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Abstract

One of the major failure modes of bioprosthetic heart valves (BHVs) is noncalcific structural
deterioration due to fatigue of the tissue leaflets; yet, the mechanisms of fatigue are not well
understood. BHV durability is primarily assessed based on visual inspection of the leaflets
following accelerated wear testing. In this study, we developed a computational framework to
simulate BHV leaflet fatigue, which is both efficient and quantitative, making it an attractive
alternative to traditional accelerated wear testing. We utilize a phenomenological soft tissue
fatigue damage model developed previously to describe the stress softening and permanent set of
the glutaraldehyde-treated bovine pericardium leaflets in BHVs subjected to cyclic loading. A
parametric study was conducted to determine the effects of altered leaflet and stent elastic
properties on the fatigue of the leaflets. The simulation results show that heterogeneity of the
leaflet elastic properties, poor leaflet coaptation, and little stent-tip deflection may accelerate
leaflet fatigue, which agrees with clinical findings. Therefore, the developed framework may be an
invaluable tool for evaluating leaflet durability in new tissue valve designs, including traditional
BHVs as well as new transcatheter valves.

Keywords
Bioprosthetic heart valve durability; Soft tissue fatigue; Finite element analysis

1 Introduction

Currently, the only clinically proven effective, long-term treatment for valvular heart disease
is open-chest cardiac valve repair or replacement surgery. Typically with aortic valve
disease, the native valve is replaced with either a mechanical or tissue-derived bioprosthetic
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heart valve (BHV). BHVs offer superior hemodynamics and eliminate the need for
anticoagulants accompanying mechanical valve replacement. For these reasons, BHVs have
been widely used to treat valvular disease for over 40 years (Brewer et al. 1977). Now with
the advent of minimally invasive implantation techniques, a new breed of BHVs amenable
to transcatheter delivery is emerging (Munt and Webb 2006; Webb et al. 2007). Yet, the
main limitation of BHVs continues to be the long-term durability owing to calcification or
fatigue-induced structural deterioration of the tissue leaflets (Vyavahare et al. 1999; Haziza
et al. 1996). Consequently, BHVs often need to be replaced within 10 years of implantation,
and in as little as 5 years in younger patients (\Vyavahare et al. 1999). It has been suggested
that these failures are caused by localized leaflet damage at stressed regions, but the
mechanisms of BHV leaflet fatigue and failure are incompletely understood.

It is, however, clear that BHV design features have an impact on the long-term durability.
For instance, the lonescu— Shiley (IS) valve was taken off the market for its subpar
durability of approximately 5 years (Gabbay et al. 1984a,b; Brais et al. 1985; Reul et al.
1985; Cooley et al. 1986; Nistal et al. 1986a,b), due to design flaws shortly after its release.
The limited durability of the IS valve was thought to be the result of the rigid stent and the
suture hole in the leaflet near the top of the post (Brais et al. 1985). For this reason, second-
generation pericardial BHVSs, including the Carpentier—Edwards Perimount (CEP),
incorporated a flexible stent to act as a cushion and reduce stresses acting on the leaflets
(Singhal et al. 2013). The CEP valve has an in vivo durability of up to 20 years. After
extensive study, the inferior durability of the IS valve compared to the CEP valve has been
hypothesized to be the result of several factors: very little stent-tip deflection (due to the
rigid stent), thin leaflets, and poor leaflet coaptation causing “pin-wheeling” of the leaflets
(Vesely 2008-2011). In rare cases, early CEP valve structural failures have also been
observed (Fleisher et al. 2004). These failures are thought to be largely due to heterogeneity
in the structure and properties of the glutaraldehyde-treated bovine pericardium (GLBP)
leaflets, which leads to leaflet tearing and/or prolapse due to elongation of one or more of
the leaflets (Trowbridge et al. 1986; Fleisher et al. 2004; Singhal et al. 2013). Much of this
insight comes from comparing clinical outcomes for various BHV designs, and although
these studies were very useful to determine critical valve design issues, in vivo studies are
not well controlled due to patient variability and this retrospective approach is unsuitable for
investigating new designs.

Currently, the International Organization for Standardization (2005) and the Food and Drug
Administration (2010) recommend that new BHYV designs be tested up to 200 million cycles
using accelerated wear testers (AWTS) to evaluate the device safety and efficacy over time.
Although AWTSs can imitate the in vivo hemodynamics, it remains difficult to isolate the
specific effects of various BHV design parameters on the durability of the leaflets when
using this technique. BHV durability assessment is largely based on the visual inspection of
the leaflets following AWT cycling, and this method is both time-consuming and expensive.

For a quantitative and efficient assessment of BHV performance, attention has turned toward
computational analyses of BHV function (Christie 1992; Krucinski et al. 1993; Sun et al.
2005; Kim et al. 2008). It is commonly accepted that BHV durability can be improved by
reducing high stress concentrations in the leaflets. However, a peak stress analysis at a
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single snapshot in time may not be sufficient to predict the BHV durability. Under cyclic
loading, the leaflets will undergo stress softening and permanent set; thus, both the tissue
properties and leaflet geometry are changing over time, and both factors may change the
stress distribution throughout the valve life cycle.

In this study, we utilize a phenomenological fatigue damage model developed previously
(Martin and Sun 2013) to describe the overall fatigue damage of GLBP leaflets due to cyclic
loading in BHV applications. The model incorporates descriptions of the fatigue-induced
stress softening and permanent set of GLBP. The fatigue damage model was implemented
into ABAQUS via a user-defined material (UMAT) in conjunction with the nonlinear
orthotropic Fung-elastic model and is utilized in BHV cyclic loading simulations. The effect
of different leaflet and stent properties on the fatigue damage of the leaflets was investigated
in a typical BHV model (Sun et al. 2005). This marks the first study where fatigue damage
was simulated for BHV applications and the effect of BHV design parameters on the
durability was quantitatively assessed. Although the GLBP fatigue parameters from our
previous study (Martin and Sun 2013) were not rigorously determined through experiments,
the comparison between cases provides invaluable insight into the specific effects of BHV
design features on long-term BHV durability. This computational approach to studying
BHYV durability will hopefully benefit the valve community: allowing researchers to
efficiently evaluate new BHV designs prior to AWT testing.

2 Methods

2.1 Constitutive modeling of tissue fatigue

2.1.1 Fatigued state tissue strain energy function—To incorporate changes to the
valve leaflet material properties as a result of fatigue damage, the strain energy function, W,
is enhanced with the addition of a stress-softening parameter, Dg, and a permanent set
parameter, Dps (Martin and Sun 2013), given by

W (E, Ds, Dps).=(1 — DS)W’O (E)+Wys (E, Ds, Dps), (1)

where E is the Green strain tensor and Wy is the dissipated strain energy due to the
permanent set. At the unfatigued state, both Dgand Dps are inactive, i.e., Dg= 0 and Dps = 0;
thus, Wis only a function of E. The parameters Dg and Dps become active with the onset of
fatigue damage induced by cyclic loading, and the inclusion of these terms provides a means
of changing the form of the strain energy function, which is no longer elastic.

2.1.2 Equivalent strain—In order to establish the law of tissue fatigue damage evolution,
we use the equivalent strain Z; (Simo 1987), a scalar quantity proportional to the strain
energy at time t,

= (B(1):=\2W(B(1), @
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Where E(t) is the Green strain tensor at time t € [0, T]. Since the primary focus of this study
is on long-term tissue fatigue damage after millions of cycles of loading, the damage criteria
were only evaluated at the peak of each loading cycle to reduce computational time.
Therefore, we evaluate the peak equivalent strain (Martin and Sun 2013) after each loading
cycle, given explicitly by:

—peak

En " SIMAK [ a at1] 2WO(E(t)),n=0,1,2,3,... ,not  (3)

i

where f is the frequency and n is the number of loading cycles up to a maximum number,
Ntot.

2.1.3 Cycles to failure definition—Here, we introduce two parameters ¢min and %maxs
to define the boundaries of the fatigue damage evolution zone, where ymin represents the
minimum equivalent strain to elicit the accumulation of fatigue damage and ymax represents
the tissue maximum equivalent strain limit. We propose that the number of cycles until
failure (nyt) is given by the following equation:

: —peak
00 if EP*<thmin

( —peak >
al 1-=1

Ymax
B(nmax—1) 1—exp

—peak) __ : — k
Ntot (HEL ) - :peak_w ) (1_ ’/’min) +1 lf wmin S ugca S wmax 5 (4)
—n min 176Xp m

¢ —peak
1 if EP>hpax

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

= k
cycle at =peak,

2.1.4 Fatigue-induced stress softening—We assume that at a given equivalent strain,
an equal amount of damage is accumulated during each loading cycle, representing a linear
accumulation of damage. Therefore, the total amount of damage due to stress softening, Dg,
after n tensile loading cycles is given by

0 lf Eg%k < "/}Ini n
—peak 1 . —
Ds (:ﬂed ) = Z:lm if wmin < \:goak < wmax - (5
1 if Egeak > d)max

2.1.5 Fatigue-induced permanent set—Tissue damage is associated with irreversible
tissue elasticity loss; therefore, a permanent set is exhibited after cyclic loading. In our
previous study (Martin and Sun 2013), the permanent set was defined as a function of the
maximum permanent set strains along the principal axes for the uniaxial tensile failure
condition in the 22 direction. This permanent set definition captured the permanent set
induced by uniaxial fatigue cycling of a square specimen in the 22 direction well, because
all areas of the specimen were experiencing similar uniaxial loading conditions. For the
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application of BHVs, different areas of the leaflets are experiencing different loading
conditions at any given time, so the permanent set definition was modified. The permanent
set, Dpsij, is given by:

. —peak
0 Zf HE <wmin
~peak
zpeak) _ ) < 1 on ERY -
Dps’j (Hn ) n=1ngoy Dpsma.xEd?a% Zf wmin < HE < qr/)ma.x - (6)
n . —peak
D psmax Zf '~E > wlna,x
peak
Ex©

. R . J . .
The permanent set is now scaled by the peak strain ratio, fmax, to enforce anisotropy in the
n

permanent set, where E}ifjak is the Green strain at =,==P°k in direction ij, and

——n
Ey*¥=max {Eﬁffk } The Dpq,,.x refers to the maximum permanent set Green strain
associated with uniaxial tensile failure along the ki direction (Dpsmax), Where the ki

direction corresponds to that of £ox, i.e., kl= arg max {Eﬁe,ak} Under this modified
formulation, we assume that the permanent set is most significant in the direction of the
maximum peak strain and that the permanent set in the other directions is proportional to the
ratio of peak strains.

We employ a plastic stress, Sp, to enforce the permanent set (Martin and Sun 2013).

_ 70
g __ 90=-D)u |

P 9E @

(EZDp,g) :
The Sp contribution to the overall tissue response is governed by 7 in Eg. 8, which was
modified from Dorfmann and Ogden's 7 function (Dorfmann and Ogden 2004) in order to
accommodate for the dissipated equivalent strain associated with the permanent set, =ps,
defined by Eq. 9,

_ Bt — Zps
n= —peak — 7 (8)
Zn Zps

Epsi= 2wo (E(t))|(E:Dps)' ©)

2.1.6 Fatigued tissue response—The second Piola-Kirchoff stress tensor may be
expressed in the following reduced form:

owo

S=(1 =D 55

+(1—-n)Sp (10
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The interested reader is referred to our previous publication (Martin and Sun 2013) for
further details on the tissue fatigue constitutive model.

For the purpose of this study, GLBP is assumed to be an incompressible (det F= 1),
anisotropic, nonlinear, hyper-elastic material (Sun and Sacks 2005), and the unfatigued
strain energy, WP, was expressed as the generalized Fung-type strain energy function for the
planar biaxial response of soft biological tissues given by (Fung 1993)

C
Ti’ozé(eQ -1), @

Q=A\E}| + Ay B2+ +2A3F1) Eag+ Ay B2+ 2A5 By E19+2 A By E1g - (12)

where c and A;—6 are material parameters.

2.2 Finite element modeling of BHVs

The BHV finite element model was developed and validated previously by Sun et al. (2005)
(Fig. 1). Briefly, the trileaflet BHV model consisted of GLBP tissue leaflets mounted onto a
metal stent. The stent was constructed using beam elements. The nominal wireframe (stent)
was assigned a Young's modulus of 160.1GPa and a Poisson ratio of 0.3. The leaflets were
attached to the valve stent and modeled using quadrilateral large strain shell elements. Each
leaflet had its own local coordinate system for material property definitions that were fully
defined by the constitutive law, Eq. (10), which was incorporated into a user subroutine
(UMAT). Details of the constitutive model implementation into ABAQUS (Providence, RI)
have been previously presented (Sun and Sacks 2005). The contact between two leaflets was
modeled using a master-slave contact pair (an option in ABAQUS). The leaflet that was
stiffer in the radial direction was assigned the master surface while the other was specified
as the slave surface. A quasi-static approach was used to analyze the deformation of the
model from a stress-free position to a fully loaded configuration with the effects of fatigue
by applying cyclic uniform pressure to a peak pressure of ~120mmHg to the aortic side of
the leaflet.

2.3 Determination of leaflet material properties

The unfatigued GLBP leaflet properties were defined by the Fung coefficients presented by
Sun (2003) derived from biaxial tests for each of the three dissected GLBP leaflets of a CEP
valve. The GLBP leaflet fatigue response was defined by the hypothetical GLBP fatigue
parameters presented in our previous work (Martin and Sun 2013). The S and Dpgmay Values
were modified for this study. The parameters for defining the leaflet properties are given in
Table 1. The amount of damage per simulated cycle was scaled up to reflect approximately
10 x 10 cycles real time based on the fatigue model parameters. However, it is important to
note that although these fatigue model parameters were able to capture the GLBP uniaxial
fatigue response in the loading direction, these parameters were not rigorously determined
due to limited experimental data. Therefore, the amount of damage at certain cycle states
may not be accurate, and we use the variable, N, to nominalize the simulated cycle state.
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Although the exact timing of fatigue effects cannot be predicted, this model may be a very
useful tool to assess the effects of altered leaflet and stent properties on BHV durability
through well-controlled, side-by-side comparison.

2.4 Parametric study of the effect of leaflet and stent properties on BHV durability

3 Results
3.1 Effecto

In an effort to investigate the effects of leaflet and stent material properties on the BHV
durability, we conducted a parametric study. The effect of the unfatigued leaflet properties
was tested by comparing three nominal valve cases: L1—all three leaflets were assigned the
L1 property (Fig. 2a), L2—all leaflets were assigned the L2 property (Fig. 2b), and L3—all
leaflets were assigned the L3 property (Fig. 2c). The effect of mismatched leaflets was
tested by comparing three additional cases: L1/L2/L.3—each leaflet was assigned a distinct
unfatigued property, 2 L1/ L2—two leaflets were assigned the L1 property while the other
was assigned the L2 property, and L1/ 2 L2—two leaflets were assigned the L2 property
while the other was assigned the L1 property. The effect of valve stent-tip deflection was
investigated by altering the stent modulus by +40%, referred to as the 1.4E and 0.6E cases,
respectively, inthe L1 (L1 0.6E, L1 1.4E) and L2 (L2 0.6E, L2 1.4E) nominal valves. The
Rigid case, where the stent modulus was unchanged, albeit all degrees of freedom of the
stent were fixed in space to prevent any stent-tip deflection, was also studied. Each BHV
model was subjected to up to 30N simulated cycles of fatigue.

f cyclic loading on BHYV function

Cyclic loading induced leaflet material property and geometry changes in each case. Some
degree of fatigue damage was evident in each of the leaflets, with peak damages on the
aortic side of the leaflets, for each of the BHVs studied. This damage caused the leaflets to
“sag” in all cases. Figure 3a, b shows the overlaid leaflet geometry for the L1 valve at the
ON and 30N states under ~120 mmHg pressure. The leaflet free edge was lowered, but
leaflet coaptation was maintained by leaflet sagging particularly in the belly region of the
leaflet. Leaflet fatigue damage also induced changes in the leaflet stress distribution.
Contour plots of the max principal stress in the L1 valve leaflet at the ON (Fig. 3c) and 30N
(Fig. 3d) states show that the leaflet peak stress is originally along the suture attachment line
on the aortic side of the leaflet, but at the highly fatigued state, the leaflet peak stress is
located at the commissure on the ventricular side of the leaflet.

3.2 Leaflet property parametric study

In each simulation, the valve model was subjected to 20N cycles of pressurization. In three
cases, the L3, L1/L2/L3, and 2 L1/L2 cases, the simulation diverged prior to the 20N cycle
mark. The remaining three simulations completed successfully. The three nominal cases
displayed very different initial leaflet stress distribution patterns (Fig. 4a), which translated
to very different fatigue damage patterns (Fig. 4b). Both the L1 and L3 valves had high
stress concentrations and fatigue damage along the suture attachment lines below the
commissures. The L2 valve leaflets had much lower peak stresses that were located at the
sides of the belly region, inwards from the suture attachments. The leaflet fatigue damage
region was largest in the L1 valve. The damage was most significant along the suture
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attachments but also appeared along the belly and commissures. In the L2 valve, the fatigue
damage was very minimal and in the region corresponding to the peak stresses, while in the
L3 valve, in addition to the damage along the suture attachments, damage accumulated at
the free edge due to twisting of the leaflets upon cyclic closure. The L1 and L2 nominal
valves both displayed good leaflet coaptation and no fatigue damage at the leaflet free edge.

In the leaflet mismatch cases, the initial leaflet stresses, particularly along the commissures,
increased in each leaflet (Fig. 4a), which accelerated fatigue damage in these regions (Fig.
4b). The L2 leaflet stress distribution in the mismatch cases was altered dramatically with
much higher peak stresses that moved toward the suture attachment lines. Fatigue damage
was greatly accelerated in the L2 leaflet in each of the mismatch cases. The stress
distributions and damage patterns in the L1 and L3 leaflets in the mismatch cases were
similar to the respective nominal cases. However, a small amount of damage along the L1
leaflet free edge was induced in the mismatch cases due to the compromised leaflet
coaptation in these cases, where one or two leaflets would “lean” over the others.

The leaflet peak stress, equivalent strain, and damage factor (D) were extracted at each
cycle for each case (Fig. 5a—c). ThelL2 valve displayed the lowest peak leaflet stresses,
equivalent strains, and damage throughout cycling. Interestingly, of the nominal cases, the
L3 valve had the highest initial peak stress, which was ~25% higher than that of the L1
valve; however, the L1 valve had much higher peak equivalent strains throughout cycling,
and consequently greater leaflet damage. The leaflet property mismatch cases all displayed
higher peak leaflet stresses than the nominal cases; however, they displayed similar peak
equivalent strains to the L1 valve throughout cycling. The damage factor in the L1/L2/L3
was accelerated compared to all other cases. Damage in the 2 L1/L2 and L1/2 L2 valves
accumulated at a rate similar to the L1 valve. The peak damage factor versus cycle curve in
each case was extrapolated to complete leaflet failure (Dg = 1) to estimate the fatigue life of
each valve. Figure 5d shows the normalized fatigue life of each valve, to the L2 nominal
valve. According to this analysis, the fatigue lives of the L1, L1/L.2/L3, 2L1/L2, and L1/2
L2 valves were reduced by over 15 % compared to the L2 valve.

3.3 Stent property parametric study

In each simulation, the valve model was subjected to 20N cycles of pressurization. All eight
altered stent simulations completed successfully. Changing the stent modulus altered the
amount of stent-tip deflection in the L1 and L2 valves to similar degrees. The L1 and L2
nominal valves had stent-tip deflections of 5.3° and 5.9°, respectively. Decreasing the stent
modulus by 40% (0.6E) increased the L1 and L2 stent-tip deflections to 8.0° and 8.8°,
respectively. Increasing the stent modulus by 40% (1.4E) decreased the deflection in the L1
and L2 valves to 4.0° and 4.5°, respectively, while the “Rigid” formation prevented any
stent deflection. Altering the stent modulus had a negligible effect on the L1 leaflet
coaptation: In each case, there was a small gap between the leaflets upon closure. However,
the stent modulus affected the leaflet coaptation of the L2 valve. The nominal L2 valve had
perfect leaflet coaptation, and decreasing the modulus caused slight leaflet pin-wheeling in
the L2 0.6E case. Increasing the L2 stent modulus caused a small gap upon valve closure in
the L2 1.4E case and a more significant gap in the L2 Rigid case.
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In both the L1 and L2 nominal valves, decreasing the degree of stent-tip deflection increased
leaflet stresses particularly in the belly and commissure regions (Fig. 6a), which induced
greater fatigue damage in these regions (Fig. 6b). For each of the L1 cases, the peak leaflet
stresses were located along the leaflet suture attachments. The L2 nominal, L2 0.6E, and L2
1.4E valves all had leaflet peak stresses on the sides of the leaflet belly region, while the L2
Rigid valve had peak stresses at the commissures.

The L1 leaflet peak stresses (Fig. 7a) and equivalent strains (Fig. 7c) throughout cycling
were only minimally affected by the altered stent property, where increasing stent-tip
deflection decreased leaflet stresses and equivalent strains. The trends were less consistent
for the L2 valve, because the peak stresses and equivalent strains did not correspond to the
same region of the leaflet in each case. All of the altered stent-tip deflection L2 cases
resulted in higher initial peak leaflet stresses and equivalent strains than the nominal L2
(Fig. 7b, d). Similar to the leaflet property parametric study, the peak damage factor versus
cycle curves for each valve in the stent property parametric study were extrapolated to
estimate the valve fatigue life. The stent property had a minimal effect on the L1 valve
fatigue life (Fig. 7e) of <1 %. For the L2 valve, the altered stent-tip deflection had a greater
impact on the valve life (Fig. 7f), where the rigid stent reduced valve durability by ~2.5%,
although this is still not very significant.

4 Discussion

4.1 Effect of cyclic loading on BHV function

The added effects of fatigue-induced stress softening and permanent set caused changes in
the leaflet stress distributions and often the region of peak stress in the leaflet. Therefore, the
region of peak stress in the unfatigued leaflet may not necessarily correspond to the ultimate
failure region. Fatigue also caused the leaflets in each case to sag, particularly in the central
belly region of the leaflet (Fig. 4). This phenomenon was also observed in porcine BHVs
subjected to 500 x 106 cycles of accelerated wear testing (Smith et al. 1999), where the
leaflets exhibited increased curvature particularly in the central belly region. The areas of
increased curvature were correlated to areas with collagen fiber distortion (Smith et al.

1999) or damage, which agrees well with the simulated results. Leaflet sagging may increase
the coaptation area throughout cycling and accelerate damage at the free edge of the leaflets.

4.2 Effect of leaflet properties on BHV durability

The results of this study suggest that BHV durability is highly dependent on the leaflet
properties. Unsurprisingly, the best leaflet properties, L2 and L3, were highly anisotropic
with higher stiffness in the circumferential direction, similar to the native valve property
(Martin and Sun 2012). The worst leaflet property, L1, was nearly isotropic, which
translated to fatigue damage over a much larger area of the leaflets compared to the L2 and
L3 valves. The fact that the initial leaflet peak stresses in the L1 valve were lower compared
to those of the L3 valve demonstrates that an initial peak leaflet stress analysis may not be
appropriate for assessing valve durability. The initial peak leaflet equivalent strain may be a
superior metric for assessing valve fatigue, because this value accounts for the total leaflet
deformation.
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The three leaflet property mismatch cases were associated with higher leaflet stresses and
fatigue damage along the leaflet commissures and suture attachments compared to the
nominal valves. This helps explain why mechanical failures of BHVs are often associated
with leaflet tears in the vicinity of the commissures and/or suture attachments, regardless of
the specific design (Trowbridge and Crofts 1987; Schoen and Levy 1999; Butany et al.
2007; Singhal et al. 2013). The L1/L2/L3 valve had the shortest fatigue life of all the valves
studied. Fatigue damage was also accelerated in the 2 L1/L2 and L1/2 L2 valves compared
with the L2 nominal valve. The damage in these valves was similar to that in the L1 nominal
valve. Thus, the valve durability is only as good as the worst leaflet. However, the 2 L1/L.2
and L1/2 L2 valves were slightly more durable than the L1/L2/L3 valve, which suggests that
leaflet property homogeneity also plays a role in the valve durability and supports leaflet
heterogeneity as a failure mode of pericardial BHVs (Trowbridge et al. 1986; Fleisher et al.
2004; Singhal et al. 2013). Of course in reality, it may be challenging to build BHVs with
identical leaflet material properties; however, careful selection of the tissue used for
fabrication may significantly improve the durability of BHVs. Indeed, leaflet sorting based
on mechanical properties has been adopted by the heart valve industry for the BHV
manufacturing process.

4.3 Effect of stent properties on BHV durability

As expected, reduction in the stent-tip deflection resulted in higher peak leaflet stresses and
fatigue damage in the commissure regions. Mechanical failures of the 1S valve were
associated with tears in the leaflets along the free edges near the top of the struts (Brais et al.
1985; Schoen et al. 1987; Walley et al. 1992; Machida et al. 2001), which agrees with this
result (Fig. 7b). Reduction in the stent modulus redistributed the peak stresses and fatigue
damage away from the commissures, toward the leaflet free edge, yet did not always
translate to better durability. At some minimum threshold stent-tip deflection value, leaflet
fatigue damage will exceed that of the nominal stent.

In the L1 stent property parametric study, although increasing the degree of stent-tip
deflection consistently resulted in lower leaflet stresses, equivalent strains, and fatigue
damage particularly in the commissure regions, some degree of fatigue damage was accrued
in the commissure regions in each case. This result is supported by the clinical finding that
commissural tears continue to be a mechanism of BHV failure, even in designs with flexible
stents (Vesely 2003).

In the L2 stent property parametric study, all of the altered stent cases resulted in higher
leaflet stresses, equivalent strains, and fatigue damage than the nominal case. The
incorporation of stent-tip deflection eliminated leaflet fatigue damage in the regions of the
commissures completely, yet increased damage at the free edges. The leaflet peak stresses
and equivalent strains over cycling followed a similar pattern for the L2, L2 0.6E, and L2
1.4E cases, likely because the peak values in each case corresponded to the same region of
the leaflet, toward the sides of the belly region. The peak stresses and equivalent strains for
the L2 Rigid leaflets followed a different pattern, but these peak values corresponded to
different regions of the leaflets: the commissures. Leaflet fatigue damage seems to propagate
differently in different regions. It is clear that the complexity of the BHV design can cause
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confounding effects on the durability. Overall, the degree of stent-tip deflection had a lesser
impact on leaflet durability than the leaflet material properties and affected valves with
different leaflet material properties differently.

4.4 Effect of leaflet coaptation on BHV durability

For clinical or experimental cases, where the full leaflet stress and equivalent strain
distributions are unknown, the leaflet coaptation upon closure may also be a useful
qualitative indicator of BHV durability. The L2 valve had essentially perfect leaflet
coaptation and the least amount of fatigue damage in the leaflets. In the leaflet property
mismatch cases, one or two of the leaflets would lean over the others due to the differences
in stiffness of the contacting materials. The greater the disparity between the leaflets, the
more appreciable the leaflet leaning upon closure became. The leaning was most significant
in the L1/L2/L3 valve which had the greatest amount of fatigue damage. The leaning is also
likely responsible for the high stress concentrations at the suture attachment lines in the
L1/L2/L3,L1/2 L2, and 2 L1/L2 valves. Leaflet leaning may initiate a positive feedback
mechanism for leaflet tearing. For instance, if a leaflet leans more to one side than to the
other, higher stress will be applied to the opposing side of the leaflet along the suture
attachment, and as that area becomes damaged, the leaflet leaning will become more
pronounced.

Pin-wheeling of the leaflets may also compromise leaflet durability. In the L3 and reduced
stent modulus cases, leaflet pin-wheeling upon closure induced fatigue damage at the leaflet
free edge. Interestingly, the leaflet max principal stress is often low at the free edge despite
high equivalent strains and damage in this region with leaflet pin-wheeling. This is because
the leaflets undergo significant compressive strains in this region and the principal stress is
actually at a minimum, which further supports the use of the equivalent strain in place of the
max principal stress for assessing valve durability.

4.5 Limitations of this study

In this study, we assume a linear progression of the stress softening and permanent set
factors at a given equivalent strain as a function of the number of loading cycles, whereas
both values may evolve faster during the initial cycles. Also, the dependence of the peak
equivalent strain on the fatigue-induced softening and permanent set is unknown. The
fatigue damage model parameters were fit to experimental data collected at one peak
equivalent strain value (Martin and Sun 2013). A more comprehensive data set is necessary
to determine the true unique fatigue model parameters to capture the fatigued response of
GLBP. However, although the amount of fatigue damage in each case presented here is
dependent on the fatigue model parameters chosen which were not rigorously determined
through experiments, this approach is valid for studying the effects of BHV design
parameters on durability through well-controlled, side-by-side comparison. It is also
important to note that the optimal BHV leaflet and stent properties presented here are likely
valve design dependent.

Structural valve degeneration due to calcification was not considered in this study.
Calcification tends to occur in the areas of high stress during function (Schoen et al. 1987);
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thus, the fatigue damage areas for each case presented here may also represent areas most
susceptible to calcification. It has been suggested that calcific and noncalcific damage may
be synergistic, where collagen disruption could expose new calcium nucleation sites or
mechanical damage may occur due to stress concentrations created by local calcium deposits
(Schoen 1991; Schoen and Levy 1999).

Finally, a structural-based strain energy function would be better for comparing the effect of
material orientation on fatigue damage. For instance, due to the high stiffness of the collagen
fibers compared to the compliant matrix, the stress/equivalent strain in the leaflet may be
higher along the fiber direction, and thus, by using the Fung strain energy function, this
model would predict fatigue damage to occur in the fiber direction. However, the equivalent
strain threshold to induce fatigue for the fiber constituents is likely higher than that for the
matrix, in which case fatigue damage may occur in the matrix components first. By using a
structurally motivated strain energy function and defining the damage criterion in each
constituent individually, this phenomenon can be captured. It may also be necessary to
include non-affine deformation modes of the tissue constituents, i.e., fiber slippage or
breakage, to determine the mechanisms of BHV leaflet fatigue damage. Because GLBP
tissue is relatively homogeneous in structure, we assume that use of the Fung strain energy
is acceptable. At this time, fatigue simulations with the Fung strain energy function are
much more robust with better and faster convergence, which makes it attractive for
simulations of long-term damage under complex loading.

5 Conclusions

In this study, GLBP fatigue was simulated for BHV applications. Stress softening and
permanent set of the GLBP leaflets were incorporated in the material model to describe the
fatigue damage of BHVs subjected to cyclic pressurization. The effects of the BHV leaflet
and stent elastic properties on the durability of the leaflets were investigated in a parametric
study. The following factors were associated with accelerated fatigue of the GLBP leaflets:
heterogeneity of leaflet elastic properties, poor leaflet coaptation, and little stent-tip
deflection. Each of these factors has long since been known to accelerate fatigue of BHVs
(Brais et al. 1985; Trowbridge et al. 1986; Fleisher et al. 2004; Vesely 2008-2011; Singhal
et al. 2013), but this is the first study to show that this is analytically the case. This
computational approach to studying fatigue of BHV leaflets may be an invaluable tool for
evaluating the durability of new BHV designs, including the next generations of
transcatheter aortic valves (TAVSs) which also often utilize chemically treated pericardium
leaflets. Currently, the long-term durability of TAVs is unknown. Considering that TAVs
typically have thinner leaflets than traditional BHVs, the stent is rigid, resulting in little to
no stent-tip deflection, and leaflet coaptation may be compromised in the presence of aortic
calcification (Sun et al. 2010), fatigue damage in TAVs will undoubtedly be a critical
concern of the future.
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Fig. 1. BHV finite element model in the pressurized state overlapped with the initial undeformed
geometry

Biomech Model Mechanobiol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Martin and Sun

a
1000

Second Piola-Kirchoff
Stress (kPa)

]
vl

600 1

400 §

200 4

0+

Page 16

Leaflet 1 b Leaflet 2 c Leaflet 3
1 1000 1000
[— Radial (11)
800 1 800 —— Circumferential (22)
600 1 600
400 | 400
r 200 - ¢ 200
| —— Radial (11) —— Radial (11)
— Circumferential (22) 0. — Circumferential (22) 0

0.00 0.05 0.10 0.15 0_-20 025 0.30 0.00 005 0.10 0.15 0.20 0.-25 0.30

Green Strain Green Strain

000 005 0.10 0.15 020 025 0.30
Green Strain

Fig. 2. Equi-biaxial response for each leaflet property: a L1, b L2, and ¢ L3, in the radial and

circumferential directions
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Fig. 3.
Overlaid L1 valve leaflet geometry in the fully pressurized state after ON cycles of fatigue

(gray) and 30N cycles of fatigue (blue). a (Front view) Sagging of the leaflet free edge at the
30N state and b (side view) increased curvature in the leaflet at the 30N state which is
particularly pronounced in the belly region. The L1 leaflet max principal stress distribution
on the aortic side of the leaflet at the ¢ ON and d 30N states. The arrows indicate the peak
stress location
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