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Abstract

Transcatheter aortic valve implantation, known as TAVI, is a minimally invasive procedure
for the treatment of severe aortic stenosis. Its expanding use in patients with complex
anatomies and longer life expectancy underscores the need for reliable tools capable of
predicting device performance and procedural outcomes. This thesis develops a
comprehensive patient-specific computational framework for the analysis of TAVI,
integrating anatomical variability, device mechanics, and blood flow dynamics within a
unified modeling approach. Statistical shape modeling was employed to characterize
interpatient anatomical variability of the aortic root and to generate virtual cohort
representative of real clinical populations. Shape-derived features were further combined
with machine learning techniques to predict functional indicators and support prosthesis

sizing.

High-fidelity finite element analysis was implemented to reproduce TAVI deployment using
clinically accurate device models, while post-implantation hemodynamics were evaluated
through Smoothed particle hydrodynamics. Model credibility was addressed through a
rigorous Verification, Validation, and Uncertainty Quantification strategy in accordance with
the ASME V& V40 standard. The framework was subsequently applied to investigate redo-
TAVI interventions, enabling parametric assessment of implantation depth, valve size, and
device—device interactions, with particular attention to coronary flow impairment. Finally, a
novel transcatheter leaflet resection approach prior to redo-TAVI was explored in silico,
demonstrating its potential to enhance valve expansion and improve hemodynamic

performance.

Overall, this work establishes a validated in-silico platform that supports device design,
procedural optimization, and the development of predictive tools for personalized TAVI

planning.
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Chapter 1

1. Introduction

Aortic stenosis (AS) represents the most common valvular disease in Western populations,
with its prevalence increasing with age, from approximately 0.2% among individuals aged
50 - 59 years to nearly 10% in those aged 80 - 89 years [1]. This condition is associated with
considerable morbidity and mortality, as well as a growing economic impact on healthcare
systems due to the increasing number of patients requiring valve intervention. The disease
is characterized by progressive calcification and stiffening of the aortic valve leaflets, which
leads to narrowing of the valve orifice, increased left ventricular afterload, and, if untreated,

eventual heart failure and death.

For decades, surgical aortic valve replacement (SAVR) represented the gold standard for
treatment, providing durable hemodynamic correction but at the cost of considerable surgical
trauma and perioperative risk. The advent of transcatheter aortic valve implantation (TAVI)
has transformed the therapeutic landscape, offering a minimally invasive alternative for
elderly and high-risk patients. Over the last two decades, continuous advancements in device
design and procedural technique have progressively expanded TAVI indications to

intermediate- and even low-risk populations.

Conventional pre-procedural planning, based mainly on two-dimensional imaging and linear
anatomical measurements, cannot fully capture the three-dimensional geometry and
biomechanical heterogeneity of the aortic root and valve structures. As a result, the ability
to predict post-procedural complications, such as paravalvular leakage, coronary

obstruction, conduction abnormalities, or suboptimal device expansion, remains limited.

In this context, computational modeling provides powerful tools to complement clinical and
experimental research by simulating the mechanical and hemodynamic behavior of TAVI
systems in realistic conditions [2-4]. Through finite element analysis (FEA), it is possible to
reproduce device deployment within patient-specific anatomies, evaluate frame expansion,
stress distribution, and tissue interaction, and identify configurations associated with
procedural risk. Computational fluid dynamics (CFD), and more broadly fluid—structure
interaction (FSI) simulations, enable the analysis of post-implantation blood flow,
quantifying effective orifice area, pressure gradients, and potential flow disturbances that
may affect valve performance or durability.
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The research presented in this thesis aims to develop and validate an integrated
computational modeling platform for TAVI and redo-TAVI procedures, encompassing
structural, hemodynamic, and credibility assessment components. The thesis specifically

aims to:

- Develop and apply FEA to simulate the deployment of transcatheter valves in both
native and previously implanted (redo-TAVI) configurations, quantifying device
expansion, stress distribution, and mechanical interaction with the aortic root.

- Employ CFD with smoothed particle hydrodynamics (SPH) approach to evaluate
post-procedural blood flow and hemodynamic performance, including effective
orifice area, transvalvular gradients, and coronary perfusion.

- Establish a framework for model credibility based on Verification, Validation, and
Uncertainty Quantification (VVUQ) in accordance with the ASME V& V40 standard,
ensuring that computational predictions are accurate, reproducible, and aligned with

their intended clinical context of use.

Together, these activities contribute to the creation of a credible, patient-specific simulation
environment for TAVI, enabling predictive analyses of procedural outcomes, supporting
device optimization, and advancing the integration of computational modeling into the

clinical decision-making process.
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Chapter 2

2. Clinical context

2.1 Anatomy and physiology of aortic valve

The human heart is a muscular organ responsible for ensuring continuous circulation of
blood throughout the body. Its rhythmic contractions generate pressure differences that drive
blood flow, but the unidirectionality of this flow is guaranteed by the cardiac valves. Valves
act as mechanical gates that open and close in synchrony with the cardiac cycle, preventing
retrograde flow and optimizing cardiac efficiency. Their structural integrity and coordinated

function are essential for maintaining hemodynamic stability.

Aorta
Pulmonary

Superior
vena cava

Pulmonary
“vein
Left
atrium

Mitral

Right valve

atrium

Coronary \,
sinus

Inferior .~ .

vena cava
Left

Tricuspid - Riop¢ ventricle

valve  Lentricle
Figure 2.1: Anatomy of the Heart. With permission of Hintermiiller [5].

The heart contains four valves: the atrioventricular valves (mitral and tricuspid) and the

semilunar valves (aortic and pulmonary).
- The mitral valve regulates blood flow between the left atrium and left ventricle.

- The tricuspid valve serves a similar function between the right atrium and right

ventricle.
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- The pulmonary valve controls ejection of blood from the right ventricle to the

pulmonary artery.

- The aortic valve ensures proper outflow from the left ventricle to the systemic

circulation.

Each valve’s design reflects its specific functional demands, with thin and flexible leaflets

supported by fibrous structures that endure millions of openings and closing cycles.

The aortic valve is a tricuspid semilunar valve located at the junction between the left
ventricle and the ascending aorta. Structurally, it comprises three cusps, the right, left, and
non-coronary cusps, anchored to the fibrous annulus and supported by the sinuses of
Valsalva, small outpouchings of the aortic root that extend between the valve leaflets and the
sinotubular junction (STJ). These sinuses play a fundamental role in the valve’s dynamics,
generating vortices during systole that assist leaflet opening and preventing leaflet adhesion
to the aortic wall during diastole. The region extending from the annulus to the STJ
constitutes the aortic root, which acts as both a structural and functional interface between

the left ventricle and the ascending aorta.

Sinotubular junction Commissure Virtual basal ring
Sinotubular junction
/ Lunula
Cusps hinges \
L L
‘"
ol
Wi
Hinge | A ,\\\ (B)
Ventricular aortic junction _ Interleaflets triangle

Virtual basal ring

Figure 2.2: (4) Schematic representation of aortic valve anatomy. The dotted blue line indicates the
sinotubular junction, the dotted green one depicts the virtual basal ring, and the dotted red one shows
the ventricular aortic junction. (B) Graphic representation of an opened aortic root with its

anatomical components. With permission from Circhetta et al.[6].
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Histologically, the valve leaflets consist of three layers: the fibrosa, the spongiosa, and the
ventricularis. The fibrosa, located on the aortic side, is a dense collagenous layer that
provides tensile strength. The spongiosa, found in the central portion, contains proteoglycans
and glycosaminoglycans that confer flexibility and shock absorption. The ventricularis, on
the ventricular side, contains elastin fibers that contribute to leaflet recoil and motion. This
trilaminar configuration allows the valve to withstand the repetitive hemodynamic loads of

the cardiac cycle, estimated at nearly 100,000 opening and closing cycles per day.
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Figure 2.3: Histologic section of an aortic valve leaflet. With permission from Zhong et al.[7].

During systole, left ventricular pressure exceeds that of the aorta, forcing the valve leaflets
to open and allowing ejection of blood into the systemic circulation. The cusps are displaced
toward the aortic wall, forming a smooth, central laminar jet through the ascending aorta.
During diastole, the pressure gradient reverses, and blood partially refluxes into the sinuses
of Valsalva, generating vortices that facilitate leaflet closure. The lunulae, or coaptation
zones, overlap slightly to ensure a tight seal and prevent regurgitation. Under physiological
conditions, transvalvular pressure gradients remain below 10 mmHg, ensuring efficient flow
with minimal energy loss. Any alteration in cusp mobility, annular geometry, or root
compliance can disrupt these flow dynamics, leading to increased gradients and mechanical

stress on the valve.

While the normal aortic valve has three leaflets, congenital malformations can lead to
variants such as the bicuspid aortic valve (BAV), present in approximately 1-2% of the
general population. In this condition, two of the cusps are fused, resulting in asymmetric

leaflet configuration and altered flow patterns.
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2.2 Aortic Stenosis: Pathophysiology and Diagnosis

AS 1s the most common valvular disease in industrialized countries and the third most
frequent cardiovascular disorder after hypertension and coronary artery disease. The
condition is typically caused by degenerative calcification of a tricuspid valve. The
degenerative process involves chronic inflammation, lipid deposition, and active
calcification of the leaflets, leading to their thickening, stiffening, and restricted mobility.
Risk factors for calcific AS mirror those for atherosclerosis, including hypertension, diabetes

mellitus, smoking, and elevated lipoprotein levels [§].

Over time, obstruction of the left ventricular outflow tract increases systolic pressure load
on the ventricle, triggering concentric hypertrophy as a compensatory mechanism to
maintain wall stress and cardiac output. Although initially beneficial, this adaptation reduces
ventricular compliance, leading to elevated diastolic filling pressures and eventual heart

failure [9].

Clinically, patients with severe AS often present with the classical triad of angina, syncope,
and dyspnea, reflecting impaired coronary perfusion, fixed cardiac output, and elevated
pulmonary pressures, respectively. Once symptoms develop, prognosis worsens
dramatically, with an average survival of only two to three years without valve replacement.
Severe AS is defined by an aortic valve area < 1.0 cm? a mean gradient > 40 mmHg, or a

peak velocity > 4.0 m/s, as established by echocardiographic criteria [10].

Diagnosis relies primarily on transthoracic echocardiography, which allows direct
visualization of valve morphology and quantification of transvalvular flow. Doppler
echocardiography measures jet velocity and calculates gradients and valve area, providing
the basis for grading severity. Additional imaging modalities such as computed tomography
(CT) and cardiac magnetic resonance (CMR) offer valuable information about valve

calcification and aortic root geometry [11].

2.3 Transcatheter Aortic Valve Implantation

For decades, the gold standard treatment for severe AS has been surgical aortic valve
replacement (SAVR). This open-heart procedure requires a median sternotomy,
cardiopulmonary bypass, and excision of the diseased valve, followed by implantation of a

mechanical or bioprosthetic valve. SAVR has demonstrated excellent long-term durability,
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especially with mechanical prostheses, but it is associated with substantial surgical trauma,
prolonged recovery, and risks of perioperative complications. Elderly patients or individuals
with significant comorbidities may face prohibitive surgical risks, limiting the applicability
of SAVR in these populations. In the context of SAVR, several types of prosthetic valves are
available, broadly classified into mechanical and biological valves. Mechanical valves,
typically composed of durable materials such as pyrolytic carbon, offer excellent long-term
durability but require lifelong anticoagulation therapy. In contrast, biological valves, derived
from porcine or bovine pericardial tissues, provide more physiological flow characteristics

and reduce anticoagulation requirements (Figure 2.4).

Figure 2.4: Examples of surgical aortic valve interventions. (A) Bi-leaflet mechanical prosthesis. (B)
Mechanical composite graft used in aortic root replacement. (C) Stented bioprosthetic valve
(AvalusTM, Medtronic, MN, USA). (D) Stentless bioprosthetic valve (FreestyleTM, Medtronic, MN,
USA). With permission from De Backer et al. [12].

Introduced in 2002, transcatheter aortic valve implantation (TAVI) represented a paradigm
shift in the management of aortic stenosis [ 13]. TAVI is a catheter-based, minimally invasive
alternative to surgical aortic valve replacement. Since its first successful case in 2002, TAVI

has rapidly evolved into a mainstream therapy for severe aortic stenosis, initially targeting
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patients deemed inoperable or at high surgical risk, and now progressively offered to
intermediate- and low-risk populations. Its principle is straightforward yet revolutionary:
instead of removing the diseased valve, a bioprosthetic valve is deployed within the calcified
native valve, restoring forward flow while minimizing the trauma associated with open-heart
surgery. Initially reserved for patients with inoperable or high surgical risk, TAVI has
progressively expanded its indications to intermediate- and even low-risk patients, supported
by robust evidence from randomized controlled trials. TAVI offers multiple advantages,

especially for elderly and fragile patients:

Reduced procedural invasiveness with no need for sternotomy or extracorporeal

circulation.
o Lower rates of perioperative mortality in high-risk cohorts.
e Faster recovery times and improved early quality of life.
e Broader applicability in patients previously excluded from surgical intervention.

e Increasing evidence of comparable or superior outcomes to SAVR in selected

intermediate- and low-risk patients.

Crimped Expanded Deployed

Figure 2.5 Key steps of TAVI procedure.

In summary, while SAVR remains an established and durable treatment, TAVI has emerged
as a transformative alternative that expands therapeutic options for patients across risk
categories. Its continuous evolution in device design, patient selection, and procedural

techniques promises to further consolidate its role in the treatment of aortic stenosis.
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Transcatheter heart valves (THVs) share a common configuration designed to mimic the
function of the native aortic valve while being deliverable through a catheter. They consist

of three main components:

o A metallic stent frame (typically cobalt—chromium or nitinol) that anchors the device

within the calcified native valve.

e Bioprosthetic leaflets, usually made from bovine or porcine pericardium, mounted

inside the frame to ensure unidirectional blood flow.

e An outer skirt, made of fabric or polymer, which minimizes paravalvular leakage by

filling the gaps between the stent and the native anatomy.

Despite this common design, current THVs differ significantly in their expansion

mechanism, frame design, and hemodynamic profile.

THVs can be broadly categorized into balloon-expandable and self-expanding systems,
which differ in both their deployment mechanisms and their biomechanical interaction with
the aortic root. Balloon-expandable valves rely on balloon inflation to achieve rapid and
complete stent expansion. This design provides high radial force and immediate fixation
within the calcified annulus, enabling precise positioning and predictable geometry after
release. In contrast, self-expanding valves use a nitinol frame that deploys gradually in
response to temperature and mechanical release. The self-expanding property offers
continuous outward pressure, which allows the device to adapt to variations in annular shape
and size over time. Consequently, balloon-expandable valves generally achieve superior
circularity and anchoring stability, whereas self-expanding valves demonstrate greater
anatomical adaptability and may yield larger effective orifice areas owing to their supra-

annular leaflet positioning.

Clinically, several comparative studies have demonstrated differences in procedural and
long-term outcomes between the two valve families. Mack et al. reported that balloon-
expandable valves were associated with lower rates of paravalvular leak and fewer
pacemaker implantations, while self-expanding valves achieved lower residual gradients and
larger effective orifice areas at follow-up [14]. These differences reflect the distinct
mechanical behavior of each design and underscore the importance of tailoring valve

selection to patient-specific anatomical and clinical characteristics.
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Among the wide range of transcatheter valve systems currently available, two devices were
selected as the primary focus of this doctoral research: the Edwards SAPIEN 3 and the
Medtronic Evolut PRO. Their contrasting structural configurations and deployment
behaviors provide an ideal framework for investigating the mechanical and hemodynamic

performance of TAVI through computational modeling.
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Figure 2.6 Commercially available THVs. With permission from Vinayak et al. [15].

The Edwards SAPIEN 3 (S3) is the most widely used balloon-expandable valve and is
characterized by a cobalt—chromium alloy frame combined with bovine pericardial leaflets
and an external polyethylene terephthalate (PET) skirt designed to minimize paravalvular
leakage. Balloon inflation ensures high radial force and accurate positioning, leading to
excellent circularity and anchoring stability within the aortic annulus. These properties make
the SAPIEN 3 particularly suitable for patients with calcified or regular annuli, where
complete circular expansion can be achieved. However, its rigid deployment mechanism
increases the risk of annular rupture in severely calcified anatomies and offers limited

adaptability to asymmetric or elliptical geometries [16].

The Medtronic Evolut PRO, on the other hand, exemplifies the self-expanding valve
category. It is constructed from a nitinol frame that allows gradual, temperature-dependent
expansion and provides continuous outward force after implantation. The porcine pericardial
leaflets are mounted in a supra-annular position, enhancing the effective orifice area and

reducing post-procedural pressure gradients. The Evolut PRO recapturable and
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repositionable delivery system offers greater procedural flexibility and safety, particularly in
anatomically complex cases. Nevertheless, its sustained contact with the interventricular
septum and conduction pathways has been linked to higher rates of conduction abnormalities

and permanent pacemaker implantation [17].

Figure 2.7: THVs valve,; (A) SAPIEN 3 (Ultra), (B) Evolut R/PRO. With permission from De
Backer et al. [12].

From a regulatory standpoint the U.S. Food and Drug Administration (FDA) emphasizes that
valve selection should be patient-specific, guided by anatomical, clinical, and procedural
considerations [18]. Regulatory guidance recommends that valve choice be made within a
multidisciplinary Heart Team framework, balancing the benefits of radial force and
circularity in balloon-expandable designs with the adaptability and lower gradients offered

by self-expanding systems.
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Chapter 3

3. Background

In the context of TAVI computational models have shown potential to predict the deployment
of self-expandable and balloon-expandable THVs to enhance patient outcomes and inform
device design [19-24]. These methods allow researchers and clinicians to simulate device
deployment, blood flow, and valve—anatomy interactions in a controlled and reproducible

way, generating insights that complement both experimental testing and clinical trials.

3.1 Methods for computational modeling

FEA is used to model the mechanical behavior of devices and tissues under stress. In TAVI,
FEA can simulate stent expansion within a calcified aortic root, predict stresses on leaflets,
and evaluate the risk of annular rupture or paravalvular leakage. Ball oon-expandable and
self-expanding valve frames can be virtually deployed in patient-specific anatomies to assess
anchoring stability, radial forces, and potential device mismatch. FEA is particularly
valuable for optimizing device design, reducing the risk of complications, and exploring

scenarios that would be difficult to test clinically [3, 19-21, 25-27].

CFD focuses on blood flow patterns across the valve and in the ascending aorta. By solving
the Navier—Stokes equations in three dimensions, CFD models capture velocity fields, shear
stresses, and turbulence caused by valve obstruction or improper deployment. In the context
of TAVI, CFD can quantify post-procedural hemodynamics, evaluate residual gradients, and
assess risks of complications such as leaflet thrombosis or coronary obstruction [28]. These
models help explain how valve geometry and patient anatomy influence functional outcomes
[29-31]. FSI represents the integration of FEA and CFD, allowing the simulation of both
solid mechanics and fluid dynamics simultaneously. In TAVI, FSI can reproduce the
interaction between the moving valve leaflets and pulsatile blood flow, capturing realistic
pressure—volume relationships and leaflet kinematics [30, 32, 33]. FSI is also applied to
evaluate long-term durability by estimating repetitive leaflet stresses and flow-induced
fatigue. Although computationally demanding, FSI provides the most comprehensive
representation of the TAVI system and its physiological environment [32, 34-38]. Catalano

et al. introduced a fully coupled FSI framework that integrates SPH with nonlinear finite
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element models to simulate realistic TAVI deployment. This methodology improves the
understanding of post-TAVI hemodynamics and supports the development of a validate in

silico platforms for device testing [39].

3.2 Patient-Specific Anatomical Features

In the context of TAVI inter-patient variability in aortic root geometry, annular size, and
calcification pattern plays a decisive role in determining procedural success and post-
implantation hemodynamics. The accurate representation of this variability through patient-
specific modeling is therefore essential to understand how anatomical differences influence

valve expansion, sealing, and pressure gradients.

SSM provides a quantitative framework to capture and reproduce such variability across
populations. Starting from ECG-gated CT imaging, the aortic root and calcifications are
segmented, aligned, and analyzed using Principal Component Analysis (PCA), which
decomposes the anatomy into a mean shape and principal modes of variation. By varying
these modes within physiological ranges, virtual anatomies can be generated that reflect
realistic morphological diversity. These virtual cohorts can then serve as the foundation for
predictive modeling, where anatomical descriptors derived from SSM are correlated with

functional parameters such as transvalvular pressure gradient or device expansion indices

[40].

When combined with machine learning (ML) approaches, shape-derived features can be
used to develop data-driven predictive models capable of estimating hemodynamic

outcomes or suggesting optimal valve sizing based solely on patient morphology.

3.3 Model credibility and regulatory standards

As computational models become increasingly central to cardiovascular research and
medical device evaluation, establishing their credibility is essential. Unlike experimental
studies, where results are directly observable, simulations rely on assumptions, numerical
methods, and input data that must be rigorously verified and validated before they can inform

clinical or regulatory decisions [41, 42].

e Verification ensures that the computational model has been implemented correctly

and that the equations are solved accurately.
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e Validation assesses whether the model reliably represents the physical or clinical

system of interest, typically through comparison with experimental or clinical data.

The American Society of Mechanical Engineers (ASME) has developed the V&V40
standard specifically for computational modeling in medical device applications. This
framework introduces a risk-informed approach to model credibility, meaning that the level
of evidence required to support a model depends on its intended context of use and the

potential consequences of incorrect predictions.

Establish Risk Informed Credibility V&YV Activities Assess Credibility
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/ \'\
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Figure 3.1: Framework of ASME V& V40).
Key components of the framework include:

1. Defining the context of use — clarifying how the model will be applied (e.g., device

design optimization, pre-procedural planning, regulatory submission).

2. Identifying sources of uncertainty — input variability, model simplifications, or

numerical errors.

3. Quantifying and propagating uncertainty — using probabilistic methods or

sensitivity analyses.

4. Assessing model credibility — balancing the risks of relying on the model against
the strength of the available verification, validation, and uncertainty quantification

evidence.

For TAVI, applying ASME V&V40 ensures that computational predictions, whether about
valve deployment mechanics, flow dynamics, or virtual cohort outcomes, are robust,
transparent, and reproducible [39, 43]. This is particularly important as in silico trials begin
to complement clinical evidence in regulatory pathways. Demonstrating model credibility
not only strengthens scientific conclusions but also supports the safe translation of

computational methods into real - world clinical and industrial settings [44, 45].
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Chapter 4

4. Generation of Patient-Specific models

Patient variability, defined as the natural anatomical, physiological, and pathological
heterogeneity observed across individuals, represents one of the primary challenges in the
development of reliable computational models for structural heart interventions. In the
context of aortic stenosis and TAVI, variability manifests in multiple dimensions, including
differences in aortic root geometry, leaflet morphology, calcification burden, ventricular
function, and hemodynamic conditions. These inter-patient differences directly influence

device behavior, procedural outcomes, and the risk of complications.

As TAVI expands into younger, lower-risk, and more heterogeneous populations, capturing
this variability becomes essential for generating accurate predictions of device performance.
Computational models that neglect or oversimplify patient variability risk losing clinical

relevance, particularly in borderline anatomies or complex redo-TAVI scenarios.

Patient-specific modeling has emerged as a cornerstone of contemporary in silico
cardiovascular research. Patient-specific models allow the reconstruction of anatomical
features directly from medical images, thereby preserving the unique geometric

characteristics that determine device - human host interactions.

In the TAVI context, accurate patient-specific models enable:
e Realistic simulation of device deployment and assessment of expansion quality
e Prediction of hemodynamics, including pressure gradients and coronary perfusion
e Evaluation of complications, such as paravalvular leakage or coronary obstruction
e Treatment planning, including device sizing and identification of high-risk anatomies

However, the fidelity of a patient-specific computational model depends critically on the
accuracy of the segmentation process, which defines the boundaries of the anatomy used as

the numerical domain.

Because the success of TAVI depends strongly on the geometric and mechanical interaction

between the device and the patient’s anatomy, the computational domain must reproduce as
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faithfully as possible the structural complexity of the aortic root, the diseased valve leaflets,

and the calcific deposits.

4.1 Patient study group and imaging

A prospective, single-center cohort of patients with severe symptomatic aortic stenosis
referred for TAVI at IRCCS—-ISMETT was selected. To obtain a simulation-ready dataset
representative of the anatomical variability encountered clinically, the population was
balanced across S3 device sizes (23 mm and 26 mm; the 29 mm size was excluded due to
limited use) and encompassed a broad range of annular diameters, sinus morphologies, and

calcification patterns.

All patients underwent standardized transthoracic echocardiography and contrast-enhanced
electrocardiogram-gated computed tomography (ECG-gated CT) using a 64-detector-row
scanner (LightSpeed VCT, GE Healthcare, WI, USA) for procedural planning. CT
acquisition followed a uniform protocol: spatial resolution 0.488 x 0.488 x 0.625 mm, 512
X 512 matrix, slice thickness 0.625 mm, tube voltage 120 kV, tube current 250 - 350 mAs,
pitch 0.984, gantry rotation time 0.5 s, and field of view between 38 and 50 cm.
Approximately 1.8 mL/kg of contrast agent was administered, and the SmartPrep tracking
technique was used to optimize bolus timing. Retrospective gating yielded ten cardiac-phase
datasets covering the entire cycle, allowing accurate reconstruction of the aortic root and its

pathology.

TAVI procedures were carried out transfemorally under general anesthesia, following
manufacturer recommendations for optimal implantation depth, with the S3 frame

positioned approximately one-third of its height below the annulus toward the left ventricle.

To document post-procedural device configuration, each patient underwent a follow-up
ECG-gated CT scan one month after TAVI using the same acquisition parameters. These
datasets provided the geometric ground truth for evaluating device expansion and validating

the corresponding computational simulations.

The database is composed of a total of 130 patients. Demographic, clinical, and imaging data

were collected to provide both morphological and functional reference parameters.
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4.2 Segmentation process

The Mimics medical imaging software (v21, Materialise, Belgium) was adopted to
reconstruct the aortic wall including the aortic root, valve leaflets and calcifications [46].
Segmentation process begins with pre-TAVI diastolicimaging acquired from ECG-gated CT.
This imaging modality enables the reconstruction of aortic root anatomy at specific cardiac
phases, including early diastole (70 - 80% of the R-R interval) and systole (20% of the R-R
interval), which are essential for assessing the aortic root wall and native valve leaflet

behavior in a personalized manner, as outlined by Catalano et al. [47].

Segmentation involves semi-automatic thresholding of the aortic root wall from the left
ventricular outflow tract to the distal ascending aorta. This process employs Hounsfield unit
(HU) thresholds (285 - 755 HU) to identify the aortic wall, with manual editing to remove
coronary arteries at each ostium and to trim the mask at 15 mm below the aortic annulus and
at mid-height of the ascending aorta. Global smoothing is applied to the mask boundary,
using 10 iterations with a scale factor of 0.15 (see Fig. 4.1A).

To evaluate the accuracy of the segmentation process, a second mask was generated using
the ISO50 threshold-based segmentation methodology, where the material boundary is
defined as the middle greyscale value between the background and aortic lumen peaks in the
greyscale value histogram. This mask did not undergo smoothing process, but similar cuts
were performed below the aortic annulus and at mid-ascending aorta for comparative

analysis.

Stenotic valve leaflets were modeled using anatomic measurements and 3rd-order NURBS
curves in Rhinoceros software (Rhinoceros v.7, McNeel & associates, USA). Anatomical
landmarks and spline curves are used to approximate the native valve leaflet shape, as
outlined in prior studies [48, 49]. In brief, leaflet free edges were manually segmented by
spline curves in the axial plane after multiplanar reformations of diastolic images. The
leaflet-to-sinus attachments were identified by spline curves generated on the aortic root
surface. Each leaflet belly was modeled using a curve that was constrained on both the
leaflet-free-edge and leaflet-to-sinus curves. A single control point at mid-level was
employed for modeling the curvature of native valve leaflets using a spline curve. The
leaflet-to-sinus curves were projected onto the aortic root surface, and then the final shape
of the native valve leaflets was developed using a multi-patch surface network. To evaluate

the accuracy of our reconstruction approach, the black background enclosed by the native
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valve leaflets was identified using mask cropping used to define the aortic valve region (see

Fig. 4.1B).

The segmentation of calcifications was carried out using grey intensity values, with a fully
automatic approach consisting of specific intensity thresholds to distinguish between
calcified and non-calcified regions. As part of post-processing, the calcification mask
underwent remeshing using Delaunay triangulation with a fixed uniform spacing of 0.3 mm.
For comparison, a second mask for calcification was generated using automatic thresholding

according to ISO50 method (see Fig. 4.1C).

Figure 4.1: Segmentation process showing (A) the mask for the aortic wall, (B) thresholding of

native valve leaflets and (C) calcific plaques.

4.3 Uncertainty in segmentation process

To quantify the accuracy of the proposed segmentation method, a study (enrolled 20 patients
data from the database) was conducted by our research group, comparing the reconstructed
anatomy to segmentations based on the ISO50 threshold-based methodology as a reference
[50]. Segmentation errors in patient-specific anatomies are assessed using intersection over
union (IoU) parameters to evaluate the similarity between the segmentation method and the

reference approach. Twenty patients were selected from the database.
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Table 2 displays the IoU parameter for segmented structures obtained through the two
segmentation methodologies. The highest agreement among anatomies is observed for
calcification (average of 93.4 + 3.1 % for the patient study group), followed by the aortic
wall (85.4 + 8.4 %) and native valve leaflets (75.5 = 6.3 %).

Table 1: Agreement as expressed by the loU between segmentation and standard volume rendering

for each patient.

IoU
Age | Gender | S3 size | Aorta | Leaflet | Calcification

(yrs) | () (mm) (%) | (%) (%)

#1 79 M 23 54.4 74.1 93.6
#2 86 F 23 80.8 81.4 93.0
#3 85 F 23 80.4 73.9 96.5
#4 94 F 23 70.6 72.4 89.5
#5 74 M 26 89.1 75.2 92.6
#6 76 M 26 88.6 88.4 91.6
#7 80 F 23 85.1 71.1 91.1
#8 75 M 26 78.7 75.4 91.0
#9 84 M 26 88.3 73.6 93.2
#10 82 M 23 82.4 81.5 85.9
#11 84 M 26 87.1 68.9 96.4
#12 78 M 26 85.7 76.8 92.1
#13 73 F 23 88.0 61.8 97.3
#14 69 M 26 89.0 75.2 95.1
#15 84 M 26 88.8 70.8 97.4
#16 84 F 26 88.3 67.8 95.2
#17 79 M 23 87.9 81.2 89.5
#18 78 M 26 87.3 83.2 92.4
#19 85 M 26 89.2 67.3 96.3
#20 85 F 23 87.8 70.1 97.7
mean  80.7 | 65% 45% 85.4 74.5 93.4
SD 5.7 8.4 6.3 3.1

Visual assessment of the agreement among anatomical parts of the segmented aortic root is

illustrated in Figure 4.2.
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Figure 4.2: Comparison between the proposed segmentation method (red color) and the standard
approach (grey color) for (A) aortic wall, (B) native valve leaflets and (C) calcifications in selected

four patient’s anatomies.

This study aimed to enhance our understanding of the accuracy in the segmentation process
from medical images to generate patient- specific models suitable for computational
analyses. The IoU analysis assessed the impact of grey-value thresholding and post-

processing of segmented masks on resulting aortic root morphologies.

4.2.1 Influence of voxelization

Phantom models were developed to determine the relationship between scanner resolution
and the percent error in the segmented volume relative to the nominal phantom volume. To
simulate calcifications, a spherical phantom with a nominal volume of 4187.7 mm? was
created using the CAD software Rhinoceros (v7, McNeel & Associates, USA). The shape of
the aortic lumen was replicated with a phantom-like pipe featuring a circular cross-section
of 10 mm diameter and a radius of curvature of 0.0153 mm™', resulting in a nominal volume
0f 26953.0 mm?>. The CAD phantoms were voxelized through a process of converting them

into greyscale images at various resolutions, including the ECG-gated CT image resolution
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and lower resolutions aimed at reducing pixel size and slice thickness. After voxelization,
the phantom volume was calculated and compared against the nominal CAD value and each

low-resolution image.

Table Il summarizes the RE in the segmented volume of CAD phantoms compared to the
nominal phantom volume. After voxelization process at the baseline resolution of the ECG-
gated CT scan, REs of 0.07% and 0.10% were found for the sphere and surface phantoms,
respectively. In a different way, the RE due to image resolution increases as both the slice
increment and pixel size increase, resulting in an 850% higher value compared to the
reference CT resolution. Variations in phantom shape contribute to differences, with the
spherical phantom being more sensitive to image accuracy compared to the surface model
mimicking the aortic lumen.

Table II: Error in the segmentation process of CAD phantom models as a function of scanner voxel
size including the slice increment thickness and pixel size.

Sphere Surface
Change | Slice Increment | Pixel Size | Volume | RE | Volume | RE
(%) (mm) (mm) | (mm3) | (%)  (mm3) (%)
0 0.40 0.445 1118.0 - 26943.1 -
30 0.52 0.578 1118.6 | 0.062 | 269525 | 0.033
60 0.64 0.712 11152 | 0.250 | 26943.5 | 0.034
90 0.76 0.845 1123.6 | 0.509 | 269523 | 0.035
120 0.88 0.979 1112.4 | 0.498 | 269556 | 0.047
150 1.00 1.112 11104 | 0.680 | 269459 | 0.100
500 2.40 2.952 1129.6 | 0.984 | 271256 | 0.678
675 3.10 3.813 1098.5 | 1.789 | 26707.1 | 0.876
850 3.80 4.674 1079.1 | 3.488 | 266482 | 1.095

4.3 Discussion

This study tries to improve the understanding of how accurately medical imaging data can
be transformed into patient-specific anatomical models suitable for computational analysis.
The investigation quantified the influence of the voxelization process on segmentation
fidelity, demonstrating that its impact is morphology - dependent. Across the phantom
models examined, voxelization produced only minimal discrepancies, typically below 1%
when compared to their CAD-defined nominal volumes, indicating that discretization alone

introduces relatively small geometric errors.

Segmentation accuracy was further evaluated in clinical patient anatomies, revealing that
uncertainties arise not only from the nature of the anatomical structures but also from

interpatient variability. The findings suggest that post-processing operations applied to
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segmentation masks have a more substantial effect on geometric accuracy than the initial
thresholding step. This was reflected in the [oU values, which were higher for structures less
influenced by operator-dependent interpretation, such as calcific plaques, and lower for thin
or poorly contrasted tissues such as native leaflets. For this reason, several research groups
have addressed the performance of segmentation approaches and software [51-53] and their

impact on resulting computational results [54, 55].

Although segmentation errors may appear modest at the geometric level, their influence on
hemodynamic quantities can be considerable, as shown by Bertolini et al. [56], even small
geometric variations can distort shear stress estimates in stenotic coronary arteries. These
findings highlight not only the limitations of ISO50-type methods for patient-specific
modeling but also the challenge of establishing standardized, reproducible segmentation

protocols.

Overall, the study provides a comprehensive evaluation of segmentation accuracy within the
framework of patient-specific TAVI modeling, emphasizing the distinct contributions of
voxelization and segmentation methodology. While voxelization introduces only marginal
deviations, the segmentation approach itself can meaningfully influence the resulting
geometry and must therefore be carefully considered in the development of credible

computational models.
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Chapter 5

S. Statistical Shape Modeling and Virtual Cohort
Generation

This chapter introduces the methodology for the development of statistical shape models in
the context of TAVI [57]. THVs require extensive testing during their development to ensure
safety and efficacy, traditionally demonstrated through pre-clinical studies and clinical trials.
Similar to other engineering fields, the design and performance of biomedical devices can
be significantly enhanced through computational modeling and simulation, which accelerate

the design process and support the creation of more reliable solutions [58].

Clinical trials remain the cornerstone for assessing cardiovascular devices in the clinical
setting; however, they are expensive and time-consuming. This scenario has stimulated
growing interest in in-silico trials, which generate clinically oriented evidence by
augmenting patient populations with synthetic cohorts derived from computational modeling
[59, 60]. Such trials enable the systematic study of anatomies commonly excluded from
clinical practice, such as bicuspid valves or younger patients, and provide novel insights into
device performance in borderline cases. In the case of TAVI, early clinical trials excluded
patients with bicuspid valves or those with longer life expectancy, whereas subsequent
studies extended the evidence base to include these anatomies. In-silico trials can serve as a
complementary approach by reproducing several anatomical scenarios and evaluating
potential complications, thereby contributing to improvements in device design and patient

selection.

The implementation of an in-silico trial for TAVI requires the construction of a synthetic
patient cohort that replicates the variability of the target population. To achieve this, SSM
provides a robust technique for quantifying anatomical variability and generating realistic
virtual anatomies. When combined with machine learning, SSM can also support predictions
of functional outcomes and device-specific considerations. For regulatory acceptance, such
virtual cohorts must demonstrate credibility and reflect both the morphological and

functional characteristics of real patients.

The work presented in this chapter develops a framework for extracting shape features of
TAVI patients using geometric decomposition techniques. As a proof-of-concept, a virtual

cohort of one hundred anatomies was generated and validated against clinical m easurements.
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Correlation and regression analyses were applied to assess the capacity of shape features to
predict transvalvular pressure gradients, while machine learning was employed to explore
the prediction of optimal prosthesis size. This framework aims to establish a foundation for
credibility in in-silico trials, with potential applications in device optimization, pre-

procedural planning, and the evaluation of anatomies at risk of suboptimal outcomes.

5.1 Clinical population and imaging acquisition

A prospective clinical study was conducted to enroll patients undergoing TAVI with the S3
THV within the framework of the H2020 project SimInSitu. From the database described in
4.1 section, a total of 68 patients with varying degrees of aortic valve stenosis were included.
Devices of 23 mm and 26 mm diameter were implanted, whereas patients receiving the 29-
mm prosthesis were excluded due to its infrequent clinical use at the institution (< 5%
incidence).

Table II1: Study population characteristics of patients prior TAVI procedure. BMI = Body Mass

Index, Psys = systolic pressure, Paia = diastolic pressure, EF = Ejection fraction, PAPs = Pulmonary
arterial pressure.

TAVI Patient
(N=168)

Age (years) 80.52£5.99
Height (cm) 159.25+8.54
Weight (kg) 71.17£13.55
BMI (-) 28.11 £4.88
BSA (m?) 1.77 £0.20
P, (mmHg) 127.15+19.13
P4, (mmHg) 63.27+£10.92
Heart Rate (bpm) 71.25+£9.87
ECG-gated CT data
Valve area AVA (cm2) 0.61+0.13
Indexed valve area (cm2) 0.35+£0.07
Peak Gradient (mmHg) 79.11 £14.59
Mean Gradient (mmHg) 48.58 £9.87
Maximum Jet velocity (m/s) 4.40+0.50
EF % 59.82 +£7.82
PAPs (mmHg) 3272 +£11.75
Calcium Score (AU) 2120+£770
Cardiac Output (I/min) 411+1.15
End Diastolic Left Ventricular Volume (ml) 99.68 £26.76
End Systolic Left Ventricular Volume (ml) 41.18+17.37
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5.2 Development of the Statistical Shape Model

Patient-specific surfaces of the aortic root and associated calcifications were preprocessed

and aligned to create a consistent dataset for SSM. The following steps were performed:

1.

Resampling: Meshes were uniformly resampled to ~30,000 points for the aortic wall
and ~50,000 points for calcifications, ensuring adequate resolution while maintaining
computational efficiency.

Alignment: A two-stage iterative closest point (ICP) procedure was employed:
Rigid ICP: standardized orientation and position across subjects.

Non-rigid ICP: applied for scaling adjustments, with convergence defined as <0.01
mm change across three consecutive iterations. For calcifications, a relaxed tolerance
(0.2 mm) was adopted to account for irregularity and variability of plaque
distribution.

Bias reduction: Iterative realignment to the evolving mean shape minimized
dependence on the initially selected reference patient.

Shape representation: After alignment, point coordinates were vectorized,
concatenated, and assembled into a matrix encompassing the entire cohort.
Principal Component Analysis (PCA): Applied to extract orthogonal shape modes,
where the first modes represent global size and curvature, while higher-order modes
capture local variations, such as annular diameter, sinus expansion, or calcification

distribution.

Model quality was assessed using generalization error, quantified by a leave-one-out

reconstruction procedure. The mean squared error between the excluded anatomy and its

SSM-based reconstruction was calculated for increasing numbers of shape modes, thereby

measuring the ability of the model to represent unseen patient data.

5.3 Generation of the virtual patient cohort

A synthetic cohort of 100 virtual patients was generated as proof-of-concept by deforming

the mean shape along principal modes of variation. Shape variations were sampled within

+2 standard deviations (), in steps of 0.5c, covering approximately 90% of the population’s

morphological variability without generating unrealistic or folded geometries.
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The probability of each deformed shape was quantified using the Mahalanobis distance
combined with the chi-square cumulative distribution function (degrees of freedom = 3).
This approach estimated the likelihood of anatomical plausibility for each virtual

configuration.

Validation of the synthetic cohort was performed by comparing geometric parameters of the
virtual anatomies with those of the original patient group. Metrics such as aortic annulus
diameter and calcification volume were evaluated using both descriptive statistics and
Mann—Whitney U-tests. Boxplots were used to visualize distributions, with synthetic
geometries demonstrating close correspondence to the original dataset and no statistically

significant differences in key anatomical metrics.

5.4 Correlation and regression analysis

To explore relationships between anatomical variability and functional parameters,
Pearson’s correlation was calculated between shape modes obtained from PCA and clinical
variables. The clinical variables included peak transvalvular pressure gradient (AS-PPG),

stroke volume, and post-procedural flow metrics derived from echocardiography.

For predictive modeling, a support vector machine (SVM) regression model was developed
to estimate the AS-PPG based on selected shape modes. The six shape modes showing the
strongest correlation with the target variable were retained. Bayesian hyper-parameter
optimization was applied to identify the best-performing kernel and penalty parameters. A
ten-fold cross-validation strategy was employed to mitigate overfitting and to evaluate model
performance. Model accuracy was quantified using the root mean square error (RMSE) and
the coefficient of determination (R?), with the latter indicating the proportion of variance in

the clinical data explained by the model.

5.5 Machine learning for predicting optimal device size
In addition to regression analysis, the predictive capacity of shape features was tested for
prosthesis sizing. Patients were grouped according to the implanted device diameter (23 mm

or 26 mm S3). The principal component scores obtained from PCA served as predictors.

Feature selection was performed using F-scores, identifying the most influential shape

features for device sizing. Four machine learning classifiers were trained and tested:

1. Multilayer perceptron neural network
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2. Logistic regression
3. k-nearest neighbors

4. Support vector machine

Data was divided into training (70%) and testing (30%) subsets. Model performance was
evaluated using the area under the receiver operating characteristic curve (AUROC),
together with confusion matrices, accuracy, recall, and precision metrics. This analysis
aimed to assess whether three-dimensional shape features can outperform conventional two-

dimensional annulus diameter measurements in guiding device selection.

5.6 Results

Figure 5.1 illustrates the scree plot, presenting the cumulative variance explained by each
mode computed through PCA for the aortic root and calcification. To encompass 90% of the
overall shape variability, the first 25 modes were necessary to account for the aortic root’s

shape variability, while 32 modes were required for capturing the calcification variance.
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Figure 5.1: Profile of scree plot (left column) and generalization (right column) of both aortic root

and calcification resulting from SSM.

The first six shape modes for both the aortic root and calcific plaques are depicted in Figure
4.2. Mode 1 for the aortic root represents approximately 39% of the overall shape variability
and correlates with proportional vessel size changes (scale factor). Mode 1 for calcification
illustrates variations in the distances among calcific plaques, accounting for 19% of the
shape variations. Mode 2 for the aortic root manifests changes in vessel curvature (10% of
variance), while modes 3 and 4 correlate with aortic annulus (3.8%) and sinus (2.9%)

dimension variations, respectively. Notably, mode 4 of the calcification variance is linked to
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changes in plaque volume (3.7% of variance), and mode 5 relates to plaque union among

valve leaflets (2.7%).
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Figure 5.2: Dominant shape modes shown by deformations of the computed template from low (— 3
o) to high (+ 3 o) values for A aortic root and B calcification.

A virtual cohort of 100 anatomies was generated by deforming the mean shape within +2¢
across retained modes. Qualitative inspection confirmed the absence of non-physiological

geometries.
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Fig. 5.3 Synthetic data of n. 100 virtual aortic root model.

Analysis showed a deformed shape probability of 30.85%, 15.87%, 6.68%, 2.28%, 0.62%,
and 0.14% for shape deviations of 0.50, 1o, 1.50, 206, 2.50, and 30, respectively. As the
synthetic models were obtained within + 2, this suggests that only a marginal proportion
(i.e., <2.28% of shape variations) of morphological variance was not considered in our in-

silico cohort.

Figure 5.5 displays boxplot graphs comparing the geometry of synthetic models against the
original patient dimensions. The median annulus size for synthetic models falls within the
50th percentile of that for TAVI patients, indicating that synthetic vessels generally mirrored
true anatomy. However, the median values for synthetic calcification volume slightly exceed
those of TAVI patients, suggesting that synthetic calcifications were marginally larger than
actual calcific plaques on average. Not any statistically significant difference was observed
at Mann—Whitney U-test comparison among groups (i.e., p = 0.425 for the aortic root and
p= 0.318 for the calcifications). The discrepancies in geometric measurement comparison
can be attributed to several factors, including intra-operator variability and the lack of one-

to-one correspondence.
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Fig. 5.4 Synthetic data of n.100 virtual calcification.
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Fig. 5.5 Boxplots comparing the A annulus diameter and B calcification volume between
synthetic and clinical data.

Significant associations between specific shape modes and clinical variables were identified
(Figure 5.6). For example, mode 27 of the aortic root showed a positive correlation with

transaortic flow jet velocity (R = 0.41, p = 0.001), while mode 4 was negatively correlated
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with left ventricular stroke volume (R = —0.38, p = 0.002). Peak transvalvular pressure

gradient displayed negative correlations with mode 59 of the aortic root and mode 37 of

calcifications (both R = —-0.34, p <0.01).
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Fig. 5.6 Pearson correlation showing associations of functional patient parameters with shape
modes, (A) flow jet across the stenotic valve versus Mode 27 of the aorta; (B) device diameter at
outflow versus Mode 42 of the aorta; (C) post-TAVI pressure gradient versus Mode 59, (D) patient
stroke volume before TAVI versus Mode 4 of calcification; (E) device diameter at outflow versus
Mode 5 of calcification; (F) post-TAVI pressure gradient versus Mode 37 of calcification.
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The SVM regression model trained on six selected shape modes achieved an R? of 0.55 and

an RMSE of 11.7 mmHg (Figure 5.7). This result indicated that approximately 55% of the

variance in AS-PPG could be explained by shape features alone.
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Fig. 5.7 SVM regression of AS-PPG showing A the predicted and true response for each patient

and B the comparison between predicted and true values.

Among the machine learning models tested, the multilayer perceptron (MLP) demonstrated

the highest predictive performance for device size classification. The MLP achieved an

AUROC 0f 0.98, with accuracy values of 91.7% for the 23-mm group and 88.9% for the 26-

mm group. Logistic regression, SVM, and KNN achieved lower

performance.
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the investigated models.
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These findings confirmed that PCA-derived shape features can provide accurate predictions

of optimal device size, outperforming single-parameter measures such as annulus diameter.

5.7 Discussion and Conclusion

The context of this chapter lies in the development of in-silico clinical trials, which use
computational simulations to generate clinically relevant data on medical device
performance [7, 61]. Such trials reduce cost and time while offering controlled, repeatable
conditions that can complement or extend traditional clinical studies. Their utility is
becoming increasingly recognized, especially in areas like TAVI where emerging clinical
scenarios, such as valve degeneration and redo-TAVI, create new challenges. The feasibility
of treating failed transcatheter valves with a second device has been demonstrated in recent
clinical investigations [62, 63], underscoring the need for models capable of capturing
complex anatomical and functional variability to support the design and evaluation of next-

generation devices [64].

Within the cardiovascular field, SSMs have proven effective in quantifying anatomical
variability [65] although relatively few studies have focused specifically on generating
validated TAVI-specific virtual cohorts. For example, Bridio et al. [66] created a synthetic
cerebrovascular population using random sampling of PCA modes, while La Mattina et al.
[67] examined femoral fracture risk using virtual cohorts representing phase-Ill—scale
populations. In the TAVI domain, Verstraeten et al. [40] expanded a retrospective dataset into
a cohort of 500 virtual stenotic valves using a non-parametric SSM, though their model did
not incorporate calcific plaque information. In contrast, the present work integrates both
aortic root geometry and calcific burden, enabling a more comprehensive representation of

the diseased anatomy.

The SSM constructed here demonstrated the capacity to replicate unseen patients, as shown
by the generalization analysis, and identified shape features that correlate with clinically
meaningful parameters. For example, the association between a root shape mode (mode 27)
and the transaortic flow jet suggests that sinus morphology may influence flow distribution
in stenotic valves. Similarly, high calcification volumes, captured by mode 4, were linked to

reduced stroke volume, consistent with clinical findings in severe aortic stenosis [68].
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The SVM regression achieved an R? of 0.551, capturing approximately 55% of the variance
in pressure gradients, with a prediction error around 11.67 mmHg. While these results
confirm the potential of shape-driven functional prediction, further improvements may be
achievable through alternative ML architecture or enhanced feature engineering.
Comparable studies combining SSM with computational fluid dynamics have demonstrated

promising results using surrogate models or deep learning approaches [69].

Overall, Chapter 5 establishes SSM as a powerful framework for quantifying interpatient
anatomical variability, generating geometrically credible virtual cohorts, and enabling
morphology-driven predictive modeling. By linking shape descriptors to functional
outcomes and device selection, this approach provides a quantitative foundation for in-silico

TAVI evaluation and supports more patient-specific procedural planning.
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Chapter 6

6. Patient-specific modeling of TAVI

This chapter describes the framework for the patient-specific simulation of TAVI, from
cohort selection and imaging to device reconstruction and coupled structural—fluid
simulations. The focus is on the Edwards S3 balloon-expandable transcatheter heart valve.
The pipeline reproduces the clinical workflow implemented at IRCCS-ISMETT. Particular
attention is given to the three-step structural simulation in Abaqus/Explicit (crimping —
recoil — deployment) and to the subsequent SPH fluid simulations reproducing post-TAVI

valve dynamics and hemodynamics.
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Deployment simulation
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Figure 6.1: Workflow of structural and FSI simulation.

This doctoral research project is embedded in Horizon SimInSitu project, which aims to
establish an automated, validated, and clinically driven computational workflow for patient-
specific simulation of TAVI. As part of this broader framework, the thesis contributes to the
development of modeling strategies capable of accurately reproducing the mechanical
deployment and the hemodynamic performance of transcatheter heart valves by directly
integrating patient-specific anatomical and physiological data. The overarching objective of
the project is to generate a robust and reproducible in silico workflow, grounded in clinical
evidence and capable of supporting procedure planning, device evaluation, and regulatory

decision-making.
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6.1 Patient-specific model definition
Patient-specific model segmentation was performed according to paragraphs 4.2.

In the context of SimInSitu project, the biomechanical response of the aortic wall is derived
using an inverse approach, assuming a linear elastic material model [47]. Although the aorta
exhibits anisotropic properties, recent studies on patient-specific TAVI modeling have
validated the use of a linear elastic model against clinical data [70, 71]. The inverse analysis
estimates material response from diastole to systole based on ECG-gated CT images, aiming
to minimize discrepancies between simulated and observed aortic wall strain. For the patient-
specific TAVI model, the inverse analysis yielded a linear elastic material parameter of 5.3
MPa after minimization of the difference between predicted and actual measurements of

aortic wall strain.

The aortic root is modeled as a shell with uniform thickness of 2 mm and a Poisson's ratio
of 0.475. These geometric and material parameters will serve as inputs for UQ analysis.
Boundary constraints are applied by fixing the proximal and distal ends of the aortic wall in

the longitudinal direction using cylindrical coordinate systems.

Native valve leaflets are meshed with triangular shell elements and subsequently converted
to prismatic solid elements by offsetting the shell layer, assigning a uniform thickness of 0.5
mm. Material properties for the leaflets are determined through inverse analysis, using the
CT-measured systolic orifice area as the output parameter in the minimization cost function.
The derived material properties are then adapted to a neo-Hookean constitutive model (C10
=3.7 MPa and D1 = 0.08 MPa), as this model offered greater numerical stability compared

to a linear elastic model in the explicit-based simulations.

Calcifications are exported in STL format from Mimics and imported into ICEM software
for mesh generation. Tetrahedral solid elements are used to mesh the calcific plaques, which
are subsequently connected to the native valve leaflets through an embedment contact
condition in the Abaqus finite element solver. Material properties for the calcific plaques are
defined using a neo-Hookean material model based on data from Bosi et al. [71] (C10=67.7

MPa and D1 =7.5 x 1073 MPa).
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Figure 6.2: Final patient-specific model.

6.2 SAPIEN 3 device reconstruction

This study focuses on TAVI simulation using the balloon-expandable Sapien 3 (S3) Ultra
THYV with a size of 23 mm. Detailed information on the numerical development of the S3

device model and the TAVI simulation process is provided in the work by Catalano et al.

[47].

Compared to other computational simulations of the TAVI procedure, the stent frame is
modeled using a hybrid approach with different mesh element types to optimize
computational efficiency while maintaining the structural performance of the device. The
stent frame is represented with surface elements to describe the outer device skin and beam
elements to capture the device skeleton. This method is selected due to the thin, wire-like
structure of the stent frame, which is effectively modeled with beam elements to represent
the overall device stiffness and deformation behavior. The surface elements accurately model
the contact interactions between the S3 stent frame and surrounding anatomical structures

during the TAVI simulation.

Following verification analysis, the S3 geometry is meshed with 22,974 surface elements
tied to 5,718 beam elements and is modeled using a cobalt-chromium alloy. The elastic
material properties are defined by a Young’s modulus of 238.54 GPa and a Poisson’s ratio

of 0.29. The plasticity model is characterized by a yield stress of 465.0 MPa, a hardening
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parameter of 2,140 MPa, a strain-hardening exponent of 0.73, and a material density of 7,650
kg/m?3.

The skirt, a fabric component that wraps around the stent frame, is modeled using solid
elements to enhance contact interactions during the TAVI simulation. It comprises both an
inner and outer skirt, designed to minimize blood leakage at the stent-aortic root interface.
The skirt is initially modeled as a flat structure, then meshed and reshaped into a circular
configuration to fit around the stent frame. The use of solid elements (with a thickness of
0.125 mm) allows for a detailed representation of the skirt interaction with both the stent
frame and the patient-specific anatomy. The skirt is made of polyethylene terephthalate
fabric, modeled as a Neo-Hookean hyperelastic material, with material parameters obtained
from the literature (C10 = 1.7 MPa, D1 = 0.652 MPa) [72]. The skirt is represented using
linear brick elements with reduced integration, and tie contact conditions are employed to
simulate the suturing interaction between the fabric and the metallic stent frame. To mitigate
unwanted high-frequency oscillations, Rayleigh damping factors and viscous pressure are

applied to the device skirt.

The valve leaflets of the S3 model are generated through a forming simulation process, as
outlined by Bailey et al. [26]. In this process, the leaflets are initially constructed ina planar
position and then deformed into their final functional shape using a series of geometric
operations. The device valve leaflets are meshed with 1,457 structured elements and a single

solid-element layer through the thickness, with full integration.

The biomechanical response of the pericardial tissue in the valve leaflets is modeled using
the Ogden constitutive law with a second-order polynomial form. The material parameters
are defined as: p1 =0.96 MPa, al = -56.5, u2 = 3.57 MPa, a2 = 1.87, and D1 =0.027 MPa
[26]. This model captures the nonlinear, elastic behavior of the tissue, which is critical for
accurately simulating leaflet function during the opening and closing phases of the valve.
Similar to the skirt, the valve leaflets are tied to the S3 stent with secondary node being tied

to two different primary nodes to avoid over-constraint.

The balloon-expandable geometry is extrapolated from the study by Bailey et al. [26], where
photography was used to model the outer balloon profile and revolution around the axis to
derive the final balloon geometry. The balloon is discretized with 82,322 unstructured shell

elements and modeled with neo-Hookean material properties (C10= 36.5 MPa, DI = 1.36
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x 1073 MPa). These material parameters are derived from multiple simulations designed to

replicate the balloon inflation process.

6.3 Computational modeling of TAVI

6.3.1 Structural simulation of TAVI

Prior to implantation, the device is placed on the folded balloon catheter and crimped to a
specified diameter so that it can fit inside the sheath. Device positioning is then accomplished
using radiopaque valve-related alignment markers on the balloon catheter, which define the
working length. A 3-mm center marker, located at the midpoint of the balloon catheter, is
used for deployment (i.e., the Commander delivery system). The distal end of the balloon
marker is aligned with the base of the aortic valve cusps, representing the aortic annulus

circumference by the three hinge points on the aortic annulus.

According to manufacturer’s guidelines, the S3 device is placed with 80-90% in the aorta
while the remaining 10-20% faces the LVOT. The balloon axis is aligned perpendicular to
the aortic valve plane. Balloon inflation, controlled by a specified fluid volume, is used to

deploy the device in the human host.

To replicate this clinical procedure, an automatic framework based on Python was developed
by our partner 4Realsim to align the device in the patient-specific model. The patient-specific
model served as input for the Python script. To enable the automated integration of the
patient-specific platform with the S3 TAVI system, the three hinge points were identified for
each patient by detecting their coordinates from the CT scans. The balloon axis was
computed as the axis of the circle defined by these three hinge points, intersecting the
annulus at its center. A cylindrical reference system was then created, with the center of the

aortic annulus as the origin and the -z axis aligned along the balloon axis.

The script then automatically positioned the device system at the level of the balloon
radiomarker (i.e., at the midpoint of the balloon) and aligned the delivery system with the
aortic annulus. Two parameters, the balloon axial position shift and the radiomarker shift,
were defined to control the relative position between the device and the patient model. The
balloon axial position shift ensured the alignment of the balloon and catheter with the S3
device, while the radiomarker shift adjusted the entire S3 system along the balloon axis (-z

direction) to ensure proper positioning on the aortic annulus. The final implantation depth,

49



derived by post-TAVI CT scans, was used, ensuring optimal placement. The integration
process was standardized across all patient models and device sizes by using consistent
terminology for each anatomical part, datum feature, and mesh. The device selection, size,
implantation depth, and balloon inflation volume were all parameterized, allowing the script
to adjust the model automatically based on user input. To model the complex delivery of the
S3 system into the aortic root, several contact conditions were defined. These included
tangential behavior modelled with a penalty friction formulation and normal behavior with

hard contact.

In SIM-1, the metallic stent frame is crimped onto the folded balloon to achieve the nominal
crimped diameter, followed by the stent’s recoil. The final stage involves balloon inflation
and deflation, deploying the device. This process is executed using a fluid cavity approach
in combination witha VUAMP subroutine, which controls the stent expansion to its nominal
diameter based on the inflation volume. Additionally, a cylindrical surface is employed to
displace calcified plaques and native leaflets, preventing undesired penetration during the
assembly of other device components. A 0-velocity boundary condition is applied to the stent

to ensure stability.

(A) (B) (C)

Figure 6.3: Different steps of SIMI simulation; from crimped S3 (A) to final deployment (C).

In SIM-2, the deformed configuration of the device, including the valve leaflets and skirt, is
imported, as these components were not included in SIM-1. During this single-step
simulation, the S3-related leaflets and skirt are introduced, and constraints are established
between the stent, leaflets, and skirt. The nodal displacements from SIM-1 are first applied

to the stent in its undeformed state. As the simulation progresses, these displacements guide
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the stent to its final deformed configuration. Since the leaflets and skirt are constrained to

the stent from the beginning, they deform accordingly throughout the process.

Figure 6.4: SIM2 simulation, final deformed S3 configuration.

In SIM-3, the entire device is fitted into the patient-specific platform, with all components
imported in their deformed state from SIM-1 and SIM-2. The surface used in SIM-1 to
displace calcifications and native leaflets is returned to its original dimension, allowing the
anatomical parts to elastically recoil and make contact with the S3 skirt. High-friction
contact is established between the skirt, stent, native leaflets, aorta, and calcifications to
prevent slippage during flow analysis. The components are imported using a shrink-fit
approach, resolving overclosure and enhancing friction between the device and the patient-

specific anatomy.

Figure 6.5: SIM3 simulation; final TAVI configuration.
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6.3.2 SPH-based fluid simulation of post-TAVI dynamics

An FSI approach based on the meshless SPH method is developed to simulate post-TAVI
hemodynamics. The SPH is a fully Lagrangian modeling technique that discretizes
continuum equations by interpolating the properties of particles within the solution domain.
This method calculates fluid-flow values at specific points by using the properties of
surrounding particles. The SPH method offers remarkable advantages over other FSI
techniques in TAVI [32, 35], as it is fully integrated into the Abaqus/Explicit finite element
software, making the SPH particularly suitable for modeling contact interactions between

the fluid domain and structural components of the anatomy.

The SPH analysis starts with the deformed configuration of the anatomy with the deployed
S3 device. Patient-specific simulations are carried out within the Abaqus solver, with the
cubic kernel formulation set as the default. To facilitate particle discretization and collection,
a dummy model with two fluid reservoirs is created and strategically positioned at both ends
of the aorta using tie constraints. The fluid domain is converted into SPH particles via
background grid conversion. The blood is modeled as an incompressible, Newtonian fluid
using the Hugoniot equation of state and data from the literature [73]. Particle discretization

and material properties were summarized in Table IV.

Table 1V: Particle discretization and material properties of the fluid domain.

Particle diameter 0.9 mm
Density, p 1.0E-09 tonne/mm?
Wave speed, cO 7.5E+04 mm/s
Griineisen ratio, I'0 0
Hugoniot curve slope, s 0
Viscosity, n 3.0E-09 Mpa*s
Bulk viscosity damping coefficient 0.006

The interaction between the patient-specific TAVI geometries and blood particles is modeled
as contact pairs using a general contact definition. Patient-specific flow boundary conditions

are derived from clinical data collected during in-hospital admission.
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Figure 6.6: (A) Particle discretization of blood; (B) Physiological boundary conditions derived
from patient - specific data.

These include the heart rate, cuff pressure, and aortic jet velocity from Doppler
echocardiography, which are used to scale the duration and offset of pressure and flow
waveforms. During systole, the flow is governed by the flow rate curve, which is applied as
a velocity boundary condition on the left ventricular reservoir. During diastole, the velocity
boundary condition is deactivated, and flow is driven by the pressure boundary condition,
generating a gradient between the left ventricular and aortic pressures. The aortic reservoir
functions as a fluid collector during systole and contracts during diastole to simulate in-vivo
arterial compliance. Switching between the flow boundary conditions is achieved by
utilizing a single truss element with temperature-dependent stiffness properties. The vessel
is initialized with a load condition derived from the structural TAVI simulation, which is

imported into the SPH model using a predefined field.
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Figure 6.7: Different steps of SPH simulation across one cardiac cycle; from (4) at the beginning
of systole, (B) peak systole, (C) diastole and (D) late diastole.

6.4 Conclusion
This chapter presented the complete workflow developed for patient-specific simulation of
TAVI procedures, detailing the reconstruction of individualized anatomical structures and

the integration of the S3 Ultra device with its delivery system.

Once the patient-specific platform was established, Python-based automation enabled the
systematic insertion of the TAVI system across the entire cohort, substantially accelerating
the modeling pipeline. These methodological innovations significantly streamline the
generation of high-fidelity models for large populations and support the systematic

validation of the proposed in silico framework.

Most existing finite element models of patient-specific TAVI do not incorporate all
procedural components or device features [19, 71, 74]. In contrast, the platform established
in this chapter integrates the full TAVI device geometry, delivery catheter, and surrounding

anatomy, representing an advancement beyond the current state of the art.

Building upon the development of a high-fidelity patient-specific modeling framework, the
next chapter focuses on assessing the credibility, reliability, and regulatory readiness of the
computational simulations through a rigorous VVUQ process aligned with the ASME
V& V40 standard.
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Chapter 7

7. Uncertainty Quantification in TAVI Models

The predictive accuracy of computational models for simulating device deployment in
stenotic aortic valves is affected by multiple sources of uncertainty, including variations in
imaging modalities, model assumptions, and biological variability across patients.
Systematic uncertainty analyses are essential to identify and characterize these uncertainties,
facilitating quantification of variability in model predictions. Sources of uncertainty
impacting model predictions include epistemic uncertainty (arising from incomplete
knowledge) and aleatoric uncertainty (arising from inherent variability). Rigorous validation
and quantification of these uncertainties are crucial for improving model credibility, thereby

supporting the development of safe and effective medical devices [42, 75].

Model credibility assessment involves a systematic approach, including VVUQ, alongside
an applicability assessment to address model risk and output rigor [76, 77]. Verification
evaluates whether the computational model accurately implements the underlying
mathematical model and its solution. Validation assesses how well the model reflects
corresponding physical experiments or in-vivo data relevant to the model intended use. In
contrast, uncertainty quantification (UQ) examines the influence of input uncertainties on
model outputs [55]. Finally, model risk encompasses the potential for the computer model
to produce incorrect results, leading to undesirable outcomes in subsequent clinical
decisions. Such a framework was proposed by FDA to quantify model credibility and was
largely based on the ASME V& V40 standard, "Verification and Validation in Computational
Modeling of Medical Devices" [44, 45].

This chapter presents an application of the ASME V&V40 framework to establish the
credibility of computational modeling for TAVI simulations. The ASME V& V40 standard is
applied to the case of patient-specific TAVI modeling to define a risk-informed approach to
model credibility. The study introduces the validation and uncertainty framework, which
validates the computational model against clinical data (i.e., the comparator) and examines
the influence of various uncertainties on model response. This analysis employs techniques
such as surrogate modeling, Pareto plots, and cumulative distribution functions to assess

agreement levels between simulations and clinical data.
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We investigated the case of two patients who underwent TAVI with the 23 mm S3 device
and two patients underwent TAVI with the 26 mm device (Figure 7.1). The restriction to four
patients was dictated by the remarkable computational efforts needed for developing the

surrogate model for probabilistic analysis.

Case #1 Case #2 Case #3 Case #4

Figure 7.1: Patient — specific models analyzed for UQ analysis: Case #1 and Case #2 with a 23
mm S3 e Case #3 and Case #4 with a 26 mm S3.

7.1 ASME V&V40 Application

The ASME V& V40 framework offers a structured methodology for assessing the credibility
of computational models, particularly in the context of medical device applications [44].
This framework is crucial for ensuring the accuracy and reliability of models used to
simulate real-world phenomena. The credibility assessment process begins with the
definition of the Question of Interest (Qol), which specifies the specific prediction or
simulation goal of the model. Following this, the Context of Use (CoU) is defined, detailing

the conditions under which the model will be applied and the associated risks.

The ASME V&V40 framework underscores the significance of model risk assessment,
which involves evaluating both the potential for the model to generate incorrect results
(model influence) and the consequences of such errors (model consequence). The framework
adopts a risk-based approach to determine the appropriate level of rigor for VVUQ activities
(Figure 2). This approach ensures that models with higher associated risks undergo more
stringent credibility evaluations. Additionally, the framework includes the specification of
credibility goals, which define the acceptable levels of accuracy and uncertainty in the model
predictions. These goals are established based on the model intended application and the
risks involved. For high-risk applications, more stringent credibility goals are set,

necessitating more comprehensive VVUQ processes.
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Figure 7.2: (A) VVUQ activities suggested by the ASME V&V40 for the simulation and experiment
to establish the credibility of the computational model — with permission from Schwer et al. [78] (B)
model risk matrix.

For the patient-specific TAVI modeling, the following Question of Interest (Qol) and Context
of Use (CoU) are defined:

Qol: “Can the S3 stent-frame model be successfully deployed in a patient-specific aortaat a
given position within the calcified aortic valve leaflets, and will it replicate heart valve
function?” From a clinical perspective, the severity of calcified aortic valve dysfunction
depends on the pattern of calcific plaques, the reduction in orifice area during the cardiac

cycle, and the post-operative hemodynamics.

CoU: Given the substantial variability in calcification patterns, annulus sizes, and patient
demographics, patient-specific modeling provides an essential tool for simulating the post-
TAVI patient condition. This enables prediction of both the aortic wall's structural and fluid-

dynamic behavior.

The VVUQ process evaluates whether the model accurately represents post-TAVI valve
function, particularly with regard to device expansion within stenotic valve leaflets and the

fluid-induced loading on the vessel. Validation metrics associated with the Qol include:

Device Diameter (DD): The S3 device is assessed at three cross-sectional levels (inflow,

mid, and outflow) based on diameter measurements of the deformed device. The minimum
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and maximum device diameters of the S3 stent frame are automatically measured, with the

average value used for validation.

Effective Orifice Area (EOA): EOA is calculated by post-processing the flow velocity and

pressure curves according to ISO 5840-1, by using the Gorling equation.

Transvalvular Pressure Gradient (TPG): The pressure gradient across the device valve

leaflets is calculated from blood velocity, as done in clinical echocardiographic estimates.

(A) (B) ©

Outflow

Figure 7.3: Validation metrics; (A) DD at three different levels — inflow, mid, outflow; (B) EOA
calculated with Gorlin equation [79]; (C) TPG calculation.

Regarding model risk, both the model influence and decision consequence are classified as
“high”. This is due to the direct application of the model in informing decisions about a
medical device, where inaccurate predictions could potentially result in severe patient harm.
Accordingly, a risk level of 5 on a 1 - 5 scale is assigned (see Figure 7.2B) to the patient-
specific TAVImodel, indicating the necessity for stringent credibility goals within the ASME
V&V plan. This severity level establishes the rigor required for VVUQ activities, with

relevant model changes constrained to Relative Error (RE) below 5%.

7.2 Uncertainty Quantification in TAVI simulation

UQ plays a critical role in elucidating the variability in model predictions arising from
uncertainties in input parameters and model assumptions. This process entails characterizing
the uncertainty inherent in model inputs and evaluating its influence on the resulting outputs.
Common techniques for UQ analysis include surrogate modeling, Monte Carlo simulations
(MCS) and sensitivity analysis. In the context of patient-specific TAVI modeling, uncertainty
can arise from multiple sources and can be broadly classified into epistemic and aleatoric

uncertainties.
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7.2.1 Epistemic Uncertainty

Epistemic uncertainty, also known as reducible uncertainty, originates from a lack of

knowledge or incomplete information about the system being modeled. In the setting of

TAVI computer modeling, the following sources of epistemic uncertainty are considered:

Imaging and segmentation: variability inimaging techniques and the resolution of
imaging modalities like CT scans can lead to inaccuracies in the segmentation of
anatomical structures. These inaccuracies can propagate through the model, affecting

the overall predictions.

Material properties: the constitutive models that describe the mechanical behavior
of the aortic root, valve leaflets, and other components rely on material properties
that may not be precisely known. The experimental data used to derive these

properties often comes with inherent uncertainties.

Boundary and initial conditions: assumptions regarding boundary and initial
conditions, such as physiological pressures and valve positioning, can introduce
uncertainties. These conditions are often estimated based on limited clinical data or

generalized assumptions.

Modeling assumptions and simplifications: simplifications and assumptions made
to make the computational model tractable, such as assuming uniform material
properties or neglecting certain physiological interactions, can introduce significant

epistemic uncertainties.

7.2.2 Aleatoric Uncertainty

Aleatoric uncertainty, also known as irreducible or stochastic uncertainty, is associated with

the inherent variability and randomness in biological systems. In TAVI computational

models, sources of aleatoric uncertainty include:

Patient-specific variability: biological variability among patients, such as
differences in anatomy, tissue properties, and physiological conditions, contributes
to aleatoric uncertainty. Each patient presents a unique set of characteristics that can

affect the outcome of the TAVI procedure.
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e Intra-observer variability: measurement of S3 diameter after TAVI procedures or
echocardiographic estimates are influenced by the operator experience leading to

difference in the resulting evaluations. These errors are often not quantifiable.

e Environmental and procedural variability: variability in procedural execution,
such as the exact positioning of the valve during implantation and the skill level of
the operator, can introduce aleatoric uncertainties. These variations are often beyond

the control of the modeler.

On the basis of the established aleatoric and epistemic uncertainties, the following model

inputs and associated changes are investigated (see Table V):

e Aortic wall thickness: the thickness of the aortic wall is a crucial parameter for
simulating the mechanical behavior of the aorta. The nominal thickness is set at 2
mm, with an epistemic uncertainty range from 1.5 to 2.5 mm. This range is defined

based on engineering judgment, capturing the variability in patient anatomy.

e Neo-Hookean calcification parameter: this material parameter represents the
stiffness of calcified regions within the aortic valve. The nominal value is set at 67.8

MPa, with an uncertainty range from 40 to 100 MPa, based on engineering judgment.

e Neo-Hookean aorta parameter: this parameter describes the mechanical properties
of the aortic tissue wall. The nominal value is 0.98 MPa, with an aleatoric uncertainty
standard deviation of 0.24 MPa, derived from estimations based on the inverse
analysis [15]. This parameter ensures that the elasticity of the aortic wall is accurately

represented in simulations.

e Implantation depth of the S3 device: The depth at which the S3 THV is implanted
influences both mechanical stability and hemodynamic performance. The nominal
implantation depth is set at 6 mm as collected from the clinical procedure, with an

uncertainty range from 5 to 7 mm, determined based on clinician judgment.

e Fluid volume of balloon expansion: This parameter affects the deployment of the
balloon-expandable valve. The nominal value is 17 mL according to manufacturer
guidelines, with an epistemic uncertainty range from 16 to 18 mL and an aleatoric
uncertainty component of 0.1 mL, based on typical production tolerance of the

medical syringe.
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S3 stent-frame material parameter: the elastic material properties of the S3 stent-
frame are relevant for the radial force exerted on the aortic tissue wall and thus the
device expansion. The nominal value is 238.5 GPa, with an epistemic uncertainty
range from 229.6 GPa to 247.4 GPa and an aleatoric uncertainty component of 30

GPa.

Diastolic blood pressure: the diastolic blood pressure measured at in-hospital
admission is critical for assessing the hemodynamic performance ofthe S3 THV. The
nominal value is set at 63.5 mmHg as measured for the investigated patient, with an
aleatoric uncertainty standard deviation of 10.64 mmHg, reflecting patient

variability.

Systolic blood pressure: The systolic blood pressure from cuff measurement is
another key hemodynamic parameter. The nominal value is set at 127.3 mmHg, with
an aleatoric uncertainty standard deviation of 16.44 mmHg, capturing the range of

pressures experienced during the cardiac cycle.

Velocity flow jet: The velocity of the flow jet across the valve as collected from
Doppler echocardiography is essential for evaluating the device performance. The

nominal value is 2.4 m/s, with an aleatoric uncertainty standard deviation of 0.5 m/s.

Heart rate: the heart rate influences the duration of the cardiac cycle and the
hemodynamic loading on the S3 THV. For the investigated patient, the nominal value
is 71.2 bpm, with an aleatoric uncertainty standard deviation of 9.74 bpm, accounting

for patient-specific variability.
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Table V: Model inputs and uncertainties for UQ analysis with the boundary adopted for validation
of patient-specific TAVI model. EUQ = epistemic uncertainty; AUQ = aleatoric uncertainty; LB =

lower bound; UB = upper bound; s = standard deviation.

Model Inputs Nominal | Units | EUQ | EUQ | AUQ | Mixed | Mixed

LB UB ¢  LB(26) | UB(Q20)

Aortic Wall Thickness 2.0 mm 1.5 2.5 0.0 1.5 2.5

Neo-Hooke Calcification Material 67.8 MPa 40.0 | 1000 | 0.0 40.0 100.0

Neo-Hooke Aorta Material 0.98 MPa / / 0.24 0.5 1.4
Implantation Depth 6.0 mm 5.0 7.0 0.0 5.0 7.0
Balloon Expansion 17.0 mL 16.0 | 180 | 0.1 15.8 18.2

Stent Young Modulus 238.5 GPa | 2296 | 2474 | 30.0 | 2248 2522
Diastolic Pressure 63.5 mmHg / / 10.6 422 84.7
Systolic Pressure 127.3 mmHg / / 16.4 94.4 160.1
S3 Flow Velocity 24 m/s / / 0.5 1.4 24
Heart rate 71.2 bpm / / 9.7 51.7 90.6

7.2.3 Source of Uncertainty in Clinical Parameter Evaluation

Clinical assessment of S3-related performance parameters is influenced by uncertainty in the
instrument accuracy and the intra-operator variability. For each quantity of interest, the level

of uncertainty is assessed:

e DD at inflow, mid and outflow levels: S3 diameters are measured by an experienced
radiologist using the medical software of the 256-row detector CT scanner used in
this study. To include the uncertainty, the effect of artifacts leading to error of 5% is
considered as shown in our previous work [50]. This error is used to estimate the
standard deviation likely occurring in the DD measurement at CT imaging, which is

23 +£ 1.3 mm.

e EOA: The EOA is measured by an expert cardiologist using echocardiography after
TAVI procedure. Image resolution, voxel distortion and image distortion of the
ultrasound probe are the main sources of uncertainty. According to literature data

[80], a standard deviation of 7 mm? was considered for the measurement of EOA.
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e TPG: the pressure gradient across the S3 is quantified by the echocardiographic
system using Bernoulli’s principles. The TPG is therefore derived by the flow jet
velocity (v) across the valve at systoleas TPG = 4 - v2. According to literature data
[81], a standard deviation of 4 mmHg was considered for each measurement done by

echocardiography for each patient.

7.3 UQ Approach and Sensitivity Analysis

The validation assessment finishes in the quantification of uncertainties in the distribution
of model outputs, which arise from uncertainties in the model inputs. A sensitivity analysis
is conducted to partition and allocate the uncertainty in the outputs across various sources of
uncertainty, incorporating the probability distribution functions of the input parameters.
Validation is performed through the initial development and subsequent utilization of a
surrogate model for model response evaluation in UQ, owing to the high computational

expense associated with quasi-MCS analysis.

7.3.1 Design of experiment

The surrogate model is developed using Latin Hypercube Sampling (LHS) to create a finite-
element simulation plan consisting of 88 simulations (11 parameters X 8 random
combinations of input variables). Although the optimal number of samples is typically ten
to adequately capture the variability of the model inputs, a sensitivity analysis reducing the
number of random combinations from ten to seven revealed no significant impact on the
surrogate model predictive capability. However, the LHS method may produce unrealistic

combinations of input parameters for flow boundary conditions, which need to be excluded.

7.3.2 Surrogate modeling

Following each structural analysis simulating device implantation and FSI analysis for post-
TAVI flow assessment, the quantities of interest were extrapolated using a Python script
integrated within Abaqus software. This approach not only automated the result analysis but
also minimized potential user errors in data estimation. Several surrogate models, including

the response surface method, radial basis function, and Gaussian process regression (GPR),
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were evaluated using MATLAB (v2024, MathWorks, USA) to fit the simulation output
parameters and assess the quality of the fit. GPR models the simulation output response as a
realization of a Gaussian process, which is fully specified by a mean function p(x) and a
covariance function k (x, x"), also known as the kernel. The output y(x) at any input point x

is assumed to follow a multivariate Gaussian distribution:

y(x) ~GP(u(x), k (x, x))

In the end, GPR with leave-one-out cross-validation (LOO) is adopted to approximate the
response of the original numerical simulations as a function of input variables at a relatively

low computational cost.

7.3.3 Probabilistic analysis and global sensitivity

Sobol sequences are employed for probabilistic MCS to sample the input space, with
samples scaled to conform to the specified ranges of input variables. By repeatedly sampling
from the input distributions and executing the model, the MCS generates a distribution of
possible outcomes. This offers insights into the range and likelihood of various responses.
The surrogate model substitutes the original numerical simulations to provide deterministic

data points for the Sobol analysis.

Global sensitivity analysis is conducted using Pareto plots to identify the input parameters
that most significantly influence uncertainty in the model outputs. This analysis helps to
isolate the most sensitive parameters, enabling control and refinement of model variables to
enhance accuracy. The total effect index (TEI) quantifies the percentage contribution of each

input parameter to the total output variance, which is visualized using Pareto plots.

The TEI for a given input parameter X; is computed as:

Var(Y|X;)

TEIX) =1~ —— 0

where:
o Var(Y) is the total variance of the output Y,

o Var(Y|X;) is the conditional variance of Y when all parameters except X; are fixed.
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7.4 Validation

Validation aims to estimate how well the model outputs correspond to real -world data, which
includes determining the prediction error and associated uncertainty in the patient-specific
TAVI model. This process involves comparing the model predictions to experimental or
observational data to ensure that the model can accurately simulate the physical phenomena

under consideration.

Model outputs, reported in paragraph 7.1, are DD, EOA and TPG. These metrics are directly
related to the clinical outcomes of the TAVI procedure and are used to assess the model

predictive accuracy.

The validation process requires comparing the model’s outputs with a comparator. In this
study, the comparator data are derived from post-TAVI CT imaging and Doppler
echocardiography. Specifically, post-TAVI CT imaging is used to measure the S3 DD, while
Doppler echocardiography is used to estimate the EOA and TPG across the implanted device.

For validation, the cumulative distribution function (CDF) curve of the surrogate-derived
parameters is calculated. Similarly, the CDF for clinical variables is determined based on
uncertainties in clinical parameter evaluations (see paragraphs 7.2.3). The CDF represents
the probability that a variable will take a value less than or equal to a specified threshold. To
quantitatively assess the agreement between the simulations and clinical data, the area under
the model and comparator CDFs is computed (referred to as the area metric), and the

percentage difference between them is determined to evaluate the model’s accuracy [39].

7.5 Results

Regarding the structural deployment of S3 device, only a minimal part of simulations
presented numerical failures due to unrealistic combinations of material parameters and
TAVI-related procedural variables. This was not, however, observed for the n.88 post-TAVI
FSI analyses for which a fraction of 8.4% to 22.7% simulations failed due to the variability

in the model inputs resulting from the LHS methodology.

Figure 7.4 illustrates the predictive capability of the surrogate model based on GP regression
with LOO for the quantification of the S3 device expansion across different device heights
for two patients with the 23 mm and 26 mm device sizes. Specifically, the mean relative

error (MRE) between surrogate model and actual finite-element values for the device
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diameter is consistently lower than 1% in all patients. Low LOO mean squared errors

(RMSE) and high correlation coefficient (R) were also found for all models as reported in

Table VI. However, the response of the trained surrogate model highlighted lower

effectiveness in capturing the bioprosthesis hemodynamic response estimated with actual

FSI outputs (see Figure 7.5).

Table VI: Fitting response of the surrogate model response of each model parameter for both 23-
mm and 26-mm S3 devices. LOO RMSE = LOO root mean square error;, R = correlation coefficient;

MRE = mean relative error.

23-mm S3 device

26-mm S3 device

Inflow Diameter

Mid Diameter

Outflow Diameter

EOA

PG

LOO RMSE
RZ
MRE (%)

LOO RMSE
RZ
MRE (%)

LOO RMSE
RZ
MRE (%)

LOO RMSE
RZ
MRE (%)

LOO RMSE
RZ
MRE (%)

Case #1

0.004
0.98
0.22

0.001
0.97
0.58

0.006
0.96
0.26

12.678
0.96
2.07

32.156
0.91
24.53

Case #2

0.011
0.99
041

0.014
0.98
0.48

0.003
0.98
0.19

29.404
0.94
4.37

34901
0.93
15.96

Case #3

0.001
0.99
0.10

0.001
0.99
0.09

0.001
0.98
0.09

26.155
0.97
8.45

16.583
0.86
15.70

Case #4

0.002
0.98
0.15

0.001
0.91
0.43

0.001
0.99
0.08

46.788
0.92
11.83

28.990
0.89
22.17

Figure 7.6 and Figure 7.7 display the Pareto plots of input parameters on output uncertainties

for the device diameter at three cross-section levels and flow parameters for the 23 mm and

26 mm stent frames, respectively. Blue bars indicate positive association of the uncertain

parameter with the quantity of interest whilst red bars display negative correlation with the

model output variable. Pareto plots of other two cases are shown in Appendix I.
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Figure 7.4: Correlation between the surrogate model response and actual structural numerical
predictions of the device diameter at (A) inflow, (B) mid and (C) outflow levels for Case #4 model
with the 26 mm S3 device.
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Figure 7.5: Correlation between the surrogate model response and actual FSI predictions of the
(A) EOA and (B) TPG of the 26 mm S3 device for Case #3 model.
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Figure 7.6: Pareto plot showing sensitivity of model inputs on the output device diameter for the 23
mm S3 device (Case #1) and 26 mm S3 device (Case #3) at different cross-sections (A-F); Note:
Ball Exp = balloon expansion; CI_Calc = Neo-Hookean material parameter of calcification;
Cl Aorta = Neo-Hookean material parameter of aortic wall; Depth = implantation depth;, S3 E =
Young's modulus of S3 device; Thk = aortic wall thickness.
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Figure 7.7: Pareto plot showing sensitivity of model inputs on both EOA and TPG device (A-D)
diameter for the 23 mm S3 device (Case #1) and 26 mm S3 device (Case #3); Note: Ball Exp =
balloon expansion;, C1_Calc = Neo-Hookean material parameter of calcification;, C1_Aorta = Neo-
Hookean material parameter of aortic wall; Depth = implantation depth; HR = heart rate; Pdias =
diastolic pressure; Psys = systolic pressure; S3_E = Young's modulus of S3 device; S3_Flow = S3
flow velocity, Thk = aortic wall thickness.

Global sensitivity analysis revealed that the device adaptation to the stenotic aortic valve is
primarily influenced by the balloon expansion and the medical device elastic material
modulus. Only for one patient case with the 23 mm device, the implantation depth was found
as the key player of the device biomechanical response with sensitivity index of 32.4% at
the outflow diameter. The uncertainty in the Young Modulus of S3 device was the most
influential parameter with percentage effect ranging from 29.3% to 48%. Less consistent
influence of uncertain parameters on the model-related fluid-dynamic response was
observed. Sensitivity indexes highlighted that blood pressure, heart rate and the transaortic
flow jet are the most influential parameters of the post-TAVI hemodynamic. For the 23 mm
device, as an example, a 16.4 mmHg deviation of the mean systolic pressure values may
resultin27.3% variation in the prediction of the EOA. Similarly, a 0.5 m/s deviation of mean

S3 flow velocity may lead to a change of nearly 30% in the TPG estimates.
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Figure 7.8 and Figure 7.9 show the clinical and in-silico CDF curves for all investigated
quantities of interest together with the corresponding area metric for two patients with
different devices sizes. The validation criterion (ie, area metric <5%) was observed in the
majority of device diameter predictions. Out of 12 assessments (ie, 3 device height and 4
patients), only three cases had a level of agreement higher than the 5% acceptance threshold
with the highest area metric of 13.0% for the patient with the 23 mm device. Both clinical
and in-silico CDF curves showed a steep rise, which indicated that the diameter values are
tightly clustered around a specific range. In a different way, the discrepancy between clinical
and in-silico predictions was remarkably higher for both the EOA and TPG hemodynamic
parameters as compared to diameter-related CDFs. Only in one patient with the 23 mm
device size, the 5% acceptance threshold was found for the TPG parameter. CDFs of other

two patients are shown in Appendix II.
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Figure 7.8: CDF curves for both clinical and in-silico data of the device diameter showing the area
metric and its value confined by the two CDF curves (grey area) computed for both 23 and 26 mm
S3 devices of Case #1 (A - B - C) and Case #3 models (D - E - F).
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Figure 7.9: CDF curves for both clinical and in-silico data of both EOA and TPG showing the area
metric and its value confined by the two CDF curves (grey area) computed for both 23 and 26 mm
S3 devices of Case #1 (A — B) and Case #3 models (C - D).

7.6 Discussion and conclusion

In this chapter was described our application of ASME V&V 40 framework to assess
uncertainty in patient-specific TAVI modeling, evaluating both model rigor and associated
risks. UQ encompassed anatomical and material properties, physiological conditions, and
procedural variables. The findings confirm the model robustness in predicting the structural
response of the medical device, supporting its reliability for in-silico safety-critical
decisions. However, the model predictive accuracy for post-TAVI hemodynamics requires
careful attention, as discrepancies of up to 43.68% exceeded acceptance criteria. These
differences cannot be only attributed to poor predictive capability but rather to the evaluation
criteria and methodologies used to measure the investigated quantities of interest.
Nonetheless, this approach advances the standardization and validation of in-silico models

for medical devices.

Sensitivity analysis indicated that the biomechanical response of the aortic root after device
implantation was mainly affected by balloon inflation and the elastic properties of the
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medical device material. The manual management of fluid expansion by the interventional
cardiologist via a syringe is crucial in establishing the final configuration of the device. In
clinical practice, deviating from the manufacturer's specifications for the filling of the
balloon delivery system is common; yet, quantifying its effect on the final device diameter
by post-TAVI surveillance imaging remains challenging [82]. The second most significant
input parameter was the Young's modulus of the medical device, which proved to be the most
crucial material property in the patient-specific TAVI model. This finding is significant, as
the majority of research has concentrated on enhancing tissue wall models to elucidate ideal
material properties using imaging data [71] or investigating material behavior via different
constitutive relationships [19]. Conversely, Finotello et al. [83] aimed to elucidate the impact
of device material characteristics, demonstrating that material uncertainty in self-expandable

devices might result in erroneous estimates of tissue wall stress values.

There was significant variation in the sensitivity indices with respect to the fluid-dynamic
response. Two factors may elucidate the difference. First, the EOA and TPG metrics were
assessed immediately the structural heart intervention in the hybrid operating room while
the patient was still anesthetized. The observed patient’s behavior differed from the model
because the simulations relied on stochastic limitations of hemodynamic parameters

obtained from the physiological norms of the overall patient population.

The validation activity, based on CDFs and the area measure, raises numerous key questions
about the rigor of the patient-specific TAVImodel. The 5% acceptance level for comparing
simulated and observed data represents a stringent criterion, especially considering the
inherent inter-subject variability in human physiology. The suggested validation study
implicitly assumes that all model inputs are affected only by measurement errors;
nevertheless, certain inputs may represent population-based features instead of individual-
specific data. In a prior work [50], we demonstrated a low interclass correlation coefficient
in post-TAVI CT imaging assessments of the S3 device between expert and non-expert
radiologists. The intra-observer variability in evaluating EOA and TPG using
echocardiography frequently exceeds that noted for CT-derived diameter values, as indicated

by Calleja et al [84].

The area metric accurately identifies variance discrepancies between clinical and
computational results, even when their mean values are comparable. Nevertheless, when

clinical and simulation outcomes diverge, as evidenced by the significant disparities in CDFs
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for EOA and TPG, the area metric may exhibit diminished sensitivity to variations in
differences. Despite these considerations, the area metric values obtained for our patient-

specific TAVI model exhibit strong concordance between in-silico and in-vivo data.

Chapter 7 implemented a risk-informed credibility assessment of the patient-specific TAVI
model according to ASME V&V40. The model was classified as high risk, requiring a

stringent level of verification, validation, and uncertainty quantification.

Sensitivity analysis showed that structural outputs were mainly influenced by device and
expansion parameters, while hemodynamic results were more sensitive to physiological
boundary conditions. Structural predictions demonstrated good agreement with clini cal data,
whereas larger variability was observed for flow parameters. These differences between
computational and clinical flow parameters (EOA and TPG) may arise from both modeling
assumptions and measurement variability. Clinically, these metrics are indirectly estimated
using Doppler echocardiography, introducing approximation and operator-dependent
uncertainty. In contrast, the computational model directly computes pressure and flow fields

but relies on simplified boundary conditions.

To conclude, the work presented establishes a systematic and rigorous framework for
assessing model credibility and supporting the integration of patient-specific simulations in

clinical decision-making.

74



Chapter 8

8. Parametric Analysis of redo-TAVI Configurations

This chapter examines the hemodynamic and structural implications of performing TAVI
within a previously implanted transcatheter heart valve (redo-TAVI or TAVI-in-TAVI). As
TAVI is increasingly offered to younger patients with longer life expectancy, the likelihood
of valve degeneration and the need for redo-TAVI procedures is expected to rise. Although
the implantation of a second THV represents a minimally invasive alternative to surgical
replacement, the permanent displacement of the first THV leaflets and stent frame can

compromise coronary access and potentially obstruct coronary perfusion [62].

In this context, computational modeling provides a powerful tool to explore the effect of
device selection and implantation strategy on coronary hemodynamics. By combining FEA
of device deployment with FSI simulations of coronary flow, it becomes possible to identify

anatomical and procedural configurations that predispose to obstruction.

This chapter presents a parametric analysis of redo-TAVI configurations in a patient-specific
setting, with variation of implantation depth and device sizing. The objective is to establish
quantitative relationships between valve-to-coronary (VTC) distance and post-procedural

coronary flow, providing a mechanistic basis for pre-procedural risk stratification.

8.1 Clinical rationale and risks of coronary flow obstruction

The long-term durability of THVs remains a challenge, as biological leaflets are subject to
progressive degeneration via calcification, thrombosis, and fibrotic remodeling. Registry
data suggest that structural valve deterioration can occur within 5 - 10 years post-
implantation, particularly in younger patients. In such cases, redo-TAVI is often preferred

over surgical explantation.

However, redo-TAVI carries unique risks. The second device displaces the first THV’s
degenerated leaflets against its metallic stent frame, creating a tubular structure that may
extend into the sinuses of Valsalva or above the sino-tubular junction. This configuration can
narrow the anatomical space available for coronary flow and complicate future coronary
access. Imaging-based studies have demonstrated that up to 25% of patients may be at risk
of coronary obstruction following redo-TAVI with tall self-expanding frames, while as many
as 80% may experience restricted coronary access in subsequent procedures.
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Current pre-procedural assessments rely on morphometric parameters such as sinus
diameter, coronary ostium height, and leaflet length, but these metrics do not fully capture
the complex interaction between device frames, displaced leaflets, and the coronary ostia.
Computational modeling addresses this gap by integrating device - host interactions into the

risk assessment process.

8.2 FEA of S3-Evolut deployment

8.2.1 Patient-specific model

The computational model was based on a 68-year-old patient who had previously undergone
implantation of a 23-mm S3 THV, which degenerated due to leaflet thrombosis and reduced
motion. A subsequent redo-TAVI procedure with a 29-mm Evolut PRO device was
performed. Patient-specific anatomy was reconstructed from ECG-gated CT scans at three
stages: pre-TAVI, post-initial TAVI, and post-redo-TAVI. The aortic root, calcifications, and

native/bioprosthetic valve leaflets were segmented using Mimics and Rhinoceros software.

8.2.2 Structural modeling

The structural heart intervention was simulated using FEA with Abaqus/Explicit software
(v2021h17, Dassault Systemes, USA). To model the dynamic phenomenon, we used a quasi-
static FEA approach that ensured the kinetic to internal energy ratio remained below 10%.
This was achieved through a mass scaling technique using a stable time increment and thus
reducing the computational cost. In addition, a penalty contact algorithm with a friction

coefficient of zero was used to enable contact during simulations.

Bioprosthesis models were meshed with structured hexahedral elements [20, 23]. Stainless
steel with bilinear elasto-plastic material and superelastic Nitinol alloy (14 constants user
material [19]) were employed to model the S3 and Evolut PRO, respectively. The device
sealing skirt was considered closing the cell geometries of each stent frame with several
surfaces modelled at mid-thickness of each device frame. For the S3, all cell-structs of the
THV frame were closed to mimic the displaced shape of valve leaflets as seen in TAVI-in-
TAVI. This surface, which represents the device skirt and leaflets, was modelled at the
crimped phase of S3 deployment in the human model. For the Evolut PRO, the skirt was
included at end of TAVI-in-TAVI simulation by mapping the skirt surface on the stent frame
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and resolving potential overclosure by strain-free adjustments analysis in Abaqus\Explicit.
Skirts were meshed with triangular membrane elements with a thickness of 0.1 mm and were

then connected to the device frame using tie contact conditions.

Crimping of SAPIEN 3 under frictionless contact conditions was carried out using a
cylindrical surface gradually moved along the radial direction from the initial device
diameter of 23 mm to the final diameter of 6 mm. Then, the SAPIEN 3 Ultra device was
placed in the patient-specific model with an implantation depth of 5 mm whilst a restart
analysis was considered to account for the stress state resulting from the crimping numerical
analysis. For the sake of simplicity, expansion of SAPIEN 3 Ultra THV was performed by
radially displacing a cylindrical surface representing the wall of the expanding balloon.
Expansion was obtained by enlarging the balloon surface upon the device nominal diameter

of 23 mm (Figure 8.1 A-C).

After deploying the SAPIEN 3 Ultra, the Evolut Pro was positioned in the post-TAVI model
with an implantation depth of 9 mm and was then crimped with an approach similar to that
of first device. By pulling the sleeve towards the distal ascending aorta and releasing the
device, the Evolut Pro stent was gradually deployed into the first device to mimic the TAVI-
in-TAVI (Figure 8.1 D-F).

A parametric analysis of the redo-TAVI procedure was carried out by varying the
implantation depth and device size with respect to the baseline model Figure 8.2. The

following scenarios were therefore explored:

e 5-mm implantation depth for the 23-mm SAPIEN 3 Ultra and 9-mm implantation
depth for the 29-mm Evolut Pro (ie, the S3-in-Ev) - reference model as clinically
done by the Heart Team.

e 5-mm implantation depth for the 23-mm SAPIEN 3 Ultra and 16-mm implantation
depth for 29-mm Evolut Pro (ie, the S3-in-EvL) - low TAVI-in-TAVI implantation.

e 2-mm implantation depth for the 23-mm SAPIEN 3 Ultra and 9-mm implantation
depth for the 29-mm Evolut Pro (ie, the S3H-in-Ev) - high TAVI implantation.

e 5-mm implantation depth for the 23-mm SAPIEN 3 Ultra and 9-mm implantation
depth for the 26-mm Evolut Pro (ie, the S3-in-Ev26) - device undersizing of TAVI-
in-TAVI.
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(A) (B) (C)

(E) (F)

Figure 8.1: Different steps of S3 deployment from crimped configuration (A) to final implant (C);
Different steps of Evolut PRO deployment from crimped configuration (D) to final implant (F).
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S3-in-EvL S3-in-Ev26

Figure 8.2: Deformed shapes of redo-TAVI for (A) baseline model, (B) low Evolut Pro implantation
depth, (C) high S3 implantation depth, (D) Evolut Pro undersize.

For each scenario VTC distance was quantified, defined as the minimum distance between
the deployed valve - leaflet complex and the coronary ostia. Separate measurements were
obtained for the left main and right coronary arteries. VTC distance was extracted to serve
as a predictor of coronary obstruction risk and compared with the VTC distance measured

on CT-scans in order to test also the credibility of the computational models.

XVTC:?B mm

Figure 8.3: VIC distance calculations from CT images and simulation outputs.
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Simulations demonstrated that deeper implantation systematically reduced the VTC distance
by forcing the nitinol frame closer to the coronary ostia. Oversizing the second device
produced similar effects through radial overexpansion. Scenarios combining deep
implantation and oversizing resulted in the most critical reductions, with VTC distances
shortened by more than 30% relative to the baseline case, highlighting the risk of coronary

obstruction.

8.3 Hemodynamic Assessment through FSI

After the redo-TAVI simulation, the SPH modeling approach was used to quantify flow
circulating in coronary arteries. The blood was modelled as a Newtonian fluid characterized
by a density of 1060 kg/m?* and viscosity of 0.0035 Pa*s, using the pressure-density relation
governed by the linear Hugoniot equation of state (artificial sound speed of c0=145 m/s).
For particle discretization, the fluid domain confined by the aortic lumen was meshed with
unstructured tetrahedral elements for all redo-TAVI configurations. Flow motion was
generated by pressure boundary conditions exerted on the fluid volume by several rigid
plates located at the proximal and distal ends of the aortic wall and coronary arteries [20].
This allowed the development of a transmural pressure gradient across the device valve
leaflets according to physiological pressure waveforms generated by the beating heart. Tie
contact conditions were developed between the fluid and rigid plates to avoid separation
among parts. This allowed the transfer of the pressure applied to each rigid plate in fluid
motion. Using a predefined field in Abaqus, an initial fluid pressure of 80 mmHg was set for
the SPH particle. For coronary arteries, the rigid plates were loaded with a pressure
waveform identical to that of the distal aortic wall. However, we did not consider the systolic
increase in hydraulic resistance of the coronary circulation. The proximal end of the aortic
wall and coronary arteries was extended 5-fold the annulus diameter to reduce transient
effect during the simulated cardiac beat (time step of 0.8 s). The cardiac output was 5 L/min
assuming a systolic time of 0.3 s. The general contact algorithm in Abaqus/Explicit enabled

the FSI interaction between fluid particles and device valve leaflets.
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Figure 8.4: (A) SPH model with the aortic wall, extension and rigid plates for applying the boundary
conditions; (B) Pressure boundary conditions applied to each plate for simulating fluid motion.

For post-processing, particle flow data were mapped on a solid tetrahedral element mesh of
the fluid domain to analyze flow velocity in contour map instead of discrete particle point

collection.

The flow velocities over the cardiac beat were analyzed to investigate the flow circulating
in the coronary arteries after redo-TAVI (Figure 8.5). During peak systole, a central flow jet
from the opened device valve leaflets was observed while high flow velocities were noted at
the end of the deceleration phase when the valve is almost closed. Mid-diastole showed the
phase with the most pronounced coronary flow circulation (see Figure 8.5 E). A region of
high flow velocities was observed above the LCA ostium, suggesting that the increased flow
velocity is likely due to a narrowing region confined by the aortic wall and the Evolut device
skirt. The alignment of the leaflet commissures of Evolut Pro with those of the native aortic
valve ensured coronary circulation, thereby reducing the effect of the tall device skirt on

coronary obstruction.
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Figure 8.5: Flow velocities for the baseline model at different cardiac phases (A - F); velocities in
right coronary artery and left coronary artery are shown.

Figure 8.6 depicts the map of flow velocities at early-diastole (ie, just before valve closure)
for various implantation scenarios. The S3-in-Ev26 model had lower coronary flow
velocities than those observed in other models, likely due to the marked device size. The
model with low implantation depth of Evolut PRO in the S3 device (ie, S3-in-EvL)
highlighted high coronary flow velocities, while the model with high implantation depth for
the first device mainly altered the flow velocity of the RCA vessel.
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Figure 8.6: Flow velocities in the axial view for various redo-TAVI; (A)baseline model, (B) low
Evolut Pro implantation depth, (C) high S3 implantation depth, (D)Evolut Pro undersize at early
diastole just before valve closure.

8.3.1 Relationship between VTC distance and flow reduction

Figure 8.7 A illustrates the coronary flow percent changes for different models. A reduction
of coronary flows was observed for the S3-in-Ev26 model as compared to the pre-TAVI
stage. For the reference configuration (ie, S3-in-Ev), the LCA flow was reduced to 60% with
respect to pre-TAVI model, while the RCA flow remained relatively unchanged. At Pearson
correlation, a strong positive linear relationship of coronary flow percent with the VTC
distance was observed (see Figure 8.7 B). The VTC distance from the device frame to the
LCA ostia was positively correlated with LCA flow (R=0.86 and p=0.032), while the
correlation between VTC distance and RCA coronary flow was stronger (R=0.93 and

p=0.014).
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Figure 8.7: (A) Comparison of coronary flow percent between RCA and LCA in different
implantation configurations; (B) linear regression analysis between coronary flow percent and VCT
distance.
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8.4 Discussion and conclusion

In this chapter computational modeling was used to investigate the impact of redo-TAVI on
coronary flow as the placement of the second prosthetic valve in the degenerated device can
cause changes in the hemodynamics of the aortic root. The parametric analysis we conducted
revealed that variations in the implantation depth or device undersize can alter the flow
circulation compared to pre-TAVI flow analysis. We also discovered that the VTC distance,
used as a pre-procedural metric for patient risk stratification, correlates with the amount of
flow circulating in the coronary arteries. While this study is limited to this specific patient
case, the identification of design and positioning strategies that optimize coronary flow has
the potential to enhance the clinical outcomes of redo-TAVI procedures and mitigate the risk

of adverse events.

Coronary artery obstruction is four times more common for valve-in-valve deployment when
compared to traditional TAVI, as the leaflets of the degenerated THV become tilted vertically
by the second device, creating a cylindrical covered stent frame [85]. Thus, redo-TAVI may
be unfeasible in a significant proportion of patients, especially those treated with a tall frame
like the Evolut Pro during the initial procedure. To minimize the likelihood of coronary
obstruction, safety imaging guidelines based on geometric factors of the patient's aortic root
were introduced [86, 87]. For THV in failed aortic bioprostheses, a short VTC distance
evaluated by CT (<4 mm) was found as a predictor of complications in redo-TAVI [88]. The
permanent displacement of the first implanted THV may lead to coronary obstruction with
a mechanism similar to transcatheter mitral valve replacement, where the device displaces
permanently the anterior mitral valve leaflets towards the intraventricular septum [73, 89].
This leads to a narrowing of left ventricular outflow tract, which can ultimately lead to
hemodynamic impairment. For this reason, Khan et al. [90] have proposed a percutaneous
treatment using an electrosurgical catheter to lacerate the pericardial tissue of the first device
and thus restore the coronary access. This solution was indeed elaborated on the basis of the
LAMPOON procedure [91], which lacerates the anterior mitral valve leaflet to prevent
outflow obstruction in transcatheter mitral valve replacement. During diastole, coronary
perfusion is reliant on the pressure drop between the myocardial tissue and the coronary ostia
of the aortic root wall. The flow field near the device closing valve leaflets and coronary
resistance have been shown to impact this pressure difference, as demonstrated by Wald et

al. [38].
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Several computational studies have examined the effects of various procedural factors on
TAVI configuration, including the implantation depth and tilt angle [25], the utilize of self-
expanding devices [23, 92] or balloon-expandable devices [21]. Additionally, simulations
were used to examine the efficacy and safety of TAVI in patients at high risk or with bicuspid
aortic valves [20, 93]. However, there remains a dearth of computational studies focused on

evaluating coronary flow in TAVI procedures.

Our findings indicate that there is a positive correlation between VTC distance and coronary
flow (i.e., the larger the VTC distance, the higher the coronary flow). This relationship is
reasonable since patient geometry was not altered in this study, and thus the impact of sinus

anatomy on coronary obstruction was not considered.

While Chapter 8 explored a parametric analysis of redo-TAVI configurations, examining
how variations in implantation depth and prosthesis size influence device interaction and
coronary flow, the following Chapter 9 focuses on a novel transcatheter strategy aimed at
improving redo-TAVI outcomes. Specifically, this chapter investigates a procedure in which
the leaflets of the first implanted THV are explanted prior to deploying the second valve,
with the objective of enhancing expansion of the new prosthesis and reducing the risk of

coronary obstruction.
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Chapter 9

9. Transcatheter Leaflet Resection prior to redo-TAVI
This chapter explores the concept of transcatheter leafletresection as a strategy to overcome
the challenges of redo-TAVI. With the expansion of TAVI to younger patients and those with

longer life expectancy, the likelihood of repeat interventions is rising.

One of the major challenges in redo-TAVI interventions is the interaction between the new
THV and the previously implanted device, particularly when the first valve has undergone
structural degeneration. Calcification of the degenerated TAVI leaflets can lead to
asymmetric expansion of the second valve, resulting in suboptimal hemodynamic
performance, increased paravalvular leak, and altered coronary flow dynamics. To address
these challenges, novel strategies such as leaflet resection prior to second-valve implantation

have been proposed to enhance the expansion and function of the new device [94, 95].

In this study, a patient-specific computational approach was used to evaluate the
biomechanical and hemodynamic performance of a redo-TAVI procedure with and without
leaflet resection. FEA and SPH simulations were employed to assess the expansion,
eccentricity, and hemodynamic efficiency of a second S3 or Evolut PRO valves implanted
inside a previously deployed S3. By comparing standard redo-TAVI implantation with a
scenario in which the calcified leaflets of the first valve were virtually resected, this study
aims to provide insights into the mechanical and fluid dynamic advantages of leaflet removal

in redo-TAVI procedures.

9.1 Clinical motivation and technological innovation

Redo-TAVI is associated with distinct mechanical and hemodynamic challenges compared
with native TAVI. The previously implanted valve introduces a rigid cage and degenerated
leaflets that modify the compliance of the aortic root and alter coronary access. Calcification
in particular leads to localized resistance against frame expansion, resulting in bulging at
inflow or outflow levels and incomplete stent - wall apposition. These features have been

linked to higher transvalvular gradients and reduced EOA.

Leaflet resection aims to eliminate this barrier by mechanically removing calcified valve

tissue while preserving the structural support of the skirt and commissures.
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From a procedural standpoint, the System is conceived with three main components working

in different successive phases.

1. A Temporary Valve is opened into the degenerated THV, ensuring hemodynamic
support and stabilizing the patient throughout the procedure

2. The Grasping System, part of the Temporary Valve stent, can capture the three
degenerated leaflets with one mechanical movement (managed by the delivery
system handle). At the same time, grasping ensures coaxial traction of the leaflets
during the resection.

3. The Resection System grants the mechanical cut of the three leaflets, leaving a small
tissue margin between the commissures, which are used to anchor the new TAVI.

(this procedure belongs to a patent — with permission of Tresquare technologies).

Resection System
Temporary Valve Grasping System with circular cutting profile

Bio-prosthesis with Complete removal TAVI-in-TAVI
degenerated leaflets of degenerated leaflets

Figure 9.1: Resection procedure workflow. This procedure belongs to a patent, with
permission from Tresquare technologies.

This minimally invasive strategy conceptually offers an alternative to surgical valve
explantation, with the potential to improve device expansion, reduce transvalvular gradients,
and mitigate the risk of coronary obstruction in redo-TAVI procedures, all while avoiding

the morbidity associated with open-heart surgery.

9.2 Computational framework for evaluating leaflet resection

To investigate the biomechanical and hemodynamic benefits of leaflet resection, a patient-
specific computational modeling pipeline was established. The TAVI FEA simulation was

performed according to paragraphs 6.3.1.

To simulate the redo-TAVI procedure, an additional computational simulation was
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performed. Prior to the deployment of the second S3 valve, a calcification pattern was
reconstructed on the leaflets of the first implanted S3, using a mid-range distribution of

calcification to replicate S3 structural degeneration (Figure 9.2) [96].

Figure 9.2: Pattern of calcification virtually generated on S3 device.

The second S3 was positioned at the outflow of the initial implant, and all procedural steps
from the first TAVI simulation were replicated to implant the new device above the pre-
existing one.
The redo-TAVI procedure was simulated under two conditions: first, with the calcified S3
leaflets, and second, following a virtual resection process. The resection aimed to remove
calcified tissue while preserving the commissures and the leafletregions attached to the skirt.
This process was implemented in Rhinoceros by generating a cylindrical geometry centered
on the leaflets and applying a Boolean splitting operation between the cylinder and the
leaflets. The resected leaflets were then meshed and reintroduced into the computational
model for the redo-TAVI simulation. Contact interactions were defined between the stent
frame of the second S3 and all components of the THV to accurately simulate anchoring
mechanics (Figure 9.3 A — B).
The workflow was then extended to explore redo-TAVI scenarios involving the Evolut PRO
valve, following the methodology outlined in paragraph 8.2.2 (Figure 9.3 C — D).
The complete set of simulated scenarios included:

e 23 mm S3 implanted in 23 mm S3 (Figure 9.4 — 1)

e 23 mm S3 implanted in 26 mm S3 (Figure 9.4 — 2)

e 26 mm S3 implanted in 26 mm S3 (Figure 9.4 — 3)

e 26 mm Evolut PRO implanted in 26 mm S3 (Figure 9.5 — 1)

e 29 mm Evolut PRO implanted in 26 mm S3 (Figure 9.5 — 2).
Each simulation was performed in two different conditions (without leaflet resection and
with leaflet resection).

Eccentricity and expansion indices were derived from the simulation results and explore the
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benefits of resection procedure. The eccentricity index was computed as follows: [1 —
(minimum external TAV diameter/maximum external TAV diameter)] x 100 while the
expansion index was expressed in relation to nominal prosthesis size as follows: (observed
TAYV external area/ device area nominal size) x 100. Both indices were measured at three
distinct heights along the valve structure: inflow, mid, and outflow levels.

For each structural simulation, a corresponding SPH analysis was performed following the
procedure described in paragraphs 6.3.2. These hemodynamic simulations used the post-
deployment geometry extracted from the finite element analysis and incorporated patient-
specific cuff pressures to ensure physiologically meaningful inflow conditions (Figure 9.6).
Key outcome measures, EOA (calculated with the Gorlin equation) and TPG were computed

according to ISO 5840-1 guidelines.

(A) (B) (C) (D)

Figure 9.3: Different steps of redo-TAVI with S3 — in — 83 scenario (A — B),; Evolut — in — S3
scenario (C — D).
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Figure 9.4: All S3-in-S3 scenarios explored,; (14) First TAVI with S3 of 23 mm, (1B) 23-in-23 redo-
TAVI, (1C) 23-in-23 redo-TAVI after resection of first THV; (24) First TAVI with S§3 of 26 mm, (2B)
23-in-26 redo-TAVI, (2C) 23-in-26 redo-TAVI after resection of first THV; (34) First TAVI with S3 of
26 mm, (3B) 26-in-26 redo-TAVI, (3C) 26-in-26 redo-TAVI after resection of first THV.

(1A)

(2A) (2B)

Figure 9.5: All Evolut-in-S3 scenarios explored; (14) First TAVI with S3 of 26 mm, (1B) 26 Evolut-
in-26 redo-TAVI, (1C) 26 Evolut-in-26 redo-TAVI after resection of first THV, (24) First TAVI with

S3 of 26 mm, (2B) 29 Evolut-in-26 redo-TAVI, (2C) 29 Evolut-in-26 redo-TAVI after resection of first
THYV.
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Figure 9.6: Different steps of SPH simulation across one cardiac cycle; from (A) at the beginning
of systole, (B) peak systole, (C) diastole and (D) late diastole.

9.3 Results

A direct one-to-one comparison between each redo-TAVI configuration with and without

leaflet resection revealed a consistent and measurable improvement across all investigated

performance metrics. In every scenario, the presence of calcified leaflets inside the first

implanted valve acted as a mechanical constraint, limiting the ability of the second prosthesis

to expand symmetrically. When the calcified cusps were

hemodynamic conditions improved systematically.
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Figure 9.10: Results in terms of Expansion index and Eccentricity for S3-in-S3 scenarios;
specifically (A) 23-in-23, (B) 23-in-26, (C) 26-in-26.
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Figure 9.11: Results in terms of EOA and TPG for S§3-in-S3 scenarios, specifically (A) 23-in-23,

(B) 23-in-26, (C) 26-in-26.

From a structural perspective, leaflet resection produced a notable reduction in stent

eccentricity, reflecting a more uniform expansion of the second device and a closer

interaction with the surrounding frame. This improvement was closely associated with a

higher overall expansion of the implanted valve, particularly in configurations where the

initial prosthesis imposed significant geometric restriction. The reduction of asymmetric

loads and localized resistance allowed the second THV to achieve a deployment profile

closer to its intended circular design.
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Figure 9.12: Results in terms of Expansion index and Eccentricity for Evolut-in-S3 scenarios;

specifically (A) 26Evolut-in-23, (B) 29Evolut-in-26.
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Figure 9.13: Results in terms of EOA and TPG for Evolut-in-S3 scenarios; specifically (4)
26Evolut-in-23, (B) 29Evolut-in-26.

These mechanical improvements translated directly into enhanced hemodynamic
performance. In all corresponding pairs of simulations, leaflet resection led to an increase in
EOA, indicating a larger functional opening for blood flow. This improvement was most
pronounced in small-frame redo procedures, where residual leaflet tissue would otherwise
occupy a substantial portion of the flow channel. Consistently, the TPG decreased across all
resected configurations, demonstrating a reduction in flow resistance and a restoration of

more physiological pressure recovery.

9.4 Discussion and conclusion

This study explores the feasibility and potential benefits of transcatheter leaflet resection
before redo-TAVI procedures. Current redo-TAVI techniques face limitations due to the
presence of calcified leaflets, which can impede optimal valve expansion and contribute to
PPM and coronary obstruction [97]. To address these challenges, a novel catheter-based
cutter was developed to remove the leaflets of the previously implanted transcatheter valve
before the second valve implantation. FEA and SPH simulations were employed to evaluate
the mechanical and hemodynamic performance of this approach. The results demonstrated
improved valve expansion, reduced eccentricity, and enhanced hemodynamic function
compared to conventional redo-TAVI procedures. This innovation has the potential to
significantly improve redo-TAVI outcomes by ensuring a more symmetrical expansion and

minimizing complications.

Different scenarios were explored to cover a broad spectrum of redo-TAVI conditions
encountered in clinical practice. The S3-in-S3 configurations reproduce typical redo

procedures, where a device of equal or slightly larger size is used to manage structural
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degeneration of the first prosthesis. The Evolut-in-S3 scenarios reflect a strategy commonly
adopted when improved hemodynamic performance is desired: the supra-annular design of
the Evolut PRO valve and its ability to expand within larger internal diameters can enhance

flow capacity, which is particularly beneficial in smaller or underexpanded first implants.

From a biomechanical standpoint, a larger internal diameter provides increased leaflet
opening area, which generally leads to a higher EOA and lower TPG. This relationship is
well established clinically and represents a key motivation for selecting larger valves in redo-
TAVI, especially in patients with elevated gradients or PPM. The possibility of increasing
the valve expansion during redo-TAVI after the resection of the first implanted THV

represents a gold option to solve this limitation.

The BASILICA technique is currently one of the most used approaches to mitigate coronary
obstruction in redo-TAVI procedures [98, 99]. While BASILICA effectively splits the
leaflets, it does not remove them entirely, leaving residual tissue that can contribute to PPM
and suboptimal valve expansion. The presence of residual leaflet material may also interfere

with optimal hemodynamic function and long-term durability of the implanted valve.

Navarraet al. [100] presents a novel approach to native aortic valve resection using a circular
blade-based device. This study, conducted on surgical aortic valve replacement candidates,
evaluated the feasibility and efficacy of a resection tool equipped with a foldable blade
designed to efficiently remove the native aortic valve while preventing debris embolization.
The device effectively captured and removed the leaflets without significant complications,
making it a promising advancement in valve resection for surgical applications. However,
this approach remains surgical rather than transcatheter, limiting its use in minimally
invasive procedures. The present study introduces a new concept: a fully transcatheter device
designed to remove the leaflets of the previously implanted TAVI prosthesis before redo-
TAVI. Unlike traditional surgical leaflet resection methods, this innovative approach
employs a catheter-based cutter for resection of degenerated leaflets prior to the implantation
of a second TAV. This advancement seeks to address key issues associated with TAV-in-TAV
procedures, including restricted expansion due to calcified leaflets and potential coronary
obstruction. By removing the existing leaflets, the new valve can expand more

symmetrically, reducing eccentricity and optimizing hemodynamic performance.
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10. Conclusions

This thesis presented an integrated and comprehensive framework for patient-specific
computational modeling of TAVI, addressing multiple levels of complexity—from
anatomical reconstruction and device deployment mechanics to hemodynamics, virtual
population analysis, and model credibility assessment. As TAVI continues to expand toward
younger and more heterogeneous patient populations, the ability to generate accurate,
validated, and reproducible computational predictions becomes increasingly important for

supporting device innovation, pre-procedural decision-making, and regulatory acceptance.

The contributions of this thesis span four major domains: patient-specific anatomical
modeling and segmentation accuracy, SSM and virtual cohort generation, high-fidelity
structural and hemodynamic simulation of TAVI, and UQ and advanced applications
including redo-TAVI and leaflet resection. Together, these developments form a robust

computational ecosystem for the study and prediction of TAVI outcomes.

First, the thesis established a rigorous evaluation of segmentation accuracy, demonstrating
that voxelization introduces only marginal geometric deviations, while segmentation
methodology constitutes the major source of geometric uncertainty. These findings
underscore the need for standardized segmentation protocols to ensure reproducibility of
patient-specific models, a key prerequisite for the deployment of in silico tools in clinical

and regulatory environments.

Second, a SSM of the calcified aortic root was created to quantify morphological variability
and to generate a virtual cohort of anatomies representative of a real TAVI population. By
integrating principal component analysis with machine learning methods, the study
demonstrated that shape-derived features can reliably predict clinical parameters such as
transvalvular pressure gradient and optimal prosthesis sizing. This research highlights the
feasibility and value of in-silico trials, where synthetic populations can augment clinical
datasets, explore rare anatomies, and support device evaluation across wide morphological

scenarios.

Third, the thesis developed an advanced patient-specific FEA and SPH platform capable of
simulating the complete TAVI procedure, including crimping, deployment, device - tissue
interaction, and post-deployment blood flow. The framework integrates detailed device
modeling, automated positioning algorithms, inverse-calibrated material properties, and

physiological boundary conditions, offering a high-fidelity tool for investigating both
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mechanical and hemodynamic responses. This modeling environment was validated against
clinical data, demonstrating strong predictive capabilities for structural outcomes and

identifying limitations in hemodynamic prediction accuracy.

Fourth, the work incorporated a complete VVUQ analysis following the ASME V& V40
standard. Sensitivity analyses revealed that device material properties and balloon expansion
volume dominate the mechanical response, while hemodynamic outcomes are driven
primarily by physiological parameters such as heart rate, pressure waveforms, and flow
velocity. The risk-informed validation approach confirmed strong agreement between
simulated and clinical device expansion, while highlighting remaining challenges in the
accurate prediction of EOA and TPG. These findings represent an important contribution to

establishing regulatory-grade computational models for TAVI.

Finally, two advanced applications were investigated: a parametric study of redo-TAVI,
quantifying how implantation depth, device size, and interactions between multiple THV
frames affect coronary flow and VTC distance; a novel transcatheter leaflet resection
strategy designed to improve redo-TAVI outcomes. Computational results demonstrated that
resection of degenerated leaflets promotes more symmetric expansion, reduces eccentricity,
and improves hemodynamic performance, suggesting a promising minimally invasive

alternative to mitigate PPM and coronary obstruction.

The proposed computational framework is designed as a decision-support tool that
complements clinical judgment. Its main clinical application concerns complex and
borderline cases and redo-TAVI procedures, where valve-in-valve interaction may affect
device expansion or compromise coronary access. In these situations, patient-specific
simulations can provide additional insight that cannot be fully obtained through conventional
imaging alone. To support this intended use, a high level of rigor was adopted during the
credibility assessment. In accordance with the ASME V&V40 standard, the model was
validated against clinical data with a target difference between predicted and measured

quantities below 5%.

Overall, this thesis demonstrates that computational modeling can serve as a credible,
efficient, and clinically relevant complement to traditional TAVI evaluation methods,

supporting both device development and personalized treatment planning.
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11. Appendix
Appendix I

Pareto plot showing sensitivity of model inputs on the output device diameter for the 23 mm
S3 device (Case #2) and 26 mm S3 device (Case #4) at different cross-sections (A-F); Note:
Ball Exp= balloon expansion; C1 _Calc =Neo-Hookean material parameter of calcification;
C1_Aorta = Neo-Hookean material parameter of aortic wall; Depth = implantation depth;
S3_E = Young’s modulus of S3 device; Thk = aortic wall thickness.
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Pareto plot showing sensitivity of model inputs on both EOA and TPG device (A-D)
diameter for the 23 mm S3 device (Case #2) and 26 mm S3 device (Case #4); Note: Ball Exp
= balloon expansion;, Cl _Calc = Neo-Hookean material parameter of calcification;
C1_Aorta = Neo-Hookean material parameter of aortic wall; Depth = implantation depth;
HR = heart rate; Pdias = diastolic pressure; Psys = systolic pressure; S3_E = Young’s
modulus of S3 device; S3_Flow = S3 flow velocity; Thk = aortic wall thickness.
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Appendix II

CDF curves for both clinical and in-silico data of the device diameter showing the area
metric and its value confined by the two CDF curves (grey area) computed for both 23 and
26 mm S3 devices of Case #2 and Case #4 models (A-F).

(A) 53 (D) | 26 mm
10 1.0
m—— |n-Silico Predictions
08 e Clinical Measurements 4 08
Area Metric = 3.18%
- 0F e - —_ L.
§ : M é 06
w L (L ! w
O 04 Inflow . ] 8 o4l
"""""""""" mm |n-Silico Predictions
= Clinical Measurements
02 b i 4 02t Area Metric = 2.08%
19 20 21 22 23 24 24 25 26 27 28 29
Inflow Diameter {(mm) Inflow Diameter (mm)
1.0 T T T T T 10 . .
—— In-Silico Predictions ! !
sl — Clinical Mea surements —— In-Silico Predictions
. Area Metric = 13.00% 0.8 { s Clinical Measurements |-
Area Metric = 2.93%
= L g
[’ |
(=] \...._(I__’___Ml_q_ | '-n'-
O 04 8 .0
0.2 02 L.
0.0 - - 0.0 I I I
12 14 16 16 20 22 24 29 23 24 25 2 27
Mid Diameter (mm) Mid Diameter (mm)
1.0 T T T T T 10
— In-Silico Predictions 14 !
s Clinical Mea surements / m |n-Silico P redictions
08 - ¥ i 0.8 [{ === Clinical Measurements
Area Metric = 8.83%
- - Area Metric = 3.67%
= 06 - Outflaw . -
T 08 [ e OUITON T 08
L & [’
x| 89 "
O 04+t O 04
02 02
0.0 : i i 00 H alll . |
19 20 21 22 23 24 25 23 24 25 26 27 28
Qutflow Diameter (mm) Outflow Diameter (mm)

99



CDF curves for both clinical and in-silico data of both EOA and TPG showing the area metric
and its value confined by the two CDF curves (grey area) computed for both 23 and 26 mm
S3 devices of Case #2 and Case #4 models (A-D).
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