
Academic Editor: Ignatios Ikonomidis

Received: 12 December 2024

Revised: 12 January 2025

Accepted: 17 January 2025

Published: 27 January 2025

Citation: Mutlu, O.; Mazhar, N.;

Saribay, M.; Yavuz, M.M.; Ozturk, D.;

Ghareeb, A.N.; Alnabti, A.; Yalcin, H.C.

Finite Element Analysis of Evolut

Transcatheter Heart Valves: Effects of

Aortic Geometries and Valve Sizes on

Post-TAVI Wall Stresses and

Deformations. J. Clin. Med. 2025, 14,

850. https://doi.org/10.3390/

jcm14030850

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Finite Element Analysis of Evolut Transcatheter Heart Valves:
Effects of Aortic Geometries and Valve Sizes on Post-TAVI Wall
Stresses and Deformations
Onur Mutlu 1 , Noaman Mazhar 1 , Murat Saribay 2, Mehmet Metin Yavuz 3 , Deniz Ozturk 4,
Abdel Naser Ghareeb 5,6 , Abdulrahman Alnabti 5,* and Huseyin Cagatay Yalcin 1,7,8,*

1 Biomedical Research Center, QU Health, Qatar University, Doha 2713, Qatar; onurmutlu94@gmail.com (O.M.);
noaman.mazhar@qu.edu.qa (N.M.)

2 Mechanical Engineering Department, Istanbul Bilgi University, Istanbul 34050, Turkey;
murat.saribay@bilgi.edu.tr

3 Mechanical Engineering Department, Middle East Technical University, Ankara 06800, Turkey;
ymetin@metu.edu.tr

4 Medividia, 3020 Herent, Belgium
5 Heart Hospital, Hamad Medical Corporation, Doha 3050, Qatar; nasergharib@yahoo.com
6 Faculty of Medicine, Al Azhar University, Cairo 11884, Egypt
7 Department of Biomedical Science, College of Health Sciences, QU Health, Qatar University, Doha 2713, Qatar
8 Department of Mechanical and Industrial Engineering, Qatar University, Doha 2713, Qatar
* Correspondence: abdulrahmandakheel@gmail.com (A.A.); hyalcin@qu.edu.qa (H.C.Y.);

Tel.: +974-4403-7719 (H.C.Y.)

Abstract: Background/Objectives: For transcatheter aortic valve implantation (TAVI) ther-
apy, a catheter-guided crimped valve is deployed into the aortic root. Valve types such as
Edwards balloon-expandable valves and Medtronic self-expandable valves come in different
sizes and are chosen based on patient-specific aortic anatomy, including aortic root diameter
measurement. Complications may arise due to variations in anatomical characteristics and
the implantation procedure, making pre-implantation assessment important for predicting
complications. Methods: Computational modeling, particularly finite element analysis
(FEA), has become popular for assessing wall stresses and deformations in TAVI. In this
study, a finite element model including the aorta, native leaflets, and TAVI device was used
to simulate procedures and assess patient-specific wall stresses and deformations. Results:
Using the Medtronic Evolut R valve, we simulated TAVI for 14 patients to analyze the effects
of geometrical variations on structural stresses. Virtual TAVIs with different valve sizes
were also simulated to study the influence of TAV size on stresses. Our results show that
variations in aortic wall geometries and TAV sizes significantly influence wall stresses and
deformations. Conclusions: Our study is one of the first comprehensive FEA investigations
of aortic geometrical variations and valve sizes on post-TAVI stresses, demonstrating the
non-linear relationship between aortic dimensions, TAV sizes, and wall stresses.

Keywords: transcatheter aortic valve implantation; finite element analysis; aortic stenosis;
Evolut-R; contact pressure; von Mises stresses; ABAQUS

1. Introduction
Among the most critical cardiovascular diseases (CVDs) are diseases related to the

heart valves, particularly the aortic valve (AV). Aortic stenosis (AS) is characterized by
the narrowing of the AV’s fully opened state during the systolic phase. This defect can
either be congenital or develop later in life [1]. AS restricts the opening of the AV during

J. Clin. Med. 2025, 14, 850 https://doi.org/10.3390/jcm14030850

https://doi.org/10.3390/jcm14030850
https://doi.org/10.3390/jcm14030850
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0001-8134-9068
https://orcid.org/0000-0001-6707-2728
https://orcid.org/0000-0002-9491-4115
https://orcid.org/0000-0001-9885-6648
https://orcid.org/0000-0003-3825-9934
https://doi.org/10.3390/jcm14030850
https://www.mdpi.com/article/10.3390/jcm14030850?type=check_update&version=2


J. Clin. Med. 2025, 14, 850 2 of 21

ventricular systole, obstructing forward flow and causing pressure overload in the left
ventricle. Moreover, diseased AV leaflets cannot completely close during ventricular
diastole, causing regurgitation of blood flow to the left ventricle. While surgical valve
repair is feasible for a severely damaged or non-functioning AV, the use of a prosthetic
heart valve is a primary treatment option for the significant majority of patients [2].

Prosthetic AVs are grouped into mechanical and bioprosthetic heart valves (MHVs and
BHVs, respectively). MHVs are composed of pyrolytic carbon and metal alloys, whereas BHVs
are constructed from biologically sourced, exogenously cross-linked, soft collagenous tissue
to form leaflet biomaterials, frequently sutured to a rigid stent [3]. Conventionally, MHVs
or BHVs are surgically implanted via invasive open-heart surgery. However, transcatheter
aortic valve implantation (TAVI) was introduced two decades ago as a minimally invasive
alternative for the implantation of new-generation BHVs [4]. Here, a stented BHV is implanted
into the aortic root with degenerative native leaflets. Placement trials of transcatheter aortic
valves (TAVs) have demonstrated the superior effectiveness of TAVI in reducing short- and
medium-term mortality. This has resulted in the establishment of TAVI as a new revolutionary
treatment in the last decade, with a growing emphasis on its safety and efficacy [5]. Currently,
there are two categories of TAVs in clinical practice: balloon-expandable valves and self-
expandable valves. Balloon-expandable valves employ a stent composed of elastoplastic
metal, while self-expandable valves are furnished with a nitinol super-elastic alloy [6].

The Medtronic CoreValve and Evolut-R are self-expanding TAVs. They have a tubular
form skirt inflow and three flexible leaflets of porcine pericardium sutured onto a stent.
The laser-cut stent consists of diamond-shaped cells with varying patterns along the axis.
The three available sizes of CoreValve are Size 26, 29, and 34. These sizes are recommended
for aortic annulus diameters of 20–23 mm, 23–26 mm, and 26–29 mm, respectively. The
Evolut-R is offered in four sizes. Sizes 23, 26, 29, and 34 are recommended for aortic annulus
diameters of 18 to 20 mm, 20 to 23 mm, 23 to 26 mm, and 26 to 30 mm, respectively. For
a successful TAVI, the implanted valve should attach to the aortic wall well while not
causing excessive mechanical stress on the annulus from the stent. A small valve implant
can result in valve migration and paravalvular leakage, whereas a large valve implant can
cause conduction problems and annular rupture [7,8]. Hence a reliable patient-specific
mechanical assessment for the interaction of the TAV with aortic wall is needed that may
be used for prediction of possible complications at a pre-operative stage.

Finite element analysis (FEA) is a very useful approach for the virtual surgery of TAVI
in a patient-specific manner for mechanical assessment of TAV attachment on the aortic
root. This technique can be used to assess different TAVs for a specific patient to identify
the optimal valve with improved outcomes. Several mechanical stress parameters such as
contact pressure from TAV stent on the aortic wall and von Mises stresses on the aortic wall
can be calculated with this analysis [9,10]. These stresses should not be too low so that the
TAV stent attaches properly on the wall, but also should not be too high, so as to not induce
conduction abnormalities [11,12]. Using FEA virtual implantation of multiple TAV sizes
simultaneously enables the calculation of the mechanical stresses on the patient’s aortic
wall and native leaflets of these devices, allowing researchers to optimize TAVs [13–15].
Some recent FEA studies have focused on the determination of TAV stent contact areas
on walls to assess anchoring [16,17], while others have shown interest in the computation
of contact pressures on the aortic root to assess the risk of conduction problems [18,19]
and structural stresses on the leaflets to assess the risk of tissue degeneration [20–22] for
different valve designs and different implant depth positioning.

Since there are multiple-size TAVs for different brands, it is preferable to compare
different-size valves in a patient-specific manner before TAVI. Smaller valves are expected
to prevent conduction anomalies but may migrate, whereas larger valves can attach well
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but may cause conduction problems due to excessive pressure. In this study, retrospective
data for patients enrolled in the Hamad Heart Hospital TAVI program were included for
a comprehensive FEA examination of TAVI. Medtronic Evolut-R implanted cases were
investigated since this valve type has been the most commonly used valve in the hospital.
By comparing the results of patients who had the same type and size of valves implanted,
we aimed to investigate the influence of patient-specific anatomical aortic geometrical
variations on TAVI wall stresses. For each patient, in addition to the actually implanted
valve simulations, we also virtually implanted a smaller valve and a larger valve to study
the effect of valve size on aortic wall mechanics in a patient-specific manner. Our results
showed the extreme importance of aortic geometrical variations for post-TAVI stresses, as
well as the non-linear relation of aortic dimensions, TAV sizes, and post-TAVI wall stresses.

2. Materials and Methods
An FEA requires a set of inputs before proceeding with the solver step. These in-

puts include geometry, material properties, meshing, and other FEA information such as
boundary, load, and contact conditions. In this section, the input preparation in a TAVI FE
simulation will be explained in detail.

2.1. Generation of Model Geometries

To simulate a TAVI procedure with FEA, it is necessary to accurately model and
assemble several components. To perform an FE simulation of the Evolut-R TAV, it is
necessary to obtain the geometries of the aorta, native leaflets, stent, skirt, and prosthetic
leaflets. This chapter provides an overview of the process of obtaining patient-specific
geometries as a first step. Furthermore, the parametric modeling of native leaflets and the
step-by-step modeling of the Evolut-R TAV are addressed.

2.1.1. Extended Aortic Root and Descending Aorta Geometry Generation

Computed tomography (CT) images of 14 patients who underwent TAVI treatment at
the Hamad Medical Corporation—Heart Hospital (HMC-HH) were included in the study.
Both the collection of CT images and further analysis were carried out under IRB ethical
approval obtained from HMC–HH (MRC-03-21-461). The study population comprised 10 male
patients and 4 female patients. The average ages were 79 and 72 for male and female patients,
respectively. The youngest and oldest patients in the male group were 60 and 93 years old,
respectively. On the other hand, the youngest and oldest female patients were 67 and 81 years
old, respectively. Main characteristics of the study cohort is summarized in Table 1.

Table 1. Characteristics of the subjects in the study cohort.

Patient Age Sex BMI Degree of Calcification TAV Size (mm)

P1 60 M 26.0 moderate 26
P5 87 M 27.0 severe 26
P6 87 M 23.7 severe 26
P9 70 F 27.3 severe 26
P10 92 M NA severe 34
P11 75 M 34.6 severe 34
P12 76 M 31.7 severe 29
P13 67 F 30.1 severe 26
P14 75 M 27.6 severe 29
P15 93 M 24.8 severe 29
P16 69 F 51.4 severe 29
P17 85 M 33.2 severe 26
P18 81 F 40.7 severe 26
P19 61 M NA severe 29
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Among the included cases, 7 were implemented with a 26 mm valve size, 5 with a
29 mm valve size, and 2 with a 34 mm valve size. Obtained CT images (Figure 1a) were
segmented (Figure 1b) using the open-source 3D Slicer (version 5.2.1, Slicer community,
www.slicer.org) software. After that, aorta geometries in “.stl” format were re-meshed and
reconstructed using the Mesh Mixer (version 3.5, Autodesk, Inc., San Rafael, CA, USA)
software. Finally, the patient geometries in the “.stl” format were reconstructed again to
obtain a combination of the extended aortic root and ascending aorta, then were converted
to solid and surface geometries (Figure 1c) suitable for FEA analysis using SpaceClaim (ver-
sion 19.2, Ansys, Inc., Canonsburg, PA, USA) software. Although the aorta was exported
and used as a surface geometry, a uniform thickness value of 2 mm [23–26] was assigned
by using the Abaqus (version 2023; Dassault Systèmes Simulia Corp., Johnston, RI, USA)
section assignment manager to have a final volume geometry.
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In general, it is very difficult to segment the aortic leaflets from CT images due to 
their extremely thin structures and variable wall thicknesses. Therefore, the 
echocardiography technique is commonly used to accurately extract the shape and 
position of the aortic valve leaflets [21,22]. However, in the absence of echo images, the 
native leaflet is modeled using AV-related anatomical measurements [23,25,27]. In the 
current case, a parametric native leaflet modeling approach was adapted for all patient-
specific cases due to the absence of echo images in most patients. Here, the parametric 
native leaflet geometry shown in Figure 2a was generated based on the information given 
in the literature. In this approach, valve size parameters depended on the annulus radius 
for each patient. Hence, four different parametric native valve geometries were designed 
using Solid Works (version 2024; Dassault Systèmes SolidWorks Corporation, Waltham, 

Figure 1. Aorta geometry generation (a) Patient-specific CT images, (b) 3D geometry segmentation
using 3D Slicer software, and (c) final volume and surface geometries for FEA.

2.1.2. Native Leaflet Geometry Generation

In general, it is very difficult to segment the aortic leaflets from CT images due to their
extremely thin structures and variable wall thicknesses. Therefore, the echocardiography
technique is commonly used to accurately extract the shape and position of the aortic valve
leaflets [21,22]. However, in the absence of echo images, the native leaflet is modeled using
AV-related anatomical measurements [23,25,27]. In the current case, a parametric native
leaflet modeling approach was adapted for all patient-specific cases due to the absence
of echo images in most patients. Here, the parametric native leaflet geometry shown in
Figure 2a was generated based on the information given in the literature. In this approach,
valve size parameters depended on the annulus radius for each patient. Hence, four
different parametric native valve geometries were designed using Solid Works (version
2024; Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA), using an annulus
radius of 14 mm, 15 mm, 16 mm, and 17 mm, respectively. A uniform leaflet thickness of
0.5 mm was implemented, similar to previous studies [21–26]. For each studied case, a
slightly larger size of the parametric valve leaflets’ annular size was chosen according to
the diameter of the aortic annulus. For placing the native leaflets, first, a plane was added
to the ventriculo-aortic junction (Figure 2b), starting from the lower part of the sinus of
Valsalva and intersecting the aortic annulus; then, the sinus of Valsalva was aligned with
the midline of the leaflet of the parametric valve. To obtain the final shape, the parametric
leaflet sections located outside the aorta were trimmed using the surface of the aorta.
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Figure 2. (a) The parametric native valve geometry design: Geometrical parameters (mm) of the
native leaflets taken from the literature [28] are indicated with the red color, and the generated
parametric native leaflets in different annulus diameters (14 mm, 15 mm, 16 mm, and 17 mm,
respectively). (b) The placement process of the parametric native valve geometry into the aortic root.

2.1.3. TAV Geometry Generation

To generate a realistic TAV geometry, high-resolution micro-CT scanning can be imple-
mented [21,22,24–26,29]; however, this technology has limitations such as high cost and
accessibility. Even with high-resolution micro-CT, the skirt and prosthetic valves of the
TAV device cannot be fully segmented. Therefore, a frequently preferred method was
chosen to generate the 3D geometries of the 23 mm, 26 mm, 29 mm, and 34 mm Medtronic
Evolut-R TAV parts (stent, skirt, and prosthetic leaflets) as shown in Figure 3, based on
the dimensions provided by the manufacturer [16,23,27,30–33]. The front-view image of
each Medtronic Evolut-R device from the catalog was imported into SolidWorks, and a
multi-point spline was constructed to generate the profile shown in Figure 3a of the devices
from the image, calibrated in height and diameter based on the catalog values. The quantity
and size of the stent’s 2D diamond shape patterns were designed using catalog images and
the size of the obtained device’s stent profile. To achieve the final 3D shape of the stent
illustrated in Figure 3b, the stent’s 2D shape was extruded up to 0.3mm and then projected
on a 2D surface generated by a revolving spline profile around the centerline. The skirt and
prosthetic valves’ (Figure 3c,d) surface geometries were also generated based on catalog
values, images, and generated stent geometries, then extruded to 0.2 mm.
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Figure 3. The 23 mm, 26 mm, 29 mm, and 34 mm Medtronic Evolut-R TAV design steps. (a) Surface
spline created from the calibrated catalog image using the device dimensions, (b) stent, (c) prosthetic
leaflets, (d) skirt, and (e) final and full geometries of the 23 mm, 26 mm, 29 mm, and 34 mm Medtronic
Evolut-R devices.

2.2. Meshing Methodology and Convergency Analysis

The selection of proper element type and size during meshing of a geometry are both
crucial for the computational efficiency of any finite element analysis. Since Abaqus’s
(Dassault Systèmes, 2023) explicit solver calculates the stable time step increment based on
the smallest element size, using a very fine mesh directly affects the total analysis time and
the computational cost of prosthetic leaflets depending on the element size and number of
elements, as shown in Table 2. The appropriate element size of the prosthetic leaflet was
determined by ensuring that the average displacement error of the same prosthetic valve
(shown in Figure 4a) is less than 7%, which is the widely accepted computational analysis
error value, and that the internal energy/kinetic energy ratio (shown in Figure 4b,c) is
less than 5%, which is considered safe for quasi-static analyses. In the same way, all mesh
convergence analyses were performed separately for aortic and native valves, stent, and
skirt, and the optimum element size was selected for each part.

Table 2. The dependence of the computational cost of prosthetic leaflets on the element size and
number of elements.

Element Size Number of Elements Total Analysis Time
(s)

Time Increase Factor
Compared to 0.6

0.60 4090 102 -
0.47 6360 351 3.44
0.38 10,041 470 4.61
0.31 15,414 667 6.53
0.27 23,383 851 8.34
0.24 35,120 1139 11.16

Following the mesh convergence analysis, an example of a TAV is presented in
Figure 4d. In this instance, 2D first-order tetrahedral elements with a maximum element
size of 0.6 mm were employed for the aortic root, 3D first-order tetrahedral elements with a
maximum element size of 0.4 mm were utilized for the TAV stent, TAV skirt, and native
AV leaflets, and 0.31 mm was identified as the optimal value for the FE mesh of the pros-
thetic leaflets. The FE meshes for all components were generated using Altair Hypermesh
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(version 2011; Altair Engineering Inc., Troy, MI, USA). To ensure the quality of all meshed
geometries, the Tetra collapse value was maintained at a value above 0.3.
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2.3. Preparation of the FEA Input

FE simulations performed in Abaqus (Dassault Systèmes, 2023) include TAV de-
vices (as shown in Figure 5) with stent, skirt, and prosthetic leaflet geometries and
patient-specific aorta and native leaflet geometries. The material properties were cho-
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sen from literature as super elastic Ni–Ti alloy for the stent, and linear elastic behav-
ior for the aorta [10,21,23,24,30,32,34–36], native valve leaflets [21], and prosthetic valve
leaflets [23,27–33], as shown in Table 3. The leaflets of both the native and prosthetic valves,
as well as the skirt and stent materials, were defined as homogenous solids. The crimper
that crimps the TAV to the desired diameter and the opener, which opens the native valves
to a diameter slightly larger than the crimping diameter, were defined as a surface. Addi-
tionally, all patient-specific aortic geometries that were imported as surfaces were defined
as homogenous shell geometries with a thickness of 2 mm.
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Figure 5. Material behaviors for the aortic root, native leaflets, and TAV device (color-coded).

Table 3. Material properties of the aorta, native leaflets, stent, skirt, and prosthetic leaflets.

Stent-Nitinol Aorta

Density (tonne·mm−3) 6.45 × 10−9 Density (tonne·mm−3) 2 × 10−9

Austenite Young’s modulus (MPa) 51,700 Young’s modulus (MPa) 2
Austenite Poisson’s Ratio 0.3 Poisson’s ratio 0.45

Martensite Young’s modulus (MPa) 47,800
Martensite Poisson’s Ratio 0.3

Transformation strain 0.063 Native valve leaflets

Start of transformation (Loading) (MPa) 600 Density (tonne.mm−3) 1.1
End of transformation (Loading) (MPa) 670 Young’s modulus (MPa) 8

Start of transformation (Unloading) (MPa) 288 Poisson’s ratio 0.45
End of transformation (Unloading) (MPa) 254

Start of transformation in compression (Loading) (MPa) 900

Reference temperature (K) 310 Prosthetic leaflets and skirt

Loading 6.527 Density (tonne.mm−3) 1.1
Unloading 6.527 Young’s modulus (MPa) 1

Volumetric transformation strain 0.063 Poisson’s ratio 0.45

2.4. Computational Details for the TAV Implantation Procedure and Post-TAVI FEA

The TAV implantation process involves two main structures: the aorta and the TAV.
These structures are further subdivided into the aortic root, native valves, stent, skirt,
and prosthetic leaflets. To visualize the FEA-calculated parameters for the geometry of
each of these structures, the geometries were imported separately. In the entire FEA, ten
distinct geometries were under interest, including an aorta, three native leaflets, three
prosthetic leaflets, a skirt, a stent, and an opener. All TAV geometries were assembled
into patient-specific aortic geometries, with the stent base surface placed 4 mm below the
plane of the annulus shown in Figure 2b, after aligning the prosthetic leaflets and native
leaflets consecutively.
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The clinical TAVI procedure involves crimping the TAV and inserting it into the
catheter, guiding the catheter into the heart, and inserting it into the opening of the aortic
valve. These procedures were converted to three distinct stages in FEA: native valve
opening, crimping, and deployment. Since these steps are associated with large deformation
even though they are not under the influence of dynamic forces, quasi-static simulations
were performed by using Abaqus’s (Dassault Systèmes, 2023) explicit solver. During the
opening step, a cylindrical surface geometry was used to expand the native valves in the
radial direction up to the crimping diameter. This step lasted for 0.2 s and had a mass
scaling with a target time increment value of 4 × 10−6. In the crimping step, the TAV was
crimped with a cylindrical crimper which had a slightly larger diameter than the TAV
itself, to a size suitable for deployment into the native valve. During the deployment step,
the crimped TAV was released from the crimper and was inserted into the native aortic
valve. Those crimping and deployment steps lasted for 1.2 s in total and had a mass scaling
with a target time increment value of 2 × 10−6 with a frequency of every 2000 increments.
Since all geometries were independent of each other, a tie constraint was enforced to define
geometries that were in contact with each other. A surface-to-surface tie constraint was
used to connect the aorta with native leaflets, skirt with prosthetic leaflets, and skirt with
stent. Additionally, frictionless general contact properties were used for all steps.

The motion-limiting boundary conditions defined on the aorta and TAV stent were
included in all steps, and were defined by specifying the start and exit cross-section of the
aorta in the global coordinate system as “ENCASTRE” and the base surface of the TAV
stent as “ZSYMM”. A positive direction “U1 or UR” was defined on the opener’s surface
stent in the cylindrical coordinate system, which had a cylindrical surface geometry with
a diameter of 1 mm. This direction was activated in the opening step and deactivated in
the deployment step. The opener opened the native valves that were already closed to a
slightly larger diameter than the crimping diameter. In conjunction with this, a negative
direction “U1 or UR” (which was established on the surface of the crimper) crimped the TAV
up to a 14 mm stent in the cylindrical coordinate system; this direction was active during the
crimping step and deactivated after the deployment step. In contrast, in the deployment step,
this boundary condition was applied in a positive direction. The boundary conditions that
existed in the opening, crimping, and deployment steps were applied as the “equally spaced”
amplitude. To eliminate energy oscillations, viscous pressure was applied to the outer surface
of all geometries, except for the opener and the crimper. To make these steps clear, a complete
TAVI simulation for an example case is provided in Supplementary Video S1.

Post-processing assessment was performed following the completion of the FEA
using ABAQUS. Contour plots were generated for the following parameters for all cases:
contact pressure generated on the aortic root by the stent, von Mises stress on the aortic
root tissue, and radial displacement for the aortic root tissue. The maximum limit values
were set at 0.4 MPa, 0.6 MPa, and 0.3 mm on the legends, respectively, to facilitate the
visualization of the results. The average and maximum contact pressure, von Mises stress,
and radial displacement values in the annulus region for all cases were calculated from the
stress regions obtained by delimiting the regions above 0.1 MPa, 0.17 MPa, and 0.16 mm,
respectively. These region value constraints were applied in order to ensure that the average
value calculated over the aorta does not approach zero for the zero-stress regions of the
aorta that are not subjected to any stress.

3. Results
In this study, 14 patients’ specific virtual TAV implantations were simulated using

a total of 40 FEA cases. Each patient-specific case was investigated under three FEA
conditions: a real implant, and a smaller and bigger Medtronic Evolut-R TAV. Three
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different virtual TAV implantation analyses were carried out for each patient-specific case,
except for the patients who had 34 mm TAV deployment since there is no bigger size
available than the 34 mm.

The results of the TAV stent outer surface contact area, TAV contact pressure on
the aorta’s inner surface, von Mises stress on the aorta’s inner surface, and aortic radial
displacement are presented in the last time step of all FEAs. The results were grouped under
actual implanted TAV sizes of 26 mm, 29 mm, or 34 mm. For each case within the group,
results for smaller and larger valve implantation scenarios are also presented. In this way,
the effect of different sizes of TAVs on the FEA results could be assessed for each studied
patient case. Moreover, the FEA results for patients who underwent the same size valve
implantation were compared to examine the influence of aortic geometrical variations.

Contact area measurements of all patients and all different deployment scenarios
are compared (in mm2) in Figure 6. The contact area was defined as the intersection of
the aorta inner surface and the stent outer surface areas where the contact pressure value
exceeded 0.0001 MPa. In Figure 6, for each patient, contact areas are presented with three
values: the actual implanted valve case in the middle bar, the smaller valve size scenario
on the left, and the bigger valve size scenario on the right, except for P10 and P11. For
these cases, a 34 mm valve was implanted; its value is shown on the right bar and the
smaller valve scenario is shown on left. Four left bars (pre-crimped) represent the total
outer surface areas of the stents for comparison. These areas were calculated for the stent
geometries before FEA crimping and represent the maximum possible attachment contact
areas post-deployment within aorta geometries. In Figure 6, for the majority of the cases,
the contact area increases with increased valve size, as expected. However, in some cases,
increased valve size did not change contact area (P9, P10, P15) and in some other cases,
increased valve size decreased contact area (P1 and P11). These findings provide evidence
for the importance of geometrical variations on the attachment of TAVs.
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Figure 6. FEA stent contact area results for all examined cases, compared to pre-crimped TAV stent
outer areas seen on the left bars.

Figure 7 presents FEA wall stress and deformation results for the cases where a 26 mm
TAV was implanted. For each case, a smaller valve scenario results on the left bar, and
a higher valve scenario results on the right bar are also presented. The average annulus
contact pressure in MPa, average annulus von Mises stress in MPa, and average annulus
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radial displacement in mm are presented in bar charts, whereas contact area in cm2 is also
presented in the figure, as a line graph for reference. All of the seven cases that were studied
here have similar annular dimensions, hence the 26 mm TAV was selected to be implanted.
Interestingly, there was a large variation in wall stresses and deformations among these
cases. The 26 mm actual TAVI FEA simulations revealed that the range of average contact
pressure was between 0.070 and 0.102 MPa, the range of average von Mises stress was
between 0.200 and 0.237 MPa, the range of average radial displacement was between 0.169
and 0.197 mm, and the range of contact area was between 0.932 and 0.102 cm2. When we
analyzed TAV size-specific variations for each patient, in most cases von Mises stresses and
radial displacement increased with increasing size. For contact area, for all cases except P1
and P9, the contact area increased with valve size. For contact pressure, for three cases (P1,
P5, P18), the contact pressure increased with increasing size; for the remaining four cases,
no linear relation could be found. It seems as if there is no common trend for any parameter
that applies to each studied case. Figure 8 presents post-deployment stent configurations
(left column), stent regions that are in contact (second left column), and contour graphs for
contact pressure, von Mises stresses, and radial displacements, for the sample case (Patient
no. 1), included in Figure 7.
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Figure 7. Bar chart representation of the FEA results for 26 mm TAV implanted cases; 23 mm TAV
and 29 mm TAV implantation were also simulated for comparison.

Figure 9 presents the FEA wall stress and deformation results for the cases where
a 29 mm TAV was implanted. For each case, the smaller valve scenario results are also
presented on the left bar, and the higher valve scenario results on the right bar. The average
annulus contact pressure in MPa, average annulus von Mises stress in MPa, and average
annulus radial displacement in mm are presented in bar charts, whereas the contact area in
cm2 is also presented as a line graph for reference. All of the five cases that were studied
here have similar annular dimensions, hence the 29 mm TAV was selected to be implanted.
Similar to the 26 mm cases, there was a large variation in wall stresses and deformations
among these cases. The 29 mm actual TAVI FEA simulations revealed that the range of
average contact pressure was between 0.082 and 0.124 MPa, the range of average von
Mises stress was between 0.214 and 0.265 MPa, the range of average radial displacement
was between 0.188 and 0.218 mm, and the range of contact area was between 0.448 and
1.230 cm2. When we analyzed the TAV size-specific variations for each patient, in all cases,
the stent contact area as well as the contact pressure increased with valve size. The von
Mises stresses and radial displacement does not seem to be correlated with valve size.
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Figure 10 presents the post-deployment stent configurations (left column), stent regions
that are in contact (second left column), and contour graphs for contact pressure, von Mises
stresses, and radial displacements, for the sample case (Patient no. 16), included in Figure 9.
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Figure 8. Graphical presentation of FEA results for 26 mm TAV implanted cases. The 23 mm TAV
and 29 mm TAV implantation were also simulated for comparison for each case. Actual valve sizes
for the implants are indicated in bold and designated with “-R”. Contour plots for all 26 mm cases
are provided in Supplementary Materials.
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Figure 10. Graphical representation of FEA results for 29 mm TAV implanted cases. The 26 mm
TAV and 34 mm TAV implantations were also simulated for a comparative analysis in each case.
Actual valve sizes for the implants are indicated in bold and designated with “-R”. Contour plots for
all 29 mm cases are provided in Supplementary Materials.

Figure 11 presents FEA wall stress and deformation results for the cases where a
34 mm TAV was implanted. For each case, a smaller valve scenario result on the left bar is
also presented. The average annulus contact pressure in MPa, average annulus von Mises
stress in MPa, and average annulus radial displacement in mm are presented in bar charts,
whereas the contact area in cm2 is also presented as a line graph for reference. Both of the
cases that were studied here have similar annular dimensions, hence the 34 mm TAV was
selected to be implanted. Since there are few cases here, there were fewer variations in wall
stresses and deformations among these cases. The 34 mm actual TAVI FEA simulations
revealed that the range of average contact pressure was between 0.093 and 0.103 MPa,
the range of average von Mises stress was between 0.229 and 0.234 MPa, the range of
average radial displacement was between 0.179 and 0.189 mm, and range of contact area
was between 0.604 and 0.670 cm2. When we analyzed the TAV size-specific variations
for each patient, in both cases, the stent contact area increased with valve size. Contact
pressure, von Mises stresses, and radial displacement do not seem to change much with
the valve size. Figure 12 presents post-deployment stent configurations (left column), stent
regions that are in contact (second left column), and contour graphs for contact pressure,
von Mises stresses, and radial displacements, for the sample case (Patient no. 10), included
in Figure 11.
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4. Discussion
TAVI has revolutionized AV therapy in the last 20 years. Here, a catheter-guided

crimped stented valve was guided into the degenerative native valve and deployed to
relieve severe aortic stenosis. As patient populations for TAVI expand, varieties in patient
anatomies due to different ages will become evident. Moreover, aortic disease severities
will also vary significantly from patient to patient. For example, the degree of valve
calcification, presence of bicuspid anatomy, etc., are known to closely influence TAVI
outcomes [37]. Despite these wide variabilities in diseased aortic valve conditions, at
the clinical practice, there are very few TAV brands, with limited sizes, applied to all
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patients. Computational modeling is a powerful approach for virtually simulating TAVI
within a patient AV geometry for assessing TAV performance. Here, FEA can be used to
assess the attachment of the TAV to the aortic root and visualize the resulting stresses and
deformations. These are critical in predicting abnormalities post-TAVI, such as conduction
problems, valve migration, or paravalvular leakage [38,39]. Pioneering works in this field
have investigated utilizing different numerical techniques and different computational
tools to simulate TAVI [12]. In most of these works, only a few cases could be examined,
mainly as a proof of concept due to difficulties in generating the models and the high cost
of computations [40,41]. FEA has the potential to identify optimal TAV for a specific patient
prior to implantation and for such an assessment, the influence of aortic anatomy as well
as the effect of TAV size on associated wall stresses should be examined. Therefore, this
field can be advanced with comprehensive investigations utilizing FEA for a variety of
anatomies with different TAVI scenarios. We conducted this work for this purpose, where
we included 14 TAVI cases and simulated actual implanted valves as well as different
sized valves to reveal the influence of aortic anatomy and the TAV size on wall stresses.
We provided detailed information about pre-processing and post-processing steps of our
models to support researchers for similar investigations.

The most common complications relevant to TAVI include paravalvular leakage,
conduction abnormalities, valve migration, and bleeding [42–44]. Since the TAV is anchored
to the aortic root by just a pressure force from the stent, the amount of pressure from
the stent is extremely critical for valve attachment. However, excessive pressure might
lead to bleeding and conduction abnormalities [42,45]. On the other hand, insufficient
valve attachment with low pressure might cause paravalvular leakage as well as valve
migration [36,44]. Calculating the contact area between the stent’s outer surface and the
aortic root might be useful to assess valve attachment. Calculating the contact pressure
and von Mises stresses might be useful for assessing wall stresses, whereas the effect of
a deployed valve on aortic root deformation can be assessed by calculating aortic wall
displacement such as radial displacement. Even though there is no clinical consensus or
set of standards regarding the optimal levels, FEA can be utilized for calculating these
mechanical stress parameters to assess TAVI success for optimal valve selection and risk
prediction in a patient-specific manner. The FEA in this study included seven cases with
26 mm Medtronic Evolut TAVI, five cases with 29 mm Medtronic Evolut TAVI, and two
cases with 34 mm Medtronic Evolut TAVI. Table 4 summarizes FEA analysis results for
these cases. Graphical representations of these results are presented in previous tables and
figures for each valve size. In clinical practice, the selection of the TAV to be implanted
is based on several criteria including patient anatomic dimensions such as aortic annular
size. Hence, the patients included in this work who have undergone the same size TAVI
have close aortic annular sizes. Our FEA results can be analyzed in different ways. We
can first look at the results for the cases under each size that was studied (i.e., 26 mm,
29 mm, or 34 mm). Ranges of studied parameters for each group are as follows: the average
contact area for the 26 mm cases is 0.932–0.102 cm2, 29 mm is 0.448–1.230 cm2, 34 mm
is 0.604–0.670 cm2; the average contact pressure for the 26 mm cases is 0.070–0.102 MPa,
29 mm is 0.082–0.124 MPa, 34 mm is 0.093–0.103 MPa; the average von Mises stress for the
26 mm cases is 0.200–0.237 MPa, 29 mm is 0.214–0.265 MPa, 34 mm is 0.229–0.234 MPa;
and the average radial displacement for the 26 mm cases is 0.169–0.197 mm, 29 mm is
0.188–0.218 mm, 34 mm is 0.179–0.189 mm. These results demonstrate there are large
variations in wall stresses and deformations from patient to patient for all studied groups.
This is due to local geometrical variations in aortic roots. Our results are consistent with
previous studies where FEA was applied for post-TAVI mechanical stress examination for
different patients. For example, Rocatello et al. examined post-TAVI contact pressures for a



J. Clin. Med. 2025, 14, 850 16 of 21

group of 12 patients, and their results demonstrated that the maximum contact pressure
varied from 0.35 to 0.9 MPa among the patients [17]. Pasta et al. examined post-TAVI von
Mises stresses for a group of nine patients, and their results demonstrated that the maximum
von Mises stresses varied from 0.06 to 0.85 MPa among the patients [25]. Levels of all
studied parameters in our investigation are also consistent with previous studies. Overall,
the levels of the parameters studied here are as follows: contact area ~1 cm2; average
contact pressure ~0.1 MPa; maximum contact pressure ~1.5 MPa; average von Mises stress
~0.2 MPa; maximum von Mises stress 1 MPa; average radial displacement ~0.2 mm; and
maximum radial displacement is ~0.5 mm. Post-TAVI levels of these parameters from
previous studies are as follows: the contact area level from Nappi et al. is 886 mm2 [46];
contact pressure level from Nappi et al. is 6.9 MPa [46], from Rocaetllo et al. is 0.9 MPa [17];
von Mises stress level from Pasta et al. is 1.8 MPa [25], from McGee et al. is 1.1 MPa [19],
from Bianchi et al. is 2.5 MPa [16], and from Morganti et al. is 3 MPa [22]. Hence, the overall
level of the parameters that have been studied in this paper is consistent with previous
studies, suggesting the accuracy of our results.

Table 4. The summary of FEA results: contact area, contact pressure, von Mises stress, and radial
displacement for implanted TAVI devices across the inner surface of all patients’ aorta.

Patient
TAV
Sizes
(mm)

C.A. *
(cm2)

AVG
CPRESS *

(MPa)

MAX
CPRESS *

(MPa)

AVG
Mises *
(MPa)

MAX
Mises *
(MPa)

AVG
R.D. *
(mm)

MAX
R.D. *
(mm)

P1 26 1.72 0.08 0.77 0.22 0.86 0.18 0.32
P5 26 0.98 0.07 0.54 0.21 0.49 0.18 0.46
P6 26 1.01 0.07 0.81 0.24 0.81 0.20 0.50
P9 26 0.93 0.07 1.16 0.22 1.09 0.18 0.46

P10 34 0.67 0.07 1.12 0.22 0.68 0.18 0.40
P11 34 0.6 0.08 1.32 0.22 0.78 0.18 0.37
P12 29 0.82 0.07 1.04 0.22 0.70 0.19 0.37
P13 26 0.97 0.07 0.80 0.21 0.45 0.18 0.47
P14 29 1.23 0.07 1.03 0.23 0.49 0.19 0.36
P15 29 0.45 0.09 1.47 0.26 1.13 0.20 0.51
P16 29 0.52 0.09 1.80 0.22 1.07 0.18 0.50
P17 26 1.38 0.08 1.18 0.22 1.04 0.18 0.42
P18 26 1.07 0.07 0.87 0.19 0.77 0.16 0.40
P19 29 1.03 0.09 1.49 0.23 1.46 0.20 0.53

* C.A.: contact area; * CPRESS: contact pressure; * Mises: von Mises stress; * R.D.: radial displacement.

For predicting TAVI outcomes, it is desirable to assess different valve sizes in a patient-
specific manner. This is particularly important for patients having aortic dimensions on the
border for recommendations for two different sizes. A larger valve would be expected to
have better attachment, preventing valvular migration and paravalvular leakage, but may
also increase wall stress and deformation. In order to investigate how valve attachment,
wall stresses, and wall deformations are affected by TAV size, for all the cases included
in the study, we have performed FEA for a smaller and a larger valve in addition to an
actual implanted valve. In this analysis, we had different results for each TAV group. For
the 26 mm TAV group, the contact area increased with valve size for five out of seven cases.
For contact pressure, for three cases the contact pressure increased with increasing size,
whereas for the remaining four cases, no linear relation could be seen. It seems there is
no common trend for any parameter that applies to each studied case for this group. For
the 29 mm TAV group, for all cases, the stent contact area as well as the contact pressure
increased with valve size, whereas the von Mises stresses and radial displacement did not
seem to be correlated with valve size. For the 34 mm TAV group, in both cases, the stent
contact area increased with valve size, whereas the contact pressure, von Mises stresses,
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and radial displacement did not seem to change much with the valve size. These results
demonstrate that there is no straightforward correlation of valve size with wall stresses
and provide further evidence for the influence of patient-specific anatomical variations
in post-TAVI mechanical stresses. Unfortunately, there are no previous studies that we
can compare our results with where different valve types and sizes were simulated for
same patient geometry. Hence, our study is a pioneering investigation for examining the
effect of TAV size on wall stresses. Few similar previous investigations have examined the
effect of several TAVI procedural parameters on post-TAVI wall stresses with different FEA
simulations on the same patient geometries. For example, Auricchio et al. and Bianchi
et al. studied the effect of implantation depth positioning (distal or proximal) on post-TAVI
stresses [16,30], demonstrating implantation depth significantly influence wall stresses. We
believe our work will contribute to such investigations to explore the effect of different
patient-specific and procedural parameters on post-TAVI aortic wall mechanics via FEA.

5. Limitations
Our study had a few limitations, mainly due to the simplification of the FEA, as follows:

Parameterized native valve models: Since it is not possible to visualize all patients’ native
valves from CT images, parameterized native valves were generated based on common
anatomical measurements. Therefore, the patient-specific valve geometry and biomechani-
cal behavior may not be fully captured, which may affect the accuracy of simulation results.
Uniform wall thickness assumption: Uniform wall thickness was used for all geometries,
which does not reflect the natural variation in wall thickness in different regions of the aorta
and leaflets. This simplification may affect the stress distribution and mechanical response
predicted by the model. Material property simplification: Linear elastic material properties
were used for all geometries except for the TAVI device stent. This assumption may not ac-
curately represent the complex nonlinear material behavior of biological tissue, which may
affect the accuracy of stress and strain predictions. Standardized deployment orientation:
The same deployment orientation was used for all cases, which does not account for poten-
tial variations in valve positioning during actual procedures. This uniform approach might
limit the generalizability of the findings to real-world TAVI scenarios where orientation
can vary significantly. Exclusion of coronary arteries and valve interaction: The models
excluded detailed representations of the coronary arteries and potential interactions with
the implanted valve. This omission may overlook critical aspects of coronary obstruction
risks and local hemodynamic effects post-implantation. Ignoring calcification: The FEA
models did not account for calcification in either the aorta or native valve leaflets. The
presence of calcification can significantly affect the mechanical properties and behavior
of the tissues, influencing the interaction between the TAVI device and the surrounding
anatomy. This omission may result in discrepancies between the simulated and actual
mechanical performance of the implanted valves.

These limitations underscore the need for more advanced modeling techniques and
comprehensive data integration to improve the accuracy and applicability of FEA in
evaluating TAVI procedures. Addressing these constraints in future research could enhance
the predictive reliability of post-implantation performance assessments.

For the most accurate results, patient-specific factors including the above need to be
incorporated in the computational models. However, incorporating all of these parameters
is extremely challenging, particularly for studies examining multiple cases such as ours
where we modeled 40 cases. Hence, we had to apply simplified assumptions to all cases.
One of our main focuses in this study was to examine how aortic wall anatomy influences
post-TAVI wall stresses, by comparing cases where same size TAVs were implanted. Since
in all of the cases the same simplified assumptions were applied, we believe our results
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could be used to specifically compare these cases in highlighting the influence of aortic
wall anatomies. Our other main focus was to see how wall stresses changed in the same
aortic wall geometry when different TAVs were implanted. Again, for such cases, since
all simulations were based on same simplified assumption, we believe that these results
could be used to highlight the influence of TAV size on wall stresses. Overall, while we
acknowledge that simplified assumptions might impact the accuracy of our FEA results, as
we applied the same assumptions to all models, we believe our results could be used to
examine the influence of aortic wall anatomies as well as TAV sizes on post-TAVI stresses.

6. Conclusions and Future Studies
In conclusion, FEA is a powerful approach that can be adapted to the assessment of

TAVI for predicting postoperative complications and optimal valve selection for specific
patients. Anatomical variations in aortic geometries are very important considerations in
proper valve selection in terms of valve attachment and mechanical stresses. Enhancement
of computational power and the introduction of new solvers would be expected to develop
more practical and faster FEA approaches. This would contribute to the efforts to make
FEA a clinical tool for TAVI assessment in the near future. Implementing ML approaches
is underway to expedite accurate FEA in this area. In this study, we aimed to detail an
FEA approach for virtually simulating TAVI in a patient-specific manner and applied our
approach to a total of 40 cases. Each step in our approach was explained in detail for
interested researchers to effectively and practically adapt our approach. We believe such
investigations will support a better understanding of TAV–native aortic wall interactions,
the application of computational methods for TAVI planning, as well as designing more
advanced TAVs in the future. While at the moment FEA has limited applicability under
clinical settings, with the advancements in FEA solvers as well as the adaptation of artificial
intelligence tools to FEA, such computational simulations would be expected to be adapted
to clinical settings, including TAVI, for clinical decision making.

To complement the current investigation, in the future we plan to computationally
simulate different TAVs such as the balloon-expandable Edwards Sapien in addition to the
self-expandable Medtronic Evolut, for a better understanding of the mechanical interactions
between implanted TAVs and the aortic wall, incorporating the influence of different types
of TAVs. Also, another important aspect is experimentally validating TAVI FEA simulations.
For this purpose, phantom geometries can be produced via techniques such as 3D printing.
Stress and deformation sensors in the system can be used to measure deformation and
wall stresses on aortic wall phantom geometries following the deployment of a TAVI stent
within the geometry, which is planned as a future study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm14030850/s1, Table S1: Graphical presentation of FEA results
for 26 mm TAV implanted cases; Table S2: Graphical representation of FEA results for 29-mm TAV
implanted cases; Table S3: Graphical representation of FEA results for 34-mm TAV implanted cases;
Video S1: Supplementary Video—A complete TAVI simulation.

Author Contributions: Conceptualization, H.C.Y.; software—formal analysis, O.M. and H.C.Y.;
clinical data preparation, A.A. and A.N.G.; CT image acquisition, A.N.G.; writing—original draft
preparation, O.M. and H.C.Y.; writing—review and editing, O.M., N.M., M.S., M.M.Y., D.O., H.C.Y.,
A.A. and A.N.G.; supervision, H.C.Y. and A.A.; project administration, H.C.Y.; funding acquisition,
H.C.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Qatar National Research Fund (QNRF), National Priority
Research Program (Grant number NPRP13S-0108-200024). Open-access funding was provided by the
Qatar National Library.

https://www.mdpi.com/article/10.3390/jcm14030850/s1
https://www.mdpi.com/article/10.3390/jcm14030850/s1


J. Clin. Med. 2025, 14, 850 19 of 21

Institutional Review Board Statement: The study, collection of CT images, and further analysis was
conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review
Board of HMC–HH (MRC-03-21-461, 15 September 2021).

Informed Consent Statement: All patient data that were used in this study were retrospective. These
data were de-identified and were used in the work according to IRB approval. No patient was
included prospectively and hence consented.

Data Availability Statement: The original contributions presented in this study are included in the
article/supplementary material. Further inquiries can be directed to the corresponding authors.

Acknowledgments: We acknowledge Ruba Suleiman and Mahmoud Khatib A. A.Al-Ruweidi for the
TAVI registry data preparation for this work.

Conflicts of Interest: Authors Abdel Naser Ghareeb and Abdulrahman Alnabti was employed by
the company Hamad Medical Corporation. Author Deniz Ozturk was employed by the company
Medividia. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Nishimura, R.A. Aortic valve disease. Circulation 2002, 106, 770–772. [CrossRef] [PubMed]
2. Otto, C.M. VALVE DISEASE: Timing of aortic valve surgery. Heart 2000, 84, 211–218. [CrossRef] [PubMed]
3. Vesely, I. The evolution of bioprosthetic heart valve design and its impact on durability. Cardiovasc. Pathol. 2003, 12, 277–286.

[CrossRef] [PubMed]
4. Figulla, H.R.; Franz, M.; Lauten, A. The history of Transcatheter Aortic Valve Implantation (TAVI)—A personal view over 25 years

of development. Cardiovasc. Revascularization Med. 2019, 21, 398–403. [CrossRef]
5. Smith, C.R.; Leon, M.B.; Mack, M.J.; Miller, D.C.; Moses, J.W.; Svensson, L.G.; Tuzcu, E.M.; Webb, J.G.; Fontana, G.P.; Makkar, R.R.;

et al. Transcatheter versus surgical aortic-valve replacement in high-risk patients. N. Engl. J. Med. 2011, 364, 2187–2198. [CrossRef]
6. Mahtta, D.; Elgendy, I.Y.; Bavry, A.A. From CoreValve to Evolut PRO: Reviewing the Journey of Self-Expanding Transcatheter

Aortic Valves. Cardiol. Ther. 2017, 6, 183–192. [CrossRef]
7. Almeida, J.G.; Ferreira, S.M.; Fonseca, P.; Dias, T.; Guerreiro, C.; Barbosa, A.R.; Teixeira, P.; Carvalho, M.; Ferreira, W.; Ferreira,

N.D.; et al. Association between implantation depth assessed by computed tomography and new-onset conduction disturbances
after transcatheter aortic valve implantation. J. Cardiovasc. Comput. Tomogr. 2017, 11, 332–337. [CrossRef]

8. van der Boon, R.M.; Houthuizen, P.; Urena, M.; Poels, T.T.; van Mieghem, N.M.; Brueren, G.R.; Altintas, S.; Nuis, R.J.; Serruys, P.W.;
van Garsse, L.A.; et al. Trends in the occurrence of new conduction abnormalities after transcatheter aortic valve implantation.
Catheter. Cardiovasc.Interv. Off. J. Soc. Card. Angiogr. Interv. 2015, 85, 144–152. [CrossRef]

9. Liu, X.; Zhang, W.; Ye, P.; Luo, Q.; Chang, Z. Fluid-structure interaction analysis on the influence of the aortic valve stent leaflet
structure in hemodynamics. Front. Physiol. 2022, 13, 904453. [CrossRef]

10. Bianchi, M.; Marom, G.; Ghosh, R.P.; Rotman, O.M.; Parikh, P.; Gruberg, L.; Bluestein, D. Patient-specific simulation of
transcatheter aortic valve replacement: Impact of deployment options on paravalvular leakage. Biomech. Model. Mechanobiol.
2019, 18, 435–451. [CrossRef]

11. Pasic, M.; Unbehaun, A.; Dreysse, S.; Buz, S.; Drews, T.; Kukucka, M.; D’Ancona, G.; Seifert, B.; Hetzer, R. Rupture of the device
landing zone during transcatheter aortic valve implantation: A life-threatening but treatable complication. Circ. Cardiovasc. Interv.
2012, 5, 424–432. [CrossRef] [PubMed]

12. Tseng, E.E.; Wisneski, A.; Azadani, A.N.; Ge, L. Engineering perspective on transcatheter aortic valve implantation. Interv. Cardiol.
2013, 5, 53. [CrossRef]

13. Dowling, C.; Bavo, A.M.; El Faquir, N.; Mortier, P.; De Jaegere, P.; De Backer, O.; Sondergaard, L.; Ruile, P.; Mylotte, D.; McConkey,
H. Patient-specific computer simulation of transcatheter aortic valve replacement in bicuspid aortic valve morphology. Circ.
Cardiovasc. Imaging 2019, 12, e009178. [CrossRef] [PubMed]

14. Dowling, C.; Gooley, R.; McCormick, L.; Brecker, S.J.; Firoozi, S.; Bapat, V.N.; Kodali, S.K.; Khalique, O.K.; Brouwer, J.; Swaans,
M.J. Patient-specific computer simulation to optimize transcatheter heart valve sizing and positioning in bicuspid aortic valve.
Struct. Heart 2021, 5, 621–630. [CrossRef]

15. Dowling, C.; Gooley, R.; McCormick, L.; Sharma, R.P.; Yeung, A.C.; Fearon, W.F.; Dargan, J.; Khan, F.; Firoozi, S.; Brecker, S.J.
Ongoing experience with patient-specific computer simulation of transcatheter aortic valve replacement in bicuspid aortic valve.
Cardiovasc. Revascularization Med. 2023, 51, 31–37. [CrossRef]

https://doi.org/10.1161/01.CIR.0000027621.26167.5E
https://www.ncbi.nlm.nih.gov/pubmed/12176943
https://doi.org/10.1136/heart.84.2.211
https://www.ncbi.nlm.nih.gov/pubmed/10908267
https://doi.org/10.1016/S1054-8807(03)00075-9
https://www.ncbi.nlm.nih.gov/pubmed/14507578
https://doi.org/10.1016/j.carrev.2019.05.024
https://doi.org/10.1056/NEJMoa1103510
https://doi.org/10.1007/s40119-017-0100-z
https://doi.org/10.1016/j.jcct.2017.08.003
https://doi.org/10.1002/ccd.25765
https://doi.org/10.3389/fphys.2022.904453
https://doi.org/10.1007/s10237-018-1094-8
https://doi.org/10.1161/CIRCINTERVENTIONS.111.967315
https://www.ncbi.nlm.nih.gov/pubmed/22589295
https://doi.org/10.2217/ica.12.73
https://doi.org/10.1161/CIRCIMAGING.119.009178
https://www.ncbi.nlm.nih.gov/pubmed/31594409
https://doi.org/10.1080/24748706.2021.1991604
https://doi.org/10.1016/j.carrev.2023.01.015


J. Clin. Med. 2025, 14, 850 20 of 21

16. Bianchi, M.; Marom, G.; Ghosh, R.P.; Fernandez, H.A.; Taylor, J.R., Jr.; Slepian, M.J.; Bluestein, D. Effect of Balloon-Expandable
Transcatheter Aortic Valve Replacement Positioning: A Patient-Specific Numerical Model. Artif. Organs 2016, 40, E292–E304.
[CrossRef]

17. Rocatello, G.; De Santis, G.; De Bock, S.; De Beule, M.; Segers, P.; Mortier, P. Optimization of a Transcatheter Heart Valve Frame
Using Patient-Specific Computer Simulation. Cardiovasc. Eng. Technol. 2019, 10, 456–468. [CrossRef]

18. Rocatello, G.; El Faquir, N.; De Santis, G.; Iannaccone, F.; Bosmans, J.; De Backer, O.; Sondergaard, L.; Segers, P.; De Beule, M.; de
Jaegere, P.; et al. Patient-Specific Computer Simulation to Elucidate the Role of Contact Pressure in the Development of New
Conduction Abnormalities After Catheter-Based Implantation of a Self-Expanding Aortic Valve. Circ. Cardiovasc. Interv. 2018, 11,
e005344. [CrossRef]

19. McGee, O.M.; Gunning, P.S.; McNamara, A.; McNamara, L.M. The impact of implantation depth of the Lotus valve on mechanical
stress in close proximity to the bundle of His. Biomech. Model. Mechanobiol. 2019, 18, 79–88. [CrossRef]

20. Jafar, R.; Labrosse, M.; Weaver, J.D.; Retta, S.M.; Wu, C.; Duraiswamy, N. A Computational Study on Deformed Bioprosthetic
Valve Geometries: Clinically Relevant Valve Performance Metrics. J. Biomech. Eng. 2019, 142, 011003. [CrossRef]

21. Morganti, S.; Brambilla, N.; Petronio, A.S.; Reali, A.; Bedogni, F.; Auricchio, F. Prediction of patient-specific post-operative
outcomes of TAVI procedure: The impact of the positioning strategy on valve performance. J. Biomech. 2016, 49, 2513–2519.
[CrossRef] [PubMed]

22. Morganti, S.; Conti, M.; Aiello, M.; Valentini, A.; Mazzola, A.; Reali, A.; Auricchio, F. Simulation of transcatheter aortic valve
implantation through patient-specific finite element analysis: Two clinical cases. J. Biomech. 2014, 47, 2547–2555. [CrossRef]
[PubMed]

23. Luraghi, G.; Migliavacca, F.; García-González, A.; Chiastra, C.; Rossi, A.; Cao, D.; Stefanini, G.; Rodriguez Matas, J.F. On the
Modeling of Patient-Specific Transcatheter Aortic Valve Replacement: A Fluid–Structure Interaction Approach. Cardiovasc. Eng.
Technol. 2019, 10, 437–455. [CrossRef] [PubMed]

24. Pasta, S.; Cannata, S.; Gentile, G.; Agnese, V.; Raffa, G.M.; Pilato, M.; Gandolfo, C. Transcatheter Heart Valve Implantation in
Bicuspid Patients with Self-Expanding Device. Bioengineering 2021, 8, 91. [CrossRef] [PubMed]

25. Pasta, S.; Cannata, S.; Gentile, G.; Di Giuseppe, M.; Cosentino, F.; Pasta, F.; Agnese, V.; Bellavia, D.; Raffa, G.M.; Pilato, M.; et al.
Simulation study of transcatheter heart valve implantation in patients with stenotic bicuspid aortic valve. Med. Biol. Eng. Comput.
2020, 58, 815–829. [CrossRef]

26. Pasta, S.; Gandolfo, C. Computational Analysis of Self-Expanding and Balloon-Expandable Transcatheter Heart Valves. Biome-
chanics 2021, 1, 43–52. [CrossRef]

27. Sturla, F.; Ronzoni, M.; Vitali, M.; Dimasi, A.; Vismara, R.; Preston-Maher, G.; Burriesci, G.; Votta, E.; Redaelli, A. Impact of
different aortic valve calcification patterns on the outcome of transcatheter aortic valve implantation: A finite element study. J.
Biomech. 2016, 49, 2520–2530. [CrossRef]

28. Haj-Ali, R.; Marom, G.; Ben Zekry, S.; Rosenfeld, M.; Raanani, E. A general three-dimensional parametric geometry of the native
aortic valve and root for biomechanical modeling. J. Biomech. 2012, 45, 2392–2397. [CrossRef]

29. Brown, J.A.; Lee, J.H.; Smith, M.A.; Wells, D.R.; Barrett, A.; Puelz, C.; Vavalle, J.P.; Griffith, B.E. Patient–specific immersed finite
element–difference model of transcatheter aortic valve replacement. Ann. Biomed. Eng. 2023, 51, 103–116. [CrossRef]

30. Auricchio, F.; Conti, M.; Morganti, S.; Reali, A. Simulation of Transcatheter Aortic Valve Implantation: A Patient-Specific Finite Element
Approach; Taylor & Francis: Abingdon, UK, 2014; pp. 1347–1357.

31. Kandail, H.S.; Trivedi, S.D.; Shaikh, A.C.; Bajwa, T.K.; O’Hair, D.P.; Jahangir, A.; LaDisa, J.F., Jr. Impact of annular and supra-
annular CoreValve deployment locations on aortic and coronary artery hemodynamics. J. Mech. Behav. Biomed. Mater. 2018, 86,
131–142. [CrossRef]

32. Luraghi, G.; Matas, J.F.R.; Beretta, M.; Chiozzi, N.; Iannetti, L.; Migliavacca, F. The impact of calcification patterns in transcatheter
aortic valve performance: A fluid-structure interaction analysis. Comput. Methods Biomech. Biomed. Eng. 2020, 24, 375–383.
[CrossRef] [PubMed]

33. Tzamtzis, S.; Viquerat, J.; Yap, J.; Mullen, M.; Burriesci, G. Numerical analysis of the radial force produced by the Medtronic-
CoreValve and Edwards-SAPIEN after transcatheter aortic valve implantation (TAVI). Med. Eng. Phys. 2013, 35, 125–130.
[CrossRef] [PubMed]

34. Finotello, A.; Morganti, S.; Auricchio, F. Finite element analysis of TAVI: Impact of native aortic root computational modeling
strategies on simulation outcomes. Med. Eng. Phys. 2017, 47, 2–12. [CrossRef] [PubMed]

35. Ghosh, R.P.; Marom, G.; Bianchi, M.; D’souza, K.; Zietak, W.; Bluestein, D. Numerical evaluation of transcatheter aortic valve
performance during heart beating and its post-deployment fluid–structure interaction analysis. Biomech. Model. Mechanobiol. 2020,
19, 1725–1740. [CrossRef]

36. Lavon, K.; Marom, G.; Bianchi, M.; Halevi, R.; Hamdan, A.; Morany, A.; Raanani, E.; Bluestein, D.; Haj-Ali, R. Biomechanical
modeling of transcatheter aortic valve replacement in a stenotic bicuspid aortic valve: Deployments and paravalvular leakage.
Med. Biol. Eng. Comput. 2019, 57, 2129–2143. [CrossRef]

https://doi.org/10.1111/aor.12806
https://doi.org/10.1007/s13239-019-00420-7
https://doi.org/10.1161/CIRCINTERVENTIONS.117.005344
https://doi.org/10.1007/s10237-018-1069-9
https://doi.org/10.1115/1.4044235
https://doi.org/10.1016/j.jbiomech.2015.10.048
https://www.ncbi.nlm.nih.gov/pubmed/26748728
https://doi.org/10.1016/j.jbiomech.2014.06.007
https://www.ncbi.nlm.nih.gov/pubmed/24998989
https://doi.org/10.1007/s13239-019-00427-0
https://www.ncbi.nlm.nih.gov/pubmed/31309527
https://doi.org/10.3390/bioengineering8070091
https://www.ncbi.nlm.nih.gov/pubmed/34356198
https://doi.org/10.1007/s11517-020-02138-4
https://doi.org/10.3390/biomechanics1010004
https://doi.org/10.1016/j.jbiomech.2016.03.036
https://doi.org/10.1016/j.jbiomech.2012.07.017
https://doi.org/10.1007/s10439-022-03047-3
https://doi.org/10.1016/j.jmbbm.2018.06.032
https://doi.org/10.1080/10255842.2020.1817409
https://www.ncbi.nlm.nih.gov/pubmed/32924580
https://doi.org/10.1016/j.medengphy.2012.04.009
https://www.ncbi.nlm.nih.gov/pubmed/22640661
https://doi.org/10.1016/j.medengphy.2017.06.045
https://www.ncbi.nlm.nih.gov/pubmed/28728867
https://doi.org/10.1007/s10237-020-01304-9
https://doi.org/10.1007/s11517-019-02012-y


J. Clin. Med. 2025, 14, 850 21 of 21

37. Ahmad, Y.; Madhavan, M.V.; Baron, S.J.; Forrest, J.K.; Borger, M.A.; Leipsic, J.A.; Cavalcante, J.L.; Wang, D.D.; McCarthy, P.;
Szerlip, M. Clinical research on transcatheter aortic valve replacement for bicuspid aortic valve disease: Principles, challenges,
and an agenda for the future. Struct. Heart 2023, 7, 100102. [CrossRef]

38. Galli, V.; Loncaric, F.; Rocatello, G.; Astudillo, P.; Sanchis, L.; Regueiro, A.; De Backer, O.; Swaans, M.; Bosmans, J.; Ribeiro, J.M.;
et al. Towards patient-specific prediction of conduction abnormalities induced by transcatheter aortic valve implantation: A
combined mechanistic modelling and machine learning approach. Eur. Heart J. Digit. Health 2021, 2, 606–615. [CrossRef]

39. Esmailie, F.; Razavi, A.; Yeats, B.; Sivakumar, S.K.; Chen, H.; Samaee, M.; Shah, I.A.; Veneziani, A.; Yadav, P.; Thourani, V.H.
Biomechanics of transcatheter aortic valve replacement complications and computational predictive modeling. Struct. Heart 2022,
6, 100032. [CrossRef]

40. Finotello, A.; Gorla, R.; Brambilla, N.; Bedogni, F.; Auricchio, F.; Morganti, S. Finite element analysis of transcatheter aortic valve
implantation: Insights on the modelling of self-expandable devices. J. Mech. Behav. Biomed. Mater. 2021, 123, 104772. [CrossRef]

41. Meng, Z.; Zhang, H.; Cai, Y.; Gao, Y.; Liang, C.; Wang, J.; Chen, X.; Guo, L.; Wang, S. Computational study of transcatheter aortic
valve replacement based on patient-specific models—Rapid surgical planning for self-expanding valves. Front. Physiol. 2024, 15,
1407215. [CrossRef]

42. Laborde, J.-C.; Bleiziffer, S. Complications at the time of transcatheter aortic valve implantation. In Transcatheter Aortic Valve
Implantation; CRC Press: Boca Raton, FL, USA, 2009; pp. 234–244.

43. Auffret, V.; Puri, R.; Urena, M.; Chamandi, C.; Rodriguez-Gabella, T.; Philippon, F.; Rodes-Cabau, J. Conduction disturbances
after transcatheter aortic valve replacement: Current status and future perspectives. Circulation 2017, 136, 1049–1069. [CrossRef]
[PubMed]

44. Généreux, P.; Head, S.J.; Hahn, R.; Daneault, B.; Kodali, S.; Williams, M.R.; Mieghem, N.M.v.; Alu, M.C.; Serruys, P.W.; Kappetein,
A.P.; et al. Paravalvular Leak After Transcatheter Aortic Valve Replacement. J. Am. Coll. Cardiol. 2013, 61, 1125–1136. [CrossRef]
[PubMed]

45. Mach, M.; Okutucu, S.; Kerbel, T.; Arjomand, A.; Fatihoglu, S.G.; Werner, P.; Simon, P.; Andreas, M. Vascular complications in
TAVR: Incidence, clinical impact, and management. J. Clin. Med. 2021, 10, 5046. [CrossRef] [PubMed]

46. Nappi, F.; Mazzocchi, L.; Spadaccio, C.; Attias, D.; Timofeva, I.; Macron, L.; Iervolino, A.; Morganti, S.; Auricchio, F. Corevalve vs.
Sapien 3 transcatheter aortic valve replacement: A finite element analysis study. Bioengineering 2021, 8, 52. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.shj.2022.100102
https://doi.org/10.1093/ehjdh/ztab063
https://doi.org/10.1016/j.shj.2022.100032
https://doi.org/10.1016/j.jmbbm.2021.104772
https://doi.org/10.3389/fphys.2024.1407215
https://doi.org/10.1161/CIRCULATIONAHA.117.028352
https://www.ncbi.nlm.nih.gov/pubmed/28893961
https://doi.org/10.1016/j.jacc.2012.08.1039
https://www.ncbi.nlm.nih.gov/pubmed/23375925
https://doi.org/10.3390/jcm10215046
https://www.ncbi.nlm.nih.gov/pubmed/34768565
https://doi.org/10.3390/bioengineering8050052

	Introduction 
	Materials and Methods 
	Generation of Model Geometries 
	Extended Aortic Root and Descending Aorta Geometry Generation 
	Native Leaflet Geometry Generation 
	TAV Geometry Generation 

	Meshing Methodology and Convergency Analysis 
	Preparation of the FEA Input 
	Computational Details for the TAV Implantation Procedure and Post-TAVI FEA 

	Results 
	Discussion 
	Limitations 
	Conclusions and Future Studies 
	References

