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Abstract

Ventricular tachycardia (VT) is a severe life-threatening arrhythmia originating
in the ventricles, potentially causing sudden cardiac death. Stereotactic arrhyth-
mia radioablation (STAR) is a novel and non-invasive bailout treatment option
for refractory VT. The paramount goal of STAR is to precisely deliver focused
high-dose radiation beams to treat the VT targets in the heart ventricles while
minimizing exposure to the surrounding organs at risk. As a novel therapeu-
tic approach, STAR presents several challenges including VT target transfer from
the electroanatomical mapping (EAM) system to the radiation treatment plan-
ning system (TPS), as well as cardiac motion estimation of the cardiac clinical
target volume (CTV) and American Heart Association (AHA) 17 segments of the
left ventricle (LV) for motion management.

On the one hand, unlike typical radiotherapy tumors that are easily identi-
fiable in computed tomography (CT) scans, the VT substrate is primarily char-
acterized by its electrophysiological properties which are typically determined
through an electrophysiological study using a three-dimensional (3D) EAM pro-
cedure. Studies show that freehand delineation of the VT target region on the
treatment planning CT, as defined on the EAM surface, has poor inter-observer
consistency, even among experienced electrophysiologists and radiation oncolo-
gists. Additionally, clinically relevant errors have been reported with such free-
hand VT target registration method. Therefore, practical VT target registration
methods are crucial for accurately transferring the VT target from the EAM sys-
tem to treatment planning imaging data. On the other hand, as a moving organ,
the heart contains respiratory and cardiac motion. During STAR treatments, res-
piratory motion can be effectively managed with gating, deep inspiration breath-
hold or robotic tracking techniques. However, cardiac motion, particularly the
movement of the cardiac CTV and the 17 LV segments, poses a significant chal-
lenge in the precise definition of cardiac internal target volume (ITV). This move-

ment can lead to misalignments, which may reduce STAR treatment effectiveness
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and increase the risk of harm to nearby organs at risk via dose wash-out. Estimat-
ing cardiac motion is essential for defining an appropriate cardiac ITV margin,
thereby enhancing the effectiveness of STAR and patient outcomes.

The aim of this dissertation is to investigate four main aspects in the field
of STAR: (1) practical methods for VT target registration, (2) validation of these
methods using real-world VT patient data, (3) accuracy assessment of target reg-
istration methods in the absence of ground truth, and (4) a patient- and segment-
specific cardiac motion estimation method.

To address (1), a software was developed, which includes three practical semi-
automatic VT target registration methods, namely the AHA 17-segment model
registration, 3D-3D registration and 2D-3D registration. The AHA 17-segment
model registration method divides the LV myocardium structure contoured from
cardiac CT into 17 segments according to the AHA 17-segment model, enabling
the assessment of targeted LV segment(s) and follow-up studies. The 3D-3D reg-
istration method reads vendor-specific EAM raw data and transfers the 3D VT
ablation points to the 3D LV contours with respect to the treatment planning
imaging data. The 2D-3D registration method is a versatile approach that sup-
ports any EAM system and enables the transfer of the VT target region marked
on the 2D EAM screenshots in standard anatomical views to the 3D LV contours
with respect to the treatment planning imaging data. These three registration
methods are semi-automatic rather than fully automatic due to strict accuracy
requirements in clinical applications. Automatic registration methods may not
be sufficiently reliable, as the LV and aorta structures are derived from differ-
ent modalities, which can introduce inaccuracies and data incompleteness, mak-
ing them unsuitable for clinical use. In contrast, the proposed semi-automatic
registration methods have demonstrated practical feasibility on real-world STAR
datasets. They provide the necessary flexibility, allowing clinicians to refine the
registration process based on their expertise and the specific characteristics of
each STAR case, ensuring both accuracy and clinical applicability.

For aspect (2), the software was successfully validated as a quality assurance
tool in the STAR treatment planning procedure for 5 VT cases within the German
RAVENTA trial. Particularly, the 2D-3D registration method eliminates the need
for interpreting proprietary formats exported from different EAM systems. The
semi-automated VT target registration methods enable quality assurance of the
manually transferred cardiac CTV, reducing clinician-dependent inconsistencies
and enhancing the safety and robustness of the VT target registration. Addition-

ally, retrospective findings of incorrectly transferred VT target could potentially
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help explain VT recurrences.

In a cross-validation study addressing (3), the proposed 2D-3D registra-
tion method and the 3D-3D registration method from the 3D Slicer extension
EAMapReader outputted nearly identical cardiac CTV structures. This result in-
dicates that both methods are suitable for quality assurance and VT target transfer
to avoid mistargeting and provide standardized workflows.

Finally, regarding aspect (4), this dissertation presents an electrocardiogram-
gated cardiac CT-based patient- and segment-specific cardiac motion estimation
method using the intensity-based non-rigid automatic image registration in STAR
for VT. The method was utilized on case data from 10 STAR-treated VT patients,
and the estimated cardiac motion demonstrated considerable individual variabil-
ity in cardiac CTVs and 17 LV segments across different VT patients, highlighting
the need for individualized cardiac ITV margins and motion management strate-
gies to enhance accuracy and effectiveness in STAR. Additionally, this analysis
provides reference data on cardiac motion for STAR treatment planning in VT
patients. This method has been integrated into the proposed software as a mod-
ule.

In summary, three practical semi-automatic VT target registration methods
were developed and validated, and a patient- and segment-specific cardiac mo-
tion estimation method was proposed. These methods bridge the gap between
EAM systems and radiation TPS, enhancing STAR performance and improving

VT patient outcomes, with potential for future clinical applications.
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Zusammenfassung

Ventrikuldre Tachykardie ist eine schwerwiegende, potenziell letale Arrhyth-
mie, die von den Herzkammern ausgeht und einen plotzlichen Herztod be-
dingen kann. Die stereotaktische Radioablation von Herzrhythmusstérun-
gen stellt eine neuartige, nicht-invasive Behandlungsoption fiir refraktire ven-
trikuldre Tachykardien dar. Das Hauptziel der stereotaktischen Radioabla-
tion von Herzrhythmusstdrungen besteht in der prédzisen Abgabe fokussierter,
hochdosierter Strahlen zur Behandlung der ventrikuldren Tachykardieziele in
den Herzkammern bei gleichzeitiger Minimierung der Exposition der umliegen-
den Risikoorgane. Die stereotaktische Radioablation von Herzrhythmusstorun-
gen stellt einen neuartigen therapeutischen Ansatz dar, der eine Reihe von Her-
ausforderungen mit sich bringt. Hierzu zéhlen die Ubertragung des Ziels fiir ven-
trikuldre Tachykardien vom elektroanatomischen Kartierungssystem auf das Pla-
nungssystem fiir die Bestrahlung sowie die Schidtzung der Herzbewegungen des
klinischen Zielvolumens und der 17 Segmente des linken Ventrikels der Ameri-
can Heart Association (AHA) fiir das Bewegungsmanagement.

Einerseits ist das Kammertachykardiesubstrat im Gegensatz zu typischen
Strahlentumoren, die in Computertomographien leicht identifizierbar sind, in er-
ster Linie durch seine elektrophysiologischen Eigenschaften charakterisiert, die
in der Regel durch eine elektrophysiologische Studie mit einem elektroanatomis-
chen 3D-Kartierungsverfahren bestimmt werden. Studien zeigen, dass die frei-
handige Abgrenzung des Zielgebiets der ventrikuldren Tachykardie auf der Com-
putertomographie zur Behandlungsplanung, wie sie auf der elektroanatomis-
chen Kartierungsfldche definiert ist, selbst bei erfahrenen Elektrophysiologen
und Radioonkologen eine schlechte Konsistenz zwischen den Beobachtern
aufweist. Dariiber hinaus wurde {iiber klinisch relevante Fehler bei der frei-
hédndigen Registrierung von ventrikuldren Tachykardien berichtet. Daher sind
praktische Methoden zur Registrierung des ventrikuldren Tachykardie-Ziels

von entscheidender Bedeutung fiir die genaue Ubertragung des ventrikuldren
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Tachykardie-Ziels vom elektroanatomischen Kartierungssystem auf die Bild-
daten der Behandlungsplanung. Andererseits ist das Herz als ein sich bewe-
gendes Organ mit Atem- und Herzbewegungen verbunden. Bei der stereo-
taktischen Radioablation von Herzrhythmusstérungen kann die Atembewe-
gung durch Gating, Atemanhalten bei tiefer Inspiration oder robotergestiitzte
Tracking-Techniken wirksam gesteuert werden. Die Bewegung des Herzens,
insbesondere die Bewegung des klinischen Zielvolumens des Herzens und der
17 Segmente des linken Ventrikels, stellt jedoch eine grofse Herausforderung
fiir die prézise Definition des internen Zielvolumens des Herzens dar. Diese
Bewegung kann zu Fehlausrichtungen fiihren, die die Wirksamkeit der stereo-
taktischen Radioablation bei Herzrhythmusstérungen beeintrachtigen und das
Risiko einer Schadigung benachbarter Risikoorgane durch Dosisauswaschung er-
héhen kénnen. Die Schidtzung der Herzbewegung ist fiir die Festlegung eines
angemessenen kardialen Zielvolumens unerldsslich, um die Wirksamkeit der
stereotaktischen Arrhythmie-Radioablation und die Ergebnisse fiir den Patienten
zu verbessern.

Ziel dieser Dissertation ist es, vier Hauptaspekte im Bereich der stereotaktis-
chen Radioablation von Arrhythmien zu untersuchen: (1) praktische Methoden
fiir die Zielregistrierung von ventrikuldren Tachykardien, (2) Validierung dieser
Methoden anhand von realen Patientendaten mit ventrikuldren Tachykardien,
(3) Bewertung der Genauigkeit von Zielregistrierungsmethoden in Abwesenheit
von Ground Truth und (4) eine patienten- und segmentspezifische Methode zur
Schidtzung von Herzbewegungen.

Zur Losung von (1) wurde eine Software entwickelt, die drei praktis-
che halbautomatische Methoden zur Registrierung ventrikuldrer Tachykar-
dien umfasst, ndmlich die AHA-17-Segment-Modellregistrierung, die 3D-
3D-Registrierung und die 2D-3D-Registrierung. Die AHA 17-Segment-
Modellregistrierungsmethode teilt die aus der kardialen Computertomogra-
phie konturierte Myokardstruktur des linken Ventrikels in 17 Segmente gemafs
dem AHA 17-Segment-Modell auf und erméglicht so die Beurteilung der an-
visierten Segmente des linken Ventrikels und Folgeuntersuchungen. Die 3D-3D-
Registrierungsmethode liest herstellerspezifische elektroanatomische Mapping-
Rohdaten und tibertragt die 3D-Punkte fiir die Ablation ventrikuldrer Tachykar-
dien auf die 3D-Konturen des linken Ventrikels in Bezug auf die Bilddaten
der Behandlungsplanung. Die 2D-3D-Registrierungsmethode ist ein vielseit-

iger Ansatz, der jedes elektroanatomische Mapping-System unterstiitzt und
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die Ubertragung der auf den 2D-Screenshots des elektroanatomischen Map-
pings in anatomischen Standardansichten markierten ventrikuldren Tachykardie-
Zielregion auf die 3D-Konturen des linken Ventrikels in Bezug auf die Bild-
daten der Behandlungsplanung ermoglicht. Diese drei Registrierungsmeth-
oden sind aufgrund der strengen Genauigkeitsanforderungen bei klinischen
Anwendungen eher halbautomatisch als vollautomatisch. Automatische Reg-
istrierungsmethoden sind unter Umstanden nicht ausreichend zuverldssig, da
die Strukturen des linken Herzens und der Aorta aus verschiedenen Modal-
itdten abgeleitet werden, was zu Ungenauigkeiten und unvollstindigen Daten
fithren kann, so dass sie fiir den klinischen Einsatz ungeeignet sind. Im Gegen-
satz dazu haben die vorgeschlagenen halbautomatischen Registrierungsmetho-
den ihre praktische Durchfiihrbarkeit bei realen stereotaktischen Radioablation-
ssdtzen fiir Herzrhythmusstérungen bewiesen. Sie bieten die notige Flexibilitét,
so dass Kliniker den Registrierungsprozess auf der Grundlage ihres Fachwissens
und der spezifischen Merkmale jedes einzelnen stereotaktischen Arrhythmie-
Radioablationsfalls verfeinern konnen, was sowohl Genauigkeit als auch klin-
ische Anwendbarkeit gewihrleistet.

Fiir den Aspekt (2) wurde die Software erfolgreich als Qualitatssicherungsin-
strument in der stereotaktischen Radioablation von Herzrhythmusstorungen
im Rahmen der deutschen RAVENTA-Studie fiir 5 Félle von ventrikuldrer
Tachykardie validiert. Insbesondere die 2D-3D-Registrierungsmethode macht
die Interpretation von proprietiren Formaten, die von verschiedenen elek-
troanatomischen Mapping-Systemen exportiert werden, iiberfliissig. Die hal-
bautomatischen Methoden der ventrikuldren Tachykardie-Zielregistrierung er-
moglichen eine Qualitdtssicherung des manuell tibertragenen kardialen klinis-
chen Zielvolumens, wodurch klinikerabhéingige Inkonsistenzen reduziert und
die Sicherheit und Robustheit der ventrikuldren Tachykardie-Zielregistrierung
erhoht werden. Dartiiber hinaus konnten retrospektive Erkenntnisse tiber falsch
tibertragene ventrikuldre Tachykardie-Targets moglicherweise dazu beitragen,
ventrikuldre Tachykardie-Rezidive zu erkldren.

In einer Kreuzvalidierungsstudie (3) ergaben die vorgeschlagene 2D-3D-
Registrierungsmethode und die 3D-3D-Registrierungsmethode der 3D-Slicer-
Erweiterung EAMapReader nahezu identische kardiale klinische Zielvolumen-
strukturen. Dieses Ergebnis deutet darauf hin, dass beide Methoden fiir die
Qualititssicherung und die Ubertragung von Targets fiir ventrikuldre Tachykar-
dien geeignet sind, um Fehltargeting zu vermeiden und standardisierte Ar-

beitsabldufe zu ermdoglichen.
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Was schliefilich den Aspekt (4) betrifft, so wird in dieser Dissertation eine
elektrokardiogrammgestiitzte, auf kardialer Computertomographie basierende
Methode zur patienten- und segmentspezifischen Schdtzung der Herzbewegung
unter Verwendung der intensitdtsbasierten, nicht-starren automatischen Bildreg-
istrierung bei der stereotaktischen Arrhythmieradioablation bei ventrikuldren
Tachykardien vorgestellt. Die Methode wurde an Falldaten von 10 mit stereotak-
tischer Arrhythmie-Radioablation behandelten Kammertachykardie-Patienten
angewandt. Die geschitzte Herzbewegung zeigte eine betrdchtliche individu-
elle Variabilitdt der klinischen Zielvolumina des Herzens und der 17 Segmente
des linken Ventrikels bei verschiedenen Kammertachykardie-Patienten, was die
Notwendigkeit individualisierter kardialer interner Zielvolumensgrenzen und
Bewegungsmanagement-Strategien zur Verbesserung der Genauigkeit und Ef-
fektivitdt der stereotaktischen Arrhythmie-Radioablation unterstreicht. Dariiber
hinaus liefert diese Analyse Referenzdaten zur Herzbewegung fiir die Planung
der stereotaktischen Radioablation bei Patienten mit ventrikuldren Tachykardien.
Diese Methode wurde als Modul in die vorgeschlagene Software integriert.

Zusammenfassend wurden drei praktische halbautomatische Methoden zur
Zielregistrierung bei ventrikuldrer Tachykardie entwickelt und validiert, und
es wurde eine patienten- und segmentspezifische Methode zur Schitzung der
Herzbewegung vorgeschlagen. Diese Methoden tiberbriicken die Liicke zwis-
chen elektroanatomischen Mapping-Systemen und Strahlenbehandlungspla-
nungssystemen, verbessern die stereotaktische Arrhythmie-Radioablation und
die Ergebnisse fiir Patienten mit ventrikuldrer Tachykardie, mit Potenzial fiir

zukiinftige klinische Anwendungen.
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Chapter 1

Introduction

In the field of stereotactic body radiation therapy (SBRT), the paramount goal is to
deliver precisely focused high-dose radiation beams to treat specific targets in the
body while minimizing exposure to the surrounding organs at risk (OAR). In re-
cent years, SBRT has been applied to treat refractory ventricular tachycardia (VT)
patients without other interventional options in clinical cases [1]-[6], to ablate the
arrhythmogenic substrate with an adequate dose and minimal safety margins us-
ing steep dose gradients to avoid cardiac radiation toxicity [7], and this approach
is called stereotactic arrhythmia radioablation (STAR). STAR has emerged as a
novel and non-invasive treatment modality, gaining acceptance in the cardiology
community [8]. The accuracy of STAR depends on the precise delineation of the
cardiac clinical target volume (CTV) and the information on dynamic behavior of
the heart, which is influenced by both cardiac and respiratory motion.

Unlike typical radiotherapy tumors that are easily identifiable in computed
tomography (CT) scans, VT substrates are primarily characterized by the elec-
trophysiological properties which are typically determined through an electro-
physiological study using a three-dimensional (3D) electroanatomical mapping
(EAM) procedure [9]-[11]. Conventionally, the cardiac CTV is freehand delin-
eated on the treatment planning CT slices directly within the radiation treatment
planning system (TPS) by visually side-by-side comparing the EAM data with the
3D contoured left ventricle (LV) structure [12]-[14], and thus is highly observer-
dependent [15], [16]. Therefore, it is crucial to explore practical VT target regis-
tration methods that can assist in transferring the VT target region defined in the
EAM system to the treatment planning imaging data as a reference for cardiac
CTV delineation in the radiation TPS. In this way, the uncertainties in the VT tar-
get delineation can be reduced [17], diminishing the risk of VT recurrence and
radiation toxicity [5], [18], [19].

Once the cardiac CTV structure is defined in the radiation TPS, the cardiac
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internal target volume (ITV) margin, representing the CTV with an additional
margin to compensate for a known or estimated range of internal motion dur-
ing the STAR treatment, needs to be defined [20]-[22]. This process requires de-
tailed information on the dynamic behavior of the heart due to respiratory mo-
tion and cardiac motion. Respiratory motion can be accurately managed with
gating, deep inspiration breath-hold (DIBH) techniques or robotic tracking [23],
[24]. However, cardiac motion, particularly the movement of the cardiac CTV
and the American Heart Association (AHA) 17 segments of the LV [25], presents
a significant challenge in the precise definition of cardiac ITV margin. This mo-
tion can lead to marginal misses, reducing the efficacy of the treatment and po-
tentially causing damage to the surrounding OAR via dose wash-out [26]. Ad-
ditionally, active motion management strategies have been under investigation
in recent years [27], [28], and the estimates of cardiac motion could help to iden-
tify VT patients with larger cardiac motion who would particularly benefit from
them. Therefore, estimating the cardiac motion of the CTV and 17 LV segments is

essential tor enhance the performance of STAR and patient outcomes.

1.1 Research Questions

Overall, the dissertation is intended to address the following research questions:

Q1: What are the practical methods for registering VT target structure from
the EAM system to radiation TPS for STAR? Is there a versatile VT target
registration method applicable to all EAM systems?

* Q2: Isit possible to employ the VT target registration methods in the quality

assurance process for STAR?

¢ Q3: Isit possible to assess the accuracy of the VT target registration methods
used for STAR in the absence of ground truth?

* Q4: Is it possible to estimate the cardiac motion of the cardiac CTV and
substructures based on electrocardiogram (ECG)-gated contrast-enhanced
breath-hold CT?

These research questions are consecutive, and the key idea of each research ques-

tion is elaborated in detail below:
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Q1: What are the practical methods for registering a VT target structure from
the EAM system to radiation TPS for STAR? Is there a versatile VT target reg-
istration method applicable to all EAM systems?

This question investigates practical methods for registering the defined VT target
region, marked by the cardiac electrophysiologist in the EAM system, to the ra-
diation treatment planning CT for the cardiac CTV delineation process in STAR
treatment. Additionally, due to the inconsistency in the export formats of EAM
raw data across different EAM systems or versions of the same system, this study
also explores whether there is a versatile registration method that can be applied

to any EAM systems.

Q2: Is it possible to employ the VT target registration methods in the quality
assurance process for STAR?

Based on the newly developed practical VT target registration methods from the
research question Q1, and given the current absence of a commercial product
or clinically validated method with Conformité Européenne (CE) or Food and
Drug Administration (FDA) certification for dedicated and semi-automated VT
target transfer from EAM data to the radiation TPS, it is important to assess these
methods in the quality assurance process in clinical STAR centers on real-world

VT patients as a clinical feasibility validation.

Q3: Is it possible to assess the accuracy of the VT target registration methods
used for STAR in the absence of ground truth?

Currently, due to the absence of ground truth for the registered VT target struc-
ture in STAR, evaluating the accuracy and performance of the VT target registra-
tion methods proposed in the research question Q1 is essential. Cross-validating
two different VT target registration methods is necessary to evaluate their relia-

bility in the STAR quality assurance process.

Q4: Is it possible to estimate the cardiac motion of the cardiac CTV and sub-
structures based on ECG-gated contrast-enhanced breath-hold CT?

The output of the VT target registration methods in the research question Q1 can
serve as a reference for cardiac CTV delineation in the STAR treatment planning
process. Furthermore, it is crucial to define an appropriate and individualized
cardiac ITV margin based on cardiac motion when adequate respiratory motion
management strategies (e.g., gating, DIBH or robotic tracking) are applied. Esti-

mates of cardiac motion for the cardiac CTV and 17 LV segments could also help
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identify VT patients with large cardiac motion who would particularly benefit
from active motion management strategies. Therefore, this research question in-
vestigates whether patient- and segment-specific cardiac motion can be estimated

using ECG-gated contrast-enhanced breath-hold cardiac CT.

1.2 Structure of this Dissertation

The structure of this dissertation is organized around the aforementioned four
research questions. First, an overview of the related medical background is pro-
vided in Chapter 2. Then, in Chapter 3, the current status and challenges of
treatment planning for STAR are presented in three aspects. In Chapter 4, the
CARDIO-RT software including three practical VT target registration methods
with three main additional functions is introduced. Next, Chapter 5 demonstrates
the validations of the proposed VT target registration methods by employing
them in the treatment planning process for STAR, and by cross-validating the
proposed 2D-3D registration and the 3D-3D registration in the 3D Slicer exten-
sion EAMapReader. Afterwards, based on ECG-gated contrast-enhanced breath-
hold CT, the patient- and segment-specific cardiac motion of the cardiac CTV and
AHA 17 LV segments is estimated using an intensity-based non-rigid automatic
image registration method. Finally, a conclusion chapter summarizes the work
and related research questions, and suggests potential future directions in the
field of STAR.

1.3 Notes on Terminology

The terms used for the concept of applying SBRT to ablate the substrate of cardiac
arrhythmias are inconsistent across different publications, including cardiac ra-
dioablation (CR), cardiac radiosurgery (CRS), cardiac stereotactic body radiother-
apy (CSBRT), radioablation (RA), stereotactic ablative radiotherapy (SABR) and
stereotactic arrhythmia radioablation (STAR). The term STAR is used throughout

this dissertation.

1.4 Ethics Approval

For the patient data used in this dissertation, pseudonymized data were collected
from the treating centers based on the RAdiosurgery for VENtricular TAchycar-
dia (RAVENTA) trial protocol (NCT03867747) [4], [29], either directly within the
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RAVENTA study in Germany [29] or within a harmonized trial in Israel (na-
tional trial number: 202225964) [30] and/or within the Standardized Treatment
and Outcome Platform for Stereotactic Therapy Of Re-entrant tachycardia by a
Multidisciplinary (STOPSTORM) registry [5]. Ethics approval was obtained for
the coordinating center (reference number D555/18, see Appendix A) and each
local site and/or for the STAR benchmark studies (D476/19 and D483/21).






Chapter 2

Medical Background

In this chapter, a brief medical background of this dissertation is presented. Af-
ter introducing the heart arrhythmia VT and its traditional treatment options, an
overview of the relevant diagnostic technique EAM and a novel non-invasive

bailout treatment option STAR is provided.

2.1 Ventricular Tachycardia

VT is a type of life-threatening cardiac arrhythmia originating from the ventri-
cles, the lower chambers of the heart [31], [32]. A healthy heart beats about 60-100
times per minute at rest, while VT patients often have a rapid heart rate exceeding
100 beats per minute due to abnormal electrical signals in the ventricles. This con-
dition can severely impair the heart’s ability to pump blood effectively, leading
to reduced cardiac output and, in some cases, sudden cardiac death. VT is often
associated with structural heart disease, such as myocardial infarction, cardiomy-
opathy or scarring from prior cardiac injuries [33], [34]. VT is closely linked to
coronary artery disease, with approximately 15% of individuals diagnosed with
coronary artery disease also exhibiting VT [35].

The primary steps in VT management include risk assessment for sudden
death, evaluating the extent of underlying heart disease, and determining the
most appropriate therapeutic options [29]. VT therapeutic options include med-
ication, device-based interventions and catheter ablation [36]. Antiarrhyth-
mic drugs (e.g., amiodarone and beta-blockers) and implantable cardioverter-
defibrillator (ICD) are typically the first line of treatments for VT patients [37],
[38]. However, the efficacy of these antiarrhythmic drugs is often limited, and

they can cause substantial side effects [39]. The ICDs are essential to prevent
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fatal arrhythmias by antitachycardia pacing or shock when VT episodes are de-
tected [4]. However, ICDs do not prevent arrhythmia recurrence and may nega-
tively impact patients” quality of life due to frequent shocks and related complica-
tions [40]. When antiarrhythmic drugs fail to control VT episodes, catheter abla-
tion of the VT substrate, commonly located in areas of myocardial scar, becomes
the standard treatment option [29], [31], [32], [41]. Catheter ablation aims to mod-
ify the electrical pathways that sustain VT, and it has shown improved outcomes
for selected patients [42]-[46]. Despite its potential benefits, catheter ablation
faces significant limitations, as up to 50% of patients experience VT recurrence
within 6 months of an initially successful catheter ablation procedure [47]. Ad-
ditionally, catheter ablation carries side effects such as vascular complications,
cardiac complications, neurologic complications and even death [48]-[52]. Com-
paratively, escalating antiarrhythmic drug doses is associated with more adverse
events than catheter ablation, indicating the limitations of pharmacological ther-
apy as a sole treatment option for VT [47], [53]. These side effects, combined with
the VT recurrence rates, highlight the pressing need for more effective and less in-
vasive treatment alternative options for VT patients, especially for those who are
not suitable candidates for catheter ablation due to complications or inaccessible

anatomical location of VT substrates.

2.2 Electroanatomical Mapping

3D EAM systems were first introduced in the 1990s and have become essential in
the management of VT, especially for identifying the arrhythmogenic substrates
for catheter ablation [54]. EAM is a technique used to generate a 3D representa-
tion of the targeted cardiac chambers, integrating both anatomical and electrical
information [55]. This combination allows for accurate identification of abnor-
mal conduction pathways in the heart chambers. 3D EAM systems can display
catheter positions in real-time on a computer screen, and reconstruct the detailed
3D surface anatomy of specific cardiac chambers. The reconstructed surfaces of
the heart’s inner (endocardial) or outer (epicardial) layers form a shell in the vir-
tual 3D space of the system. This shell is annotated with local electrophysiologi-
cal data, including activation time, which represents the timing of local electrical
activity. They also measure the voltage amplitude, either unipolar or bipolar, to
indicate the presence of normal or scar tissue.

Currently, three major EAM systems are commonly used in clinical prac-
tice: RHYTHMIA HDx (Boston Scientific, St. Paul, Minnesota, USA), CARTO
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3 (Biosense Webster, Diamond Bar, California, USA) and EnSite (Abbott Labora-
tories, Chicago, Illinois, USA) systems. The RHYTHMIA HDx mapping system
uses both magnetic- and impedance-based methods for catheter tracking (see Fig-
ure 2.1) [56]. It is the first 3D mapping platform to enable automated high-density
mapping using a specialized steerable 64-electrode mini-basket catheter [57]-[59].
The CARTO 3 mapping system makes use of magnetic field emitting coils for ac-
curate localization of proprietary mapping and ablation catheters [54], [60]. The
EnSite system uses impedance measurements to localize diagnostic and ablation
catheters [61].

FIGURE 2.1: RHYTHMIA HDx electroanatomical mapping system. Image provided
courtesy of Boston Scientific. ©2025 Boston Scientific Corporation or its affiliates. All rights
reserved.

2.3 Stereotactic Arrhythmia Radioablation

The first intracranial stereotactic radiosurgery (SRS) technique was introduced in
the 1950s, a head frame was fixed to the skull and provided an external 3D ref-
erence system to accurately localize the intracranial target and direct high doses
of radiation therapy in a single session [62]. SBRT is an extension of this well-
established technique that encompasses all sites below the cranium, which pro-
vides precise targeting and dose delivery, allowing for potent ablative doses to

be delivered with acceptable toxicity in appropriately selected patients. Over the
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past few decades, SBRT has emerged as a standard treatment modality for ex-
tracranial malignancies, facilitated by advancements in image guidance and mo-
tion management, which enable precise targeting despite respiratory and organ
motion. SBRT has shown remarkable success in treating lung, liver, pancreas,
prostate, kidney cancers [63]-[66]. SBRT is also utilized for treating oligometas-
tases in various locations, including the lung, liver, bone and abdominal re-
gions [67]-[69].

In 2003, the concept of using SBRT for non-invasive cardiac arrhythmia treat-
ment was filed as the first patent in this field [70]. It delivers highly focused
radiation beams to target and ablate arrhythmogenic tissue within the heart with
a single fraction radiotherapy dose of 25 Gy [5], [29]. For VT, the primary aim
of STAR is to ablate the arrhythmogenic substrate with a sufficient dose while
minimizing safety margins and employing steep dose gradients to reduce the
risk of cardiac radiation toxicity [7]. This concept eventually led to preclinical
studies [71], [72], as well as the first-in-human treatments for VT and atrial fib-
rillation (AF) in 2012 and 2015, respectively [1], [73]. For patients with refractory
VT who lack other interventional options, cardiac SBRT, also known as STAR,
has emerged as a promising non-invasive bailout treatment option [2], [3], [5],
[6], [74]-[80], and has gained acceptance in the cardiology community [8]. The
feasibility of STAR has already been confirmed by several early-phase prospec-
tive trials, and their results have been recently summarized in a systematic re-
view and a meta-analysis on behalf of the STOPSTORM.eu consortium [5], [6].
Figure 2.2 shows two commonly used radiotherapy systems in clinical practice:
TrueBeam (Varian Medical Systems, Palo Alto, California, USA) and Cyberknife
M6 (Accuray, Inc., Sunnyvale, California, USA).
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FIGURE 2.2: Commonly used radiotherapy systems in clinical practice. Left: Varian
TrueBeam. Image courtesy of Varian Medical Systems, Inc. All rights reserved.; right: Cy-
berknife M6. Images used with permission from Accuray Incorporated. All rights reserved.

In STAR treatment planning process, the CTV, ITV and planning target vol-
ume (PTV) need to be determined. The CTV defines the 3D VT substrate, deter-
mined by the treatment team using all available electrophysiologic and imaging
data [11]. The size of the CTV should be reasonably small to avoid toxicity [81].
Since the CTV moves during STAR treatment, an ITV is generated by expanding
the CTV [20]-[22] to account for cardiac and respiratory motion. A PTV is then
created by further expanding the ITV to account for residual uncertainties such as
setup and registration errors, as well as patient positioning and movement [20],
[22], [29], [82]-[84]. Figure 2.3 illustrates the definitions of these cardiac target

volumes.

FIGURE 2.3: Definitions of cardiac volumes in stereotactic arrhythmia radioablation.
See main text for details. Abbreviations: CTV = clinical target volume; ITV = internal
target volume; PTV = planning target volume.
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Chapter 3

Treatment Planning in
Stereotactic Arrhythmia

Radioablation

In this chapter, the current status and challenges of treatment planning process
for STAR are discussed in three aspects: VT target registration methods between
EAM systems and radiation TPS, validation of VT target registration methods, as

well as cardiac motion estimation for STAR motion management.

3.1 Ventricular Tachycardia Target Registration

The accurate definition and localization of the cardiac CTV structure on treatment
planning CT is essential for STAR treatment success and better patient outcomes,
and it is an interdisciplinary task that involves electrophysiologists, cardiac radi-
ologists, radiation oncologists and medical physicists.

The usual radiotherapy targets are readily identifiable in CT images due to
the abnormal Hounsfield Unit (HU) values of the CT pixels, whereas the VT sub-
strate is primarily defined by its electrophysiological properties which are mostly
established through an electrophysiological study using 3D EAM procedure [9].
Freehand delineation of the target region as defined on EAM LV surface in the
radiation TPS on treatment planning CT shows poor inter-observer consistency
even when performed by experienced electrophysiologists or radiation oncolo-
gists [15], [16]. Furthermore, clinically relevant errors have been reported with
such freehand delineation methods [18], and studies showed that the size of the
cardiac CTV should be limited [81]. The implementation of a (semi-)automatic

registration tool which can transfer the VT target defined on the LV surface in the
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EAM system to the radiation TPS would greatly enhance the accuracy and repro-
ducibility of cardiac CTV definition, and thereby improve the STAR performance
and patient outcomes. Currently, the EAM data cannot directly be integrated into
the radiation TPS. Indirect integration of the EAM data into the radiation TPS is
possible through in-house script-based transformations of the EAM-derived data
into a Radiotherapy Structure Set (RTSS) file based on different algorithms.

In this section, the state-of-the-art VT target registration approaches are
discussed, including traditional manual freehand target registration, AHA 17-

segment model registration and 3D-3D registration.

Manual Freehand Target Registration

During the initial STAR development, the cardiac CTV was freehand delineated
on the treatment planning CT slices directly within the radiation TPS by visually
side-by-side comparing the EAM data with the 3D contoured LV structure [12]-
[14]. As expected, such manual cardiac CTV delineation method is significantly
operator-dependent and lead to low inter-observer variability [15], [16]. In the
benchmark study conducted by Boda-Heggemann et al. [15], the absolute dis-
tance of center of mass (CoM) was up to 43.9 mm with a lowest Dice-Seorensen
coefficient (DSC) value of 0.02, while van der Ree et al. [16] reported a DSC value
of 0.31+0.21.

As a result, several studies have shown that manual delineation is prone to
errors and can result in STAR treatment failure with recurring VT from regions
directly neighboring the previously irradiated PTV with a necessity of repeat
catheter ablation or STAR [12], [16], [18], [85].

AHA 17-Segment Model Registration

In 2002, the AHA recommended dividing the LV into 17 segments for re-
gional analysis of ventricular function or myocardial perfusion based on autopsy
data [25]. Figure 3.1 illustrates the location and the recommended names for the
17 LV myocardial segments on a bull’s-eye map. The LV is divided into three
circular sections, namely basal, mid-cavity and apical segments, perpendicular to
the long axis. The relative contribution of the basal, mid-cavity and apical seg-
ments are 35% (6/17), 35% (6/17) and 30% (5/17), respectively. The basal section
is subdivided into six 60° segments: basal anterior, anteroseptal, inferoseptal, in-
ferior, inferolateral and anterolateral, with the right ventricular wall attachment
serving as a landmark for septal identification. In addition, the aortic valve root is

placed at the center of LV segment 2. Similarly, the mid-cavity section is divided
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into six 60° segments: mid anterior, anteroseptal, inferoseptal, inferior, inferolat-
eral and anterolateral. Due to myocardial tapering, the apical section contains
four 90° segments: apical anterior, septal, inferior and lateral. At the extreme tip
of the left ventricle, the apical cap, composed solely of muscle without a cavity,

represents the apex.

Basal Segments Mid-cavity segments Apical segments
1. Basal anterior 7. Mid anterior 13. Apical anterior
2. Basal anteroseptal 8. Mid anteroseptal 14. Apical septal
3. Basal inferior 9. Mid inferoseptal 15. Apical inferior
4. Basal inferior 10. Mid inferior 16. Apical lateral
5. Basal inferolateral 11. Mid inferolateral 17. Apex

6. Basal anterolateral 12. Mid anterolateral

FIGURE 3.1: American Heart Association (AHA) 17 myocardial segments with rec-
ommended nomenclature for the left ventricle tomographic imaging displayed on a
bull’s-eye map (circumferential polar plot). The AHA guidelines highlight the sig-
nificant variability in the coronary artery blood supply to different myocardial seg-
ments. With the recognition of the anatomic variability the individual segments may
be assigned to specific coronary artery territories: left anterior descending (LAD,
cyan), right coronary artery (RCA, yellow) and left circumflex (LCX, magenta).

In a previous study conducted by Brownstein et al., a step-by-step guide was
proposed to rotate the heart from standard orthogonal views captured during
radiation simulation to the cardiac-specific orientation required for visualizing
the AHA 17-segment model [86]. Without an appropriate (semi-)automated seg-

mentation tool, the manual segmentation of the LV structure based on the AHA
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17 segments showed considerable inter-observer variability with DSC values of
0.31 £ 0.21 [16]. This study highlighted the need for a (semi-)automated tool to
segment the LV structure in a more accurate and efficient approach.

In another study, a set of semi-automated angulation and segmentation tools
were developed in C++ with the use of Digital Imaging and Communications in
Medicine (DICOM) ToolKit library, to obtain the standardized AHA 17 segments
of the LV for STAR. With assistance of this tool, the inter-observer variability
is reduced and result in a DSC of 0.8 (interquartile range: 0.70-0.87) and a me-
dian of the mean Hausdorff distance (HD) of 0.9 mm (interquartile range: 0.5-1.7
mm) [87]. Another semi-automated tool named ASSET was developed within the
MATLAB programming environment based on the mathematical method prin-
cipal component analysis (PCA) [88]. The ASSET tool could accomplish the LV
segmenting procedure in less than 5 minutes while the manual segmentation took
more than 2 hours per patient, which is significantly time-saving for STAR treat-
ment. In a prospective trial on patients with VT or cardiomyopathy related to
premature ventricular contraction (PVC), the AHA 17-segment model was used
to compare and determine the final target for STAR based on the combination of
electrical information and the anatomic scar information [77]. As a result, for the
evaluable patients, VT episodes or PVC burden were reduced in 17/18 patients
(94%), with a concurrent reduction in antiarrhythmic medication. Similarly, in
another prospective trial, with the help of the main efficacy measure of > 50%
reduction in treated VT episodes was achieved in four evaluable patients at the
12 months follow-up.

However, as discussed in a STAR case report, most likely, the cardiac CTV
created by AHA 17-segment model approach will be larger than the expected
CTV [89]. This is because usually the VT target is only partially but not exactly
located in one or several LV segments. Therefore, the 17-segment model reg-
istration approach is not expected to accurately localize the cardiac CTV in the
treatment planning CT. On the other hand, the AHA 17-segment model is desig-
nated for the LV structure that cannot be applied to cases where the VT substrate

locates on the right ventricle (RV) structure.

3D-3D Registration

In commonly used commercial EAM systems in clinical practice (i.e., RHYTH-
MIA HDx, CARTO 3 and EnSite), the mapped cardiac structures data and the
catheter ablation points can be exported in vendor-specific formats during typi-

cal catheterization procedure as 3D EAM raw data. The exported EAM raw data



3.1. Ventricular Tachycardia Target Registration 17

can then be registered to the 3D CT contours with respect to the planning imaging
data. This VT target registration concept can be classified as 3D-3D registration.

EAMapReader [90] written in Python programming language is an extension
within the open-source 3D Slicer software [91]. It can define the cardiac CTV on
the radiation treatment planning CT in a 3D-3D registration manner. It is able
to import the raw data exported from the EAM systems in the corresponding
vendor-specific data format. The significant parts of the EAM raw data are then
extracted for reverse engineering, to recreate the map as a triangulated mesh with
overlaid scalar information of voltage and local activation time. For VT target
registration, a contrast-enhanced cardiac CT and the corresponding RTSS file in-
cluding the LV and aorta structures are loaded into the 3D Slicer software with its
extension SlicerRT [92]. A manual alignment was initially performed, followed
by an automatic registration using iterative closest point (ICP) algorithm for fine-
tuning. Afterwards, a cardiac CTV can be created on the cardiac CT based on the
aligned map. Eventually, the cardiac CTV structure can be exported in an RTSS
tile which can be read by the radiation TPS.

In recent years, based on this 3D-3D registration concept, some research
groups have developed different VT target registration tools: register the 3D
mesh of the mapped cardiac substructures (e.g., LV and aorta) from the EAM
output data to the CT contours of the LV structure with respect to the radiation
treatment planning CT, and define the VT target on the EAM mesh based on
the arrhythmogenic substrate from the EAM data in order to finalize the cardiac
CTV [18], [93]-[98]. In addition, some commercial products have been devel-
oped. Mimics Innovation Suite (Materialise, Leuven, Belgium) can fuse imaging
data (in DICOM format) and EAM data [78]. ADAS 3D (Galgo Medical S.L,,
Barcelona, Spain) is capable of performing landmark-based 3D-3D VT target reg-
istration [89], [99].

Despite the increased accuracy of the 3D-3D registration method compared
with the traditional manual delineation and semi-automated AHA 17-segment
model registration, one drawback of the 3D-3D registration is that the EAM raw
data is highly vendor- and version-specific. Therefore, designated scripts are pre-
requisite for different models of EAM systems, or even for different versions of
a same model. To overcome this and make the VT target registration tool more
versatile, it is of interest to investigate if the EAM data can be utilized in another
form such as its screenshots in commonly used image formats Portable Network
Graphics (PNG) and Joint Photographic Experts Group (JPG/JPEG).
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3.2 Validation of Target Registration

Implementation for Quality Assurance

Despite high initial success rates of STAR treatments for VT patients, VT tar-
get definition and methods of data transfer from the electrophysiology to the
radiation TPS is a research hotspot. Harmonizing these processes is particu-
larly challenging within multi-center, multi-platform clinical studies such as the
RAVENTA trial (NCT03867747) [29], [100], which involves various EAM systems
and radiation platforms [80], [100], [101]. A recent RAVENTA benchmark on VT
target definition and contouring highlighted significant clinician-to-clinician de-
viations in cardiac CTV delineation for STAR [15]. This variability partly comes
from differing approaches to VT catheter ablation [102], but current manual meth-
ods for transferring VT targets from EAM to radiotherapy planning imaging data
further introduces uncertainty and variation.

Quality assurance of the VT target transfer from the EAM data to the radia-
tion TPS conducted as a pre-treatment verification during treatment planning is
crucial for ensuring treatment performance and patients” outcomes in STAR [2],
[4], [6], [17], [29], [101], [103]. In several prospective studies investigating the use
of STAR for the treatment of VT, different quality assurance tools of VT target
definition in the radiation TPS have been employed [6].

In the Electrophysiology-Guided Noninvasive Cardiac Radioablation for Ven-
tricular Tachycardia (ENCORE-VT) trial (NCT02919618), the AHA 17-segment
model of the LV was used for VT target volume transfer from the electrocar-
diographic imaging (ECGI) to the radiation TPS [77] for 19 patients (17 with VT
and 2 with PVC cardiomyopathy). In another prospective study (NCT02661048)
published in 2020, 5 patients were treated with STAR for refractory scar-related
VT [12]. The anatomical cardiac CTV for STAR was defined based on study-
specific preprocedural imaging with cardiac CT and delineated using a cardiac-
specific radiotherapy planning software called CardioPlan (CyberHeart, Portola
Valley, California, USA). However, the quality assurance approach used for VT
target transfer was not specified in that publication.

Later, the preliminary results of the STereotactic RadioAblation by Multi-
modal Imaging for Ventricular Tachycardia (STRA-MI-VT) study (NCT04066517)
including 7 patients were reported in 2021 [104]. A consensus on the VT target
structure was identified by an interdisciplinary team (including an electrophysi-
ologist, a clinical cardiologist, a cardio-radiologist, a biomedical engineer, a radi-

ation oncologist and a medical physicist) based on cardiac CT, EAM analysis, as
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well as all additional ECG and ECGI information. The details of the quality as-
surance tool used for verifying the defined VT target was not given in that study:.

In a study published in 2022 including 6 VT patients, the quality assurance
tool for EAM-TPS transfer was also not specified [105]. In the same year, a single-
center case series (HeartSABR, KCT0004302) involving 6 patients with intractable
VT or PVC-induced cardiomyopathy was published, but the target transfer qual-
ity assurance tool remained unspecified [106].

The results of the Stereotactic management of arrhythmia - radiosurgery in
treatment of ventricular tachycardia (SMART-VT) trial (NCT04642963), which
included 11 patients and was published in 2023, stated that the quality as-
surance tools used for VT target registration were the 3D Slicer extension
named EAMapReader (primarily) [90] and the AHA 17-segment model, with
the CARDIO-RT software used for retrospective data analysis [107]. Addi-
tionally, the AHA 17-segment model was employed as a quality assurance
tool for VT target transfer in the StereoTactic Arrhythmia Radiotherapy in the
Netherlands no.1 (STARNL-1) trial (Netherlands Trial Register: NL7510) [108]
and the Stereotactic Radioregulation Antiarrhythmic Therapy (SRAT) trial (ID:
jRCTs032190041) [109], which included 6 and 3 VT patients, respectively. In an-
other prospective study, 14 VT patients were treated with STAR, but again, the
quality assurance tool for target transfer was not specified.

The ventricular wall thinning and perfusion information provided by the in-
HEART online platform [110] was also mentioned for quality assurance in a ret-
rospective analysis [111]. Similarly, in the initial experience with the STAR study
in an Australia cohort of 12 drug-refractory VT patients, the ADAS 3D software
(wall thickness derived from CT data) and the AHA 17-segment model were uti-
lized for quality assurance [112]. The ADAS 3D software was also used in two
case reports to fuse the EAM data and CT contours of the cardiac substructures
(e.g., LV, aorta, etc.) [89], [99].

Within the STOPSTORM.eu consortium, to enable harmonization, standard-
ization and optimization of STAR treatment, a comprehensive quality assurance
programme including mandatory benchmark studies with target definition, treat-
ment planning and a dedicated STAR case review software for secondary quality

assurance has been established [5].

Cross-Validation for Target Registration Methods
Freehand delineation of the VT target region, defined on the mapped EAM LV
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surface, in the radiation TPS on treatment planning CT demonstrates low inter-
observer consistency, even performed by experienced electrophysiologists and
radiation oncologists [15], [16]. Moreover, clinically significant errors have been
reported with these freehand "eyeballing" approaches [18].

In 2021, a 3D-3D VT target registration workflow implementing the 3D Slicer
software was published, and this workflow was reported to be robust and com-
patible with another cardiac magnetic resonance imaging (MRI) based STAR
treatment planning system ADAS-3D (Galgo Medical S.L., Barcelona, Spain) [93].
However, the intra-/inter-observer variability or the associated reproducibility
rate was not demonstrated. In the same year, a research group conducted an inter-
observer variability study of a 3D-3D VT target registration workflow, using an
in-house program written in Python for CARTO EAM raw data conversion [18]
and the 3D Slicer software for a manual EAM-CT registration [113]. The cardiac
gross target volume (GTV)s were created by two observers independently using
case data for 9 VT patients who underwent STAR, and the percentage of the over-
lapping and non-overlapping GTV in relation to the total volume was calculated.
Created GTVs were significantly different (8 vs 19 cm?) with lowest GTV overlap
of 35% for lateral wall target areas. Later in 2024, this research group published
another work to analyze the intra- and inter-observer variability of their refined
3D-3D VT target registration workflow which enables automatic EAM-CT reg-
istration [97]. Cardiac CTVs were created by two observers independently for
datasets of 10 VT patients who underwent STAR. For the inter-observer variabil-
ity, the DSC and mean HD was 0.81 + 0.11 and 0.87 + 0.45 mm, respectively.
Regarding the intra-observer variability, the DSC and mean HD was 0.82 + 0.06
and 0.71 + 0.22 mm, respectively. The high inter-observer similarity of delineated
cardiac CTVs confirmed the robustness of the VT target registration workflow.

However, these studies were focused on the intra- and inter-observer variabil-
ity of a specific VT target registration tool, but not the conformity between differ-
ent VT registration approaches.Although several novel semi-automatic VT target
registration tools have been developed, there is still a lack of studies to evaluate
the conformity of the cardiac CTVs generated by different novel semi-automated
VT target transfer approaches. Such studies would be significantly beneficial to

confirm the accuracy and effectiveness of these different tools for STAR.
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3.3 Cardiac Motion Estimation for Motion Management

During STAR treatments, although respiratory motion can be accurately man-
aged by e.g., gating, DIBH techniques or tracking using robotic based tech-
niques [23], [24], [114], radiotherapy systems are not equipped to account for
cardiac motion during STAR treatment, which is rarely a concern in traditional
radiation oncology [115]. Cardiac motion, particularly the movement of the CTV
and the AHA 17 LV segments [25], presents a significant challenge in the pre-
cise definition of cardiac ITV margin. This motion can lead to marginal misses,
reducing the efficacy of the treatment and potentially causing damage to the sur-
rounding OAR via dose wash-out [26]. Additionally, active motion management
strategies have been under investigation in recent years [27], [28], and cardiac mo-
tion estimation could help identify VT patients with larger cardiac motion who
would particularly benefit from them. Moreover, a previous review conducted by
the STOPSTORM.eu consortium has demonstrated that the cardiorespiratory mo-
tion is patient-specific, suggesting the need for personalized motion management
in STAR for VT [26]. Therefore, estimating the cardiac motion of the CTV and 17
LV segments is essential for defining an appropriate individualized cardiac ITV
margin, thereby enhancing the performance of STAR.

In recent years, several studies focusing on cardiac motion analysis for STAR
have been published. In 2020, a research team investigated the motion of the LV
(CoM), RV, ascending aorta, ostia of the right coronary artery, left coronary artery
and left anterior descending artery using breath-hold cardiac gated CT of 10 pa-
tients who underwent transcatheter aortic valve replacement, and reported that
more than 90% of the motion was less than 5 mm [116]. Then in 2024, a study
was conducted to analyze the geometric centroid of the target arrhythmogenic
substrate of 12 patients with refractory arrhythmia treated by STAR, using four-
dimensional (4D) cardiac CT and 4D CT with a deformation vector field [117].
The mean maximum displacement of the target arrhythmogenic substrate in 3D
due to cardiac pulsation was 5.2 mm (range: 2.6-8.0 mm) in that study. In the
same year, an analysis on cardiorespiratory motion including 44 patient datasets
with catheter ablation geometrical data recorded during EAM procedures was
performed. It was reported that the average cardiac and respiratory motion was
1.6 £ 1.2 mm and 12.1 + 4.1 mm, respectively [118]. Additionally, the average ra-
tio of respiratory to cardiac motion was approximately 11:1. Recently, a research
team used breath-hold cardiac magnetic resonance cine images to quantify AHA

17 LV segments motion during the cardiac cycle, and provided an estimate of
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epicardial and endocardial displacement for the AHA 17 LV segments for pa-
tients with normal and impaired LV function [119]. Moreover, they demonstrated
that cardiac cycle motion is an important component of overall target motion and
varies depending on the anatomic cardiac segment [120]. Wu et al. measured the
displacement of transvenous right atrial appendage, RV ICD, coronary sinus lead
tips and prosthetic cardiac devices across the cardiac cycle from breath-hold 4D
cardiac CT in 31 patients who underwent catheter ablation procedure for atrial or
ventricular arrhythmias [121]. In that study, there was considerable variation in
cardiac contractile motion among the patients, ranging from 1 to 15 mm, and the
RV ICD lead tip motion was 8.6 + 3.5 mm.

However, current studies focusing on patient- and segment-specific cardiac
motion analysis of the cardiac CTV (especially at the voxel-wise level), as well as
the correlation between ICD lead tip motion and the motion of both the CTV and
the 17 LV segments in VT patients who underwent STAR, remain limited.
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Chapter 4

CARDIO-RT Target Registration
Methods

In this chapter, practical methods of registering the VT target determined by the
treatment team using all available EAM data are explored, resulting in a software
named CARDIO-RT including three semi-automatic target registration methods.
This chapter provides the answer to the research question Q1 addressed in sec-
tion 1.1.

This chapter begins with a short summary of the scientific contributions in
section 4.1. This is followed by the demonstrations of three practical VT tar-
get registration methods, namely the AHA 17-segment model registration (sec-
tion 4.2), 3D-3D registration (section 4.3) and 2D-3D registration (section 4.4).
Next, section 4.5 addresses the significance of aorta mapping in EAM systems
for the 2D-3D registration method. In section 4.6, three main additional func-
tions of the registration software are introduced. Finally, the chapter ends with a

discussion in section 4.7 and a summary in section 4.8.

4.1 Scientific Contributions

In this chapter, a stand-alone software named CARDIO-RT including three prac-
tical semi-automatic VT target registration methods between the EAM system
and the radiation TPS for STAR is demonstrated. This software has an intuitive
graphical user interface (GUI) and has been developed and maintained within the
MATLAB App Designer development environment (version R2024b, The Math-
Works Inc., Natick, Massachusetts, USA) [122]. The CARDIO-RT software is com-
patible with Windows, Linux, and Mac operating systems. This software includes

three VT target registration methods: the AHA 17-segment model registration,



24 Chapter 4. CARDIO-RT Target Registration Methods

3D-3D registration and 2D-3D registration. The AHA 17-segment model registra-
tion is able to divide the LV myocardium structure contoured from the cardiac CT
into 17 segments according to the 17-segment model published by the AHA [25].
The 3D-3D registration method can read the raw data including the LV, aorta and
catheter ablation points exported from the EAM system in corresponding vendor-
specific data formats, and then register the catheter ablation points to the radia-
tion treatment planning imaging data. It currently supports three EAM systems:
RHYTHMIA HDx, CARTO 3, and EnSite. For the 2D-3D registration, it transfers
the VT target marked on the EAM screenshots (in PNG or JPG/JPEG format) in
standard anatomical views to the radiation treatment planning imaging data.

The practical VT target registration software proposed in this chapter has
been employed as a quality assurance tool within the German RAVENTA trial
(NCTO03867747) [4], [29], a harmonized trial in Israel (national trial number:
202225964) [30], as well as the SMART-VT trial (NCT04642963) [6], [107]. As of
the writing of this dissertation, at least 39 prospective STAR cases for VT have
been performed with assistance of the CARDIO-RT software as a quality assur-
ance tool for VT target registration. Some clinical trials and studies that employed
the software have already been published [4], [30], [123]-[132].

4.2 AHA 17-Segment Model Registration

4.2.1 Registration Workflow

Data Preparation and Import
The AHA 17-segment model registration is a versatile method that supports all
EAM systems. Figure 4.1 illustrates the workflow of the CARDIO-RT AHA 17-

segment model registration.
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The RTSS file including the cardiac substructures (i.e., LV myocardium, aorta,
etc.) is imported, and the LV myocardium and aorta (if available) contours are
imported as individual point clouds. The inclusion of aorta structure could im-
prove the accuracy of 17-segment model registration by serving as a reference for
registration.

For the LV structure extracted from the RTSS file, the contour points on some
slices may be sparse. On the most superior and inferior slices, the points are
only located along the LV boundary (see Figure 4.2). Therefore, very limited LV
points can be defined as VT target points. To address this issue, the density of LV
points can be increased using the following procedure. For each contour of the LV
structure, the x-, y- and z-coordinates of LV points are extracted from the DICOM
metadata of the corresponding RTSS file in order to generate a binary mask. For
all binary masks except the most superior and inferior ones, only the perimeter
pixels of the binary map are kept. Next, based on these pixels, a set of rasterized
points is generated for each contour. Eventually, an LV point cloud with higher

density is obtained (see Figure 4.2).
Original LV point cloud Rasterized LV point cloud

- LV points in between superior and inferior contours
- LV points on superior and inferior contours

300 | 4

-100 >\\\:
20 _
-140 \\)\ 60
160 -
180 .~ 20
Y [mm] 200

X [mm]

FIGURE 4.2: Original and rasterized left ventricle (LV) point clouds.

For CT scans, either the planning CT, the cardiac CT, or both should be im-
ported. The CT slices are exported in DICOM format from the radiation TPS and
then imported as a volume into the CARDIO-RT software.

After importing all required and optional data, if both the planning CT and
cardiac CT datasets are imported, it will be checked whether the cardiac CT is
already registered to the planning CT. If not, the cardiac CT can be registered to
the planning CT (see section 4.6.2).
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Divide Left Ventricle Myocardium into 17 Segments

Initially, the CoM (%, 7,2) of the original point cloud PY,, of the LV myocardium
is calculated. A translation matrix M; is then defined based on this CoM. This
translation matrix is applied to the point cloud PY,, to obtain the transformed

point cloud Py, ensuring that its CoM is aligned with the origin:

Py = M; - P}y 4.1)

Afterwards, PCA will be performed on the point cloud P}y, to determine the prin-

cipal component coefficient matrix Rpca:
vi vp vy 0
Rpca = , 4.2
pca (O - 1) (42)

where each of vy, v and v3 contains the coefficients for one principal component.
The point cloud P}y is then rotated accordingly, to be aligned with its principal

axes:

Pfy = Rpca - Ply. (4.3)

In the GUI, for each principal axis, the additional rotations R(x, 6;), R(y,6,) and
R(z,63) about the three component axes can be defined. A new point cloud P},

is then obtained by applying the composite rotation matrices:

P}y = R(x,01)-R(y,62) -R(z,63) - Piy. (4.4)

In the next step, the point cloud P, will be translated according to the matrix Mp

to align the apex with the origin:

010 0

M; = , (4.5)
001 0
000 1

where Xapex = min(x) from the transformed points P%V. Since the size of the LV
structure varies among VT patients, the LV myocardium point cloud is normal-

ized according to the length between the apex and mitral valve I1y:

Iy = Xmitral valve — Xapexs (46)



28 Chapter 4. CARDIO-RT Target Registration Methods

and

, 4.7)

_ o O O

where Xpitral vaive = max(x) from the points P%V. The final normalized LV my-

ocardium points P’;V can then be obtained:

P, = M3 - M, - P}y, (4.8)

For each point in the point cloud P{V, it is categorized based on the definition of
the AHA 17-segment model of the LV. Points in the basal region are those with a
distance greater than 65%, and this region is further divided into six segments (1-
6), with each segment spanning 60 degrees of the circular bullseye. Similarly, the
mid-cavity region corresponds to points with distances between 30% and 65%.
This region is also divided into six segments (7-12), with identical angular divi-
sions as the basal region. The apical region consists of points with distances less
than 30% of the radius and includes four segments (13-16), with each spanning
90 degrees. Points close to the origin are assigned to the apex section (segment
17).

The LV myocardium structures before and after the AHA 17-segment model
registration process are shown in Figure 4.3. A black line basket consists of radial
lines and concentric circular segments with corresponding segment numbers is
generated on the LV myocardium point cloud, to assist in dividing the LV my-
ocardium point cloud (see Figure 4.3A). Optionally, as shown in Figure 4.3, the
x-, y- and z-coordinates of the apex, mitral valve center and aortic valve center
can be input, and these three points will then be visualized as three spheres on
the LV 17-segment model and serve as a registration reference. This option is
highly recommended in case the aorta structure is not available or the adjacent
part of the aorta with the LV is incomplete in the RTSS file. Due to the absence
of aorta structure, the aortic valve center can serve as a registration reference in-
stead. During the 17-segment model registration, the segmented LV points are

visualized in real time in the GUI.
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FIGURE 4.3: Representative case for the American Heart Association 17-segment

model registration with the spheres of apex (red), mitral valve center (green) and

aortic valve center (blue) as registration references. The left ventricle (LV) segments

are shown in different colors, and the basket of the 17-segment model is shown as

black concentric circles and radial lines. (A) The LV myocardium structure before

the 17-segment model registration. (B) The LV myocardium structure after the 17-
segment model registration.

Data Output
The x-, y- and z-coordinates of individual points from the registered VT targets
cannot be directly added to the original RTSS file because the radiation TPS can-
not interpret structures with the DICOM attribute ContourGeometricType set to
POINT. Therefore, for each point in each LV segment structure, three additional
points are defined to form a square with a side length of 1 mm. Afterwards, the
x-, y- and z-coordinates of these four points are then saved in the DICOM meta-
data under the ROIContourSequence attribute, with ContourGeometricType set
to CLOSED_PLANAR. The point clouds of all 17 LV segments are added to the
original RTSS file as 17 individual structures, and exported as a new RTSS file.

It has been verified that the DICOM attributes of the saved structures have
to be meticulously assigned. Otherwise, some radiation TPS may not be able to
import the CARDIO-RT exported structures saved in the RTSS file correctly.

4.2.2 Visualization of the Registered 17 Segments

The registered LV segment(s) of interest can be selected and visualized on the im-
ported CT slices in coronal, axial and sagittal views. If both cardiac CT and plan-

ning CT datasets are imported, the type of current visualized CT can be selected.
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Additionally, the registered VT target, LV and aorta structures are visualized in
the 3D view (see Figure 4.4). The visualized CT slices in the three anatomical
views (i.e., coronal, axial and sagittal) can be adjusted. If needed, the CT slices in
three anatomical views can be reset to the initial position. The slice position and
the corresponding world position (unit: mm) for the current anatomical views
are also shown in the GUIL The window width and level values for visualized
medical images can be adjusted as needed. Additionally, the coronal, axial and
sagittal views of the images can be displayed individually in the 3D view. The

registered 17 LV segments are shown in Figure 4.5.
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FIGURE 4.4: Representative case: Visualization of the registered left ventricle seg-
ment 13 (red) on the cardiac computed tomography (CT) (A) and planning CT (B) in
the CARDIO-RT software.
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FIGURE 4.5: Representative case: Visualization of the registered American Heart
Association left ventricle 17 segments (in different colors) and aorta (pink).

4.3 3D-3D Registration

4.3.1 Registration Workflow

Data Preparation and Import
Currently, the 3D-3D registration method supports the following three EAM sys-

tems:

e RHYTHMIA HDx
e CARTO3

e EnSite

In the EAM system, during typical catheter procedures, the LV and aorta (op-
tional) are mapped, and the VT catheter ablation points are defined and saved.
These structures are exported as EAM raw data in vendor-specific formats. Data
export processes vary across EAM systems, with limited documentation on ex-
port files.

For RHYTHMIA HDx system, cardiac substructures (i.e., LV, aorta, etc.) and
catheter ablation points are exported in a single MATLAB .m file. In the CARTO
3 system, cardiac substructures are exported separately as individual files with

the .mesh extension, while the catheter ablation points are saved in a file with
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the _car.txt extension. For the EnSite system, cardiac substructures and catheter
ablation points are exported in a single file with the .xml extension.

Exported and archived data files from the EAM systems were analyzed. Sig-
nificant portions of the undocumented export and archive file formats were de-
ciphered through manual inspection of binary raw data and comparisons of file
structures. Custom MATLAB scripts were developed for the three EAM systems
individually to ensure proper import of EAM data, including the LV, aorta (op-
tional) and VT ablation points.

For CT scans, either the planning CT, the cardiac CT, or both should be im-
ported. The CT scans are exported in DICOM format from the radiation TPS and
then imported as a volume into the CARDIO-RT software.

Typically, cardiac substructures (i.e., LV, aorta, etc.) are contoured in the ra-
diation TPS, and are exported as an RTSS file. In the DICOM metadata of the
RTSS file, the segmentations are stored in individual structure arrays under the
DICOM attribute ROIContourSequence. The point cloud of a specific segmenta-
tion is organized, sorted and stored based on the z-coordinates of the individual
points in the point cloud. Points with the same z-coordinate are stored in a single
tield within the DICOM attribute ContourData inside the corresponding Con-
tourSequence. LV contours are essential, while the aorta contours are optional
and serve as a registration reference. Importing aorta contours enhances the ac-
curacy of 3D-3D registration.

After importing all required and optional data, if both the planning CT and
cardiac CT datasets are imported, it is checked whether the cardiac CT is already
registered to the planning CT. If not, the cardiac CT can be registered to the plan-
ning CT (see section 4.6.2).

EAM-CT Left Ventricle Registration
Figure 4.16 illustrates the workflow of the 3D-3D registration.
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CT = computed tomography; DICOM = Digital Imaging and Communications in
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iterative closest point; ROI = region of interest.
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The orientation of the patient in the coordinate system across different EAM
systems (i.e., CARTO 3, RHYTHMIA HDx and EnSite) is different. Therefore,
after importing the EAM point cloud and CT contours, a rotation matrix Rjp; is
applied to the EAM point cloud to diminish this variation of orientations initially.
The values of the Euler angles depend on the EAM system used. For RHYTHMIA
HDx EAM data, the initial rotation angles are set as aini = 7/2, Bini = 7T and
Yini = 0. For CARTO 3 EAM data, the initial rotation angles are set as aini = 77/2,
Bini = 0 and 7ini = 0. For EnSite EAM data, the initial rotation angles are set as
Xini = 0, Bini = 0 and vini = —7t/4. The initial rotation matrix Rjn; is then defined

as:

Rini = R(X, &ini) - R(Y, Bini) - R(2Z, Yini)- (4.9)

The CoM (%gam, JEaM, ZEam) of the imported point cloud of EAM data P% AM 1S
calculated. A translation matrix Mgaw is then defined based on this CoM, to align
the CoM of PY,,, with the origin. Similarly, the CoM (%cr, Jict, ZcT) of the point
cloud of imported CT contours Pcr is calculated, and a translation matrix Mcr is
defined accordingly, to shift the origin to the CoM of Pcr.

The composite transformation matrix will then be applied to the original point
cloud of imported EAM data PY,,, to obtain the initial point cloud of EAM data

1 .
PEAM'

PlliAM = MEgam - Mcr - Rin - P% AM- (4.10)

The x-, y- and z-axes in the coordinate system and the orientation of the three
anatomical views (i.e., superior (SUP), left lateral (LL) and anterior-posterior

(AP)) are shown in Figure 4.7.
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FIGURE 4.7: Orientation of the coordinate system for the 3D-3D registration and

three planes for translation and rotation. x-axis: right-left direction; y-axis: anterior-

posterior direction; z-axis: inferior-posterior direction. Abbreviations: SUP = supe-
rior; LL = left lateral; AP = anterior-posterior.

The initial positions of the EAM point cloud P} 4y, and CT contours are shown
in Figure 4.8A. At the beginning, the XY-plane, YZ-plane or XZ-plane can be se-
lected. Then, the camera line of sight for the EAM point cloud and CT contours
will switch to visualize them in the SUP, LL and AP views, respectively. During
registration, the EAM points are moving, while the CT contours of LV and aorta
remain fixed. In the selected plane, the EAM point cloud can be translated along

the two main axes parallel to the selected plane. Additionally, it can be rotated
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about the main axis perpendicular to the plane. The stepsize (unit: mm) and ro-
tation angle increment (unit: degrees) can be adjusted for coarse or fine tuning.
During the 3D-3D registration process, the EAM point cloud and CT contours are

visualized in real time in the GUI.

FIGURE 4.8: Representative case of the 3D-3D registration. Blue: left ventricle (LV)
and aorta electroanatomical mapping (EAM) points; green: ventricular tachycardia
catheter ablation points; red: computed tomography (CT) LV contours; black: CT
aorta contours. (A) Position of the EAM point cloud and CT contours before regis-
tration. (B) Position of the EAM point cloud and CT contours after registration.

For translations, in the XY-plane (SUP view) and XZ-plane (AP view), the
EAM point cloud can be translated along the x-axis. The total translation along
the x-axis in these two planes is defined as T,. In the XY-plane (SUP view) and
YZ-plane (LL view), the EAM point cloud can be translated along the y-axis. The
total translation along the y-axis in these two planes is defined as T,. In the YZ-
plane (LL view) and XZ-plane (AP view), the EAM point cloud can be translated
along the z-axis. The total translation along the z-axis in these two planes is de-
fined as T.

For rotations, in the YZ-plane (LL view), the EAM point cloud can be rotated
about the x-axis, and the rotation matrix is defined as Ry(6). In the XZ-plane
(AP view), the EAM point cloud can be rotated about the y-axis, and the rotation
matrix is defined as R, (¢). In the XY-plane (SUP view), the EAM point cloud can
be rotated about the z-axis, and the rotation matrix is defined as R(z, ¢).

Optionally, the ICP algorithm [133] can be applied to iteratively minimize the
distance between corresponding points to align the point cloud P ,,, with point

cloud Pcr, resulting in a rigid transformation matrix Mjcp which can be applied
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to the EAM point cloud. The composite transformation matrix M3p._3p is obtained

as:
Micp - R(x,0) -R(y,¢) - R(z,¢) - Ty - Ty - T2 - Mgam - Mct - Rini,
if ICP algorithm is applied
Mspsp =
R(x,0)-R(y,¢) - R(z,¢) - Ty - Ty - T - Mgam - Mcrt - Rini,
otherwise
(4.11)
and the final registered EAM point cloud PJI; A 1s then obtained as:
f oo 0
PEAM = Mjspsp - I)EAM' (4-12)

If needed, the transformation of the EAM point cloud can be reset to its initial po-
sition (Pf,y). During the 3D-3D registration procedure, the registration matrix
M;p.sp can be exported to a file with the .txt extension for potential documenta-
tion or research purposes. The exported file including the registration matrix can
also be imported into the software to restore the corresponding position of the
EAM point cloud P]]; anm- After the registration, the registered EAM point cloud is

shown in Figure 4.8B.

Project Ventricular Tachycardia Target onto Left Ventricle Contour Planes

The moved EAM VT ablation points are projected onto the planes of the CT LV
contours. For each point in the moved EAM VT ablation point cloud, the nearest
z-plane from the CT LV points is identified by minimizing the absolute difference
in z-coordinates. The z-coordinate of the specific plane is then assigned to the
given point, while its x- and y-coordinates remain unchanged. This approach

outputs a new matrix representing the registered VT target points.

Project Ventricular Tachycardia Target onto Left Ventricle Point Cloud

Since the EAM LV point cloud and CT LV contours are acquired using two dif-
ferent modalities, there is variation in the shape of these two LVs. Therefore, the
registered VT target points may not locate exactly on the CT LV point cloud (see
Figure 4.9A-C). To address this issue, the transformed VT target points can be
projected onto the CT LV point cloud using a k-d tree-based search algorithm.
In this approach, the moved EAM VT ablation points are defined as the query

points, and the CT LV points are defined as the reference points. For each point
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in the moved EAM VT ablation point cloud, the nearest z-plane in the reference
point cloud is identified by minimizing the absolute difference in z-coordinates.
Within the selected plane, the nearest point from the reference point cloud is then
matched. Finally, a new set of points consisting of these matched points is defined

as the registered VT target points (see Figure 4.9D-F).

FIGURE 4.9: (A-C) The 3D-3D registered ventricular tachycardia (VT) target points

(red) within the left ventricle (LV) blood pool, shown in axial, sagittal and coronal

views of the cardiac computed tomography (CT). (D-F) The 3D-3D registered VT

target points projected onto the LV point cloud (red), shown in axial, sagittal and
coronal views of the cardiac CT.

Fill the Border of Sparse Ventricular Tachycardia Target Points

In some cases, only a set of very sparse EAM VT ablation points are defined and
saved during the EAM procedure. These VT catheter ablation points are located
along the the border of the VT target region, and thus only a small number of
ablation points can be read and are applicable for the 3D-3D registration (see
Figure 4.10). To enhance the visualization for the registered VT target points, the
LV points within the border represented by these VT catheter ablation points can
be selected and defined as VT target points.



40 Chapter 4. CARDIO-RT Target Registration Methods

20

-20

40

-60

-80

Z[mm]

-100

-120

-140

-200

140 Y [mm]

-350

FIGURE 4.10: Electroanatomical mapping left ventricle and aorta points (blue) and a
set of sparse ventricular tachycardia catheter ablation points (green).

First, the CoM of the transformed EAM VT ablation points and the CT LV
points are calculated. The vector connecting these two CoMs is then determined
as vi. Using this vector and the initial line-of-sight vector v; (inferior (INF) view),
the axis angle rotation vector r = (x,y,z,6) can be computed. The unit vector
(x,y, z) representing the rotation axis is calculated as:

V1 X Vp

(x,y,z) = | (4.13)

‘Vl X V2H !
where 6 is the angle of rotation around the axis (x,y,z), and is calculated using

the equation:

6 = arccos <v1vz) . (4.14)
[[val[[[vzll

Next, the axis angle rotation vector r is converted into a rotation matrix R which

describes the same rotation:
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R = I5 + sin(8)K + (1 — cos(8))K?, (4.15)

where K is the skew-symmetric matrix of the axis vector (x,y, z):

0 -z y
K=|z2z 0 —x]|. (4.16)
-y x 0

Afterwards, the rotation matrix R is converted into Euler angles (&, B, y), repre-

senting rotations about the x-, y-, and z-axes, respectively:

a = arctan2(R3p,R33), 4.17)
B = arcsin(—Rg31), (4.18)
v = —arctan2(Ry1, Ry 1). (4.19)

The rotation matrix R is then defined as:

Ran = R(x,a) -R(y, B) - R(z, 7). (4.20)

In the next step, a bounding box surrounding the LV point cloud Pcr is defined,

and its geometric center is defined as the center using the following equation:

o <max(Px);—min(Px)’max(Py) ;rmin(Py)lmaX(Pz) ;min(PZ>>, (4.21)

where C = (Cy, Cy, C;) represents the center of the bounding box, and Py, P, and
P, are the x-, y-, and z-coordinates of the LV point cloud Pcr, respectively. A
translation matrix T, is then defined, to shift the bounding box center of the LV
point cloud Pct to the origin. Afterwards, the composite transformation matrix

Mg is given by:

Mg = Ry - T (4.22)

After applying the transformation matrix Mgy to both the LV point cloud and the
registered EAM target point cloud, perpendicular to the current view, the point

cloud of the CT LV contours is divided into two sections: front and back. The
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transformed EAM target points are displayed as green dots, and only the front
section of the LV points is activated and visualized, while the back section of the
LV points and the auxiliary aorta points are hidden (see Figure 4.11A).
Afterwards, a set of vertices along the VT catheter ablation points on the two-
dimensional (2D) projected view are interactively defined to create a polygonal
region of interest (ROI) interactively (see Figure 4.11B). Once the polygonal ROI
is created, each vertex can be adjusted for fine-tuning. Next, the indices of the
transformed points of CT LV contours of the front section within this customized
polygonal ROI are obtained. With these indices, the corresponding points of the
original points of CT LV contours are defined as the VT target points, and these
points turn red in both the 2D and 3D views (see Figure 4.11C). If needed, the
customized polygonal ROI or defined VT target points can be deleted, and the
aforementioned steps can be repeated. Otherwise, the defined VT target points

are saved as the registered VT target points.

A J"“l:v e ;“‘~~: “ B ‘2/7‘_‘. @ ‘;..5 o

FIGURE 4.11: Representative case of 3D-3D registration for the feature border fill.

(A) Computed tomography (CT) left ventricle (LV) points (black) in the front section

and registered VT catheter ablation points (green). (B) Visualization of the polygonal

region of interest (RO, red). (C) Defined VT target points (red) within the polygo-

nal ROL. (E) Visualization of the aorta and defined VT target points (red) on the LV
structure in the 3D view.

Data Output

The x-, y- and z-coordinates of each point in the registered VT target points can-
not be directly added to the original RTSS file because radiation TPS typically
cannot interpret structures with a POINT value for the DICOM attribute Con-
tourGeometricType. Through manual inspection of the metadata for the original
RTSS file, the DICOM attribute ContourGeometricType of the cardiac substruc-
tures is assigned as CLOSED_PLANAR. Therefore, for each VT target point, three

additional points are defined to generate a square with a side length of 1 mm.
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Afterwards, a matrix containing the x-, y- and z-coordinates of these four
points is saved to the DICOM metadata ROIContourSequence with the DICOM
attribute ContourGeometricType set to CLOSED_PLANAR. Finally, all the regis-
tered VT target points are added to the original RTSS file as a new structure and
exported as a new RTSS file. The exported RTSS file is compatible with the radia-
tion TPS, and the registered VT target structure can be visualized in the radiation
TPS as a reference for cardiac CTV delineation. Additionally, the output VT target
structure can be used for quality assurance. The x-, y- and z-coordinates of the
registered VT target points can also be saved and exported in comma-separated
values (CSV) format.

4.3.2 Visualization of the Registered Target

A bounding box surrounding the registered VT target point cloud is defined, and
its geometric center is calculated for the initial CT slices in coronal, axial and sagit-
tal views. The registered VT target points are then visualized on the CT slices in
these three views. If both cardiac CT and planning CT datasets are imported, the
type of visualized CT can be switched. Additionally, the registered VT target, LV
and aorta structures are visualized in the 3D view (see Figure 4.12). The visual-
ized CT slices in the three anatomical views (i.e., coronal, axial and sagittal) can
be adjusted. If needed, the CT slices in all three anatomical views can be reset
to their initial positions. The slice position and the corresponding world position
(unit: mm) for the current anatomical views are also displayed in the GUIL The
window width and level values for the visualized medical images can be adjusted
as needed. Additionally, the coronal, axial, and sagittal views of the images can

be displayed individually in the 3D view.
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FIGURE 4.12: Representative 3D-3D registered ventricular tachycardia target points
(red) on the cardiac computed tomography (CT) (A) and planning CT (B) visualized
in the CARDIO-RT software.
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4.4 2D-3D Registration

4.4.1 Registration Workflow

Data Preparation and Import

The 2D-3D registration is a versatile method that supports all EAM systems.
The EAM sreenshots are captured from the EAM system and saved in PNG or
JPG/JPEG format. The VT target region is marked by a cardiac electrophysiol-
ogist either directly on the 3D LV structure in the EAM system before capturing
screenshot or on the LV in the captured EAM screenshots using any applicable
image editing software, such as Windows Paint or Microsoft PowerPoint. At a
minimum, the EAM screenshot where the VT target region can be visualized has
to be captured. However, it is highly recommended to routinely capture EAM
screenshots in all standard anatomical views (i.e., AP, posterior-anterior (PA),
right lateral (RL), LL, SUP, INF, right anterior oblique (RAO) 30° and left ante-
rior oblique (LAO) 60°, see Figure 4.13). If the VT target region cannot be fully
visualized in a single EAM screenshot, then multiple EAM screenshots show-
ing the VT target region from different views should be marked by the cardiac
electrophysiologist. The 2D-3D registration can be performed multiple times, de-
pending on the number of views where the VT target region is visualized and
marked. During each 2D-3D registration procedure, one EAM screenshot is im-

ported at a time.
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FIGURE 4.13: Representative electroanatomical mapping (EAM) screenshots in stan-

dard anatomical views captured from the CARTO 3 system. The left ventricle and

aorta structures are mapped, with two ventricular tachycardia target regions marked

in the CARTO 3 system as yellow shapes. AP = anterior-posterior; PA = posterior-

anterior; RL = right lateral; LL = left lateral; SUP = superior; INF = inferior; RAO =
right anterior oblique; LAO = left anterior oblique.

In cases where EAM data are unavailable, 2D fluoroscopic images can serve
as an alternative input for the 2D-3D registration method (see Figure 4.14). Since
the aorta is not visible in fluoroscopic images, but the coronary arteries are, the
coronary arteries can bee contoured from the contrast-enhanced cardiac CT at the
end-diastolic phase and used as reference structures for the 2D-3D registration
method (see Figure 4.15).
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FIGURE 4.14: Representative fluoroscopic screenshots captured from the CARTO 3

system. (A) Standard anterior-posterior (AP) view. (B) Non-standard left anterior

oblique (LAO) view (49°). The endocardial left ventricle is shown in cyan, while

the catheter ablation points are represented as pink spheres. This STAR case was

performed in Erlangen, Germany, and only 2D CARTO 3 fluoroscopic images from
the standard AP view and the non-standard LAO view (49°) were available.

FIGURE 4.15: Computed tomography contours of the endocardial left ventricle
(pink) and coronary arteries (red).

For CT scans, either the planning CT, the cardiac CT, or both should be im-
ported. The CT slices are exported in DICOM format from the radiation TPS and
then imported as a volume into the CARDIO-RT software.

The RTSS file including the cardiac substructures (i.e., LV, aorta, etc.) is im-
ported, and the LV and aorta contours (if available) are imported as individual
point clouds. Importing the aorta as an auxiliary structure can enhance the accu-
racy of the 2D-3D registration, as it can serve as a registration reference. For the

LV structure from the RTSS file, the points forming the contours on some slices
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may be sparse. As described in section 4.2.1, an LV point cloud with higher den-
sity is generated (see Figure 4.2).

After importing all required and optional data, if both the planning CT and
cardiac CT datasets are imported, it is checked whether the cardiac CT is already
registered to the planning CT. If not, the cardiac CT can be registered to the plan-
ning CT (see section 4.6.2).

Ventricular Tachycardia Target Registration
The 2D-3D registration process includes EAM-CT LV registration and VT target
points definition. Figure 4.16 illustrates the workflow of the 2D-3D registration.
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2. Treatment planning CT.

3. Pre-registered contrast-enhanced cardiac CT.
Otherwise, a registration file in DICOM format is
required.

4. Cardiac contours (i.e., LV, aorta and PTV, etc.) in a
RTSS file.

5. (Optional) Radiation dose calculation file in DICOM
format.
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FIGURE 4.16: 2D-3D registration workflow. See main text for details. Abbreviations:

EAM = electroanatomical mapping; VT = ventricular tachycardia; CT = computed

tomography; DICOM = Digital Imaging and Communications in Medicine; LV = left

ventricle; PTV = planning target volume; RTSS = radiotherapy structure set; ROI =
region of interest.
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For EAM-CT LV registration, the LV in the EAM screenshot and the LV in the
RTSS file are overlaid. The orientation of the standard anatomical views used
in the CARDIO-RT software is shown in Figure 4.18A. It should be noted that
the definitions on the SUP view are inconsistent across different EAM systems.
In RHYTHMIA HDx and EnSite EAM systems, the SUP view is consistent, with
the left side on the left and the right side on the right. However, in the CARTO
3 system, the SUP view is point-symmetrical, with the left and right directions
reversed, which actually represents the caudal (CAU) view.

Initially, a standard anatomical view for the CT contours is defined, which
should be the same as the currently imported EAM screenshot (Figure 4.18A).
Since the VT patient is positioned on two different couches in the cardiac catheter-
ization laboratory and the CT scanner, there might be considerable angular devi-
ations between the LV point cloud from the RTSS file and the LV structure in the
EAM screenshots in a specific standard anatomical view. To diminish such an-
gular deviations, the rotation feature of the CARDIO-RT software can be used
(see Figure 4.17). For each axis, the rotation offsets offset,, offset, and offset, (unit:
degrees) about the three axes are defined, and the value for angle increment is de-
fined to enable faster adjustments or fine-tuning. To avoid misoperation, only the
rotation about the axis perpendicular to the current standard anatomical view
is possible. The direction of rotation about each axis follows the conventional
right-hand rule (see Figure 4.18A). The rotation feature can also be applied if the
imported EAM screenshot is in a non-standard anatomical view, such as the rep-
resentative case with an LAO 49° view (see Figure 4.14).

The rotation offsets 6y, 0, and 6, about the x- y- and z-axes are defined as:

6. — 7. offset, offset, __ offset, (4.23)

180 7 ¥~ " g0 0 P T Tqg0

Afterwards, the rotation offsets will be applied to the corresponding rotation ma-

trix for the standard anatomical views, and the rotation matrix Ry;ew is defined as

one of the matrices below:

Rar = R(x, 5) - R(x,0:) - R(y,6,) - R(z,0:), (4.24)
Rea = R(x, g) ‘R(z,7) - R(x,0;) - R(y,0,) - R(z,06.), (4.25)

Rsur = R(y, ) - R(x,6x) - R(y, 0y) - R(z,6), (4.26)
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Rine = Lo - R(x, 6y) - R(y, Gy) ‘R(z,6,), (4.27)

Rcra = R(x, ) - R(x,0y) - R(y, Gy) ‘R(z,6,), (4.28)
Rcau = R(z, 1) - R(x, 0x) - R(y, 0y) - R(z,62), (4.29)

Rrr = R(x, g) ‘R(z, g) ‘R(x,0;) - R(1,6,) - R(z,6.), (4.30)
Rii = R(x, ) R(z 0) R(x,0:) R(y,0,) R(zf),  @31)
Rrao = R(x, g) -R(Z,%) ‘R(x,0;) - R(y,6,) - R(z,6,), (4.32)
Reao = R(¥,7) R(z,—2) -R(x,0:) -R(y,0,) -R(z,0:).  (433)

As explained in Equation 4.21, a rectangular bounding box surrounding the point
cloud of the CT LV contours is defined, and its geometric center is used as the
center for rotation. Afterwards, the LV and aorta point clouds are transformed

according to the composite transformation matrix Myjew:

Myiew = Rview * Te. (4.34)

Then, the LV and aorta point clouds are visualized and projected onto the im-
ported EAM screenshot. An interactive rectangular ROI is created surrounding
the projected LV point cloud (see Figure 4.18B). This rectangular ROl is draggable
and scalable, and the point clouds are moved and scaled with it simultaneously.
Based on the location and profile of the LV and aorta structures from the CT and
EAM data, the visualized LV point cloud is moved, scaled and rotated until it
overlays the LV structure in the EAM screenshot appropriately (see Figure 4.18C).
The position of the visualized LV and aorta point clouds can be reset as needed

during the overlaying procedure.
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FIGURE 4.17: Representative case of the rotation function for the 2D-3D registration.

The ventricular tachycardia target region is marked as a light blue shape on the elec-

troanatomical mapping screenshot from the right anterior oblique (RAO, 30°) view.

Red: left ventricle (LV) point cloud; blue: aorta point cloud. (A) The LV and aorta

point clouds before overlay. (B) The overlaid LV and aorta point clouds with transla-

tion and scale only. (C) The LV and aorta point clouds with additional rotation about
the y-axis.

Next, specific points in the LV point cloud from the RTSS file are defined as
VT target points. Based on the previously defined geometric center of the bound-
ing box, perpendicular to the current standard anatomical view, the point cloud
of the CT LV contours is divided into two sections: front and back. In the cur-
rent view, only the front section of the LV points is activated and visualized on
the imported EAM screenshot as black dots, while the back section of the LV
points and the auxiliary aorta points are hidden (see Figure 4.18D). Afterwards,
a set of vertices (red) along the previously marked VT target region on the EAM
screenshot are interactively defined to create a polygonal ROI interactively (see
Figure 4.18E). Once the polygonal ROl is created, each vertex can be adjusted for
fine-tuning. Next, the indices of the transformed points of CT LV contours of
the front section within this customized polygonal ROI are obtained. With these
indices, the corresponding points of the original points of CT LV contours are
defined as VT target points, and these points turn red in both 2D and 3D views
(see Figure 4.18F and G). The customized polygonal ROI or the defined VT target
points can be deleted, and the steps can be repeated if modifications are needed.
Otherwise, the defined points are saved as the registered VT target.

If the VT target region cannot be completely visualized from a single EAM
screenshot in a specific standard anatomical view, the VT target registration pro-
cedure can be performed multiple times. The registered VT target points from
each procedure are then combined to form the final registered VT targets, which

can be visualized in the GUI and exported in an RTSS file.
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FIGURE 4.18: Orientation of the standard anatomical views and rotation directions
about the x-, y- and z-axes (A) and a representative case for the 2D-3D registration
method. (B) The position of left ventricle (LV) (red) and aorta (blue) point clouds
before registration. (C) The position of LV and aorta point clouds after registration.
(D) Generation of a polygonal region of interest (RO, red) by defining some points
(red) along the marked ventricular tachycardia (VT) target region (black) on the elec-
troanatomical mapping screenshot in the anterior-posterior view. (E) Visualization
of the aorta and LV structures in the 3D view. (F) Selected LV points (red) within the
polygonal ROI as the VT target points. (G) Visualization of the aorta and selected
LV points (red) on LV structure and structures in the 3D view. Abbreviations: AP
= anterior-posterior; PA = posterior-anterior; SUP = superior; INF = inferior; CRA
= cranial; CAU = caudal; RL = right lateral; LL = left lateral; RAO = right anterior
oblique; LAO = left anterior oblique.

Data Output
The x-, y- and z-coordinates of each point in the registered VT target points can-

not be directly added to the original RTSS file because radiation TPS typically
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cannot interpret structures with a POINT value for the DICOM attribute Con-
tourGeometricType. Through manual inspection of the metadata for the original
RTSS file, the DICOM attribute ContourGeometricType of the cardiac substruc-
tures is assighed as CLOSED_PLANAR. Therefore, for each VT target point, three
additional points will be defined to generate a square with a side length of 1 mm.

Afterwards, a matrix containing the x-, y- and z-coordinates of these four
points is saved to the DICOM metadata ROIContourSequence with the DICOM
attribute ContourGeometricType set to CLOSED_PLANAR. Finally, all the regis-
tered VT target points are added to the original RTSS file as a new structure and
exported as a new RTSS file. The exported RTSS file is compatible with the radia-
tion TPS, and the registered VT target structure can be visualized in the radiation
TPS as a reference for cardiac CTV delineation. Additionally, the output VT target
structure can be used for quality assurance. The x-, y- and z-coordinates of the

registered VT target points can also be saved and exported in CSV format.

4.4.2 Visualization of the Registered Target

A bounding box surrounding the registered VT target point cloud is defined, and
its geometric center is calculated for the initial CT slices in coronal, axial and sagit-
tal views. The registered VT target points are then visualized on the CT slices in
these three views. If both cardiac CT and planning CT datasets are imported, the
type of visualized CT can be switched. Additionally, the registered VT target, LV
and aorta structures are visualized in the 3D view (see Figure 4.19). The visual-
ized CT slices in the three anatomical views (i.e., coronal, axial and sagittal) can
be adjusted. If needed, the CT slices in all three anatomical views can be reset
to their initial positions. The slice position and the corresponding world position
(unit: mm) for the current anatomical views are also displayed in the GUI The
window width and level values for the visualized medical images can be adjusted
as needed. Additionally, the coronal, axial, and sagittal views of the images can

be displayed individually in the 3D view.
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FIGURE 4.19: Representative 2D-3D registered ventricular tachycardia target points
(red) on the cardiac computed tomography (CT) (A) and planning CT (B) visualized
in the CARDIO-RT software.
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If multiple EAM screenshots are used for VT target registration, the anatomi-
cal views of the EAM screenshots used for VT target registration can be selected,
then the corresponding registered VT target points from that view are visualized

on the CT slices and in the 3D view.

4.5 Significance of Aorta Mapping

As demonstrated in section 4.4, the VT target region can be transferred from
the EAM screenshots to the treatment planning CT using the 2D-3D registration
method in the CARDIO-RT software. In typical EAM procedures, mapping the
aorta structure is not a standard routine. However, the aorta structure can serve
as a registration reference during the VT target transfer procedure. This analysis
aims to assess whether including the aorta as secondary structure for aligning
EAM and CT data improves the VT target registration for STAR therapy.

4.5.1 Inter- and Intra-Observer Variability Analysis

Retrospectively, multi-center, non-randomized data of VT patients who under-
went STAR therapy between 2019 and 2022 in Germany were analyzed. EAM
data with the aorta mapped and contrast-enhanced cardiac CT were used for the
2D-3D registration method, with (aorta group) and without (standard group) the
usage of the mapped aorta. The VT target registrations were conducted for six
patients” datasets by three observers, with each registration repeated twice for
both tests (with and without the aorta structure). Inter- and intra-observer vari-
abilities were assessed using the DSC, change in surface area, distance of CoM

and rotation about the main axes during registration.

4.5.2 Results

Table 4.1 presents the inter- and intra-observer variabilities for the 2D-3D reg-
istration method. Integrating the aorta led to a reduction of the inter-observer
variability as measured by an increase of mean DSC values from 0.760 to 0.799
(p = 0.007). Additionally, a trend toward reduced intra-observer variability was
observed in the aorta group for the DSC (0.868 vs 0.885; p = 0.384) and a reduction
of standard deviation from 0.091 to 0.062.

Furthermore, a reduction in variation for all rotational components was de-
tected: x-axis (RL) from 4.88° to 3.89°, y-axis (AP) from 6.30° to 4.65°, and z-axis

(superior-inferior (SI)) from 5.84° to 3.30°. Similarly, the mean change in surface
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TABLE 4.1: Inter- and intra-observer variabilities for the 2D-3D
registration method, comparing electroanatomical mapping data
with and without the aorta structure. Abbreviations: DSC = Dice-
Serensen coefficient; CoM = center of mass; SD = standard devia-

tion.

Change in Distance of
DSC surface area

(%) CoM (mm)
Mean SD Mean SD Mean SD

Intra-observer variability = Without aorta 0.868  0.091 1064 17.09 3.8900 5.133
With aorta 0.885 0.062 628  4.68 3.064 1.855
Inter-observer variability =Without aorta 0.760 0.111 15.38 16.53 6.617 5.213

With aorta 0.799 0.103 1270 8.51 4917 2479

area and the mean distance of the CoM were reduced from 15.4% and 6.62 mm in

the standard group to 12.7% and 4.92 mm in the aorta group.

4.6 Additional Functions

4.6.1 Visualize Cardiac Target Volume and Dose Calculation

During a typical STAR treatment, the cardiac PTV and radiosurgery dose cal-
culation are generated by the clinician. The cardiac target volume such as the
PTV structure is saved in the RTSS file, and the radiosurgery dose calculation is
exported as a single file in DICOM format. Both datasets can be imported and vi-
sualized in the software, allowing the observer to check the consistency between
the registered VT target points/LV segment(s) and the PTV structure/dose cal-
culation. In this way, the CARDIO-RT software serves as a tool for physicians to
perform STAR quality assurance.

Once the VT target points or 17 LV segments are registered and visualized
in the GUI, the RTSS file including the cardiac PTV structure can be imported.
The PTV structure is visualized simultaneously with the registered VT target
points/LV segment(s) on the cardiac CT slices in coronal, axial and sagittal views

(see Figure 4.20).
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FIGURE 4.20: Representative case of the visualization of the planning target volume
(blue) and 2D-3D registered ventricular tachycardia target points (red) in coronal
(A), 3D (B), axial (C) and sagittal (D) views.

Additionally, the radiosurgery dose calculation file can be read and visualized
as isodose lines, along with the visualization of transferred VT target. The volume
of dose calculation is read from the DICOM file as a 3D array. Similar to the CT
volume, the first and second dimensions represent the values of dose calculation
in axial view, while the third dimension represents slices (along the z-axis). The
origin of the dose volume, pixel spacing and slice thickness can also be extracted
from the DICOM metadata of the dose calculation file. In the axial view of the CT
volume, the current slice number of the CT volume being visualized in the GUI is
extracted. The difference in the origins of dose and CT slices is converted to grid
units by dividing by the pixel spacing to determine where the dose slice starts
relative to the CT slice. Then, the end position for the dose slice, in terms of the
grid units of CT slice is obtained. Finally, evenly spaced grid points in both x and
y directions are generated as two 2D matrices representing the dose slice, and the

isodose lines are visualized on the corresponding CT slice (see Figure 4.21).
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FIGURE 4.21: Representative case of the dose calculation visualization with the 2D-
3D registered ventricular tachycardia target points (red) on the cardiac computed
tomography slices in axial view.

4.6.2 Register Cardiac CT with Planning CT

STAR treatment is performed on the planning CT. However, in some cases, the
cardiac CT is not registered with the planning CT, making it not feasible to vi-
sualize the cardiac substructures from the RTSS file as well as the 3D-3D/2D-3D
registered VT target points or registered 17 LV segments on the cardiac CT (see
Figure 4.22A). To resolve this issue, the cardiac CT can be rigidly registered to the
planning CT using the radiosurgery registration file in DICOM format.

First, a set of planning CT scans and a set of cardiac CT scans are imported
as two 3D volumes. During the registration process, the planning CT volume
is fixed, while the cardiac CT volume is moving. The translation matrix Tcardiac
is extracted from the DICOM metadata attribute PatientPositions of the cardiac
CT volume, while the translation matrix Tpjanning is extracted from the DICOM
metadata attribute PatientPositions of the planning CT volume. The transforma-
tion matrix Mgg is read from the DICOM radiosurgery registration file, and the
composite transformation matrix Myarp for the geometric transformation of the

CT volume is then defined as:

Mwarp = Tcardiac - MRE - (_1) ’ Tplanning- (4.35)

Afterwards, the cardiac CT volume is warped based on the transformation matrix
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Muyarp and registered to the planning CT. During the registration, spatial refer-
ence information, such as voxel size, pixel spacing and slice thickness, is incorpo-
rated to ensure accuracy. Bicubic interpolation is used to transform cardiac voxel
intensities smoothly. After registration, the warped cardiac CT will be saved as
multiple files in DICOM format at a defined path for potential future use. After-
wards, in the CARDIO-RT software, the previous imported cardiac CT volume is
replaced with the new registered cardiac CT volume for visualization in the GUL
The registered cardiac CT with the visualization of the LV and aorta structures is

shown in Figure 4.22B-E.

FIGURE 4.22: Representative case of the rigid registration between the cardiac com-
puted tomography (CT) and planning CT. Green: left ventricle (LV); pink: aorta. (A)
Visualization of the LV and aorta structures in coronal view of the cardiac CT before
registration. (B) Visualization of the LV and aorta structures in coronal view of the
registered cardiac CT. (C) Visualization of the LV and aorta structures in the 3D view.
(D) Visualization of the LV and aorta structures in axial view of the registered cardiac
CT. (E) Visualization of the LV and aorta structures in sagittal view of the registered
cardiac CT.

4.6.3 Generate Transmural Target

The function for generating a transmural VT target is applicable to both the 3D-
3D and 2D-3D registration methods. Since these registration methods register
the defined VT target from the EAM data on either the endocardial or epicardial
LV structure, the registered VT target structure does not represent a transmural
cardiac CTV. To enhance the visualization of the registered VT target structure
in the radiation TPS and assist t in finalizing the cardiac CTV, the registered VT

target structure can be extended transmurally. To do so, it needs to be determined
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whether the transmural VT targets should be generated on the endocardial or
epicardial LV structure, or based on the input myocardium thickness.

If the previously imported RTSS file contains both, endocardial and epicar-
dial LV structures, it needs to be determined whether the transmural VT target
structure should be created on the endocardial or epicardial LV, depending on
which LV structure is used for 3D-3D/2D-3D registration. For example, if the VT
target structure is created on the endocardial LV, the corresponding transmural
VT target points are generated on the epicardial LV structure. Conversely, if the
VT target structure is created on the epicardial LV structure, the transmural VT
target points are located on the endocardial LV structure. This LV structure is im-
ported as a 3D point cloud and used for projecting the 3D-3D/2D-3D registered
VT target points.

Alternatively, if only one LV structure (endocardial or epicardial) is available
from the previously imported RTSS file, a value for the LV myocardium thickness
(unit: mm) is defined based on the patient’s characteristics or the LV myocardium
thickness obtained from the CT data. A new point cloud is then generated by di-
lating or shrinking the original LV point cloud using the input LV myocardium
thickness, representing the epicardial or endocardial LV structure as an approxi-
mation. The CoM of the imported LV point cloud is calculated, and a 3D vector
for dilating or shrinking is determined based on this CoM. Afterwards, this vec-
tor is applied to the imported LV point cloud to generate a dilated or shrunk LV
point cloud. The new LV point cloud is then used for projecting the 3D-3D or
2D-3D registered VT target points.

For each point in the registered VT target points, the nearest point in the pro-
jected LV point cloud is identified using the k-d tree search algorithm. Next, the
CoMs of both, the registered VT target points and the nearest points in the pro-
jected LV points, are calculated. Afterwards, for each point in the registered VT
target points, a 3D vector connecting these two CoMs is generated. The point in
the projected LV point cloud with the smallest Euclidean distance to this regis-
tered VT target point is identified and defined as a projected VT target point. In
the end, a set of points in the projected LV point cloud is defined as the projected
VT target points (see Figure 4.23).
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FIGURE 4.23: Representative case of the generation of transmural ventricular tachy-

cardia (VT) target points (blue) based on the 2D-3D registered VT target points (red)

and a left ventricle myocardium thickness of 10 mm, approximated from the corre-
sponding cardiac computed tomography.

Similar to the 3D-3D/2D-3D registered VT target structure, the transmural VT
target points are added as a new structure to the original RTSS file and exported,
along with the 3D-3D/2D-3D registered VT target structure, in a new RTSS file.

4.7 Discussion

In this chapter, a stand-alone software named CARDIO-RT including three prac-
tical semi-automatic VT target registration methods between EAM systems and
radiation TPS for STAR is demonstrated. It includes the AHA 17-segment model
registration, 3D-3D registration and 2D-3D registration methods. This software
has a GUI and has been developed and maintained within the MATLAB App
Designer development environment. The software is compatible with Windows,
Linux, and Mac operating systems. The three registration methods follow a struc-
tured workflow, reducing additional workload when switching between them. It
can serve as a quality assurance tool for prospective STAR treatments, as well as

retrospective analysis of STAR cases.
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Since the AHA 17-segment model is designed for the LV myocardium, it ap-
plies only to STAR cases where the VT target is in the LV. However, the 3D-3D
and 2D-3D registration methods can also be applied to cases where the VT sub-
strate is in the RV, as long as the required EAM data of the RV is obtained during
catheter procedures. Additionally, the registration methods support not only CT
scans, but also MRI images.

The 17-segment model registration enables the division of the LV myocardium
structure into 17 segments based on the AHA 17-segment model in real time. This
method can assist clinicians in visualizing specific LV segments on the cardiac CT,
determining whether the initial targeted LV segments are appropriate, and make
any necessary adjustments. The targeted LV segments can serve as a reference
for delineating the cardiac CTV in the radiation TPS. However, it should be noted
that relying solely on the AHA 17-segment model for VT target transfer will most
likely lead to a larger cardiac CTV, as the expected CTV is not located exactly in
some of the LV segments [89]. Additionally, this method can be used for segment-
specific cardiac motion analysis and other AHA 17 LV segments-based studies. To
perform this method, contouring of the aorta structure is essential, as it serves as
a landmark for segmenting the LV myocardium. In case the aorta structure is not
contoured, the x-, y- and z-coordinates of the aortic valve center can be obtained
from the CT scans and manually input into the software, where it is visualized as
a sphere for reference instead.

The CARDIO-RT 3D-3D registration method can transfer the catheter ablation
points exported from three EAM systems - RHYTHMIA HDx, CARTO 3 and En-
Site - in vendor-specific data formats to the radiation TPS. Compared to the AHA
17 segment model registration, the 3D-3D registration method can achieve a more
accurate target transfer as long as the catheter ablation points are well defined by
the cardiac physiologist during EAM procedures and properly exported. If the
cardiac substructures (i.e., LV, aorta) and the VT target structure are mapped and
exportable as specific file(s), other EAM systems can be easily integrated into the
CARDIO-RT software.

For the versatile 2D-3D registration method, since the only required input
from the EAM systems are screenshots in standard anatomical views in PNG or
JPG/JPEG format, it addresses the limitations of earlier AHA 17-segment model
and 3D-3D EAM mesh data registration methods by eliminating reliance on
proprietary vendor-specific data formats exported from different EAM systems.

Moreover, 2D fluoroscopic screenshots captured by the CARTO 3 system can also
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be used for 2D-3D registration, with coronary arteries serving as the registra-
tion reference since the aorta structure is not well visualized. In recent years, the
novel disposable non-invasive mapping system, Cardiolnsight 3D mapping vest
(Medtronic, Minneapolis, Minnesota, USA), has been developed and employed
in some clinical trials to treat VT [134]-[136]. The vest is connect to the Cardioln-
sight workstation to capture ECGI data from the body surface for identifying
VT substrate, despite its insufficient resolution for precise VT target localization
compared to conventional EAM procedures [137]. Technically, the 2D-3D regis-
tration method can also transfer the VT target marked on ECGI screenshots to the
treatment planning imaging data. Additionally, the 2D-3D registration method
has potential for applications in other radiotherapy treatments within the human
body where the target is identifiable using 2D imaging data. Currently, due to
the absence of ground truth for the transferred VT target, cross-validation with
a 3D-3D registration method is recommended to ensure the VT target transfer
accuracy.

The proposed VT target registration methods are semi-automatic rather than
fully automatic due to strict accuracy requirements in clinical applications. Au-
tomatic registration methods may not be sufficiently reliable, as the LV structures
are derived from two distinct modalities - contoured from contrast-enhanced CT
and mapped from EAM systems - which may result in considerable shape dif-
ferences and data incompleteness (e.g., the aorta may be unmapped, or the LV
may be only partially mapped during EAM procedures). These discrepancies can
lead to inaccuracies in fully automatic registration, making it unsuitable for clin-
ical use. In contrast, the semi-automatic registration methods proposed in this
study have demonstrated practical feasibility on real-world STAR datasets [131],
[138]. They provide the necessary flexibility, allowing clinicians to refine the reg-
istration process based on their expertise and the specific characteristics of each
STAR case, ensuring both accuracy and clinical applicability. To further ensure
the accuracy and performance of the VT target registration, it is recommended
to acquire all required data for the three registration methods and determine the
final VT target based on their outputs.

Mapping the aorta structure is not a standardized routine procedure during
EAM attempts in clinical practice. However, the aorta structure can serve as a ref-
erence for registration in the AHA 17-segment model registration, 3D-3D registra-
tion and 2D-3D registration. Additionally, for the 2D-3D registration method, as
shown in Table 4.1, mapping the aorta reduces both inter- and intra-observer vari-

abilities when transferring the VT target from the EAM system to the radiation
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TPS, thereby could potentially improve the dose delivery accuracy and patient
outcomes in STAR therapy. In most cases, EAM data are already available dur-
ing STAR treatment planning procedure due to prior catheter ablation attempts
for VT. Therefore, mapping the aorta during EAM procedures is highly recom-
mended to avoid repeated invasive catheter procedures solely for aorta mapping.

It has been reported that the thickness of ventricular wall could help identify
cardiac CTV within myocardium regions with a thickness of less than 5 mm [139]-
[141]. These regions of myocardium thinning are often associated with VT isth-
muses and substrates. Based on this concept, the inHEART online platform (Pes-
sac, France) has been developed, which is able to segment the cardiac CT to visu-
alize the wall thickness to aid in identifying potential VT substrates using MUSIC
with proprietary algorithms [110]. However, the effectiveness and robustness of
identifying VT substrates using wall thickness maps derived from cardiac CT re-
quire further evaluation.

Currently, there is no commercial or research tool with CE or FDA certifi-
cation, and there is an absence of ground truth for the registered VT target. It
would be beneficial to cross-validate the CARDIO-RT software with other VT
target registration solutions to evaluate its effectiveness. Additionally, cardiac
phantoms have been developed to facilitate STAR in VT patients [142], [143]. The
customized computerized imaging reference systems dynamic cardiac phantom
(Sun Nuclear, Melbourne, USA) with synthetic LV structure has been designed for
end-to-end STAR treatments test [142]. This cardiac phantom allows for typical
EAM procedures and the definition of various cardiorespiratory motion patterns.
In the future, the accuracy of the proposed VT target registration methods in the
CARDIO-RT software could potentially be evaluated using this phantom, where
a ground truth for the transferred VT target on the synthetic LV structure can be
defined.

Limitations

The DICOM attributes of the metadata of the newly added 17 LV segments and
registered VT target structure in the output RTSS file have been carefully veri-
tied and assigned to ensure compatibility with the corresponding radiation TPS.
The readability of the output RTSS file has been confirmed in multiple versions
of commonly used radiation TPS in clinical practice, including Eclipse (Varian
Medical Systems, Palo Alto, California, USA), Monaco (Elekta AB, Stockholm,
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Sweden), Precision (Accuray Inc., Sunnyvale, California, USA), RayStation (Ray-
Search Laboratories AB, Stockholm, Sweden) and ViewRay (ViewRay, Inc., Oak-
wood Village, Ohio, USA). However, it has been noticed that certain TPS may
specifically verify some DICOM metadata attributes of the newly added struc-
ture in the RTSS file. Therefore, if the output RTSS file is unreadable by the TPS, it
is helpful to check the radiation TPS log file and the DICOM metadata attributes
of the original cardiac substructures (e.g., LV, aorta, etc.).

Additionally, the CARDIO-RT software may have potential bugs. Evaluat-
ing the three VT target registration methods in the software on additional cases,
both, prospectively and retrospectively, could further enhance their robustness.
The CARDIO-RT software is continually updated and refined to address poten-

tial bugs and improve user-friendliness.

4.8 Chapter Summary

In this chapter, three practical VT target registration methods from the CARDIO-
RT software, namely the AHA 17-segment model registration, 3D-3D registration
and 2D-3D registration, are demonstrated. The aim of this chapter was to address
research question Q1.

The AHA 17-segment model registration is able to divide the LV myocardium
structure contoured from the cardiac CT into 17 segments according to the 17-
segment model as defined by the AHA. This model is specifically designed for
the LV. The 3D-3D registration method currently supports three EAM systems
commonly used in clinical practice: CARTO 3, RHYTHMIA HDx and EnSite.
It can process raw data including the LV, aorta (optional) and catheter ablation
points exported from the EAM system in the respective vendor-specific data for-
mats. The software then registers the catheter ablation points to the radiation
treatment planning imaging data as VT target structure. For 2D-3D registration,
the software transfers the VT target region marked on the EAM screenshots in
PNG or JPG/JPEG format in standard anatomical views (i.e., AP, PA, RL, LL,
SUP, INF, RAO 30° and LAO 60°) to the radiation treatment planning imaging
data. All three VT target registration methods can export the registered VT target
or 17 LV segments as an RTSS file compatible with the radiation TPS and other
medical image processing software. The VT target transferred by the CARDIO-
RT software can serve as a reference for cardiac CTV delineation in the radiation
TPS, and these VT target registration methods have potential for applications in

quality assurance process in STAR.
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Since currently there is no ground truth for the registered VT target, cross-
validating the target registration methods in the CARDIO-RT software with other
VT target registration solutions would help evaluate the effectiveness. Addition-
ally, the accuracy of the proposed VT target registration methods can further be
assessed on a cardiac phantom, where a ground truth for the transferred VT target

on the synthetic LV structure can be defined.
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Chapter 5

Validations of Target Registration
Methods

As introduced in the previous chapter, the CARDIO-RT software offers three
practical VT target registration methods. This chapter validates the CARDIO-
RT VT target registration methods by employing them in the quality assurance
process for STAR treatment planning within the RAVENTA trial, and by cross-
validating the 2D-3D registration method against the 3D-3D registration method
from the 3D Slicer extension EAMapReader [90]. Section 5.2 and section 5.3 pro-
vide the answers to the research questions Q2 and Q3 mentioned in section 1.1,

respectively.

5.1 Scientific Contributions

In section 5.2, the newly developed practical software CARDIO-RT introduced
in the previous Chapter 4 is validated as a quality assurance tool for cardiac CTV
generation in the STAR treatment planning procedure for VT. The semi-automatic
AHA 17-segment model registration, 3D-3D registration and 2D-3D registration
methods in the software were successfully confirmed for 5 VT patients who un-
derwent STAR treatments in a multi-center setup within the German RAVENTA
trial. The registration software could serve as a quality assurance tool to provide
a second opinion on the validity of manual or other method for VT target transfer
in STAR. In particular, the versatile 2D-3D registration method, which is compati-
ble with any EAM platform, addresses the limitations of earlier published 3D-3D
registration methods related to EAM raw data acquisition and format inconsis-

tency.

Parts of section 5.2 have been published in [138], and parts of section 5.3 have been published
in [131].
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In section 5.3, a cross-validation study was conducted for the first time be-
tween two novel, conceptually different, semi-automated VT target registration
approaches for STAR: the 2D-3D registration method (introduced in section 4.4)
in the CARDIO-RT software [138] and the 3D Slicer extension EAMapReader [90],
which follows the concept of 3D-3D VT target registration. The VT target registra-
tion using both methods was performed on 10 cases of VT patients who under-
went STAR treatment. The results showed that both methods produced nearly
identical 3D cardiac CTV structures, indicating their reliability for quality assur-
ance and VT target transfer from the EAM system to the radiation TPS. This relia-
bility helps prevent mistargeting and supports standardized cardiac CTV creation

workflows in STAR treatment.

5.2 Validation for Quality Assurance

Quality assurance of the VT target definition in the radiation TPS conducted as
a pre-treatment verification during treatment planning for VT could ensure the
treatment performance and patients” outcomes in STAR [2], [4], [6], [17], [29],
[101], [103]. However, there is currently no commercial product with CE or FDA
certification for dedicated and (semi-)automatic VT target transfer from the EAM
system to the radiation TPS. As discussed in section 3.1, the basis for precise car-
diac CTV structure definition for STAR is accurate image registration between the
EAM data and CT contours. This section aimed to assess the performance of the
CARDIO-RT software including three VT target registration methods as a quality
assurance tool using real-world VT patient data within the RAVENTA trial, and

to provide the answer to the research question Q2 mentioned in section 1.1.

5.2.1 Data Acquisition and Patient Characteristics

The CARDIO-RT software was evaluated in 5 STAR centers. According to the
RAVENTA trial protocol [29] and current consensus [144], STAR treatment was
considered for patients with VT refractory to dose-escalated antiarrhythmic drug
therapy and where catheter ablation was deemed inappropriate - either due to
failure of one or more previous catheter ablation to suppress VT, or because
catheter ablation was infeasible. Five individual VT cases, one from each cen-
ter, were included during the development phase of the CARDIO-RT software.
At the time of treatment for case 1, the 2D-3D registration method had not yet

been completed, so only the 3D-3D registration method was available, with the
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2D-3D registration applied retrospectively. For cases 3 and 4, structural analy-
ses were conducted to compare the manually transferred VT target with the VT
target generated using the 2D-3D registration. In case 4, the EAMapReader exten-
sion [90] within the 3D Slicer software was additionally employed. The fifth case
examined the target transfer for a patient with an unsuccessful STAR procedure.

In this study, the participating experts (electrophysiologists, radiation oncolo-
gists and medical physicists) at each center were trained at the national workshop
for STAR in Germany and/or had previous experience with STAR. Each center
provided case data including general medical information of the patient includ-
ing epicrisis, 12-lead surface ECG, EAM data and contrast-enhanced cardiac CT.
The patient characteristics can be found in Table 5.1). Detailed case histories for

the 5 patients are provided in AppendixB.
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5.2.2 Target Registration

For each patient, EAM data for the cardiac chamber of interest were obtained
using one of the three EAM systems: CARTO 3, RHYTHMIA HDx or EnSite.

A time-resolved thoracic treatment planning CT was acquired as STAR treat-
ment planning imaging data. Additionally, ECG-gated contrast-enhanced cardiac
CT was obtained in the diastolic phase. The VT target region for STAR was manu-
ally determined by the electrophysiologists at each center. Using all the available
clinical information (i.e., 12-channel ECG and EAM), the VT target was contoured
on several EAM screenshots in standard anatomical views (i.e., AP, PA, RL, LL,
SUP, INE, RAO and LAO). The myocardium was contoured on the ECG-gated
contrast-enhanced CT and registered with the planning CT. The 3D CTVs were
then created on the planning CT by the interdisciplinary teams based on the de-
fined VT target regions [15]. This delineation procedure was performed in the
radiation TPS available at each STAR center, including Velocity and Eclipse v15
(Varian, Palo Alto, California, USA), Monaco (Elekta, Stockholm, Sweden) and
Precision (Accuray, Sunnyvale, California, USA).

The CARDIO-RT software was employed as a quality assurance tool to verify
the accuracy of the CTV transfer. In cases where significant modifications were
needed, the initial manually transferred CTV was re-evaluated by the interdis-
ciplinary team (cases 1-4). For case 5, the software was applied retrospectively
using the EAM data acquired after STAR. Figure 5.1 provides an overview of the

workflow for EAM-treatment planning imaging data verification.

VT target definition Manual CTV CARDIO-RT CTV R

FIGURE 5.1: Workflow of ventricular tachycardia (VT) target identification, manual

clinical target volume (CTV) delineation, CARDIO-RT electroanatomical mapping

(EAM)-treatment planning imaging data registration and verification during quality
assurance process.
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5.2.3 Structure Analysis

Cardiac CTVs were manually transferred from the EAM data to the planning CT.
CTV transfer by 3D-3D registration to the planning CT as well as transfer to the
17-segment model was conducted semi-automatically. All 2D-3D, 3D-3D, and
17-segment model registrations were checked and/or performed by the study
center.

CTVs generated by manual transfer and using CARDIO-RT (2D-3D and 3D-
3D) were compared for cases 3 and 4. These comparisons were analyzed in Ve-
locity (version 3.2.1, Varian, Palo Alto, California, USA) regarding structure char-
acteristics including volume, surface size, localization, DSC and surface distance
metrics by the means of mean, median, standard deviation and HD [15]. The DSC

ranges from 0 to 1, where 0 indicates no overlap and 1 indicates perfect overlap.

5.2.4 Validation Results

The employed EAM-treatment planning imaging data transfer method and as-
sociated information for the 5 cases analyzed with the CARDIO-RT software are
presented in Table 5.2. The target transfer workflow was based on the availability
of CARDIO-RT at the time of STAR treatment and the EAM system used at the

STAR treatment center.
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TABLE 5.2: EAM-treatment planning imaging data transfer in the
5 patient cases. Abbreviations: LV = left ventricle. *Based on the
American Heart Association 17-segment model.

C Target transfer Targeted (partial) Adjustments after

ase
methods LV segments* CARDIO-RT assessment
M 1,

1 ahta 8,13 and 14 Minor adjustments

adapted by 3D-3D

M 1,
2 ana 7,8,9,13and 14  Minor adjustments

adapted by 2D-3D

Manual,
Yes,
3 adapted by 2D-3D 4 ‘
see structure ana1y51s
and 3D-3D
Manual,
4 1,4,5and 6 Applied retrospectively

confirmed by 2D-3D

5 Manual 13,14 and 17 Applied retrospectively

Case 1

In case 1, EAM identified two possible VT target regions in the anteroseptal re-
gion of the LV and proximity of an aneurysm of the LV in the basolateral region.
Based on the location of the previous catheter ablations and the VT morphol-
ogy, it was decided to treat only the left anteroseptal region (see Figure 5.2A).
Figure 5.2B-D illustrates the EAM points (LV, aorta and catheter ablation points)
and CT contours (LV and aorta) before and after 3D-3D registration, as described
in section 4.3. The registered catheter ablation points (Figure 5.2E-G) serve as
reference for generating the final cardiac CTV (Figure 5.2H-K). Based on 4D CT,
STAR treatment was planned by adapting the CTV generated through the 3D-3D

registration.
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FIGURE 5.2: Case 1. (A) Electroanatomical mapping (EAM) data with the marked
ventricular tachycardia (VT) target region (red) in anterior-posterior view from
RHYTHMIA HDx system. (B) Computed tomography (CT) contours (red: left ven-
tricle, LV; black: aorta) and EAM points (blue: LV and aorta; green: catheter ablation
points) before 3D-3D registration. (C) CT contours and EAM points after 3D-3D
registration. (D) 3D view of the LV, aorta and 3D-3D registered target points (red).
(E-G) Axial, sagittal and coronal views of the cardiac CT with the 3D-3D registered
VT target points. (H-J) Axial, sagittal and coronal views of the cardiac CT with the
final cardiac clinical target volume (CTV, red). (K) 3D view of the CTV (red) and car-
diac substructures (light green: aorta; green: LV; yellow: right ventricle; rose: right
atrium; orange: left atrium).

Case 2

In case 2, cardiac MRI and contrast-enhanced CT data from the systolic and dias-
tolic phases were used for CTV verification and plausibility checks due to scar-
ring from myocarditis and multiple catheter ablations (Figure 5.3B and C). The CT
and MRI data suggested slightly different regions as potential targets. The 2D-3D
registration was performed using an EAM screenshot and confirmed the results
of the manually created CTV (Figure 5.3F-H). The final CTV was determined as
the union of the target regions identified on CT and MRI data (Figure 5.3]J-L).
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FIGURE 5.3: Case 2. (A, B, E) Electroanatomical mapping data with the ventricu-
lar tachycardia (VT) target region (red) in anterior-posterior and left lateral views
from EnSite NavX system. (C) Pre-stereotactic arrhythmia radioablation contrast-
enhanced cardiac computed tomography (CT) in systolic phase. Red arrow: septal-
apical hypoattenuation indicating fibrosis/scarring. (D) 3.0 Tesla cardiac magnetic
resonance imaging, transaxial navigated 3D fast low angle shot magnetic resonance
imaging sequence with inversion recovery showing pronounced late gadolinium en-
hancement indicating cardiac fibrosis/scarring. (F-H) Axial, sagittal and coronal
views of the cardiac CT with 2D-3D registered VT target (green). (I) 3D view of
the left ventricle point cloud and the 2D-3D registered VT target points (red). (J-L)
Axial, sagittal and coronal views of the planning CT with the final cardiac clinical
target volume (red).

Case 3

In case 3, a large low voltage area was recorded in the inferior, septal, basal and
mid-ventricular regions of the LV using the CARTO 3 system. Programmed ven-
tricular stimulation with the ICD reproducibly induced sustained monomorphic
VT with an exit site in the inferior basal scar area, corresponding to LV segment 4
(Figure 5.4A and E). STAR was performed using the manually transferred CTV,
which was adapted through 2D-3D and 3D-3D registrations. A comparison be-
tween CTVs generated by manual, 2D-3D and 3D-3D registrations showed high
variation (Table 5.3), with the smallest CTV observed for 3D-3D registration, fol-

lowed by manual registration and the largest for 2D-3D registration. Surface area
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measurements also varied across registration methods, with the smallest surface
area reported for 3D-3D transfer and the largest for manual transfer. Axial, sagit-
tal and coronal locations of the center differed among the registration methods.
Using 2D-3D registered CTV as the reference, the 3D-3D result demonstrated

higher conformity and a smaller HD compared to manual registration.

FIGURE 5.4: Case 3. (A, E) Electroanatomical mapping (EAM) data with the ven-

tricular tachycardia target region (red) in inferior and posterior-anterior views from

CARTO 3 system. (B-D) Axial, sagittal and coronal views of the cardiac computed

tomography (CT) with manually transferred clinical target volume (CTV, magenta).

(F-H) Axial, sagittal and coronal views of the cardiac CT with the 2D-3D registered

CTV (red). (I) 3D view of the registered CTV. (J-L) Axial, sagittal and coronal views
of the cardiac CT with the final CTV (red).
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TABLE 5.3: Structure analysis for cases 3 and 4. Abbreviations:
CTV = clinical target volume; DSC = Dice-Serensen coefficient;
HD = Hausdorff distance.

Case 3 Case 4
CTV transfer method Manual 2D-3D 3D-3D Manual 2D-3D
CTV (cm?) 13.0 21.0 10.4 94.9 34.3
Surface area (mm?) 5845 4757 3421 13297 8775
Center axial 56.8 53.0 51.5 8.7 8.7
Center coronal 33.9 30.6 24.1 43.5 40.5
Center sagittal 20.3 32.7 30.7 34.7 41.5
DSC 0.47 Reference 0.55 0.51 Reference
Mean surface distance

4.19 Reference 2.19 3.90 Reference
(mm)
Medi face dist

edian stiriace distance 2.22 Reference 1.37 2.59 Reference

(mm)
Standard deviation of

443 Reference 2.60 3.80 Reference
surface distance (mm)
HD (mm) 21.0 Reference 17.4 244 Reference

Case 4

In case 4, a large low voltage zone encompassing the anterior, posterolateral, in-

ferior, and basal regions of the LV suggested an epicardial substrate with endo-
cardial exits at these locations (Figure 5.4A-C). The EAM-defined VT target cov-

ering the basal low voltage zone was transferred to the CT. A transmural ITV and

PTV were created, accounting for respiratory motion (Monaco, Elekta AB). The

EAM-treatment planning imaging transfer was validated by 2D-3D registration.

A comparison between manual and 2D-3D registered CTVs showed a DSC of 0.5
for the CTV structures (Table 5.3). As shown in Figure 5.6, the 2D-3D registered
CTV (yellow) is centrally positioned within the manually defined CTV structure

(green).
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FIGURE 5.5: Case 4. (A-C) Electroanatomical mapping data with the marked ventric-
ular tachycardia (VT) region (yellow) in superior (SUP), inferior (INF) and left lateral
(LL) views from CARTO 3 system. (D, E) SUP and INF views during the 2D-3D reg-
istration with the defined VT target points (red). (F) A 3D rendering (LL view) of
the resulting clinical target volume (CTV, green) shown in the context of the cardiac
chambers and great vessels, as segmented from the cardiac computed tomography
(CT). (G-I) Axial, sagittal and coronal views of the cardiac CT with the final CTV
(red).



5.2. Validation for Quality Assurance 81

FIGURE 5.6: Manually defined clinical target volume (CTV, green) and the 2D-3D
registered CTV (yellow) for case 4, shown on the cardiac computed tomography in
axial, sagittal and coronal views.

Case 5

In case 5, the cardiac CTV was defined by manual registration. A comparison
of the manually defined CTV with the CTV generated by the CARDIO-RT soft-
ware was not possible before STAR, as the software was unavailable at the time
of treatment and a complete EAM could not be acquired due to an LV apical
thrombus. Despite STAR, sustained VT recurred with recurrent conversion at-
tempts. Therefore, an additional invasive catheter ablation was performed three
weeks after STAR in LV segment 7, successfully terminating the VT. Retrospec-
tively, CARDIO-RT registration was performed using the EAM data from the suc-
cessful catheter ablation, and accordance with the CTV defined as the STAR tar-
get was observed (Figure 5.7). Retrospective structure analysis using CARDIO-
RT showed that STAR was performed more apically relative to the successful

catheter ablation region.
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FIGURE 5.7: Case 5. (A, E) Electroanatomical mapping (EAM) data with the marked
ventricular tachycardia (VT) target region (yellow) in superior and anterior-posterior
views from CARTO 3 system. (B) 3D view of the left ventricle (LV) point cloud and
the 2D-3D registered VT target points (red). (C) Computed tomography (CT) con-
tours (red: LV; black: aorta) and EAM data (blue: LV; green: ablation points) before
the 3D-3D registration. (D) CT contours and EAM data after the 3D-3D registration.
(F-H) Axial, sagittal and coronal CT slices with marked (red) region by 2D-3D match;
(I) 3D structures from the planning CT with final clinical target volume (CTV, red),
LV (green), right ventricle (yellow) and aorta (light green). (J-L) Axial, sagittal and
coronal CT slices with the final treated CTV (red, without assistance of the CARDIO-
RT software).

5.2.5 Discussion

In this study, the CARDIO-RT VT target registration methods introduced in
Chapter 4 were clinically validated in quality assurance process for STAR treat-
ment planning for VT. The software allows the import and analysis of EAM data
from all major clinical systems, supporting screenshots and raw data exported
from commonly used EAM systems in clinical practice (i.e., RHYTHMIA HDx,
CARTO 3 and EnSite). The AHA 17-segment model registration, 3D-3D regis-
tration and 2D-3D registration in the software were successfully confirmed for
5 VT patients who underwent STAR treatments in a multi-center setup within
the German RAVENTA trial [29]. The three practical VT target registration ap-
proaches could serve as a quality assurance tool to provide a second opinion on
the validity of manual or other methods for VT target transfer in STAR. In partic-
ular, the versatile 2D-3D registration method, which is compatible with any EAM

platforms, overcomes the difficulties and limitations of earlier published 3D-3D
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registration methods related to EAM mesh data acquisition and EAM raw data
format inconsistency.

The CARDIO-RT software was designed with an intuitive GUI that guides
users through a structured workflow. Feedback from participating centers high-
lighted its ease of use, requiring minimal additional training and no extensive
prior experience with similar systems. The uniform workflow is compatible
with any EAM and CT system combinations, eliminating additional workload
when switching between systems. This feature is particularly valuable in multi-
center trials, where heterogeneous data from various systems are analyzed and
compared. Additionally, no external visualization software is required as the
CARDIO-RT software allows for 3D visualization of semi-automatically gener-
ated cardiac CTV structure with anatomical cardiac substructures such as the LV
and aorta.

Some previous approaches have relied on using mesh data to register EAM-
treatment planning imaging data [90], [93], [113]. In contrast, the newly devel-
oped 2D-3D registration method in CARDIO-RT eliminates the need for dealing
with proprietary data formats exported from different EAM systems that the in-
put needed from EAM systems are screenshots in standard anatomical views.
Since these proprietary vendor-specific data formats are not readily well doc-
umented, they often require deduction and reverse engineering from exported
files [90]. Additionally, the format of exported EAM data can change unpre-
dictably, as observed during the update of CARTO 3 system from version 6 to
version 7.

Compared to relying solely on the AHA 17-segment model in the CTV def-
inition workflow [87], the CARDIO-RT software enables more precise VT target
transfer by highlighting the exact VT substrate defined on the EAM data. Fu-
ture features, such as incorporating ECG data as suggested in a previous publi-
cation [145], can be easily integrated into the software. The proposed CARDIO-
RT software can seamlessly fit into the preparatory workflow before STAR treat-
ment. STAR is characterized by its rigorous requirements for high precision and
advanced technological quality [146], [147]. With expert consensus emphasiz-
ing the need for standardized protocols and specialized centers conducting STAR
within clinical trials [144], the proposed software addresses previous uncertain-
ties in the EAM-treatment planning imaging registration data by ensuring quality
assurance for manually transferred VT targets.

Within the RAVENTA trial, the CARDIO-RT software was successfully ap-
plied to 5 STAR cases for VT patients, illustrating the current diversity of
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EAM systems (RYTHMIA HDx, CARTO 3, and EnSite) and the range of EAM-
treatment planning imaging data registration methods used in this field. In cases
1 and 3, the manually transferred cardiac CTV structure was modified after anal-
ysis with CARDIO-RT. For patients 3 and 4, manual transfer, 3D-3D registra-
tion (for case 3) and 2D-3D registration methods were performed and compared.
The significant variation in the examined parameters, particularly in the extent
and localization of the target region, highlights the differences observed between
the manual transfer method and semi-automatic transfer methods. This finding
highlights the limited accuracy of manual target transfer, even when performed
and approved by an interdisciplinary team with experienced expertise in the
field [15]. In Case 4, the CARDIO-RT 2D-3D registration method was compared
with the previously published 3D Slicer extension EAMapReader with the 3D-
3D registration concept [90], demonstrating a high degree of agreement in trans-
ferred CTVs between both approaches. The aorta structure was also obtained in
both the EAM data and the CT contours, providing an additional spatial valida-
tion for the registration outcome. In case 5, CARDIO-RT provided retrospective
verification using newly acquired EAM data, revealing why the prior STAR pro-
cedure may not have been successful: segment 7 was not targeted during the
previous STAR procedure, which ultimately led to a permanent cessation of VTs.

Using CARDIO-RT, the previously reported discrepancies in the degree of
agreement of the cardiac CTV definition on the EAM and the CT could be ad-
dressed [15]. The semi-automated EAM-treatment planning imaging registra-
tion enables quality assurance of the manually transferred cardiac CTV struc-
ture, reducing clinician-dependent inconsistencies and enhancing the safety and
robustness of the VT target registration. This approach facilitates standardized
STAR treatment planning processes that are less dependent on the expertise of
the treating center. This advance in the VT treatment by STAR may promote a
more widespread use of this technique by facilitating the employed workflow
and ensuring a high-quality standard. Additionally, this software may further-
more be used to obtain a detailed statistical analysis of previously performed
STAR treatments, allowing retrospective assessments of VT target transfer ac-
curacy and dose-response analyses. Retrospective findings of incorrectly trans-
ferred VT target could help explain VT recurrence. A successful treatment, de-
spite a retrospective analysis identifying areas that should have been targeted
but were spared, could enhance the understanding of STAR treatment target def-

inition.
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Limitations

Due to limited data availability, a complete validation of the three VT target reg-
istration methods in the CARDIO-RT software was not performed on all cases in
this study. Specifically, in cases 1 and 2, the manually transferred cardiac CTV
was adjusted using CARDIO-RT analysis, but as the manually transferred CTV
was not stored, structural CTV comparisons were not possible. In case 5, EAM
data prior to STAR could not be included. Moreover, since STAR is still a novel
therapeutic option for VT, the number of patients is limited, and no large-scale

clinical trial has been conducted so far [148].

5.3 Cross-Validation

As shown in Chapter 4 and section 3.1, that although several novel semi-
automatic VT target registration tools have been developed, there is a lack of
studies to evaluate and cross-validate different VT target registration approaches
using real-world VT patient data. Such studies are essential to assess the accuracy
and conformity of different VT target registration tools for STAR. EAMapReader
is anovel semi-automated VT target transfer extension within the open-source 3D
Slicer software with the concept of 3D-3D registration. Due to the fundamentally
different concepts between the 2D-3D registration from the CARDIO-RT software
and the 3D-3D registration from the EAMapReader extension, it can be hypothe-
sized that a systematic error is highly unlikely when performing both registration
methods on a same dataset. Therefore, a cross-validation study is conducted to
investigate the conformity between these two approaches. Given that freehand
manual VT target transfer is prone to considerable inter-observer variability [15],
[16], the manual delineated VT target is unsuitable to be used as ground truth.
Therefore, in this cross-validation study, the registered VT target structure gener-
ated by each approach serves as ground truth for the other. This section provides
the answer to the research questions Q3 mentioned in section 1.1.

This study aimed to compare the results of two novel, conceptually different,
in-house-developed semi-automated VT target registration software solutions for
STAR [90], [138]. These two solutions transfer VT target surface regions defined
in EAM space to a 3D cardiac CTV defined on contrast-enhanced ECG-triggered
cardiac CT in the radiation TPS. Both target transfer approaches have been pre-
viously published [90], [138] and are described below. The target transfer using

both methods was performed by two independent investigators, blinded to each
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other’s results. The resulting cardiac CTVs were compared by a third investiga-
tor in a core lab using two complementary software packages: Velocity (Varian
Medical System, Palo Alto, California, USA) and ADMIRE (Elekta, Stockholm,
Sweden). Figure 5.8 illustrates the workflow of the study design.

\ 4

EAM screenshot with
marked VT target

CARDIO-RT 2D-3D
registration and CTV
definition

\ 4

= Independent CTV
; o comparison
X\Lij {‘ \\S EAMapReader 3D-3D
\t(v A0 registration and CTV
T definition

Exported EAM data

FIGURE 5.8: Study design and analysis workflow. See main text for details. Ab-
breviations: EAM = electroanatomical mapping; VT = ventricular tachycardia; CT =
computed tomography; CTV = clinical target volume.

5.3.1 Data Acquisition and Patient Characteristics

Patients underwent STAR within the RAVENTA trial [29] or as compassionate
use following consensus guidelines [80], [144]. Pseudonymized data were col-
lected from the treating centers. Ethics approval was obtained for the coordi-
nating center (reference number D555/18, see Appendix A) and each local site
and/or for the STAR benchmark studies (D476/19 and D483/21). Informed con-

sent to pseudonymized data sharing was obtained before treatment.
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ECG-gated contrast-enhanced cardiac CTs per local protocol were acquired
as part of treatment planning. The contrast-enhanced cardiac CT used was the
scanner-determined "best diastolic" volume. This corresponds well to the EAM
data, which acquires point locations during diastole. EAMs were created either
during VT catheter ablation attempts or as dedicated STAR procedure. The choice
of EAM system was at the discretion of the treating center: RHYTHMIA HDx,
CARTO 3 Version 7 or Ensite NavX.

EAM screenshots were captured on the EAM workstation. For the CARDIO-
RT 2D-3D registration, standard anatomical views were obtained. For the
EAMapReader 3D-3D registration, any angulation providing a clear view of the
VT target region (standard projections or oblique views) was used. Additionally,
the EAM raw data were exported in their respective proprietary file formats. The
target on the EAM screenshot, marked by the treating cardiac electrophysiologist,
was used as input for both approaches.

For each patient case, cardiac structures including the contrast-filled LV blood
pool, LV myocardium, aorta and RV cavity [5] were segmented from the contrast-
enhanced CT by the local cardiologist or radiation oncologist and exported as
in a RTSS file. This radiotherapy structure set and the contrast-enhanced CT
(both in DICOM format), EAM screenshots with delineated VT targets (in PNG
or JPG/JPEG format), and exported EAM data (vendor-specific file format),
were used as common inputs for both registration methods. The transfer for
each method was performed by an experienced team consisting of a physiolo-
gist/cardiologist, a radiation oncologist, a medical physicist, and an engineer.

Detailed patient characteristics are summarized in Table 5.4. All 10 patients
have been treated with a single dose of 25 Gy prescribed to the surrounding
isodose surface while adhering to critical structure constraints according to the
RAVENTA trial protocol [29]. Baseline demographics, STAR planning and deliv-
ery details, and initial clinical follow-up data have been previously reported for
some of these patients [4], [100], [124].
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TABLE 5.4: Patient characteristics. Abbreviations: EAM = elec-
troanatomical mapping; LV = left ventricle; RV = right ventricle.
*Based on the American Heart Association 17-segment model.

. Targeted (partial)  Aorta/RV Clinical trial or
Patient EAM system

LV segments* mapped compassionate use
1 CARTO 3 1 Yes Compassionate use
2 RHYTHMIA HDx 6 and 12 Yes RAVENTA
3 EnSite 8 No RAVENTA
4 CARTO 3 land 7 Yes Compassionate use
5 CARTO 3 1,5,6and 11 Yes RAVENTA
6 RHYTHMIA HDx 8 No RAVENTA
7 CARTO 3 5and 11 No RAVENTA
8 CARTO 3 2,3 and 8 No RAVENTA
9 RHYTHMIA HDx 8 and 13 Yes RAVENTA
10 CARTO 3 2and 3 Yes (also RV) RAVENTA

5.3.2 Independent Target Registration

EAMapReader 3D-3D Registration
3D-3D registration was performed using the open-source 3D Slicer soft-
ware for medical image analysis (version 5.0.3, 3D Slicer contributors,
https:/ /www.slicer.org/) and the EAMapReader extension [90], [91]. Briefly, the
3D EAM was registered to the endocardial structure of the LV, contoured on the
contrast-enhanced CT (slice thickness: 0.8-1.0 mm), through manual alignment
followed by an ICP optimization to minimize the distance between the struc-
tures. This process resulted in a rigid (6-degrees-of-freedom) 3D transformation.
Where available, EAM of the aorta or the right ventricle were used as additional
registration reference to reduce rotational ambiguity and enhance robustness.
The registration of the EAM to the contrast-enhanced CT produces a trans-

formation matrix, which can be decomposed into sequential rotations around the
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principal axes. Euler angles about the left-right, anterior-posterior and inferior-
superior axes were calculated from the final registration matrix.

After registration, a target structure was contoured directly onto the EAM in
3D Slicer to re-create the target surface delineated on the corresponding EAM
screenshots. Since the VT substrate may locate at any depth within the LV my-
ocardium, and catheter ablation failures are often attributed to inaccessible sub-
strates deep in the LV myocardium, a transmural target volume is typically used
for STAR. To create a transmural target volume from the endocardial target sur-
face on the EAM, the full myocardial thickness was added to the target surface.
This thickness was defined during segmentation using thresholding and grow-
from-seed algorithms. The resulting target structure was smoothed with a Gaus-
sian smoothing kernel with a 3 mm width according to the CT slice thickness

identically in both workflows (see Figure 5.9).
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FIGURE 5.9: Representative case of 3D-3D registration followed by target creation
using 3D Slicer software and the EAMapReader extension. (A) Contouring of rele-
vant cardiac structures. Magenta: left ventricle (LV) cavity; light blue: aorta; brown:
LV myocardium. (B) 3D representation of the segmentation and geometry of the
electroanatomical mapping (EAM, yellow). (C, D) 3D rendering (C) and short-axis
reformation (D) of the EAM data (LV and aorta) after rigid registration with the seg-
mentation. (E) Side-by-side view of the imported EAM in 3D Slicer (left) and the
corresponding screenshot from the CARTO 3 EAM system (right). The white shape
in the EAM screenshot (right) is the predefined ventricular tachycardia target. Note
the corresponding contouring in progress (red) on the imported model (left). (E G)
Final transmural cardiac clinical target volume (green). While (A-G) demonstrate a
case using the CARTO 3 EAM system, other EAM systems lead to similar results.
(H) Corresponding step to panel (E) in a case using RHYTHMIA HDx system. (I)
Corresponding step to panel (E) in a case using EnSite NavX system.

CARDIO-RT 2D-3D Registration

2D-3D registration was performed using the CARDIO-RT software, which en-
ables the registration of CT volumes of the respective cardiac chamber with EAM
screenshots in standard anatomical views. EAM screenshots with the marked
target region were imported into CARDIO-RT, along with the RTSS file contain-

ing the segmentations of the LV blood pool and other cardiac substructures from
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the contrast-enhanced cardiac CT (see Figure 5.10). The screenshots were over-
laid onto a corresponding projection of the CT segmentations, and the segmenta-
tion was translated and rotated to achieve an optimal match. The rotation angles
about the three principal axes were recorded for later analysis. Once registra-
tion was complete, the marked target region on the screenshot was delineated
on the registered segmentation, resulting in a point cloud on the segmentation
surface. These points were then saved into the original RTSS file and converted
into a 3D CTV in the cardiac CT space by extending transmurally across the LV

myocardium and smoothed with a 3 mm radius, as described above.

FIGURE 5.10: Representative case of 2D-3D registration followed by target creation
using CARDIO-RT and 3D Slicer softwares. (A) CARTO 3 electroanatomical map-
ping (EAM) screenshot and the computed tomography (CT) point clouds of left ven-
tricle (LV) blood pool (red) and aorta (blue) used as additional registration refer-
ence before registration. The EAM screenshot and CT-based point clouds are both
visualized from superior view, and the white shape in the EAM screenshot is the
predefined ventricular tachycardia (VT) target. (B) Registered EAM screenshot and
CT contours. (C) Target points on the LV blood pool defined by delineated polygon
along the intended target. (D) Registered VT target (red) on the cardiac CT slices and
3D view of the LV, aorta and VT target. (E) Transmural cardiac clinical target volume
(green) according to the 2D-3D output.
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5.3.3 Structure Analysis

The resulting 3D CTVs, independently generated by the blinded investigators
using both methods, were transferred to a core lab and imported into commer-
cial software for dedicated 3D structure analysis (Velocity, version 3.2.1, Varian
Inc., Palo Alto, USA). Structure characteristics were analyzed and compared to
evaluate overlap and similarity, including structure volumes, surface areas, dis-
tances and differences between the 3D CoM, conformity index (DSC, range 0-1),
geometric structure similarity (independent of overlap) and surface distance met-
rics (median surface distance and HD). The median surface distance represents
the median of the nearest-neighbor distances between points on both structures,
while the HD is the maximum distance between the two structures. In addition,
sensitivity (proportion of identical voxels) and specificity were evaluated [15],
[149]. A second dedicated research software solution (ADMIRE, V3.47, Elekta,
Stockholm, Sweden) was utilized to independently validate the results and ana-
lyze additional parameters of structure agreement, as reported previously [149].
Continuous variables were compared, and differences were evaluated using
the t-test or the Mann-Whitney test, as appropriate. It should be noted that the
number of cases lacks the power to identify statistical significance in minor dif-
ferences. However, descriptive statistics allow for the evaluation of whether the
magnitude of observed differences is of clinical significance. Statistical analysis
was performed using R (version 4.0.5) within the RStudio environment (version
1.3, Posit Software, Boston, Massachusetts, USA). Values are given as mean +

standard deviation unless noted otherwise.

5.3.4 Cross-Validation Results

Complete datasets were obtained for 10 patients, and registration using both ap-
proaches was successfully completed. In six patients, EAM of the thoracic aorta
was available and used in combination with the LV for registration with the cor-
responding structures on the contrast-enhanced CT. For the remaining four cases,
alternative landmarks such as partial EAM of the right ventricular outflow tract
or the endocardial impressions of the left ventricular papillary muscles, were
used to reduce rotational ambiguity around the LV long axis.

All cases resulted in comparable and highly similar 3D CTVs in terms of size
and anatomical position (see Figure 5.11 and Figure 5.12). The volumes and sur-

face areas of the CTV structures were comparable, without significant differences:
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14.88 + 11.72 cm? versus 15.15 + 11.35 cm® (p = 0.54) and 44.29 + 33.63 cm? ver-
sus 46.43 + 35.13 cm? (p = 0.18) for 3D-3D and 2D-3D registrations, respectively.
The mean difference in volumes and surface areas were 0.37 + 1.81 cm® and 2.14
+ 4.67 cm?, respectively. Comparing both structures, the DSC was 0.84 + 0.04,
with sensitivity of 0.86 + 0.05 and specificity of 0.96 + 0.02. The median surface
distance between the structures was 0.53 + 0.37 mm, and the HD was 6.91 + 2.26
mm. The distance between the 3D CoM was 3.62 + 0.99 mm, and the geometrical
volume similarity regardless of volume coordinates was 0.94 + 0.05. All variables
available in both analysis software packages were identical. Detailed results are

presented in Table 5.5.

FIGURE 5.11: Axial, sagittal and coronal views of cardiac computed tomography

with a representative transferred transmural cardiac clinical target volume (CTV).

(A-C) CTV transferred by EAMapReader 3D-3D registration (green). (D-F) CTV

transferred by CARDIO-RT 2D-3D registration (red). (G-I) Overlay both CTV struc-
tures.
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FIGURE 5.12: (A) Electroanatomical mapping screenshot with marked ventricular

tachycardia target region (white shape). (B) 3D view of the cardiac CTV transferred

by 3D-3D registration (green). (C) 3D view of the cardiac clinical target volume

(CTV) transferred by CARDIO-RT 2D-3D registration (red). (D) Overlay of both CTV

structures. Magenta: left ventricular blood pool; blue: aorta; orange: coronary arter-
ies.
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For cases where neither the aorta nor the RV was available on the EAM data,
greater differences in the CTVs were expected due to rotational ambiguity and
the conceptually different approaches of the two registration methods. Indeed,
the case with the lowest DSC (0.76) lacked both the aorta and RV in the EAM.
However, no statistically significant differences in distances or similarity metrics
were identified when comparing cases with additional aorta or RV to those with-
out.

During both CT scanning and EAM procedures, the patient is positioned
head-first-supine. Differences in body posture such as arms above the head for
CT, and variations in diaphragm position can induce some rotation of the heart
within the body, along with minor differences in patient positioning. To inves-
tigate the necessity of routinely accounting for rotation, the degree of rotation
about the three principal patient axes was calculated for each case with both reg-
istration methods. As expected, the rotation was similar between these two regis-
tration methods, but varied widely across cases, ranging from negligible to over

20°about two axes (see Figure 5.13).
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FIGURE 5.13: Absolute rotation angles about the three axes.

5.3.5 Discussion

This study cross-validated two conceptually different VT target registration
methods for STAR for the first time - CARDIO-RT 2D-3D registration [138] and
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EAMapReader 3D-3D registration [90] - on case data from 10 STAR-treated pa-
tients either within the RAVENTA trial [4], [29] or as compassionate use follow-
ing consensus guidelines [80], [144]. Each approach effectively serves as a ground
truth for the other, enabling cross-validation of both registration methods. Be-
cause of their fundamentally different concepts (2D-3D and 3D-3D), systematic
error is considered highly unlikely. It was confirmed that both registration meth-
ods were technically feasible on all datasets, regardless of the EAM systems used
and local cardiac CT acquisition protocols. The similarity metrics of the cardiac
CTV structures registered using these two methods indicated excellent similarity.

STAR, as a novel and non-invasive bailout alternative option for refractory
VT, its primary goal is to deliver precisely focused high-dose radiation beams to
treat specific targets in the heart while minimizing exposure to the surrounding
OAR. The VT target transfer from EAM system to radiation TPS for STAR is a
complex and multidisciplinary task [5], [150]-[153]. The initial step, conducted
by cardiac electrophysiologists, involves identifying the critical VT target region
in the LV using the EAM. The primary objective is to identify the critical isthmus
of the reentry circuit or, less commonly, the focal origin of the arrhythmia [102],
[154]. Standard clinical practice involves using 3D EAM systems to map the ar-
rhythmia substrate and mechanism [9]. However, for STAR, the target’s precise
location and extent are defined as a surface on the 3D endocardial or epicardial
LV structure in the EAM system. In this technical cross-validation study, the VT
target region is assumed to be a predefined input, and the focus is on methods to
transfer the specified target from the EAM to the cardiac CT.

Early STAR studies utilized anatomical landmarks, such as the LV apex and
aortic valve [1], [2], [155]-[157], or the AHA 17-segment model [25] to manu-
ally create the EAM-defined target structure in the radiation treatment planning
CT. However, defining the true LV apex on CT is inherently challenging [86],
and manual methods for transferring VT target from the EAM system to the
TPS have demonstrated poor inter-operator consistency. Even when conducted
by experienced clinicians, the resulting CTVs exhibited significant variability in
both localization and extent, with 3D CoM differences reaching up to 35 mm
and DSC as low as 0.02 [15]. These differences can cause clinically significant
issues, as demonstrated by targeting errors in STAR that result in missed VT sub-
strate areas and VT recurrence [18]. To enhance the robustness of target transfer,
semi-automated tools were developed to achieve high-accuracy registration of
the EAM-defined target to radiation TPS [90], [93]. These workflows and sub-
sequent studies [94], [97], [113] utilized the 3D geometry of the EAM to align it
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with a 3D structure of the corresponding cardiac chamber contoured from the
CT. Although the technical implementations vary slightly between these tools,
primarily in the range of usable 3D EAM data and, in some cases, reliance on
closed-source third-party software, the fundamental concept of 3D-3D registra-
tion remains consistent across these workflows.

Validation of these methods was limited by the absence of baseline refer-
ence data, and because all implementations employed similar concept of 3D-
3D registration, common confounders inherent to the methods could not be ex-
cluded. The implementation of the CARDIO-RT 2D-3D registration method [138]
enabled cross-validation between two conceptually different VT target trans-
fer approaches for the first time. The CARDIO-RT 2D-3D registration and
EAMapReader 3D-3D registration methods were feasible for different EAM sys-
tems and CT acquisition protocols, and showed high agreement with near-
identical CTV structures and localization with a median 3D CoM difference of
3.6 mm and a median DSC of 0.84. Therefore, it indicated that both the 2D-3D
registration method (CARDIO-RT software) and the 3D-3D registration method
(EAMapReader extension) can be used for quality assurance and VT target trans-
fer from the EAM system to the radiation TPS reliably in STAR treatment, to avoid

mistargeting and offer standardized cardiac CTV creation workflows.

Limitations
The sample size used in this cross-validation study is relatively small with only 10
STAR patient datasets within the RAVENTA framework. The limited number of
cases prevented further analyses, such as comparing different mapping systems
for registration accuracy or identifying predictors for better agreement. However,
the datasets represented a wide range of EAM systems used in clinical practice.
Validation studies with larger cohorts such as the STOPSTORM consortium [5],
or investigations into inter-observer variation for each approach are warranted.
Although magnetic navigation EAM systems demonstrate high spatial accu-
racy and electrophysiological studies remain the only modality capable of iden-
tifying electrophysiologic substrates, other imaging modalities such as cardiac
MRI and CT scans, can also identify potential VT substrates. In this study, rela-
tively recent EAM maps (no older than four weeks) were available for all cases.
The CARDIO-RT software used in this study also supports semi-automatic AHA
LV segment-based targeting. However, in the RAVENTA study, segment-based

targeting was avoided to keep the cardiac CTV small and minimize toxicity risks.



5.4. Chapter Summary 99

It is important to recognize that EAM-to-cardiac-CT transfer is not the only
potential source of targeting errors. Since the cardiac CT needs to be registered
with the non-contrast cardiac average planning CT, this registration process may
introduce additional errors. However, this registration process is typically sup-
ported by extracardiac structures, which generally ensure robust alignment.

Additionally, both the CARDIO-RT and EAMapReader are research tools that
have not yet been approved for routine clinical use. However, given the experi-

mental nature of STAR, these tools are particularly suitable for clinical trials.

5.4 Chapter Summary

In this chapter, the stand-alone in-house software CARDIO-RT including three
VT target registration methods, AHA 17-segment model registration, 3D-3D reg-
istration and 2D-3D registration, was assessed as a quality assurance tool and in
a cross-validation study. This chapter addressed research questions Q2 and Q3.

The CARDIO-RT VT target registration methods were successfully applied to
5 STAR cases for VT patients in the quality assurance process demonstrating the
current diversity of EAM systems (RYTHMIA HDx, CARTO 3 and EnSite) and
the range of EAM-treatment planning imaging registration methods employed in
the field of STAR. Particularly, the newly developed 2D-3D registration method
in the CARDIO-RT software addresses the challenges and limitations of previous
3D-3D EAM mesh data registration methods by eliminating reliance on propri-
etary vendor-specific data formats exported from different EAM systems. The
successful transfer of the EAM to the planning CT using 2D-3D registration en-
abled a highly accurate definition of the previously identified VT substrates. The
search question Q2 was addressed in this section.

Additionally, a cross-validation study between two conceptually different
VT target registration approaches, namely the 2D-3D registration method in the
CARDIO-RT software and the EAMapReader extension within the 3D Slicer soft-
ware with the concept of 3D-3D registration, was conducted based on case data
for 10 STAR-treated VT patients. These two methods demonstrated good agree-
ment with a DSC value of 0.84 + 0.04, and are thus suitable for VT target transfer,
quality assurance and analysis in STAR treatment. Semi-automated software so-
lutions have the potential to minimize operator-dependent errors during cardiac
CTV delineation in STAR treatment planning procedure, simplifying and harmo-
nizing the cardiac target volume definition process across clinical studies. The

search question Q3 was addressed in this section.
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Chapter 6

Patient- and Segment-Specific

Cardiac Motion Estimation

In the previous chapters, the CARDIO-RT software including conceptually dif-
ferent VT target registration methods for STAR as well as the validations were
discussed. Once the cardiac CTV structure is define in the radiation TPS, the car-
diac ITV needs to be created, representing the CTV with an additional margin to
compensate for a known or estimated range of internal motion during the STAR
treatment. This requires detailed knowledge of the dynamic behavior of the heart
due to cardiac motion and respiratory motion.

In this chapter, an ECG-gated cardiac CT based patient- and segment-specific
cardiac motion estimation method was proposed. This chapter begins with the
scientific contributions in section 6.1. Then, the patient data preparation (sec-
tion 6.2), the CT image registration method (section 6.3), the cardiac motion esti-
mation method (section 6.4) and the statistical analysis method (section 6.5) are
introduced. These are followed by the results of estimates of cardiac motion for
the cardiac CTV, all 17 LV segments as well as the ICD lead tip, and the accor-
dance of the ICD lead tip motion with the cardiac CTV/LV segment motion in
section 6.6. Finally, this chapter ends with a discussion in section 6.7 and a chap-
ter summary in section 6.8. This chapter provides the answer to the research

question Q4 mentioned in section 1.1.

6.1 Scientific Contributions

In this chapter, a patient- and segment-specific cardiac motion estimation
method based on ECG-gated contrast-enhanced breath-hold cardiac CT has been

achieved as proof-of-concept, by using an intensity-based non-rigid automatic

Parts of this chapter have been published in [132].
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image registration method. In addition, the motion range of the ICD lead tip was
also calculated for evaluation of accordance with the cardiac CTV and AHA 17
LV segments motion.

When adequate respiratory motion management strategies, such as gating,
DIBH or tracking, are employed, the information on patient- and segment-
specific cardiac motion is significantly helpful for estimating an appropriate indi-
vidualized cardiac ITV margin for STAR. Additionally, the proposed cardiac mo-
tion estimation method could help identify VT patients with larger cardiac mo-
tion who would particularly benefit from active motion management strategies.
These can greatly enhance the accuracy of radiation delivery in STAR treatment
for VT. The analysis containing 10 VT patient data of STAR treatment can also
provide reference data for cardiac motion of AHA 17 segments of the LV dur-
ing STAR treatment planning procedure for VI. Compared to previously pub-
lished cardiac motion analysis methods, this approach requires only contrast-
enhanced breath-hold ECG-gated cardiac CT at end-diastolic and end-systolic
phases, which are more readily available in clinical practice and has potential
for future clinical use.

In addition, this cardiac motion estimation method has been integrated into
the CARDIO-RT software as a module. The proposed method in this chapter also

holds potential for other medical image modalities such as MRI and ultrasound.

6.2 Data Preparation

Case data for 10 VT patients who underwent STAR based on the RAVENTA trial
protocol (NCT03867747) [4], [29] either directly within the RAVENTA study in
Germany [29] or within harmonized trials in Austria and Israel (national trial
number: 202225964) [30] and /or within the STOPSTORM registry [5] was retro-
spectively analyzed. All patients received a single dose of 25 Gy prescribed to
the surrounding isodose surface, ensuring compliance with critical structure con-
straints as outlined in the RAVENTA trial protocol [29]. Each patient had one
CTV, with the exception of two patients who had two CTVs. Detailed patient

characteristics are summarized in Table 6.1.
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A contrast-enhanced breath-hold cardiac CT dataset with retrospective ECG
gating was acquired, with reconstructions of the end-diastolic and end-systolic
phases included as part of the treatment planning for STAR. Cardiac substruc-
tures, with special emphasis on LV myocardium and aorta, were contoured on
the cardiac CT at the end-diastolic phase in the radiotherapy TPS by experi-
enced senior physicians. In cases where the LV myocardium structure was not
available, the TotalSegmentator extension (version 2.4.0) [158], [159] within the
open-source 3D Slicer software (version 5.6.2) [91] was used for LV myocardium
structure segmentation. The LV myocardium structure was then divided into
17 segments according to the AHA 17-segment model [25], using the in-house
software CARDIO-RT [131], [138]. The CTV was predefined based on the elec-
troanatomical maps with geometry created in end-diastole during sinus or slow-
paced rhythm as previously described [29]. The contrast-enhanced cardiac CT
datasets were in DICOM format, and the cardiac substructures were exported in
an RTSS file.

All patients had at least one ICD lead positioned in the RV near LV segment
14, and 5 patients had an additional ICD lead positioned in the right atrium. The
tip of the ICD lead in the RV was manually segmented in the cardiac CT at both
end-diastolic and end-systolic phases using the 3D Slicer software and exported
in an RTSS file. In order to diminish the uncertainty and variability in identifying
the exact voxel of the ICD lead tip, the following steps were performed. First, the
ICD lead structures in cardiac CT volumes at both end-diastolic and end-systolic
phases were manually segmented by growing from seeds and smoothing. Next,
in the cardiac CT volumes at the end-diastolic/end-systolic phase, select a voxel
at the top of the ICD lead structure, then grow the selected voxel with a margin
size of 5.0 mm to obtain a sphere. Afterwards, apply the Boolean logical operator
AND between the ICD lead structure and the sphere to obtain the ICD lead tip
with a length of 5.0 mm.

6.3 Intensity-Based Non-Rigid Automatic Image Registra-
tion
The 3D cardiac CT volumes at the end-diastolic and end-systolic phases were

registered using the MATLAB intensity-based non-rigid automatic image regis-

tration function from the Image Processing Toolbox™ [160], resulting in a 4D
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displacement field. For the image registration procedure, the cardiac CT vol-
ume at the end-diastolic phase was displaced, while the cardiac CT volume at
the end-systolic phase was fixed. The output 4D displacement field contained
displacements (unit: pixels) along the x-axis (RL), y-axis (AP) and z-axis (SI). The
displacements in millimeters can then be determined based on the CT pixel spac-
ing and slice thickness, and were treated as estimates of cardiac motion of the
cardiac substructures within one cardiac cycle. Figure 6.1 illustrates the work-
flow of the proposed cardiac motion estimation methods in this study. Figure 6.2
shows the motion vectors representing the deformation of a CTV point cloud on
the LV at the end-diastolic phase.



106 Chapter 6. Patient- and Segment-Specific Cardiac Motion Estimation
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FIGURE 6.1: Diagram of cardiac motion estimation workflow. Processes and data in
light blue boxes relate to the cardiac motion of the clinical target volume (CTV) and
American Heart Association (AHA) 17 left ventricle (LV) segments, while those in
orange relate to implantable cardioverter-defibrillator (ICD) lead tip motion. Abbre-
viations: CT = computed tomography; ITV = internal target volume.



6.3. Intensity-Based Non-Rigid Automatic Image Registration 107

e CTV point cloud on LV
— Motion vector

710 —

705 —

700 —

695 —

Z [mm]

690 —

685 —

-145
-150

680 —

90

120 125
X [mm] 130

FIGURE 6.2: Motion vectors representing the deformation of a clinical target volume
(CTV) point cloud on the left ventricle (LV) at the end-diastolic phase.

Afterwards, the image registration performance was evaluated using the
mean squared error (MSE) and Pearson correlation coefficient (PCC) (significance
level = 0.05) of the HU for the cardiac CT voxels using MATLAB (version R2022a).
A ROI was created in the cardiac CT volumes at both end-diastolic and end-
systolic phases which includes the voxels of both the original and displaced LV
myocardium structures. The mean squared error (MSE) and PCC (r) between the
original and displaced ROIs were calculated using the following formulas:

1 N

. N 2
MSE = N Z (Ioriginal(l) - Idisplaced(z)) ’ (61)
i=1

Zzzil (I original (l) - Toriginal) (I displaced (Z) - I displaced )

— = > — 5 7 (6.2)
\/le (Ioriginal (Z) - Ioriginal) \/le (Idisplaced (l) - Idisplaced)
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where Ioriginal (i) and Igisplaced (i) are the intensity values of the i-th voxel in the
original and displaced ROls, respectively, Toriginal and I_displaced are the mean in-
tensity values of the original and displaced ROIs, and N is the total number of
voxels within the ROL

6.4 Estimation of Cardiac Motion

After the image registration procedure, the output 4D displacement field was
then applied to the points of the contours of CTV and 17 LV segments, resulting
in displaced points of these cardiac substructures. The motion vector of the CoM
of the CTV and 17 LV segments from the end-diastolic phase to end-systolic phase
was calculated in the right-left (RL), AP, SI and 3D directions.

Given that the motion of the CTV and 17 LV segments is non-rigid due to
heart contraction and expansion, the motion of the CoMs within the contoured
structures does not fully represent their cardiac motion. Therefore, the motion
of each point within the contoured cardiac substructures from the RTSS file was
also calculated in the RL, AP, SI and 3D directions. Similarly, since the ICD lead
tip can be treated as a rigid object during a cardiac cycle, the CoM motion of the
RV ICD lead tip was also calculated for evaluation of accordance with CTV/LV
segment motion. For patients with more than one ICD lead in the RV, only the

most inferior one (located near LV segment 14) was used for this evaluation.

6.5 Statistical Analysis

Statistical analysis was performed using Microsoft Excel (version 2411) and R
(version 4.2.1) within the RStudio environment (version 2022.07.2+576). The cor-
relation and significant differences between ICD lead tip motion and CTV motion
were assessed using the PCC (significance level = 0.05) and Wilcoxon signed-rank
test (significance level = 0.05), while spatial discrepancies with both CTV and LV
segment motion were quantified using the Euclidean distance. Values are given

as mean =+ standard deviation unless noted otherwise.



6.6. Motion Estimation Results 109

6.6 Motion Estimation Results

6.6.1 Evaluation of Image Registration Performance

After the image registration, for the ROI in the cardiac CT volumes, the MSE
reduced by 40830 + 15484 HU? and the PCC increased from 0.81 + 0.05 to 0.94
+ 0.02, indicating enhanced similarity between cardiac CT at end-systolic phase

and registered cardiac CT at end-diastolic phase.

6.6.2 Cardiac Motion Estimation of CTV and 17 Segments

Figure 6.3 presents the cardiac motion of the CoM for individual CTVs and indi-
vidual CTV points in the RL, AP, SI and 3D directions (detailed numerical data
are given in Table 6.2). Comparing cardiac motion of the CoM for the individual
CTV with the mean value of the individual CTV points, the difference was 0.3 +
0.2 mm. The absolute cardiac motion for the CoM was 1.7 + 1.4 mm in the RL
direction, 2.2 + 1.0 mm in the AP direction, 1.4 + 1.1 mm in the SI direction, and
34 + 1.4 mm in 3D. Of the 12 CTVs (CoM), 10 exhibited cardiac motion < 5 mm
in 3D.
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FIGURE 6.3: Cardiac motion of the center of mass (CoM) for individual clinical target

volumes (CTVs, bar chart) and individual CTV points (box chart) in the right-left

(RL), anterior-posterior (AP), superior-inferior (SI) and 3D directions. Each patient

had one CTV, with the exception of patients 2 and 9 with two CTVs. Mean values

are shown as dots in the box chart. For the cardiac motion of individual CTV points,
the mean and median values are similar and comparable.
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Regarding the points of the CTVs, the mean cardiac motion in 3D was <5 mm
in 11 out of 12 CTVs; the cardiac motion of CTV 2 from patient 9 was considerably
larger, with a mean value of 6.6 mm.

Among the 10 patients, cardiac motion across the 17 LV segments was <5 mm
in the RL, AP and SI directions, with the exception of patient 5 (segment 4 in the
AP direction, segment 6 in the SI direction) and patient 9 (segment 2 in the AP
direction, segment 1 in the SI direction). In 3D, cardiac motion of most of the
segments was < 5 mm, except patient 4 (segments 3 and 9), patient 5 (segments
1,2, 4,5 and 6) and patient 9 (segments 1, 2 and 3; see Figure 6.4). The maximum
motion per patient was observed in basal (segments 1, 3, 5 and 6) and mid-cavity

(segments 8, 9 and 10) regions of the LV.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5
[ ]
° [ )
L)
[ ]
Patient 6 Patient 7 Patient 8 Patient 9 Patient 10

Motion [mm]

FIGURE 6.4: Cardiac motion of the center of mass for the American Heart Asso-

ciation 17 segments of the left ventricle in 3D on 17-segment bull’s-eye maps with

the locations of the clinical target volumes (CTVs, orange borders) and implantable

cardioverter-defibrillator lead tips (red dots) for each patient. Each patient had one

CTV, with the exception of patients 2 and 9 with two CTVs. CTVs are numbered in
ascending order from inferior to superior in the manuscript.

6.6.3 ICD Lead Tip Motion Estimation and Its Accordance with Car-

diac Motion

The motion of the RV ICD lead tips (located near segment 14) in the RL, AP, SI
and 3D directions for the 10 patients can be found in Table 6.2. The absolute mo-
tion of the ICD lead tips was 3.5 = 2.8 mm in the RL direction, 1.5 + 1.2 mm in
the AP direction, 1.9 = 1.2 mm in the SI direction and 4.9 + 2.2 mm in 3D. Com-
paring the ICD lead tip motion and CTV motion (CoM), the PCC values showed
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TABLE 6.2: Cardiac motion of the clinical target volume (CTV)

points and the center of mass (CoM) for each patient. Positive val-

ues indicate motion in the left, posterior, and superior directions,

while negative values indicate motion in the right, anterior, and

inferior directions. Abbreviations: RL = right-left; AP = anterior-
posterior; SI = superior-inferior.

. . Min Max Mean Median CoM motion I.CD lea'd
CTV Direction tip motion
(mm) (mm) (mm) (mm) (mm) (mm)
RL 11 14 02 02 0.2 0.7
Patient 1 AD 37 12 25 26 25 27
S 30 05 04 02 04 01
3D 13 42 27 28 26 27
RL 09 13 01 01 0.1 0.0
. AP 15 00 08 08 0.8 0.9
Patient 2 CTV'1 |-o7 00 41 16 14 16 11
3D 06 43 19 17 18 14
RL 11 07 02 02 02 0.0
. AP 17 01 06 06 06 09
Patient2 CTV 2 =7 17 07 04 03 04 11
3D 01 19 10 09 08 14
RL 03 46 24 25 24 36
Patient 3 AP 33 19 07 07 0.7 05
S 46 04 18 19 18 26
3D 14 60 34 34 31 44
RL 28 03 15 16 15 55
Patient 4 AD 49 14 29 26 29 27
ST 37 11 42 a1 a2 33
3D 18 55 37 35 35 7.0
RL 33 59 46 46 46 58
Patient 5 AD 59 04 31 33 31 18
ST 47 45 06 10 06 02
3D 40 82 60 61 55 6.1
RL 41 08 28 29 28 30
. AD 53 12 32 31 32 12
Patient 6 ST 15 14 01 02 0.1 41
3D 16 63 43 44 ) 53
RL 28 26 00 00 0.0 0.2
Patient 7 AP 59 04 23 20 23 39
S 59 20 20 21 2.0 21
3D 10 83 35 33 31 i4
RL 25 38 06 09 0.6 08
Pationt 8 AP 36 09 20 22 20 0.0
S 12 47 10 07 1.0 16
3D 07 55 30 30 23 18
RL 09 61 30 30 3.0 8.1
. AD 60 15 34 32 34 0.0
Patient 9 CTV'1 |-¢7 46 08 12 09 12 26
3D 21 85 48 50 47 85
RL 16 71 26 25 26 81
. AD 76 04 32 28 32 0.0
Patient9 CTV 2 |-o7 77 A1 42 39 42 26
3D 27 122 63 58 59 85
RL 17 52 19 20 19 6.9
. AP 35 02 15 -4 15 12
Patient 10 ST 49 07 19 17 19 10
3D 15 71 35 32 3.0 7.0
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moderate positive correlation in the RL direction (0.56), weak positive correlation
in the AP direction (0.10), weak negative correlation in the SI direction (-0.20)
and strong positive correlation in 3D (0.84). Statistically significant differences in
motion between the ICD lead tip and CTV (CoM) were observed in the RL, AP
and 3D directions, with p-values of 0.001, 0.000 and 0.005, respectively. However,
no significant difference was found in the SI direction (p-value = 0.470). The Eu-
clidean distances between ICD lead tip motion and CTV (CoM) motion in the RL,
AP, SI and 3D directions were 13.0 mm, 12.1 mm, 10.5 mm and 7.4 mm, respec-
tively. In the 3 cases with ICD lead tip motion > 7.0 mm, the motion difference to
the CTV (> 2.0 mm) was greater than in cases with ICD lead tip motion < 7.0 mm.

The Euclidean distance between ICD lead tip motion and 17 LV segments mo-
tion in the RL, AP, SI and 3D directions are shown on the 17-segment bull’s-eye
maps in Figure 6.5. The Euclidean distances between the ICD lead tip motion
and 17 LV segments motion were 12.0 + 3.4 mm, 9.2 + 2.9 mm, 8.2 £ 1.9 mm and
9.1 £ 2.6 mm in the RL, AP, SI and 3D directions, respectively. In 3D, the small-
est Euclidean distance was observed in segment 3, while the largest occurred in

segment 17.

4 6 8 10 12 14 16 18
Euclidean distance [mm]

FIGURE 6.5: Euclidean distances between implantable cardioverter-defibrillator

(ICD) lead tip motion and American Heart Association (AHA) 17 left ventricle seg-

ments motion in the right-left (RL), anterior-posterior (AP), superior-inferior (SI) and
3D directions, displayed on AHA 17-segment bull’s-eye maps.

6.7 Discussion

In this chapter, a patient- and segment-specific cardiac motion estimation
method based on ECG-gated contrast-enhanced breath-hold cardiac CT has been
achieved as proof-of-concept, by using an intensity-based non-rigid automatic

image registration method. In addition, the motion range of the ICD lead tip
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was also calculated for evaluation of accordance with the cardiac CTV and AHA
17 LV segments motion. This analysis provides reference data on patient- and
segment-specific cardiac motion for STAR treatment planning in VT patients.

It is demonstrated that the CTVs (CoM) moved 3.4 + 1.4 mm, and 10 out of 12
CTVs exhibiting < 5 mm cardiac motion in 3D. Cardiac CTs were acquired dur-
ing end-inspiratory breath-hold so that the results present an approximation to
cardiac motion without respiratory motion. Similarly, Ouyang et al. [116] inves-
tigated the motion range of the centroids of the LV, RV, ascending aorta, ostia of
the right coronary artery, left coronary artery and left anterior descending artery
using breath-hold cardiac gated CT of 10 patients who underwent transcatheter
aortic valve replacement, and reported that more than 90% of the measured dis-
placements were < 5 mm. In another study conducted by Petzl et al. [118], vec-
torial motion data from the ablation catheter was used to calculate the heart rate
and segment each trace to isolate the cardiac contribution to cardiorespiratory
motion, and an average cardiac excursion of 1.62 + 1.21 mm was reported. Li et
al. [117] analyzed the geometric centroid of the substrate target of 12 patients with
refractory arrhythmia treated by STAR, using 4D cardiac CT and 4D CT with a
deformation vector field. In their study, the mean maximum displacement of the
substrate target in 3D due to cardiac pulsation was 5.2 mm (range: 2.6-8.0 mm).
There was a recent study that measured the displacement of transvenous right
atrial appendage, RV ICD, coronary sinus lead tips and prosthetic cardiac devices
across the cardiac cycle from breath-hold 4D cardiac CT in 31 patients who un-
derwent catheter ablation procedure for atrial or ventricular arrhythmias [121]. In
that study, there was considerable variation in cardiac contractile motion among
the patients, ranging from 1 to 15 mm. Cardiac motion of the CTV (CoM) in
this study generally fell within this range, except for a slightly smaller minimum
value.

While the CoM motion of the CTV represents an averaged value, the motion
of individual CTV points provides complementary cardiac motion information.
The comparison of the cardiac motion of the CoM for individual CTVs with the
mean value of the individual CTV points suggested that cardiac motion was rel-
atively uniform and centralized across the CTV point cloud in these individual
10 patients, indicating coherent movement with no substantial deviations in dif-
ferent regions of a specific CTV. Therefore, CTV motion (CoM) can serve as an
estimate of cardiac motion estimation, except when the CTV moves in a signifi-

cant regional inhomogeneous manner.
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In the radiosurgery platform CyberKnife (Accuray, Inc., Sunnyvale, Califor-
nia, USA), the tip of the ICD lead is used as a tracking marker for motion man-
agement during STAR for VT [1], [155], [156], [161]. In this analysis, the motion
of the RV ICD lead tip was 4.9 + 2.2 mm, which is smaller than the cardiac con-
tractile motion observed in the study by Wu et al. [121] (8.6 + 3.5 mm). For 7/10
patients, the motion difference between RV ICD lead tip (located near segment
14) and CTV in 3D was < 2 mm. In these 7 cases, the ICD lead tracking technique
appears to be sufficient as a reference for the cardiac motion of the CTV. It was
observed that as the motion of the ICD lead tip increased, the difference in mo-
tion increased accordingly, making it less reliable to use ICD lead tracking as a
reference for cardiac motion estimation. A lower value of the Euclidean distance
between ICD lead tip motion and 17 LV segments motion indicates that the mo-
tion pattern of the specific segment is relatively more aligned with the ICD lead
tip motion. In these 10 patients, the Euclidean distances were generally axisym-
metric on the AHA 17-segment model bull’s-eye maps (see Figure 6.5). Overall,
they decreased from the apical segments to the mid-cavity and basal segments in
the RL and 3D directions, while they increased from the apical segments to the
mid-cavity and basal segments in the AP and SI directions. In those LV segments
with lower Euclidean distances, ICD lead tracking seems to be an adequate surro-
gate for estimating cardiac motion during STAR. Segments 13 and 15-17 showed
the highest Euclidean distances, suggesting their motion was least correlated with
the ICD lead tip motion. For the 10 patients, segments 1-9 and 14 are more suit-
able for ICD lead tracking.

Overall, cardiac motion of the CTV and 17 LV segments showed asymme-
try, similar to previously published studies [162]-[164]. It exhibited considerable
individual variability in both the CTV and the 17 LV segments in 10 patients,
which is consistent with the STOPSTORM.eu consortium review [26]. When ade-
quate respiratory motion management strategies, such as gating, DIBH or track-
ing, are employed, the information on patient- and segment-specific cardiac mo-
tion is very helpful for creating an appropriate individualized cardiac ITV mar-
gin for STAR. Additionally, the proposed motion estimation method could help
identify VT patients with larger cardiac motion who would particularly benefit
from active motion management strategies [27], [28]. This can greatly enhance
the accuracy of radiation delivery in STAR treatment for VT. Compared to pre-
viously published cardiac motion analysis methods, the method proposed in this
study requires only contrast-enhanced breath-hold ECG-gated cardiac CT at end-

diastolic and end-systolic phases, which are more readily available in clinical
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practice and has potential for future clinical use. In addition, this cardiac mo-
tion estimation method has been integrated into the CARDIO-RT software as a
module, and it holds potential for other medical image modalities such as MRI
and ultrasound data.

As of the writing of this dissertation, to the best of the author’s knowledge,
no commercially available solutions or quality assurance tools currently exist for
heart motion management in STAR for VT. Advancing technology in this area
would help standardize and refine these procedures while enhancing patient
safety. Moreover, since cardiac motion can significantly affect the accuracy of
radiation delivery, its dosimetric impact is crucial and needs further investiga-

tion.

Limitations

This study has several limitations. The number of patients included in this study
was relatively small with only 10 datasets as this study was aiming for proof-
of-concept. A larger sample size of VT patients with a broader spectrum of pa-
tient characteristics (e.g., the location of CTV) would be beneficial for evaluating
the performance of cardiac motion estimation methods and further investigate
the accordance between ICD lead tip motion and CTV /17 LV segments motion.
The contrast-enhanced breath-hold ECG-gated cardiac CT used in this study in-
cluded only cardiac motion and did not account for respiratory motion. Including
free-breathing 4D CT in the future would allow for a more comprehensive esti-
mation of both cardiac and respiratory motion of the cardiac substructures, and
the proposed method could be utilized in such cardiorespiratory motion studies.
Additionally, the voxel-wise CT image registration in this study relies on precise
CTV definition and LV myocardium contouring for accurate cardiac motion es-
timation. The use of an auto-contouring tool specifically tailored for STAR [165]
could significantly improve motion estimation outcomes. Moreover, the patients
in this study had VT and a lower left ventricular ejection fraction (LVEF), so the
observed cardiac motion may not be applicable to patients with a higher LVEF.

6.8 Chapter Summary

In this chapter, an ECG-gated cardiac CT based patient- and segment-specific car-
diac motion estimation method in STAR for VT was demonstrated to address re-

search question Q4.
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The intensity-based non-rigid automatic image registration method was em-
ployed to register the 3D ECG-gated contrast-enhanced breath-hold cardiac CT
volumes at end-diastolic and end-systolic phases to acquire the 4D displacement
field, which was then applied to the cardiac CTV and 17 LV segments obtained
using the CARDIO-RT 17-segment model registration method for motion analy-
sis. Meanwhile, the ICD lead tip was also manually segmented at both phases
to analyze its motion and the accordance of its motion with the cardiac CTV/LV
segment motion.

The estimated cardiac motion showed considerable individual variability in
the CTV and 17 LV segments among 10 different patients. The results show that
the cardiac CTVs (CoM) moved 3.4 + 1.4 mm, and the motion of the ICD lead
tips was 4.9 + 2.2 mm in 3D. The maximum motion per patient was observed in
basal (segments 1, 3, 5 and 6) and mid-cavity (segments 8, 9 and 10) regions of
the LV. Acquiring information on patient- and segment-specific cardiac motion
is highly recommended for creating an appropriate individualized cardiac ITV
margin and for selecting motion management strategy in STAR. The proposed
cardiac motion estimation method could enhance STAR accuracy and has poten-
tial for future clinical applications in STAR. The impact of cardiac motion on the

dosimetry needs further investigation.
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Chapter 7

Conclusion

In this chapter, a summary of all topics addressed in this dissertation is presented.
Then, the research questions from section 1.1 are discussed, and future work is

proposed.

7.1 Summary

In this dissertation, the software CARDIO-RT was developed to transfer the VT
target structure, defined by the treatment team in the EAM system, to the radia-
tion TPS using three practical methods: the AHA 17-segment model registration,
3D-3D registration and 2D-3D registration. The software was validated as a qual-
ity assurance tool using 5 real-world VT patient datasets within the RAVENTA
trial. A cross-validation study comparing the 2D-3D registration method and the
3D-3D registration method from the 3D Slicer extension EAMapReader was con-
ducted, demonstrating high agreement. Furthermore, an ECG-gated cardiac CT
based patient- and segment-specific cardiac motion estimation method was pro-
posed to provide reference data for the creation of a personalized cardiac ITV
margin and the selection of VT patients who would particularly benefit from ac-
tive motion management strategies in STAR.

In detail, Chapter 4 demonstrates the workflows of the three VT target reg-
istration methods. For the AHA 17-segment model registration, the LV my-
ocardium structure is divided into 17 sections according to the AHA 17-segment
model. LV segment(s) of interest can then be visualized on the treatment planning
CT, enabling the clinicians to assess the targeted LV segment(s). The 3D-3D regis-
tration method currently supports RHYTHMIA HDx, CARTO 3 and EnSite EAM
systems. It transfers the 3D VT ablation points exported from the EAM system
to the 3D LV contours with respect to the treatment planning imaging data. The
2D-3D registration method is a versatile approach that supports any EAM system
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and enables the transfer of the VT target region marked on the 2D EAM screen-
shots in standard anatomical views to the 3D VT contours with respect to the
treatment planning imaging data. Additionally, the 2D-3D registration method
has potential for applications in other radiotherapy treatments within the hu-
man body where the target is identifiable using 2D imaging data. These three
proposed VT target registration methods are semi-automatic rather than fully au-
tomatic due to strict accuracy requirements in clinical applications. Automatic
registration methods may not be sufficiently reliable, as the LV structures are de-
rived from different modalities, which can introduce inaccuracies and data in-
completeness, making them unsuitable for clinical use. In contrast, the proposed
semi-automatic registration methods have demonstrated practical feasibility on
real-world STAR datasets. They provide the necessary flexibility, allowing clin-
icians to refine the registration process based on their expertise and the specific
characteristics of each STAR case, ensuring both accuracy and clinical applicabil-
ity. In addition, the significance of aorta mapping in the EAM systems for the
2D-3D registration method was presented, and three additional functions were
demonstrated: (1) visualization of the cardiac PTV and dose calculation as iso-
dose lines for quality assurance purposes, (2) registration between cardiac CT
and planning CT, and (3) generation of transmural VT target structure.

In Chapter 5, as a clinical validation, the CARDIO-RT software was success-
fully applied to 5 STAR cases for VT patients as a quality assurance tool, demon-
strating the current diversity of EAM systems (RYTHMIA HDx, CARTO 3, and
EnSite) and the range of EAM-treatment planning imaging registration methods
used in the field of STAR. Particularly, the newly developed registration method
in the CARDIO-RT software, based on the novel concept of 2D-3D registration,
addresses the challenges and limitations of earlier 3D-3D EAM mesh data regis-
tration methods by eliminating reliance on proprietary vendor-specific data for-
mats exported from different EAM systems. The successful transfer of the EAM
to the planning CT using 2D-3D registration enabled a highly accurate definition
of the previously identified VT substrates. Furthermore, the conformity between
the CARDIO-RT 2D-3D registration and the 3D Slicer extension EAMapReader
was analyzed through a multi-center cross-validation study. These two VT regis-
tration methods demonstrated good agreement with a DSC value of 0.84 + 0.04.
Both techniques are thus suitable for VT target transfer, quality assurance and
analysis in STAR treatment. Semi-automated software solutions have the poten-
tial to minimize operator-dependent errors during cardiac CTV delineation in

STAR treatment planning procedure, simplifying and harmonizing the cardiac
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target volume definition process across clinical studies.

In Chapter 6, the need for acquiring information on cardiac motion for car-
diac ITV margin creation and VT patient selection for active motion management
strategies was addressed. An ECG-gated cardiac CT based patient- and segment-
specific cardiac motion estimation using an intensity-based non-rigid automatic
image registration method was proposed, and was performed on 10 real-world
VT patient datasets to estimate the cardiac motion of the previously defined CTV
as well as 17 LV segments. The accordance of the ICD lead tip motion with the

CTV and 17 segments motion was also investigated.

7.2 Conclusion on the Research Questions

In this section, the research questions defined in section 1.1 are answered.

Q1: What are the practical methods for registering a VT target structure from
the EAM system to radiation TPS for STAR? Is there a versatile VT target reg-
istration method applicable to all EAM systems?

In this work, a software including three practical semi-automatic registration
methods, namely the AHA 17-segment model registration, 3D-3D registration
and 2D-3D registration, was developed to transfer the VT target defined in the
EAM system to the radiation treatment planning CT for STAR (see Chapter 4). For
the AHA 17-segment model registration, the LV myocardium structure contoured
from contrast-enhanced CT is divided into 17 segments according to the AHA 17-
segment model. Therefore, once the cardiac electrophysiologist has defined the
targeted AHA LV segment(s) of the VT region, the targeted LV segment(s) can
be visualized on CT slices for assessment. The 3D-3D registration method reads
the EAM raw data in vendor-specific formats and registers the 3D EAM points
of the LV and aorta (optional) with the corresponding 3D CT contours to transfer
the catheter ablation points to the treatment planning CT. This method currently
supports three commonly used EAM systems in clinical practice: RHYTHMIA
HDx, CARTO 3 and EnSite. The 2D-3D registration method enables the transfer
of the VT target region, marked on the 2D EAM screenshots in standard anatom-
ical views, to the 3D LV contours with respect to the treatment planning imaging
data. Since different EAM system vendors use proprietary export data formats,
and different versions of the same EAM system may have varying data structures

in export files, specific scripts are required to read raw data from a given EAM
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system version for the 3D-3D VT target registration. The proposed 2D-3D regis-
tration method is versatile and applicable to different EAM systems, regardless

of version or potential future changes.

Q2: Is it possible to employ the VT target registration methods in the quality
assurance process for STAR?

Yes, in section 5.2, the software including three practical VT target registration
methods that is specifically dedicated to additional quality assurance of the tar-
get transfer process from EAM systems to radiation TPS, was validated for 5
patient cases within the multi-center multi-platform RAVENTA trial. The semi-
automated EAM-treatment planning imaging data registration enables quality
assurance of the manually transferred cardiac CTV structure, reducing clinician-
dependent inconsistencies and enhancing the safety and robustness of the VT tar-
get registration. This approach facilitates standardized STAR treatment planning
processes that are less dependent on the expertise of the treating center. Addition-
ally, this software may furthermore be used to obtain a detailed statistical analysis
of previously performed STAR treatments, allowing retrospective assessments of
VT target transfer accuracy and dose-response analyses. Retrospective findings

of incorrectly transferred VT target could potentially help explain VT recurrence.

Q3: Is it possible to assess the accuracy of the VT target registration methods
used for STAR in the absence of ground truth?

The answer is yes. Currently, there is a lack of ground truth for the registered VT
target structure in the treatment planning CT, as manual target transfer is prone to
significant inter-observer variation and thus unsuitable as a ground truth. There-
fore, a cross-validation study between two conceptually different in-house devel-
oped software solutions (the CARDIO-RT 2D-3D registration and the 3D-3D reg-
istration from the 3D Slicer extension EAMapReader) for target transfer quality
assurance in STAR using clinical data was conducted in section 5.3. By comparing
the registered cardiac CTVs’ characteristics for overlap and similarity, these two
methods showed high conformity with a DSC value of 0.84 + 0.04. Therefore,
both VT target registration methods can be used for VT target transfer, quality

assurance and analysis for STAR.

Q4: Is it possible to estimate the cardiac motion of the cardiac CTV and sub-
structures based on ECG-gated contrast-enhanced breath-hold CT?
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The answer to this research question is yes. In Chapter 6, an intensity-based non-
rigid automatic image registration was used to achieve a patient- and segment-
specific cardiac motion estimation method for the cardiac CTV and substructures
based on ECG-gated contrast-enhanced breath-hold CT. The estimated cardiac
motion showed considerable individual variability in the CTV and 17 LV seg-
ments among 10 different patients. The results show that the cardiac CTVs (CoM)
moved 3.4 + 1.4 mm, and the motion of the ICD lead tips was 4.9 + 2.2 mm in 3D.
Therefore, acquiring information on patient- and segment-specific cardiac mo-
tion is highly recommended for creating an appropriate individualized cardiac
ITV margin and for selecting motion management strategy in STAR. Addition-
ally, this analysis provides reference data on patient- and segment-specific car-
diac motion for STAR treatment planning in VT patients. The proposed cardiac
motion estimation method could enhance STAR accuracy and has potential for

future clinical applications in STAR.

7.3 Future Work

In the future, it will be beneficial to validate the proposed practical VT target
registration methods on a larger number of VT patient datasets prospectively
and retrospectively. This will enhance its robustness and resolve the potential
bugs. For the proposed patient- and segment-specific cardiac motion estimation
method, a larger, more diverse VT patient sample would better evaluate the per-
formance of this method and would help further investigating the accordance be-
tween ICD lead tip motion and the CTV /17 segments motion. Additionally, the
2D-3D registration method has the potential for application in other radiotherapy
treatments within the human body.

As a quality assurance tool, the conformity between the registered VT target
structure and the isodose lines from the DICOM dose calculation file or the car-
diac PTV structure can be quantified and visualized in the GUI of the CARDIO-
RT software in the future.

Additionally, since currently there is no ground truth for the registered VT tar-
get, cross-validating the target registration methods in the CARDIO-RT software
with other VT target registration solutions would help evaluate the effectiveness.
Additionally, the accuracy of the proposed VT target registration methods can
further be assessed on a dynamic cardiac phantom [142], where a ground truth

for the transferred VT target on the synthetic LV structure can be defined.
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Recently, assessing the impact of cardiac motion on radiation dosimetry in
patients with refractory VT is an ongoing topic [21], [117], [166]. This area also re-
quires further investigation to achieve a comprehensive understanding of motion

management strategies for STAR.
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Appendix A

Ethics Approval

The RAdiosurgery for VENtricular TAchycardia (RAVENTA) trial
(NCTO03867747) was approved by the German Radiation Protection Agency
(Bundesamt fiir Strahlenschutz, reference number Z5-22463/2-2018-054) and by
the leading independent ethics committee of the Christian-Albrechts-University
of Kiel (reference number D555/18) as well as by the respective independent
ethics committees of the participating centers. All treated patients gave their
written informed consent for participation in the study and hence for publication
of their anonymized data. The corresponding ethics approval documents for the

RAVENTA trial are provided on the following pages.
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Appendix B

Case Histories

The case histories [138] of the 5 datasets used in section 5.2 are shown below.

Patient 1

A 68-year-old male presented with a dilative cardiomyopathy (LVEF of 45-50%)
secondary to myocarditis. Secondary prophylactic ICD implantation took place
after cardiopulmonary resuscitation due to ventricular fibrillation in 2017. In
2020, the ICD was upgraded to the cardiac resynchronization system. Multi-
ple anti-arrhythmic medication was administered in maximally tolerated doses
without freedom from VT episodes (amiodarone, beta-blockers, mexiletine, chini-
dine, verapamil and lidocaine). A total of 7 prior endo- and epicardial catheter
ablations had been performed. Due to AF, a pulmonary vein isolation was per-
formed in 2019. The patient was presented in July 2020 with recurrent VT and
ICD shocks. At the time of presentation, the patient took amiodaron 200 mg o.d.
and metoprolol 95 mg b.i.d. Due to the multiple previous interventions, repeat
catheter ablation was not deemed suitable so the patient was scheduled for STAR.
The total dose was 25 Gy prescribed to the 83%-isodose. Treatment was delivered
with a Varian TrueBeam STX linear accelerator using 6 dynamic conformal arcs.
The patient tolerated the treatment well. During the first 4 weeks following the
procedure, repeated episodes of AF occurred which subsided after temporarily
increasing the dose of amiodarone to 200 mg b.i.d. Due to the negligible radi-
ation dose to the left atrium (Dmax 7.2 Gy, Dmean 3.4 Gy), this event was not
deemed treatment related. The amiodarone-dose was reduced to 200 mg o.d. The
patient is free from VT since the procedure at a follow-up of 12 months. There

was no treatment-related late toxicity. LVEF remained stable at 45%.

Patient 2

A 52-year-old female presented with a non-ischemic dilated cardiomyopathy and
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moderately reduced LVEF of 45%. The patient had experienced a sustained VT
five years ago and had been treated with antiarrhythmic medication (beta-blocker
and amiodarone) and an ICD, which had to be explanted one year later due to in-
tolerable pain. A re-implantation was refused by the patient. Since then, multiple
(> 50) episodes of sustained VTs occurred, partly hemodynamically tolerated for
up to 30 minutes and repeatedly terminated by external electrical cardioversion.
Following repeated endocardial and epicardial EAM procedures, several abla-
tion procedures were performed in the infero-basal as well as septal regions of
the LV. All efforts remained without long term effect, finally, after several addi-
tional events with sustained VT the patient was evaluated for STAR. Treatment
was performed on a Varian TrueBeam STX system with Varian Eclipse planning
software based on 4D planning with an ITV concept. The primary treatment out-
come was excellent with no new VT episodes within the first six months post-
treatment. The patient did not experience any short-term toxicity, a thoracic CT
12 weeks following the procedure did not show any signs of pneumonitis. The
left ventricular function as assessed by repeated echocardiography did not show

any changes of ejection fraction.

Patient 3

A 66-year-old male patient diagnosed with ischemic cardiomyopathy and
implanted with an ICD in 2008 presented with recurrent therapy-refractory
monomorphic VT despite escalated antiarrhythmic therapy with beta blocker and
amiodarone. The patient underwent a total of five endocardial catheter ablations
since 2014 only with moderate mid-term success and recurrent ICD shocks. Due
to progressive heart failure, the VT was hemodynamically unstable and was car-
dioverted promptly. After planning in DIBH, the patient was treated with an
Elekta Versa HD linear accelerator with flattening filter free beams. A volumetric
modulated arc therapy plan with 3 arcs was created in Monaco V. Image guid-
ance was performed with DIBH-only cone beam CTs after each arc to minimize
intrafraction drift. Table time was 65 minutes including free breathing phases and
additional intra-fractional imaging. The patient tolerated the treatment well, no
adverse effects were registered. Follow-up examinations showed no deteriora-
tion of the LVEF or regional wall motion abnormalities. No further VTs occurred
after the treatment. At the time of writing, the patient is alive 9 months post-

radiotherapy without new tachycardia episodes.
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Patient 4

The patient (61-year-old, male) with non-ischemic dilated cardiomyopathy and
heart failure with severely reduced ejection fraction was admitted for recur-
rent slow VT with appropriate ICD therapies. A total of 5 previous endocar-
dial and epicardial RF catheter ablations for VI had been attempted, the last
one in 03/2021. The patient was discharged on amiodarone and mexiletine
but was emergently admitted in 11/2021 with decompensated heart failure due
to sustained slow VT below the ICD detection rate at that time. Incidentally,
Amiodarone-induced hyperthyroidism was diagnosed during that hospitaliza-
tion and Amiodarone was changed to Sotalol. The patient was readmitted one
month later with multiple ICD therapies for VT. Another ablation attempt was
deemed futile, and antiarrhythmic drugs had been proved to be insufficient
(with VT recurrence even while on amiodarone and mexiletine). Radiotherapy
was planned on a respiration-gated 4D CT (Somatom, Siemens) after Vacuum-
immobilization of the patient. Using a Versa HD linear accelerator (Elekta AB)
with volumetric modulated arc therapy technology, 25 Gy was irradiated to cover
95% of the PTV. Dyo, was 30.1 Gy). The patient developed nausea and vomiting
on day 2 after radiation which could be managed with antiemetics and panto-
prazole and which resolved completely by day 5. No other acute toxicity was

observed.

Patient 5
A 60-year-old male patient with ischemic dilatative cardiomyopathy and a
severely reduced left ventricular ejection fraction (LVEF, 15%) suffered from
daily occurring recurrent incessant VTs with repeated partially effective anti-
tachycardia pacing and appropriate ICD shocks from his two-chamber ICD. Ex-
ternal triggers were excluded as a cause of these episodes. Despite optimized
guideline-directed heart failure treatment, maximum-tolerated antiarrhythmic
medication amiodarone (200 mg daily) and endocardial radiofrequency ablations
(08/2019; 01/2020), life-threatening VT and electrical storm occurred onwards.
Heart transplantation was not feasible due to severe comorbidities including a
chronic kidney insufficiency (Kidney Disease: Improving Global Outcomes cate-
gory G3b) and essential thrombocythemia.

The patient was treated on a Varian TrueBeam linear accelerator (Varian Med-
ical Systems; Palo Alto, USA). The total duration of the whole procedure (cone
beam CT imaging and beam delivery) was 30 minutes. An ITV + PTV concept

was employed and during free breathing intrafraction the patient position was
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monitored using real-time position management (Varian Medical Systems). Heart
rate and oxygen saturation remained stable throughout the beam delivery. No
interruption due to patient-related factors was necessary, in particular no VT oc-
curred during the intervention. ICD function was normal and cardiac enzymes
remained stable after STAR. Despite STAR, VT occurrence persisted with recur-
rent conversion attempts throughout the next weeks. Therefore, an additional
invasive endocardial ablation was performed 3 weeks after STAR in LV segment
7 leading to a permanent cessation of the VTs. Post treatment, amiodarone medi-
cation was discontinued. During 18 months follow-up, no episodes of sustained
VTs, further complications associated with the treatment, or acute side effects
were reported or could be detected by ICD interrogations. The patient reported
an augmented quality of life. LVEF determined by transthoracic echocardiogra-

phy improved to 24% without pericardial effusion.
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