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Abstract

Transcatheter aortic valve (TAV) implantation within a failed bioprosthetic valve is a growing 

trend for high-risk patients. The non-compliant stent of the previous prosthesis may prevent full 

expansion of the TAV, which has been shown to distort the leaflet configuration, and has been 

hypothesized to adversely affect durability. In this study, TAV leaflet fatigue damage under cyclic 

pressurization in the setting of stent underexpansion by 0 (fully expanded), 1, 2 and 3 mm was 

simulated using finite element analysis to test this hypothesis. In the 2 and 3 mm underexpanded 

devices, the TAV leaflets exhibited severe pin-wheeling during valve closure, which increased 

leaflet stresses dramatically, and resulted in accelerated fatigue damage of the leaflets. The leaflet 

fatigue damage in the 1 mm underexpanded case was similar to that in the fully expanded case. 

Clinically a range of 10% to 15% underexpansion is generally considered acceptable; however, it 

was observed in this study that ≥2 mm (≥9.1%) underexpansion, will significantly impact device 

durability. Further study is necessary to determine the impact of various deployment conditions, 

i.e. non-uniform and non-circular deployments and different implantation heights, on differing 

TAV devices, but it is clear that the normal TAV leaflet configuration must be preserved in order to 

preserve durability.

INTRODUCTION

Transcatheter aortic valve (TAV) implantation into an existing bioprosthetic valve, to treat 

stenosis or regurgitation in either a failed surgical valve (SAV) or an ill positioned TAV, is a 

growing trend for high-risk patients. Multiple TAV devices have been used in these “valve-

in-valve” (ViV) procedures 5, 28. TAV implantation within a failed SAV has been shown to 

be feasible and safe with a reported procedural success rate of 95.7% in the largest reported 

TAV-in-SAV meta-analysis to date with 976 patients across 25 multi-center studies 5. 

Considering this success rate with the morbidity and mortality associated with valve 

reoperation, ViV treatment for SAV failure will likely become an increasingly attractive 

option for both patients and clinicians 47, particularly with the recent shift towards the 
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implantation of bioprosthetic SAVs versus mechanical SAVs 12, with bioprosthetic SAVs 

comprising 78.4% of the total valves used in North America over the last 10 years 5.

In ViV procedures the newly implanted TAV is typically oversized (larger in diameter) with 

respect to the inner diameter of the previous prosthesis to prevent paravalular leak and valve 

migration 6, 16. While oversizing has been shown to reduce the risk of moderate to severe 

paravalvular leak in patients 13, 24, 49, the degree of oversizing remains controversial. There 

are little guidelines in terms of proper TAV sizing and positioning for clinicians to go by. 

The non-deformable stent of the previous prosthesis may preclude full expansion of an 

excessively oversized TAV resulting in valve underexpansion 9, 33, 50. Valve underexpansion 

has been shown to distort the configuration of the leaflets 38, 51 and can affect transvalvular 

gradients and effective orifice areas 2, 16, 19, 21–23, 29, 48. ViV with small SAVs, which 

already have a small EOA, put patients at higher risk of patient-prosthesis mismatch where 

the EOA is too small in relation to the patient’s body size34 and 28. The ViV configuration is 

also believed to affect leaflet durability by two primary mechanisms: 1) overhanging of the 

leaflets over the stent during opening and 2) twisting and overhanging of the leaflets over 

each other during valve closure 7, 16, 47.

In our recent simulation study of TAV leaflet fatigue 25, we showed that even in the ideal 

deployed configuration, TAVs may be expected to have reduced durability compared to 

bioprosthetic SAVs due to the thinner leaflets and reduced stent-tip deflection of TAVs. TAV 

structural failures as early as 3 years after implantation have been cited 3, 17, 20. Furthermore, 

it has been shown that poor leaflet coaptation 27, 45 will reduce the durability of 

bioprosthetic SAVs; thus, it follows that the durability of TAVs that exhibit poor leaflet 

coaptation as seen under non-optimal deployment conditions (elliptical, underexpanded, 

non-uniformly expanded) 14, 15, 43, would be further reduced. Therefore, there is a critical 

need for more comprehensive studies on the long-term durability of TAV devices in various 

configurations to assess deployment strategies and provide insight for improved design. The 

objective of this study was to implement the computational framework developed previously 

to investigate SAV and TAV leaflet fatigue 25–27, to assess TAV fatigue in the setting of stent 

underexpansion.

METHODS

Constitutive modeling of tissue fatigue

In this study, GLBP was selected as a representative valve leaflet material. GLBP tissue is 

comprised of stiff collagen fibers embedded in a compliant matrix of elastin and 

proteoglycans, and thus can be considered a fiber-reinforced continuum. Accordingly, the 

total tissue free energy, W, was decomposed into isochoric, Wiso, and volumetric parts, W 
Wvol, as

(1)
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where C is the right Cauchy-Green tensor, and C is the deviatoric right Cauchy-Green 

tensor, and Wiso is further decomposed into distinct matrix and fiber contributions denoted 

with “m” and “f” subscripts respectively giving

(2)

where M is a structural tensor describing the fiber orientation.

Fatigued state tissue free energy function

Details on the constitutive modeling of the soft tissue fatigue response were described 

previously in 26, 27. Briefly, to incorporate changes to the valve leaflet material properties as 

a result of fatigue damage, W, was enhanced with the addition of a stress-softening 

parameter, Ds, and a permanent set parameter, Dps, given by

(3)

where Wps is the dissipated energy due to the permanent set, and W0 indicates the initial 

(un-fatigued) strain energy. At the un-fatigued state, both Ds and Dps are inactive, i.e. Ds = 0 

and Dps = 0, thus W reduces to the strain-energy function, W0. The parameters Ds and Dps 

become active with the onset of fatigue damage induced by cyclic loading.

GLBP tissue fatigue damage evolution was considered to be a function of the peak 

equivalent strain per cycle as in our previous studies 26, 27. The equivalent strain Ξt 35 at 

time t ∈ [0,T ], was defined for the matrix and fiber constituents distinctly as

(4)

(5)

The peak equivalent strains for each loading cycle were thus

(6)
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(7)

where h is the frequency and n is the number of loading cycles up to a maximum number of 

cycles, ntotm and ntotf. The number of cycles until failure (ntot) were defined for the matrix 

and fiber constituents distinctly as 26:

(8)

where α and β are material constants governing the amount of damage incurred by a single 

cycle at , and ψmin and ψmax, define the boundaries of the fatigue damage evolution 

zone. Note that α, β, ψmin and ψmax, were also defined for the matrix and fiber constituents 

distinctly. The total amount of damage due to stress softening, Ds, after n tensile loading 

cycles was defined as

(9)

The tissue permanent set, Dps, was considered to be due to damage to the isotropic matrix 

described by 27:

(10)

Here the matrix permanent set is scaled by the peak strain ratio, , to enforce anisotropy, 

where  is the Green strain at  in direction ij, and . The 
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 refers to the maximum permanent set Green strain associated with tensile failure of 

the material. The permanent set was enforced with a plastic stress, SP
27

(11)

The SP contribution to the overall tissue response is governed by η in Eqn. 12, which was 

modified from Dorfmann and Ogden’s η function 10 in order to accommodate for the 

dissipated equivalent strain associated with the permanent set, Ξps, defined by Eqn. 13,

(12)

(13)

The second Piola-Kirchoff stress tensor may be expressed in the following reduced form:

(14)

Un-fatigued strain energy function

GLBP was assumed to be an incompressible, anisotropic, nonlinear, hyperelastic material 40, 

thus the un-fatigued strain energy was expressed by a fiber-reinforced hyperelastic material 

model based on the work of Holzapfel, Gasser et al. (2000) and Gasser, Ogden et al. (2006), 

given by

(15)

(16)

(17)
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where I1,4,6 are the deviatoric strain invariants, c1,2 and k1,2 are the matrix and fiber 

parameters respectively, D is a material constant to enforce near compressibility, and J is the 

determinant of the deformation gradient. The fiber orientation is defined by Mi = m0i ⊗ m0i 
with m01=[cos θ,sinθ,0] and m02=[cosθ,−sinθ, 0], where θ is the angle between the 11 axis 

and the preferred fiber orientation.

Finite element modeling of TAVs

The finite element (FE) model of a generic size 23 mm TAV developed previously 25 was 

adopted for this study. Briefly, the TAV model consisted of 3 leaflets, each 0.25 mm thick 

similar to commercial TAV devices. Each leaflet was constructed from continuum large-

strain brick elements in ABAQUS (Providence, RI) FE software. The local material 

orientations were defined for the leaflets at each element. The leaflet material properties 

were defined by the constitutive law, Eq. (14), which was incorporated into a user subroutine 

(UMAT) using the numerical approximation of tangent moduli method proposed by Sun et 

al 41. The un-fatigued GLBP leaflet material parameters were determined by fitting the 

biaxial testing data of GLBP valve leaflets presented by Sun 39, and the GLBP leaflet fatigue 

response was defined by the hypothetical GLBP fatigue parameters presented in our 

previous works 25–27. The amount of damage per simulated cycle was scaled up to reflect 

approximately 10x106 cycles real-time based on the fatigue model parameters. However, due 

to limited experimental data, the amount of damage at certain cycle states may not be 

accurate, and we use the variable, N, to nominalize the simulated cycle state. Although the 

precise timing of fatigue events cannot be predicted, through well-controlled side-by-side 

comparison, the effects of valve configuration on the durability can be assessed.

Cyclic diastolic closure of TAVs was simulated in two steps. First, the aortic side of the 

leaflets were slightly pressurized to 10% of the peak pressure (~12 mmHg) and the nodes 

along the leaflet stent-attachment lines were radially displaced towards the center of the 

valve by 0 mm, 0.5 mm, 1 mm, and 1.5 mm to uniformly reduce the valve radius along the 

whole height and achieve the nominal, and 1 mm, 2 mm, and 3 mm underexpanded (UE) 

cases respectively (Figure 1a). In a size 23 mm TAV with an internal diameter of 22 mm, 

these UE cases represent 4.5%, 9.1%, and 13.6% diameter underexpansion respectively. 

Note that 10% to 15% underexpansion is generally considered acceptable in clinical 

practice 16. Qualitatively, this approach resulted in realistic distortion of the leaflets (Figure 

1b). The stent-attachment nodes were then fixed in space at this new location for the 

duration of the simulations to mimic attachment to a rigid stent. Then diastolic 

pressurization cycles from the minimum pressure of ~12 mmHg to a peak pressure of ~120 

mmHg were applied to the aortic side of the leaflets to investigate the effects of repetitive 

loading.

The simulation results (stress, strain, damage, etc.) were extracted for each loading cycle. 

Values from the elements along the stent-attachments were ignored to avoid potentially 

inaccurate boundary effects. The deformed valve geometries were imported into HyperMesh 

12.0 (Altair HyperWorks, MI), for dimensional analysis. The leaflet coaptation area under 

the peak diastolic pressure of 120 mmHg was measured as the surface area of the contacting 

regions of adjacent leaflets. The degree of leaflet pin-wheeling upon valve closure was 
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quantified in terms of the minimium bending radius (MBR) of the leaflet free edge per the 

methods proposed by Corden et al8. The leaflet MBR was also measured along the radial 

mid-line, the line bisecting the leaflet in the radial direction. Briefly, the deformed 

coordinates of the nodes along the leaflet free edge and radial mid-line were exported and 

used to generate spline curves using Matlab (Mathworks, MA). The central difference 

method was used to calculate the approximate derivatives of the spline curves in order to 

calculate the line curvatures and bending radii for each case.

RESULTS

In each UE case, the leaflets exhibited leaflet redundancy and pin-wheeling upon valve 

closure (Figure 2b-d). The reduced valve area caused a nearly linear increase in the leaflet 

coaptation area with the degree of UE (Figure 3a). At the unfatigued state the coaptation 

increased from 21.9% of the leaflet area in the nominal case to 33.1% of the leaflet area in 

the 3 mm UE case. The coaptation areas increased slightly over fatigue cycling. The pin-

wheeling effect also tended to increase the leaflet curvature at the free edge as shown by the 

decreased MBR at the free edge in the 2 mm and 3 mm UE cases (Figure 3b). The MBR was 

actually slightly higher at the free edge in the 1 mm UE case than the nominal, because the 

pin-wheeling effect was very minor. The MBR at the free edge tended to decrease slightly 

with continued cycling. The MBR along the radial mid-line also decreased with the degree 

of underexpansion because the leaflet redundancy caused the belly region to sag (Figure 3c). 

This effect worsened with fatigue as permanent set accumulated and the leaflets became 

larger.

The peak leaflet stresses during closure along the commissures, belly, and nadir were 

compared for each case. The normalized peak stresses compared to the nominal case at the 

0N state are shown in Figure 4, where regions 1, 2, and 3 in the leaflet diagram (Fig. 4b) 

correspond to the commissures, belly, and nadir respectively. The underexpanded 

configuration resulted in increased tensile stresses at the commissures and decreased tensile 

stresses in the belly region (Fig. 4a). The peak tensile stress was also increased in the 2 mm 

and 3 mm UE cases at the nadir compared to the nominal valve. The peak compressive 

stresses consistently increased in all regions of the leaflets with increasing degree of 

underexpansion (Fig. 4b). In the nominal and 1 mm UE cases the peak tensile stress was 

located at the commissures and the peak compressive stress was at the nadir due to 

coaptation. In the 2 mm and 3 mm UE cases the peak tensile and compressive stresses were 

both located near the commissures along the suture attachments due to significant leaflet 

bending in these regions.

The nominal TAV had the most uniform peak equivalent strain distribution in the leaflets, 

which translated to the most uniform damage patterns for both the matrix and fiber 

components (Figure 5). In the UE cases, the overall damage area was reduced, but damage 

was accelerated at the free edge and suture attachments corresponding to the elevated 

stresses and equivalent strains in these regions. The damage became more concentrated with 

increasing degree of underexpansion, as the maximum peak equivalent strain values tended 

to increase (Figure 6). The overall peak equivalent strain was initially lowest in the 1 mm 

UE; however, surpassed that of the nominal valve at the 4N state (Figure 6). The maximum 
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peak equivalent strain was initially located at the commissures in the nominal case, but 

shifted slightly downwards along the suture attachments at the 8N state. The maximum peak 

equivalent strains were located at this region along the suture attachments throughout each 

of the UE simulations. The maximum peak equivalent strain increased slightly more rapidly 

in each of the UE cases compared to the nominal fully expanded case with continued 

cycling.

DISCUSSION

There have been few quantitative studies on the effects of non-optimal deployment 

configurations on TAV mechanics. Sun et al. 42 used FE analysis to investigate the effect of 

elliptical stent deployment on TAV leaflet stresses and strains, which they found to be 

significantly increased compared to those in the nominal cylindrical stent. These simulation 

results were later confirmed by in vitro results reported by Gunning et al. 14, in which 

elliptically deployed TAVs were shown to have increased leaflet strains compared to 

nominally deployed valves particularly in the commissural regions. Abbasi and Azadani 1 

have shown that TAV leaflet stresses and strains increase at the commissures in the 

underexpanded configuration as well due to sharp bending through FE analysis. Smuts et 

al. 38 have also used FE analysis to study the effects of leaflet design, mismatched leaflet 

properties, stent under and overexpansion, as well as asymmetric expansion, on the 

deformation of the leaflets under hypotensive (50 mmHg) pressurization. They showed that 

the leaflets will fold over each other in the 1 mm UE case, similar to our result. This is the 

first study to our knowledge which investigated TAV leaflet mechanics in the setting of stent 

underexpansion with the added effects of GLBP tissue fatigue.

Effect of TAV stent underexpansion on leaflet durability

The UE cases all exhibited leaflet redundancy, pin-wheeling, and sagging in the belly region 

upon closure, which lead to increasingly heterogeneous leaflet stress and peak equivalent 

strain distributions (Figs. 4 & 5). From the substantial compressive stresses (Fig. 4b) and 

leaflet curvatures in the UE valves (Fig. 3b&c), it is clear that tissue bending becomes a 

more significant loading condition during TAV closure in the UE configuration. The 

combination of increased coaptation and considerable leaflet pin-wheeling of the 

significantly underexpanded valves (≥ 2 mm), increased the leaflet free edge curvature (Fig. 

3b), and resulted in stress concentrations and accelerated tissue fatigue damage at the nadirs 

(Fig. 5). This effect may have been exaggerated by the perfect valve symmetry assumed, 

which promotes pin-wheeling, whereas asymmetry, i.e. non-uniform underexpansion, may 

promote prolapse of one or more of the leaflets. Non-uniform expansion has been seen in 

patients with bicuspid aortic valves 30 particularly with self-expanding TAVs 18, 46, and 

could be caused by asymmetric SAV leaflet calcification in ViV procedures. The 

exaggerated leaflet sagging (Fig. 3c) and twisting in the UE cases also dramatically 

increased the peak leaflet stresses and equivalent strains at the suture attachments compared 

to the nominal case (Figs. 4 & 5), which is consistent with the increased commissural leaflet 

stresses and strains in underexpanded TAVs in 1. This finding was also in agreement with the 

results of our previous fatigue simulation study of SAVs, where valves that exhibited poor 
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leaflet coaptation had accelerated damage along the suture attachments 27, and the clinical 

finding that poor coaptation is a predictor of poor durability in SAVs 45.

Although failure could not be simulated, the leaflet maximum peak equivalent strains in the 

2 mm and 3 mm UE valves were significantly higher than those in the 1 mm UE and 

nominal cases at corresponding cycle states (Fig. 6). Although the peak equivalent strain was 

initially lower in the 1mm UE case than in the nominal case, it increased more rapidly with 

cycling and quickly surpassed that of the nominal case at the 4N state (Fig. 6). These results 

indicate that TAV underexpansion will compromise the durability of the leaflets, and that 

leaflet tissue fatigue damage accumulates faster with increasing degrees of underexpansion. 

In each of the UE cases, the maximum peak equivalent strain values were along the suture 

attachments just below the commissures (Fig. 5), thus, the expected mode of leaflet fatigue 

failure for TAVs in the ViV configuration is combined tension and flexure along the suture 

attachments. The maximum peak equivalent strain values in the nominal TAV leaflets were 

located at the commissures until the 8N fatigue state when the maximum value moved 

slightly further down suture attachment line. Therefore, TAVs in the fully expanded 

configuration are also expected to fail just below the commissures along the suture 

attachments, the known failure region of SAV leaflets 4, 32, 37, 44.

Clinical impacts

Clinically a range of 10% to 15% underexpansion is generally considered acceptable 16. All 

of the cases presented here fall within or below this range, with 3 mm of underexpansion 

representing only 13.6% underexpansion. The simulation results indicate that up to 5% 

underexpansion may be acceptable (1 mm underexpansion case), but beyond this level, 

leaflet tensile and compressive stresses may increase dramatically, which will compromise 

durability. Recent clinical results show that 50% of TAVs exhibit structural deterioration 

within 8 years, thus, the durability of severely underexpanded TAVs is likely less than 8 

years 11. It is important to note that the degree of acceptable underexpansion is also likely 

dependent on the valve implantation depth and the valve design. A recent study by Simonato 

et al. 36 shows that higher TAV implantation height is associated with lower risk of elevated 

gradients because in this position, the TAV is able to expand more fully, and in turn, may 

increase durability. Thus, it is difficult to precisely predict the effect of TAV underexpansion 

on ViV durability which depends on many additional specific factors including: the SAV and 

TAV designs, mode of SAV failure, and TAV implantation height, etc. The leaflet curvature 

and coaptation areas at closure may be useful non-design specific indicators of the leaflet 

durability.

The results of this study suggest that the true inner diameter of a previous prosthesis is of 

critical importance in selecting an appropriately sized TAV. Knowing the labelled size of the 

SAV may not be enough: the mechanism of failure may also be of importance. Regurgitant 

valves with torn leaflets may have relatively larger inner diameters, while calcified or 

thrombosed valves may have smaller or asymmetric inner diameters 16. Conservative 

oversizing may also be justified in standard TAV procedures cases where the native aortic 

valve leaflets are heavily calcified and non-deformable. New TAV devices that are 

intentionally designed to be deployed within a prosthesis with a relatively larger central gap 
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between the leaflets at the undeformed configuration may reduce the likelihood of 

paravalvular leak without negatively impacting the leaflet durability.

Limitations of this study

As in previous studies 25–27, a linear progression of the stress softening and permanent set 

parameters at a given equivalent strain as a function of the number of loading cycles was 

assumed, and the fatigue model parameters were not rigorously determined through 

experiments. The fatigue damage parameters for the matrix and fiber constituents were 

assumed to be equivalent. However, the equivalent strain threshold to induce fatigue for the 

fiber constituents is likely higher than that for the matrix, thus, the rate of matrix damage 

accumulation in the UE cases due to compressive stresses is likely underestimated. The lack 

of experimental validation of TAV fatigue damage patterns is a major limitation of this study. 

However, in a recent publication 25, we predicted TAVR durability to be approximately 8 

years using this approach, which is in close agreement with new clinical TAVR results 11, 

indicating that this TAVR fatigue model can generate meaningful results. Such clinical data 

does not yet exist on how TAVR durability in suboptimal deployment configurations. 

Furthermore, although the amount of fatigue damage in each case presented here is 

dependent on the fatigue model parameters chosen, this approach is valid for studying the 

effects of TAV underexpansion on durability through well-controlled, side by side 

comparison.

It was difficult to obtain solution convergence particularly in the UE configurations due to 

the complicated and changing contact conditions between the leaflets; thus, complete leaflet 

tissue failure could not be simulated. Strategies to improve numerical stability should be 

developed in order to simulate more advanced fatigue states.

Cyclic valve opening was not simulated because we have recently shown that TAV leaflet 

peak equivalent strains are consistently lower during opening compared to closing, thus, 

opening would have a minimal impact on the leaflet tissue fatigue damage. However, 

clinicians have expressed concern about the valve leaflets hitting the stent during opening in 

the UE configuration 47. While this potential mode of damage was not modeled, this would 

likely exacerbate damage in the UE cases, particularly at the leaflet free edges.

Structural valve degeneration due to calcification was also not considered in this study, 

because the mechanism of calcification is currently not well understood. However, 

calcification tends to occur in the areas of high stress during function 31, so the fatigue 

damage areas for each case presented here may also represent areas most susceptible to 

calcification.

Conclusions

TAVs do not always fully expand clinically when deployed within either a heavily calcified 

native aortic valve or a non-compliant failed prosthesis in ViV procedures. It has been shown 

that the configuration of the leaflets may be altered when the TAV stent is underexpanded 51, 

which has been hypothesized to limit the device durability 7, 16, 47. In this study, a 

computational tissue fatigue damage framework developed previously 25–27 was applied to 

investigate the effect of TAV underexpansion on the durability of the GLBP leaflets. The 
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simulation results show that TAV underexpansion by ≥ 2mm results in significantly higher 

tensile and compressive leaflet stresses which will ultimately limit the durability of the 

leaflets, while slight underexpansion (1 mm) has a minimal effect on the leaflet durability. 

However, the degree of acceptable underexpansion will likely depend on the particular valve 

design. The results of this study warrant further investigation of ViV mechanics.
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Figure 1. 
a) The 3 mm UE TAV FE model after inward radial displacement of the stent-attachment 

line overlaid with the nominal TAV model under minimum pressure. b) A failed explanted 

26 mm Sapien XT TAV implanted in a 27 mm Carpentier-Edwards SAV (adapted from 3).
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Figure 2. 
Leaflet coaptation upon full closure in the a) nominal, and b) 1 mm, c) 2 mm, and d) 3 mm 

stent diameter reduction cases overlaid with a circle of the original stent diameter (gray).
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Figure 3. 
a) The percent area of leaflet coaptation, b) the MBR of the leaflet free edge and radial mid-

line versus the degree of underexpansion at the 0N state.
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Figure 4. 
Peak a) tensile and b) compressive stress for each valve at the 0N state in different regions of 

the leaflet: 1) along commissures, 2) belly, and 3) nadir.
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Figure 5. 
Contour plots of the peak equivalent strain and the matrix and fiber damage at the 4N cycle 

fatigued state for each case.
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Figure 6. 
The peak equivalent strain observed in the leaflets for each case and cycle.
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