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Abstract—Computational modeling and simulation has
become more common in design and development of
bioprosthetic heart valves. To have a reliable computational
model, considering accurate mechanical properties of bio-
logical soft tissue is one of the most important steps. The goal
of this study was to present a non-invasive material charac-
terization framework to determine mechanical propertied of
soft tissue employed in bioprosthetic heart valves. Using
integrated experimental methods (i.e., digital image correla-
tion measurements and hemodynamic testing in a pulse
duplicator system) and numerical methods (i.e., finite element
modeling and optimization), three-dimensional anisotropic
mechanical properties of leaflets used in two commercially
available transcatheter aortic valves (i.e., Edwards SAPIEN 3
and Medtronic CoreValve) were characterized and compared
to that of a commonly used and well-examined surgical
bioprosthesis (i.e., Carpentier-Edwards PERIMOUNT Mag-
na aortic heart valve). The results of the simulations showed
that the highest stress value during one cardiac cycle was at
the peak of systole in the three bioprostheses. In addition, in
the diastole, the peak of maximum in-plane principal stress
was 0.98, 0.96, and 2.95 MPa for the PERIMOUNT Magna,
CoreValve, and SAPIEN 3, respectively. Considering leaflet
stress distributions, there might be a difference in the long-
term durability of different TAV models.
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INTRODUCTION

Pre-clinical assessment and verification of life sus-
taining implantable medical devices such as prosthetic
heart valves are essential and required by regulatory
agencies. As a result, in vitro bench-top and pre-clinical
animal testing have been employed to verify safety and
improve design features of prosthetic heart valves.30

However, the pre-clinical studies are time-consuming
and costly, and therefore, the tests may potentially
inhibit exploration and use of novel materials and
designs in prosthetic heart valves. In the past few years,
computational modeling and simulation have been
widely employed to expedite design and optimization
of new medical devices.20,43 Computational simula-
tions can play a pivotal role in design and development
of prosthetic heart valves by reducing the need to
perform expensive pre-clinical tests. Furthermore,
regulatory agencies such as the U.S. Food and Drug
Administration (FDA) and EU Medical Device Reg-
ulatory System currently accept validated computa-
tional modeling and simulation as a scientific evidence
in regulatory submissions.18

In the past decade, use of bioprosthetic heart valves
for aortic valve replacement has increased signifi-
cantly.39 The trend was due to promising improve-
ments in the long-term durability of surgical aortic
valves (SAVs) and the advent of transcatheter aortic
valves (TAVs).14,29 Randomized clinical trials proved
transcatheter aortic valve replacement (TAVR) im-
proved survival over medical therapy for inoperable
patients with severe symptomatic aortic steno-
sis.33,38,41,45,46 Furthermore, transfemoral TAVR
showed equivalent or superior outcomes when com-
pared to surgical aortic valve replacement (SAVR) for
the high-risk5,35,40,56 and intermediate-risk37,48
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patients. At present, large randomized clinical trials
are underway for low-risk surgical patients with aortic
stenosis. However, durability is the Achilles heel of
bioprosthetic heart valves.7,12,17,21,32

Accurate and validated computational simulations
can be effectively used to improve structural and
hemodynamic performance of bioprosthetic heart
valves. The commercially available bioprosthetic heart
valves are made form materials such as metals (e.g.,
stainless steel, cobalt alloys, and titanium-nickel alloy
(Nitinol), polymers (e.g., Dacron and Teflon), and
fixed biological soft tissue (e.g., bovine and porcine
pericardium). To have a reliable computational model,
considering accurate mechanical properties for the
bioprosthetic materials is a crucial step. In the past few
decades, mechanical properties of bovine and porcine
pericardium have been obtained primarily using
experimental methods such as uniaxial and biaxial
tensile tests.1,51,58 However, the planar tests cannot
capture the out-of-plane mechanical behavior of the
soft tissue and other deformation modes at physio-
logical strain rates are required to obtain the out of
plane properties.25 In addition, due to extensive intra-
specimen and inter-specimen variations,23 mechanical
properties of examined materials in the pre-clinical
tests may be significantly different from the actual
materials used in the implanted bioprosthetic valves.
Consequently, employing optimized material parame-
ters to describe valve-specific mechanical behavior of
the leaflets is essential in computational simulations.

In the present study, we aimed to develop a non-
invasive material characterization framework using
integrated experimental and numerical methods to
determine mechanical propertied of soft tissue em-
ployed in bioprosthetic heart valves. Accordingly, we
characterized three-dimensional anisotropic mechani-
cal properties of leaflets used in two commercially
available TAVs (i.e., Edwards SAPIEN 3 and Med-
tronic CoreValve), and compared the results to that of
a commonly used and well-examined surgical bio-
prosthesis (i.e., Carpentier-Edwards PERIMOUNT
Magna aortic heart valve). In addition, the present
work presents a reliable approach to compare leaflet
stress distribution among different bioprostheses under
physiological loading condition.

MATERIALS AND METHODS

In the present study, two commercially available
TAVs and one surgical bioprosthesis with comparable
size were evaluated (Fig. 1). The first bioprosthetic
valve was a 25-mm Carpentier-Edwards (CE) PERI-
MOUNT Magna aortic heart valve (Edwards Life-
sciences, CA). The surgical bioprosthetic valve was

made from bovine pericardium leaflets mounted on an
Elgiloy frame with an internal diameter of 24 mm. The
second bioprosthesis was a self-expanding 26-mm
Medtronic CoreValve (Medtronic, Minneapolis, MN),
consists of porcine pericardial leaflets mounted on a
self-expanding Nitinol stent. The third bioprosthetic
valve investigated in this study was a 26-mm Edwards
SAPIEN 3 (Edwards Lifesciences, Irvine, CA). The
TAV was constructed from bovine pericardial leaflets
mounted on a balloon-expandable cobalt-chromium
stent. The thickness of the leaflets was measured using
Mitutoyo Digital caliper (Mitutoyo Corp, Kanogawa,
Japan) and the average thickness was 0.56, 0.43, and
0.32 mm for CE PERIMOUNT Magna bioprosthesis,
CoreValve, and SAPIEN 3, respectively.

Experimental Setup

Digital Image Correlation Measurements

Due to the limited temporal and spatial resolution
of the currently available in vivo imaging modalities,
in vitro tests play a central role in characterizing
mechanical properties of soft tissue and validate
computational simulations. In view of that, high-res-
olution optical techniques such as digital image cor-
relation (DIC) can be utilized to quantify bioprosthetic
valve leaflet displacement non-invasively under a well-
defined loading condition.22 In this study, a high-res-
olution GOM-ARAMIS stereovision DIC system
(GOM-Optical Measuring Techniques, Braunschweig,
Germany) was used to obtain displacement map of the
bioprosthetic heart valves. The system consists of two
high-speed cameras with a resolution of 5 megapixels
(2448 9 2050 pixels) equipped with 50 mm focal
length Titanar lenses. The top side of the leaflets were
sprinkled with graphite to create a speckled pattern
(Fig. 2). Subsequently, the valves were stored in nor-
mal saline solution at the room temperature prior to
the DIC measurements. Details of the DIC imaging
and measurements have been previously described.4

Briefly, the bioprosthetic valves were mounted inside
an optically clear acrylic chamber on a custom-made
fixture fabricated by U-Print SE Plus 3D printer
(Stratasys Ltd., MN, USA). The valves were sub-
merged fully in the chamber and the leaflets were
pressurized uniformly from 20 mmHg to 120 mmHg
using a peristaltic pump. A change in the pump speed
resulted a corresponding change in the pressure within
the testing chamber. Pressure in the chamber was
measured continuously by a pressure transducer
(Deltran, Utah Medical Products Inc., UT, USA),
monitored by StatysTM software (BDC Laboratories,
Wheat Ridge, CO, USA), and recorded simultaneously
by a data acquisition system (NI SCC-68, National
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instruments, TX, USA). Pressure curves acquired from
the DIC tests are shown in the supplementary mate-
rials (Supplementary Material 1). In addition, image
acquisition was triggered simultaneously and image
series were collected and stored using the ARAMIS
DIC software (ARAMIS v2016, GOM, Braunschweig,
Germany) at a frame rate of 10 frames per second.
Following image acquisition, image processing was
performed using the ARAMIS DIC software by dis-
cretizing all the images to a grid of square subsets of
pixels called facet point (FP). An identical facet size (19
pixels) was considered for all the three valves. The
number of facet points was approximately 180, 100,
and 140 for CE PERIMOUNT Magna, CoreValve,
and SAPIEN 3, respectively. A few sample FPs (FP1–
FP6) are shown in Fig. 2. Leaflet deformation was
determined by tracking the movement of the FPs.
Three-dimensional surface contours of the displace-
ment map were determined with respect to a reference
pressure configuration, i.e., chamber pressure of 30-
mmHg.

In Vitro Pulse Duplicator System

The three bioprosthetic heart valves were also
examined under dynamic physiological loading con-
dition in a custom-built pulse duplicator system (BDC
Labs, Wheat Ridge, CO). Details of the in vitro tests
have been previously described.9,60 The pulse duplica-
tor input parameters matched the international stan-

dard ISO 5840: 2015 recommendations for testing
prosthetic heart valves, i.e., heart rate of 70 beats/min,
mean atrial and aortic pressures of 10 and 100 mmHg,
and cardiac output of 5 L/min. The physiological flow
condition was simulated by controlling local compli-
ance and peripheral resistance in the pulse duplicator.
Recirculating fluid of 45% by volume glycerin solution
(99% glycerin, The Science Company, Denver, CO) in
phosphate buffered normal saline solution (PBS
100 ml tablets, Research Products International,
Mount Prospect, IL) was used as a blood analog fluid
at 37 �C. Pressure was measured in the aorta and left
ventricle using strain gauge pressure transducers (Utah
Medical Products, Midvale, UT, USA) embedded in-
side the pulse duplicator. The pressure transducers
were calibrated prior to the tests using Delta-Cal
Pressure transducer simulator/tester (Utah Medical
Products, Inc.). SAPIEN 3 was implanted in a custom-
built silicone washer and the valve was balloon-ex-
panded to its nominal diameter. Details of the in vitro
tests were previously described in Barakat et al.9

Transvalvular pressure waveform and flow rate of the
three bioprosthetic valves were measured from the
in vitro tests (Supplementary Material 2). Furthermore,
the leaflet motion for the valves was captured by a
using a high-speed camera, SONY DSC-RX10M3
high-speed camera, at a rate of 960 frames per second.
The images were digitized in MATLAB, and the center
of each leaflet was tracked and its distance with respect

FIGURE 1. (Left) 25-mm Carpentier-Edwards PERIMOUNT Magna surgical bioprosthetic aortic valve. (Center) 26-mm Medtronic
CoreValve. (Right) 26-mm Edwards SAPIEN 3 transcatheter heart valve.

FIGURE 2. Example of speckled pattern and facets points that were used for post processing of the experimental data.
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to the center of the three valves was calculated through
the entire cardiac cycle.

Computational Simulation

Finite Element Modeling

Leaflet geometry of the three bioprosthetic valves
was obtained using NextEngine 3D Laser Scanner with
a resolution of 100 micrometers (NextEngine, Inc.,
Santa Monica, CA). In each scan, TAV stents block
(optical) access to certain regions of the leaflets.
Therefore, multiple scans from different angles were
collected and fused together in the Next-Engine soft-
ware. Surface reconstruction of valves was performed
using RapidWorks and SOLIDWORKS packages.
Reconstruction of the leaflets geometry was based one
single leaflet and the other two leaflets were added
using symmetry. IGES format of the leaflets were
obtained for finite element (FE) simulations. For mesh
generation, the leaflets were imported to HyperMesh
(Altair Engineering, Inc., Troy, MI), and the geometry
was discretized using a mapped mesh. The mesh was
subsequently imported to ABAQUS/Explicit solver.
The leaflet thickness was assumed uniform and con-
stant throughout the leaflet. Material orientation was
assigned to the shell elements using a home-developed
MATLAB code. Density of the leaflets was considered
to be 1100 kg/m3.34 Frame of the surgical biopros-
thetic valve was found to be flexible in the DIC tests.4

Therefore, a flexible frame with a uniform diameter,
measured by the caliper to be 0.89 mm, and density of
8300 kg/m350 was considered in the FE simulations for
the surgical bioprosthesis (Fig. 3). Due to the high
radial strength of TAV frames, the stent of CoreValve
and SAPIEN 3 was considered to be rigid. The rigidity
of the TAV frames was confirmed by the DIC mea-
surements. The geometry of CE PERIMOUNT Mag-
na bioprosthesis was meshed using 7674 ABAQUS S4
shell elements and 345 B31 beam elements. The beam
elements of the surgical valve frame were connected to
the leaflet using multi-point constraints. Besides,
11,166 and 8250 ABAQUS S4 shell elements were used
to discretize CoreValve and SAPIEN 3 bioprostheses,
respectively. The number of elements in the simula-
tions was adequate to assure that the results are inde-
pendent of mesh density, with a difference less than
1%. The mesh sensitivity analysis was based on com-
parison of the maximum displacement of the middle
point of the leaflet’s free-edge and its maximum prin-
ciple stress value. Transvalvular pressure gradient
waveforms obtained from the in vitro tests were applied
to the ventricular side of the leaflets. Moreover, a
Rayleigh damping coefficient a was introduced to the

simulations to mimic viscous damping effects of sur-
rounding fluid.

In the FE simulations, bioprosthetic leaflets were
considered to be pseudo-hyperelastic anisotropic
materials.2,3 There are two forms of strain energy
potentials available in ABAQUS/Explicit to charac-
terize anisotropic materials: (i) generalized three-di-
mensional Fung strain-energy function proposed by
Humphrey27 and (ii) Holzapfel–Gasser–Ogden (HGO)
strain energy function which was developed as a
framework to model arterial layers with distributed
collagen fiber orientation.24 A generalized Fung strain-
energy function is in the form

W ¼ c

2
eQ � 1
� �

þ 1

D
J2el � 1

2
� ln Jel

� �
ð1Þ

where W is the strain energy per unit of reference
volume. D and c describe the temperature-dependent
material parameters, Jel stands for the elastic volume
ratio which is equal to J in the absence of thermal
strains, and Q is given by

Q ¼ E : ðbEÞ ð2Þ

where b is a non-dimensional symmetric fourth-order
tensor with 21 independent components, and E is the
Green–Lagrange strain tensor,.

banisotropic ¼

b1111 b1122 b1133 b1123 b1113 b1112
b2222 b2233 b2223 b2213 b2212

b3333 b3323 b3313 b3312
b2323 b1323 b1223

Symmetric b1313 b1213
b1212

2

6666664

3

7777775

ð3Þ

Considering the incompressibility assumption
(Jel = 1), the Fung strain energy function is reduced to

W ¼ c

2
eQ � 1
� �

ð4Þ

On the other hand, the strain energy function for
HGO model also known as Holzapfel model in
ABAQUS consists of two terms: (i) isochoric and (ii)
volumetric parts. The isochoric part is further
decomposed into distinct matrix and fiber material
terms with the following function

W ¼ C10
�I1 � 3ð Þ

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
matrix

þ k1
2k2

XN

a¼1

fexp½k2h �Eai2� � 1g
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

fiber
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

isochoric

þ 1

D
J2el � 1

2
� ln Jel

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
volumetric

ð5Þ
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With

�Ea ¼ j �I1 � 3ð Þ þ 1� 3jð Þ �I4 aað Þ � 1
� �

ð6Þ

where C10 is the parameter of the isotropic neo-Hoo-
kean term which affects the stiffness of the isotropic
hyperelastic matrix; k1, k2 are temperature-dependent
material parameters which determine the stiffness and
exponential response of the collagen fiber networks in
the material, respectively; D is the compressibility
parameter; j describes the level of dispersion in the
fiber directions (0 £ j £ 1/3); N is the number of

families of fibers (N £ 3); �I1 is the first deviatoric strain

invariant; and �I4ðaaÞ are pseudo-invariants of the right

Cauchy Green tensor and a set of unit vectors for the
fiber directions. The structural anisotropy induced by

the fiber network originates from �I4ðaaÞ. The HGO

model can be defined by five parameters (C10, k1, k2, j,
D). In this study, D was assumed to be a constant value
of 1025 for the bioprosthetic valve leaflets.42

Optimization Framework

To determine 3D mechanical properties of the
leaflets, a two-step global optimization approach was
utilized. The flowchart in Fig. 4 shows how the opti-
mization technique was implemented to find the
material parameters. We used leaflet material proper-
ties reported in Abbasi et al.3 and Martin and Sun42 as
initial estimate values of the optimization for Fung and
HGO models, respectively. In the first step, the DIC
measurements were utilized to determine leaflet mate-
rial coefficients in both Fung and HGO models. The
stent of CoreValve and SAPIEN 3 was considered to
be rigid. However, for the surgical bioprosthesis a
linear elastic frame was considered in the simulations.
The Young’s modulus of the frame was taken as an
adjustable parameter in the optimization to match
displacement of the frame obtained from the DIC tests.
The Poisson’s ratio of the frame was considered to be
0.226.50 The material coefficients were obtained by

minimizing the error norm of displacement field
between DIC measurements and FE simulations for
the six facet points, selected in the belly region and
region close to the free edge of the leaflets as shown in
Fig. 2, using particle swarm optimization (PSO)8

method implemented in Isight (Simulia, Providence,
RI). The number of facet points provided a right bal-
ance between the complexity of the analysis (i.e.,
computational cost) and accuracy of the computa-
tional model. Equal weight was considered for all the
facet points. The objective function in the optimization
procedure was average of the sum of the squared dif-
ferences between the displacement values of the
experimental results and simulation results. In the
optimization procedure, DIC data obtained from a
single leaflet per valve were used. The optimization
process terminated when the change of the objective
function was less than the set tolerance of 1025.
Approximately, 500 iterations were performed to
achieve convergence. The displacement contour plots
obtained by the optimized material coefficients was
then compared with experimental displacement con-
tours obtained from the DIC tests. A material model
that showed a good agreement with the experimental
data was then considered for the second step of opti-
mization. In the second step, the leaflet material
parameters plus the viscous damping coefficient were
optimized based on the raw (unfiltered) hemodynamic
data (i.e., pressure waveforms) obtained from the pulse
duplicator system using PSO method in Isight. The
middle point distance of leaflets with respect to the
center of the valve in the FE simulation was matched
with the experimental measurements in the pulse
duplicator system. A similar objective function was
considered in the second step. To reduce computa-
tional cost, only one cardiac cycle was simulated and
one leaflet motion was considered in the optimization
procedure during valve opening and closing. The
optimization process was set to be terminated when the
change of the objective function was less than the set
tolerance of 1025.

FIGURE 3. Representative FE models for (Left) Carpentier-Edwards PERIMOUNT Magna, (Center) Medtronic CoreValve, (Right)
Edward SAPIEN 3.
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RESULTS

Estimated Material Parameters of Leaflets

The two-step optimization procedure was used to
determine 3D mechanical properties of the biopros-
thetic valve leaflets. First, DIC tests were simulated to
obtain appropriate initial estimate values for the

material coefficients in both Fung and HGO models.
Material coefficients were obtained by minimizing the
simulated and measured displacement vectors of the
six facet points (Figs. 5a–5c). The results of material
optimization are shown below for 3D anisotropic Fung
model. Furthermore, the estimated values for c coef-
ficient in the Fung model are presented in Table 1.

FIGURE 4. Flowchart for parameter estimation algorithm.
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FIGURE 5. Displacement-time curves of the six facet points on the leaflets of (a) Carpentier-Edwards PERIMOUNT Magna, (b)
Medtronic CoreValve, (c) Edward SAPIEN 3. (d) Comparison of displacement contour plots of PERIMOUNT Magna leaflets obtained
from the FE simulations and DIC test at pressures of 40, 60, 80, 100 and 120 mmHg.
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bPERIMOUNT Magna ðFirst�step optimization estimateÞ

¼

65:24 32:75 52:28
62:51 46:69

61:28

Symmetric

17:47 48:74 38:88
67:17 65:73 20:02
38:03 62:67 53:36
14:89 15:58 27:96

45:49 14:26
69:73

2

666664

3

777775

bCoreValve ðFirst�step optimization estimateÞ

¼

64:10 38:52 57:15
63:35 46:36

71:17

Symmetric

18:84 45:21 47:59
61:87 60:38 25:54
41:68 70:03 58:04
15:90 14:90 28:00

44:06 17:75
66:33

2

666664

3

777775

.

bSAPIEN 3 ðFirst�step optimization estimateÞ

¼

87:27 38:19 56:26
83:97 43:50

92:84

Symmetric

18:40 45:47 37:23
70:21 71:65 25:72
43:70 62:41 58:98
14:25 14:90 27:96

44:84 17:70
68:76

2

666664

3

777775
;

In addition, the results of material optimization
for HGO model are shown in Table 2. For the three
bioprosthetic heart valves, the curve fit of the gen-
eralized Fung model was to some extent better than
the HGO model (Figs. 5a–5c and Table 3). In addi-
tion to the six facet points, to evaluate the overall
accuracy of the two constitutive models, displace-
ment contour plots of the leaflets were obtained from
the FE simulations and compared with the dis-
placement contour plots obtained from the DIC
tests. As shown in Fig. 5d, the anisotropic Fung
model simulated the surgical valve leaflet displace-
ment better than the HGO model. Therefore, at the
end of first step of the optimization, between the two
constitutive models, the 3D anisotropic Fung model
was chosen for the second step of the optimization
procedure.

In the second step, bioprosthetic leaflet deforma-
tion was simulated under dynamic physiological
loading condition that was obtained from
in vitro tests in the pulse duplicator system. The
range of initial values in the second step of the
optimization was 0:8� ZðFirst�step optimization estimateÞ �
b � 1:2� bðFirst�step optimization estimateÞ; 0:9� cðFirst�step

optimization estimateÞ � c � 1:2� cðFirst�step optimization estimateÞ,

and 1000 £ a £ 11,000. Three-dimensional general-
ized anisotropic Fung model parameters of the leaf-
lets and Rayleigh damping coefficient for the three
bioprostheses were estimated using PSO method in
Isight by matching the middle point distance of one
leaflet in the FE simulations with the averaged
experimental data (Fig. 6). To reduce computational
cost, only one leaflet motion was considered in the
optimization procedure. After another 500 iterations,
the optimization results showed a reasonable agree-
ment with the experimental data. In addition, in
Fig. 6, the results obtained from the optimized
material parameters were compared to simulation
results of using simply the initial material properties,
described in the materials and methods section. A
significant difference was observed both in term of its
magnitude and timing. The difference between max-
imum opening value of the two simulations was 14.6,
14.2 and 24.8% for the CE PERIMOUNT Magna,
CoreValve, and SAPIEN 3, respectively. The esti-
mated material parameters of the leaflets for the
three heart valves are listed below for the 3D ani-
sotropic Fung model. In addition, the estimated
values for c and the viscous damping coefficient are
presented in Table 4.

TABLE 1. Material parameter (c) coefficient for the Fung
model after the first-step of the optimization procedure.

Bioprosthesis c (kPa)

CE PERIMOUNT Magna 171.10

CoreValve 105.53

SAPIEN 3 52.32

TABLE 2. Optimized Holzapfel–Gasser–Ogden model
parameters after the first-step of the optimization procedure.

Bioprosthesis c10 (kPa) k1 (kPa) k2 j

CE PERIMOUNT Magna 1457.56 584.76 820.64 0.299

CoreValve 764.27 1166.40 3986.86 0.292

SAPIEN 3 1772.98 1058.47 984.19 0.287

TABLE 3. Optimization objective functions based on the DIC
measurements.

Bioprosthesis Fung Holzapfel–Gasser–Ogden

CE PERIMOUNT Magna 5.43E206 1.43E205

CoreValve 1.55E206 4.41E206

SAPIEN 3 3.77E206 1.92E205
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FIGURE 6. Middle point displacement of the leaflet for the three valves; comparing optimized FE simulations with the
experimental data. The average standard deviation for the three leaflets based on the experimental data was 6 0.38, 6 0.35,
and 6 0.18 mm for the CE PERIMOUNT Magna, CoreValve, and SAPIEN 3, respectively.

TABLE 4. Material parameter and viscous damping coefficient for 3D anisotropic Fung model.

Bioprosthesis c (material parameter, kPa) a (viscous damping, 1/s)

CE PERIMOUNT Magna 90.72 10,642

CoreValve 100.29 8313

SAPIEN 3 47.53 4800
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FIGURE 7. Comparison of in vitro leaflet motion with FE simulations throughout a complete cardiac cycle for the valves. The left
plot represents flow curve. (Left column) Experimental data (Middle and right columns) the maximum principal stress distributions
on the valve based on Fung-anisotropic model. (a) Carpentier-Edwards PERIMOUNT Magna, (b) Medtronic CoreValve, (c) Edward
SAPIEN 3.
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bPERIMOUNTMagna ðestimated valuesÞ

¼

63:42 31:84 51:29
63:74 46:75

62:82

Symmetric

17:37 49:02 39:39
68:38 63:09 19:22
38:51 60:17 55:50
14:30 15:47 28:04

47:30 13:69
67:53

2

666664

3

777775
;

bCoreValve ðestimated valuesÞ ¼
64:10 38:51 57:14

63:25 45:96

71:65

Symmetric

18:89 44:91 47:58

62:37 61:13 25:19

42:18 69:83 58:04

15:45 14:33 27:93

43:87 17:01

66:12

2

666666664

3

777777775

;

bSAPIEN 3 ðestimated valuesÞ

¼

87:45 37:88 56:25

83:97 43:50

89:93

Symmetric

18:49 45:47 37:23

70:21 71:65 25:72

43:70 62:41 58:98

13:92 15:12 27:96

43:54 16:47

68:56

2

666666664

3

777777775

:

Leaflet Stress Distribution

Using the optimized parameters, the maximum in-
plane principal stress distribution of 25-mm CE
PERIMOUNTMagna, 26-mm CoreValve, and 26-mm
SAPIEN 3 were obtained and shown separately in
Fig. 7a, 7b, and 7c, respectively. Two cardiac cycles
were simulated to guarantee cycle invariance. The left-
side columns depict the images of valve opening and

FIGURE 8. (a) Maximum in-plane principal stress contour plots of (Left) Carpentier-Edwards PERIMOUNT Magna, (Center)
Medtronic CoreValve, (Right) Edward SAPIEN 3 at an identical pressure gradient of 16 kPa (� 120 mmHg). (b) The maximum in-
plane principal stress histogram of the leaflets.
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closing in the pulse duplicator, captured by the high-
speed camera. In the systole, high stress regions were
primarily observed in the fixed boundary edges of the
three bioprostheses. The peak leaflet stress value dur-
ing systole for the CE PERIMOUNT Magna, Cor-
eValve, and SAPIEN 3 reached to 3.29, 7.25 and
7.53 MPa, respectively. During diastole, the peak
stress value of the PERIMOUNT Magna, CoreValve,
and SAPIEN 3 leaflets reached to 0.99, 1.01 and
2.53 MPa, respectively. In CE PERIMOUNT Magna
and Edwards SAPIEN 3, the high stress regions were
observed close to the commissures in the fully closed
position. For Medtronic CoreValve, however, the
maximum stress values were observed in the lower
leaflet belly region.

To compare the leaflet stress distribution among the
three bioprostheses, contours of maximum in-plane
principal stress of the leaflets were determined at an
identical pressure gradient in the diastole (i.e., 16 kPa).
As shown in Fig. 8a, the peak of maximum in-plane
principal stress was 0.98, 0.96 and 2.95 MPa for the
CE PERIMOUNT Magna, CoreValve, and SAPIEN
3, respectively. Moreover, to quantify the difference in
stress distribution among the three valves at the iden-
tical pressure gradient, the maximum in-plane princi-
pal stress histogram of the leaflets was presented in
Fig. 8b. SAPIEN 3 had significantly more elements
with stress values higher than 600 kPa (35.7%) com-
pared to the PERIMOUNT Magna and CoreValve. In
addition, 12.7% of elements in SAPIEN 3 had stress
values higher than 1000 kPa (1 MPa). On the other
hand, 94.9 and 98.7% of elements in the CE PERI-
MOUNT Magna and CoreValve had stress values of
less than 600 kPa, respectively.

DISCUSSION

In the present study, we presented a non-invasive
material characterization framework to determine
mechanical propertied of soft tissue employed in bio-
prosthetic heart valves. We characterized three-di-
mensional anisotropic mechanical properties of leaflets
used in two commercially available TAVs (i.e., Ed-
wards SAPIEN 3 and Medtronic CoreValve), and
compared the results to that of a commonly used and
well-examined surgical bioprosthesis (i.e., Carpentier-
Edwards PERIMOUNT Magna aortic heart valve).
High resolution DIC was used to quantify biopros-
thetic valve leaflet displacement under a well-defined
loading condition. In addition, the bioprosthetic valves
were examined under dynamic physiological loading
condition in a pulse duplicator system. A two-step
iterative optimization approach was then utilized to
determine 3D anisotropic mechanical properties of the

leaflets. Using the optimized material parameters, the
maximum in-plane principal stress distribution of the
three bioprostheses were obtained and compared dur-
ing both systole and diastole.

In the past few years, use of bioprosthetic valves for
aortic valve replacement has increased considerably.39

To choose an appropriate bioprosthetic heart valve for
aortic valve replacement, long-term durability of tissue
heart valves is an important factor. Especially, to ex-
pand the reach of TAVR into low-risk younger
patients, long-term durability of TAVs must be com-
parable to surgical bioprostheses. In surgical biopros-
thetic valves, leaflets degenerate through two distinct
but potentially synergistic mechanisms: (i) calcification
and (ii) fatigue-induced structural deterioration (please
see Supplementary Material 3).53,54 Since the com-
mercially available TAV leaflets are made from
chemically treated bovine or porcine pericardium tis-
sue, it can be postulated that the structural deteriora-
tion of TAVs occurs via the two failure mechanisms.
Although, a unified definition of structural valve
degeneration does not exist in the literature, the rate of
structural valve degeneration in surgical bioprostheses
is known to be less than 15% at 10 years.49 In a ret-
rospective cohort study, Forcillo et al.19 studied 2405
patients with a mean age of 71 ± 9 years old who
underwent aortic valve replacement with Carpentier-
Edwards surgical pericardial bioprostheses. They
found that the overall freedom rate of valve reopera-
tion for valve dysfunction averaged 96 ± 1 and
67 ± 4% at 10 and 20 years, respectively. In addition,
it is well known that the rate of reoperation for surgical
valve dysfunction is strongly affected by age. Bour-
guignon et al.13 showed that the freedom from reop-
eration rates attributable to structural valve
deterioration in patients aged 60 or younger who re-
ceived CE PERIMOUNT aortic valve were 88.3 ± 2.4
and 38.1 ± 5.6% at 10 and 20 years, respectively. On
the other hand, clinical data regarding long-term
durability of TAVs beyond 5 years is still limited. Dvir
et al.16 recently demonstrated the estimated structural
valve degeneration rate of Cribier-Edwards, Edwards
SAPIEN, and Edwards SAPIEN XT was approxi-
mately 50% at 8 years. In addition, Toggweiler et al.59

reported that 9.7% of living patients in the study had
moderate prosthetic valve failure after 5 years. On the
other hand, the 5-year rate of prosthesis failure was
1.4% with the Medtronic CoreValve device.10

Computational modeling and simulation can pro-
vide qualitative and quantitative insights into the
durability of bioprosthetic heart valves.47,52,57,62,63 In
the presence of limited clinical follow-up data for
TAVs, several computational simulations have been
performed to obtain stress and strain distributions of
TAV leaflets.1–3,26,31,42,61 The simulation results
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showed higher mechanical stress in TAVs compare to
surgical bioprosthetic valves. The increased mechanical
stress on the leaflets may explain the relatively higher
rate of accelerated tissue degeneration and diminished
long-term valve durability. Considering the results
presented in this study, there might also be a difference
in the long-term durability of different TAV models
and designs, as previously observed in clinical stud-
ies.10,59 However, due to the limited number of valves
examined in this study, it is prudent not to over-in-
terpret the simulation results. Variation in leaflet
thickness and material properties exists in each one of
the TAV models that could potentially affect leaflet
stress distribution. As a result, the simulation results
must be validated by retrospective cohort studies to
confirm the findings in presence of calcification and
other patient related factors.

Accuracy of computational modeling and simula-
tions depends on the accuracy of the prescribed
material properties for the fixed bovine and porcine
pericardium leaflets.28 Regional structural and com-
positional heterogeneity has been observed in peri-
cardium leaflets.11,51,55 3-D anisotropic constitutive
models should therefore be considered for the fixed-
biological tissue to fully describe the three-dimensional
mechanical properties of the leaflets. Non-invasive
material characterization methods, such as the one
presented in this paper and other published stud-
ies,3,6,36,44 can be used to determine the out-of-plane
and shear coefficients of the bioprosthetic heart valve
leaflets. Furthermore, extensive intra-specimen and
inter-specimen variations exist in mechanical proper-
ties of soft tissue.23 However, variability in the material
properties of the three leaflets was not considered in
the simulations of the three bioprostheses to reduce
computational cost, which should be considered as a
limitation of this study. In addition, it is imperative to
evaluate bioprosthetic heart valves under dynamic
loading condition to elucidate failure mechanism in
bioprostheses (e.g., please see Supplementary Material
3A, leaflet tear close to the fixed boundary edge).
Simplified loading conditions, e.g., quasi-static load-
ing, may not represent the true loading condition that
the valves are exposed to following replacement in
clinical practice. Moreover, experimental validation of
the computational simulations should be an indis-
pensable part of evaluation.

CONCLUSIONS

In summary, we developed a two-step optimization
procedure to determine 3D anisotropic mechanical
properties of pericardial valves under physiological
loading conditions. Three different bioprosthetic heart

valves with comparable size were investigated. The
optimized material parameters for each valve were
implemented in FE simulations to assess the leaflet
deformation and stress distribution. During systole,
high stress regions were primarily observed at the
boundary edge for the bioprostheses. However, dur-
ing diastole, high stress regions were primarily
observed in the commissures for CE PERIMOUNT
Magna and Edwards SAPIEN 3. In contrary to the
two other bioprostheses, the maximum stress values
for the CoreValve were seen in the lower leaflet belly
region. In addition, the CoreValve had the lowest
peak stress value at the identical pressure value dur-
ing diastole compared to the CE PERIMOUNT
Magna and Edwards SAPIEN 3. The present work
presents a reliable approach to compare leaflet stress
distribution among different bioprostheses. Further
studies are also motivated to obtain 3D anisotropic
mechanical properties of pericardial leaflets under
physiological loading condition using fluid–solid
interaction simulations.
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