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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



ix

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

Ventrikuläre Tachykardie ist eine schwerwiegende, potenziell letale Arrhyth-

mie, die von den Herzkammern ausgeht und einen plötzlichen Herztod be-

dingen kann. Die stereotaktische Radioablation von Herzrhythmusstörun-

gen stellt eine neuartige, nicht-invasive Behandlungsoption für refraktäre ven-

trikuläre Tachykardien dar. Das Hauptziel der stereotaktischen Radioabla-

tion von Herzrhythmusstörungen besteht in der präzisen Abgabe fokussierter,

hochdosierter Strahlen zur Behandlung der ventrikulären Tachykardieziele in

den Herzkammern bei gleichzeitiger Minimierung der Exposition der umliegen-

den Risikoorgane. Die stereotaktische Radioablation von Herzrhythmusstörun-

gen stellt einen neuartigen therapeutischen Ansatz dar, der eine Reihe von Her-

ausforderungen mit sich bringt. Hierzu zählen die Übertragung des Ziels für ven-

trikuläre Tachykardien vom elektroanatomischen Kartierungssystem auf das Pla-

nungssystem für die Bestrahlung sowie die Schätzung der Herzbewegungen des

klinischen Zielvolumens und der 17 Segmente des linken Ventrikels der Ameri-

can Heart Association (AHA) für 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-

händige Abgrenzung des Zielgebiets der ventrikulären Tachykardie auf der Com-

putertomographie zur Behandlungsplanung, wie sie auf der elektroanatomis-

chen Kartierungsfläche definiert ist, selbst bei erfahrenen Elektrophysiologen

und Radioonkologen eine schlechte Konsistenz zwischen den Beobachtern

aufweist. Darüber hinaus wurde über klinisch relevante Fehler bei der frei-

händigen Registrierung von ventrikulären Tachykardien berichtet. Daher sind

praktische Methoden zur Registrierung des ventrikulären Tachykardie-Ziels

von entscheidender Bedeutung für die genaue Übertragung des ventrikulären
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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 Herzrhythmusstörungen kann die Atembewe-

gung durch Gating, Atemanhalten bei tiefer Inspiration oder robotergestützte

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 große Herausforderung

für die präzise Definition des internen Zielvolumens des Herzens dar. Diese

Bewegung kann zu Fehlausrichtungen führen, die die Wirksamkeit der stereo-

taktischen Radioablation bei Herzrhythmusstörungen beeinträchtigen und das

Risiko einer Schädigung benachbarter Risikoorgane durch Dosisauswaschung er-

höhen können. Die Schätzung der Herzbewegung ist für die Festlegung eines

angemessenen kardialen Zielvolumens unerlässlich, um die Wirksamkeit der

stereotaktischen Arrhythmie-Radioablation und die Ergebnisse für den Patienten

zu verbessern.

Ziel dieser Dissertation ist es, vier Hauptaspekte im Bereich der stereotaktis-

chen Radioablation von Arrhythmien zu untersuchen: (1) praktische Methoden

für die Zielregistrierung von ventrikulären Tachykardien, (2) Validierung dieser

Methoden anhand von realen Patientendaten mit ventrikulären Tachykardien,

(3) Bewertung der Genauigkeit von Zielregistrierungsmethoden in Abwesenheit

von Ground Truth und (4) eine patienten- und segmentspezifische Methode zur

Schätzung von Herzbewegungen.

Zur Lösung von (1) wurde eine Software entwickelt, die drei praktis-

che halbautomatische Methoden zur Registrierung ventrikulärer Tachykar-

dien umfasst, nämlich 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 gemäß

dem AHA 17-Segment-Modell auf und ermöglicht so die Beurteilung der an-

visierten Segmente des linken Ventrikels und Folgeuntersuchungen. Die 3D-3D-

Registrierungsmethode liest herstellerspezifische elektroanatomische Mapping-

Rohdaten und überträgt die 3D-Punkte für die Ablation ventrikulärer 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 unterstützt und
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die Übertragung der auf den 2D-Screenshots des elektroanatomischen Map-

pings in anatomischen Standardansichten markierten ventrikulären Tachykardie-

Zielregion auf die 3D-Konturen des linken Ventrikels in Bezug auf die Bild-

daten der Behandlungsplanung ermöglicht. Diese drei Registrierungsmeth-

oden sind aufgrund der strengen Genauigkeitsanforderungen bei klinischen

Anwendungen eher halbautomatisch als vollautomatisch. Automatische Reg-

istrierungsmethoden sind unter Umständen nicht ausreichend zuverlässig, da

die Strukturen des linken Herzens und der Aorta aus verschiedenen Modal-

itäten abgeleitet werden, was zu Ungenauigkeiten und unvollständigen Daten

führen kann, so dass sie für den klinischen Einsatz ungeeignet sind. Im Gegen-

satz dazu haben die vorgeschlagenen halbautomatischen Registrierungsmetho-

den ihre praktische Durchführbarkeit bei realen stereotaktischen Radioablation-

ssätzen für Herzrhythmusstörungen bewiesen. Sie bieten die nötige Flexibilität,

so dass Kliniker den Registrierungsprozess auf der Grundlage ihres Fachwissens

und der spezifischen Merkmale jedes einzelnen stereotaktischen Arrhythmie-

Radioablationsfalls verfeinern können, was sowohl Genauigkeit als auch klin-

ische Anwendbarkeit gewährleistet.

Für den Aspekt (2) wurde die Software erfolgreich als Qualitätssicherungsin-

strument in der stereotaktischen Radioablation von Herzrhythmusstörungen

im Rahmen der deutschen RAVENTA-Studie für 5 Fälle von ventrikulärer

Tachykardie validiert. Insbesondere die 2D-3D-Registrierungsmethode macht

die Interpretation von proprietären Formaten, die von verschiedenen elek-

troanatomischen Mapping-Systemen exportiert werden, überflüssig. Die hal-

bautomatischen Methoden der ventrikulären Tachykardie-Zielregistrierung er-

möglichen eine Qualitätssicherung des manuell übertragenen kardialen klinis-

chen Zielvolumens, wodurch klinikerabhängige Inkonsistenzen reduziert und

die Sicherheit und Robustheit der ventrikulären Tachykardie-Zielregistrierung

erhöht werden. Darüber hinaus könnten retrospektive Erkenntnisse über falsch

übertragene ventrikuläre Tachykardie-Targets möglicherweise dazu beitragen,

ventrikuläre Tachykardie-Rezidive zu erklären.

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 für die

Qualitätssicherung und die Übertragung von Targets für ventrikuläre Tachykar-

dien geeignet sind, um Fehltargeting zu vermeiden und standardisierte Ar-

beitsabläufe zu ermöglichen.
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Was schließlich den Aspekt (4) betrifft, so wird in dieser Dissertation eine

elektrokardiogrammgestützte, auf kardialer Computertomographie basierende

Methode zur patienten- und segmentspezifischen Schätzung der Herzbewegung

unter Verwendung der intensitätsbasierten, nicht-starren automatischen Bildreg-

istrierung bei der stereotaktischen Arrhythmieradioablation bei ventrikulären

Tachykardien vorgestellt. Die Methode wurde an Falldaten von 10 mit stereotak-

tischer Arrhythmie-Radioablation behandelten Kammertachykardie-Patienten

angewandt. Die geschätzte Herzbewegung zeigte eine beträchtliche individu-

elle Variabilität 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-

fektivität der stereotaktischen Arrhythmie-Radioablation unterstreicht. Darüber

hinaus liefert diese Analyse Referenzdaten zur Herzbewegung für die Planung

der stereotaktischen Radioablation bei Patienten mit ventrikulären Tachykardien.

Diese Methode wurde als Modul in die vorgeschlagene Software integriert.

Zusammenfassend wurden drei praktische halbautomatische Methoden zur

Zielregistrierung bei ventrikulärer Tachykardie entwickelt und validiert, und

es wurde eine patienten- und segmentspezifische Methode zur Schätzung der

Herzbewegung vorgeschlagen. Diese Methoden überbrücken die Lücke zwis-

chen elektroanatomischen Mapping-Systemen und Strahlenbehandlungspla-

nungssystemen, verbessern die stereotaktische Arrhythmie-Radioablation und

die Ergebnisse für Patienten mit ventrikulärer Tachykardie, mit Potenzial für

zukünftige 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: Is it possible to employ the VT target registration methods in the quality

assurance process for STAR?

• Q3: Is it 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).
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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-Sørensen

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



3.1. Ventricular Tachycardia Target Registration 15

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.

Apical segmentsMid-cavity segmentsBasal Segments

13. Apical anterior7. Mid anterior1. Basal anterior

14. Apical septal8. Mid anteroseptal2. Basal anteroseptal

15. Apical inferior9. Mid inferoseptal3. Basal inferior

16. Apical lateral10. Mid inferior4. Basal inferior

17. Apex11. Mid inferolateral5. Basal inferolateral

12. Mid anterolateral6. Basal 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
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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

file 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 cm3) 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,
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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

(NCT03867747) [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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Start

Import data

1. Information on the defined LV segment(s) targeted 
for VT.

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

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

4. (Optional) Coordinates of the apex, mitral valve 
center and aortic valve center.

5. (Optional) Radiation dose calculation file in DICOM 
format.

Is the cardiac CT 
pre-registered 

with the planning 
CT?

Register the cardiac CT 
with the planning CT 
using the registration 

file

Create a 17-segment 
basket on the LV using 
PCA and divide it into 

17 segments

No

Yes

Obtain the AHA 17 LV 
segments

Visualize specific LV 
segment(s) on CT 

slices

Replace the original 
cardiac CT with the 

registered cardiac CT

Export an RTSS file 
including 17 individual 

LV segments

End

Visualize the cardiac 
PTV and radiation dose 
calculation as isodose 

lines

Adjust the 17-segment 
basket according to the 

AHA 17-segment 
model

Visualize apex, centers 
of mitral and aortic 

valves as registration 
reference (optional)

FIGURE 4.1: CARDIO-RT American Heart Association (AHA) 17-segment model
registration. See main text for details. Abbreviations: LV = left ventricle; VT = ven-
tricular tachycardia; CT = computed tomography; DICOM = Digital Imaging and
Communications in Medicine; PTV = planning target volume; RTSS = radiotherapy

structure set; PCA = principal component analysis.
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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).

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 (x̄, ȳ, z̄) of the original point cloud P0
LV of the LV myocardium

is calculated. A translation matrix M1 is then defined based on this CoM. This

translation matrix is applied to the point cloud P0
LV to obtain the transformed

point cloud P1
LV, ensuring that its CoM is aligned with the origin:

P1
LV = M1 � P0

LV. (4.1)

Afterwards, PCA will be performed on the point cloud P1
LV to determine the prin-

cipal component coefficient matrix RPCA:

RPCA =

 
v1 v2 v3 0

0 0 0 1

!
, (4.2)

where each of v1, v2 and v3 contains the coefficients for one principal component.

The point cloud P1
LV is then rotated accordingly, to be aligned with its principal

axes:

P2
LV = RPCA � P1

LV. (4.3)

In the GUI, for each principal axis, the additional rotations R(x, q1), R(y, q2) and

R(z, q3) about the three component axes can be defined. A new point cloud P3
LV

is then obtained by applying the composite rotation matrices:

P3
LV = R(x, q1) � R(y, q2) � R(z, q3) � P2

LV. (4.4)

In the next step, the point cloud P3
LV will be translated according to the matrix M2

to align the apex with the origin:

M2 =

0BBBBB@
1 0 0 �xapex

0 1 0 0

0 0 1 0

0 0 0 1

1CCCCCA , (4.5)

where xapex = min(x) from the transformed points P3
LV. 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 lLV:

lLV = xmitral valve � xapex, (4.6)
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and

M3 =

0BBBBB@
1

lLV
0 0 0

0 1
lLV

0 0

0 0 1
lLV

0

0 0 0 1

1CCCCCA , (4.7)

where xmitral valve = max(x) from the points P3
LV. The final normalized LV my-

ocardium points Pf
LV can then be obtained:

Pf
LV = M3 �M2 � P3

LV. (4.8)

For each point in the point cloud Pf
LV, 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 GUI. 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:

• RHYTHMIA HDx

• CARTO 3

• 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



4.3. 3D-3D Registration 33

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

field 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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Start

Import data

1. EAM raw data including cardiac substructures (i.e., 
LV and aorta) and VT catheter ablation points.

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.

Is the cardiac CT 
pre-registered 

with the planning 
CT?

Register the cardiac CT 
with the planning CT 
using the registration 

file

Register the 3D EAM 
point cloud with the
3D CT contours by 

translating and rotating

No

Yes

ICP registration 
(optional)

Are the VT 
ablation points 
only located on 

the border?

Visualize the VT target 
points on CT slices

No

Delineate a polygonal 
ROI along the VT 

ablation points

Replace the original 
cardiac CT with the 

registered cardiac CT

Export an RTSS file 
including the registered 

VT ablation points

End

Yes

Visualize the cardiac 
PTV and radiation dose 
calculation as isodose 

lines

Define the LV points 
within this ROI as VT 

target points

Project the VT ablation 
points onto the LV 

contours planes as VT 
target points

Export the registration 
matrix (4×4) in a text 

(.txt) file

FIGURE 4.6: 3D-3D registration workflow. See main text for details. Abbreviations:
EAM= electroanatomical mapping; LV = left ventricle; VT = ventricular tachycardia;
CT = computed tomography; DICOM = Digital Imaging and Communications in
Medicine; PTV = planning target volume; RTSS = radiotherapy structure set; ICP =

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 Rini 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 = p/2, bini = p and

gini = 0. For CARTO 3 EAM data, the initial rotation angles are set as aini = p/2,

bini = 0 and gini = 0. For EnSite EAM data, the initial rotation angles are set as

aini = 0, bini = 0 and gini = �p/4. The initial rotation matrix Rini is then defined

as:

Rini = R(x, aini) � R(y, bini) � R(z, gini). (4.9)

The CoM (x̄EAM, ȳEAM, z̄EAM) of the imported point cloud of EAM data P0
EAM is

calculated. A translation matrix MEAM is then defined based on this CoM, to align

the CoM of P0
EAM with the origin. Similarly, the CoM (x̄CT, ȳCT, z̄CT) of the point

cloud of imported CT contours PCT is calculated, and a translation matrix MCT is

defined accordingly, to shift the origin to the CoM of PCT.

The composite transformation matrix will then be applied to the original point

cloud of imported EAM data P0
EAM to obtain the initial point cloud of EAM data

P1
EAM:

P1
EAM = MEAM �MCT � Rini � P0

EAM. (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 P1
EAM 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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