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Abstract: Obstruction of the left ventricular outflow tract (LVOT) is a common complication of
transcatheter mitral valve replacement (TMVR). This procedure can determine an elongation of
an LVOT (namely, the neo-LVOT), ultimately portending hemodynamic impairment and patient
death. This study aimed to understand the biomechanical implications of LVOT obstruction
in a patient who underwent TMVR using a transcatheter heart valve (THV) to repair a failed
bioprosthetic heart valve. We first reconstructed the heart anatomy and the bioprosthetic heart valve
to virtually implant a computer-aided-design (CAD) model of THV and evaluate the neo-LVOT
area. A numerical simulation of THV deployment was then developed to assess the anchorage of
the THV to the bioprosthetic heart valve as well as the resulting Von Mises stress at the mitral annulus
and the contract pressure among implanted bioprostheses. Quantification of neo-LVOT and THV
deployment may facilitate more accurate predictions of the LVOT obstruction in TMVR and help
clinicians in the optimal choice of the THV size.
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1. Introduction

The evolution of catheter-based structural interventions has given patients less invasive alternatives
to surgery; however, the current generation of transcatheter heart valves (THV) is not specifically
designed for mitral position implantation and has an intrinsic geometry that may make mitral
implantation suboptimal [1,2]. Indeed, while the term “transcatheter mitral valve replacement”
(TMVR) is often used for the implantation of a dedicated transcatheter mitral valve in a native
mitral anatomy, aortic transcatheter heart valves (THVs) are frequently used for transcatheter valve
replacement in degenerated bioprosthetic mitral valves (i.e., valve-in-valve) [3,4]. However, one of
the main problems of TMVR for a valve-in-valve procedure is the obstruction of the left ventricular
outflow tract (LVOT) [5]. Specifically, the implanted THV can generate a protrusion of the THV wall
into the left ventricle that can inhibit the blood flow from circulating in the distal ascending aorta.
A small outflow tract geometry will create a region of turbulent flow distal to the narrowing, causing
a large drop in pressure beneath the aortic valve and ultimately determining sub-aortic stenosis when
the residual LVOT cross-sectional area, also known as neo-LVOT, is about 185 mm2 [6]. The main
consequence of LVOT obstruction is the presence of complications for the patients that require further
intervention or another therapeutic strategy.

Pre-procedural cardiac computed tomography angiography (CTA) is the main tool to estimate
the anatomical suitability of the bioprosthesis for TMVR and quantify the neo-LVOT area after TMVR.
Clinicians cannot account for computer simulations to pre-operatively plan the optimal deployment of
THV in the mitral valve and therefore evaluate the obstruction into LVOT.
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In recent years, many studies on computer simulation of the valve dynamics have been reported to
provide valuable information on the functional analysis of native and THV as well as the relationship
between mechanical stresses and disease progression [7–11]. Numerical simulations are also being
used for the initial optimization and design of THV before the prototypes are built, and expensive
experimental and animal evaluations have been conducted [12,13]. This can potentially reduce
the time-to-market application of THV in clinical practice. The validation of simulation results is still
an important issue to rapidly transfer the application of computer simulation in daily clinical practice
to help clinicians in their clinical decision-making process.

In this study, we present the computational modeling of TMVR in a patient with a failed
bioprosthetic heart valve. Specifically, we first segmented the heart anatomy of the patient including
the presence of the Edwards Carpentier bioprosthetic heart valve using the medical imaging software
Mimics (Materialise, Belgium). The Edwards Sapien 3 Ultra THV was then simulated to compute
the neo-LVOT. A numerical analysis of the THV deployment is presented.

2. Material and Methods

2.1. Anatomic Reconstruction

The patient case was a 74-year-old man presenting mitral valve failure of a previously treated
bioprosthetic heart valve. CTA imaging was performed for this patient using a 64 detector-row CT
scanner. Volumetric CT images in standard DICOM format were imported in Mimics to reconstruct
the left ventricle, left atrium, and aortic root anatomy in terms of the spatial position and dimension
by applying different gray values and multiple masks based on different Hounsfield unit thresholds.
Segmentation was performed by semi-automatic thresholding operation followed by manual mask
editing and morphological operation including cropping, erosion, and smoothing, as done previously
by our group [14–18]. The bioprosthetic heart valve was distinctly reconstructed using a different
mask. Figure 1 shows the heart anatomy as reconstructed from CTA images, while Figure 2 shows
the reconstruction of the surgical bioprosthetic heart valve and annular dimension.
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after segmentation.
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Figure 2. 3D segmentation of the bioprosthetic heart valve and dimension of the mitral valve annulus.

The geometrical model of THV was acquired with a high-resolution micro-CT scanner as described
in our previous study [15]. The computer-aided-design model (CAD) of THV was imported as STL
file in Mimics, and the THV was then positioned. The framework of basic steps of CAD modeling
for neo-LVOT quantification is based on the approach developed by Blanke and collaborators [6].
These consisted of the segmentation of the mitral annulus, an assessment of the mitral trajectory,
the virtual positioning of THV, the generation of the neo-LVOT centerline, and the quantification of
neo-LVOT area.

2.2. Computational Modeling

The computational approach consisted of a finite-element analysis of THV deployment in the failed
bioprosthetic heart valve. Both the heart anatomy and the bioprosthesis were respectively meshed
with triangular shell and tetrahedral elements using ICEM software (ANSYS v.18, ANSYS, Inc., USA).
Bioprosthetic valve leaflets were modeled using a general 3D parametric geometry of the native aortic
valve and meshed with structured solid elements [19]. Nearly 60,000 structured-hexahedral solid
elements with reduced integration and hourglass control (C3D8R) were used to discretize the metallic
THV frame. As stents are loaded dominantly in bending, the fully integrated linear hexahedron
element (C3D8) is not suited for the S3 THV analysis, so we used the reduced integration (C3D8R) with
only one integration point at the center of the element. This C3D8R is inexpensive and has strain-free
hourglass modes when loaded in bending. We used four elements through the S3 stent thickness
to mitigate potential problems. Hourglass control is easy to use with relatively low artificial energy.
After crimping of the device, the sealing skirt was modeled closing cell geometries with several surfaces
build at mid-thickness of the THV frame. These surfaces representing the sealing skirt were discretized
with triangular shell elements and a uniform thickness of 0.1 mm. The balloon model developed here
was based on the Edwards Novaflex delivery system, which was photographed at the know scale.
The balloon’s geometrical profile was realized in Rhinoceros (McNeil, USA) by revolution around
the axis to create the balloon surface. The latter had a thickness of 0.1 mm and was meshed with
membrane elements (M3D4) to reduce computational cost.

For the sake of simplicity, the heart was modeled as a linear-elastic material with a thickness of
4 mm and a density (D) of 1060 kg/m3. For the S3 Ultra, Von Mises plasticity and isotropic hardening
were adopted to model the cobalt-chromium alloy frame [20], while an elasto-plastic stress-strain
model was used for the polyethylene terephthalate material of the sealing skirt [21,22]. The aortic and
bioprosthetic valve leaflets as well as the balloon were modeled with linear-elastic material properties
(D = 1060kg/m3). Table 1 summarizes material parameters for each component of TMVR simulation.
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Table 1. Material parameters adopted for each component of TMVR simulation; E = Young modulus;
ν = Poisson coefficient; σy = yield stress; σult = ultimate tensile stress; εp = plastic strain; µ = viscosity;
D = density.

E(MPa) ν σ y (MPa) σult (MPa) εp µ (Pa s) D (kg/m3)
Element Number

(thousand)

Heart 4 0.49 1,060 65.6–68.5
S3 Ultra 233 x103 0.35 414 930 0.45 8,000 59.2

Sealing Skirt 55 0.49 6.6 6.6 0.6 8,000 3.5–3.7
Bioprosthesis 8 0.45 1,060 10.5–12.5

Balloon 600 0.3 1,060 62.8

Fluid 3.7 ×
10−3 1,060 301.1

Numerical analysis was performed in the ABAQUS/Explicit solver to account for a non-linear
problem including large deformation and complex contacts [23,24]. The THV was crimped by a rigid
dodecahedral surface gradually moved along the radial direction from the initial device diameter (i.e., 23
and 26) to the final diameter of 4.5 mm. This surface was meshed using 1500 structured-quadrilateral
surface elements with reduced integration and a material density of 7000 kg/m3. A frictionless contact
was defined between the crimping surface and the S3 Ultra, while tie contact conditions were used to
fix the skirt surfaces to the THV frame. Balloon deflation was simulated through radial displacement
of a cylindrical crimper and by constraining distal ends in all directions. The deformed configuration
of the S3 Ultra THV was placed on the deflated balloon, and the assembly was then imported
in the heart model. Both frictionless and “hard” normal behavior contact conditions were adopted for
the interaction between S3 Ultra and balloon. For the expansion, the fluid-cavity-based model was
employed to warrant a more realistic volume-controlled inflation and account for the over-expansion
done during clinical procedures. Fluid-cavity material properties were manually calibrated by several
simulations to ensure that the fluid filling volume leads to the nominal diameter expansion of the S3
Ultra [15]. As boundary conditions, distal ends of the left atrium and ascending aorta were fixed in all
directions, while the expandable balloon was allowed to rotate during inflation.

3. Results and Discussion

Figure 3 shows the relative position of THV in the heart anatomy as done according to
the clinical guideline and cardiologist’s suggestion. The optimal implantation height of the THV
on the bioprosthetic heart valve was with 1/3 of the height in the left ventricle. We found that the area
of the neo-LVOT is about 271 mm2, and this value is quite higher than current clinical guidelines for
TMVR. Indeed, we show that the neo-LVOT area is higher than the clinical cut-off of 100 mm2 [1],
which is considered a predictor of adverse outcomes related to neo-LVOT. Bioprosthetic valve leaflets
longer than the implanted THV can also lead to prolapse into the neo-LVOT or infolding into the THV.
The risk of life-threatening neo-LVOT obstruction is exaggerated when the aortic and mitral annular
planes are acutely angulated rather than parallel, when the interventricular septum bulges toward
the LVOT and when the implant extends or flares into the left ventricle.

Figure 4A shows the deformed shape of TMVR as deployed on the bioprosthetic heart valve
after numerical simulation. A good fixation of THV on the bioprosthetic heart valve can be observed,
and this discourages the presence of a paravalvular leak after the implantation [25]. Figure 4B shows
the obstruction induced by the THV in a plane orthogonal to the aortic root. This could be the blood
flow pumped by the left ventricle to the distal ascending aorta and other vessels. Finally, the map of Von
Mises stress of the heart is shown as an indicator of the stress at the mitral valve annulus (see Figure 5A).
Contact pressure between the bioprosthetic heart valve and the deployed THV demonstrated that
the bioprosthesis serves as the anchor zone for the THV.
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Figure 5. (A) a map of Von Mises stress of the heart anatomy and (B) a map of contact pressure between
the THV and the bioprosthetic heart valve.

There are several limitations in this study, including the numerical assumption and material
description. Frictionless and “hard” contact conditions were adopted due to the lack of knowledge of
the friction coefficient and to warrant the normal direction during simulation. These assumptions can
influence the resulting Von Mises stress distribution of the S3 device, although this study was mainly
focused on the deformed shape of the deployed S3 THV rather than the resulting stress distribution.
Although stress distributions at the mitral valve annulus were in agreement with those reported for
the simulation of the transcatheter aortic valve implantation by our group [15] and those of other
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groups [20,25–29], the heart and mitral valve annulus structure is complex and characterized by
a heterogeneous, hyperplastic, and anisotropic material with limited knowledge of material descriptors
and constitutive behavior.

4. Conclusions

The patient-specific approach developed here has allowed us to elucidate the biomechanical
implications of the neo-LVOT as determined by a prolonged THV to treat a failed bioprosthetic
heart valve. Moreover, the approach can help clinicians in the optimal choice of the THV size by
the pre-operative planning of a TMVR procedure. This is particularly relevant in TMVR, where
LVOT obstruction is associated with a high rate of procedural adverse events. The simulation of THV
deployment was based on finite-element analyses inspired by the modeling of transcatheter aortic
valve implantation and includes the presence of the expandable balloon and the fluid-cavity approach
for a faithful replicate of the clinical procedure. There are areas for improvements in our modeling
framework, and further validation of our results are also warranted to confirm the efficacy of TMVR
in patients with less suitable left ventricular anatomy.
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