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Abstract

The planning of Transcatheter Pulmonary Valve Implantation (TPVI) is a complex task
due to the highly variable anatomy and dynamic behavior of the Right Ventricular Outflow
Tract (RVOT), particularly in patients with congenital heart diseases such as Tetralogy
of Fallot (ToF). Current commercial tools rely on static imaging, failing to capture time-
dependent RVOT deformations, which are crucial for procedural planning. Additionally,
existing dynamic tracking methods focus on selected cross-sections rather than the 3D

structure, limiting the accuracy of motion analysis.

To address these limitations, a fully automated Four-Dimensional Computed Tomography
(4D CT) workflow was developed. This workflow enables frame-by-frame registration of
the right ventricular outflow tract (RVOT) throughout the cardiac cycle, allowing for a
comprehensive biomechanical evaluation of the RVOT. The automated workflow included
the following steps: i) segmentation of the RVOT, ii) creation of a RVOT mesh for
each phase of the 4D CT sequence, iii) non-rigid registration of the meshes and three-
dimensional tracking of the relevant geometric features, and iv) calculation of the local
deformations of the RVOT throughout the cardiac cycle.

The workflow was tested on a dataset of 34 patients, including 19 TPVI candidates,
11 Surgical Pulmonary Valve Replacement (SPVR) candidates, and 4 on a waiting list.
Validation was conducted on a subset of 10 patients, assessing segmentation accuracy, reg-
istration performance, geometric parameters, and strain calculation. Cross-sectional area
measurements agree with a semi-automatic reference, and registration errors remained
within clinically acceptable limits. The results confirm that 4D CT-based tracking signif-

icantly improves RVOT evaluation compared to traditional approaches.

By combining 4D imaging with morphometric and strain analysis, this study introduces
a novel computational tool for TPVI planning. The proposed workflow enhances patient-
specific RVOT evaluation, ultimately improving procedural outcomes and broadening its

potential clinical applications beyond TPVI.

Keywords: TPVI, RVOT, 4D CT-Based Planning, 3D Geometric Tracking, Wall Strains.
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Abstract in lingua italiana

La pianificazione dell’impianto transcatetere della valvola polmonare (TPVI) é un pro-
cesso complesso a causa della notevole variabilita anatomica e del comportamento dinam-
ico del tratto di efflusso del ventricolo destro (RVOT), soprattutto nei pazienti con car-
diopatie congenite come la tetralogia di Fallot (ToF). Gli strumenti attualmente disponi-
bili si basano su immagini statiche, senza riuscire a cogliere le deformazioni dinamiche
del’RVOT, fondamentali per una corretta pianificazione dell’intervento. Inoltre, i metodi
di tracking dinamico esistenti si concentrano su sezioni specifiche, senza ricostruire la

deformazione volumetrica completa, limitando 'accuratezza dell’analisi del movimento.

Per superare queste limitazioni, € stato sviluppato un metodo completamente automa-
tizzato basato su immagini 4D di Tomografia Computerizzata (4D CT), che consente la
registrazione dinamica del’RVOT lungo l'intero ciclo cardiaco. Il processo integra seg-
mentazione, estrazione di superfici triangolate, tecniche di registrazione non rigida, calcolo
delle deformazioni e analisi dei parametri geometrici, garantendo una caratterizzazione pit

completa della biomeccanica del’RVOT.

Il metodo ¢ stato testato su un dataset di 34 pazienti, costituito da 19 candidati TPVI, 11
candidati alla sostituzione chirurgica della valvola polmonare (SPVR) e 4 in lista d’attesa.
La validazione ¢ stata condotta su un sottoinsieme di 10 pazienti, valutando ’accuratezza
della segmentazione, le prestazioni della registrazione, il calcolo dei parametri geometrici
e delle deformazioni. Le misurazioni delle aree trasversali hanno mostrato un’elevata
concordanza con un riferimento semi-automatico, mentre gli errori di registrazione sono
rimasti entro limiti clinicamente accettabili. I risultati confermano che 'analisi basata
su immagini 4D CT migliora significativamente la valutazione dellRVOT rispetto agli

approcci tradizionali.

L’integrazione dell’imaging 4D con I’analisi morfometrica e delle deformazioni introduce
un nuovo strumento computazionale per supportare la pianificazione della TPVI. Il metodo
proposto consente una valutazione pitl accurata e personalizzata del’RVOT, migliorando

gli esiti procedurali e ampliando le sue potenziali applicazioni cliniche oltre la TPVIL.

Parole chiave: Impianto Transcatetere della Valvola Polmonare (TPVI), Tratto di



Efflusso del Ventricolo Destro (RVOT), Pianificazione Basata su 4D CT, Tracking 3D

Parametri Geometrici, Deformazioni di Parete.
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1 ‘ Introduction

This thesis project presents the development of a fully automated tool based on Arti cial
Intelligence (Al) and image processing techniques to extract meaningful information from
Computed Tomography (CT) images acquired throughout the cardiac cycle. The goal
is to support Transcatheter Pulmonary Valve Implantation (TPVI) planning in patients

a ected by Tetralogy of Fallot (ToF), where accurate assessment of the Right Ventricular
Out ow Tract (RVOT) is essential.

The tool is designed to segment the heart's anatomical regions and generate meshes and
centerlines for the Pulmonary Arteries (PAs) and the Right Ventricle (RV). Additionally,

it integrates an algorithm for non-rigid registration between meshes from di erent car-
diac cycle instants, allowing for the temporal tracking of geometric parameters and the
assessment of displacements and deformations over time.

The tool includes an optional interactive mode that enables clinicians to manually re ne
the selection of the Region Of Interest (ROI) within the RVOT. Users can also choose
speci ¢ planes for visualizing geometric parameters variations over time and manually
identify the optimal Landing Zone (LZ) for the chosen device, with access to detailed geo-
metric parameters for that speci c region. By incorporating both automated and manual
adjustments, the tool remains adaptable to the clinician's expertise and preferences, pro-
viding a balance between automation and control.

This document is structured to o er a clear and logical progression from the clinical
motivation to the technical implementation and validation of the developed work ow.
The chapters are organized as follows:

" Chapter 2: Clinical Background . Introduces the anatomical and physiological
aspects of the heart (Section 2.1), focusing on the structure and function of the
RVOT and its role in ToF (Section 2.2). It also discusses the challenges associated
with TPVI planning and highlights the need for advanced imaging solutions to
improve procedural outcomes (Section 2.3).

" Chapter 3: Technical Background . Provides an overview of the key require-
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ments for TPVI planning (Section 3.1) and reviews the state-of-the-art in this eld.

It examines existing commercial software solutions, such anensio Structural Heart
(Section 3.2), and explores various segmentation techniques and current methods
for dynamic tracking of the RVOT (Section 3.3).

Chapter 4: Materials and Methods . Describes the developed computational
pipeline (Section 4.1) and provides a detailed explanation of the implemented al-
gorithms (Section 4.2). It then outlines the testing phase, where the previously
described algorithms are evaluated on the dataset (Section 4.3).

Chapter 5: Results . Presents the validation of the tool's modules (Section 5.1),
including segmentation accuracy (Section 5.1.1), registration performance (Section
5.1.2), geometric parameters computation (Section 5.1.3), and strain calculation
(Section 5.1.4). Additionally, this chapter provides a comparative analysis of the
computed parameters across di erent patients to assess their clinical relevance (Sec-
tion 5.2).

Chapter 6: Discussion . Interprets the ndings by discussing their clinical rele-
vance (Section 6.1) and comparing them with existing methodologies (Section 6.2).

Chapter 7: Conclusions and Future Developments . Provides a summary of
the key aspects of this thesis (Section 7.1) and discusses potential future improve-
ments aimed at re ning the methodology and enhancing its clinical applicability
(Section 7.2).

This thesis aims to provide a comprehensive understanding of the motivations, method-
ologies and results of the proposed automated work ow, ultimately demonstrating its
potential to enhance TPVI planning and improve patient outcomes.



2 ‘ Clinical Background

2.1. Anatomy of the Heart

The heart is a muscular organ that ensures blood ow through all body vessels. It

functions as two pumps working in series: the right heart, which drives the pulmonary

circulation by pumping blood to the lungs to restore the balance of oxygen and carbon
dioxide, and the left heart, which powers the systemic circulation by delivering oxygen-

rich blood to all tissues and organs of the body [20]. The heart is composed of four
chambers: the Right Atrium (RA), the Left Atrium (LA), the RV and the Left Ventricle

(LV) (Figure 2.1).

Figure 2.1: Structure of the heart and course of blood ow through the heart chambers
and heart valves [20].

The interatrial septum and the atrioventricular septum separate the atria and the ven-
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tricles, respectively [3]. The atria act as primer pumps, facilitating the lling of their
respective ventricles. The ventricles generate the driving force necessary for blood ow
through the systemic and pulmonary circulations [20].

The systemic circulation originates in the LV, where oxygenated blood is pumped into
the aorta. The aorta, a large arterial trunk, branches progressively to deliver oxygen-rich
blood to capillaries throughout the body. Oxygen is transferred to the tissues through
the capillary vessels, while carbon dioxide is absorbed. The resulting deoxygenated blood
is returned to the RA via the superior vena cava, the inferior vena cava, and the coronary
sinus; it enters the RV from the RA, initiating the pulmonary circulation. The RV pumps
blood into the pulmonary trunk, which bifurcates into two PAs that run to the lungs.

In the pulmonary capillaries, carbon dioxide is released and oxygen is absorbed into the
blood. The oxygenated blood then returns to the LA through four pulmonary veins. From
the LA, it ows into the LV, completing the cycle, and the systemic circulation begins
again [3].

The extensive vascular network of the systemic circulation presents high peripheral re-
sistance. Combined with the substantial metabolic demands of the body, this explains
the more robust structural organization of the left heart. Although the LV ejection phase
(0.2 - 0.3 seconds) is shorter than that of the RV (0.3 - 0.4 seconds), the pressure vari-
ations experienced by the LV are signi cantly higher, with a maximum systolic pressure
of almost 120 mmHg for the LV and 30 mmHg for the RV [59].

The heart is characterized by the presence of four valves, which are divided into two
categories: Atrio-Ventricular (A-V) valves and semilunar valves. The A-V valves are
located between the atria and ventricles: the tricuspid valve (TV) is positioned on the
right side of the heart, between the RA and RV, while the mitral valve (MV) is located on
the left side, between the LA and LV. On the other hand, the semilunar valves are located
between the ventricles and their out ow arteries: the Pulmonary Valve (PV) lies between
the RV and the pulmonary trunk, and the aortic valve is located between the LV and the
aorta [20, 48]. Heart valves open and close in response to pressure gradients between the
heart chambers and major vessels to ensure unidirectional blood ow [20, 48]. The A-V
valves prevent the back ow of blood from the ventricles into the atria during systole. In
contrast, semilunar valves prevent blood from owing back into the ventricles from the
PAs and the aorta during diastole [20, 48].

Semilunar valves are thicker, heavier, and structurally more complex than A-V valves
due to their asymmetrical geometries and unequal-sized lea ets. Unlike A-V valves, their
lea ets are anchored to the ventricular walls by chordae tendineae, which prevent valve
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prolapse into the atria during systole [48]. When closed, semilunar valves bear greater
transvalvular pressure drops as compared to the corresponding A-V valves. Consistently,
semilunar valves have smaller ori ces, which contribute to limiting stresses in valve tissue
[20, 48].

2.1.1. Cardiac cycle

The heart behaves as a pulsatile pump, hence its function is cyclic; each cycle (or cardiac
cycle) corresponds to a heartbeat. The cardiac cycle comprises two primary phases: sys-
tole, which refers to the contraction of the heart chambers, and diastole, the relaxation
phase that facilitates their lling with blood [20]. The cycle involves highly coordinated
changes in ventricular and atrial pressures, blood volume, valve motion and electrical
activity, ensuring that the cardiac output adapts to metabolic demands [20]. Figure 2.2
illustrates the relationships among these events, emphasizing key phases such as isovolu-
metric contraction, ejection, isovolumetric relaxation, rapid in ow and atrial systole [20].
The total duration of the cardiac cycle, including systole and diastole, is inversely pro-
portional to the heart rate. In healthy adults at rest, heart rates typically range between

60 and 100 beats per minute, corresponding to cycle durations of approximately 1 to 0.6
seconds, respectively [20].

Figure 2.2: Events in the left heart during the cardiac cycle. The time-course of blood
pressure and volume in the LA, LV, and aorta is shown [20] (edited).
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The cardiac cycle begins with ventricular lling during diastole. Blood ows passively into
the atria from the systemic veins (via thevenae cavagand the pulmonary veins, passing
through the open atrioventricular (A-V) valves directly into the ventricles. This rapid
ventricular lling is driven by the pressure that builds in the atria during the previous
ventricular systole and lasts for approximately the rst third of diastole. In the middle
third of diastole, ventricular lling slows down as most blood has already entered; a
small amount continues to ow from the veins into the atria and the ventricles. During
the nal third of diastole, the atria contract in a phase called atrial systole, pushing the
remaining blood into the ventricles and ensuring their maximum lling. This "atrial kick"
contributes approximately to 20% of ventricular lling and optimizes the cardiac output
[20].

The next phase is the ventricular systole, which begins with the isovolumic (isometric)
contraction phase. During this phase, the ventricles contract, and intraventricular pressure
rises sharply as shown in Figure 2.2. The increase in pressure closes the A-V valves,
preventing back ow into the atria, but it is not yet su cient to open the semilunar valves.
Since there is no emptying during this contraction, the ventricular volume remains the
same [20].

After 0.02 - 0.03 seconds, the ventricular pressure exceeds the pressure in the out ow
arteries, the semilunar valves open, and ventricular ejection starts. Blood is ejected
from the ventricles in two distinct phases. During the rst third of the ejection period,
approximately 70% of the total blood volume is expelled, making this the phase of rapid
ejection. During the slow ejection phase, which occurs in the nal two-thirds of the ejection
period, the remaining 30% of the blood is expelled. Finally, the ventricles contain their
smallest volume, the End-Systolic Volume (ESV) [20].

Following systole, the heart enters the isovolumic (isometric) relaxation phase, marking
the beginning of ventricular diastole. The ventricles relax, causing a rapid drop in intra-
ventricular pressure. The semilunar valves close to prevent arterial blood from owing
back into the ventricles, and the A-V valves remain closed. The ventricle relaxation lasts
about 0.03 - 0.06 seconds, but the ventricular volume does not change during this period.
As ventricular pressure continues to fall, the A-V valves reopen. This leads back to early
diastole, where the cycle repeats, ensuring continuous and e cient blood circulation [20].

Anatomy of the Right Ventricle

If cut open, the RV chamber has an almost triangular shape, where the three vertices
correspond to the tricuspid A-V valve, the semilunar PV, and the ventricular apex (Figure



2| Clinical Background 7

2.3.A) [9]. According to the most recent criterion, the RV chamber be subdivided into
three regions or components: inlet, apical trabecular segment, and outlet (Figure 2.3.B).
This subdivision is particularly valuable when analyzing congenitally malformed hearts
[51, 59]. The inlet region of the RV encompasses the structures associated with the
tricuspid valve, including the A-V ring and the base of the papillary muscles. The outlet
portion, also known as the pulmonary infundibulum, begins at the moderator band, which
is a thick band-like structure that traverses the right ventricular cavity and connects
the interventricular septum and the anterior papillary muscle of the tricuspid valve, and
extends to the PV cusps. The pulmonary infundibulum supports the lea ets of the PV

9.

From a functional strandpoint, the RVOT is an essential portion of the RV, which channels
to the PV (Figure 2.3.C). The shape, size and angle of the RVOT can di er greatly from
person to person, yet some boundaries can be de ned: the pulmonary infundibulum is the
portion of the RVOT closest to the PV, which provides structural support to the PV. The
RVOT is delimited from the in ow region by the supraventricular crest ensuring a distinct
pathway for blood ejection. Additionally, the septomarginal trabeculation reinforces the
RVOT's structure and keeps it stable as the heart pumps during the cardiac cycle [52].

Figure 2.3: RV anatomy. A) the triangular shape of the RV is highlighted, along with
the landmarks corresponding to the vertexes of the triangle. B) in ow (green), apical
trabecular (purple), and out ow (orange) regions of the RV cavity. C) RVOT (yellow),
with the direction of blood ow towards the PV being indicated [70].

2.1.2. Pulmonary arteries and pulmonary valve

The PV is a semilunar valve that does not have a ring-like annulus. In this region, two
key anatomical junctions are present: the sinotubular junction and the ventriculoarterial
junction. The rst one identi es the level of the commissures, which is the place where
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the lea ets connect. Beyond this point, the PA transitions into its tubular portion. The
ventriculoarterial junction, on the other hand, represents the boundary between the RV
and the pulmonary trunk [51]. The PV is elevated above the ventricular septum by the
musculature of the subpulmonary infundibulum, making it the most superiorly positioned
cardiac valve. This elevated position facilitates both surgical and percutaneous interven-
tions in the pulmonary trunk region, improving accessibility and treatment outcomes [51]

The PA originates at the level of the PV, extends for approximately 5 cm, and then

bifurcates into the left and right main branches, directing blood to the respective lungs
[20]. The left PA is 30-35 mm [3] long and lies almost horizontally. The right PA measures
50 mm [3], arises at a right angle from the pulmonary trunk, and runs horizontally to the

right. Upon reaching the lungs, both arteries further branch into superior and inferior

lobar arteries, ensuring that each lobe of the lung is adequately supplied with blood [3].
Blood pressure in the PA changes throughout the cardiac cycle. In healthy subjects, PA
pressure ranges from approximately 8 mmHg in diastole to approximately 25 mmHg in
systole; the mean pulmonary arterial pressure is 15 mmHg [20].

2.2. Tetralogy of Fallot

2.2.1. Physiopathology of ToF

Several Congenital Heart Diseases (CHDs) primarily a ect the right heart including ToF,
transposition of great arteries, septal defects leading to pulmonary vascular disease, Eb-
stein anomaly and arrhythmogenic right ventricular cardiomyopathy. ToF in particular is
relevant in the context of the present work. ToF is the most prevalent cyanotic CHD, with
an incidence of approximately 3.9 per 10,000 live births [67]. It can occur as an isolated
congenital defect (non-syndromic ToF) or as part of a genetic syndrome (syndromic ToF)

[5].

As shown in Figure 2.4, ToF is characterized by four major abnormalities: a large ventric-
ular septal defect (VSD), an aorta that overrides both the LV and RV, RVOT Obstruction
(RVOTO) and right ventricular hypertrophy. When RVOTO is signi cant, blood is di-
verted through the VSD from the the RV to the LV (blue arrow in Figure 2.4). The exact
causes of these structural defects remain unclear, but they are thought to result from
abnormal development of the great arteries, leading to an enlarged aorta, a smaller PA,
and the characteristic features of ToF [5, 67].
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