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Abstract

Transcatheter aortic valves (TAV) are symmetrically designed, but they are often not deployed 

inside cylindrical conduits with circular cross-sectional areas. Many TAV patients have heavily 

calcified aortic valves, which often result in deformed prosthesis geometries after deployment. 

We investigated the effects of deformed valve annulus configurations on a surgical bioprosthetic 

valve as a model for TAV. We studied valve leaflet motions, stresses and strains, and analog 

hydrodynamic measures (using geometric methods), via finite element (FE) modeling. Two 

categories of annular deformations were created to approximate clinical observations: (1) 

noncircular annulus with valve area conserved, and (2) under-expansion (reduced area) compared 

to circular annulus. We found that under-expansion had more impact on increasing stenosis (with 

geometric orifice area metrics) than noncircularity, and that noncircularity had more impact on 

1Corresponding author. Cardiovascular Mechanics Laboratory, Department of Mechanical Engineering, University of Ottawa, Ottawa, 
ON K1N 6N5, Canada. 

This work is in part a work of the U.S. Government. ASME disclaims all interest in the U.S. Government’s contributions.

HHS Public Access
Author manuscript
J Biomech Eng. Author manuscript; available in PMC 2023 August 29.

Published in final edited form as:
J Biomech Eng. 2020 January 01; 142(1): . doi:10.1115/1.4044235.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increasing regurgitation (with regurgitation orifice area metrics) than under-expansion. We found 

durability predictors (stress/strain) to be the highest in the commissure regions of noncircular 

configurations such as EllipMajor (noncircular and under-expansion areas). Other clinically 

relevant performance aspects such as leaflet kinematics and coaptation were also investigated with 

the noncircular configurations. This study provides a framework for choosing the most challenging 

TAV deformations for acute and long-term valve performance in the design and testing phase of 

device development.
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transcatheter aortic valve; noncircular; durability; finite element modeling; hydrodynamics; 
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Introduction

Transcatheter aortic valve (TAV) replacement is a relatively new treatment option for 

patients with a diseased aortic valve [1]. For patients with aortic stenosis, heavy calcium 

deposits on the native valve leaflets and in the aortic root can cause cross-sectional 

noncircular distortions in the TAV annular geometry when deployed [2–5], which may 

affect the acute and long-term hydrodynamic functions of the prosthesis. Schultz et 

al. evaluated the Medtronic CoreValve TAV in 30 patients with multislice computed 

tomography and found that a majority of the devices did not achieve nominal cross-

sectional circular configurations [2]. Similarly, Delgado et al. showed that 14% of Edwards 

Lifesciences Sapien TAV were deployed noncircularly [4]. Gooley et al. assessed the 

Boston-Scientific Lotus TAV in 40 patients and found that 25% of prostheses were 

noncircular postimplantation due to native annular eccentricity [5]. These TAV stent frames 

could be elliptical, triangular, or D-Shaped based on the interaction between the TAV and the 

native calcified aortic valve. Kuetting et al. showed that more pronounced ovality impaired 

prosthesis function and increased regurgitation [6]. TAV under-expansion in valve-in-valve 

procedures [7–12] has been shown to distort the coaptation of the leaflets [3] and can affect 

transvalvular pressure gradients and the valve opening area [9].

Sun et al. [13] showed that for a pericardial bioprosthetic TAV with an elliptical eccentricity 

of 0.68 (leaflet thickness ~0.24mm), the peak leaflet stress increased by 143% compared 

with the nominal circular TAV and valve leakage also increased. These results were further 

confirmed by Gunning et al. [14], in which elliptically deployed TAVs were shown to have 

increased leaflet bending and strains particularly in the commissural regions. Duraiswamy 

et al. [15] investigated five noncircular configurations and showed the maximum in-plane 

principal stresses and strains were obtained in an elliptical configuration with an aspect ratio 

of 1.25 and the commissure aligned along the minor axis. The principal stresses increased by 

218% and principal strains increased by 80% compared with the circular configuration. The 

presence of “sagging” and “stretched” leaflets in the same noncircular valve configuration 

was highlighted. These leaflet patterns were also evident in other studies [13,14]. The 

model [15] was “quasi-static,” simulating the valve geometry only at the end of diastole. 

Moreover, isotropic material properties were considered which could cause discrepancies 
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with the anisotropic behavior of bovine pericardial tissues. Similarly, Abbasi and Azadani 

[16] found the average principal stress of the commissures in diastole was increased and, 

in contrast, the maximum principal stress in the belly region decreased as the postinflation 

diameter of the TAV increased. However, these studies did not provide a comprehensive 

framework that looked into clinically relevant valve performance metrics that correlate with 

long-term leaflet durability in a variety of noncircular configurations. These metrics may 

be related to the valve hydrodynamics, leaflet stresses and strains, and leaflet kinematics. 

ISO 5840–3 international standards for transcatheter heart valve substitutes recommends the 

use of noncircular valve configurations for bench testing; however, with many possible 

geometries that may occur after postdeployment depending on the transcatheter valve 

design, choosing the most challenging valve configurations can be difficult. This study 

uses dynamic finite element (FE) analysis to investigate the effects of area-preserved and 

area-reduced noncircular configurations on valve hydrodynamics, kinematics, and stresses, 

and additionally analyzes clinically relevant performance metrics. The contribution of such 

measures may provide additional insight into the expected acute or long-term performance 

of a symmetric TAV that experiences noncircular postdeployment configurations and may 

likely be helpful for manufacturers in determining challenging valve configurations during 

their device design development and verification testing.

Materials and Methods

Model Development.

A 25-mm-diameter surgical bovine pericardial bioprosthetic aortic valve was imaged 

using a MicroCT scanner system (Scanco Medical, scan parameters: 90kV, 88μA, voxel 

size 24.6μm) followed by segmentation and reconstruction in Mimics (Materialise, Inc., 

Plymouth, MI) with an output STL file format (similar to Ref. [17]). The measured 

annulus diameter was 22.5mm, and the average thickness of the leaflet was ~0.6mm. 

A custom-designed MATLAB (The MathWorks, Inc., Natick, MA) program was created to 

rescan the contours of the irregular geometries for each leaflet, and the ventricular and 

aortic surfaces of each leaflet were approximated to create a volume spanning the distance 

between these surfaces using ANSYS (ANSYS, Canonsburg, PA). Figures 1(a) and 1(b) 

show the stereolithography (STL) geometry of the valve and the valve geometry after 

meshing. Geometric data from ANSYS was imported into FE software LS-Dyna 971 (LSTC, 

Livermore, CA). Friction between the leaflets was not considered. The simulation time 

was accelerated by shortening the time over which the physiological pressure differential 

between the aorta and the left ventricle was applied by ten times, as previous analyses with 

real-time and scaled time yielded results within 2% due to small inertial loads thus showing 

that the acceleration in loading was insignificant [18]. A central difference explicit method 

was used as the time-wise solver with an automatic time-step update to achieve numerical 

stability of the solution; the ratio of internal energy to strain energy in the simulations was 

>95%, indicating a stable converged solution.

Material Properties.

The material properties of the glutaraldehyde-fixed bovine pericardium leaflets were 

obtained from planar biaxial experiments and published in Ref. [19–21]. For this study, 
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experimental data from Kim et al. [21] were used to fit to Guccione’s material model (Table 

1, Fig. 1(c), previously used in Ref. [18]). The stress and strain data used do not extend 

beyond ~13% strain for fiber and ~19% strain for cross fiber directions (Fig. 1(c)). The 

principal directions of the anisotropic model for the leaflets were defined by the edges of the 

hexahedral elements, with the stiffer (fiber) direction running mostly circumferentially (Fig. 

1(b)), and the softer directions being radial and through the thickness.

Deformed Valve Configurations and Boundary Conditions.

Two sets of annular deformations were considered to study several potential noncircular 

configurations:

(1) The area-preserved deformation where the circular area of the valve was 

preserved (consistent with Ref. [15]).

(2) The area-reduced deformation where the valve area was reduced with a 

constraint of the maximum diagonal length of the deformed valve to be equal 

to the control valve diameter, except for the area-reduced circular configuration 

where the diameter of the valve was reduced.

Besides the control (circular) configuration, twelve area-preserved and area-reduced 

noncircular configurations, and four area-reduced circular configurations were considered 

[2–4,15]. The deformed configurations were simulated previously in Ref. [15] using shape 

factors as defined below.

(1) Elliptical-major (EllipMajor): with a commissure aligned along the major axis.

(2) Elliptical-minor (EllipMinor): with a commissure aligned along the minor axis.

Deformation in EllipMajor and EllipMinor configurations was determined by the 

eccentricity of an ellipse, de, defined as de = 1 − (b/a)2, where b and a are the length of 

the minor and major axes of the ellipse, respectively.

(3 and 4) D-Shape: a combination of partly elliptical and partly circular 

configurations. The D-Shape deformation, dd, was defined as the ratio 

of the radius of the semicircle to the semi-minor axis length of the semi-

ellipse. D-Shape 1 and D-Shape 2 have commissures aligned along the 

minor and major axis, respectively.

(5) Tri-vertex: triangular shape with commissures located at the vertices. The 

Tri-vertex deformation, dv, was defined as the ratio of the distance from 

the middle of the attachment (or suturing) line to the commissural chord, 

before and after deformation.

(6) Tri-sides: triangular shape with commissures located at the middle of the 

triangle sides. The Tri-Sides deformation, ds, was calculated as the ratio of 

the distance from a commissure to the line connecting the midpoints of the 

adjacent attachment (or suturing) lines, before and after deformation.

(7) Area-reduced Circular: C-ratio was defined as the control valve diameter to 

the diameter of a circularly deformed valve.
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The control valve was deformed to obtain the desired noncircular and unpressurized shape 

with residual stresses, and the pressure was ramped from 0 to 80mmHg to represent 

physiologically relevant conditions before the cardiac cycle started in early systole. To 

simulate one cardiac cycle, a time-varying pressure difference between the aorta and the 

left-ventricle of the heart was applied to the ventricular side of the valve [18] (with systolic 

to diastolic pressure of 120–80 mmHg). The duration of diastole was shortened to 0.1 s 

(from 0.6 s) to save computational time.

Postprocessing.

The maximum values of von Mises mechanical stress (VMS) in the leaflets were 

determined, along with their location and timing, since VMS is often construed as a 

durability indicator. Clinically, a measure of aortic valve area (AVA) reflects the degree 

of valve stenosis and regurgitation reflects the efficiency of valve function. Clinical 

recommendations for grading stenotic and regurgitant valves are based on effective orifice 

area (EOA: calculated using the aortic positive pressure gradient and flow rate in the 

left ventricular outflow tract) and effective regurgitant orifice (ERO: calculated as ratio of 

regurgitant volume over regurgitant jet time-velocity integral), respectively, they are taken 

from echocardiographic measurements [22–25]. To estimate AVA and regurgitation from the 

simulations, the maximum geometric area orifice (GOA, the projected area left open by the 

leaflets during systole), regurgitant orifice area (ROA, the area left open by the leaflets at 

the end of diastole), and leaflet coaptation surface area (CSA, the sum of the areas of three 

coapting leaflets at the end of diastole with contact pressure of 0.1mmHg [26]) of the valve 

were measured in midsystole and end of diastole. With regard to stenosis and regurgitation, 

the GOA and ROA are the primary planimetric measurements from the simulations that were 

considered similar to EOA and ERO, respectively [27,28].

To substantiate the accuracy of the computational analysis for validation, the simulated 

valves were compared with prior in vitro hydrodynamic tests of the same bioprosthetic 

valves [15]. The geometries of the experimented and simulated area-preserved valves after 

prescribed deformation (i.e., unpressurized) and during valve opening (i.e., at midsystole) 

were similar, as depicted in Figs. 2 and 3, respectively. Comparison of the experimented and 

simulated area-preserved valve shape factors was similar (0.64 for elliptical configurations, 

1.38 for D-Shapes, 1.2 for Tri-Vertex, and 1.35 for Tri-Sides configurations). The GOA of 

the simulated valves in the unpressurized condition after the deformation was slightly higher 

than that of the experimental valves; the impact of this was not substantial when the valve 

was pressurized during the cardiac cycle. The comparison of qualitative and quantitative 

aspects of deformation from experimented and simulated valves was acceptable.

A mesh sensitivity study showed that the maximum stress in diastole increased by 19%, 

and the maximum stress in systole and the coaptation surface area decreased by 15% and 

22%, respectively, when using the finer mesh. However, GOA, ROA, and valve closing 

and opening velocities (CV, OV) did not change substantially between the two meshes in 

the control circular valve (Table 2). A single simulation with a coarse mesh took ~4h to 

complete on a workstation with two Intel Xeon E5640 2.67GHz 4-core processors and 6 

GB of random access memory (RAM). The run time depended on the complexity of the 
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interference between the neighboring leaflets. The difference in maximum stress was ~20% 

between the coarse and fine mesh; however, the coarser mesh was chosen for solution 

convergence to save computational time and further to quantify relative differences between 

simulated configurations.

Results

Effect of Varying Noncircular Configurations on Leaflet Kinematics and Valve 
Performance.

The geometric valve configurations open fully in midsystole except in area-reduced elliptical 

(Fig. 3) and circular configurations with C-ratio ≥1.15 (Fig. 4). Area-reduced valves showed 

lower GOA compared to area-preserved ones for each configuration, with substantial 

decrease in GOA with elliptical configurations (comparing Figs. 5(a) and 5(b)). The 

maximum GOA for each configuration is shown in Fig. 5(c) and also given in Tables 3 

and 4 for area-preserved and area-reduced valves, respectively. Unlike the area-reduced 

configurations, area-preserved valves showed comparable maximum GOA and opening 

and closing velocities with respect to the control valve (Table 3). The area-preserved 

configurations qualitatively showed varying degrees of leaflet bending and curvature along 

the free edge of the leaflet at midsystole among leaflets in the same valve configuration 

(such as EllipMajor and EllipMinor) and also among valves (such as Tri-Vertex and Tri-

Sides) (see Fig. 3). The area-reduced valves, however, exhibited incomplete opening of 

leaflets and increased bending of leaflets at the free edge at midsystole, particularly with 

the elliptical configurations. Like GOA, the ROA was higher in the area-preserved valves 

compared to the area-reduced ones (Fig. 5(d)); the largest ROA occurred in the elliptical 

configurations (Tables 3 and 4). Unlike GOA, the CSA was lower in area-preserved valves 

compared to area-reduced ones.

Leaflet Stress and Strain Distributions in the Noncircular Configurations.

The VMS and green strain distributions in the leaflets at the end of diastole for the area-

preserved and the area-reduced valves are depicted in Figs. 6 and 7. In all configurations, 

the maximum stress and strain occurred in late diastole and in the regions near commissures 

(commonly found in stress analysis of bioprosthetic heart valves). Peak strains near the 

commissures were ~90%. The maximum VMS values of each leaflet at the end of diastole 

are given in Tables 3 and 4 for area-preserved and area-reduced valves, respectively. 

Subscripts 1, 2, and 3 refer to the red, blue, and green leaflets, respectively (Fig. 3). 

The maximum stress in the three leaflets was the highest in the area-preserved EllipMajor 

configuration, being 70% higher than the control circular configuration. To better resolve 

the stress distribution, each leaflet was divided into five regions: attachment, free edge, 

coaptation, commissure, and belly (Fig. 8 top left). In all the area-preserved configurations, 

the average VMS was the highest at the commissures and the lowest at the free edge region 

(Fig. 8(a)). In the D-Shape, Tri-Vertex, and Tri-Sides configurations, the average VMS was 

the lowest in the free edge region similar to the control (Fig. 8(a): d and e). In the elliptical 

configurations, the average VMS at the free edge region increased to be similar to the 

attachment, coaptation, and belly regions (Fig. 8(a): b and c); however, these average VMSs 

was lower than at the commissures. In all area-reduced configurations, the average VMS was 
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the highest at the commissures and the lowest in the free edge region similar to the control 

(Fig. 8(b)). In the elliptical, D-Shape, and triangular configurations, the average VMS in the 

attachment region was higher than the stress in the free edge region and in the belly region 

(Fig. 8(b): a–c). In area-reduced circular configurations with C-ratios ≥1.15, the average 

stress in the attachment region was comparable to that in the commissures (Fig. 8(b): d–f).

Discussion

Review of 45 clinical studies on 12,926 Transcatheter aortic valve replacement (TAVR) 

patients reported valve undersizing (susceptible to orifice area reduction) to be prevalent 

[29,30]. Several studies show the valve-in-valve technique caused the second valve 

implanted to be undersized in order to help prevent coronary obstruction [31,32]. Each TAV 

manufactured has an intended (nominal) orifice area; however, differences from nominal 

deployment are reported. Zegdi et al. reported that underdeployment (≥3 mm difference 

between the aortic annulus and the stent external diameter) was present in all bicuspid valves 

they studied. The shape of the stent was mostly noncircular for both tricuspid and bicuspid 

valves with ellipticity prevalent in bicuspid valves [3]. Willson et al. evaluated computed 

tomography (CT) and transesophageal echocardiography (TEE) pre- and postimplantation 

data from 120 patients undergoing balloon-expandable TAVR procedures [33]. CT versus 

TEE measurements resulted in 20% versus 33.3% of patients receiving area-reduced valves, 

respectively. Due to the prevalence of undersizing and reduction of orifice area after 

valve implantation, our computational study focused on area-preserved and area-reduced 

configurations and their effect on valve leaflet stresses and strains, and other clinically 

relevant metrics such as maximum GOA, ROA, and CSA.

Effect of Noncircular Configurations on the Rate of Leaflet Motion During the Cardiac 
Cycle.

Handke et al. [34] calculated the EOA after examining 19 normal aortic valves using three-

dimensional TEE. The maximum EOA determined by three-dimensional TEE was 2.70 ± 

0.63 cm2, similar to the maximum GOA of the simulated control valve (2.6 cm2). Normal 

valve movement was observed to proceed in three phases: rapid OV, slow closing (CVS), 

and rapid closing (CVR); these velocities were measured to be 42 ± 23, 8.0 ± 5.2, 50 ± 

23 cm2/s, respectively. The valve opening and rapid closing velocities for each simulated 

configuration were in the normal range (Tables 3 and 4) except for the area-reduced 

elliptical and circular configurations with C-ratio ≥1.15. Large variation in the velocities 

was reported from echocardiographic measurements of normal aortic valve patients (as 

mentioned previously); however, the relevant parameters from our simulations were within 

the range of those clinically measured.

Effect of Noncircular Configurations on Hydrodynamics, Specifically Aortic Valve Area and 
Regurgitation.

A valve with a threshold EOA < 1.5 cm2 or <1.0 cm2 is considered clinically to be 

moderately stenotic or severely stenotic, respectively [22,23]. Garcia et al. showed that for 

leaflets that are not severely calcified, the EOA may be approximated to GOA [27]. The 

stenosis indicator GOA does not have a 1:1 correlation with clinically measured EOA; 
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however, GOA is used as a gross measure of stenosis here; if GOA is larger for a given 

geometry than another similar geometry, then the given geometry will tend to have a larger 

EOA. From Fig. 5(c) and Tables 3 and 4, all area-preserved configurations had GOA ranging 

from 2.5 to 2.7 cm2; however, area-reduced elliptical with shape factor of 0.64 and circular 

configurations with shape factor ≥1.15 were characterized as geometries having GOA < 1.5 

cm2. The area-reduced circular configuration with shape factor 1.2 was the configuration 

with the lowest GOA of 0.8 cm2 and the only case which might result in a patient-prosthesis 

mismatch leading to reduced ventricular function over time. Area-reduced valves beyond a 

critical deformation shape factor of 1.14 for the circular configuration, 0.62 for the elliptical 

configurations, 1.6 for the D-Shape configurations, 1.55 for the Tri-Vertex, and 1.7 for 

the Tri-Sides configuration (Table 5) may result in lower AVAs, leading to variable flow 

mechanics and eventually a relatively higher risk of stenosis.

A valve with a threshold ERO of 10 mm2, 10–29 mm2, or ≥30 mm2 is considered clinically 

to be mildly regurgitant, moderately regurgitant, or severely regurgitant, respectively 

[23,24]. Mizushige et al. showed from a study of 22 patients with chronic aortic 

regurgitation that ERO correlated well with ROA [25]. The regurgitation indicator ROA 

does not have a 1:1 correlation with clinically measured ERO, which may be para- 

and intravalvular leakage combined in TAVs with the former being more dominant in 

total regurgitation leakage. However, ROA is used as a gross measure of intravalvular 

leakage here. ROA was larger in the area-preserved elliptical configurations (4.3–5.2 

mm2) compared to the control (0.5 mm2, Fig. 5(d) and Table 3); however, all the valves 

had an ROA much lower than the threshold for characterizing regurgitation. Therefore, 

regurgitation was not an issue in any of the area-preserved or area-reduced valves. 

This indicated intravalvular leakage is not substantially affected by these noncircular 

configurations as paravalvular leakage appears to play a more dominant role in total 

regurgitation leakage for TAVs and associated mortality [1]. The leaflet CSA did not change 

substantially in area-preserved configurations (Table 3), but increased in area-reduced valves 

compared to the control (Table 4) as the leaflets get closer together, which increased the 

CSA and further decreased the ROA [17].

All simulated configurations were ranked according to GOA, ROA, CSA, and VMS 

metrics (Table 6) to help assess most challenging configurations for bench testing from 

a combination of factors. The impact of each metric and therefore the ranking of 

configurations were different. In area-preserved configurations, GOA was maintained in 

spite of slight differences in ROA (Table 3). Decreases in ROA resulted in increases in 

GOA (Table 4) with the exception of area-reduced circular configurations, while increases 

in CSA resulted in decreases in GOA with area-reduced circular configurations. Due to the 

differences with how noncircularity may affect the interrelationships between GOA, ROA, 

and CSA, these metrics may be used carefully when inferring valve performance based 

on simulations. Although ROA and CSA may be evaluated using a static computational 

analysis, GOA can be evaluated only using a dynamic computational analysis.
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Effect of Noncircular Configurations on Valve Leaflet Coaptation and Kinematics.

The degree of coaptation between the leaflets varied between the area-preserved and area-

reduced configurations (Figs. 6 and 7). The existence of sagging and stretched leaflets in 

the same valve has been shown previously (e.g., EllipMajor and EllipMinor configurations 

in Fig. 6) based on the degree of coaptation between the leaflets [13–15]. In such valve 

configurations, stretched leaflets lie on top of sagging leaflets, and the length between 

any two commissures varies with each noncircular deformation. Therefore, the coaptation 

length, i.e., the length of the leaflet tissue along the free edge between commissures, could 

vary. Longer coaptation leaflet lengths between commissures may redistribute and lower 

the stresses, but also result in more abundant leaflet tissue causing pin-wheeling as seen 

in the circular configuration with a shape factor of 1.2 (Fig. 7). The differences in leaflet 

coaptation (in a closed valve) between area-preserved and area-reduced configurations could 

be evaluated using a simpler static analysis instead of the more complex dynamic analysis 

employed in this work. However, with the anisotropic dynamic analysis, the area-preserved 

configurations showed differences in leaflet kinematics (leaflet bending, curvature along the 

free edge of the leaflet) at midsystole among leaflets in the same valve configuration (e.g., 

EllipMajor and EllipMinor in Fig. 3) and also among valve configurations (e.g., Tri-Vertex 

and Tri-Sides). The area-reduced valves also showed differences in leaflet kinematics at 

midsystole, such as incomplete opening of leaflets and increased curvature in leaflets at the 

free edge likely due to increased leaflet coaptation length, particularly with the elliptical 

configurations (sagging leaflet colored red in EllipMajor configuration, and sagging leaflets 

colored green and blue in the EllipMinor configuration in Fig. 3). The above-mentioned 

specific differences in leaflet kinematics observed during the systolic and diastolic phases 

of the cardiac cycle in the noncircular configurations may be evaluated with the complex 

dynamic analysis compared to the simpler static analysis. Due to increased curvature, these 

sagging leaflets may have higher tensile stresses at the free edges of the leaflet from the 

inflow side. There is evidence that higher curvatures during bending can increase flexural 

compressive stresses, causing structural deterioration over time [35,36]. In addition, these 

leaflet patterns can only be observed with the dynamic analysis. Due to the lack of clinical 

bioprosthetic valve failure rates relating to structural deterioration, it is unclear to what 

extent these distinct leaflet coaptation and kinematic patterns (that exist in these noncircular 

configurations) may affect long-term leaflet wear and durability clinically.

Effect of Noncircular Configurations on Valve Leaflet Stresses.

In most area-preserved and area-reduced configurations (Fig. 8), the average VMS was the 

highest at the commissures and the lowest at the free edge. The attachment region had the 

second highest stress (Figs. 8(a) and 8(b)) particularly in the area-reduced configurations, 

while the stress in the coaptation and belly regions was comparable; in contrast, the stress 

in these regions were comparable in the area-preserved configurations. The commissure and 

the free edge stresses in the area-reduced configurations were lower and their attachment 

region stresses appeared to be slightly higher than those in the area-preserved configurations. 

Table 6 shows that the area-preserved EllipMajor, Tri-Sides, and area-reduced EllipMajor 

configurations have the top three maximum VMS, followed by the area-preserved and area-

reduced D-Shape 2 configuration. Duraiswamy et al. [15] showed EllipMinor was one of the 

configurations with the maximum principal stress; however, it was located near the center 
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of the free edge of stretched leaflets. In Ref.[15], the most challenging configurations with 

high leaflet stresses were EllipMinor followed by EllipMajor and D-Shape configurations. 

Simulations were performed in Ref. [15] using isotropic material properties and shell 

elements for the leaflets and regions near the commissures showed high leaflet stresses. 

On the contrary, our current simulations used anisotropic material properties and solid 

elements for the leaflets. If area-preserved configurations were alone ranked in order to 

compare with the results of Ref. [15], the most challenging configurations with high leaflet 

stresses were EllipMajor, Tri-Sides, and D-Shape 2 (Table 3). Current simulations also show 

that commissures are the regions of the highest stress in all configurations (Figs. 6–8) and 

therefore indicate that the commissures could potentially be the regions where first signs 

of structural deterioration may occur. With both the isotropic quasi-static simulations as 

in Ref. [15] and the current anisotropic dynamic simulations, the ranking order for most 

challenging area-preserved configurations (as seen previously) was not the same; however, 

EllipMajor was a common area-preserved configuration predicted by both analysis that was 

deemed to have high leaflet commissure stresses. The highest commissural stress occurred 

in one of the stretched leaflets in both the area-preserved and area-reduced EllipMajor 

configurations (colored blue in Figs. 2 and 8). Figure 8 showed that the average free edge 

stresses were slightly higher in the area-preserved noncircular configurations (except for Tri-

Vertex configuration which was similar to circular configuration) than the circular control, 

indicating that the degree of coaptation between leaflets also affects the free edge stresses. 

The greater the coaptation area between the leaflets, the lower the leaflet stress [16,17]. 

The free edge VMS are the lowest, suggesting that the free edge is the least likely location 

for failure. However, some recent evidence from bench testing indicated that in addition to 

commissure tears, the more sagging in a leaflet, the greater the likelihood of free edge tears 

in the leaflet and therefore reduced durability [37,38]. More reliable fatigue damage models 

are needed to understand the primary modes of leaflet failure (particularly sagging leaflets) 

and long-term performance of the TAV undergoing varying leaflet kinematics in vivo.

There are several limitations to this study. A surgical bioprosthetic valve was used to 

approximate the behavior of a bioprosthetic TAV because of similarities in purpose and 

basic leaflet configurations. The geometrical modeling captured the details of only one 

bioprosthetic valve to a high resolution (24.6μm voxels in MicroCT scans), including 

minor manufacturing variations. However, the thickness of the leaflets was larger than 

that in generic TAVs [13]; the attachment of the leaflets to the valve components was 

also different from generic TAVs. Sensitivity analyses of a variety of constitutive models 

on the resulting strain field in the leaflet can be challenging to assess in a dynamic 

analysis with nonlinear hyperelastic pericardial soft tissues but may be evaluated in the 

future. Bioprosthetic pericardial leaflets are anisotropic in nature; sensitivity studies using 

isotropic and anisotropic material properties with both shell and solid elements in the 

future may further elucidate the importance of choosing anisotropic versus isotropic material 

properties for the leaflets when investigating clinically relevant aspects of noncircular valve 

configurations. The valve stent frame was rigid, which would tend to overestimate the 

stresses by constraining the leaflet material (with short coaptation length) more than they 

would be in a flexible frame. The fluid frictional forces on the leaflets and viscous damping 

due to blood were ignored, although valve dynamics were achieved using a timewise 
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varying pressure distribution as valvular loads [39]. Although there were differences in 

results between the coarse and fine mesh, the computational model with the coarse mesh 

was validated in a limited qualitative and quantitative sense. Fluid–structure interactions 

and other validation methods for estimating accurate physiological leaflet loading may be 

considered in the future. The conclusions from this study are meaningful in a comparative 

sense.

In conclusion, the effects of circular and six noncircular postdeployment TAV configurations 

on valve function using clinically relevant performance metrics such as leaflet stresses, 

maximum GOA, ROA, and CSA were investigated through dynamic finite element 

modeling of a marketed surgical bioprosthetic heart valve. Among all configurations, 

the EllipMajor configuration (both area-preserved and area-reduced) experienced the 

maximum leaflet stress at the commissures of one of the stretched leaflets and had the 

maximum ROA; increasing noncircularity in area-preserved configurations such as with 

elliptical and D-Shape increased regurgitation. In addition, the area-reduced elliptical and 

circular configurations with shape factor ≥1.15 had the lowest GOAs, and the free edges 

of the sagging leaflets in these area-reduced configurations showed increased bending 

during systole and pin-wheeling during diastole, suggesting likely increased stenosis 

due to under-expansion. The dynamic computational analysis was important to evaluate 

the clinically relevant leaflet characteristics such as leaflet kinematics and GOA in 

noncircular valve configurations; however, static computational analysis may be sufficient 

for evaluating leaflet commissural stresses, coaptation patterns, and ROA in noncircular 

valve configurations. The framework described herein along with the findings could assist in 

the selection of proper valve geometric configurations for a specific TAV design using the 

clinically relevant performance metrics with the dynamic computational analysis for further 

hydrodynamic and durability bench testing.
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Nomenclature

AVA aortic valve area

C-ratio deformation ratio for area-reduced circular configuration

CSA coaptation surface area

CVR rapid closing velocity
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CVS slow closing velocity

d d D-Shape deformation ratio

d e ellipse eccentricity

d s Tri-Sides deformation ratio

d v Tri-Vertex deformation ratio

EOA effective orifice area (dynamic measure of AVA)

ERO effective regurgitant orifice

GOA geometric orifice area (planimetric measure of AVA)

OV valve opening velocity

P dia diastolic pressure

P sys systolic pressure

R2-FD Pearson product–moment correlation coefficients in fiber direction

R2-XD Pearson product–moment correlation coefficients in cross-fiber 

direction

ROA regurgitant orifice area (planimetric measure of ERO)

VMS maximum leaflet von Mises stress

VMSdia maximum von Mises stress in diastole

VMSsys maximum von Mises stress in systole

VMS1 maximum von Mises stress of leaflet 1 (red) in diastole

VMS2 maximum von Mises stress of leaflet 2 (blue) in diastole

VMS3 maximum von Mises stress of leaflet 3 (green) in diastole
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Fig. 1. 
The geometry of the prosthetic aortic valve (a) imaged using a MicroCT scanner system and 

reconstructed using Mimics, (b) after meshing in ANSYS (the leaflets were evenly meshed 

resulting in 3,600 eight-noded brick elements for the whole valve), and (c) experimental 

data of a glutaraldehyde-fixed bovine pericardium from Ref. [21] (solid circles) fitted to 

Guccione’s model (solid lines); blue and red colors represent the data pertaining to fiber and 

cross-fiber directions, respectively
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Fig. 2. 
Top view of the experimented (reprinted by permission from Springer: Biomedical 

Engineering Society (BMES): Cardiovascular Engineering and Technology (CVET) [15], 

Copyright 2016; all pictures except D-shape 2) and simulated valves (area-preserved) in the 

unpressurized state in different configurations
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Fig. 3. 
Top view of the simulated valves (area-preserved and area-reduced) and experimented valves 

(area-preserved) at midsystole in different configurations. Hydrodynamic experiments with 

D-Shape 2 were not performed. N/A indicates not applicable.
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Fig. 4. 
Top view of the area-reduced circular valves with different C-ratios at the beginning of the 

cardiac cycle and at midsystole. Hydrodynamic experiments with these area-reduced circular 

configurations were not performed.
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Fig. 5. 
The variation of the geometric orifice area with time for (a) the area-preserved valves, (b) 

the area-reduced valves, (c) maximum GOA, and (d) ROA for the control, area-preserved, 

and area-reduced valves
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Fig. 6. 
von Mises stress and green strain distributions of the area-preserved valves at the end 

of diastole in different deformation configurations (top and 45 deg tilted views). To help 

visualize regions of highest stresses and strains, both top and 45 deg tilted views are 

illustrated. To facilitate comparisons, the fringe levels were set to the same range for all the 

stress and strain distributions. All regions having stress values above the maximum value of 

the fringe are shown in black. Sagging and stretching of leaflets are also observed in the 

elliptical and D-Shape configurations.
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Fig. 7. 
Stress and green strain distributions of the area-reduced valves at the end of diastole in 

different deformation configurations (top and 45 deg tilted views). The minimum and 

maximum of the fringe levels were set the same for all the stress or strain distributions for 

the sake of comparison. Sagging and stretching of leaflets are also observed in the elliptical 

and D-Shape configurations. Pin-wheeling observed in circular configuration with C-ratio = 

1.2.
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Fig. 8. 
Illustration of five different sections of a leaflet: attachment, free edge, coaptation, 

commissure, and belly regions (top left). Average von Mises stress in five sections of interest 

(attachment, free edge, coaptation, commissure, and belly regions) on each of the leaflets for 

some area-preserved configurations ((a): a–e) and area-reduced configurations ((b): a–f).
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Table 1

Material constants for Guccione’s model, derived from an equibiaxial protocol [20]

c1 (kPa) C 2 C 3 C 4 R2-FD R2-XD

1.50 (0.10) 28.69 (0.80) 45.98 (0.69) 0.00 (1.82) 0.99 1.00

The strain energy function W was expressed in LS-Dyna as 

W = C1/2 exp c2Eθ
2 + c3 Ez

2 + Er
2 + Erz

2 + Ezr
2 + c4 Eθz

2 + Eθr
2 + Erθ

2 + Ezθ
2 − 1 + (P /2)(J − 1), where c1 – c4 are the material 

constants, Exy are the deformations (green strain components modified to only include the effects of volumetric work), and xy refers to the 

subscripts θ, z, and r corresponding to the circumferential, through-thickness, and radial directions, respectively. P is a Lagrange multiplier 
numerically enforcing the material nearincompressibility whereby J, the determinant of the deformation gradient tensor, is almost equal to 1. The 

values in parentheses report half the span of the 95% confidence interval. R2-FD and R2-XD represent Pearson’s product–moment correlation 
coefficients in fiber and cross-fiber directions, respectively.
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