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Abstract

Background—Equipoise of transcatheter aortic valve replacement (TAVR) with surgical aortic
valve replacement (SAVR) in intermediate-risk patients has been demonstrated. As TAVR usage
expands, questions regarding long-term durability become paramount. Valve design impacts
durability with regions of increased leaflet stress being vulnerable to early failure. However,
transcatheter aortic valve (TAV) leaflet stresses are unknown. The objective of this study was to
determine stent and leaflet stresses of second generation balloon-expandable TAV.

Methods—Commercial 29mm Edwards Sapien XT underwent high-resolution micro-computed
tomography scanning to develop precise 3D geometric mesh. Compressed and uncompressed
TAVs were modeled under systemic pressure using finite element software. Material properties of
stent were based on cobalt-chromium, while those for leaflets were obtained from surgical
bioprostheses.

Results—Maximum and minimum principal stresses on uncompressed Sapien XT TAV were
1.63MPa and —0.36MPa on leaflets and 93.3Mpa and —105.6MPa on stent at diastolic pressure.
Peak leaflet stress was observed at commissural tips where leaflets connected to the stent. For
compressed TAV to 26mm, maximum and minimum principal stresses were 1.55MPa and
—-0.63MPa on leaflets and 526.1MPa and —902.2MPa on stent at diastolic pressure. Peak leaflet
stress was located at similar position and also along the suture line with the dacron.

Conclusions—Stress analysis of two extreme deployed geometries of 29mm Edwards Sapien
XT using exact geometry from high-resolution scans demonstrated that peak stresses for TAV
leaflets were present at commissural tips where leaflets were attached. These regions would be
mostly likely to initiate degeneration.

Corresponding Author: Elaine E. Tseng, MD, Professor, Division of Cardiothoracic Surgery, University of California San Francisco
and San Francisco VA Medical Center, 4150 Clement St. 112D, San Francisco, CA 94121, Office: 415-221-4810 x23452, Fax:
415-750-2181, Elaine.Tseng@ucsf.edu.

Presented as poster at the Transcatheter Cardiovascular Therapeutics, October, 2015, San Francisco, CA, USA.
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Introduction

Transcatheter aortic valve replacement (TAVR) has proven effective therapy for severe aortic
stenosis (AS) in high-risk surgical and inoperable patients[1]. At 5 years, Placement of
Aortic Transcatheter Valves (PARTNER) randomized trials demonstrated sustained survival
improvement of TAVR over medical therapy for inoperable patients and clinical equipoise
for mortality between TAVR and surgical aortic valve replacement (SAVR) in high-risk
patients[2,3]. Similarly, CoreValve US Extreme Risk randomized study showed similar
survival benefit of self-expanding TAVR at 1 year[4]. For high-risk surgical patients,
CoreValve US High Risk randomized study demonstrated TAVR superiority over SAVR in
mortality at 1 year with ~5% absolute risk reduction[5]. PARTNER II has recently
demonstrated equipoise of TAVR and SAVR in intermediate-risk patients which has further
expanded TAVR indications[6]. Meanwhile, paravalvular leakage has been significantly
reduced with introduction of Federal Drug Administration approved Sapien3 (Edwards
Lifesciences, Inc, Irvine, CA). However, as TAVR practice continues to expand to eventually
low-risk patients as reported in the Nordic Aortic Valve Intervention Trial (NOTION)[7],
one enduring concern remains—TAVR long-term durability, which cannot be answered by
current clinical trials. Concerns of TAVR durability have not been an issue in the original
high-risk and inoperable cohorts whose enrolled patients were typically octagenarians[2-5]
However, as lower-risk younger patients become enrolled, TAVR durability must be
considered.

Clinically, relative TAVR durability among different devices or compared to surgical
bioprosthesis is unknown. With respect to valve leaflet composition, surgical bioprostheses
use bovine pericardium, porcine valve leaflets, or human allograft valves. TAVR has been
designed using bovine, porcine, or equine pericardium, or porcine leaflets[8]. However, due
to size constraints within 14-18Fr TAVR delivery systems[8], TAVR leaflets are much
thinner than those of surgical bioprostheses[9,10]. Understanding TAVR leaflet stresses is
important for determining durability; however, TAVR leaflet stresses are unknown and
impossible to directly measure. The goal of this study was to determine TAV stent and
leaflet stresses in 29mm second generation Edwards SapienXT (Edwards Lifesciences, Inc,
Irvine, CA) using finite element analyses (FEA). FEA is a commonly used approach to
predict durability and stability of complicated real-world systems such as bridges and
buildings. FEA in physiologic studies is particularly useful when applied to device design to
determine stresses that would otherwise be impossible to directly measure, and failure
modes. Finite element (FE) models require accurate three-dimensional geometry in zero-
stress state, material properties, and physiologic loading conditions. Previous FEA studies of
TAVR used generic estimated leaflet geometry based on surgical valves, or homemade
TAVs[10-12]. Furthermore, patient-specific FEA simulations have focused on interaction of
TAVR stent with surrounding aortic root geometry but not on precise TAVR leaflet
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geometry[12-18]. Our study focuses on TAVR stresses using high resolution imaging of
SapienXT to obtain accurate 3D geometry for FEA.

Materials and Methods

Commercial 29mm Edwards SapienXT (external diameter 29mm, height 19.1mm) was
obtained. TAV consisted of 3 components: cobalt-chromium stent, dacron covering, and
bovine pericardial leaflets. Determining TAV stress distribution required: 1) development of
TAV mesh using 3D geometry, 2) FEA using FE explicit solver, and 3) post-processing and
data analysis to determine stresses on leaflets and stent. Clinically, 29mm SapienXT is
recommended for 26-29mm native annulus diameter. Here, two extreme deployed
geometries of 26mm and 29mm (nominal diameter) Sapien XT were simulated.

Sapien XT Mesh Generation

Fully expanded, nominal sized SapienXT (29mm) was imaged with desk-top cone-beam
micro-computed tomography scanner (microCT-40; Scanco Medical AG, Baseldorf,
Switzerland) in different orientations and intensities to distinguish stent and leaflet
geometries. Scan settings were 45kVp X-ray energy, 200pA X-ray current, with 0.5mm
aluminum filter, 50mm field of view, 50um voxel at 200ms integration time. High-resolution
DICOM (Digital Imaging and Communications in Medicine) images (voxel size
50x50x50um) were imported into MeVisLab, an open source surface reconstruction
software (http://www.mevislah.de/). Stent and leaflet surfaces were combined using suture
lines as a reference point for leaflet orientation. Reconstructed surface was then imported
into GeoMagic Design, (3D Systems, Rock Hill, SC, USA), an inverse engineering software,
to create and refine geometric model with accurate size and thickness at zero stress. Total
27,700 elements were generated in HyperMesh (Altair Engineering, Troy, MI). Commercial
explicit FE ABAQUS CAE software (Dassault Systems, Waltham, MA) was used to import
FE meshes and apply aortic loading and boundary conditions for TAV.

Mesh sizes chosen for the stent and leaflets were 0.5mm and 0.25mm, respectively after
mesh convergence study. Leaflet mesh was refined three times in order to reach stress results
that were not affected by mesh size. Number of elements in the leaflet were increased from
4,501 to 7,731 and then to 18,202. Stress results converged when the element number was
over 7731 with a variation of 1.2%. Total number of 18,202 elements was used in the leaflet.

Finite Element Analyses

Constitutive Model and Material Properties—TAV stent and leaflets were assigned
material properties. SapienXT used leaflets made of specially treated bovine pericardium to
resist calcification and that proprietary process was the same as for corresponding surgical
Carpentier-Edwards pericardial valves (Edwards Lifesciences, Inc, Irvine, CA). We
performed biaxial stretch testing of those surgical valve leaflets to determine material
properties of TAV leaflets[19], to avoid destroying SapienXT. Methods of biaxial stretching
have been previously described[20] TAV leaflets were assumed to be orthotropic, non-linear
hyperelastic materials. Material’s response to stress was described mathematically by a set
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of constitutive equations, derived from strain energy function W. Using Fung-type
hyperelastic material, W/ was described as

1 [(J?-1
W:£[€Q71}+— (J 5 111J>

9
Q= Z CmEijEkl

m=1

where ¢y, ¢, and D, are material parameters, and £;;and £y are components of Green-
Lagrangian strain tensor. Subscripts / j, &, and /refer to radial, circumferential and
longitudinal directions. Material parameters in above equations, obtained from biaxial
tensile tests, are listed in Table 1. TAV stent geometry used cobalt-chromium material
properties and was modeled using an elastic-plastic material model with Young’s modulus
245GPa, Poisson’s ratio 0.3, and yield stress 450MPa.

Simulations—FE simulations were performed using ABAQUS solver. Reconstructed TAV
is shown in figure 1a. Leaflet thickness was 0.24mm, modeled as mostly 4-sided shell
elements. Thickness and width of the wireframe of the stent were 0.65mm and 0.35mm
respectively. Stent was meshed into brick solid elements with two elements along the stent
thickness(figure 1b). Contact definitions between leaflets and between leaflet and stent were
investigated to choose one most accurately representing the overall behavior. Penalty based
contact algorithm provided by ABAQUS solver was used to model leaflet contact/
coaptation. Leaflets were considered to be in contact with each other when the surface-to-
surface distance of the pair of leaflets was less than the leaflet thickness. The coaptation of
leaflets was defined as contact pairs with friction coefficient of 0.1. TAV leaflet mesh was
sub-divided into 3 distinct regions(figure 1c) to study stress distribution due to pressure
loading: 1) upper free edge region, 2) lower belly region and 3) sutured edges. TAV leaflet
geometries were sutured to dacron mesh at the bottom and tied to stent geometry at the
top(figure 1d). Dacron was sutured to the stent(figure 1e).

Deployed geometry of 26mm diameter was achieved by crimping the fully expanded stent
inward to a compressed geometry. Leaflet and dacron, which was sutured to the stent, was
also crimped accordingly with the stent. Simulations were performed to determine TAV
stresses of different geometries based upon arterial loading conditions on a manufactured
TAV without the initial balloon-expansion. Pressure loading was applied to outer surfaces of
leaflets and all the surface of the stent to diastolic and systolic pressure with quasi-static
loading condition. Initial pressurization featured ramp up from OmmHg to maximum
systolic pressure (120mmHg) or diastolic pressure(80mmHg) over 20ms duration, followed
by the constant pressure up to a total 100ms period. Application of pressure in this fashion
eliminated any unrealistic inertial forces on TAV and improved numerical stability during
simulation. Boundary conditions were thus applied to bottom nodes of the stent to prevent
any rigid body motion.
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SapienXT 29mm TAV geometry and corresponding FE mesh are shown(figure 1). Loading
and boundary conditions were applied to stent and leaflet assembly. Maximum and
minimum principal stresses for both nominal 29mm and deployed 26mm SapienXT under
diastolic and systolic pressure are shown for quasi-static condition(figures 2-5). For
uncompressed nominal 29mm model, maximum principal stresses for TAV stent were
93.31MPa and 129.91MPa at 80 and 120mmHg, respectively(figure 2a,c). Peak stresses
occurred at tips of the stents where the motion was confined. Peak stress also occurred at the
upper thin stem in the middle between two sutured posts. Minimum principal stresses for
TAV stent were —105.60MPa and —147.88MPa at 80 and 120mmHg, respectively(figure
2b,d). These stresses were similarly located at the upper part of the thin long wireframe and
where the motion was constrained.

For the leaflets in uncompressed 29mm model, maximum and minimum principal stresses
for entire leafletare shown for 80 and 120mmHg under quasi-static condition (figure 3).
High stress concentration locations were determined. Maximum principal stresses across
entire leaflet were 1.63MPa and 2.39MPa at 80 and 120mmHg, respectively(figure 3a,c).
Peak stresses occurred at tips of leaflet commissures along the attachment with the stent as
well as the suture line of leaflet to dacron. Minimum principal stresses across entire leaflet
were —0.36MPa and —0.47MPa at 80 and 120mmHg, respectively. They also occurred at
leaflet commissures(figure 3b,d). Region 3 (sutured edges) contained maximum and
minimum principal stresses for entire leaflet(figure 1). Upper free leaflet edges (region 1)
had maximum (1.25 and 1.47MPa at 80 and 120mmHg, respectively) and minimum (-0.39
and —0.25MPa at 80 and 120mmHg, respectively) principal stresses in the region where
leaflets came into contact around commisure at end diastole. Lower leaflet belly (region 2)
had lower maximum (0.93and 1.23MPa at 80 and 120mmHg, respectively) and minimum
(-0.05 and —0.08MPa at 80 and 120mmHg, respectively) principal stresses, and stress
distribution was evenly distributed. TAV simulations with and without stent are presented as
supplemental files online (videos 1-2).

For deployed compressed 26mm model, maximum principal stresses for stent were
526.1MPa and 526.5MPa at 80 and 120mmHg, respectively(figure 4a,c). Peak stresses
occurred where leaflet was sutured to the stent. Peak stress also occurred in the middle of the
thin stem and posts along the height of the TAV. Minimum principal stresses for TAV stent
were —902.1MPa and —902.2MPa at 80 and 120mmHg, located at the opposite surfaces of
the maximum principal stress locations(figure 4b,d). Magnitude of peak stress did not
change greatly from diastole to systole but was significantly higher than that in
uncompressed stent.

For leaflets in the compressed 26mm model, maximum principal stresses were 1.55MPa and
1.74MPa at 80 and 120mmHg, respectively(figure 5a,c). Peak stresses occurred at tips of
leaflet commissures along the attachment with the stent as well as the suture line of leaflet to
dacron. Minimum principal stresses across entire leaflet were -0.63MPa and —1.04MPa at
80 and 120mmHg, respectively. They also occurred at the same locations of the maximum
principal stress(figure 5b,d). Maximum principal stresses were lower than that of
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uncompressed leaflets while minimum principal stress (compression/bending stress), was
higher than that of uncompressed leaflets. Leaflets had maximum in-plane
deformation(strain) in the middle of the commissure and minimum deformation in the belly
area(figure 6).

We demonstrated that maximum and minimum principal stresses in 29mm Sapien XT
occurred at stent tips where stent motion was constrained. For leaflets, maximum and
minimum principal stresses occurred at commissures where leaflets attached to the stent.
These regions would be areas most prone to initiating degeneration. Clinically, balloon-
expandable TAVR has shown equipoise with SAVR at 5 years in randomized trials(1), while
self-expanding TAVR had lower mortality than SAVR in the short-term[5]. Now that
PARTNER Il has demonstrated TAVR equipoise with SAVR in intermediate-risk patients[6],
issues of TAVR durability will become paramount in younger and lower-risk patients.

Durability is the Achilles heel of tissue heart valves, whether TAVR or SAVR. Tissue valve
durability is influenced primarily by structural valve dysfunction, resulting from
bioprosthetic valve degeneration. Pathologically, bioprosthetic degeneration involves leaflet
cusp calcification and stiffening, and leaflet tearing[21]. The rate of bioprosthetic
degeneration is influenced by: 1) patient factors, 2) valve leaflet biomaterials, and 3) valve
design[21]. While the mechanism of degeneration is poorly understood and multifactorial,
patient age is known to significantly impact degeneration with shorter valve durability, the
younger the patient age at time of valve implantation. Patient age, hemodynamics (i.e.
patient-prosthesis mismatch), and immunologic response may potentially interact to play a
role in bioprosthetic durability[22]. Thus, the TAVR durability demonstrated in
octagenarians in clinical trials will not be expected to directly translate into durability if
TAVR moves into younger healthier surgical patients.

Second factor influencing durability relates to valve leaflet biomaterials. Leaflet
composition, gluteraldehyde fixation, and anticalcification treatments are all vitally
important for structural integrity as well as determining leaflet mineralization response[21].
Biomaterials for surgical bioprostheses mainly consist of bovine pericardium, porcine valve
leaflets, and human allograft leaflets. TAVs are also comprised of similar leaflet materials,
bovine, equine, porcine pericardium or porcine valve leaflets[8]. Both bovine pericardium
and porcine leaflets have a long history of use and predictable durability in surgical
bioprostheses. However, as TAVR delivery systems reduced catheter size to 14-18Fr, much
thinner pericardium must be utilized in TAVs than bioprostheses[9,10]. Thinner leaflets
would be expected to increase leaflet stress and impact durability. For Sapien XT, bovine
pericardium and treatment processes were similar to Edwards surgical bioprostheses with
the exception of leaflet thickness. As such Sapien XT leaflet material properties were taken
from those of Edwards surgical bioprostheses; however, exact leaflet thickness from
SapienXT geometry was used.

Third factor influencing valve durability is valve design which arguably may be the greatest
difference among TAVRs and between TAVR and SAVR[9]. For surgical bioprostheses,
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degeneration by calcification or leaflet tearing correlated with areas of high tensile and
compressive stresses[23,24], and cyclic flexural fatigue and bending[25,26]. Previously,
25mm Edwards bovine pericardial valve was investigated by FEA, using those valves’
leaflet material properties and exact valve geometry under 120mmHg quasi-static loading
conditions[24]. Maximum in-plane stress ranged from 544.7 to 663.2kPa, though leaflet and
stent interaction were not specified. Leaflet stresses were greatest near the commissures and
least near the free edge. Our maximum principal stress was higher for 29mm SapienXT than
that reported for bioprosthesis. Dynamic FEA simulation of 23mm bovine pericardial
Edwards bioprosthesis using physiologic arterial pressures demonstrated peak von Mises
stress of 2.09MPa located at the cuspal commissures in the fully closed position[26]. Since
bioprosthetic valve sizes in these studies were smaller than our TAV size, direct comparisons
are not possible since larger valve sizes may have higher leaflet stresses. Nonetheless, our
data suggests higher leaflet stresses in TAVs than bioprostheses, which occurred in similar
locations, cuspal commissures.

Comparison with TAV Simulations

Comparison to previous simulation work on stress analysis of TAV valves is presented in
Table 2. We report greater leaflet stresses than their studies, which may reflect our larger
TAV diameter, exact leaflet geometry and thickness, as well as incorporation of TAV stent
and Dacron with leaflet interactions in our simulations. Thinner leaflets resulted in higher
stresses and peak stresses occurred along leaflet-stent attachment along the
commissures[10]. Other groups have reported fatigue simulations using surgical leaflets of
25mm Carpentier-Edwards pericardial valve and 23mm generic TAV leaflets[27]. Stress was
significantly higher in smaller TAV leaflets than larger surgical valve leaflets. They predicted
TAV durability to 7.8 years. However, neither of these studies utilized exact geometry and
fully assembled TAVR including leaflets, stent, Dacron, and sutures. In our study, when
examining 29mm SapienXT at nominal vs compressed to 26mm within patient’s annulus,
underexpansion of TAVR resulted in significantly higher stent stresses. With regards to the
leaflets, peak first principal stresses were higher in the compressed state while peak second
principal stresses were lower. The counter effects of higher tensile stresses but lower
compressive or bending stresses on leaflet durability are presently unknown.

Study Limitations

Our study did not take into account crimping and ballooning process which occurs during
TAVR. Crimping physically damages TAV leaflets and may weaken leaflets and increase
leaflet stress[28,29]. We did not destroy our TAV to test its leaflets for exact material
properties given the rarity of obtaining TAVs and need for future TAV experimental /n vitro
testing. As such we utilized excised leaflets from Edwards’ surgical bioprostheses to
determine material properties for TAV leaflets. While treatment processes for both Edwards
valves are expected to be the same, thinner pericardial leaflets used in TAVR may have
different material properties than were represented here. This study was performed with
quasistatic simulation to determine maximal leaflet and stent stresses. A dynamic simulation
to examine in detail, leaflet coaptation was not performed. As stress at sites of leaflet
coaptation were significantly less than the commissures which demonstrated peak stress,
dynamic simulation would not likely change the results of the present study. Future work on
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leaflet coaptation may be performed. Since stent and leaflet stresses cannot be directly
measured, our analyses of stress cannot be experimentally validated. Determinations of
strain experimentally are beyond the scope of this work and will be considered for future
studies. Lastly, complex fluid-structure interaction simulations were not incorporated and
beyond the present scope of this study.

Conclusions

We determined TAV stent and leaflet stresses on SapienXT 29mm using exact geometry. We
demonstrated that maximum stresses occurred at tips of the stent where motion was
constrained and at leaflet commissures where they attached to the stent. These leaflet regions
will likely be areas where degeneration initiates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Region3

Figure 1.
a) Geometry of 29mm SapienXT. b) Finite element meshes of 29mm SapienXT. c) Regions

of interest:region 1=upper leaflet free edges; region 2=lower leaflet belly; and region
3=sutured leaflet edges. d) Mesh of leaflet sutured to stent and dacron. e) Mesh of dacron
sutured to stent.
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Figure 2.

For 29mm SapienXT, a) maximum and b) minimum principal stresses of stent at diastole
and ¢) maximum and d) minimum principal stresses at systole.
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Figure 3.

For 29mm SapienXT, a) maximum and b) minimum principal stresses on leaflets at diastole
and ¢) maximum and d) minimum principal stresses at systole.
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Maximum Principal Stress (diastolic) 26mm Minimum Principal Stress (diastolic) 26mm
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Figure 4.
For compressed 26mm SapienXT, a) maximum and b) minimum principal stresses of stent at

diastole and ¢) maximum and d) minimum principal stresses at systole.
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Figureb.
For compressed 26mm SapienXT, a) maximum and b) minimum principal stresses on

leaflets at diastole and ¢) maximum and d) minimum principal stresses at systole.
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Figure®6.
Maximum principal strain of a) 29mm and b) 26mm Sapien XT under diastolic pressure.
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