2.7
an example of two projections with different numbers of connected
components is shown.

Length of the Connected Components (lengthCC). It is defined as
follows:
1 Npmj )’lCCi

N Yo ) Lk —Ref+1 (2.55)

lengthCC = —(——
Y., nCC; i=1 k=1

where L, and Ry are the positions of the leftmost and rightmost
open leaves of the k — th connected component at the i — th projec-
tion, respectively. It is measured in number-of-leaves. The plan value
measures the average length of the connected components.
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Figure 2.7: Schematic representation of two projections with different num-
bers of connected components. White and gray squares represent
open and closed leaves, respectively. The upper projection has 2
connected components, the lower one has 3.

In Fig. 2.7, four examples of connected components (white blocks)
with different lengths are shown. The two connected components
of the upper projection have length 3 and 2, respectively. The three
connected components of the lower projection have length 1, 1 and
2, respectively. The plan value is obtained by averaging over the total
number of connected components of the sinogram.

Fraction of Discontinuous Projections (fDISC).Itis a dimension-
less metric defined as follows:

fDISC = : 2 [nCC; > 1] (2.56)

where the term [nCC; > 1] is 0 if nCC; = 0 or 1, 1 otherwise. It counts
the fraction of projections with two or more connected components,
namely all the projections having at least one closed leaf within the
treatment area.

Closed Leaf Score (CLS). It was introduced in [69] and it is a di-
mensionless defined as follows:

1 Ny Nieqves — ZNleaves 01]

CLS = Yy k

2.
Nproj i=1 Nieaves ( 57)

It can take values in [0, 1], being 1 when all leaves remain closed.

Closed Leaf Score within the treatment area (CLS;,). It was in-
troduced in Ref. [69] with this definition:

1 Nprgj TAZ _ Z]I.\]lcaves Ol]
CLS;, =

(2.58)

Nproj i=1 Nieqves

A more general form has been devised and three variants have been
introduced:
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1. CLSinareq : the number of closed leaves within the treatment area
at projecton i is normalized by TA; instead of Njepes;

2. CLSjy gisc : it is computed by considering the discontinuous pro-
jections (nCC; > 1) only, namely the first summation in Eq. (2.58)
runs from 1 to the total number of discontinuous projections
and is then divided by the number of discontinuous projections
instead of by Ny; ;

3. CLSjy area disc : it corresponds to the combination of the CLS;, 47,

The three quantities are in general correlated with each other. However,
the different definitions should help to characterize the geometry of
the leaf openings in a more intuitive way.

Centroid. It is defined as follows:

1 Nproj 1 Nleaves
centroid = : N Y. 0P (2.59)
proj i=1 121" Oij | j=1

The centroid is measured in number-of-leaves. The plan value is ob-
tained by averaging over Nj,,;. The centroid of a plan represents the
mean of the average positions of the open leaves at each projection.

Leaf Open Time Variability (LOTV). It was introduced in Ref. [69]
and it is a dimensionless metric defined as follows:

1 Nieaves Ef\i]iojil mEIX(S]> - ’51] - Si+1/j|

LOTV =
Nieaves =1 (Nproj - 1) X max(S])

(2.60)

where S; marks the j-th column (leaf) of the sinogram. It takes values
in [0,1], being 1 when all the leaves have the same opening time at
each projection. For the leaves which do not open during the treatment
it is set to 1 by definition.

Extended Leaf Open Time Variability (ELOTV,,).Itisa dimension-
less metric defined as follows:

Neaves N?ro'_Ap B ) )
ELOTVA = L l Zi:ll] |Sl] - Sl+Ap,]|
p Nieaves j=1 (Nproj — AP) X max(S])

(2.61)

where Ap is the projection step and §; the j-th column (leaf) of the
sinogram. It takes values in [0, 1], being 0 when all the leaves have the
same opening time at each projection. The ELOTV},, is first evaluated
for each leaf and then averaged over all the leaves to obtain the plan
value. For the leaves which do not open during the treatment it is set
to 0 by definition. It is worth noticing that the ELOTV),,, includes the
LOTYV as a special case. In particular:

LOTV =1— ELOTV; (2.62)
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Compared to the LOTYV it shows two main differences:

* It is positively correlated with the inter-projection (F)LOT vari-
ability;

¢ It allows the comparison of projections which lie at arbitrary
distances.

Plan Sinogram Time Variation (PSTV). It was introduced by Santos
et al. in [69] and it is a dimensionless metrics defined as follows:

1 NP"”j -1 Nieges—1

PSTV = ——— Z Z ’Si-i-l,]' — 51'/]" + ‘Si,j—i-l — Si,j‘ (2.63)
Nproj =1 i=1 j=1

which is the arithmetic average over all the projections of the sum
of FLOTs difference between pairs of adjacent leaves and projections.
Higher values of PSTV value correspond to a higher variability of the
(F)LOT across the leaves and the projections.

Extended Plan Sinogram Time Variation (EPSTV,,,;) .Itisa dimen-
sionless metric defined as follows:

1 Npmj_Ap Nlcuves_Al
Now—bp & Lo [Swani=Sul+1Sijea =Syl

i=1 =1
(2.64)

The EPSTVap a1 contains the PSTV defined in Eq. (2.63) as a special
case, namely:

EPSTVj, a1 =

PSTV = EPSTV;4 (2.65)

This new formulation allows the comparison of projections/leaves
which lie at arbitrary distances. Furthermore, there are two special
cases included in it, namely:

® EPSTVj aj: time variation along the leaves direction;
® EPSTVp,: time variation along the projection direction.

In general, a higher EPST V), ; corresponds to higher inter-leaf and /or
inter-projection (F)LOT variability.

Modulation Index (MI).The Modulation Index was introduced by Park
and collegues [51] for VMAT plans. It was adapted to HT plans by
Santos and colleques [69]. It is a dimensionless metric defined as
follows:

MI = /0 “ 2(h)df (2.66)
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Figure 2.8: Schematic representation of possible combinations of the LOTs
leading to different numbers of openings and closures. Rows
represent two adjacent projections, while columns show seven
possible leaf movements. White and gray spaces represent open
and closed leaves, respectively. Each LOT is centered about the
middle point of the corresponding projection. The number under
each leaf represents the cumulative number of openings and
closures for each leaf over the two projections.

where Z(f) is defined as:

with each Zi(f) defined as:

Zu(f) = Nl Ne(f; Aty > fo) (2.68)

proj

where k = {x,y,xy,yx} represents four different directions of the
sinogram S (leaves, projections, diagonal and anti-diagonal), At rep-
resents the time variation between adjacent elements in the k direction,
f a fraction of the sdFLOT and Ni(f, Aty > fo) the number of FLOTs
exeeding this fraction. Higher values of MI should correspond to a
higher plan modulation.

Number of Openings and Closures (n0C). It is a dimensionless met-
ric and it is computed by counting the number of times each leaf
opens and closes during the treatment. The plan value is obtained
by averaging over the leaves and normalizing by the total number
of projections. The number of openings and closures is computed
considering that each (F)LOT is centered with respect to the projection
time [67]. In Fig. 2.8, a schematic of the different conditions that might
be encountered during the treatment is shown. This metric is asso-
ciated with the mechanical stress of the MLC during the treatment.
Moreover, this metric is related to the CLS (average fraction of closed
leaves per projectoin) by the following approximate linear relationship:

CLS ~1—-0.5xn0C (2.69)

43



44

THE UCOMX SOFTWARE PACKAGE

This is due to the fact that fully closed (S;; = 0) have nOC;; = 0 and
fully open (S;; = 1) appear only in a negligible amount. Therefore,
each 0 < §;; < 1 correspond to nOC;; = 2.

Mean Sinogram Asymmetry (mSA) It is defined as follows:

Zj:lel"m P] X LPS]

MSA = (2.70)
Zj:Ielcrves LPS]
where LPS; is called Leaf Projected Sinogram and is defined as:
Nproj Sij
LPS; = Z (2.71)

N.

i=1 *Yproj

The MSA represents the weighted average displacement of the (F)LOTs
from the vertical axis passing through the center of the sinogram and
it is measured in number-of-leaves. It allows to highlight left-right
asymmetries of the sinogram.

Sinogram intensity (SI). Starting from the LPS defined in Eq. (2.71),
it is possible to compute another metric related to it, namely the Sino-
gram Intensity. In particular, the mean sinogram intensity (mSI), is
computed as the average of the LPS values over the MLC leaves.
Leaves with LPS = 0 are included in the computation and this fact
distinguishes mSI from mLOT (mFLOT). In addition to mSI, also its
standard deviation (sdSI) and the median (mdSI) are computed.

2.3 METRICS EXTRACTION WORKFLOW

Figure 2.9, depicts a schematic of the extraction process with the
UCoMX. The system consists of two layers: the GUI interface and the
back-end libraries. The user has access only to the first layer, with
the second one automatically managed by the package. UCoMX extracts
complexity metrics from the DICOM RT-Plan files of radiotherapy
treatment plans.

To begin using UCoMX, the user should select the desired extraction
engine from the main panel. After this selection, a new panel will
appear where the user has to type the input and output folders. The
input folder should contain the DICOM RT-Plan files for analysis
(even categorised into subfolders), and the output folder will store
the results. As an alternative, the user can place an .xlsx file in the
input folder that contains the path and file name of the plans to
analyse. If the GUI is not available, all the necessary information
should be provided through a dedicated text file called CONFIG.in.
For VMAT plans, machine-related parameters which are not stored in
the DICOM RT-Plan file, e.g. maximum gantry speed,maximum MLC
leaf speed, can be provided by using a dedicated file. This file must be
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Figure 2.9: Main panel of UCoMX. From the dedicated buttons, the user can
select the extraction engine to use.

stored in a subfolder prepared specifically for this purpose within the
UCoMX main folder. The extraction engine requires these parameters
to estimate the delivery time and accurately derive all the dynamical
quantities (e.g. speed or acceleration). Default parameters are used if
this file is not provided. The ‘Select metric’ button enables the user
to access a panel dedicated to creating the list of metrics to extract. If
the GUI is not available, the user must manually fill in a file called
METRICS.in with the list of metrics he wishes to extract.. UCoMX
automatically stores the following output files upon completion of
each execution:

e A datasheet (dataset.xIsx) which summarises the information
about the analysed DICOM RT-Plan files and reports the values
of the extracted complexity metrics. This file is additionally
saved in .mat format.

¢ A copy of the input files used (CONFIG.in and METRICS.in);
¢ A log file that summarises the main details of the execution;

These output files are automatically stored in a subfolder within the
designated output folder. This subfolder’s name is determined by the
session’s date and time to avoid overwriting older files in the event of
multiple executions.
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Table 2.2: List of the treatment units and TPSs in the reference dataset.

Structure Treatment unit TPS

Prostate, TrueBeam STX Eclipse v16.1

Head /Neck,

MultiTarget, C-Shape
Unique Eclipse v16.1
Ethos Eclipse v16.1
RadixAct RayStation v1.0a
RadixAct Precision v1.0.02

Cshape ~ Unique | RayStation v1.0a
Ethos RayStation v1.0a

2.4 REFERENCE DATASET

The UCoMX package is provided with a reference dataset of 58 treat-
ment plans created using three different TPSs, and for four different
treatment units, resulting in five and two combinations for fixed-ganty
IMRT/VMAT and HT, respectively, as shown in Table 2.2. In total,
28 VMAT, 14 IMRT and 16 HT plans are included in the dataset. For
VMAT and Helical Tomotherapy, two versions of each plan have been
created by setting two different levels of modulation during treatment
optimization. For convenience, they will be referred to as low mod-
ulation (LM) and high modulation (HM). For VMAT plans, this was
done by using two different combinations of MU limits and ASC on
Eclipse, while enabling the ‘double-arc” option on RayStation. For
Helical Tomotherapy plans, two different values of modulation factor
(MF) were used. The treatment plans were created following AAPM
TG-119 IMRT commissioning test [111], which include four cases:

* MultiTarget: it consists of three cylindrical targets that are
stacked along the axis of rotation, each one with diameter 4 cm
and length 4 cm.

* Mock prostate: it consists of an ellipsoidal CTV with RL, AP
and SI measuring 4.0 cm, 2.6 cm and 6,5 cm, respectively. The
PTV is also included and it is obtained by expanding the CTV
0.6 cm all around. Two OARs are delineated, namely bladder
and rectum.

* Mock Head/Neck: the PTV is composed of all anterior volume
from the base of the skull to the upper neck. Posterior neck
nodes are included, too. A gap of 0.6 cm exist between the PTV
and the skin. Cord and parotids are the delinated OARs.
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Figure 2.10: Heatmaps showing the values of all the metrics extracted from
the 28 VMAT and 14 IMRT plans in the reference dataset. Each
metric was normalised to take values between o and 1.

® C-shape: it is a C-shaped target of length 8 cm sorrounds a
central cylindrical avoidance structure of 1 cm radius and 10 cm
long. The inner and outer arcs of the PTV measure 1.5 and 3.7 cm,
respectively. A gap of 1.5 cm separate the PTV and the avoidance
structure.

More detail on the phantom used can be found in Ref. [111].

Figure 2.10 summarises the results of the metrics extraction from the
28 VMAT and the 14 IMRT plans. In total, 43 metrics were extracted.
A subgroup of those metrics are not applicable to some plans (grey
squares in the heat map). On the one hand, the bev-jaw area ratio
(BJAR) and jaw area (JA) are not applicable to ETHOS due to the
absence of the jaws on that machine. On the other hand, metrics
such as the LNA, MUdeg, LTAL mDRV, mGSV, GS, AL, CAL and GT
are not applicable to IMRT since they describe dynamical quantities
That are not involved in IMRT treatment delivery, such as gantry
speed/acceleration or dose rate variations. In general, the different
modulation levels for the three groups of plans (VMAT LM, VMAT

HM and IMRT) lead to different values of the complexity indicators.

On the other hand, also the treatment machine, the TPS and the site
have different effects on the metric values.

Figure 2.11 shows the same result for the 16 helical tomotherapy
plans in the dataset. In total, 69 metrics were extracted. Also in this
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Figure 2.11: Heatmaps showing the values of all the metrics extracted from
the 16 helical tomotherapy plans in the reference dataset. The
upper and lower plots correspond to high and low modulation
plans, respectively. Each metric was normalised to take values
between 0 and 1.

case, the different levels of modulation (HT LM vs HT LM) to different
values for the complexity metrics on the same plan as we can observe
from the different patterns arising in the two maps.

2.4.1 Impact and significance of the UCoMX package

In this work, we presented UCoMX, a free software package for the
extraction of complexity metrics from radiotherapy treatment plans.
Thanks to the extensive set of metrics included, the different versions
available and the ease of use, it is meant to meet the necessity of any
type of user. Additionally, thanks to its compatibility with most of
the commercially available TPSs and treatment units, it possesses all
the characteristics to become a standard reference tool to be used
across institutions for the evaluation of treatment plan complexity. Its
availability should overcome the current difficulties and limitations
in comparing results between different institutions. Typically, results
published in the literature have been obtained using in-house packages
that are not made available, and whose implementation details might
differ substantially. Indeed, there are choices that can be made when
implementing the complexity metrics that could impact the final result,
a fact that affects their significance and transferability between centres.
On this concern, UCoMX is provided with an extensive documentation
where the mathematical details concerning the implementation of
each complexity metric are accurately described. Furthermore, the
provided reference dataset serves as a benchmark for comparisons
with other in-house routines.
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In a context where plan complexity is considered as one the building
blocks of plan quality [112], it turns out that less than 25% of centres
worldwide make actual use of complexity metrics [113]. As a matter
of fact, the are two main reasons behind this fact. First, a shared
consensus on which are the most significant indicators to consider
still lack. Second, commercial TPSs do not offer any tool to perform
the extraction of complexity metrics. Therefore, the availability of a
common tool to be used for metrics extraction was a first needed step
to increase the number of people that can access this field as well
as to move the first steps towards a standardisation of the extraction
approach. This was the rationale behind the development of UCoMX.

UCoMX is undergoing continuous and intense development from
different sides. First, thanks to the active and new collaborations
between our group and different institutions in Italy, the package is
going to be tested on new combinations of treatment units and TPSs,
extending the number of users that can use it. Second, new metrics
are about to be implemented. In particular, among all the indicators
currently included in the package, radiomics features are not present,
despite having been used in different studies applied to fluence maps,
gamma maps or dose difference maps [87, 99, 114]. However, all such
features were proposed before 2015, while the field of radiomics has
moved several steps forward in recent years, including the definition
of standardised features and softwares for their computation [115, 116].
Therefore, with the aim of making UCoMX a modern and standardised
tool, its integration with S-IBEX is under development. S-IBEX is
a free and open-source package created at our institution and is
one of the most standardised tools for the extraction of radiomics
features according to the IBSI standard [115-117]. Third, new tools for
visualisation and comparisons plans are under development, including
the possibility to extract complexity metrics from machine log-files
and to compare the latter with those extracted from the RT-plans.

49






THE COMPLEXITY OF HELICAL TOMOTHERAPY
PLANS

H elical tomotherapy (HT) is one of the most advanced technolo-
gies currently available for external beam radiotherapy treatments. In
Ch. 1, we learned that due to its unique delivery method, thousands
of beamlets are typically involved in the process, a fact that makes
this technique very suitable for achieving a highly conformal dose to
the PTV and optimal OARs sparing at the same time. However, this
might introduce factors that could impact the overall delivery and
dosimetric accuracy of the resulting plans.

THIS CHAPTER outlines the advancements and accomplishments
made in this PhD project regarding HT complexity. The material
presented is mostly taken from Refs. [102, 118].

3.1 QUANTITATIVE ASSESSMENT OF HT PLANS COMPLEXITY

It was discussed in Ch. 1 that, there are works published in the lit-
erature that investigated the role of typical HT delivery parameters
such as the modulation factor (MF), the maximum and mean LOT as
well as individual leaf latencies [66-68, 119] as possible indicators of
complexity. More precisely, most of the published works proposed
action limits or operative rules to support the planner in the real-
ization plans that should fulfill the tolerance and action limits on
the dosimetric and delivery accuracy [23]. Despite the importance
of having practical indications that could drive the planning process
towards plans satisfy the tolerance and action limits on the delivery
and dosimetrics accuracy, the strategies that have been proposed so
far do not allow an in-depth and accurate characterization of HT
plan complexity. Finding a set of robust complexity indicators would
facilitate the plan comparison and would have the potential to drive
a better standardization of the optimization process, so as to reduce
the inter- and intra-planner variability and share effective planning
strategies across the community.

As presented in Ch. 2, significant steps have been moved towards
the definition of new complexity metrics for HT in this work, with the
proposal of several indicators capable of quantifying different factors,
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including the statistics of the leaf open time (LOT) distribution, the
geometry of the binary MLC apertures and the modulation of the LOTs
over space and time. In this section, a study to validate the effectiveness
of the newly developed complexity indicators is proposed.

3.1.1  Dataset

Between June 2018 and April 2021, a total of 464 treatments was
planned with the Precision TPS v1.0.02 (Accuray, Inc., Madison, Wis-
consin, USA) using the GPU-based optimizer VOLO coupled with
the Collapsed Cone Convolution Superposition dose calculation algo-
rithm [110, 120]. The dataset used for this analysis is an extension of
the one used in Ref. [30] for the analysis presented in App. ??2. The
treatment plans included in the dataset were related to different sites
and diseases and were grouped into the following categories: brain,
head-and-neck (HN), thorax, abdomen, pelvis, prostate, and others.
The dose per fraction (D/fr) ranged from 1.5 to 5 Gy. For all the plans
in the dataset, dedicated PSQA sessions were performed, and the
delivery accuracy of each plan was accessed in terms of two different
scores: the PR, (3%G,2 mm) and the PR, %(2%L,2 mm). The former
is typically used in the clinical routine, while the second allows for
increased sensitivity in the detection of delivery errors [121, 122]. The
two scores were computed by setting TH = 10% [123].

The PSQA measurements were performed with the ArcCheck® de-
tector array without using the PMMA CavityPlug™. Prior to each
PSQA measurement, each plan was recomputed on the homogeneous
synthetic ArcCheck® CT (density of 1.1836 ¢/cm®) with a grid size of
1.87 mm. Acquisition, analysis, and calculation of the PR, %s were
performed with the software SNC Patient™ version 6.7.

3.1.2 Metrics Extraction

A set of 65 metrics was extracted from the dataset using the TCoMX
extraction engine of the UCoMX package [124], which was presented in
Ch. 2. Within the scope of the analysis presented herein, the extracted
metrics were subdivided into two groups: the existing ones reported
in the literature, and a set of new ones chosen among those developed
as part of this thesis work. In the following, the two groups will be
referred to as Old and New, respectively. As presented in Ch. 2, some
metrics are endowed with free-parameters that can be tuned by the
user. Therefore, different extraction parameters were set on the same
metric, and this resulted in a total amount of 29 and 36 metrics for the
Old and New groups, respectively.

A comprehensive list of the extracted metrics and correspond-
ing parameters is reported in Tab. 3.1. In the case of the CLNS,,
n ={20,30,50, 100} were chosen, whereas for the CFNS,;;100 7 ={0.05,
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0.10,0.5,0.75,0.9} were set. All the possible variants of the LnNS and
CLS were computed, whereas a choice was made for the ELOTVj,,
and EPSTVy, A, The former was computed for Ap € [1,5] to show
the behavior one should expect when the projection step is increased.
The case Ap = 1 was chosen to show the relation in Eq. (2.62) explic-
itly. The EPSTVp, a1 was computed for three different combinations
of (Ap,Al), namely, (1,1),(1,0),(0,1). The first pair of parameters
was chosen to show the relation in Eq. (2.65) explicitly, whereas the
other two in order to consider only the projection and leaf directions,

respectively.

Table 3.1: List of the metrics extracted in the work.

Category Group — Old (29) New (36)
Subcategory |
TPS Delivery Pitch, FW, PT,
GP, TT, TL, CS,
CT, Nprojr Nrot/
ME TTDF
LOT statistics Absolute LOT mLOT, sdLOT, kLOT, sLOT,
mdLOT, CLSN20
moLOT,
minLOT,
maxLOT,
CLNSyqo,
CLSN5y,
CLSN3,
CLNS 20
Relative LOT mFLOT,
sdFLOT,
moFLOT,
mdFLOT,
minFLOT,
maxFLOT,
CFNSs,
CFNS;,
CFNSs,
CFNSys,
CFNSyg

Continued on next page

53



54 THE COMPLEXITY OF HELICAL TOMOTHERAPY PLANS

Table 3.1: List of the metrics extracted in the work. (Continued)

Category Group — Ol1d (29) New (36)
Subcategory |

Sinogram Geometry LONS, L1NS, L2NS, nCC,
CLS, CLS;, lengthCC, TA,
fDISC,
CLSin,area/
CLS;p gise,
CLSin,area,disc:
centroid

Modulation PSTV, LOTYV, nOC, EPTSVy 4,

MI EPSTV,
EPSTV ,
ELOTV,,
ELOTV,,
ELOTV3,
ELOTVy,
ELOTVs, mSI,
mdSl, sdSI,
MSA

3.1.3 Correlations between metrics

To determine, the reciprocal relation between the different aspects de-
scribed by the available metrics, a correlation analysis was performed.
This allows highlighting possible intrinsic dependencies between dif-
ferent properties of HT plans, and to investigate the mutual relation
between extracted metrics. The analysis was performed on the entire
dataset with no distinction among groups of plans. Both the inter- and
intra-subcategory correlations were analyzed. Spearman’s correlation
coefficient was chosen as the indicator of correlation, and the signif-
icance level was set to 0.05. As generally accepted, the correlation
values were classified into five classes: very weak (0 < |r| < 0.2), weak
(0.2 < |r| < 0.4), moderate (0.4 < |r| < 0.6), strong(0.6 < |r| < 0.8),
and very strong (|r| > 0.8).

In Fig. 3.1, the full correlation map between the metrics is shown.
All the five subcategories introduced before are considered, and the
metrics in each subcategory are sorted as in Tab. 3.1. Only strong
or very strong correlations are purposely shown. The two clusters of
metrics composed of Delivery, Absolute LOT, and Relative LOT on one
side, and Geometry and Modulation on the other have shown to be
not (very) strongly correlated each other. As expected from Eq. (2.69),
a very strong negative correlation between nOC and CLS (r = 1)
was found, which confirms the inverse linear dependence between
the two quantities. Strong correlations were found between MF and
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