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Towardsdevelopinga simulation methodologyfor the designof next-generation TranscatheterAortic ValveReplacemen(TAVRdevices,this numericalstudy investigatesthe

Impact of bioprosthetic valve stiffnessand anisotropicbehaviouron the fatigue of the nitinol stent frame during a singlecardiaccycle

INTRODUCTION

Theaortic valveis the heart valvelocatedbetweenthe left ventricle and the aorta. Thisvalveis susceptibleto
diseasessuchas aortic stenosis(seeFigurel). TranscatheterAortic Valve Replacemen{TAVR)s an effective,
lessinvasivetreatment for high- and intermediaterisk patientssufferingfrom aortic valvediseases$1l].

Pulmonic controls the flow of Aortic controls the flow of blood
Valve blood to the lungs Valve out of your heart to the
(not shown below) rest of the body

/“\ . /\e— Stabilisation Arch

Right
Atrium

«——— Commissure

/ \

b «+ ——— Pericardium Leaflet

\V\ \ 4
. f\ / \... -

Right

Ventricle Left

X ,/ Ventricle

Tricuspid and Mitral Valves

2 “w "«—— Upper Crown
/¥ a/

- Skirt

control the flow of blood between
the chambers of the heart

*Courtesy of Boston Scientific

Figure 1: Overview of aorta and aortic stenosis (left) and the Boston Scientific ACURATE mAVR(right)

A seltexpandingnitinol stent TAVRwith attachedporcinepericardium(PP)valveleaflets(Figurel) is considered
In this study. Variationsin leaflet stiffnesscanbe aslargeastwo ordersof magnitudeand dependenton various
factors, including pericardiumsource, leaflet chemicalpreservationtreatment and collagenfibre orientation
within the leaflets It is also well-known that PP tissue used for the prosthetic valves exhibits mechanical
anisotropy[2].

Thisstudy aimsto establishthe effects that leaflet stiffnessand anisotropy have on the nitinol stent frame
fatigue.

METHODOLOGY

Anexplicitdynamicdinite elementmodel of the nitinol stent with attachedPPleafletswasbuilt in Abaqus2022
Themodelwasusedto evaluatethe deflectionand correspondingstressesf the stent frame commissuresiue
to the haemodynamigressuredoadsactingon the leafletsfor a singlecardiaccycle Thesimulationresultswere
comparedto in vitro testing of the devicein a ViVitro pulseduplicator (Figure2). A high-speedcamerawasused
to track stent commissureadeflectionswhile the valvewasloadedin the pulseduplicator
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Figure 2. The TAVR device In the aortic root seating (left), the Vivitro pulse duplicator with attachesbbeghcamera
for in vitro testing (middle) and the commissure deflection measurements of the device during operation (right)

The nitinol stent frame is modelled as a superelastic shape memory alloy basedon experimentaltesting
performed by Boston Scientific The PPleaflet behaviouris taken from two sources,namelyLi et al. [3] and
Caballercet al. [4]. Thetwo sourcesrepresentthe stark differencesin porcine pericardiumcompliance Stress
strain curvesfor the material (Figure3) have two directions, & 1€ representingstiffnessparallel to collagen
fibresand & 2€ representingstiffnessperpendicularto the fibres. TheanisotropicHGOmodel[5] wasusedto fit

the experimentalXl and X2 curveswith a singleset of materialparameters

Sincecollagenfibre alignmentin the leafletsis not explicitlytrackedduringthe constructionof the TAVRlevices,
the sensitivityof the devicebehaviourto leafletfibre alignmentwasstudiedwith the followingvariations

A Allthree leafletshavecollagerfibresalignedin the circumferentialdirection (Figure3a)

A Allthree leafletshavecollagerfibresalignedin the axialdirection (Figure3b)

A Two leafletshave collagenfibres alignedcircumferentially one leaflet hasfibres alignedaxially (referred
to asd Y A EcSdeEigure3c)
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Figure 3: Two material stresstrain curves for porcine pericardium leaflets (left) and
pericardium leaflets with changing collagen fibre orientation (right)

While the bioprostheticleaflet stiffnesscanbe betweenthree to five ordersof magnitudelessthan the nitinol stent stiffness,the pericardiumbehaviourappearsto be a more dominant mechanism
for dictating stent frame dynamicsduring loading Particularly,the leaflet anisotropy can have a significantimpact on how well the valve closesduring the diastole phase,aswell aswhether the
stent frame is symmetricallyloaded, which may impactthe overall fatigue life of the nitinol stent.
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RESULTANDDISCUSSION

Better agreementbetweenthe simulationand experimentalresults,includingthe predictionof the leafleta LA Y
g K S S fisagh#wedvhenthe leaflet stiffnessparametersirom Caballercet al. [4] are used,assuminghat the

collagenfibresin the leafletsare all circumferentiallyaligned

Figure 4: TAVR higkspeed images at peak systole,-maly through closing and peak diastole compared to simulation
using leaflet stiffness and circumferential fibre alignment from Caballero et al. [4] (middle) and Li et al. [3] (bottom)

Stiffer leaflet mechanicalbehaviour (Caballeroet al. [4]) resultsin greater commissuredeflection Similarly,
aligning the stiffer collagenfibres in the circumferential direction results in greater commissuredeflection
comparedto when all leaflets have axiallyalignedfibres (Figure5). When all leaflets have the samecollagen
fibre alignment,the deflectionsare similarfor eachof the three commissures

Notably, however, when collagenfibre alignmentis & Y A E tBeRldaB distribution to the stent commissures
becomesunsymmetric Commissurel (located between two circumferentiallyalignedleaflets) has a greater

deflectioncomparedto the other two commissures

IMPACT OF BIOPROSTHETIC VALVE LEAFLET STIFFNESS AND
ANISOTROPY ON TAVR STENT FATIGUE LIFE
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Figure 5:Commissure radial deflections with varied leaflet stiffness and the same fibre orientation for all three leaflets
either circumferentially oaxially aligned(left), and radial deflections for Caballero et al. [4] leaflet when fibre alignment
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Thefatigue life of a material is commonlyrepresentedby the alternatingstrain (¢,). Leafletanisotropyaffects
commissuredeflections,and further hasan impacton the stent alternatingstrains(Figure6). When all leaflets
havea circumferentialfibre alignment,alternatingstrainis 10%highercomparedto the axialscenario However,
in the & Y A Ef®® alignmentscenario,the alternating strain is up to 25% greater for commissurel when

compared

comparedto the alternatingstrainfor the other two commissures
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Figure 6: Predicted alternating strains over a cardiac cycle considering leaflet stiffness from Li et al. [3]
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