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French & English Short Abstract

Résumé :

Cette étude a pour but de développer un conceptethié atraumatique pour le remplacement
percutanée de la valve aortique. Le stent est akaguartir de brins de Nitinol tressés, ce qui
lui permet, de part sa géométrie et sa structudredcompressible, auto-expansible, et
atraumatique. Le principe de fabrication des pyqes$ et les contraintes qui lui est associé
sont présentées. Les performances de ces protptgpeterme d'ancrage, de régurgitation
statique et de régurgitation dynamique sont enséwveuées par des essais in vitro, pour
lesquel le banc de test en flux pulsé a été opdinaifin de prendre en considération la
compliance de la racine aortique. Les résultateralg permettent de mettre en évidence les
différents paramétres de fabrication stent, tanhigaau dimensionnel (hauteur du cylindre,
angle du cbne...) qu'au niveau structurel (rig)ditgii ont une influence significative sur le

comportement de I'endoprothése.

Mots clés :

valve cardiaque, valve aortique, stent, prothasgogrothése, implantation percutanée

Abstract :

The goal of this work is to develop an atraumatimsconcept for percutaneous aortic valve
replacement. Shape setted braided nitinol wireank to their specific geometry and
elasticity, allows stent's compressibility, selpbleyment and aortic root preservation.
Prototypes manufacturing technique and relativesstraints are presented. Performance of
the obtained prototypes are evaluated in vitrojterms of sealing, static and dynamic
regurgitation. More specifically, the pulsatile beriesting has been optimized to take in
account the compliant constraint of the aortic gawvironment. The results bring to the fore
which are the dimensions (head height, cone arjgbknd the structures features that do

influence the endoprosthesis behavior significantly

Key words :

heart valve, aortic valve, stent, prosthesis, erakipesis, percutaneous implantation
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INTRODUCTION

Aujourd'hui & ces débuts, le remplacement valvellpar voie mini invasive est une technique
moins traumatisante que la chirurgie a cceur ouywenticulierement adaptée aux patients
fragiles. Cependant, les stents actuellement égilsont inadaptés a cette nouvelle application
et dégradent leur site d'implantation.

L'objectif de ce travail est de développer un tstpn respecte aussi bien la géométrie, les
tissus, et les fonctions de la racine aortiqgue.d\sons congu, réalisé et testé in vitro un stent
qui assure, uniquement de part les surfaces deadorgénérées, le maintien et le
fonctionnement de l'endoprotheése valvulaire entiosiaortique, sans employer de force
d'expansion élevée ni de crochets.

Une synthése bibliographique est présentée dacisalgitre 1 et met en avant les contraintes
liées au remplacement valvulaire par voie mini giva et les limites des travaux meneés
jusque la.

Le chapitre suivant présente le concept du stemtcdhception est détaillée ainsi que les
modeles mécaniques permettant de décrire le coempertt du stent et assurer son
dimensionnement.

La fabrication du stent est présentée dans le thapi Le choix des parametres de tressages
des éléments du stent est détaillé ainsi que leepsus de mise en forme de l'alliage Nickel-
Titane utilise.

Les prototypes ainsi obtenus sont testés in vilivast des conditions opératoires décrites
dans le chapitre 4 et obtenues via l'optimisatiotanc de test sous flux pulsé.

Les résultats obtenus son présentés dans le dehapitre et mettent en évidence l'influence
des différents parametres de fabrication sur lepmtement de I'endoprothése. Enfin, les
performances du dispositif permettent de validecdacept du stent vis a vis des protheses

valvulaires actuelles.
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Chapitre 1 BIBLIOGRAPHIE

A raison de 5,5L/min, le cceur assure la circulatlarsang dans I'organisme. Oxygéné par les
poumons, le sang arrive dans le ventricule gau@hawalve mitrale et est éjecté dans l'aorte
a travers la valve aortique, 70 fois par minutett€Ceerniere est composé de 3 feuillets
valvulaires. La valve aortique s'ouvre en systolseereferme en diastole afin d'empécher le
reflux sanguin, provoqué par la résistance systéen@ la compliance artérielle.

Les trois feuillets valvulaires sont reliés a lags aortique le long de l'anneau aortique
composé majoritairement de tissus fibreux. Chagudlét fait face a un renflement, appelé
sinus de Vasalva, qui abrite les orifices corommitea géométrie de la racine aortique est
particuliére et ses dimensions sont décrites pabiikar et al.

Au cours du cycle cardiaque, I'écoulement du samg ¢es sinus participent au mécanisme de
fermeture de la valve, et les dimensions de l'emviement aortique varient selon la pression
sanguine. Le stent valvulaire devra donc respdetespécificités géométriques de la racine

aortique tout en s'accommodant de ses variationsrdiionnelles.

La sténose aortique par calcification est l'une phtiologies valvulaires les plus courantes
qui conduit au remplacement valvulaire par implaatechirurgicale d'une prothése. Elles
sont de deux types, mécaniques et biologiques.pkethéses mécaniques existent depuis
1952 et se déclinent selon différents design. Aue@lément obstruant le passage du sang,
elle sont thrombogénes contrairement aux prothbsdsgiques qui, fabriquées a partir de
tissu animal, adoptent la géométrie de la valvéveat.'implantation de ces deux types de
prothéses valvulaires requiert une chirurgie lopadec arrét cardiaque et mise en place d'une

circulation extra-corporelle du sang.

Depuis une trentaine d'année, la chirurgie vaseulpar voie percutanée c'est largement
développée. Cette technique permet de procédeeraplacement vasculaire par voie mini-

invasive, sans ouvrir les tissus. Des cathétersige@rés par les voies naturelles et déploient
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sur les sites a traiter un ballonnet, un stent meoe une endoprothese afin de palier une
sténose ou un anévrisme. Plusieurs matériaux pew@tsntutilisés pour la réalisation des
stent, suivant différentes structures, conduisamsi @ deux modes d'expansion distincts.
Ainsi constitués, les stents sont implantés afinretaurer le passage du flux sanguin a
travers les conduits vasculaires obstrués. Dep®@®,lles stents sont aussi utilisés dans le
traitement des anévrismes, associés a des protl@seglernieres assurent le remplacement
des conduits vasculaires dilatés tandis que legsséssurent leur ancrage dans les tissus. Ces
opérations par voie mini-invasive sont aujourd’hiargement utilisées. Cependant,
I'implantation des stents induit des réactions amfinatoires non maitrisées, liées

principalement au comportement mécanique des ctashagntés.

Le concept de ce travail réside ainsi dans ledfaitplanter une prothése valvulaire par voie
percutanée, a l'aide d'un stent qui respectergiagticulier le comportement mécanique du
site d'implantation. De nombreux patients aujowidédxclus de la chirurgie conventionnelle
pourraient ainsi se voir proposer un remplacemahiwaire par opération mini-invasive ne
nécessitant pas d'arrét cardiaque. La premiereamgion sur cas humain fut réalisée en
2000 par Bonhoeffer, et en 2002 par Cribier en tmwsiaortique. Plusieurs travaux de
recherche sont actuellement menés pour le déveilogpe d'endoprotheses valvulaires
aortigues mais seuls 2 dispositifs, Edwards et ¥zdve, sont testés cliniquement. De
géomeétries globalement cylindriques, I'ancrageeteaendoprotheses est assuré par une force
d'expansion élevée du dispositif et aucun posigoment longitudinal ni angulaire n'est
assuré. Bien que ces stents assurent un remplaceatenlaire efficace, ils ne respectent la
racine aortique et leur implantation n'est paseaifour répondre a ces inconvénients, plus
d'une dizaine de prototypes sont en cours de afialis Tandis que certains se focalisent sur
le mode d'ancrage ou le mode d'acces de I'end@smthl'autres travaillent a I'adéquation du
stent a la géométrie de la racine aortique et ateldgpement de nouvelles prothéses

valvulaires. Enfin, des outils permettant la réieectle la valve native calcifiee sont étudiés.

L'ensemble des techniques aujourd’hui développéestren I'enthousiasme porté au
remplacement valvulaire aortique par voie percuida@ependant, aucun dispositif ne permet
a ce jour d'étre tout a la fois compressible, exjidd®, et non dégradant pour les tissus,
I'écoulement sanguin et les fonctions vitales ébstpar la racine aortique. Des travaux
doivent encore étre menés avant de pouvoir procaddes remplacements valvulaires

aortique percutanée en toute sécurité.



Substantial Fench Abstract

Chapitre 2  CONCEPTION ET
COMPORTEMENT
MECANIQUE DU STENT

Les stent congus pour palier les rétrécissemerdsulares ne sont pas appropriés, de part
leur géométrie et leur mode d'ancrage, au remplecewalvulaire. En effet, la distribution et

le transfert des efforts au sein de la racine quetiest spécifique et s'effectue principalement
le long de I'anneau aortique et des commissurestdre présenté dans ce chapitre s'attache a

respecter la géométrie et les tissus de la valve&jaerainsi que son fonctionnement.

La racine aortique comporte plusieurs spécificiigites que la disposition des sinus de
Valsalva face aux feuillets valvulaire, les oriBceoronaires, et la valve mitrale. En tenant
compte de ces contraintes, le stent a été concd éféments géométriques s'apposant
parfaitement a la paroi aortique. Le stent est caapute 3 piliers rectilignes reliant une base
conigue a 3 arches radialement déployées et aétmeylindriqgue. Ces éléments permettent
respectivement de supporter la prothese valvulaggyrer un ancrage diastolique sur I'anneau
aortique, orienter la prothése valvulaire face iausstout en assurant I'ancrage systolique, et
enfin éviter le basculement de I'endoprothése.dr&aye et I'étanchéité du dispositif sont
assurés par apposition permanente des surfacdsrdusar les tissus. Afin d'y parvenir et ce
malgré la compliance de I'environnement, le stehtcemposé de fils de Nitinol, tressés ou

non.

Le nitinol est un alliage de Nickel et de Titangamt la capacité d'étre superélastique au-dela
de sa température de transition Af, en phase atigtémi et déformable plastiquement en
dessous de Af, en phase martensitique. Le grandiidenglastique de ce matériau (>=8%)
permet d'obtenir un stent auto-expansible, autarigasi un stent de géométries complexes.
D'autre part, I'étude générale de l'interactiom dtent avec des tissus biologiqgues montre que
le faible « module » d'élasticité du nitinol pernaet respecter la compliance des tissus, en

minimisant les efforts qui leurs sont appliqués.
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Afin d'assurer au stent une grande flexibilité xgpansivité tout en contrélant son taux de
couverture et sa résistance a la compression,iffésedts composants ont été réalisés sous
forme de tresses et de brins juxtaposés mis erefdrercomportement mécanique de chacun
d'entre eux a été modélisé afin de vérifier I'a@éign de la structure choisie avec les besoins
du stent.

Le rb6le des arches est d'assurer un contact penndaes les sinus, tout au long du cycle
cardiaque. Le comportement mécanique des archedsit d'un modele de poutre courbe
en flexion encastrée en un point. La déformation slaus par les arches est négligeable en
systole et maximale en diastole. Les calculs paemet'évaluer la compliance résiduelle des
sinus en fonction du Nitinol employé et d'optimisémnsi le comportement du stent dans les
sinus.

Les piliers ont pour fonction de relier la téteadbbse du stent, tout en supportant les arches et
les feuillets valvulaires. lls sont formés de déuixs rectilignes juxtaposés. Le déploiement
des arches dans les sinus ainsi que la pressictoliime sur la prothése tendent a faire
flechir les piliers. Un modéle de poutre en flexiem appuis en ses extrémités permet de
déterminer le comportement mécanique des piliensc@state ainsi que des brins de Nitinol
de diamétre 0,6mm limitent la déformation des li@ 1mm au niveau des commissures de
la valve.

La base conique et la téte cylindriqgue du stent smutes deux en appuis sur les tissus est
nécessitent des surfaces de contact suffisantesetiant de répartir les efforts et assurer
I'étanchéité de l'endoprothese. Ces éléments dib dbévent d'autre part, sans dégrader les
tissus, résister a la compression afin que l'amcreigle positionnement du stent soient
efficaces. Le comportement des tresses a été é&ifidigle vérifier de leur adéquation face
aux exigences du stent. On montre tout d'abordegtaaix de couverture des stents tresses est
supérieur a celui des stents laser pour des taexpahsion élevés. D'autre part, le
comportement mécanique de la tresse est déduitodiélende Kirchoff Love tout en prenant
en considération l'interaction des brins en lexteeeités : la compliance résiduelle théorique

de l'aorte stentée est de 90%.

Le Nitinol associé a une structure tressée assureomportement mécanique adéquat des
différents composants du stent. La résistancecangpression est adaptée aux conditions in
Vivo, tout en conservant la compliance de I'enviement aortique. De plus, la superélasticité

autorise la compression et le déploiement du stemaint des formes complexes.

10
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Chapitre 3 FABRICATION DU STENT

Les méthodes de fabrication adoptées pour la adiaisdes éléments du stent sont détaillées
dans ce chapitre. Les différents parties du stemit séalisées indépendamment puis
assemblées. Elles sont constituées de fils de dlitlevant chacun reproduire une forme
rectiligne, courbe, ou zig-zag selon que I'on s&ales piliers, les arches ou les tresses. Les
géométries empruntées par ces fils sont définigoantions des contraintes de tressage,
d'assemblage et de résistance du stent. Ensiwstéaleements thermiques utilisés pour fixer
la forme des fils de Nitinol sont présentés engrdrun intérét particulier aux modifications

des propriétés physiques et mécaniques du matériau.

L'une des contraintes de tressage consiste dis#itibn d'un unique fil pour la réalisation de
la tresse, ce qui permet de minimiser I'endommagemes tissus aux extrémités du stent
ainsi qu'au points de jonction des brins. D'autm, pes tresses doivent présenter une symétrie
a 120° afin étre reliées aux 3 piliers et respelatatisposition feuillets valvulaires face aux
sinus, tout en vérifiant qu'elles n'interferent pasre elles lors de la compression du stent.
Enfin, les parameétres de tressage sont directeldsné la résistance a la compression des
tresses et a leur densité de maillage modifiargi dandistribution des efforts sur les tissus.
L'ensemble de ces contraintes sont prises en d@asioh pour choisir les paramétres de
tressage ce qui permet de définir les géométriemes devant étre inculgquée aux fils de
Nitinol tresseés.

La géométrie des fils utilisés pour la réalisatibes piliers se déduit des paramétres de
tressage fixés précédemment afin de respecteutairade I'endoprothese et offrir un moyen
d'assemblage, a l'aide de boucles aux extrémitepililers. La géométrie des arches est quant
a elle globalement définie par les dimensions eatide la racine aortique, en terme de
courbure et de longueur. Afin de limiter les poidésjonctions entre brins de nitinol, les trois
arches constituent un méme élément obtenus a gamirseul fil métallique.

Enfin, les parametres des différents constituantsstémt doivent prendre en compte la

11
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compliance de I'environnement afin d'assurer unambipermanent du stent sur les tissus tout
en minimisant les efforts. Les dimensions et pateesédinalement choisis pour la mise en

forme des brins de Nitinol sont présentés dan$apitre.

Les géométries calculées sont inculquées aux filllitieol par traitement thermique. Cette
opération se définie par la température et la ddtégaitement, le support de mise en forme,
le refroidissement et I'histoire du matériau. Cesupetres ont une influence directe sur les
propriétés mécanique et physique du Nitinol tragtésavoir son domaine élastique et sa
température de transition austénitique Af. Afin deaitriser ces données, les faire
correspondre aux besoins d'utilisation et défies tonditions opératoires optimales, une
campagne de mesure a été réalisée. La températtranddion Af, le plateau de contrainte
en charge et le pseudo module d'élasticité du dibnt été mesurés par DSC et par des tests
en traction.

On constate tout d'abord que seules des tempé&atirdraitement supérieures a 500°C
permettent de faire chuter la température de tianshf de telle facon que le matériau soit
superélastique dans les conditions d'utilisatiolaue part, la mise en forme du nitinol est
efficace dés lors que la température Af diminueésjavoir subie une premiére augmentation.
Enfin, le refroidissement rapide des échantilloms ppempe a l'eau permet d'obtenir des
résultats reproductibles et prévisibles. Chaqueetreent thermique s'accompagne d'une chute
de la valeur du plateau de contrainte en charglitinol tandis que I'évolution du pseudo-
module d'élasticité concorde avec I'état du matéaiacours du traitement : il chute en phase
martensitique puis augmente et se stabilise enephasténitique. Ces comportements
s'observent sur des durées de 10 a 50min sel@mtitinthermique des support de mise en
forme utilisés. Enfin, les propriétés physiquesnetcaniques issus de deux traitements

thermiques successifs sont indépendantes des gagarda premier traitement.

Compte tenu de ces résultats et des difficulté®disation des composants du stent, la mise
en forme des brins est réalisée en deux tempstdmigr traitement thermique vise a faciliter
la réalisation de la piéce en placant le matérienphase martensitique et en lui inculquant
une forme temporaire. Le second traitement, a 560%X€ les géométries et propriétés que
I'on souhaite précisément obtenir. Chaque suppat nise en forme, plane ou
tridimensionnelle, est étalonné afin de connatréoi d'évolution des propriétés du Nitinol.
On est ainsi capable d'assurer la reproductibdité procédé de fabrication du stent en
contrélant les propriétés du nitinol, ce qui gaarn€lasticité du stent et le respect de la

compliance des tissus.

12



Substantial Fench Abstract

Chapitre 4 BANC DE TEST

Les performances des prothéses valvulaires sonérgiément évaluées en terme de
régurgitation statique et dynamique. L'une permetcdractériser la fuite de la valve en
position fermée tandis que l'autre s'intéressecamportement dynamique de la valve sous
flux pulsé. Les tests habituellement réalisés ssiprothéses valvulaires ont du étre adaptés a
la caractérisation d'endoprothéses dont on souéeidtieier la capacité a se maintenir dans un
environnement compliant. Les bancs de tests wilseles modifications apportées sont

présentés dans ce chapitre.

Un moulage en silicone a tout d'abord été réafiseda reproduire I'anatomie particuliere de
la racine aortique tout en conservant les variatidimensionnelles de cette derniére au cours
du cycle cardiaque. Les paramétres de ce moulagmétres et eépaisseurs) ont été définis en
tenant compte des données bibliographiques conuefeavironnement valvulaire aortique

et de la loi de comportement du silicone utilisés lendoprothéses sont ainsi insérées dans le
moulage en silicone pour leur caractérisation spression dans un cadre proche des

conditions natives.

Le test en statique doit permettre de vérifieahiéhéité des dispositifs valvulaires en position
fermée, état correspondant a la phase diastollgaes le cas particulier des endoprotheses,
ce test permet plus particulierement de caractéié&tanchéité para-valvulaire de I'implant et
la qualité de I'ancrage diastolique assuré pateet.sL'évolution de la pression exercée par
une colonne d'eau sur la prothése valvulaire eitipogermée nous informe sur I'évolution

du débit de fuite de la valve en fonction de laspi@n statique.

Afin de caractériser les prothéses sous flux puleés avons utilisé un banc de test existant,
développé par Heim selon la norme ISO/CD 5840ivelatux prothéses valvulaires. Le banc

utilisé est basé sur le modele de Windkessel & ats, avec un générateur de flux, une

13
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compliance artérielle et une résistance systémigjoetefois, I'allure du signal de pression
résultant s'éloigne du signal théorique en compbméus particulierement de forts pics de
valeurs et ne peut étre expliqué par des calcaisgmt en compte l'inertie du fluide et la loi
d'évolution du débit. Le banc de test en flux puls@eut donc pas étre utilisé tel quel pour la
réalisation de test sur une racine aortigue soupés essais complémentaires menés en
paralléles d'une modélisation théorique des coaduwint permis de montrer que les pics de
pression observés sont issus de coup de bélie;aaiant principalement provoqués par la
restriction imposée par le débitmeétre. En effetuied requiert, pour une mesure precise
basée sur l'effet Coriolis, une conduite de 8mmidmeétre seulement. Afin de s'en affranchir,
une mesure de débit différentielle a été mise eweplApres calibrage et insertion dans le
circuit d'une compliance ventriculaire, le signalmtession émis par le banc test en flux pulsé
modifié correspond au signal natif. Les prothesesermdoprothéses peuvent donc étre
caractérisées sous flux pulsés sous conditions thgmamiques afin que leur performances

soient évaluées et comparées.

14
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Chapitre 5  TESTS ET RESULTATS

L'objectif du travail réalisé dans ce chapitre dsvaluer in vitro les performances de la
prothése valvulaire stentée. En particulier, orhade valider le concept du stent, en vérifiant
si I'ancrage par obstacle du stent dans la racmniqae est efficace. Différents prototypes
sont testés, afin d'étudier l'influence des paresétlimensionnels et structurels sur le
comportement de I'endoprothése. On constate qugidaé des éléments du stent a un impact
direct sur le temps de fermeture de la valve tampie leurs dimensions affectent le
positionnement et augmentent ainsi la régurgitatlam maniére dont le stent modifie les
performances de la prothese valvulaire est ausdié® en comparant les performances des
prothéses stentée et non-stentée. Enfin, les peaifuzes de I'endoprothese sont comparées a

celles des protheses commercialisées.

Afin de caractériser les protheses et endoprothesbailaires de maniere fiable, des

conditions opératoires ont été définies. Le placenet le conditionnement des prothéses
valvulaires ont en particulier été étudiés afin geex-ci n'influencent pas les mesures. En
effet, le ré-arrangement de la structure du matétextile au cours des essais modifie

sensiblement le temps de fermeture et la fuitégstatde la prothese textile. D'autre part, le
stent doit assurer seul le positionnement de l'erudbese dans la racine aortique, a contrario
des prothéses implantées par voie chirurgicale.d0astatations liées aux réglages du banc

de test ont permis de définir un protocole de meesur

Afin d'optimiser les performances du stent, plusiqarototypes ont été testés en faisant varier
les paramétres du stent, déterminant ainsi leuad@ingur le comportement de I'endoprothese.
Les parameétres dimensionnels concernent la hadeela téte cylindrique du stent, I'angle et
la largeur de la base conique ainsi que la longdesrarches. Les parameétres de structure
concernent la rigidité des arches et des piliees laleurs empruntées par ces différents

15



Substantial Fench Abstract

parametres ont été définies afin d'obtenir un coms entre fonctionnalité de I'endoprothése

et dégradation minimale de I'environnement aortique

Les résultats des essais menés ont permis de rast&eidence le fait que les performances
de l'endoprothése sont affectés de 2 maniéres. Sangé l'une correspond au mauvais
positionnement du stent dans la racine aortiqueseettraduit principalement par une
augmentation de la régurgitation statique, I'aestrelative a la modification du temps de
fermeture de la valve ce qui affecte le volumeudi fdynamique.

Plus précisément, les essais ont permis de vdbdiit qu'une base conique de trop grande
largeur ne permet pas au stent d'assurer une éithgiarfaite du dispositif par appui sur
I'anneau aortique. D'autre part, le positionnenagrdl du stent est dégradé par I'emploi d'une
base conique d'angle trop ouvert qui ne centrégobase du stent sur I'anneau aortique, et par
une hauteur trop faible de la téte cylindrique g@mpéche pas le basculement du stent.
Enfin, l'utilisation d'arches de faible longueur uitdune forte dégradation des sinus de part
une forte concentration de contraintes. Les pam@mitnensionnels du stent sont révélateurs
du bon positionnement de I'endoprothese dans iaeraortique.

D'autre part, on constate que la déformabilité dexpsupportant les feuillets valvulaires est
caractéristique d'un temps de fermeture accru gedthese ce qui peut s'expliquer par une
augmentation de I'énergie de flexion requise parféaiillets valvulaires textiles. Afin de
faciliter I'implantation par voie percutanée, it egcessaire de revoir le design du support de
valve afin d'optimiser les performances valvulaiaas pour autant rigidifier les piliers. Enfin,
l'utilisation d'arches flexibles minimisent la dédation des sinus tout en assurant pleinement

les fonctions de I'endoprothese.

Les essais réalisés sur les protheses valvuldieesés et non stentée on permis de montrer
que le stent assure I'étanchéité paravalvulairbeddoprothese par un appui efficace de la
base conique sur I'anneau aortique. Cependasipdiasion de la valve textile au stent retarde
le temps de fermeture de la prothese, ce qui glpar la flexibilité des piliers citée
préecédemment. Les performances de I'endoprothéseempedonc étre optimisées, bien que
celles-ci soit déja comparables a celles obtenuesr p2 prothéses actuellement

commercialisées, une valve mécanique St Jude dtiapmthese Mitroflow.

Les résultats des tests in vitro présentées daolaggtre valident, a travers des performances
encourageantes, le concept du stent, tout en gidini les paramétre optimaux du dispositif.
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CONCLUSIONS ET PERSPECTIVES

Ce travail a permis de valider le concept de stahiulaire aortique dont le maintien est
assure sur le site d'implantation par surfacedeact plutét que par force d'expansion.

La bibliographie a prouvée lintérét porté par Emmunauté meédicale a cette nouvelle
technique d'implantation, tant du point de vue Amnasif que du point de vue du respect de
la racine aortique, de part les nombreux prototygredéveloppement.

La géométrie du stent proposée se conforme aaella racine aortique et utilise les surfaces
de contact ainsi créées pour se maintenir. Le stsihtomposé de 4 parties fonctionnelles
prenant appui sur l'anneau aortique, les sinuaetté. Les modéles mécaniques associés a
ces composants montrent que le stent peut, avestiuature tressée en Nitinol, respecter la
compliance de la racine aortique tout en étant cesgible et de hauteur constante. Les
conditions de tressage du stent avec un fil unsgqune détaillée dans le chapitre 3.

Afin de de caractériser I'aptitude des prototypes énaintenir dans I'environnement aortique,
un moulage en silicone a été réalisé pour repredes dimensions et la compliance de la
racine aortique tandis que les conditions de psassémodynamiques ont été obtenues en
optimisant le banc de test en flux pulsé existant.

Les régurgitations statiques et dynamiques defymes sont évaluées. Les résultats sont
encourageants avec des performances comparabletes des prothéses commercialisées.
Les résultats montrent en particulier l'influen@s gparamétres dimensionnels et structurels
des constituants du stent sur I'ancrage et lesieaihces valvulaires de I'endoprothése.

Le travail réalisé permet de valider le concepstiint avec des performances remarquables.
Cependant, plusieurs travaux essentiels resteidalser. Il est en effet indispensable de
s'intéresser aux capacités de l'endoprothése aimdplanter par voie percutanée, ce qui
requiert compressibilité, « trackability », déploient et positionnement de I'endoprothése.
D'autre part, le comportement en fatigue du digpasdus sollicitations répétées doit étre
étudié, tant du point de vue des matériaux que fdastions valvulaires. Enfin, des
implantations devront étre réalisées sur animaiumxdd caractériser les performances in vivo
de I'endoprothése.
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INTRODUCTION

Calcific aortic stenosis ist the most common vavuisease observed in western countries.
Alone in the US, it has been estimated that betw&8n% of the elderly population have
calcific aortic stenosis, while 1 to 2 % of Amensahave congenital bicuspid aortic disease.
Worldwide, aortic valve replacement representsyattaund 250000 cases and that number
is expected to increase by 5 % per year over thengpyears. It represents a 1 billion dollars
market. To face valve diseases, mechanical repkageprostheses have been developed and
implanted since the early 1950’s. Appreciated Fairtlong term durability, these prostheses
require, however, anticoagulant medication, whidnegate side effects. Bioprostheses
(porcine valves or valves made from bovine periegrd/hich appeared then in the 60’s, are
far less thrombogenic, but also less durable and te degenerate under severe calcification.
In spite of the existing replacement solutions, agntive diseased patients about 10 % are
considered high risk and approximately 15% areidegd|by the patient or the physicians.
These critical cases are at first elderly peopléhvmultiple pathologies, most of whom
require replacement of the aortic valve due toifte&tion or degeneration. Some of these
patients are too ill or weak to withstand the stresopen heart surgery. The second critical
population is the children, since many of theséepé require heart valve replacement due to
congenital heart disease. Some of these childenairtreated until they are older because it
is difficult to find a heart valve small enough filrem, or because multiple highly invasive
surgeries will be required to replace the valvéhay grow.

The rapid developments and success in percutarfeonsnvasive) vascular surgery over the
last 2 decades, with the now common stent graffdantation, make this technique today
attractive even for aortic valve replacement. “B&oeous” surgery, also called “non-
invasive” surgery means that the procedure is dbreugh the skin instead of doing open
chest surgery. Less traumatic for the patieng technique may be particularly adapted to
elderly people, in a society where life’'s expectaimcreases permanently, and for children as

well. But since the success of Pr Cribier’s firempt on human and today, the stents on
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which the valve prosthesis (mainly bioprosthesss)miounted remain almost ever standard
stents. Classic stents, which proved good funclitgnéor vessel enlargement and non
invasive aneurysm treatment, do, however, not regy@opriate geometry for heart valve
stenting. Aortic wall anchoring of a classic cyliimél shaped stent, with little hooks
associated to a high expansion force becomes waymatic for surrounding tissues
especially when the load (pressure on closed vadvaxially oriented. The dissection of the
native aortic valveshows that the aortic annulus (base of the vahs)wall as the
commissures (line along which valve leaflet is fixe the aorta wall) support the valve and
transmit most of the applied stresses to the awailt. This stress transfer mechanism from
the valve to the aorta is generally not respectild stented valve prostheses. This may lead
to premature environmental tissue degradation &erd sigration. Some works have already
been done on the development of better adaptetsstad other mini invasive valve support
means. However, most of them are in some way traaruoa the surrounding tissues.

The goal of the present work is to develop a stegigned in respect to the heart valve
geometrical environment as well as in respect tovlee functions. We design, realize and
test in vitro a stent positioned and maintainecrnaortic environment through geometrical
surface matching. The anchoring of hooks in surdingtissue is thus avoided.

The bibliographic synthesis presented in the Gretpter of this book, highlights the needs in
term of percutaneous valve implantation. After aspntation of the valve diseases and the
classic surgical replacement solutions, the brieésentation of the existing stents
technologies allow to understand the limits of slastenting when applied to heart valve
implantation. The use of vascular cylindrical ssentlassically used to enlarge stenosed
vessels, for non invasive valve implantation ledstent migration risk, as has been reported
through already performed clinical trials. Thesmits stimulate the development of many
new designs, some of which are described furthéinenchapter. The new research dynamic
around the development of stented valves preseméed, validates the relevance of our
research work.

The next chapter presents the stent’'s conceptdb@s¢he fact that the anchoring process by
classic stents is not adapted to withstand theefoapplied on heart valve in vivo. The design
we describe respects the aortic root environmehe 3tent is positioned through surface
matching rather than expansion force. The desigth@fdevice is detailed, and we present
some mechanical behavior models for the differéments of the stent, in order to establish

some relationships between the expected behavibrttaa stent’'s dimensioning. From the
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obtained behavior laws, the stent’'s geometricabupaters can be set for manufacturing
purpose.

Manufacturing is presented in the third chapterwimich the details of the manufacturing
methods adopted for the different stent’'s parts disgeussed. A focus is made on the
geometrical braiding parameters adopted for thet'stbraided parts realization. The values
of the parameters are set in order to get a behavioch globally respects the compliance of
the aortic root environment once the stent is imigd. The handling of the Nitinol material
used to obtain the stent’s parts is then detaridtie second part of the chapter. The particular
behavior of Nitinol when undergoing heat treatmf@ntshape setting of the wire used in the
manufacturing process, is described with the prasient of experiments performed on
Nitinol samples. The results give information abbatv to shape set the material in order to
obtain the required geometrical as well as meclaammperties for the final stent. Finally,
we describe the obtained prototypes.

In order to test the stent prototypes in vitro,easting testing bench (that reproduces the
cardiac circulation) was optimized. Chapter fouegants the testing conditions. Prototypes
are mounted in a mock aortic root, which mechanicaperties reproduce the properties of
the native root. A theoretical model is suggesteddiculate the pressure conditions to be set
on the bench for reliable performances measurem8&atme technical modifications of the
existing bench configuration to increase measureim&tision are proposed and detailed.

In the last chapter we perform some testing onpifteotypes, making vary some design
parameters. We analyze how the stent’s positioisingfluenced by design criteria, to assess
which geometry leads to the best performanceseofilvice. The performances of the stented
valve are measured in term of static and dynamigungtation, which characterize
respectively the static leakage of the closed vahetthe dynamic leakage upon valve closing
(directly related to closing time). These performemare then compared with those obtained

for other commercially available valves, and showalfy the feasibility of the concept.
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1 HEART AND BLOOD CIRCULATION
1.1 The heart

Blood circulation ensures the different organshef body to get fed with oxygen and nutritive
substances. Blood volume represents between 5 ditek6for an adult and cardiac blood
flow at rest is 5.5 liters / min in the averageg¥e 1.1 is a classic shematic representation of
blood circulation in human. Blood motion is reatizbhanks to the heart muscle, which works
as double pump device. It is composed with 4 gawitileft and right heart each composed of
ventricle and atrium. The heart pulsatile pump essuslood ejection with the ventricle
contraction.

Blood arrives to the right heart though the veihprassure hardly higher than atmospheric
pressure. It flows into the right ventricle andeigcted at low pressure (30mm Hg) to the
lungs through the pulmonary artery. Once the pulmpnrapillaries network is reached, the
blood loses C©and gets © Blood flows then through the veins pipe netwdrkttbecome
always larger, until it reaches the two pulmonagng connected to the left heart. This
represents the pulmonary circulation. Blood is tlkegcted from the left ventricle at high
pressure (110-140 mmHg ) into the aorta. It readches some further capillaries where
nutritive substances and oxygen is transmitted ugosnding tissues, while GOand
degenerated tissues are absorbed. Blood flowshkaek to the right heart through the veins.

This represents the systemic circulation.
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Fig I.1_ The heart

The flow track is around 70ml at each heart begat@dic ejection volume), for a 70 beats/min

rate. This corresponds to a cardiac flow of 5.5n/on average. Pressure and flow signals are

time dependant over one heart beat.
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Fig I.2_ Pressure and flow signal

1.2 Cardiac valves : geometry
In order to prevent blood backflow to the heart wheeart muscle relaxes (diastole), four

valves regulate the flow direction: the tricuspidveabetween the right atrium and right
ventricle, the pulmonary valve between right verériand pulmonary artery, the mitral valve
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between left atrium and left ventricle, the aoxadve between left ventricle and aorta. Two
designs characterize these valves: with two oektleaflets.

Fig I.3_ The heart valves : 2 and 3 leaflets design

When blood is ejected from ventricle (systolic gjasnitral and tricuspid valves are closed,
while aortic and pulmonary valves are open. Wharmtnae is filled (diastolic phase), aortic
and pulmonary valves are closed, while mitral ancus$pid valves are open. Aortic and
pulmonary valves are called arterio-ventriculareuse they establish a junction between a
ventricle and an artery. Tricuspid and mitral valhage called atrio-ventricular because they
establish a junction between an atrium and a \@etrAtrioventricular valves are attached to
the cardiac muscle (myocard) with papillary museled fibrous cordae. They react as active
structures simultaneously with the myocard conipactthat controls their opening and
closing. Arterio-ventricular valves on the contraayso called semi-lunar valves because the
leaflets they are composed with are semi-lunar esthagre not linked to the cardiac muscle.
Their opening and closing mechanism is controlati Wiood flow.
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2 AORTIC VALVE : Anatomy

In our work, we will essentially focus on the aonilve (3 leaflet design), which represents
the most diseased valve that requires replacenidmwt.aortic valve is composed of three
leaflets and three aortic sinuses called Valsalvasss.

Valve leaflet Valsalva sinuses

Fig I.5_ Aortic root shape

The leaflets are the mobile parts of the valve. $imises are cavities located behind the
leaflets. They establish a junction between thdaaoonduit and the left ventricle. Their
geometry is close to an ellipsoid. On the ventrgitde, the intersection between the sinuses
and the ventricle is shaped in a scalloped way. $iwases include the entry of the left and
right coronary arteries, and are thereof callecbwary sinusesThe third sinus is the non
coronary sinus.
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Fig 1.6_ Aortic root sinuses : unrolled and nativeconfigurations

2.1 The aortic annulus

The aortic annulus is a fibrous scalloped structhea rigidifies the aortic base. However, the
annulus remains soft enough to ensure proper gasirthe valve. Swanson and al. [SWA.
74] showed that when pressure varies between ZDarhHg, the aortic annulus diameter
value increases around 10 %. This proves that dmecaroot environment is a dynamic
structure that undergoes dimensions variations.t Tlexibility needs to be taken into

consideration in the development of a new heaxtevatent.

2.2 Valve leaflet : anatomy

The valve leaflet, also called cusp, consists i tseparate zones. The first zone, that
separates the ventricle from the aorta when vawddsed, bears the diastolic pressure. The
second zone patrticipates to the valve leafletstadiap when valve is in closed position, and
ensures the flood tightness. The Nodulus of Arantibat represents a fibrous line located in
the middle of this zone, participates to that fldimgghtness as well. The edge of the leaflet is
called free edge. The sides along which two lesflate in junction are called the

commissures. Along these commissures the aortissdo merge.
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Fig I.7_ Valve leaflet: anatomy

2.3 Sinus and Leaflets : geometry

Different geometries have been suggested in liuezafor leaflets and sinuses. The study
performed by Swanson [SWA.74] allowed visualizihg geometrical shape of valve leaflets

in closed position. The author used some silicashimpe a native valve in closed position.

Fig 1.8_ Silicon shape of native valve in closed pition

Each human being is unique. The size of the sinasaegell as the size of the leaflets is never
the same and varies between two people. It appkavgver, that the leaflets are mainly

curved in one direction when the valve is in clogedition. The shape of the leaflet that

undergoes diastolic pressure, is close to a cylintleis geometry is broken at the junction

with the coaptation zone. Coaptation zone can bsidered as two flat zones connected with
a 120° angle.

As for the sinuses, the cut of the silicon castislgswed that they are circular shaped in a

horizontal plan, and look more like ellipses in aieal direction.
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2.4 Valve dimensions

The healthy aortic valve is composed of 3 leafiets)e some deformed valves present only 2
or sometimes up to 4 leaflets. The design with &léés is the best adapted to the valve
function. It doesn’t create any blood obstructiarthe aortic root. The circumference of a 3
leaflets valve in open position is around 6 R (egl@nt to the addition of the 3 cusp free

edges length) which is close to the value of thergricircumference@R.
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Fig 1.9_ sinuses geometry

A tricuspid geometry offers a quasi circular settio the blood flow. Moreover it is the
unique configuration that combines two advantageske closure : no free edge excessive
tissue length, no free edge exaggerated tractressstWith only two leaflets, a valve would
generate free edge traction. With four leaflets, ttany folds would be present along the free
edge in closed position. Three leaflets represantoptimum for the valve design, with

reduced flexure and traction stress in the cuspdaye.

Thubrikar et Al [THU. 81], showed the relationshipstween the different geometrical
parameters of the aortic valve among different iggsecThe authors suggest the following

model for the aortic valve :

H = closed valve height

Hs = commissures height

hs = sinus height
Cc = cusps coaptation height
Rb = basis radius

Rc = commissure radius

ds = sinus depth

o = angle between cusp and horizontal

plan

Fig 1.10_ aortic valve parameters
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Sauren presents a synthesis of values obtainetthdse parameters by different authors and
for different species (human and animal) [SAU.8¥E give here a summary of these results
for Rb=1.

Rc H 0] a Cc Hs Lf Lr ds hs Authors
human | 1 1.42 32 22 0.34| 0.71 2.48 1.4 1.46 1.76  nSovaet Clark [SWA.74]
human 1.34 33 2.42 Sands et Al [SAN.69]
Pig 1.3 28 2.2 Sands et Al
[SAN.69]
veal 1.16 2.18 Sands et Al
lamb 1.08 2.13 Sands et Al
[SAN.69]
Dog 0.83 1.17 34 20 0.5 Thubrikar et Al [THW]8

Table 1.11_ synthesis of valve parameters values w@lined by different authors and for different speces
(Rb=1)

We observe that the aortic root dimensions aresiifft between two dissections. Silver
proved with his work that the 3 leaflets of a valaee rarely identical [SIL.85]. Valve
dissections on patients showed that 16 % of andlyakves had three identical leaflets, 51 %
had only two, and 33% had no identical leafletswieer, in spite of these differences, a
valve can roughly be described with some averaganpeters values corresponding to a
theoretical geometry with three symmetrical leaflet

Rb=11,3 a 14 mm, H=15,7 & 19,8mg25 a 37° eti=15 a 27°
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3 VALVE DYNAMICAL BEHAVIOR

3.1 The closing mechanism

To prevent heart muscle overloading during cardiade, the valve closing mechanism must
be able to occur with a minimum of energy. BloooWflgenerates cardiac valve movement
and accelerates its closing dynamic. The Valsalvases participate actively to this process.
A blood vortex takes place in the sinuses duriregethd of the systolic phase. The energy of
this vortex helps to push the valve leaflets towattte valve center, even before backflow
occurs. LEONARDO da VINCI was a pioneer in notihg tmportant role played by the fluid

dynamics in the aortic valve closing mechanism, espkcially with the sinus vortices.

3.2 Dynamics of the valve system

The main feature of the aortic valve, is that itssmg and opening mechanism is generated
by the the movement of its leaflets. However, ofherts of the valve system do play a role in
the working movement.

Thubrikar et al.[THU.77] studied the valvular movems with the mean of a fluoroscopic

technique, using markers set along leaflets andevabmmissures. The movement of the
valve was identified through the movement of thekaes. The authors conclude that the
opening and closing geometry of the valve variesrahe cardiac cycle from a circular

geometry to a triangular one.
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Fig 1.12_ length evolution of the free edge with dw velocity
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Steenhoven [STE. 81] confirmed these observatiodssaowed that the valve environment
changes its shape over the cardiac cycle. Thubiikghlighted, with the fluoroscopic
technique, the role played by the valve commissureshe closing mechanism. The
commissures interact with the valve leaflets. Imijeelve doesn’t open at the moment at
which blood is ejected from the ventricle as cobkl imagined. Leaflets are in reality
connected to a tubular structure thanks to the dssures. The increase in the tubular
structure diameter, leads to the leaflets separafidis occurs at begin of valve opening
process, fluid is not yet in motion. The valve getry evolves then towards a triangular and
finally circular shape when valve is completely npe

This diameter enlargement at commissures levebisra 10 % (Fig. 1.13).
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Fig 1.13_ perimeter change between commissure

Thubrikar explains this expansion process in twg wa

- In diastole, the leaflet tissue is extended undastdlic pressure. As soon as pressure
values in the ventricle and in the aorta are theesahere’'s no pressure gradient left
across the valve. Commissures tend to move outwards

- In diastole, pressure value in the ventricle is.l®hen the value increases to reach the
aortic pressure, ventricular tissue is under tenairmhdeforms to compensate the pressure

increase. The commissures, linked to the extended gtep aside.

With the same fluoroscopic technique, the authagklighted also the elastic behavior of the

aortic annulus, with perimeter extension estimatedund 10%. This variation in the
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dimension plays an essential role in the valve ldiita It helps to limit the deformation
undergone by the leaflets.

In systole, the enlargement of the aortic annutuasisociation with the previously described
commissures movement, allows leaflets separatien eefore blood ejection occurs. Thanks
to this mechanism, the leaflets are never in aigardgtion in which they would undergo a
flexure stress corresponding to the one of a menebiobocked on both sides.

In diastole, the contraction of the aortic annufjiges the leaflets the possibility to come
closer before blood backflow occurs. Regurgitati®rnence avoided, and valve membrane

stress is limited.

3.3 Conclusions

At each cardiac cycle, valvular leaflets must alleave closing under minimal pressure, in
order to avoid valve regurgitation. They must traitsdiastolic pressure stresses to the
supporting structure. At last, they must be ablaridergo changes in shape and dimension to
adapt to cardiac dynamics (aortic ring and commessdeformation). The valvular stent we
develop must take these different aspects in corsida.
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4  AORTIC VALVE : the prostheses

Over time, cardiac valves, and especially aortivesasuffer from degradations. One of the
main degradation process is related to calcificati@alcification consists in the abnormal
deposition of calcium salts in teh valve tissuee Beposition follows the degeneration of the
collagen bundles that give resistance to thedg€aftissue. Tissue becomes hence stiffer. The
patient suffers then from stenosis (partial obstoncor narrowing of the aortic conduit).
Elderly people are mainly concerned with that issue

Thrombosis is another wellkown valvular diseaseohicerns people with exagerrated grease
deposition in the aortic environnement. It corresjsoto a physiological reaction that leads to
generation of blood clots (follows platelets andrifi deposition). These clots prevent the
valve leaflets closing movement. The valve doesahmge completely anymore and leakage
occurs, what is called aortic insufficiency.

Other valve degradations like tissue ruptures rakg place and lead to valve dysfunction.

To face valve diseases, mechanical replacementtheses have been developed and

implanted since the early 1950’s. Bioprosthesesangpethen in the 60’s.

4.1 Mechanical prostheses

The first mechanical prosthesis was implanted by Oharles Hufnagel in 1952. He
implanted a caged ball valve inserted in a methacshort pipe as artificial aortic conduit.
Around 200 patients treated with the cages ballevgiresented still healthy prosthesis after
30 years of implantation.

Mechanical valves exist with many designs. Mosta@mmposed of a stent and a mobile part
which can be a ball or a disk. These prostheseallyduave a very long durability (25 to 30
years).

The main concern with mechanical valves, is thaytlebstruct the blood flow. Blood
stopping causes thrombus generation and importasspre gradient accross the device. The
patient need to be treated with anticoagulant madedn order to limit the obstruction
effects, the designs evolved towards better pibfikalves, especially rotating disk
technology. Thus, the St Jude « Bileaflet » prastheppeared in 1976 [ARO.89]. The

material used is graphit and pyrolitic carbonsltomposed of 2 semi-circular leaflets which

32



Chapter | Bibliography

open at 85°. The leaflets are maintained thanks povot joint with the stent annulus. Their
movement is free, and they are permanently wasliddie blood flow.

We summarize in the following the constraints anobfems faced with the develoment of
these mechanical valves :

- Thrombosis related to stopping zones in the fldwpisufficient washing

- Part rupture (welding zones)

- Permanent pressure gradient

- Anti-coagulant medecine required.

In the frame of the development of a new stentdekyall these criteria will have to be taken

into account.

4.2 Bioprostheses

Bioprostheses represent today a standard soluiogptace faulty human valves. Their main
advantage is that they respect the human physiaéigying central flow profile. They ensure
good quality of life to the patient who doesn’t dde take any anti-coagulant medecine. The
durability of bioprostheses is however limited (©QL2 years). Made up with organic material
which degrades over time, they tend to become atiff calcify easily. Their use is hence
restricted to elderly people and pregnant women vitnlom anti-coagulant medecine is
prohibited. Bioprostheses are obtained from porgmlges or bovine pericard tissue. Tissue
degradation leads to reoperation in 74 % of theexa#t consists mainly in abnormal
calcification processes related to collagen bundiegradation. To slow down degradation
over time, tissue is treated with glutaraldhehydbe treatment, however, modifies the
mechanical properties of the valve tissue. Veseghlighted in his work, the particular
stiffness increase of treated tissue [VES.89]. w fgears earlier, this had already been
observed by Rousseau [ROU.83].

4.3 Mechanical versus Biological prostheses

The surgeon remains the person who decides whph @y prosthesis is the best adapted to

the situation. The choice is influenced by manyapeeters and is individual. However, long
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term behavior studies are available. These stigihvesinformation about the performances of
the different prostheses types.

A comparison between a mechanical valve (St JuteafBt) and a bioprosthesis (Biocor)
over the long term is given in a report from 1986YK.95]. It presents results concerning a
panel of 100 patients over a 10 years period oé tiithe results highlight mortality rates
globally lower among patients with bioprosthesis %98urvival rate against 81%). No
significant difference has been noted concerningricég’s thrombogenicity. Some
complications related to the use of anti-coagulaetecine were reported in the St Jude
group (bleeding problems). Valvular calcificationsebved in the Biocor group led to
reoperation in some cases.

Another study started in 1975 reports results aethiover 20 years [OXE.03]. The long term
behavior of tilting disc valves and a porcine valve compared. Survival rate after 20 years is
practically the same (25% for the mechanical et Z8#ihe porcine). But only 3% of the
patients from the bioprostheses group still haeeattiginal implant after 20 years, while 18%
from the mechanical valve group is concerned. Thesalts highlight the limits of the
existing replacement solutions. Mechanical valvesv@d good durability but increase the
bleeding risk related to anti-coagulant consumptiaga.to the bioprostheses, their use is
limited in time, but they respect better the hurpagsiology. Both solutions are finally not
far from being equivalent.

Figure .14 summarizes the design evolution ofige over the years since 1952.

1 0 1979 @
1952 _) 1960 O

1971 1975

Fig 1.14_ evolution of valve prosthesis design
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5 PERCUTANEOUS VASCULAR SURGERY

5.1 The concept

“Percutaneous” surgery, also called “non-invasisefgery means that the procedure is done
through the skin instead of doing open chest syrgdre procedure consists in doing a small
incision in the patient’s skin at the level of tfenoral artery for example. Some specific
devices called catheters are then inserted thréhuglhncision in the vascular system. These
catheters are hollow flexible tubes for insertintoia body vessel to distend a passageway for
other medical tools. Its many uses include the mbags of heart disorders when inserted
through a blood vessel into the heart. The streafjthpercutaneous procedure is its ability to
deliver any device (stent, balloon for inflationfofded heart valve) into position through the
vascular system. Unlike the traditional open heamgery, the heart does not need to be
arrested during the procedure, that is conductéideBnwithout the use of a bypass pump.
The device crimped inside the catheter is movedgaleith a guide-wire under fluoroscopic
guidance into the correct intracardiac positiomally the device is expanded from the
collapsed state to its final diameter.

Hence a percutaneous approach in which patientsarexposed to the risks of surgery has
potentially large implications for these patierfibat’s the reason why over the past 20 years
patients and care providers have encouraged tmsiticmm from traditional open-surgical
procedures, which require long hospital stays,egs linvasive techniques. This demand for
minimally invasive procedures has allowed noveltrimeentation and implants to be

designed.

5.2 History of percutaneous surgery

Non invasive surgery has been used since more30amears with the first human coronary
balloon angioplasty performed intra-operativelyl®77 by Gruentzig, Myler and Hanna in
San Francisco [GRU.77]. It consisted in the enlangat of the stenosed coronary artery

thanks to balloon inflation.
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Fig 1.15_Percutanous access by femoral arery and baon inflation in implantation site

After the success of the procedure realized witte woaxial balloon systems, further guiding
catheters and steerable guidewires are developd®82. Since 1979 Mass and Senning
(Zurich) had studied medical prostheses to supfieet artery wall, in order to prevent
restenosis after balloon angioplasty. They had Ildpeel a metallic coil shaped

endoprosthesis and performed some tests on animals.

Fig 1.16_ schematic representation of a stented aty

The bad results obtained led to the 1st patent #mysHNVallsten in 1982 concerning a self
expandable metallic braided stent called Wallst&he first implantation of the Wallstent in
human coronary position is done par Puel J. in 1@86U.87], after several years of
development. Dotter et al. [DOT.83] and Cragg et[@RA.83] reported the first use of
Nitinol material for stent purpose in 1983. At laBtalmaz pioneered balloon-expandable
stainless steel mesh stents that remain in widadpeénical use today [PAL.87]. Today

stents can be used alone or associated with aleaggaft (endoprosthesis).

5.3 Vascular stents

Vascular stents represent today one of the maihcagipn of percutaneous technology. They
serve to hold diseased arteries (thrombosed opstel open to a predetermined diameter

after angioplasty and preserve a cylindrical lum€hese stents are used for a variety of
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applications : peripheral and coronary arteriearg@ment or lower limb, renal, carotid and
neurovascular disorders improvement. The use otssfer all applications has dramatically
increased since their approval by the United Stetesd and Drug Administration in 1994,
largely as a result of therapeutic and technoldgidaances. By far the greatest use of stents
occurs in the coronary vessels. In that applicatien stent is often associated with balloon
angioplasty before placement in the vascular enment. Balloon with stent placement is a
well established and effective vascular reconstragirocedure aiming to reduce the severity
of atherosclerotic stenosis. Its popularity aridas to its less invasive nature (compared to
surgical alternatives) and its better clinical ame (compared to balloon angioplasty without
stenting) [SER.94], [HOH.99]lust in the US a total of 574.000 angioplasty pioces with
stenting were performed in 2003 [THO.06]. In the th8 stent market has now expanded to
$5 billion per year.

5.3.1 The different stent families

Stents are classified as either balloon- or sghiaedable, based on their deployment
mechanism. Balloon-expandable stents are crimped dolded balloon and plastically
deformed at the intended delivery site by ballooftation. Balloon-expandable stents are
mainly used in atherosclerotic coronary arteriesruter to restore perfusion of downstream
tissue. The material used for these stents is etardteel.

Fig 1.17_ diagram of stent placement : the catheteis inserted across the lesion, the balloon is iatied,
expanding the stent and compressing the plaque. Tloratheter and deflated balloon are removed.

In contrast, self-expandable stents are insertedandelivery system catheter and when the
target lesion is reached, the stent is released tinencatheter and deployed. The market share
of self-expandable stents is growing thanks tortlhwsie for peripheral arteries or extra-
cardiovascular applications, where their typicattees, like kink resistance and trackability,

are required. The material used for these stem$eastainless steel or Nitinol.
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5.3.2 Self expandable stents

When Dotter et al. experimented with Nitinol wireils as intra-arterial scaffolds back in the
early 1980s, Nitinol was known only for its unussbhbpe-memory effect. A coil wound to a
small diameter and delivered through a cathetar the vessel would expand to a larger
diameter, e.g., the diameter of the vessel lumponwarming with 60°C saline solution (Fig.
1.18). Although the shape-memory effect lookedfaswas ideally suited for the scaffolding
of vessels, it took many more years for Nitinolns$eto appear in the market. Dotter et al.
[DOT.83] clearly were ahead of their time. The nmgjt and processing of Nitinol, an
intermetallic compound of titanium and nickel, haat been fully developed with consistent
quality, nor had the properties of this materiaoéully understood. Presently, 20 years after
Dotter et al.’s [DOT.83] experiments, Nitinol sterare self-expanding without the need for
post-deployment heating. They are superelastic, trush recoverable, exert a gentle
“chronic” outward force, and are generally more giblpgically compatible than balloon-
expandable stents. All major medical device comgmm@s well as many smaller producers
now offer Nitinol stents for (mainly peripheral)s@ular and non-vascular indications. Herein,
after a brief explanation of the mechanisms of shrapmory and superelasticity, we describe
the unique material properties of Nitinol and hoWweyt relate to the performance
characteristics of Nitinol stents.

Fig 1.18_Nitinol coil stent used by Dotter et Fig 1.19_Extreme deformation of a
al., coiled for delivery and heat expanded Nitinol stent (Cordis SMART).
[STO.04] The stent will recover after the load is

removed[STO.04]
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of Nitinol and living tissues[STO.04]

Conventional stent materials, such as stainless$ stecobalt-based alloys, exhibit a distinctly
different elastic deformation behavior from thattleé¢ structural materials of the living body.
The elastic deformation of these metals and alisysnited to approximately 1% strain, and
elongation typically increases and decreases Iynéproportionally) with the applied force.
In contrast, natural materials, such as hair, tapndad bone, can be elastically deformed, in
some cases up to 10% strain in a non-linear waye'Withe deforming stress is released, the
strain is recovered at lower stresses. As showhign.19, the loading/unloading cycle is
characterized by a pronounced hysteresis. A sirhgaavior is found with Nitinol alloys. As
with natural materials, the loading and unloadingves show plateaus, along which large
deflections (strains) can be accumulated on loadangrecovered on unloading, without
significant increase, or decrease, respectiveligads (stress). Because deformation of more
than 10% strain can be elastically recovered, thebavior is called “superelasticity.”
Superelastic Nitinol appears macroscopically to dmaply very elastic ; however, the
mechanism of deformation is quite different frormeentional elasticity, or simply stretching
of atomic bonds. When a stress is applied to Nitiand after a modest elastic deformation,
the material yields to the applied stress by chands crystal structure. This “stress-induced”
phase transformation allows the material to chastgge as a direct response to the applied
stress. When the stresses are removed, the mateviaits to the original structure and
recovers its original shape. While superelasticgtythe result of a stress-induced phase
transformation, shape memory is the result of anthé phase transformation. In fact, when
superelastic Nitinol is cooled to below a crititainperature (the transformation temperature,
which is dependent on alloy composition and praogskistory), it also changes its crystal

structure. If no force is applied, this phase cleaisghot accompanied by a shape change. The

39



Chapter | Bibliography

material can be plastically deformed in the “lownfeerature phase,” but the original shape
can be restored by heating above the transforma@mperature. Self-expanding Nitinol

stents are manufactured with a diameter larger ttheat of the target vessel. Their

transformation temperature is typically set to 30T@ey can be easily crimped at or below
room temperature and placed in a delivery systemprévent premature expansion during
delivery into the body, the stent is constrainedabrgtractable sheath or by other means. At
the treatment site it is released from the deliv@rstem and expands until it hits the vessel

wall and conforms to it. Now at body temperatuhe, $tent is superelastic.

5.3.2.a Wire stent design

The evolution of Nitinol stent designs is cleangked to the development of the material
itself. Early on, Nitinol was only available in wirform. Consequently, early Nitinol stents
were wire coils, similar to Dotter et al.’s [DOT.88%perimental device. Presently, coil stents
made from round or flat Nitinol wire are still alable. They are used mainly for non-vascular
applications (e.g., Endocare’s Horizon Stent far télief of bladder outlet obstruction), with

the exception of the IntraCoil Stent (Intratherajes; Fig.l.22), which is indicated for the

treatment of patients with superficial femoral grteand popliteal artery lesions. One
advantage of simple wire coils is their retrievapiin certain applications. As described

previously, Nitinol loses its stiffness when cooléthe EndoCare Horizon or the D&E

Memokath prostatic stents can be retrieved fronptiostate by chilling the device with cold

solution. The stents become soft and pliable amdbearetrieved with a grasping forceps.
Other early wire-based stent designs are the C8agigt (MinTec, Fig.1.22), a sinusoidal coil

with peak-tovalley suture connections for vascuwdad non-vascular applications, and the
knitted Ultraflex Esophageal Stent (Microvasive, SNewer designs are the ZA biliary

stent (Cook, Fig.1.22), a modified knitted designd the braided Expander Stent (Medicorp).
The Boston Scientific Symphony Stent is a wire fedrdesign with struts welded to form

hexagonal cells. While wire-based stents geneaakyvery flexible, the Symphony Stent is
quite rigid (Fig.1.22).
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Fig 1.22_Intracoil stent (IntraTherapeutics, top), Cragg stent (MinTec, left), ZA stent (Cook, middle),
Symphony stent (Boston Scientific, right]STO.04]

5.3.2.b Sheet-based stent designs

A perceived disadvantage of braided or knitted based stents is the crossing of the
filaments. This increases the “wall thickness” lué stent and the delivery profile. Moreover,
there are concerns about fretting corrosion omibar of the Nitinol at the cross-over points.
When Nitinol sheet became available, Angiomed (Bdeleloped the first laser-cut Nitinol
stent by cutting a pattern from sheet, rolling jit, @and welding at specific strut locations
(Fig.1.23). An interesting sheet-based Nitinol stenthe experimental “ratcheting” EndoTex
stent, similar to the design suggested by SigwgiiG[87]. It is chemically etched from thin
Nitinol sheet to produce a series of windows atakcking feature at one edge. It is rolled up
to a small diameter roll and placed onto a PTCAobal. The assembly is then placed into the
vessel and the diameter of the stent is adjustedhtigting the balloon. As the balloon
expands, the stent uncoils to the desired diantetprop open the vessel. The stent is locked
into place by unique tabs that slide into the stenbhdows” upon balloon deflation. This
design provides a wide range of diameters to cudibrfor each treatment. It combines
balloon expandability with the superelasticity afteployment; however, it has some of the
perceived disadvantages of the knitted wire stemith non-uniform cross-section and
potential fretting cross-over points. Vascular amttis Aspire stent uses a “dual-rail ladder
type” frame that is also etched from Nitinol shaatl covered with ePFTFE. It is helically
coiled onto a delivery system that allows deployhweith a variable pitch to keep vessel side

branches open.
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Fig 1.23_ Memotherm stent (Bard Angiomed) made fronmsheet (note welded struts) [STO.04]

5.3.2.c Tube-based stent designs

In the mid-1990s, Nitinol seamless tubing appeanedhe market in production quantities.
With it came laser cutting of tubular Nitinol compmmts. Presently, by far, most self-
expanding Nitinol stents are produced by laserrgyitbf Nitinol tubing. Early examples are
the Angiomed (Bard) Memotherm and the Scimed Radtests. The Memotherm was a
rigid, closed-cell design with a diamond shapedgpatsimilar to the original Palmaz balloon-
expandable stent. The Radius, on the other hamdfléxible open-cell design with sequential
rings and periodic peak-to-peak non-flex bridgesosMlaser-cut Nitinol stents employ
variations and/or combinations of these basic de$sgtures (Fig.l.24). There are Nitinol
stents in the market that are coated with silicarbicle (SiC) or diamond-like carbon (DLC).
It is probably fair to state that these developrmeme more driven by product differentiation

than actual scientific considerations.

Fig 1.24_Laser-cut Nitinol tubular stents. Left : Memotherm (Bard Angiomed);
Right : SMART (Cordis) [STO.04]
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5.4 Vascular endoprostheses

Albert Einstein died in 1955 because of the ruptifran abdominal aortic aneurysm (AAA).
One year later in 1956 MEADOX (USA) introduced tfiest commercially available
polyester vascular graft. Since autologous graften with the diameter of the aorta is not
available, artificial vascular grafts are essenfial the exclusion of AAA. Two polymers,
polyester (Dacron) and polytetrafluorethylene (PYHRBven proven their biocompatibility
and long-term stability in conventional grafts €956 and 1975. Open surgery still needs a
large abdominal incision for graft interpositiorxdessive abdominal scars, which disabled an
abdominal approach, inspired Parodi to choose dnleminal access for the implantation of
a graft in the AAA [PAR.95]. The success of thisemgion in 1990 initiated an euphoric
development of endovascular devices. Increasingrexpce in the implantation procedure
and numerous improvements of the devices has tledal to acceptable technical success
rates with a reasonably low morbidity and mortgliyy E.00].

Currently, there are several thoracic endograftsilave for the treatment of descending

thoracic aortic aneurysms (most common aneurysmn).type

Fig 1.25_ Method for treating an aortic aneurysm

They are the TAG device made by WL Gore (Flagstafizona), the TX2 device by Cook,

Inc. (Bloomington, Indiana), the Talent and Valiad#vices by Medtronic (Santa Rosa,
California), and the Relay device by Bolton Medi¢aunrise, Florida). At this time, the only
thoracic endografts approved by the FDA for usthenUnited States are the TAG, the TX2
and the Talent devices. The Valiant and Relay @svare also in clinical trial and currently
enrolling patients.

The TAG device (Fig.l.26) is a symmetrical expand®FE tube with an external nitinol

self-expanding stent along the entire graft surfaceircumferential PTFE sealing cuff is
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located on the external surface of the endografteabase of each flared, scalloped end. This
device is currently the only device commerciallaiable at this time.

Fig 1.26_ Gore TAG thoracic endoprosthesis [CHO.06]

The Medtronic Talent thoracic endograft device (F23) was initially manufactured by
World Medical Corporation and was subsequently aequby the Medtronic Corporation. In
its current state, it is a polyester graft withrfalsewn to a self-expanding nitinol wire frame.

The device is modular and accommodates the usaldifianal main sections as well as
proximal and distal extensions.

Fig 1.27_ Talent Thoracic Device (Medtronic)

Once operators have advanced beyond a signifieamihg curve, early results have shown
95% to 100% success rate in implantation, 1% to3R%lays mortality rate, and 0% to 1.5%
conversion rate to open repair at the time of ptea@ or by 30 days [DAT.02], [HOW.01].
Large studies with 4 to 5 years of follow-up afjéacement have reported survival of 75% to
85%, need for a second procedure of 10% to 20%, rapture rate of 0.4% to 1.0%
[HER.02], [LIF.02]. The incidence of endovasculeaks at 1 year ranges from 17% to 31%
and may vary among the different devices. Gore rtedohowever 20 wire fractures were
identified in 19 patients (13%) among a study comiog 139 patients. Of these wire
fractures, 18 (90%) occurred in the longitudinahedWAN.07].
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Fig 1.28 Endovascular Talent for AAAs (medtronic,left), the Zenith TX2 device distal end
(Cook,middle), RELAY Thoracic stent-graft (Bolton Medical, right)

5.5 Materials and geometries

Stainless Steel, Tantalum, Niobium, CoCr alloys atitnol have been introduced as
materials for stents in the past 15 years. Howeuemet medical needs and general
technological advancements have led to additioifi@tte to improve materials properties and
to develop new materials for vascular stents, eslediodegradable materials such as

magnesium and degradable polymers.

Polymer materials like poly (I-Lactid acid) PLLAe® to be generally applicable for drug
eluting stents and if they finally make their wayo a commercial application may offer cost
advantages in stent manufacturing compared to aheentional manufacturing processes of
today’s stents. As an alternative to polymers,ube of degradable metallic materials such as
magnesium alloys and iron, have been investigatathglihe past 5 years. In general,
degradable materials can be used for indicationshndio not require a permanent mechanical
enlargement of the artery. However, the main aggmntof biodegradable materials is
assumed to be that any long term risk associatddavioreign object implanted in the body
is obviated and no long term mechanical adverssceffof conventional stents, such as stent
“crushes” or strut fractures [BOS.06] to what extdre degradation process and degradation
products might affect long term patency is unchead subject to investigations.

5.6 The limits of vascular stents

Despite the constantly increasing success ratéenfisg through technological progresses in
the stent design and drug coatings on the steatfice [BUR.06] the procedure can still fail
because of restenosis in stents, which occurs i6080-of patients with complex lesions
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[FAT.03]. In coronary arteries when treated withiebmetal stent designs the restenosis rates
range from 20% - 40% [KAS.01].

Angioplasty was successful in reopening cloggeerigs, however in many cases, immediate
reclosure or arterial recoil caused failure of #regioplasty procedure. Stents provide a
mechanical means of resisting recoil of the arédtgr balloon angioplasty, but do not prevent
(and may to a certain extent even cause) anothereanode known as restenosis. Restenosis
is a reclosure of the treatment site due to cedliferation caused by local injury and a
subsequent tissue response. With increasing diapgaication of and experiences in stenting
and increasing production quantities, requiremeiais stents and their manufacturing

technologies have changed, too.

5.6.1 Stent artery wall interaction
5.6.1.a Biochemical response

Restenosis, which is defined as “the arterial ngaliesponse after injury incurred during
transluminal coronary revascularization”, has b#en principal drawback of percutaneous

coronary interventions (PCI) since their introdantnearly 25 years ago.
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Fig..29_ Mechanisms of restenosis after balloon gioplasty and stenting. (Left) The mechanisms
responsible for restenosis after balloon angioplagtare mainly the negative remodeling of vessel that
accounts for 75% of the phenomenon and the prolifation of smooth muscle cells with neointima
formation that represents the other 25%. (Right) Instent restenosis is 100% due to smooth muscle cell

proliferation; remodeling of the vessel does not aur.
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An increasing body of evidence suggests that infiaton plays a pivotal role in linking

early vascular injury to the detrimental conseqeemd neointimal growth and lumen

shrinkage [WEL.02]. In this regard, the widesprask of coronary stents has altered
fundamentally the vascular response to injury bystc®y a more intense and prolonged
inflammatory state [WEL.02].

5.6.1.b Primary injury

In addition to subacute thrombosis, three additigriaases of the vascular response to
stenting have been described [EDE.98]hese are inflammation, proliferation, and
remodeling. The late loss of lumen following throralweposition begins with recruitment of
inflammatory cells to the stent struts and betwibenstruts. Within a week after implantation,
surface-adherent monocytes infiltrate into the nimia. Proliferation of smooth muscle cells
and inflammatory cells reaches its peak after 7sdayd continues for weeks after. The
remodeling stage begins after approximately 3 weahkd is characterized by collagen
deposition in the adventitia and media. The respassindoubtedly related to the injury to
the artery wall, that includes endothelial denuaigtidisruption of the elastic laminae, and
injury to the medial smoothmuscle cells. These aetiiects are then followed by the chronic
force of the stent on the artery wall. Once th&ahiacute injury to the artery wall associated
with stent deployment has occurred, a followingsient restenosis mechanism takes place
and can be explained by two phenomena. At firg, rémaining forces on the arterial wall
due to chronic stent implantation play an importaé in determining how the artery heals
itself. Secondly the placement of a stent in aargraffects the details of flow adjacent to the
artery wall and modifies the global flow pattermtB mechanisms require close attention.

5.6.1.c Mechanical behaviour of the artery

The placement of a stent inside an artery has pnofdmplications on the stresses in the
artery wall. Balloon expandable stents are typycd#ployed with balloon pressures of up to
15 atm, or more than 100 times a mean blood presfutO0 mmHg. Given that it takes this

much pressure to deform the stent out to the dienuétthe artery, balloon expandable stents
behave very nearly as rigid structures inside thery The outward force of the stent against

the artery creates large, nonphysiologic stresseenartery wall. In the case of self-
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expanding stents, the additional elasticity of $kent may reduce these stresses slightly, but
the fact remains that there is a chronic actiootrea contact stress between the stent and the
artery wall. The analysis of stented artery wall stresses is degdoy the complexity of the
artery wall, and the inherent difficulty in solviegntact mechanics problems. The artery wall
iIs a nonhomogeneous, nonisotropic, nonlinearly tielastructure that undergoes large
deformations even in the absence of a stent. Stmmteracts the inward tendency of the
artery contact mechanics problem complicates thé/sisaf stented arteries even further. A
relatively simple model of stresses in a stentéenamwall showed that the abrupt change in
mechanical properties at the ends of the stentesesones of intense stress concentration
[MOH.00]. In another study, a finite element modélan artery wall into which a Palmaz
stent or CMS (Compliance Matching Stent) had beeplayed was constructed using a
commercially available software package [BER.02heTstents were given properties
representative of stainless steel, while the anely was modeled as a thin shell with linear
elastic properties. The stresses near the endseoP&almaz stent reached 5.5 N/mmz2. The
CMS design resulted in a much lower stress at tigs ef the stent, provoking a peak stress
of 1.5 N/mm2,

Rogers et al. [ROG.99] constructed a computationadlel to estimate the stresses on the
artery wall during balloon deployment, and foundaaly strong dependence on stent strut
spacing. Higher stresses were predicted for hidggadlioon inflation pressures, larger stent
strut spacings, and more compliant balloons. Thebaviors were related to the ability of the

balloon to conform to the backward facing step getoyn and the distance between adjacent
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struts. They included in vivo evidence that endidheells remain in the areas adjacent to the
stent struts where the balloon should not be irtamtrwith the artery wall. This implies that
direct stenting may have an advantage over angpfallowed by stent deployment. The
adaptation of the artery wall to stent-induced sstr&oncentration was modeled in a
theoretical study by Rachev et al [RAC.00]. Thewodal allowed the artery wall to build up
additional tissue in response to increased streskthe stress returned to some threshold
value close to the stress in the unstented podtidhe vessel. Following adaptation, the artery
wall thickness was greatest at the stent edge,dandeased monotonically away from the
stent. Their results were similar to neointimal gitoyatterns observed in vivo [HOF.97],
[HOF.96].

All the previously described works showed that skent implantation induces a high stress
increase in artery wall. The relationship betwelat tstress concentration and the in-stent
restenosis can be well established with what iseatly known about how artery builds tissue
up. It is known that healthy arteries exhibit streoncentrations in sites where intimal
thickening is greatest [DEL.97]. It has also bekaven that arteries increase their thickness
near the suture lines of end-to-side anastomosesduace stress concentration [BAL.98].
Arteries have also been demonstrated to adapt steicture and composition to even out
stress distributions following induction of hyperseon [HUM.02]. The artery wall is thus an
“intelligent” structure that adapts to reduceests concentration. It could be that the large,
non physiologic stresses created by stent deployraemttoo great to allow successful
adaptation in every case. Restenosis may be th@tunéte result of the artery’s attempted
adaptation. Supporting the potential role of stramscentration in restenosis is the fact that

many of the problems with restenosis occur at tits ®f the stent.

The artery wall reaction was studied in vivo by Meet et al.

Vernhet et al. performed an in vivo experimentablgt[VER.00] to evaluate changes in me-
chanics after endovascular stenting in small diamsedrteries. Using a surgical right femoral
approach, self-expanding stents (Wallstent®, SclareiSwitzerland) were placed in the
infrarenal aorta of five New-Zealand white rabbBfod pressure changes were monitored in
the aorta. Blood flow velocity was measured witBGMHz pulsed Doppler probe and the
Pulsatility Index (PI) was calculated. Aortic diaimeand diameter changes were measured
with a 20MHz probe in echo-tracking mode. This gtdémonstrated that arterial wall com-
pliance and distensibility decreased at the s&rel] and were then significantly lower than

upstream and downstream. There was no signifidaange in PI.
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Further tests were done on human.

Human atheroma differs from the minimally calcifiatheroma induced by diet and intimal
abrasion in New-Zeeland rabbits. Subsequent diffaze in wall mechanics may be expected.
Vernhet et al. evaluated 15 patients 3 months aerafier placement of a Carotid Wallstent®
(Schneider, Bulach, Switzerland) in the extra-ahrdarotid artery for the treatment of
significant carotid stenosis [VER.03a]. B-modeasdtvund examination was performed with a
7.5MHz probe on the stented carotid artery andhendontralateral internal and common
carotid arteries. Carotid diameter and systolicmditer changes were measured using a
dedicated image processing system, while pulsedgppessure was measured. The evaluation
could be completed in 8/15 patients. Compliance sigigificantly lower at the proximal, mid,
and distal stent level, than upstream, downstreiaomdhe contralateral internal and common
carotid artery. Stenting pathological human caratiggries induced a compliance mismatch
between the native carotid artery and the sterdégdhent. Although the underlying diseases
(atherosclerosis, radiotherapy, dysplasia) magptoe extent, reduce arterial wall compliance
and distensibility, the dramatic additional decee@s compliance and distensibility after

stenting always resulted in a marked compliancenaish.

Further long term testing were performed as well.

Vernhet et al. evaluated long term wall mechanibanges and related histopathologic
changes induced by stent placement in small dianagteries [VER.03b]. They found that

endovascular stenting of the rabbit aorta impaiadl wiechanics and that performing 30%
stent over dilatation does not worsen this impam®it induces greater intra-stent intimal
hyperplasia. A marked decrease in wall distensybilas observed immediately after stent
deployment at the stented arterial segment and avakronic, long-lasting phenomenon.
Long-term mechanical adaptative changes of the &dsty were found upstream from the
stent. The increase in distensibility upstream fitbim stent could result from flow stagnation
induced by compliance mismatch at the junction betwthe host artery and the extremity of
the stented artery.

Therefore, endovascular stenting produces a sogmifidecrease in arterial wall compliance

and distensibility of the rabbit abdominal aorta.
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5.6.1.d Flow pattern modification

Strain{z"-1)
00
Direction of Forward Flow 2 S00 1000

Fig 1.32_ Shear rate (1/s) contours for two case thi different struts spacing and thickness. Instantaeous
streamlines are included as white lines in all viesv The lowest shear rates were observed in betwete
wires and the highest shear rates were located did tops of the wires in all cases. The zone of I@hear
rate extends farther at the distal end than at theproximal end.

A typical stent strut is approximately 0.15 mm kckness, and stents are deployed into
arteries at least 3 mm in diameter. Thus, the tieffects of stent strut protrusion into the
lumen are confined to a region close the artery.Wale protrusion of the stent strut into the
lumen of the artery corresponds to well-known flsituations from aerodynamics classified
as flow over backward or forward facing steps [RE@8T]. In a backward facing step flow, the
momentum of the fluid flowing over the step carrtbe fluid past the corner of the step,
creating a region of flow separation. Under stefbaly conditions, the fluid contained in this
region does not mix with the fluid in the mainstreathus there are implications on the
transfer of blood-borne substances in these regidjacent to stent struts. In a forward facing
step flow situation, the step inhibits the forwandvement of the fluid adjacent to the strut,
creating a separation zone. The separation zorsexiaged with forward facing steps are
typically smaller than those associated with bagkivfacing steps. The placement of a stent
against the artery wall creates a series of adjdmmiward and forward facing steps that may
interact with one another. It is important to nakat the stent struts are covered with
thrombus within a few hours or days following immiation. Thus, the use of backward and
forward facing steps to describe blood flow ovemnsst is only applicable in the acute stages
of implantation. There is some evidence, howevet the stent geometry is still represented
in the neointimal development patterns even weélks enplantation [TOM.92]. The effects
of stent strut spacing on blood flow patterns agjado the artery wall have been studied

using computational flow dynamics techniques. Thesdhniques have the advantage of
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producing accurate information on all flow variablelocity, pressure, shear stress, etc very
close to the artery wall. Experimental techniquashsas laser Doppler anemometry, particle
imaging velocimetry, and Doppler ultrasound allfsufrom significant uncertainties when
measurements are being taken within the smallrdisgaclose to the wall that correspond to
stent struts. The flow patterns near the struts Wfallstent were found to depend strongly on
the strut spacing [BER.0O]. The Wallstent is a dedi wire mesh self-expanding design.
Using a commercially available CFD software packagevo-dimensional model of the wire
crossover points was constructed. The bottom sténet was assumed to be embedded by
30% of its diameter into the artery wall. Physiatoffow conditions corresponding to resting
and mild exercise in the coronary arteries wereia@pllhe flow patterns were demonstrated
by plotting instantaneous streamlines and shearaattours. Within the range of geometric
parameters used to construct actual Wallstentslifucal use, the flow patterns were found to
vary tremendously. With smaller stent wire spacingss than six wire diameters, the
stagnation regions from adjacent struts mergedthegdor the entire cardiac cycle, creating
one single stagnation region (Fig.1.32). For wipaangs larger than six wire diameters, the
stagnation regions were split for at least somdiguorof the cardiac cycle, with the flow
reattaching in between.

All these described flow patterns do have somectffen vascular endothelial cells. Different
studies demonstrate quite clearly that the flowgrsaéion patterns produced by stent strut
protrusion into the flow stream have an effect ordathelial cell behavior [DEP.92],
[TRU.95].

Perhaps the most important aspect of endothellabebavior with regard to stents is their
ability to regrow over the denuded artery wallnstand neointima. In an in vitro experiment
with a stainless steel strut embedded flush intgek surface, Sprague et al. [SPR.97]
demonstrated a clear dependence of endothelialnugilation on wall shear stress. They
found that the stainless steel surface was 59%redveith endothelial cells after 7 days
under static conditions, compared to 87% coveraifje avshear stress of 15 dyn/cm? at the
same time point. Walsh et al. [WAL.OBhve reported results of endothelial cell regrowth
patterns in simulated stented flow chambers in Wwiie stent struts protruded into the flow
stream. While no growth of the cells over the stnits was observed over the experimental
period of 7 days, lateral migration of endothetialls was observed to occur at growth rates
of approximately 15 mm/h. The initial growth of tbells appeared to be along the stent strut
in the flow stagnation zone, with preferential ahgent with the stent strut. Once the cells

became confluent, the direction of preferentiagrainent was with the direction of flow.
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Simon et al. [SIM.00] noted that the largest ardagoid of endothelial cells were located
downstream of trapezoidal surface obstacles intttalsimulate stent struts. They also noted
that the tops of the obstacles exhibited no overtira# endothelial cells when the obstacles
were more than 175 mm in height.

The compliance mismatch that occurs at the proxendl distal ends of the stent also affect
overall blood flow patterns. The abrupt changesnechanical properties at the ends of the
stent create sites of propagating pressure wavectieih [FOR.01]. These pressure wave
reflections, in addition to the abrupt changesriwss-sectional area, lead to large-scale flow
disturbances

These observations led to the design of a stertt ghavides a smoother transition in
compliance at the ends of the stent Fig.l.30. Pypts of this stent, termed the compliance
matching stent (CMS), were machined and deployetthensame in vitro flow visualization

system as used in Berry et al. [BER.97]

Transition zone Transition zone

Fig 1.33_ Compliance Matching Stent (CMS) profile Bowing rigid and transition zones

The development of large scale vortices was viualiminated. The production of flow
disturbances by stents may also occur if the stethéployed near a branch point and partially
protrudes into the lumen due to inaccurate posiigpnStanek and al. [STA.96] showed that
Walllstents placed across the ostium of the extecaabtid artery created additional flow

disturbance and resistance.

5.6.2 Stent fatigue
With a few exceptions, stents in current clinicaklare manufactured using various metals

and metal alloys. Once implanted, stent underggelscdoading related to the pulsatile heart
flow and the compliant deformations of the artergllwThis fatigue loading may lead to

material damage.
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A B C D E
Fig 1.34_ Manufacturing process for the Guidant AB®LUTE self expanding stent. Starting from a NiTi
hypotube (A), the stent is laser-cut (B) and voideemoved (C). The stent is then bead-blasted to reme

macroscopic debris (D) and subsequently electro-pshed to achieve its final high quality surface firsh

(E).

Fig 1.35_ Two commercially available stents (A & Band the ABSOLUTE stent (C) are shown under
electron microscopy. The micrographs reveal dramat differences in stent surface finish, indicative fathe

manufacturing process for each stent.

The stent pattern is cut from a NiTi hypotube usangrecision motion controlled laser beam.
The surface immediately adja-cent to the laser padling been molten by the laser and
resolidified, is now embrittled, containing subsitanamount of debris created by the lasing
process (Figure 1.34C). This narrow surface zoneoimonly termed the “heat-affected
zone”. Subsequent to laser cutting, the stents medtead-blasted to remove large debris
created by the laser and then electropolishedhigla degree. A representative image of the
final surface finish attained in the ABSOLUTE steah be seen in Figure I.34E.

A close examination of various commercial stentgeaés dramatically different surfaces,
indicative of which process was or was not employgenling manufacturing. Electron
micrographs of two stents available on the mariegtr(ed Stent A and B) are shown in Figure
[.35. The ABSOLUTE surface finish is shown in Figur35C. Aside from the obvious visual
differences, these surface finish variations canifest themselves as dramatic differences in
stent fatigue life. In the absence of extensivetsdepolishing, micro-cracks and defects can
remain on the surface, serving as initiation dsibesrack propagation.
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5.6.2.a In vivo cases

Indeed cyclical stress applied to any metallictice and, more specifically, to a NiTi stent,

may cause a progressive propagation of surfaceororacks. In this process, the healthy
portion of the cross-section (so called “resistaattion”) gradually decreases in cross-
sectional surface area, reaching a point whers mad longer able to keep the structure
together and catastrophic fracture failure finalppens. Figure 1.36 illustrates the process of

crack propagation on a cylindrical metallic compane

Fig 1.36_ Electron micrograph of a thin slide at tke bottom of a V strut connection in a commercially
available product, revealing a heat affected zondight grey area) inclusive of numerous surface mia-

tracks.

This phenomenon led to stent breakages observenaon However only few cases of stent
breakage have been reported in the literature dgiverdarge numbers implanted in different
parts of the body. In the iliac artery, Sacks [SAST.&ported a fractured Palmaz stent in a
patient into whose common and external iliac agtethree Palmaz stents had been implanted
in the course of a bypass operation. The explamatii@red by the author is that the stent was
fractured during deployment as a result of a contlwnaof its rigidity, heavy local
calcification, and because it was overlapping \aitiother stent. Babalik [BAB.03¢ported a
case of a fractured stent in the popliteal artery ipatient with a limp secondary to major
stenosis of the upper popliteal artery. The fractnuas explained as being due to damage to
the stent resulting from flexion of the knee andeexal compression. Similarly, Kroger
[KRO.04] reported on three fractured stents ingbpliteal artery, treated by by-pass surgery.
Duda [DUD.02] observed six stent fractures in 38guais (18.2%) in a study (the SIROCCO
trial) designed to compare the permeability of $mak coated and uncoated stents implanted

to correct obstruction of the superficial femorateey. According to the author, these
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fractures were due to the length of the arteriginsmts treated and to the partial overlap
which results in the generation of movement induégage points".

Subsequent to these observations a larger studitiobl stent fracture in the superficial stent
artery (SFA) was conducted by Allie et al. [ALL.O4]he authors investigated stent fracture
in 110 patients out of 380 in whom a nitinol steatl been implanted between January 2000
and July 2003. Angiography was used with fluoroscamalysis of the fractured stent, using

the Cardiovascular Institute of the South clasaifan system :

. Type | : Fracture of a single filament.
. Type Il : Fracture of several filaments at diffiet places.
. Type Il : Fracture of several filaments leaditmgcomplete transverse fracture

without fragment displacement.
. Type IV : Complete transverse fracture with fragrdisplacement.
Of 110 patients, 72 (65.4%) had a fractured stetit mean lesion length of 17.5 cm (6-34
cm), a mean number of stents of 2.3 (1-5), and\emage interval until the angiography
examination of 11 months (2-34). There seems ta bek between the size of the fracture

and its clinical and hemodynamic impact (Table ).37

Type of stent lesion N=72 Stenosis > 50% or olositvn Clinical impact
Type | 27 (37.5%) 17 (62.9%) 7 (26%)

Type Il 32 (44.4%) 26 (81.2%) 15 (47%)

Type I 11 (15.2%) 11 (100%) 9 (82%)

Type IV 2(2.7%) 1 2 (100%)*

Table 1.37_ Type of the stent lesions reported by le [ALL.04]
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6 HEART VALVE PERCUTANEOUS IMPLANTATION

6.1 What are the needs ?

Calcific aortic stenosis ist the most common vavuisease observed in western countries.
Alone in the US, it has been estimated that betw&eB % of the elderly population have
calcific aortic stenosis, while 1 to 2 % of Amensahave congenital bicuspid aortic disease
[DAV.06]. Worldwide, aortic valve replacement repeats today around 250000 cases and
that number is expected to increase by 5 % per gear the coming years. From a survival
rate point of view, surgical valve therapy has aniable track record. In the UK Heart Valve
Registry for example, the mortality rate for aonalve replacement in octogenarians is still
only around 6.5 % at 1 month and 10 % at 1 yearsdlsgatistics, that are nearly the same in
all the western countries, remain globally low asttbw that heart valve surgery is a
sustainable technology. Among the diseased patibatgever, 10 % are considered high risk
and approximately 15% are declined by the patieth® physicians [MED.05]. These critical
cases are at first elderly people with multiplehpétgies, most of whom require replacement
of the aortic valve due to calcification or degextien. Some of these patients are too ill or
weak to withstand the stress of open heart surgimg second critical population is the
children, since many of these patients requirethedve replacement due to congenital heart
disease. Some of these children are not treatedthi@y are older because it is difficult to
find a heart valve small enough for them, or beeausiltiple highly invasive surgeries will
be required to replace the valve as they grow. Myaeerally, those patients with severe
ventricular dysfunction, low gradient / low outmiates, cardiogenic shock and/or significant
morbidities such as diabetes chronic kidney diseasextra cardiac arteriopathy are at the
greatest risk for standard surgery. Unfortunateéhe spectrum of potentially successful

treatment options for inoperable valvular diseaségday limited.

6.2 History

Because of the limited therapeutic options in pasieleemed at high surgical risk, there has
been interest in the development of a less invasigthod to restore valve function already in
the 1980’s. Balloon aortic valvuloplasty (BAV) wesveloped in the 1980s with the hope of

enlarging the valve orifice percutaneously. Aovatvuloplasty, consisting in the enlargement
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of the stenosed valve thanks to balloon inflatiomy offer temporary improvement in
symptoms and some survival benefit in select nogisal patients with aortic stenosis, but it
does not improve long term outcome. The mainstdip&a Aortic Valvuloplasty (BAV) is a
non-durable treatment with most patients requirggeat BAV within eighteen months. Life
expectancy after BAV therapy is less than 2-3 yed@ss situation must lead scientists,
surgeons and cardiologists to consider as unaddeptaat critical patients, left on side from
standard relief possibilities, are not proposed duosable alternative. Non invasive surgery
may become the treatment of choice for these atifp=ople, Moreover, the number of
patients inoperable with surgery, will grow witfels expectancy increase. The need for PVT
(Percutaneous Valve Technology) will consequentiyeti. At last, another justification for
PVT development is that valve surgery is resountersive and therefore limited or not
available in many parts of the world.

The history of PVT begins with the first pulmonialloon valvuloplasty proceeded by Kan in
1982 on pulmonary valve [KAN.82], [CRI.86]The technique was first tested on with
success. The test on aortic valve was run in 198 technique improved the valve area
only minimally, although there was modest acute ¢tdynamic and symptom improvement.
Serious complications occurred #b5% to 10%, and restenosis with clinical deteriamati
occurred within 6 to 12 months in most patients.tfiemmore, BAV did not provide any
survival benefit over medical therapy. CurrentlyA\B is only recommended (American
College of Cardiology/American Heart Associatios)abridge to surgery or as a palliative
measure in those too ill to undergo surgical AVRe Tevelopment of percutaneous surgery
is directly related to the development of stentghviechnological advancements in the field,
an alternative to surgical AVR (Aortic Valve Repdatent), PAVR (Percutaneous AVR) has
emerged.

This concept was first demonstrated by Anderseal @AND.92] in 1992, who delivered a
porcine bioprosthesis attached to a wire-based stewarious aortic sites with satisfactory
hemodynamic results. Early pig studies demonstrat@dportant haemodynamic
improvements with the use of a bioprosthetic vaimplanted within a wire based stent at
assorted aortic sites via catheter technique [AIRD.Bhis led finally to other large animal

studies and finally to human subjects.

58



Chapter | Bibliography

A
4 !w,,u
J

{ '\‘% ‘ 5

Y
Fig 1.38_ Andersen valved stent

The first in man implantation was done by Bonhaeéfieal. in pulmonary positiomhe team

performed PHV replacement in children with conganheart disease in a stenotic right

ventricle to pulmonary artery conduit and repoitethe year 2000BON.00a], [BON.00b].

Fig 1.39_ Bonhoeffer valved stent. Left: expansioof valved stent in the delivery system. Right: prafe of

the valved stent before compression.

Subsequent reports by Boudjemline and Bonhoeffecri®ed percutaneous implantation of
the aortic valve in animal studies and similar wosk Lutter et al highlighted the problem
with subcoronary position and potential risk of daya to the mitral valve in animal models
[BOU.02a]. Two years after, Cribier et al [CRI.02pported the first successful human PAVR.
They performed the first PAVR in a 57 year old mvath severe calcific stenosis (bicuspid
valve), cardiogenic shock, and peripheral vascuéacular disease in whom valvuloplasty
was performed without benefit. Various groups haeg reported their early experiences
with balloon and self expandable Percutaneous HNé&dves (PHVS).

The design of percutaneous implantable PHV is anmiog alternative to valvuloplasty.

Currently available prosthetic valves provide aveaarea of >1,5 cfwhich is a marked

improvement over the maximal 1,1 tprovided by valvuloplasty alone [VAH.04].
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6.3 State of the technology

There are currently as many as 17 PAVR progranagtine research, and among those, there
are 2 PAVR prostheses in clinical trials, at leashore with FIM (First in Man) implant

results, and others at different stages of investiga

6.3.1 Protheses in clinical trials

Two devices are today mature enough to be usedcalipni and approved by health
authorities, the Edwards-Sapien (Edwards Lifes@shpand the CoreValve Revalving System
(CoreValve Inc). Both stents are made of self expanahaterial. The valves associated with

the stents are bioprostheses.

6.3.1.a The Edwards PVT

The Edwards PVT stent geometry is a cylinder, fikeany other classic vascular stent. Its

design is not specifically adapted to the aortid Bxwvironment (Figure 1.40).

Fig 1.40_ Edwards stent and blood flow disturbancén aortic sinuses

The stent is maintained in position thanks to aiatagxpanding force. The surgical

implantation reports show that with higher stersnaketer (leading to higher radial force), the
device is better maintained in the aortic root.sThbservation suggests that the implant
requires high expanding force to keep its positin.excessive force may however induce
exaggerated stress in the tissues, directly reltdugher calcification rate. So even if the
Sapien stent is to be implanted in already higlalgiied environment, high expansion force

may degrade more rapidly the non calcified tisbia¢ thay be left.

The Cribier experience uses a balloon expandablntdogy. The balloon-expandable PHV

consists of 3 pericardial leaflets, initially eqgeir{Cribier-Edwards) and currently bovine
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(Edwards-Sapien) (Edwards Life Sciences Inc, IrviDg), mounted within a tubular, slotted,
stainless steel balloon-expandable stent. Inigaicks were 14 mm in length and 23 mm in
expanded diameter, with a larger device availablessquently (length 16 mm, expanded
diameter 26 mm). Current devices require either 2R2F24F (transfemoral) or 26F
(transapical) sheath for delivery. Balloon aortelwiloplasty is performed using standard
techniques. The balloon mounted valve is then plagéhin the aortic annulus, and optimal
positioning is aided by fluoroscopy, aortographyd @ransesophageal echocardiography.
Because of the large delivery system, a surgidalosun and repair of the vascular access site
are still often required. In addition, as the itdlale balloon used to deliver the prosthesis
tends to be propelled forward by the blood flownfrahe LV, flow arrest is required to
accurately deploy the PHV at the annular level.sTikiachieved by rapid right ventricular
pacing at rates of approximately 200 beat/min, gissntemporary pacemaker. The entire
process requires synchronization among the teamb@ento avoid prosthesis misplacement
during deployment.

Initially the experience concerned 6 patients (Slema 1 female) aged 75 +- 12 years
suffering severe aortic stenosis and multiple cdmdities who were unsuitable for surgery as
determined by cardiac surgeons. 4 out of 6 suffaled from severe aortic regurgitation
while mitral regurgitation was present in five atis. These patients had a mean aortic valve
area of less than 0,6 émand a transvalvular pressure gradient less thamB®g. The
antegrade trans-septal approach was adopted, arqtdbedure took a mean of 134 minutes
to perform. One patient who suffered from previagtic aortic balloon valvuloplasty-
induced tear died during delivery at the time df RHV balloon inflation. Between weeks 2
and 8, 3 patients died from non cardiac complicegtiarhe last two patients were stable and
showed no signs of heart failure. All patients eigeed improvements in mean gradient
(7.4 mmHg) and AVA (1.63 cf post implantation. However, following implantatjcaortic
regurgitation was seen in all patients and may Hmen caused by imperfect apposition of
the PHV stent frame against the diseased nativeubaal structures at the site of calcific
nodules. Colour flow Doppler studies revealed mildnsatrial shunting in all patients
[CRI.04].

A further implantation study (2004) was reporteddbier with 33 patients (mean age 80+-7
years) with severe aortic stenosis. Both antegf@@epatients) and retrograde (7 patients)
were used to deliver the Cribier-Edwards PHV. Hosvewifferent difficulties were met at
implantation time: 1_Stent migration (2 cases)nflerance to guidewire across the mitral

valve (2 cases), 3_Stent-mounted catheter washo ® reach the aortic valve (one case),
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4 Extensive calcification prevented retrograde sings with the delivery system (2 cases).
Finally, 26 patients were successfully implante@sits showed 30% reduction in mean
transvalvular aortic pressure gradient and 1,7 BAWA after procedure. The procedure was
followed with complications for 5 patients (hypotems heart block, urosepsis, cardiac

tamponade) within 2 weeks after procedure. Furdeaths due to non cardiac problems over
a 24 months follow up, brought the survival rat@@86 with 11 still alive.

Further studies were conducted by Bauer et al [BAD.and by Webb and colleagues

[WEB.06] reporting the implantation of the Cribiedwards PHV. From this studies it can be
concluded that PHV implantation in patients witlvese aortic stenosis, has the potential to
provide immediate improvement to patients as ewaddnby AVA and pressure gradients

improvement. The authors reported however, someptoations associated with the PHV

implantation : difficulty to pass through atherasoktic artery, porcelain aorta, ventricular

fibrillation, iliac perforation, left coronary obsiction (by displaced native aortic valve

leaflet), calcified valvular nodule obstructing tleét main coronary artery.

6.3.1.b The Corevalve

The second stent concept already clinically imm@édnis presented by CoreValve Inc. Its
geometry presents the advantage of being desighdd prevent any migration risks. The
stent is therefore enlarged at its upper levelyfad.41).

Fig 1.41_ Corevalve stent and blood flow disturbane in aortic sinuses

It is also to be noted that the diameter is slightiduced at the level of the Valsalva sinuses,
in order to prevent coronary ostia flow obstructidime geometry of this stent underwent

some changes over the last two years. Figure eg&esents the previous design versions of
the today existing stent. This shows that the agttion process has already started in heart

valve stent design.
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Fig 1.42_ Corevalve design evolution (2005-2006)

However, as well as in the case of the cylindriCabier stent, the mechanism that maintains
the stent in position is based again on exaggedsdfamation of aortic tissue.

Grube and colleagues investigated the effects oCtireValve, a self expanding PHV that is
able to conform to the dimensions of a person’saaand aortic valve [GRU.06]. In their
study the authors implanted the CoreValve usingd¢tr@grade approach in 25 patients aged
80.3 +- 5 years who had peak transvascular aorésspre gradient of 69.3 mmHg and a
mean aortic valve area 0.72 Tnif 21 out of 25 patients had procedural succe#isvfing
complications were observed: paravalvular leakggesfhesis not deployed deep enough
within the native valve), device could not cross theavily calcified native valve, pericardial
tamponade, wire perforation of teh left ventridemodynamic failure, non cardiac sepsis.
Finally, none of the 18 remaining patients in whitv@ device was successfully implanted had

an adverse event within the 30 day follow-up af@ving hospital.

6.3.1.c Conclusion
Both solutions were developed considering the rentppatients as critical, with highly

calcified aortic root. The positioning of both dess is based on high radial expansion force
and the geometry of the aortic root environment natsconsidered in their design. Indeed,
the axial positioning along the aortic root as veslthe placement of the valve cusps in front
of the Valsalva Sinuses remains hazardous for tevices.
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6.3.2 Other designs in development
Device Valve Stent Expansion First in Catheter
(company) material material Mode Man French size
Paniagua
(ETR)
Ballon
Pericardium | Stainless stegl expandable 2003 Balloon=16
+ Nitinol + Self=12
Self-
expandable
Enable
(ATS (3F))
Pericardium Nitinol Self- 2005 Not
expandable applicable
Aortx
(Hansen Medical)
Pericardium Nitinol Self- 2006 24
expandable
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Direct Flow
(Direct Flow
Medical Inc.)
Pericardium Polymer Polymer- 2006 22
injected
Lotus
(Sadra Medical)
Pericardium Nitinol Self- 2007 21
expandable
JenaValve
(JenaValve Techn.
Pericardium Nitinol Self- 2007 Not
expandable applicable
Perceval
(Sorin Group)
Pericardium Nitinol Self- 2007 Not
expandable applicable
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Heart Leaflet
(Heart Leaflet
Technologies)
Pericardium Nitinol Self- n/a 16
expandable
ValveXchange
(ValveXchange,
inc.)
Pericardium Nitinol Self- n/a Not
expandable applicable
Coremove (Zegdi)
(n/a)
- Self-
Pericardium Nitinol expandable n/a 39
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Lutter
(n/a)
Tissue Nitinol Self- n/a Not
engineered expandable applicable

PercValve
(ABS)

e-Nitinol e-Nitinol Self- n/a 10

expandable

Table 1.43_ Overview of percutaneous aortic valvereloprosthesis in development

Among the devices listed above, some present spéedftures that deserve to focus on. If the

majority of the designs ensure a stent positionmghe aortic root thanks to a radial

expansion force, the Direct Flow and ValveExchapggose other alternatives. In the first

case, the stent geometry is obtained by injectingnper material in an initially empty shape

that will match the aortic environment once infthtdhe main advantage of that system is

that the resulting forces acting on the calcifiechon calcified aorta tissues, are reduced to

the minimum required to keep the stent in positiRaduced stress in tissues prevent early

and premature degradation of the implantation’s remvnent. As for the ValveXchange

system, the implantation procedure is close toahe adopted when doing standard valve

surgery. Indeed, the system consists of a two-pwdge and the associated tools for

replacing the exchangeable component. The permanemonent is a surgically-implantable

support frame or "docking station" that providessteucturally sound foundation for the

exchangeable leaflet set. The size of the implasitggbort frame is adapted to the size of the

aortic annulus, with no excessive stress inducedhensurrounding tissues. However, the

procedure requires an initial open chest surgeliynfdant the support frame, and thereof is

not a 100% percutaneous solution. It could be imedjifor people healthy enough to
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withstand surgical procedure. Critical patients ddrfor surgery would not be candidates for
the system.

The design of the Perceval valved stent is alsag@dng compared with the others existing
in literature. It is the only design that takeiaiccount that stent positioning can be realized
not only through expansion force. The stent is coseg of two annular elements connected
by anchor members. These members match the Valsalua shape. Once positioned, the
stent migration risk is thus limited. The main adheae of the design is that the required

expansion force is reduced.

The stent is, however, positioned with the sinu3dwre are 2 limits associated with that
configuration. The first one is that the sinusesstrhear the diastolic pressure which will
induce high stress in the tissues. The transfetharésm to the aortic annulus will not occur
or be only partial. The durability of the sinusstie will thereof be limited. Indeed, the
annulus is composed of a dense fibrous networktadap high pressure loading, which is
not the case for the sinus tissues.

Another point is that once the stent is positioribd,compliance of the sinus tissue is not well
respected. Under cyclic loading, aortic root antlises undergo dimensions changes. The
geometry of anchor members makes them not verybfeas will be presented later in this
work. This lack of stiffness flexibility will proldaly lead them to shape the sinuses once for
all at implantation time, and induce permanent emlstant harmful stress in the tissues. At

last, the design of the anchor members may coeetcdlonary ostia.

6.4 Implantation techniques

There have been two approaches for BAV that hage &lkeen followed for PAVR
retrograde via the femoral artery and antegradk iréinsseptal puncture. At the present time,
however, the retrograde approach is the predomiohoice since it prevents damage the
papillary muscles, chordae tendinae and subsequérdal regurgitation recently reported
with the antegrade approach [HAN.O05].
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Fig 1.44_ apex, antegrade and retrograde approachdsr PAVR

Other proposed alternative routes include minimailyasive or thoracoscopic surgery for
direct left ventricular transapical (the apex ig ttonical extremity of the heart ventricle)
puncture or access to the descending thoracic §ad&.05]. This latter technique is very
hazardous, and requires strong knowledge of thal lanatomy of the patient to prevent

desctuction of ventricle vital zones.

6.5 Challenges

Whatever the designs adopted for PVT, the techniqustill at its infancy. Some huge
challenges remain before it becomes a standard veplacement procedure. We give here a

synthesis of these challenges.

The first procedural hurdle concerns vascular access. Vabtedts are, by necessity,
significantly larger than most existing percutaneoasliac catheters and devices. The first-
generation delivery catheters are in the order ef222Fr, requiring direct femoral, iliac, or
axillary arterial access via surgical exposure ifetrograde approach is used. While an
antegrade transseptal approach may enable peroutaf@moral venous access with some of
these devices, the large sheath size may still gvede to vascular injury.

A secondlesign challenge for these devices is the potdotianterference with other cardiac
structures. Two-dimensional imaging and limited conbver the device by the delivery
catheter make precise three-dimensional adjustnaiifitsult. Unlike the pulmonary valve, a
prosthesis within the aortic annulus has the pa@tettt impede coronary flow, anterior mitral

leaflet mobility, and the conduction system [BOU.Pahd [CRI.06].The current designs rely
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on using the native aortic leaflets as a “stepbfiin the coronary ostia; as native leaflets are
pushed aside by the stent, a space is created detthe stent wall and the sinuses of
Valsalva. Nonetheless, this technique can alsoecthes diseased leaflet to block a coronary
ostium or to embolize calcium to the coronary artEBOU.02b] and [HUB.04]. Stent
architecture may also preclude future catheter sscd® the coronaries for possible
interventions. Placement of the valve prosthesisifothe left ventricular outflow tract could
impede mitral leaflet mobility, or even cause hdaock by impingement on the conduction
system. These pitfalls of accurate placement hpae/sed a next generation of devices that

emphasize retrievability and repositioning duringldgment.

The third challenge facing these devices is that of seceatirgy within the aortic annulus.
First, the valve must be able to deploy accuratelyne nonarrested heart. Initial approaches
to this have included rapid ventricular pacingdmporarily suspend cardiac output and the
use of peripheral cardiopulmonary bypass to untbadventricle. Once the valve is placed, it
must maintain a stable position within the annulihout risk of embolization. Moreover,
while persistence of the native calcified aortaflets may provide an advantage as a “spacer”
from the coronary ostia, it also predisposes tavpbrar leak. The current devices all have a
perfectly round profile, which tends not to seaa@ly against the irregular residual calcium.
Indeed, a guiding principal of open surgical aortialve replacement is complete

decalcification to insure proper valve seating.

6.5.1 Problems with the leaflet design

Next to the previously described challenges, soneblems remain with the design of the

valve leaflets. Indeed, to associate a soft leaflaterial with an abrasive metallic stent in a
collapsed configuration may lead to interface diffiies. The development of percutaneous
valve therapy builds on lessons learned from itgiisal counterparts for valve replacement
and repair. The chemically fixed trileaflet bovifuegular valve used in the first human

percutaneous pulmonary valve replacement was studge a surgical pulmonary valve

replacement with a variety of fixation methods. @tlpercutaneous valves in preclinical
investigation as valve replacements include egperecardial valves and bovine pericardial
valves.These chemically fixed xenograft valves, howevk ahare the set of problems with

their surgical valve analogs. Problems include imogemicity, lack of durability,

susceptibility to infection, and the inability digse valves to grow or to self-repair. These
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problems are particularly significant for percutang pulmonary valve replacements, since
the majority of the patients are children or yousdults who tend to have more rapid

calcification of artificial tissue valves.

6.5.2 Device for native leaflets retrieval

The development of a new stented heart valve desigst take into consideration that in a
close future, some technologies may be availableetmove the diseased valve before

prosthesis implantation. Today, some ideas inftblt are already published.

6.5.2.a The mechanical approach

In order to adapt the percutaneously implantedtsilesign to theaortic root environment
from a geometrical point of view, it would be esp#lg advantageous if defective heart
valves could be percutaneously removed [LUT.02RI[G4]. Indeed, placement of a valved
stent in the native position when aortic root aradlve are calcified is technically very
difficult. A procedure could then be carried out endovasatilading the vascular system to
guide the appropriate operation devices to thecannulus, and then undertake percutaneous
resection of the calcified aortic valve. There #mee major reasons for performing resection
before implantation : the avoidance of any posséidolization, paravalvular leakage, and a
small aortic valve area after sole valved stent angation. The resection approach has been
followed by Lutter at al. The team first develomedin vitro surgical procedure for minimally
invasive aortic valve resection [LUT.04]. They wémeking for a catheter-based system that
would provide a space between the mitral valvethrdascending aorta (aortic valve ablation
chamber), in which the native valve can be remowdule preventing embolization of

remnant particles by a filtering mechanism.

The authors report some preliminary in vitro stadie their laboratory demonstrating the
possibility of ablating human calcified aortic vas/with three different types of lasers (CO
Hol:YAG, and Erb:YAG lasers) [LUT.04]. However, thduration of the laser resection
procedures proved unrealistic (>1 h), stimulatimg $earch for new methods.

In 2005 the same authors reported some resectgin tne with a high-pressure water
stream scalpel, with a maximum pressure of 150 ae.resection was performed according
to 3 different protocols [QUA.05].
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At first, human calcified valve leaflets (I) weresected in vitro (Fig.1.45). The cusps were
fixed in a rubber band (Il) and placed into an Acrgibe (Ill). Then, the calcified cusps were
cut by the water jet scalpel : (IVa) view from batte before resection ; (IVb) equal view
during resection ; (IVc) excised calcified cusp.pélyethylene balloon was positioned just
below the rubber band to close off the acrylic tubeone direction. The process was
successful. The HydroJet proved comfortable to atperOn average, 0.6 securing balloons
ruptured per three leaflets. Macroscopically thestuface was clean, especially in calcified

areas (IVc).

Fig 1.45_ calcified valve leaflet resection by watget scalpel

The second protocol consisted in the resectionealithy porcine aortic heart leaflets in a
direct approach (the work was realized on pig Is¢afithe resection was performed directly
on the aortic leaflets with a pressure of 60 bdtertholding them in place by forceps, leaflets
were excised completely 2 mm from the aortic annuusinflated polyethylene balloon was
positioned directly beneath the aortic valve tot@cbthe subvalvular area. The aortic wall,
the coronary ostia, the aortic annulus, the mitedve, and the left ventricular outflow tract
were macroscopically and microscopically analyzed fossible lesions (up to 40 mm
distance from aortic annulus in any direction). Tgrecedure was easily performed and
leaflets were ablated completely. Tissue in theniti of the aortic valve revealed small
lesions. The aortic annulus was moderately affectesix cases, whereas the mitral valve and
the coronary ostia remained untouched. Micropatholof the affected aortic annuli

demonstrated superficial lesions with a maximunmolesliepth of 1400 and 16Qfm in two
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cases, and an average of 460+-215 mm in the othar $§pecimens. No dissection or
penetration occured. One securing balloon ruptured.

At last endoluminal resection was performed byrgeon on ten porcine hearts with an intact
thoracic aorta (ascending, arch, and descendingg fesection device was manually

controlled by a flexible endoscope (outer diam&térmm, length 600 mm).

Fig 1.46_ endoscopic view onto a porcine aortic ved

The ascending aorta was filled up with mains waeeliminary studies indicated a need for
combined water irrigation and suctioning of thefttddsed resection chamber. The leaflets
were completely excised, 2 mm from the aortic answResection tool mobility proved to be
smooth and regular no increased resistance wastdel®e during the movement of the
endoscopic tool through the aorta. Endoluminal atse of three leaflets took 12.2+/-0.8
min. Macroscopic examination revealed four sup&ffiesions in the aortic wall and one on
the aortic annulus and the coronary ostium. Theaialve, and the left ventricular outflow
tract remained unaffected. However, the authorsrtefpat operating the grab presented
difficulties with several attempts sometimes beneguired before leaflets were securely
removed. The authors conclude that such a cathatsd system provides a space between
the mitral valve and the ascending aorta, whereencalcified valve can be removed while
preventing embolization by remnant particles usangaortic valve resection chamber. The
materials and equipment for such kind of procednnst however be specifically designed to
improve the performance. The blood flow stoppingaes also a major concern. Even if a
femoro-femoral bypass is established to stop the fh the aortic valve area, some coronary
cardioplegia catheters must be blocked in the @mgoostia in order to avoid debris entering.
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resection
chamber
catheter port

instrument channel
sealing balloon

coronary cardio-
plegia catheter

left coronary

calcified valve
sealing balloon

Fig 1.47_ The endoscope with resection tools insideere inserted via the descending aorta to exciskd
aortic valve. A polyethylene balloon was placed déactly beneath the aortic valve to protect the

subvalvular structures.

6.5.2.b The chemical approach
Next to the above described mechanical approa@xdse the calcified leaflets, a chemical

approach has been considered by CORAZON. Theydtesiecessfully the dissolution of
calcium on animal roots. The method has been prtwdie faisable but needs some further

testing before being applied to human.

6.6 Future of PVT

The promise of PAVR has already been demonstratsdlect case. However, fewer than 400
total devices have been placed in humans in 200%h We current safety and durability
records of surgery, the market for PHVR (Percutasebieart Valve Replacement) is
currently limited to those patients deemed to hrggk for surgery. In one European
prospective survey 30% of symptomatic patients wilvular disease were deemed to high
risk for surgery [IUN.03].Industry newsletters estimate that the number o€Eytaneous
valve replacements performed by the year 2010 bellabout 12000However, general
guidelines for testing new medical technologiesitegith a feasibility study in a small
number of patients to assess safety and desigesis8imd today the clinical trial landscape is
also still under active discussion; if these penabus techniques are to be seen as an
alternative to traditional surgical methodologi@slow-risk to medium-risk patients, new
technigues will need to demonstrate similar hemadyin effects, safety, and durability to the
current highly refined surgical techniques. On dktger hand, it may be that the first and best
applications of these percutaneous techniques mag patients at the margins of current

surgical indications.
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6.7 Conclusion

From the information summarized in this chapter, @@ conclude that the future of
percutaneous valve repair and replacement depandg1) the development of collapsible
and compressible valves and stents for delivery degloyment ; (2) advances in
biomaterials; (3) anticalcification treatment ; (4)novative valve to stent bonding
technologies. An ideal valve for percutaneous ptearg should be available in a variety of
sizes, biocompatible with excellent intrinsic prdpes and a low profile. Finally the valve
should maintain its properties even after beingchied into an expandable stent.

Currently there remain several barriers to widespreise of percutaneous heart valve
replacement. First the unanswered question of dityadnd longevity of the valves remain.
Second, the fundamental aspect of this technolbgyit be inserted in a peripheral vein or
artery places certain limitations on the applicatiaf this technique in young and small
patients as well as patients with either too smoaltoo large outflow tracts. For example,
based on the current device designs, the seleatipatients for percutaneous pulmonic valve
replacement is limited to patients older than fixears with a weight greater than 20kg
[FIS.04]. The development of more easily comprdssimd thinner materials will eventually
overcome this barrier. Moreover, currently percutarsty inserted aortic valves are inserted
within the centre of a predilated resident stenotadve. In order to perform a true
replacement, however, the diseased valve mustlaeedand removed [LUT.04]. Finally the
area that has the potential for the greatest adgait percutaneous valve technology is
probably medical imaging. The surgeon’s abilityvtew the surgical site directly with their
own eyes remains the greatest advantage. In cgnpasutaneous implantation must use
medical imaging technology to substitute for diregbservation like fluoroscopic
visualization, live magnetic resonance imaging meéghes [KUE.03] or intracardiac
echocardiography. We can conclude that obstacteairebefore PVR can be safely used in

humans for the treatment of aortic disease.
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Chapter Il STENT DESIGN AND
MECHANICAL BEHAVIOR

1 INTRODUCTION

Classic stents, which proved good functionality f@ssel enlargement and non invasive
aneurysm treatment, do however not have appropgatemetry for heart valve stenting.
Aortic wall anchoring of a classic cylindrical steabstent, with little hooks associated to a
high expansion force becomes very traumatic forosunding tissues especially when the load
(pressure on closed valve) is axially oriented. Th&section of the native aortic valve
[THU.81], [SUT.95], [AND.OO]shows that the aortic annulus (base of the valseyeall as
the commissures (line along which valve leaflefixed to the aorta wall) support the valve
and transmit most of the applied stresses to thigcawsall. This stress transfer mechanism
from the valve to the aorta is generally not reggavith stented valve prosthesis but even
more disturbed if stresses are transmitted to @eamly through cylindrical anchoring, what
may lead to premature environmental tissue degadf{OR.98] and stent migration. Some
works have already been done on the developmebetér adapted stents and other mini
invasive valve support means [BOU.02b], [FER.O8]TA.06]. However, most of them are in
some way traumatic for the surrounding tissueghis paper we present a stent designed in
respect to the heart valve geometrical environraentell as in respect to the valve functions.
In this work, we present a stent designed in rdspecthe heart valve geometrical
environment as well as in respect to the valve tians. The aim of the present work is to
design, realize and test in vitro a stent positibaad maintained in an aortic environment
through geometrical surface matching. The anchooinigooks in surrounding tissue is thus

avoided.
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2 THE CONCEPT

In order to position properly the stent in its eowiment, the native aortic root features, as

represented in Figure II.1, are to be taken intwsteration.

CORONARY
OSTIUM

VALSALVA
SINUS

AORTIC
ANNULUS

Rl MITRAL
VALVE

VENTRICLE

Fig.Il.1_ Aortic root features

Coronary ostia and mitral valve impairments shdagdavoided. Moreover, Valsalva sinuses
shape, involved in valve closing mechanism allowsigus whirl to occur, should be
respected. Each valve prosthesis leaflet shoulgfiie face each sinus.

According to these features, following criteria inbe considered in the development of the
geometry of the stent. Theortic annulus should bear the diastolic valve pressure loading.
The 3Valsalva sinuses should help to orient the prosthesis on the aci@umference in
respect to native positioning. At last therta cylindrical geometryshould prevent the stent

from rotating and keep it oriented in flow directio

Cylindrical
head >

Axial
alignment

No blood
flow
interference
Circular
shaped
arms

Valve

supports Implanted in

orthotropic
position

Conical
basis

Atraumatic
sealing and anchorage

Fig.Il.2_ Root-stent matching

In respect to these requirements the adopted géemhetry was defined with 4 main features
as represented in Figure 11.2, which shows thet gfeametry matching the aortic root shape.
The stent was therefore composed of 3 strajgbdts which link a conical basisto a

cylindrical head and3 circular shaped armsradially deployed. The conical basis will be
positioned on the aortic annulus and transfer tastalic axial valve loading to it. The posts,
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are positioned at regular intervals on the conigais circumference and will hold the valve
prosthesis commissures. The head, deployed andrednh the ascending aorta, will prevent
the stent from tilting. The arms, one positione@a&th sinus, will at last orient the prosthesis
around the flow axis while creating a contact zon¢éhe upper sinuses in opposition to the
cone. Axially oriented stent movements will thuspgoevented in systole.

Anchorage and sealing of the percutaneous valvedt girosthesis are thus ensured by
geometrical positioning features rather than byalagkpansion force or hooks anchored in
biological tissue. Concerning the flow obstructinoduced by the stent, even if this issue has
not been studied yet in detail, some early commeaitsbe made on some stent particulars.
The specific stent arms geometry prevents coroosiig from obstruction, and should disturb
only slightly the diastolic flow in sinuses whicbrdributes to valve closure. Moreover, with
no part of the stent located under the aortic armuhitral valve is prevented from
degradation as well.

As presented in Chapter [, different technologiesell as different materials are available
for stent manufacturing. More than hundred diffésgent designs are commercially available
or in development today. The Handbook of Coronagnts published in 2002 by Serruys et
Rensing [SER.02] lists alone 40 conorary stents.avéyze in that section the specificities
and material properties of each existing stent igardtion, in order to figure out which
material and which manufacturing technology is thest adapted to the stented valve
realization. All stents are not similar, and theick of one stent for a specific application, is
made in regard to the components properties, tieeatipg conditions and the implantation
site. In this chapter we justify the material satet, as well as the dimensions adopted for the

prototype manufacturing.
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3 THE MATERIAL

Although stainless steel represents historicallyniost used biocompatible material for stents
manufacturing, other materials are today availalléch specificities are particularly adapted
for non-invasive surgery. These new materials mak®essible to realize low profile stents
and implantation devices, to create non tubulartste¢o control the expansion force acting on
biological tissues, to load drugs on the stenteteetbp biodegradable stents.

Nitinol material appears to be very useful in theldf of non-invasive technologies, as
presented in chapter I. Its physical and mechanicaperties are especially adapted to
catheter implantation technique. The material igattarized with super-elasticity and shape
memory effect [DUE.00]. Super-elasticity is the eral capability to recover without plastic
deformation, after undergoing up to 8 % deformatibinis property provides the stent with
high expansion rates (ratio between nominal andmum diameter). Shape memory effect is
related to the structural behavior of the matefalystal network of Nitinol material changes
with both temperature and mechanical stress. Theerraamay be in two distinct states.
Under a specific temperature defined as transtgamperature, Athe alloy is in a martensitic
phase. Its mechanical properties are poor and #terial is easy to deform plastically. Above
A, Nitinol is in an austenitic phase. Material rees from the original shaping before
heating. When adjusting, at manufacturing leve¢ #a value to body temperature, it is
possible to provide the stent with specific projesttAt ambient temperature, the stent is easy
to deform for insertion in the catheter. On imp#ditn site, at body temperature, the stent
tends to deploy to its nominal dimension (corresisoto the shape before deformation) and
behaves elastically. Expansion occurs until thetgjets in contact with the biological tissues
and stops as soon as a balance position is esiathlsetween the two materials.

We detail in the following the specific reasons whg adopted Nitinol material rather than
any other material for our application.
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3.1 Self expanding structure

Stainless steel stents are, in general, manufattatrdow diameter from laser cutting of a
tube. Inserted in a catheter device, they are Imotm the implantation site through the
venous or arterial network for lumen reconstructiBrpansion is obtained through plastic
deformation of the material with balloon inflatioFhe final obtained dimension is permanent
and depends largely on the balloon pressure. Affhdhis expansion process is reliable, it is
not adapted to the geometry of the valve stenteweldp. Basically, the geometry we give to
the stent is not standard because not only cybadrilt is composed of a conical basis,
associated with three arms deployed radially arddfion posts which support the valve.
These shapes could be obtained through inflationgss only with difficulties. The method
would require the inflation of several specific Ibahs which could degrade the aortic
environment as well as the valve prosthesis [SAV.Dlbreover, the use of a balloon would
increase the volume of material to be insertedthéncatheter, increasing the global stiffness of
the device, which is not adapted to percutaneoosegiure. The use of self expandable
material seems hence to be more adapted in our case

Nitinol stents are self-expandable. This featunelated to the shape memory effect for laser
cut stents, and to the hyper-elasticity for braidgents. With self-expandable stents the
dimensions of the implanted artery are not dictdtgdthe stent but are the result of the
equilibrium between the stent and its environmaffth the control of the transition
temperature, as well as the forming process, th@ogment on implantation site can be
controlled as well. Arms can freely deploy in thaldalva sinuses, and the anatomic

specificities of the aortic root environment carréspected.
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3.2 Interaction with tissues

The stent’s rigidity is an essential parameterharacterize the ability of a stent, first to adapt
to the diameter of the implanted zone, and secorfdliow the dimensions variations of the
environment under blood pressure. These perfornsadescribe the ability of a stent to
interact with the implantation environment. Stecisracterized with high rigidity, may not
adapt to dimensions variations but allow reconsingcthe lumen. On the contrary, stents
characterized with low rigidity conform to the geetny of the implantation zone. According
to the expected behavior of the stent, rigidity tries adjusted. Rigidity depends both on the
material and on the structure of the stent realiZdinless steel stents are highly rigid.
Elastic modulus is around 220 GPa and deformatoge is 1 %. This material doesn’t make
it possible for the stent to adapt to dimensiongatians. In our case, it is essential to keep a
permanent contact between the stent and the sarfddbe aortic root to prevent any risk of
migration. The expansion force should, thereofyvbey high, and tissues would be deeply
stressed. Although anchoring through high expaniare is of common use, the process is
not adapted in a configuration in which tissuesstns expected to be limited. In general, the
stents disturb stress distribution in the tissugasically, if aortic root compliance, and
especially the compliance of the sinuses, is ngpeaeted, tissue degradation slowly occurs
[THU.86], [FOK.04]. The authors report that theature radius of the sinuses evolves over
the cardiac cycle for a native valve. Thanks taséhdimensions variations, the longevity of
the tissues, which adapt to stress level, is ira@aPost mortem analyses highlighted the
relationship between low curvature radius and ésstiffening. With a less flexible aortic
root, the valve leaflets would undergo higher ebldion and decrease in collagen
concentration, which would accelerate tissue degrawl. At last, the gap between stent and
tissue compliance, increases flow disturbances pamhotes the creation of stagnation points
where thrombosis may occur [YAZ.04], [BER.02]. Badly, it is essential to keep the aortic
root compliance, in order to limit the tissue traism induced by the stent. Elastic properties
of Nitinol help reaching the goal. The stress laaduced with nitinol is always lower than it
would be with stainless steel. At deformation rdiebbw 2%, the pseudo-elastic modulus of
nitinol is around 25-50 GPa, ten times lower thanstainless steel. Nitinol stents are much
more compliant, and conform better to implantatsite. In order to better understand the
advantage of using a compliant stent, we presenltenfollowing a graphic model of the

stented root behavior.
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3.2.1 Stent-wall interaction : graphic approach

The elasticity of a nitinol stent allows keeping a permanent contact between the stent and its
implantation environment. The graphics below represents the interaction between stent and
implantation site during and after implantation. Stent and implantation diameter is on ‘X’ axis,
while radial expansion or compression force is on ‘y’ axis. Materials behavior is assumed to
be linear in that approach, which is not the case in reality. Three behaviors are shown : (1) the

conduit alone, (2) the stent alone, (3) the stented conduit.
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Fig.I1.3_ graphic approach of the stented conduit behavior, with and without Nitinol biased behavior

3.2.1.a Behavior of the conduit without stent

The behavior of the native conduit is modeled with curve C1. It is characterized with a D,
diameter in diastole (rest configuration) and a C compliance (supposed to remain constant).
The pressure increase over the cardiac cycle, leads to conduit expansion, which is related to
the tissue compliance. Compliance can be defined as the ratio between diameter D variation

and pressure P variation.

_AD

C=
AP

Under maximal systolic pressure, the diameter of the conduit increases to reach Dy.y.
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3.2.1.b Behavior of the stent

The behavior of the stent is modeled with curve IBRially compressed at fohpressedvhen

inserted in the catheter, stent deploys to reastihdiameter Rpioyed

3.2.1.c Behavior of the stented conduit

When deployed in the implantation conduit, steris ge contact with the conduit wall at,D
but expansion continues until the diameteri®reached, corresponding to the equilibrium
between the compressed stent and the extended towdhan blood pressure increases over
the cardiac cycle, conduit further expands andtdigiows the expansion and contact is
maintained. Indeed, if nitinol deformation rate eens below 1-2%, material behaves
elastically and stented conduit diameter variesvbenh O and D over cardiac cycle. It is
essential in our application to respect this canfgjon, to avoid Nitinol hysteresis which
appears for larger deformation rates. Basicallyleformation rate exceeds 1-2%, nitinol
doesn't behave linearly (Figure 11.4). The radiffioe applied by the stent on the tissues
would be higher in compression than in extensidre diameter of the stented conduit would
vary between B and O with D;>D;. The compliance of the stented conduit would be

reduced.

RRF

®

Force

o 1 2 3 4 5 & T B 2] CGF
Lumen interference mm

Fig.Il.4_ Nitinol hysteresis
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3.2.2 Stented valve and Nitinol

The compliance of the implantation site can beeetgd with a nitinol stent. The stented site
can undergo diameter variations over the cardiateogven if the native compliance of the
aortic root cannot be fully respected. The useithal allows keeping permanent contact
between the stent and the biological wall, withextessive stiffening of the wall. The
positioning and anchoring of the stented valvehm @ortic root is directly dependent on this
permanent contact especially at the level of thm-sinus interface. These compliance

properties of the stent must be kept to validagestient’s concept.

3.2.3 Conclusion
The geometry of the stent we develop doesn’'t makmmssible to use balloon inflation as
expansion technique. The use of self-expandablermabts, on the contrary, appropriate.
Moreover, the stent requires permanent contact tmdiatained between the aortic root and
the different stent's elements. This condition &g stent tilting and translating, while
keeping the aortic root’s compliance. Nitinol makrs adapted to these requirements. The

way how nitinol will be used in terms of stentausture, is detailed in the following section.
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4  THE STENT'S STRUCTURE

Stents can be manufactured in two main ways : bdaftom metallic wires or laser cut from
tubes. Depending on the way adopted, the sterdjggpties on implantation site are different.
To find which process is the best adapted to oplicgtion, several parameters are to be
considered:

« the stent’s flexibility, i.e. its ability to confor to the site of implantation

« the expansion rate, i.e. the ratio between maxandl minimal diameter in deployed

and compressed state
e the cover rate, i.e. the ratio between stent’s gagooal surface and effective surface
covered by the metal

» the radial expansion force

* the length
Different stent structures must be compared acogrth these parameters, in order to select
the appropriate one. When considering a coronaewtsits function is to keep open a
stenosed lumen. Dimensions variation is not thegan the application. On the contrary, goal
is to prevent stent from collapsing. Laser cut tighkence the ideal solution in that case. As
to the valve stent, it must adapt to the dimensiargations of the aortic root, for efficient
valve functioning. The braiding of nitinol wirestise right solution in this case. However, the
stent is composed of 4 separate elements, whighgokpecific role each : cylindrical head,
conical basis, arms and posts. The mechanical bha¥ each part must hence be set
separately. All the elements are first manufactisephrately, and assembled together. While
arms and posts are realized by shape settinginbhwires, head and cone are obtained from
braiding.
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4.1 The arms

Cylindrical
head

xxxxx

Fig.ll.5_ design of the arms

The role of the arms is to push in the upper pathefsinus, and keep the contact over the
whole cardiac cycle. The force applied by the aimshe sinuses must help keeping the
contact between the cone and the aortic ring. Tlameter and length of the wire used to

realize the arms are selected according to gearaktriteria as well as mechanical ones.

4.1.1 Geometrical criteria
In order to limit the pressure forces applied by @inms in the sinuses, the contact surface area
should be as large as possiblarms cover at least half of the sinus perimeldre arms
should conform to the sinus shape to spread thermation along the sinus tissuarms
curvature must respect sinus curvatu@oronary obstruction risk should be limitedwo
wires positioned in a parallel way are used to ftee coronary conduitsThe vortex, which
occurs in the sinuses at valve closure should stertied as little as possible to prevent delay
in valve closing length of the arms is limitedrigure 1.5 shows the design which respects
these criteria.
Arms are realized in practice through superpositbseveral wires and shape set to get the
sinuses curvature. The available diameter rangthéonitinol wires being limited, the rigidity
of the arm can thus be more finely adjusted.

4.1.2 Mechanical criteria
One arm is connected to two posts at one end (Ml figure 11.5), while the other end is
free to flex. Flexing freedom in the sinus is tlemsured. Working with flexing arms presents
the advantage of promoting interaction between anissinuses. A mechanical approach of
this interaction, helps highlighting this advanta@asically, a strength of material study

shows that free flexing arms induce low stressiendinus tissue.

4.1.3 The Model
In the model adopted, only the radial dimensiongtians of the sinuses are considered. The

sinus depth variation is considered around 20 % thes cardiac cycle. In reality, the sinuses
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undergo also a slight but negligible height vaoati It is essential to take the radial
deformation into account, in order to validate ttte#g anchoring of the stent is guaranteed
even when sinus dimensions change over the caryce.

With that model, following assumptions are madg) :gach arm is modeled as a curved beam
with constant curvature radius R, embedded at one(goint M in Figure 11.5), (2) flexure
occurs under distributed load g (N/m) acting onwh®le length of the arm (represents the
pressure load between arm and sinus). We studpehavior of the beam over the cardiac

cycle in systole and in diastole.

Stented

N sinus
profile
M Moo, { _____ q m)
N
NN Ao
| Native 7
sinus \
I profile 5 unloaded ;
P stent
% arms
( .
0
R «
1 JA B Sy
< W, -
D, Aw W,
D,

Fig.ll.6_ flexed beam model

4.1.3.a In systole
The systolic pressure leads to sinus expansiorchmtepth becomes maximum JDSinus
tissue undergoes 2 forces : (1) the force appliethb arm on the sinus, (2) the force that
corresponds to systolic pression.

Force applied by the arm on the sinus
The arm is only slight deformed in that configurati(free end of the arm in position B in
figure 11.6). The force applied by the arm on theus must be high enough to prevent any
axial displacement of the whole stent, which undesgsystolic flow at the cone basis level.
The bottom of the stent obstructs indeed slightig tsystolic flow (depends on the
obstruction’s rate). Systolic flow tends to pusk #tent axially upwards. The force of the

arms must compensate this effect.
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obstruction area

Fig.Il.7_ Flow obstruction

The effort due to flow can be written as:
w D?  D?
v ( 1 pvz) \%

flow — pdynTO( = 4

F

2

1o (1.2)

Payn= dynamic pressure applied on the conical basis
Dy = valve diameter

o = obstruction rate

Each arm must compensate for 1/3 of this effort

D2
F =iy T, 2.2)

arm/sinus 3 pdyn 4

With a valve diameter value\21 mm an obstruction rate=20%, and a maximal velocity
of 1,35m/s, the calculated effort is 0.021N. Witlisteffort value, the necessary distributed
load value q can be calculated..knus(vertically oriented) and g are related with foliog

equation.

Fovsings = fzq Rdosind = gR(1-cosd (3.2)

max)

0 = angle between the arm’s en@s.172)

R = curvature radius of the arm
With R=12 mm we get g= 1.75 N/m
The radial (x axis in figure 11.6) displacementtbe beam’s end (yvbetween rest position

(not represented) and systolic position (point Bj then be calculated to precisely analyze

the interaction between arm and sinus.
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The strength of material’s theory applied to a curved beam, allows establishing a relationship

between the distributed load °q” and the radial displacement ‘w’ of any point on the beam

positioned with 0 :

_qR*1—cos’0)
B 2El
In which :

w 4.2)

E = elastic modulus (MPa)
I = areal moment of inertia (mm")
w = radial displacement (mm)

The value of w is maximal (w=w;) when 6=m/2

The beam deformation depends on the wire diameter used to realize the arms (with the I
value) and is not calculated immediately. Later, in this section we will select the wire diameter
according to the expected beam deformation, which is conditioned by the expected
compliance for the stent-sinus assembly. But the force due to systolic pressure influences the

final compliance as well and needs first to be assessed.

Force applied by the pressure on the sinus
The systolic pressure P, applied on the sinus surface area, generates a tensile stress in the

sinus tissue defined from the theory of elasticity with :

IR (5.2)
o= :
In which Sinus is considered as a spheric wall

Ps = systolic pressure (Pa)
R = sinus curvature radius (mm)

e = sinus wall thickness (mm)

This stress is applied in axial direction on each section area (S) of the sinus and leads to a

resulting axial component F, (in the direction of y) defined with :
F,=0Le (6.2)

In which

c = stress (P,)

L, = sinus perimeter (mm)

e = sinus wall thickness (mm)

Fig.I1.8_Pressure Force in sinus
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With L&=20mm, R=12mm andsL120mmHg, we get F£1,89 N. This value is much greater
than the 0,021 N obtained before fafmkns We conclude that in systole, the arm induces
only low additional stress in the tissue.
Finally, the global extension effort .. applied on sinus tissue in systole, correspondikeo
addition of both efforts expressed above :

F =F +F amvsinue (7.2)

But force due to pressure is predominant.

systolt

4.1.3.b In diastole

Over the cardiac cycle, the pressure variation eetwdiastole and systole induces an increase
in the sinus depth of around 20% for a non sterdet! If D, represents the sinus diameter in
diastole, it can be written as a function gf(Biameter in systole) with :

D.=1,2(D, (8.2)
Once the arm of the stent pushes in the sinussithes diameter comes back in diastole to a
value D higher than P D corresponds to a position of equilibrium (arm#s), in which arm
is more flexed than it was in systole. As to theusij it is more expanded than it would be
without stent. Following relationship between I3, D, can be written :

D,<D<Dg (9.2)
The stent reduces the compliance of the sinustderdo assess, how the diameter of the wire
used to realize the arms influences the loss ofptiance, we establish in the following
section the relationship between the compliancthefstented sinus and the wire diameter.
From the forces acting on the arm when equilibrjposition D is reached, it is possible to
calculate the radial deformationw(D-Dp)/2 (characterized with point A in Figure 11.6) thie
sinus. This deformation is an additional one, whighuld not exist if no stent. It generates an

additional pressuresgacting on the sinus besides the diastolic pressure

* For the sinus we can write (assuming linear deftiong:
Non-stented sinus
Poysi— Paias= K (Weys Weiag )= K AW (10.2)
with K= rigidity coefficient for the sinus
Psyst= 120 mmHg
Puiast= 80 mmHg
Aw represents the sinus radial deformation betwgstole and diastole. Its value is 20% of

the sinus radius.
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Stented sinus at equilibrium

P P giast Poen= K (A W—W,) (11.2)

syst ( diast

* For the arm, we can write

gR' (1—co< o)

£ : (12.2)

W,+AW—wW, =

The distributed low q can be expressed as a functige, with :  d= Pge, L in which L
represents the width of the contact zone. In actiet structure may be wrapped around the

doubled arm to spread the effort, without obstarctf the coronary ostia.

Fig.Il.9_ arms width

Combining both previous equations leads to :

P = ( Psyst_ Pdiast)+ K W
stent Lok L R (1-cogo) (13.2)
El 2
and
Pl R (1—
W =W +AW——=08 [1—cogo] (14.2)

El 2

At manufacturing state, 2 parameters can be vamigus equation to minimizesgy:

(1) the angle,

(2) the rigidity of arms described with |
To setf close to 90° is interesting, while the value foshould be rather low. The wire
diameter can be set, considering that the numbetres assembled to realize one arm can be
n=3, for instance (makes it easier to control astifness). The influence of the wire
diameter on the value w=D-Dp can then be figured out, which gives informatian the
compliance modifications. The lower the value fqr the more compliant is the (stent+sinus)
assembling. The higher the value fog, the less compliant is the (stent+sinus) assemblin
This compliance losAC can be expressed as a fraction of the originalptiance of a non
stented sinus.

_Aw—w,

- 15.2
AC i (15.2)
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4.1.3.c Numerical approach
Psysiole = 120 mMMHQ, Rasioe= 80mmHg, Dv = 21mm, R = 12mm, Ls = 20mm, e = Gygm
Eniino = 25 Gpa, L = 10mm, nombre de brins n = 3; 20%

We plotAC as a function of the wire diameter.

Impact of Wire diameter on Stented sinus Compliance
1

09
08
07
08 |

05

Delta C (%)

04
03
02

0,1

0
025 026 027 028 029 03 031 032 033 034 035 036 037 038 039 04 041
wire diameter (mm)

Fig.11.10_ compliance = f (wire diameter)

One may observe that the loss of compliance indbgetthe sinus arm, can remain low if the
rigidity of the arm remains low (with d=0,26 mm 888b the initial compliance remains).
However, lower rigidity values require larger deflen of the arm at implantation time for a
same effort applied in the sinus. Initial positiohthe arms, at rest state, need then to be

higher (Fig 11.11 : position 2 instead of position 1

Position 2

Position 1

Fig.Il.11_ influence of arm’s rigidity on initial d eployment position

This configuration requires from the arms to unddegger deformation when inserted in the
catheter. Material is more solicited and deploynmeay be more difficult for higher arms. For

in vitro testing, a 0.406 mm diameter was seleateal first approach, which corresponds to a
40% compliance loss. This is later considered aséference size, while further tests will be

performed with lower wire diameter values.
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4.1.3.d Conclusion

The assumptions made in this model limit slighlig interpretation which can be given to the
compliance numerical values obtained. Sinus expansiindeed not linear, due to the visco-
elastic behavior of the material. However, the andgoconcept based on sole surface
matching is validated. Tissues keep their compéarand stent related efforts are limited.
With a minimum rigidity of the arms, tissue degréoia can be limited. Moreover, stent’s

posts deformation is limited as well. Actually, @are linked to the posts and when they flex,

they tend to flex the posts. In the following sewntive focus on the posts behavior.

4.2 The posts

The function of the posts is to link the cylindtiteead to the conical basis, as well as to hold
the valve’s commissures. They have no contact thighaortic root and their size can be as
reduced as possible to prevent any flow obstructidechanical as well as practical criteria
can be adopted for the post’s development. Theibgndyidity must first be high enough to
provide good cohesion to the stent, and prevenuaeypected deformation.

» The overall rigidity must be high enough to makeatsible for the head to center

axially the whole device
* Flexure is induced in the posts by the valve I¢siie diastole

* Arms generate posts flexure at the connection point

Stents with flexible posts have already been studre the frame of the bioprostheses
development for classic surgery implantation [REJ.7The goal was to minimize stress
concentration at the commissure level of the valee,ncrease valve durability. If the
numerical model developed by Christie [CHR.92] dales the assumption, experimental
results could not confirm the advantage of workivith flexible posts rather than with rigid
ones. However, the development of the stented valyeires flexibility of the device for easy
non-invasive implantation. It is therefore of ir@stto study the influence of the posts rigidity
on the global behavior of the prosthesis, in ortteoptimize the sizing of the different

elements. The posts are realized with two wiresingparallel.
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4.2.1 Wire dimensioning
4.2.1.a The model
Posts are considered in that model as flexing beams free from rotating at their extremities

according to figure I1.12.

Fhead/strut
DMZ

Lp

LU

Fcone/strut

Fig.I1.12_ Posts flexing model

The beam is supported at its ends by the junction to the head and the conical basis.
It undergoes following forces :
- A distributed effort fy (N/m) acting on a length ‘a’ corresponding to the height of the
valve (this force represents the pressure acting on the valve leaflet)
- Torque M applied by the arm on the post at the arm-post junction

- The forces acting at the supporting points (Fugaprost and Fcongrost)

4.2.1.b The dimensioning

The diameter of the wire used to realize the post is defined from the deformation undergone
by the posts. First, posts must be rigid enough to prevent any modification in the arm
positioning in the sinuses, due to too large post flexure magnitude. Indeed, the connection
between arms and posts can be considered as rigid. Any movement of the posts leads to
movement of the arm. Second, certain flexibility must, however, be kept for the posts to
ensure good valve closing and sealing.

Global post deformation is obtained from the superposition of both deformations due to f; and
to My considered independently. Both deformations can be calculated from the strength of

material theory.
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* The deformation of a Jlong beam charged under distributed effartcn be

expressed as following :

foX
for x between [0 ; a] v(x)=—%~(az(2 L,—a)’~2a(2L,—a)x*+L,x°) (16.2)
4EIL,
) _ feaz(l—p_x) 2 2
for x between [a; ] v(x)= 24EIL, (4pr 2X a) (17.2)

Forces induced at supporting points (beam endsyaiten :

f,-a af, a
R =7 and Rf / =_(L __) (182)
f 0/head 2L, 0/cong L, P

The tvalue can be calculated in diastole from the pmesaating on the closed valve. The
valve leaflets are under circumferential tensioesstos and transfer that stress to the posts.
Assumption is made that the stress is considerdzk tapplied on the post along a distance
corresponding to the valve height. Following expras is obtained forf:

R

O'9=? and f o= P- Rc (192)

» The deformation of aJlong beam charged under loca} kdrque can be expressed as
following :

M, X

6EIL

for x€[0; L,—b] v(x)= (x*~L2+3b°) (20.2)

p

Forces induced at supporting points (beam endsyatten:

=__Z
RMz/ head™ L
p

M z
and I:'2Mz/cone=|__ (212)
p

Flexing torque Mcan be expressed from the strength of materiakyhapplied to to a curve
beam embedded at one end and free at the otheMern be written :

M ,=q R(1-co) (22.2)

In which :
0 = angle between the arm’s en@s.E172)
R = curvature radius of the arm

g = distributed load on the arms
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From these results, we can express the posts cespent at the level of the valve
commissures as function of the effort and torqudiag on the posts. Each post is linked to 2
valves, each valve is linked to 2 posts and eadh igsocharged with the flexure of 2 arms.
Finally, each post undergoes the force applied hg walve and one arm. The final

deformation of the post and the final forces acahthe supporting points are written :

PR&(L,—a)

a 2
= — 23.4
v(a) 2AETL. (4L, Bal+ = » (a®—L2+3b?) (23.4)
f,a° qR(1—-cos0
I:heald/post= 29Lp - a ( Lp ) (244)
_f,a a\ qR(1-cos)
I:conelpost_ Lp (Lp_§)_|——p (254)

The wire diameter is set to obtain a displacemaiiesv(a) around 1mm, which corresponds
to native valve commissure displacement. The cafmr is done for following numerical
values:

Diave = 21mm ; a = 0,7 Rve; R = Duare /2; Ly = 20mm; E~ 25 a 50 GPa; P = 80 mmHg;
0=1v2, g=1,75 N/m

The finally obtained diameter is d=0.6 mm, and tbkowing corresponding values are
obtained for the different forces and displaceméiits

commissure displacement a) F head / strut F cone / strut
Mz fo Mz + 0 Mz 0 Mz + f@ Mz iG] Mz + f@
0.2mm | 0.8mm| 1 mm -0.2N 0.6N 0.4N 0.2N IN 1.2N

Table.ll.13_ force and displacement obtained with ar prototype configuration

Comments :

The radial displacement of the posts is only shghtfluenced by the torque M(v=0.2mm)
induced with the arms. Forces acting at the supmpmoint levels must be borne by the
braided head and cone. It will thereof be necestacheck if the braided elements are rigid

enough to prevent any risk of collapsing.
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4.2.2 Conclusion

The use of two straight wires for the post’s mantifeang, make it possible to avoid any flow
obstruction at posts level. The diastolic pressypplied on closed valve induces limited
radial flexure in the posts, for appropriate wirardeter setting. We will study the influence

of this flexure movement on the valve behavior elading mechanism later in this work.

4.3 Braided elements

Both conical basis and cylindrical head must berattarized with enough surface area to
match respectively the aorta conduit and the aontig. The braiding process will make it
possible to generate this surface. Basically, brgigrocess is easier and less expensive than
laser cutting to generate surface for positioningpse. However, the mechanical behavior of
braided structures needs to respect the expectatedated to the stented valve. We must
therefore check if braiding is compatible with opphkcation.

Braided stents belong to the self expanding steatsgory. They are obtained from the
interlacing of wires tilted to an angle with thesagf the device. In general, a tubular meshing
is finally obtained. Braided stents are largely duse medical applications due to their
flexibility, their cover rate as well as their abyl to follow the implantation diameter
variations. However, the radial resistance to casgion is lower than for laser cut stents.
Moreover, significant length variation between agpld and collapsed state limits the use of
them. A geometrical approach of braiding explaims behavior. We will check, with that
approach, if braiding technique is adapted to taeted valve application. Two criteria are to
be taken into consideration : (1) the cover r&2g tite radial pressure applied by the stent on

the implantation environment.

4.3.1 Cover rate and length variation

Cover rate is one interesting characteristic ofida stents. It corresponds to the ratio
between the surface effectively covered by thetsteisres, and the surface covered by the
stents geometry. In the stented valve applicatinis,cover rate is requested to be as high as
possible to spread the efforts uniformly on theues. In the next section we compare the
cover rate of laser cut stents with the cover dditeraided stents, to justify the advantage of

braided elements.
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Cover rate is defined as : X =§ (26.2)

With :
S = geometrical surface area covered by the stent

s = effective surface area covered by the stent’s wires

4.3.1.a Laser cut stent

Fig.I1.14_ laser cut stent in deployed and compressed configurations

The maximum cover rate is obtained in compressed state (at diameter D¢). The length
variation between compressed (D¢) and expanded diameter (Dg) is in general very low for
these stents and we can write:

S=hmw-D

s=k-S, with ke€lo, 1 (depends on cutting conditions)

x=S =g Do (27.2)
S D
Cover rate variation can be expressed as :
AX= D _ 1 (28.2)
D

We note that Ay decrease between compressed and implantation diameters. Once implanted,

cover rate varies over the cardiac cycle according to aorta diameter variations.
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4.3.1.b Braided stent
|
/ |
/L
|
|

A« /)

nD
Fig.IL.15_braided geometry

We consider a stent (diameter D) obtained from the braiding of n wire parts (diameter d) tilted
to an angle ¢ with the horizontal plan (Figure I1.15). The length of the wire parts is constant.
Surface covered effectively by the wires is obtained from adding the surfaces covered by each

wire part. We can write :

s=nd [=nd 21D (29.2)
COS &
In which :
n = number of wire parts
d = wire diameter
S=nm DH=nD-km Dtan (30.2)
Cover rate can be written
s nd
X=——=—
S 1 Dsin« 51-2)

Cover rate variation between expanded and deployed states can be written:

D sine,.
AX=1——
D sine

(32.2)

In which o and o are linked with the condition that the length of each wire part is constant
between deployed and expanded state.
D, D

COS O(E COSO((

(33.2)

In order to understand the interest in working with a braided rather than laser cut stent in our
application, one may compare the cover rate variations for both stents, over the cardiac cycle
when diameter varies from systole to diastole. Once implanted, stent’s head undergoes
diameter variation which ranges from 21 a 27 mm. y variation for the laser cut stent is around

22 %. For the braided stent this variation is function of the braiding angle a. For values
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around 45° it is possible to reduce the cover rate variation to 4%. Cover rate for braided stent
doesn’t vary as much as it does for laser cut, in a compliant environment. The pressure
distribution applied on tissues, remain thereof close to constant. However, the braided stents
undergo length variations of around 30 % over the cardiac cycle. This phenomenon is to be

considered when assembling the different stents parts.

4.3.2 Radial pressure

In order to minimize stress in the stent’s surrounding tissues, it is essential to limit the value
of the pressure applied by the stent on the implantation environment. The geometrical
parameters, which characterize the structure of the braid must be set in accordance with the
pressure that is to be applied on the tissues. We therefore establish, in the following section,
the relationship between the mechanical behavior of the braid and its geometrical
characteristics. Two configurations are considered : braided stent with both free ends and non

free ends.

4.3.2.a Stent with free ends

The model adopted for this configuration is proposed by Ravi [RAV.04]. Each wire part of the

braid is considered as a curved beam to which we apply the Kirchhoff—Love theory equations.

Fig.I1.16_ Kirchoff-Love model

In that model, the trajectory described by the neutral axis is a circular helix. In Figure 11.16

are represented the efforts applied in each section (S) of the helix.
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The model works with following assumptions:
. Braid wire parts undergo :
- Pure bending torque (around an axis perpendicoltre cylinder surface)
M, =El (p—p,) (34.2)
- Pure torsion torque (around the wire neutral axis)
M =Gly(T— 1, (35.2)
In which p and 1 represent respectively the curvature and torstothex considered point,

while po andt, represent the curvature and torsion before defiioma

. The curvature and torsiort of a circular helix characterized with an angland a

basis circle radius R are constant and can beanritt

_coS« _ cosasina
=== and T="R (36.2)
. The braid is characterized with constant wire radiu
COtxy  cosx
Ry = R (37.2)

The index, corresponds to the stent’s state at rest

. Material respects the Hooke law

Pressure applied to the stent is modeled withtalaligsed force g applied on each wire part. g
correspond to the pressure efforts defined per ainiteight and reported to the effective
length of the wire parts as well as to the numbewice parts n involved in the braid. The
distributed load g can be written :

_ 1H_ mDsina
q=pl(m D)= ==p— (38.2)

H = stent’s height
L = wire part length
p = radial pressure acting on the stent

The simplified resolution of the Kirchhoff-Love eafions allows obtaining a relationship

between pressure p, the braid geometrical charsitsrand the stent’s diameter D=2R.

, sine,
p=NEI [COSX| 1 (1_&)_ sina (39.2)
2m Ry Sinx R 1+v
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in which :
E = wire material Young modulus
| = areal moment of inertia

v = Poisson coefficient

The friction effect between the wire parts is netgd in that approach. This result shows that
the stent’s resistance to compression is highlpémiced by the wire section (through the |
parameter) as well as by the ratioa@sR,. One may note that the radial resistance is higher
for low braiding angle. Figure 11.17 represents thlution of the braid diameter D as a
function of the radial pressure p for different evidiameters useda=45°; R=15mm,;
E=30GPay=0.3).

Free end Braid Behavior under Pressure

Wire
diameter 21

Radial Pressure (mmHg)

0 5 10 15 20 25 30
Braid Diameter (mm)

Fig.Il.17_ radial pressure versus diameter (free eshmodel)

We observe that the braided stent with free endsgmts low resistance to compression. A
pressure of around 10mmHg is enough to collapsetdreg diameter by 50 %. This value is in
the order of magnitude of what has already b&leserved byl.F.Dyet et al[DYE.00] with

the Wallstentin comparisor25 to 40mmHg pressure are necessary to generatediameter
decrease with Palmaz stent (laser cut), and Sympltaelded curved wire). The low
resistance of the free end configuration seems abb be adapted to our stented valve

application, in which pressure values involvedrateeh higher.

Verification of the elastic behavior assumption
In the described model the material was considéoecespect the Hooks law. However,
Nitinol material does respect this condition orflydeformations remain below 1 to 2%, in
which case a pseudo-elastic modulus can be coesidéfe check in that section what are the

deformation rates for a stent compressed to lowneiar. Each wire part undergoes pure
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bending and torsion as already described beforéh Bolicitations generate maximum

extension stress.x and shearing stre$s..x at wire external surface.

crmax=E%(p—po) and Fmax=—|52((§;3)))% (40.2)
The Von Mises resistance criterium tells us if iee beam works in elastic conditions if we
have :
Oeq = m < R R. = elastic limit of resistance (41.2)

Deformation rate can hence be calculated with :
€eq = Oeq/E (42.2)
Finally €., can be expressed as function of the geometricalactaxistics of the braid

with ;

(sino—sine)” (43.2)
2(1+v)

d COS«x,
Eequ=5 RO

A numerical calculation leads to 0.7 % deformatiate for the nitinol wire if the cylindrical

\/(cosx—cos%)2+3

head is compressed from 30 mm to 6 mm diametemadllimaterial can be considered as

elastic in that range of variations.
4.3.2.b Stent with non free ends

In the model presented above, the interactions detwthe stent’s wire parts are not
considered, each wire part is considered as arpamtent beam. With that model, the stent
doesn't fit the stented valve requirements in teohsesistance to pressure. To increase the
radial rigidity, it is possible to link the wire ds at each end of the stent. Moreover, this
configuration presents the advantage of limitinguries with tissues at stent’s ends. The
behavior of the stent under pressure is modifiethi new configuration and the interaction
between two neighbor wires must be taken into adcdtigure 11.18 represents a stent with

joint wires at the ends. This configuration is espbtain with manual braiding.

Fig.11.18_ stent with non free ends
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The mechanical behavior law for that stent can be obtained in superposing two models :
(1) the Ravi free ends model; (2) a model in which each wire part is considered as a beam
embedded on both ends undergoing flexure solicitation. The embedding corresponds to the
junction between two wires at the stent’s ends. The planar representation of Figure I1.19 is the

model which can be adopted for establishing the relationship between radial pressure p and

diameter D.
&—— knDo —>
knD
—— | knb—>
/ ' v N\
| \ neighbour
| L strut .
. FZI /'
I VAN o
| o F6 '.”
studied ¥
g strut fixed end

nD

Fig.I1.19_ planar model

Assumptions adopted :
e Deformation due to torsion are neglected,
e Radial pressure is represented with a local force F applied at the end of each wire part,
which tends to flex the part (Figure 11.19).

Beam deformation v and effort F are linked with :

3E]
IE

F= v (44.2)

Calculation of F=f(pressure) (Figure I1.19)
F is related to Fe with:

Iy

F=-
sin «,,

(45.2)

Fo, which is the circumferential component of F, can be linked to the pressure p applied on the
stent defined with its length H and its diameter D.

F9=US=U(He)=%He=¥ (46.2)

with
S = stent’s geometrical surface
H = stent’s height

e = thickness (stent is modeled as a continuous membrane)
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Calculation of deformation v
For a cylindrical braid composed of N meshing celtsr the circumference we can write
v, _km(D—D,

V=sintxo_ sina (47.2)
k is a coefficient of proportionality defined froime number of cells N with :

kntD=j-b (48.2)

Nb=mD (49.2)

In which b represents the width of one cell, atitejnumber of cells in which one wire part is

involved. We finally obtain

' i ™(D—D,)
k:l d =in(—0 50.2
N an YEN sinex, ( )
Conclusion
For one wire part we obtain :
_ 2 3EI j
wire_ﬁ?ﬁn( D-D,) (51.2)
For the n=2N wire parts involved we obtain the naggbal behavior law for the whole stent:
4 3EI .
“HD .2 jm(D—Dy) (52.2)

This pressure corresponds to the flexing resistaficee wire parts at the junctions between
two neighbor wires. The global resistance of tleatsis obtained in adding this pressure to the
pressure already obtained with the previous freks enodel. In figure 11.20 this global radial
pressure p applied on the stent is plotted versesdtameter D variation in taking the two
models into consideration (numerical values areesamthe one used in the previous model).
In the same figure, the behavior of the free endehc also plotted for comparison purpose.
As one can observe, the resistance due to wirgiqumat the stent’s end is predominant. The
compression of the stent’s diameter by 50%, requéirg@ressure application 6 times higher
when wire ends are linked. These results are iordecice with the experimental results
obtained by J.F.Dyet [DYE.OQ]. The authors highlighat a 30mmHg pressure is required to
compress the Wallstent by 50%, as soon as the amedslamped, while only 10 mmHg are
necessary if ends are free. These results prove wie@n adjusting the stent’s geometrical
parameters, it is possible to adapt the resistahbeaided elements to valve pressure order of

magnitude.
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Braided stent behaviour under radial pressure
model with free and non free ends

non free ends

Radial Pressure (mmHg)

0 5 10 15 20 25 30
braid diameter (mm)

Fig.Il.20_ radial pressure versus diameter (model ith free and non free ends)

4.3.3 Pressure model applied to the stented vadraesits

The models presented highlight that braided stembsv several advantages. They first make
it possible to obtain constant cover rate on tissfier more homogeneous pressure
application. Second, with appropriate setting & ¢fegometrical parameters, the compression
rigidity can be adjusted to values required forrhe@alve stenting. The main drawback of

braided stent is the length variation between degulcand collapsed state. In our application,
the assembling of the individual elements will bef@ened in a way to keep a constant

height for the whole stent (Fig 11.21). We will debe the assembling in more details in the

next chapter.

$ah1 H

Fig.Il.21_ deployed and compressed configuration

4.3.3.a Cylindrical head
From the stent behavior models described before, fiaam the mechanical behavior of the

aorta tissue, it is possible to analyze the steateth behavior.

Aorta tissue
Experimental studies report in literature that tneumferential elastic modulus of aortic
tissues is around 334-400kPa [FER.99]. From thiseyahe relationship between pressure
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and diameter variation can be established.

Stress in tissue is expressed as :
_PD
aorta_g
Corresponding deformation is written :
_o_D-D,
E Do

(02

&

Finally :

P=2eE 0
DD,

(53.2)

(54.2)

(55.2)

The behavior of the stented aorta can be analyz#ddavgraphical approach. Figure 11.22

represents in a pressure—diameter scale, the lmelavihe stent according to the model with
non free ends (=42 brins; d=0.260mm«&= 400kPa; e=1mmAP=50mmHg; =21 mm).

The behavior of the aortic tissue is also represkmt the figure 11.22.

Stented Aorta Behavior

Aorta

~ Dilatation
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40 Stent stented
. sys/dias

Expansion
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&

16 18 20 22
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%

>
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native
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s [
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\
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Fig.ll.22_ stented aorta behavior

We observe that the stent increases only slighttystress in the aortic tissue (pressure value

variation increases from 50 to 58 mmHg). Moreowke compliance is kept but slightly
shifted (diameter oscillates between 22,3 and @twinstead of 21 and 25,5).
In that approach, the forces applied by the postshenbraid were neglected. Indeed, we

proved at begin of the present chapter that these$ are low in comparison to the pressure

applied.
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4.3.3.b The conical basis

To study the behavior of the conical basis for dimensioning purpose, we adapted the model,
initially valid for a cylindrical braid, to a conical geometry. The cone is positioned on the

aortic ring and must keep the position when solicited under the diastolic pressure of around

\QN\z

AN

lexp

Model adopted

Fpressure
v

Fig.I.23 model of the efforts applied on the ring at one particular point
Assumption : only the stent gets deformed

The conical basis undergoes 2 efforts : (1) the effort applied by the ring on the cone Fi,,
(2) the diastolic pressure effort Fesue. Both efforts are linked at equilibrium with :

F et F =0 (56.2)
For the anchoring to be efficient and prevent sliding between stent and aortic ring, the stent’s
minimum horizontal expansion force F.., must be :

F o= F o tan | —p] (57.2)
In which o = cone angle
B = adhesion angle
In reality the anchoring is not realized through sole adhesion effect. Inter-penetration between
braid meshing and aortic ring tissue occurs. However, this phenomenon is not considered in
that theoretical approach.
This expansion force is of lower value than the expansion force required for a cylindrical
braid. (like the Edwards-Sapien stent for example) for which a=mn/2

F exp=F pressurelvalve / tanB (582)
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Figure 11.24 represents the expansion effort nesgstor both a cylindrical and a conical

braid for different cone angle values (arbitrarjuesof tanf = 0,3 is considered).

expansion force as a function of cone angle

35

Cylinder

10 20 30 40 50 60 70 80 90

cone angle

Fig.ll.24_ Expansion force as a function of cone ate

In order to calculate the necessary braiding patammdor a given ring diameter and defined
cone angle, we suggested to adapt the mechanibalvioe model used for the cylindrical
head to the cone, in modeling the wire parts agetilbeams on a conical helix. However, in
this configuration, the equations from the KirchfHodve theory cannot be simplified.
Curvature and torsion of a conical helix are indeetl constant. In that case, we adopt a
model in which we approximate that the resistar@eedmpression is mainly due to the
flexure rigidity at the stent’s ends, where wiratpaare connected. We exclude the rigidity
due to the free end model. In that approach weoxgpate the cone with a cylinder of
equivalent diameter D+Icosx  (Figure 11.25) and establish the relationship e

S5

&— D+ lcos 0 ——

applied pressure P and diameter D.

F
N\

K (D+Fcosa)

a / Fexp

Fig.11.25_ model for the cone behavior calculation
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The stent’s compression from diameteyt® diameter D induces change in cone angle from

Ootoa. Assumption is made that the evolution is linesdt aan be expressed with:

2 (59.2)

As to the cone width [, it can be calculated, assegnthat wire parts length L remains
constant during compression process (Figure 11.25).

2 2
D . D D
L’= sing | + +1 - cosd 60.2

( 2Ccox ) ( 2cosx 2Ccox ) ( )

Which leads to

D D \’
| = (coso— 1)+\/L2— sin“0 (61.2)
2Ccox 2 cosx
The cylinder mechanical model applied to the cydncequivalent cone, allows finally
obtaining the relation between pressure p and demie:
_24 3E

valve™ _ 2 3
D2 L

-2Ny1(D +1 cosax—D,—1,cose,| (62.2)

Figure 11.26 represents the plotting of the pressegrsus cone diameter for this equivalent

model (=22mm ; 1=0.3*3; 0p=40° ; N=2 ; Eiino=25 GPa ; ¢.=0,26mm)

Modelisation of cone behavior under pressure

radial pressure (mmHg)

16 17 18 19 20 21 22

diameter (mm)

Fig.1.26_ radial pressure versus diameter (cone model)
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In spite of practical results which show good edincy of the stent conical basis through
endoprosthesis anchoring under pulsatile flow, Wweeove that this model doesn't predict a
sufficient conical basis resistance. The assumgtiomde in that approach, and the
approximations made in the definition of the eqléw& cylinder, doesn't allow to properly

describe the conical braided part mechanical benaVvhe geometrical braiding parameters
couldn't be optimized through this model. Approf@id®raiding parameters has been thus

defined through experimentation.

4.3.3.c Conclusion

The braiding technique applied to the cylindricaht realization shows good results in term
of mechanical behavior. The resistance to compessi adapted to the ‘in vivo’ pressure
order of magnitude, while the compliance of the lenpation environment is respected as
well. Moreover the elastic behavior of the nitingtes is preserved between compressed and
deployed state of the braided elements.
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Chapter Il STENT MANUFACTURING

In this chapter we describe the manufacturing naghadopted for the different stent parts.
For the braided parts, the way followed in the dedi network by the Nitinol wires is defined
in respect to the braiding conditions and the fimedembling of the stent components. The
dimensions of the parts are chosen according &ethenditions and to the resistance criteria
described in the previous chapter. The shape gatfithe Nitinol is then presented, with a
focus on the physical and mechanical propertiesification undergone by the material with

the thermal treatment.

1 STENT GEOMETRY AND CONSTRUCTION PARAMETERS

The Nitinol wire shape setting depends directiytios function of
the considered stent part. First, the wire usedtlier arms is
shaped from the sinus geometry. Second, the poststdained
from straight wires. At last, the wire used for tieand cone

braiding is zig-zag shaped (Figure 111.1). Fig Il _Zigzag
wire path on a
cylindrical braid

The different stent elements are obtained sepgratadl then assembled. To ensure proper
cohesion and working of the stented valve in théi@environment, some manufacturing as
well assembling constraints must be taken into idemnation. These constraints will influence

the shape definition of the different stent parts.
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1.1 Constraints related to braiding
1.1.1 The braiding model

For both head and cone, the braiding process esdjtine definition of a braiding angle (angle
between crossing wires) as well as a braiding rigég of the braided mesh. The main goal
was to obtain braided structures realized with amhe continuous wire, to obtain looped
ends. The absence of free wire ends minimizesdigssawma, and avoids any superfluous wire
junction (like welding) with associated local inased rigidity. On the other hand, the braided
structure should respect the aortic root symm@tnys allows for each of the stent’s posts to
be located at the junction between two sinusesesrsdire an equal stent behavior in each
sinus. These constraints were described matheriaticathe basis of figure I11.2.

- D—»

Hs

—

Fig lll.2_stent parameters in deployed and compress] states

At first, in order for each of the stent’s postd®located at the junction between two sinuses,
the braided meshing of the head must be configwigdwire crossings present at every third
of the circumference for both head and cone. Ttespeill then be sutured at these crossing
points. Equation (1.3) describes this conditionhaatatically.

i=N/3 (1.3)

in which :

N = number of meshing cells over the head’s cirarsrice N€IN)

i = number of meshing cells between two sinu i €IN)

Secondly, the use of a unique continuous wiretfervthole braiding requires from the wire to
follow a specific path in the braided structureisThath must bring the end of the braided
wire back to its origin (initial point B) once tlehole meshing is created, in order to obtain a

continuous and symmetrical braid.
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This condition could be described mathematicallghveiquation (2.3).
2nBP=kmD (2.3)

In which :

2n = number of wire parts AB over the head'’s cirtenence neiN)
BP = distance of wire part AB projected on head'sutnference

k = coefficient of proportionality KEIN )

D = diameter of the head after braiding

At last, to ensure that a braid, defined by a biabigm,k), have N independent meshing cells
over the braid circumference, the n values of thk) (binomials which fulfills equation (2.3)
have to be equal or superior to N. The unique ssiudf equation (2.3), which ensures that
each wire part AB is single on the whole meshings wbtained for n = N.

n=N (3.3)

The calculation of k can hence be obtained fromréweriting of equation (2.3), with the
introduction of two more parameters :

2N(js)=k(Ns)— j=k/2 (4.3)

In which :

& = meshing cell width

j = number of meshing cells over the distance BP

The j parameter was introduced because it represésd symmetrically the number of cells
over the height of the head (Figure 111.2). Thetcolnof the j value is related to the control of
the head height value H through equation (5.3),hiciwH is expressed as a function of i, j, D
and a. This equation is obtained from the combinationegbiations (1.3), (2.3) and (3.3)
while BP is expressed as a functioroof

H= j-g—?tana (5.3)

1.1.2 The (i,j) setting

The final (i,j) braiding parameters are chosen atiogr to the previously described
mathematical conditions. We first set the valuesemofor i, as function of the number of
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meshing cells required on the braid circumfererdapénds on the desired cover rate). We
then list all the j values that provide the (n,k)dmials which respect equation (2.3). n must
be an integer and admit a minimum value equal tdaile 1.3 gives an example of how the

(,k,N,n) values can be chosen for i=5 (15 cellgrothe circumference) in respect to the

mathematical conditions.

i [N=3%] k n = 3**k/j i k n = 3**k/j
5 15 1 1 n <> integer 6 1 n <> integer
2 n=N 2 n <> integer
2 1 n <> integer 3 n <> integer
2 n <> integer 4 n<N
3 n <> integer 7 1 n <> integer
4 n=N 2 n <> integer
3 1 n <> integer 3 n <> integer
2 n<N 4 n <> integer
4 1 n <> integer 5 n <> integer
2 n <> integer 6 n <> integer
3 n <> integer 7 n <> integer
4 n <> integer 8 n <> integer
5 n <> integer 9 n <> integer
6 n <> integer 10 n <> integer
7 n <> integer 11 n <> integer
8 n=N 12 n <> integer
5 1 n <> integer 13 n <> integer
2 n<N 14 n=N

Table 111.3_ (j,k,N,n) combinations for i=5

In that example, the only configurations that resplee specifications correspond to j=1, 2, 4,
7 ...etc....

The exact choice for | among the possible valuesheén dependent on the braiding angle,
braid diameter and braid height that are expeadsktobtained for the stent. However, these
3 parameters are not independent. Equation (5.3ysshimat braid height depends on angle.
Angle is then linked to diameter. Indeed, assuntirag all braided wire parts remain straight
during compression process and just rotate andafigve each other, the straight distance
value between points A and B in figure 1.2 shobklthe same as the distance value between
points A’ and B’ (Equation 6.3).

AB=A'B' & BP/cosx=B'P' /cos«’ (6.3)

Moreover, the distances BP and B'P’ (representexpectively the projection from AB and
A’B’ on the cylinder’s circumferences in expandediaollapsed position) must represent
the same proportion of the circumference in botblaed and collapsed configuration
(Equation 7.3).
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BF _B'P’ :
P D/cosa=d/cosx'=Dy/cosex,  (7.3)
with :

D = diameter in deployed state

d = diameter in collapsed state

Do = cylinder's manufacturing diameter

a = braided wire angle for cylinder in deployed piosi
o' = braided wire angle for cylinder in collapsedition

ao = braided wire angle at manufacturing state

Braids will hence be defined in further considemas with the following parameters :
+ expected deployed diameter D
« manufacturing diameter and angle,,(&)
« binomial (i,j) in respect to previously describedthematical conditions

« expected height H.

1.2 Constraints related to assembling

In order to properly size and shape the differaents parts, we have to consider the
assembling means. A stiff enough assembling ofpidues is very relevant for stent axial
alignment and to avoid stent tilting. However, sodegrees of freedom have to be kept to
enable compression for catheter insertion and daployment on implantation site. For that
purpose two requirements need to be fulfilled. Redarotation of stent parts have to be
avoided to realize proper positioning and orieotain the aortic root, while relative sliding
movements must be permitted to not restrain bragtedt parts length variations during
expansion. At last, as already described befoeat sirms must be linked to the stent only on
their top to allow them to flex, thus maintainingrmanent contact with sinus tissues over the
whole valve cycling.

The three straight linking posts were positionedttoa braided stent head surface at regular
intervals. Each post was fixed at one end to thpeupdge of the head with one fixed suture
point. Several mobile fixing stitches were thencpth along the linking posts, allowing the
cylindrical head to slide down along these postguife 111.4). By this way, the compression

of the braided stent’s head isn’t impeached.
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Deployed Com resAseo\

Fig lll.4_Post and head assembling

The same was done on the braided stent conical anllthough welding Nitinol to itself
could be performed using CO2 laser under Ar protecatmosphere, for example, this
technique requires specific material and know-h&xation through suturing is a much
easier way to link parts together. This securirgpméque is not perfect, but allows the rapid
mounting and disassembling of the stent partsrdieroto use the same assembling technique
between the posts and the braided conical basidatter part is completed with a cylindrical
edge at its center. Each post is fixed at its o#imer to the cone with one fixed suture point,
located at the edge of the conical base. The adgetirical edge allows then the addition of
mobile stitches and provides for the upper pathefcone the possibility to slide upwards the
stent during the compression phase. When assemblibct way, the conical basis and the
head are both free to slide along linking postshugmmpression.

Stent arms as well as valve prosthesis were suturgubsts by fixed stitch only, because no
relative sliding movement was necessary. Howevesdmon mobile stent components must
not prevent stent compression and allow relatiaadiation of braided stent parts as seen
previously. Each linking posts was therefore conegdosf two rods. One was used to support
axially the fixed parts of the endo-prosthesis @imnd valve), while the second supported
mobile stitches for braided parts’s movement.

The stent is then assembled with the valve. Thetbesis used for that purpose is a textile
fabric prosthesis developed by Heim and al [HELO®Bhe textile valve gives ease on
manufacturing, use, and adaptability to stent geégm&he textile prosthesis is prolonged
with a conical basis which is superimposed to tireesponding stent part in order to improve
sealing. The valve prosthesis is first suturedhenstent conical basis, and then on one of each
post’s rod (at commissure’s level). The correspogdiod is therefore coated with fabric in
order to reduce friction between the valve andstemt. At last, the geometry of arms and
posts need to be suited for assembling with thiglbedaparts.
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1.3 Geometrical specifications
1.3.1 Cylindrical head

The stented valve is guided in the aorta through t¢bntact established between the
cylindrical head of the stent and the aorta tissUé® behavior of the head in the aortic

environment depends on : (1) the radial force appby the stent on the tissue, (2) the way
this force is spread on the tissue surface, (3)hbight covered with the braid. These

characteristics are controlled with the braidingdibans. It is therefore necessary to establish
the relationship between the braiding parametedstiaa cylinder specifications. On that basis
it is then possible to set the braiding parameiteraccordance to what is expected for the
cylinder.

The mathematical model adopted for a braid andeptesd in the previous chapter, establishes
a link between the radial pressure P applied oragéd tube and the diameter variation of

that tube (depends on the geometrical characterisfithat braid).

P

_ n.E.I‘(Zcos(xo)4 1 (1_&)_1—sina0/sina

tresse . i
21 D02 S;né(l D 1+v (8.3)
D-Lsinax L° Am(D=Dy

One may note that P is largely dependent on thgtheh of the wire parts involved in the

braid height. L can be written as a function of, (Do, ao, D, ).

L=AB=BP/cos«x (9.3)
with
BP=ﬁer (10.3) and N= 3i (11.3)

Finally P can be written as a function of the bragdparameters (i, j, {ao) and the braid

diameter D that is considered.

The values for (i, j, B ao) can then be set according to the pressure vaktetlie stent is

supposed to apply on its environment.
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1.3.1.a Conditions on the pressure

A first condition is that the cylindrical head musimain in permanent contact with aorta
tissues in order to ensure proper axial guidinghef stent. Its manufacturing diametes D
must be set according to the most adverse situdtiosystole, aorta’s diameter expands to
reach Q.. under blood pressure,R and Oy must be linked with :

D,=D,.,, (12.3)

Dnax is evaluated from the systolic pressure value (I2Big) and the aorta tissue elastic

modulus.

A second condition is that the pressure appliethbystent on the tissues should be reduced to
a minimum value, in order to minimize tissue degtamh. At systole we can write :

P e = Psystoli(+ Pten/aorta S Plim. (13.3)
in which

Pimt = limit pressure applied on tissue
The finally chosen braiding parameters must alspeet this inequality.
1.3.1.b Conditions related to local stress concéatra

Next to the global approach of pressure loadings ibf importance to consider the local
degradation of tissue due to the wire / tissuefiate and the associated stress concentration.
The local pressure may promote tissue inflammadioth hyperplasia with high stress in the
tissue [SUL.02], [GAR.0Q]. It requires to be cotiied in order to prevent conduit stenosis.
The local stress applied at the wire / tissue fater can be calculated from the global

pressure applied by the stent on the tissue glalndhce area. Its value depends on the stent

cover ratex.

- _ Psent D
O ragiar" S=P-S — O-cir_m'g (14.3)
s = surface area effectively covered by the wires
S = surface area covered by the stent
Psent= pressure applied by the stent on the tissues
T = cover rate of the braided stent
D = aorta diameter
e = tissue thickness
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Equation (14.3) shows that the higher shealue, the lower the stress concentration in the
aorta wall. It is interesting to assess how tdlsetraid parameters to maximigeCover rate
was already defined in the previous chapter ofltbisk as the ratio between the surface area

covered with the braid wires (s), and the braieédffe surface (S) :

n-d

X e —
- D-Sinx

(15.3)

tresse

Combining equations (15.3) et (7.3), the cover cate be written as a function of the braid

manufacturing parameters Bnda, :
n-d coswx,
- Dy Sinox COSx

(16.3)

tresse

One may note that the value fprs minimized wher= 45 ° and can be written as a function
of the braiding parameters (i,j,do,[D) :

12d-i-cosx,

X L=
tresse mini
D,

(17.3)
With d = diameter of the braided wire

It is then possible to adjust the braiding manuwfany parameters, in order to obtain a value
for Xmini @S high as possible even in the worst configunattbena=45°. With such approach
we can minimize the local stress.

The pressure that is adopted for the local straksulation must be the one applied in the
worst case. This pressure, noteghPis the highest in diastole when aorta diametethés
smallest. Stent is then in partially compressedtiposat D=d, diameter, ¢ being the native

aorta diameter.

4co$ i, D, 1-D,sina,/yDZ—d2cos«,
o . 12iEl | D d, T+v
" VD3 d2cody, 3%i%cos' &,
233 '(do_Do)
" ] Dyd,

(18.3)

The combination of the expressions obtaineds{y ymin and Raxilead to the threshold value

for local stress that must remain inferior to tineitl adopted for the tissue.

120



Chapter 111 Stent manufacturing

) 4cos g 1 Do 1- D,Sine,/y Di—d:cosa,
o> Do By ! D] do 1+v
"™ 26 dcosa,V D>~ d2cog &, 3*i*cos',
2:33 '(do_ DO)
" " Doyd,

(19.3)
This condition will also influence the choice fdretvalues finally adopted for the braiding

parameters.
1.3.2 Conical basis

The role of the conical basis is to ensure progthaschorage in diastole, and avoid para-
valvular leakage. It must therefore be charactdrizéh enough surface area to press on the
aortic ring, and resist diastolic pressure indudetbrmation. Moreover, the conical basis is
composed of a cylindrical rim for practical purpo3ée edge will help to connect the stent

posts to the basis.
1.3.2.a The braiding

The conical surface as well as the cylindrical are braided. The braiding parameters are
respectively noted (i1, o1, D1) et (b,)2, 02, D,). In order to avoid stent components assembling
problems, it is preferred that conical and cylindtisurfaces be one continuous braid. The
amount of meshing cells over the circumference rhesice be the same, while diameter at
surfaces junction must also be identical. The (@@rameters must respect mathematic
conditions (1.3) to (3.3), and :

D,=D,=D (20.3)
I =i,=i (21.3)
j= j1+ jz (22.3)

With :

j» = number of meshing cells over the cone height

j2 = number of meshing cells over the cylindrical height

As to the braiding angles of the cone and rim, tlegyain independent.
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1.3.2.b The cylindrical rim

The rim must facilitate the assembling of the cahixasis to the stent posts and promote stent
cohesion. Sutures at wire crossing points are tseealize the assembling of the two parts.
To limit the post rotation mobility (for better ce$ion), two criteria must be considered in the

positioning of the suture stitches :

- Distance between fixed stitch and Reduced
Post _ TN

High Post
Mobility
v N
Mobile
7 = Stitches T
X
Fixed
Stitches

mobile stitches must be important

- Wire crossing angle must be low

Figure 11.5_stent posts assembling

on the cylindrical edge 7N

These conditions lead to minimum values farda, that can be defined as follows :

j»>3 (23.3)
and
x,>45° (24.3)

Cover rate minimization

The cylindrical rim has no specific function foretktent. It may disturb the blood flow in the
sinuses, if the cover rate of the braid is too higls therefore of interest to reduce the cover
rate as much as possible.

Xg.—0 (25.3)

The x value is minimal wheno=45° (eq 17.3). From equation (7.3), we calculdie t
corresponding diameter :
DoV2
2C0sx,

D wess )= (26.3)

Moreover, the combination of equations (7.3) ariel3)Lgivesy as a function of (i, D, B o)

and the wire diameter d :
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x =203 Do
* mD Dp2-D’codq,

(27.3)

The diameter variation of the aortic ring (diameterd,) over the cardiac cycle can be

considered as very low. It can be neglected inctieulation of the cover rate. Thus we can
set the average diameter for the cone at.Lrd, and obtain following expression fgr.
_2d-3i D,

X o= '
" md, \/Dg—décofcxo

(28.3)

From the combination of equations 26.3, 27.3, 28&3obtain the final definition for the

minimal cover rate that can be obtained, and tmeesponding condition between, Bnda,.
DO

cos“(,:d‘ﬁ (29.3)
. 62
XRcmini=|d T(do —)O (303)

The braiding parameters for the cylindrical rim t@ndefined from these results.

1.3.2.c Conical surface

The previously described model (previous chaptarcbnical braid is inadequate and cannot
be adopted for the braiding parameters definitMoreover, the added cylindrical rim may
change results significantly. A qualitative apptoatay however be considered to ensure that
the stiffness of the cone is high enough for prémgncone collapse. Indeed, the presented
theoretical relationships between radial pressurd diameter evolution show that the
stiffness of the braided cone depends on :

- The wire parts length

- The cone angle
To prevent any risk of collapse of the conical partier diastolic pressure, these parameters
need to be controlled.

Influence of the wire length
We establish here the relationship between L aadthiding parameters, in order to analyze
how to set these parameters for obtaining enousistamce of the braid. Figure Ill.6 is a

planar representation of the cone, which shows hoesvinterlace.
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0.0‘0,&0$0‘¢.0 K™ 0

D/2cos 6

|€

Fig Ill.6_plane representation of wires interlacing
on the conical surface

‘/jfcells

with :
0 = conical surface angle

| = cone width

The braiding conditions lead to following geomaedtidefinitions for the braid.

BD— D X A_jl _2j1
BP_Zcose W and BP—E'TTD — (p—a-ncose (31.3)

The length L of the wire parts AB (Figure lll.6)asconstant data. It is written as a function of

the braid parameters (i, joo, lo) (see Chapter ).

Dy Do
+lo—
2c0s9, 2c0s9,

2
N
cos(%-n cos@o)) (32.3)

. 2
L=AB=\/ Do sin Z—J.l-ncoseo +
2.c0s0, 3i

Do can be removed and replaced wath(braiding angle at manufacturing state) accordang
equations (20.3), (29.3), (31.3) and (32.3).

( dv2 .(Zj
—SINn

2
1
— 11 COSO
2 COSx,COS, 3 0))

dyV2 dy2 2i, ’
+ +ly co a-ncoseo

2C0Sx,C0s9, 2 C0Ssx,C0os6,

L= (33.3)

The cone is more resistant if the value of L is pedi
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Equation (33.3) shows that :

+ L decreases when i increases (34.3)
+ L decreases whendecreases (35.3)
+ L decreases whenglecreases (36.3)
+ L decreases whem, decreases (37.3)

We analyze here more in detail the effect of eanfable on L.

. Variation of i

In respect to (30.3), it is not possible to inceetize value for i without increasing the cover
rate for the rim.

. Variation ofa,

Decreasinga, leads to an increase in the manufacturing diamaftehe conical basis D
(Eq29.3) The collapsing resistance of the cone is increalsatithe radial force on tissues
increases as well, with degradation consequences.

. Variation of h and |

Over the cardiac cycle, the cone must be large gindo withstand the aortic ring diameter
changesAD). Assuming the cone size (manufactured,adidmeter, with @&, angle) doesn’t
vary dynamically, the condition for having permaneontact between cone and ring is :
l,cos0,>d,/2C (38.3)

d
[corresponds ti Iocoseoz?oA D with AD=10% ]

Influence of the angle

To prevent the cone from degrading the bottom phthe sinuses, two conditions must be
respected : (1) the cone angle value must be impobenough to press on the aortic ring
rather than on the sinuses, (2) the cone width iedimited to not destroy the depth of the

sinuses. Therefore we should have :

00> 0 it (39.3)
d. —

e 2>1,c080, (40.3)
In which :

0.t = angle between the basis of the sinuses and zomoal plan
d oy = SiNUS diameter
d, = diameter of the aortic ring
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1.3.3 The posts

The role of the posts is to link the cylindricableto the conical basis

1.3.3.a Height definition (Figure 111.2)

The posts height is directly related to the heightthe stent. It can be defined from 2
conditions :

1/ An important condition to be taken into consadEm when setting the value of posts
height Hen, is that between deployed diameter D and collapBacheter d at implantation
(7mm for standard catheter), stent's head musbleet@ slide downwards along posts without
interfering with the base of the stent. In that elpthe head is supposed to be fixed to the top
of the posts at its upper end, while its other enfdeie to slide downwards.

Hyen > h+H, (41.3)

in which :
Hstent = stent height = posts height
h = cylinder height in compressed position

Hy, = height of the cone’s cylindrical edge in collag<onfiguration.

2/ To prevent head interferences with coronaryuastiat the sinotubular junction during
cardiac cycle, the posts height must also respediilowing geometrical condition :

Hy, = HA+H (42.3)

in which :

Hs = sinus height

H = cylinder height at implanted diameter

An average value for Hs in human can be obtaineah fiiterature [SWA.74], and is around
0,87*D (D being the diameter of the aorta basel Hhand h values were defined from the
deformation undergone by the braided geometry katwenitial and compressed

configuration.
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H et h calculation
Assuming that all braided wire parts remain straighting compression process and just
rotate and slip above each other, the straighamist value between points A and B should be

the same as the distance value between pointsdABan

AB=A'B' — D/cosx=d/cosx' =D,/ cos, (43.3)
and — H=BFtar«,h=B'P'tar o’ (44.3)
in which :

H = cylinder height at manufacturing diameter

h = cylinder height in compressed position

D = deployed diameter

d = collapsed diameter

Don = cylinder's manufacturing diameter

a = cylinder's deployed braided wires angle

a' = cylinder's collapsed braided wires angle

aon = cylinder's manufacturing braided wires angle

BP (resp. B'P') = length of wire part AB(resp. A'Bfojected on head’s circumference

Regarding to braided geometry parameters and equétB.3), the calculation of cylinder's
heights can be obtained from the rewriting of eiquat44.3).

T jh 2 2
=——" .|D%—D’co<
BP=j 5 3IhCOSo<Oh\/ on COS on
0=nD/2N; and
. _ us " IRz _ 42
i=NW/3 = oo VD2~ d*coda, (45.3)
in which :

& = meshing cell width

jn = number of meshing cells over the distance BR theehead's braid
N» = number of meshing cells over the head’s circuerfee

I = number of meshing cells between two sinuses thvehead's braid
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During the cardiac cycle, the stented aorta dianueillates between two values, minimal in
diastole and maximal in systole, and will never lbeer than the native diastolic aorta

diameter dO. The implanted cylinder height couldeaonaximized in fixing D =4

7Tjh 2 2
=——" D% —d’cos
max 3|hCOSO(Oh\/ on— UpCOS Xy, (46.3)

H, calculation

Hy, can be calculated from equations (29) et (45)ia@b the rim geometry :

FESLELNPRTERT (47.3)

=3_ib.
In which :

Jj2 = over the height of the rim

i, = number of meshing cells over the cone circunmieeze
do, = diameter of the aortic ring

d = stent diameter in compressed state

Conclusion

The combination of the previous equations equatiead to :

T, 2 42 udgm 2 2
H > —2.42d2—d’+=——"— D’ —d’cos .
stent 3|b \/ 0 3|hCOS‘XOh \/ Oh co O(Oh (48 3)
s
Hstent = s 3ihCOShO(Oh.\/DSh_dSCO§O(Oh (493)

The height of the stent will then be defined acouydto the more restrictive condition
between (48.3) and (49.3).
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1.3.3.b Posts shape

The shape adopted for the posts must first allevhitaided

parts to slide along the posts. The suture poiet&den posts
and head and cone must hence be mobile for patttenh. N
Second, their geometry must be as straight as ljessd
minimize flow disturbances. A straight geometnalized
with Nitinol wires seems to be the best solutionneO
anchoring point between braided elements and postt be

fixed. The ends of the posts are thus loop-shdpeeasy Mobile ]

Stiches el

suturing with head and cone. Posts are composesdooWire

parts running parallel. They are obtained with oaetinuous ®e Fiexrs
Nitinol wire to prevent exaggerated knotting anduseit One K

holds the braided elements while the other one htids

axially non mobile parts (arms and valve). The mi yase [T "
disadvantage of the adopted assembling methobaistuch N | e
material is concentrated at the conical basis |§wests loop, ‘;;’;n'fg'ﬁk/

cone rim) and may lead to leakage problems.

Figure ll.7_schematic
representation of stent posts
assembling

1.3.4 The arms

The arms are an essential parts of the stent detad close attention. Stent arms function is
to ensure anchorage and sealing of the endoprasihdke aortic root. For that purpose, they
have to remain in contact with the upper part ofdimeises, to create a force opposed to the
one applied by the stent conical basis on the @arinulus. Arms length and curvature are
imposed by the native aortic root geometry. To f@@na permanent contact in upper
sinuses, arms are shape set in over expanded owifon. Each stent arm is fixed to stent
posts by one end only like represented in Figur8.1In order to limit sutures on stent posts,
the 3 stent arms were obtained from a continuotimdliwire which provided a U-shape at

stent post location to facilitate sutures of thmaaround stent posts.
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Stent
Head |

—

post

1

aortic
diameter

arms in
manufactured
state

Sinus

native Stent
shape Basis

f

Fig l.8_Top and front representation of the stentarms

1.4 Final values adopted for the stent parameters
We adopted average values for the setting of teet gfeometrical parameters, based on a
21mm diameter stented valve. These values take dotwsideration all the previously

described conditions and the native aortic rootattaristics.

1.4.1 Parameters adopted for the different sters par

Braided Head Braided conical basis Posts stent arms
i 7 i 5 d 0,55mm 0 90°
DO 30mm Do 21mm nb wires 2 Rsinus 10.5mm
j 5 jcone 2 EniTi 30GPa nb wires 3
alpha _0 28° Théta 0 40° dNiTi 0,406mm
| 6mm Hs | 18,9mm EniTi 30GPa
dNiTi 0,260mm jeylinder 5
EniTi 35GPa Alpha_0 25° AP dias/sys \ 50mmHg Esinus circ 500kPa
Esinus long 670kPa
AD.native 30,00% dNiTi 0,260mm
e 1mm EniTi 35GPa
théta native 20-45°
AD anneau 5,00%

The dimension variations that appear in these $a@l®.ote ADanneaw 6,....) cOrrespond to
values reported in literature. For the aorta atdgtwe adopted AD=30% (or E=300kPa),
which is the maximum value that can be found andesponds to the worst case. Sinuses
dimensions are given according to the descriptiadarby Swanson & Clark [SWA.74The
angle at the basis of the sinuses (20°) as wethes curvature radius (between 10 and
14mm) that were adopted in our work are averageegaljiven by Beller [BEL.08] and
Thubrikar [THU.81].The behavior of the arms in the sinuses is caledltom the elastic
modulus value of the sinus tissues [FER.99]. Theseh values correspond to diameter

expansion of around 20% over cardiac cycle.
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1.4.2 Dynamic behavior and interaction with tissues
The values adopted for the parameters as definedqgusly, lead to modifications in the

dynamic behavior of the stented aortic root.

1.4.2.a Cylindrical head / aorta

1/ Aorta compliance is reduced by only 17 %.

2/ Pressure applied on aorta tissues increase$tyndsystole and 18 % in diastole, which
remains quite low.

3/ The circumferential stress induced in the aortaheylocal wire pressure is 0.15 MPa,
which is 2 times the stress induced by blood pressariation over the cardiac cycle.
This value is low in regard to the stress appligdstandard stents maintained only
through expansion force [MOO.02], [BED.06].

The values adopted for N (hnumber of meshing celés the circumference) and, @iameter

at manufacturing state) are in accordance withvillaes suggested in the Wallstent patent
[WAL.91]. The document suggests the use of an aogpifaw, to calculate the number of
wire parts over the circumference for optimal stottesion. The cohesion factor is described
with : C=VD/n. The authors note that a value located betv=@8 and 0.16 provides good
cohesion and avoid excessive stiffness. We obseitvedsame behavior with the stented

valve.

1.4.2.b Braided cone-aortic ring

The theoretical calculation for the definition bktcone (i,j) parameters, could not be directly
applied in practice. In theory (i=7, j=2+3) woule@spect all the previously described
specifications. However, the reproducibility betwetvo stents could not be manually
guaranteed because of a too fine meshing. The j&255) configuration, which ensures the
meshing closest to the theoretical one, gives tmasige manual braiding of the conical part
and is finally adopted. It requires, however, thedification on the braiding angle that is set
to 40°.

1.4.2.c Arms-sinuses
Different stiffness values were tested for the armgperimental testing confirms the
conclusions adopted with the theoretical approaesgnted in Chapter II. Close to rigid arms

realized with 3 wires of 0.406mm diameter, reduasstically the compliance of the sinuses.
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Further tests realized with less rigid arms (madevitp one or two wires), highlighted the

efficient positioning of the endo-prosthesis, wigispect to the sinuses compliance.

The previously adopted values for the stent geacattcharacteristics definition are average

1.4.3 Dynamic stent bevaviour and stent geometry

values, which can be adopted for general in vitestihg. But variations in these

characteristics may change the dynamic behaviothef device. In summary, 5 main

characteristics may have an influence on the stgrafformances.

X

X

X

X

X

The changes in the stent’'s performances when \@rfiese characteristics are studied in

Height of the cylindrical head (H)
Cone anglef])

Cone width (1)

Arms rigidity

Posts rigidity

Chapter V.
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2 MATERIAL SHAPE SETTING

We want here to define how to set the parametarghi® Nitinol material shape setting
process, in order to obtain the final expected stliapthe stent components. The elements are
obtained through a forming process associated katht treatment, which role is to fix the
structures in the desired shape. Nitinol is noyease shape set due to its particular behavior

when heated.

2.1 Nitinol and thermal treatment

NiTi shape memory alloys can exist in two diffeetémperature-dependent crystal structures
(phases) called martensite (lower temperature) aarsdenite (higher temperature or parent
phase).The unigue behavior of NiTi, shape memory and lpsticity, is based on the
temperature dependent austenite to martensite pfzasdormation on an atomic scale, which
is called Thermoelastic Martensitic TransformatiGfMT). TMT is responsible for the
functional properties of the material. These propsrresult from the need for the crystal
lattice structure to accommodate to the minimunrggnetate for a given temperature. TMT
can be activated, so that NiTi alloys can be tamséd from austenite to martensite and vice
versa, either by reducing the temperature (Theymblduced Martensite, TIM) or by
applying a mechanical stress (Stress Induced MsteenSIM). On the other hand the
martensite transforms into austenite through eithereasing the temperature or removing the
applied stress. This shows that mechanical loadimythermal loading have opposite effects

on NiTi alloys.

Mf  MsAs  Af
Low T =3 High

Fig I11.10_Schematic thermal transformation hysteresis loop

T = temperature, %M = martensite percentage, H = hgteresis

When austenite is cooled, it begins to change orddensite; the temperature at which this

phenomenon starts is called martensite start teatyrer (Ms), while the temperature at which
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martensite is again completely reverted is calledtemsite finish temperature (Mf). When
martensite is heated, it begins to change intoeaist the temperature at which this
phenomenon starts is called austenite start termyper@As), while the temperature at which

this phenomenon is complete is called austenitsHitemperature (Af).

The particular behavior of Nitinol material (supgesgicity and shape memory) in comparison
to more common other materials, requires to be #bleontrol with precision the heat
treatment related parameters. Only then, the regibdity of the shape stetting can be
guaranteed.

2.1.1 Forming process
2.1.1.a Theory

Our patrticular purpose requires the setting of sta shape in a piece of Nitinol. Different
papers describe some ways to obtain desired shhjp$97], [PEL.00], [NDC]. The most
common way of shape setting Nitinol is to firmlynstrain into its new shape and then
perform a heat treatment. The wire is clamped atesd in a tooling fixture and subsequently
wrapped around pegs to create a series of shap@f[08]. The end is then clamped off to
hold the wire in place during heat treatment. Inegal, temperature as low as 400°C and time
as short 1-2 minutes can set the shape but generadluses temperature closer to 500°C. But
some authors related fruitless experiences withtemperature as 300-400°C even after 180
min ageing time. Heating could be obtained witht $th or furnace under controlled
atmosphere to avoid oxidation. Rapid cooling isfeared via water quench to avoid ageing
affects and sharply define the heating time. In, fde heat treatment parameters are critical.
The heat treatment causes a change to the miartstwf the nitinol and correspondingly a
change to the mechanical properties and transfawmaemperature. High heat treatment
times and temperature will increase actuation teatpee of the Nitinol part. However, a
specific evolution of Af could be observed abou@%D, with an initial decrease in Af, and
then increase of Af. There's also a decrease tequlastresses and in the ability of the Nitinol
to resist permanent deformation.

The starting condition of the alloy will also hagestrong influence of the final properties.
Commonly, the nitinol may be purchased in eithergtraight annealed condition or in the as
drawn conditions. Straight annealed means thawihe has essentially been shape into a

straight length as it leaves the drawing benchdresvn means that the wire is coiled directly

134



Chapter llI Stent manufacturing

from the last drawing step. To establish the exXw&t treatment temperature and time, an
experimental design may be performed to specifpaimum heat treatment for a particular

tool design.
2.1.1.b In practice

Nitinol wires used in our experiments are provideg Euroflex Gbmh under annealed
conditions. We used body temperature response ialatdiTi wire SE508, composed of Ni
55,8wt % Ti balance with a transition temperatussume to be between 5 and 18°C and
loading plateau stress higher than 450MPa [EUR].otder to control and obtain a
reproducible geometry of the Nitinol wire that & be expected, we used an aluminium
shaped support for each stent part. Nitinol wiresenwrapped around peaks positioned on the
support according to the geometry that is to beiobt. Because it is difficult to interlace
straight and elastic nitinol wires into a cylindti¢ conical shape to obtain braided stent parts,
they underwent 2 successive thermal treatmentstiteied configuration first, to help fixing
wire curvature, and then in the 3D final configioatto fix the desired shape. Specimens
were heated in an air furnace with no control dirél oxidation.

The problem with the Nitinol used is that its onigi transition temperature is very close to
the handling room temperature. In our experimeméswant to keep the elastic properties of
the material, i.e. in its austenitic phase, fonsisompliance purpose. We therefore want to
reach_lowettransition temperature through thermal treatm€&htis, as heat treatment affects
Nitinol properties, experimentation had to be démeleterminate appropriate heat treatment
parameters for setting desired properties of nitgieht parts. Moreover, if it's necessary to
obtain stable and desired shape setting resulés,ddgradation of mechanical properties
through thermal treatment is a very big issue ab. Beme mechanical testing will also be
performed.

Finally, we studied the impact on Nitinol propestiaf 2 successive thermal treatments.
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2.1.2 Material characterization methods

2.1.2.a The goal
The aim of this section is to analyze three maatuees of the material after the forming
process : (1) the effective obtained geometry tti2)transition temperature, (3) the material
mechanical properties. Following parameters werggdor that purpose :
- Thermal inertia of the tooling fixture (aluminuntage)
- Heating time
- Heating temperature

- Cooling time.

2.1.2.b The process

Nitinol straight wire were wrapped around nails atainped on an aluminum plate to impose
a wire angle of 70°. Samples were treated at 4586f°C in an air furnace for various
durations. The specimens were then cooled dowoaim temperature at two different cooling
rate, air cooling and water quenching. Finally, toeling fixture influence was studied
through two configurations, keeping the same mateesired shape setting.

The effective obtained geometry was evaluated tjivdbe angle measurement, the transition
temperature was estimated with DSC technology, #red mechanical properties were

obtained through tensile testing.

DSC
As already said, it's desirable to know the tramsédron temperature of the shape setted
Nitinol parts. The transformation temperature dresé temperatures at which the alloy
changes from the higher temperature Austenite éddiver temperature Martensite, or vice
versa. The transformation to martensitic upon auititephase starts at Ms temperature and
finishes at Mf temperature. The reverse transfaonabccurs respectively at As and Af
temperatures. For our application, it's particylamhportant to know exactly the Af value to
ensure super-elastic behavior of the nitinol awitno testing conditions. Three ways are
commonly used to determine transformation tempegatLiMM] :
x Constant load
x Active Af
x Differential Scanning Calorimetry (DSC)
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In the first method, the nitinol is loaded and disformation are monitored simultaneously
with temperature as the material is cooled andedealhe active Af test is performed in
bending a sample of nitinol at temperature below, Bisd then in monitoring the shape
recovery while it is heated. These two methods quée straightforward but require
controlled temperature environment, especially waitbtart testing temperature about -50°C.
For that reason, DSC was preferred to charactdtiee transition behavior of Nitinol,
especially the austenitic finish temperature.

DSC testing is a thermal method that measureshheges in heat flow which is associated
with the martensitic and austenitic phase transébions through controlled cooling / heating
cycle. In heat flux DSC, the sample and referenee emclosed in a single furnace. The
temperature difference is recorded and related nitvadpy change in the sample using

calibration experiments.

DSC Measurement
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Figure I11.11: A typical DSC curve for a NiTi Shape Memory Alloy

As the transformation from martensitic to austenghase, and vice versa, corresponds to a
phase accommodation and related enthalpy modiicathe alloy transformation temperature
can be detected, especially when the Nitinol is/fahnealed. The DSC method yields a plot
such as Figure 111.11. During cooling of the Nitimoaterial below temperature Ms in absence
of stresses, the variants of the martensitic phasage themselves in a self accommodating
manner. This transformation is exothermic and #werse one is endothermic.

DSC measurement were carried out on a DSC 292 3®wument with a heating/cooling rate
of 10°C/min. Measurements were performed on speanrem Nitinol wires which have not
undergone previous shape setting and thermal tessatmSpecimens were prepared using
segments from Nitinol wire, cut away from curved attachments wire parts.

In this study, we focus on the effects of the haatment process to austenitic upon

martensitic transformation. Indeed, superelasti@ayd mechanical properties of nitinol
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depend on the temperature difference between th&imgotemperature and the austenitic
finish temperatures. Only Ap temperature is disedsép is defined as the temperature of the
transition peak obtained in the DSC curve whileghecimen was heated up. Obtained values
were plot as function of heat treatment duratidme Tollowing figure (l11.12) shows a typical
Ap evolution over time, for heat treatment realizédemperature above 500°C.

Typical Evolution of Ap at T>500C
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el |

Transtion temperature Ap (T
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Figure I11.12_ A typical Ap evolution during heat treatment at temperature above 500°C

Four typical zones can be identified on the plot :
Zone A : Ap transition temperature decreases
Zone B : Ap transition temperature increases aadhes a maximum
Zone C : transition temperature drops drastically
Zone D : temperature value becomes steady
These behaviors are explained and justified latehis document. We note t1, t2 and t3 the

durations of the transitions from A to B, B to CtaCD.

Tensile testing
Mechanical properties of Nitinol material are evaédabwith a tensile test using a MTS M20
Adamel Lhomargy force machine. Nitinol wire is leadat constant strain rate and stress
evolution is measured with a force sensor. Sam@e28 mm long. Low strain rate value is
set (4.2.10 /s) in order to keep sample temperature constahgoid temperature influence

on measurements. Figure 111.13 shows the influerictrain rate value on measurement.
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Influence of Strain Rate Value
NiTi d0,406mm
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Fig I11.13_influence of strain rate on mechanical poperties

With low strain rates applied, the studied rangestoain variations remains low. This is in
accordance with the only slight deformation undeggpar the nitinol material implanted in
the aortic root. The hysteresis of the materiabistaken into consideration. An average value
for the modulus of elasticity and for the loadpigteau is set for every sample. The precision
obtained for the measurements remains however pbemitinol wire, very degrading for the
clamps, first tends to slide between them. Anottreblem is the difficulty to evaluate the
initial length of the samples. Its value is caltethfrom the values given by the force and
displacement sensors. At last, the lab conditionsaoallow controlling the temperature.
Only two samples were tested each time. Henceltsesannot be statistically interpreted.
They give us, however, some information about theba evolution of the material
properties, as a function of the heat treatmerit Weae performed. Figure 1ll.14 gives the

elastic properties of Nitinol wire for differentadneters.

Nitinol Tensile Properties
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Fig Ill.14_ stress-strain curve of 3 nitinol wires
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2.2 The Results

2.2.1 Transition temperature
2.2.1.a Plate thermal inertia

We used two tooling fixture with different massi(amd m). It can be observed that the mass
of the tooling fixture influences the evolution thie A, value. We note that the evolution for
A, is globally the same. However, the fixture witle thigger mass induces delay in the A
evolution (figure 111.15). As to the values obtaih®r the elastic modulus, the shaping angle
and the stress plateau, they also depend on tliefxsgre. The temperature of the fixtures
has not been measured in the experiments, buems®bvious that the higher the mass, the
longer the time required to elevate the nitinol penature. The inertia of the fixtures used for
all the stent parts must therefore be equivalengnisure that the heat treatment is the same,
and guarantee that the final properties of the slsap components are the same as well.

Influence of Thermal Inertia on Ap

Tooling

Transtion temperature Ap (C)

Tooling
s Fixture n°2
(m,<m) °

0 5 10 15 20 25 30 35

Heat treatment duration (min)

Fig Il1.15_ Influence of the thermal inertia on A, (NiTi d0,406mm, 560°C)

2.2.1.b Influence of heating temperature and duratio
Figure 1lIl.16 shows the evolution of,Aas a function of different heating temperatures
applied. For heating duration over 10 min, thevAlue increases if temperature remains under
500°C, and decreases suddenly for temperature srabeve 500 °C. These results are in
accordance with what can be found in other pubtisthecuments [PEL.0O0OJThe A, increase
is explained with the generation of precipitatidee ITi.:Nix4 / Ti> Nis/ TiNis at heating begin.
Indeed, transition temperatures for Nickel-Titanialoys are highly dependent on the alloy
composition. The NiTi matrix looses some Ni witle tapparition of these precipitations. On
the contrary, the generation of Titan oxides at rinaterial surface for temperature above
500°C, reduces the amount of Titan in the matrix @cldices decrease in the ®alue. The
titan oxides appear in a parabolic way, which fiegtithe initial high decrease of,Aollowed
with a more steady evolution.
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Influence of Treatment Temperature on Ap
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Fig Il1.16_ Influence of temperature on A,

The initial A, transition temperature for the Nitinol SE508 miaies located between 5 and
18°C. The heat treatment parameters must be setoid an increase inAin order to keep
the A value largely under ambient temperature, whidhesworking temperature for the stent
(need to behave elastically). Heat treatment widréfore be realized at temperature above
500°C.

We note on the first zone of the graph thatd&creases first slightly to then increase again.
Favier et al. [FAV.06] explained that initial evalut for heating temperature around 500°C,
with the stress present in the material. For a stoessed sample (non formed), vould
remain constant on that zone. On the contrary, whersample is formed on the plate before
heat treatment, a stress is induced in the stricilinis stress influences, Avhich is first
lower and then higher than what is obtained witioa stressed sampM/e did not perform
any test to verify this assumptioBut, in order to make our experiments as reprodacis
possible, we had to try to deform the wire in a wegt was always the same. The goal was to

apply a stress as similar as possible to the streiethatever the component manufactured.

2.2.1.c Cooling

Water quenching is the cooling process that is mbshe time recommended in literature
dealing with nitinol treatment. This rapid coolingocess sets the material properties
immediately and allows increasing the measurememioducibility. Low cooling of nitinol
tends to prolong the thermal treatment. Final priogeare hence difficult to control. Yeung et
al [YEU.04] highlighted, however, that air coolifgads to A values 15 °C to 20 °C under
values obtained with water quenching. To assessahaity of this result we realized a few
tests varying the cooling process, and measuredltened material properties. Air cooling

doesn’t appear to be more efficient. Moreover,rémilts are not constant, which proves that
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A, can either increase or decrease with air coolingpoling is performed once the material
has reached its target temperature (560°C), ailingpavill first occur over a temperature
range higher than 500°C ang decreases. Later, the cooling occurs over a teathyerrange

lower than 500°C and Ancreases.

2.2.2 The effective obtained geometry

The effective geometry obtained after heat treatrnerresponds the one expected (an angle
of 70 ° obtained with wire folding) as soon as Heating duration is long enough fop o

decrease.

2.2.3 The mechanical properties

We focused on the measurement of 2 material charsiits : the elastic modulus (E) and the

limit stress ¢im) Obtained at the end of the elastic domain.

2.2.3.a Changes in the elastic modulus

Figure 111.17 shows the evolution of E versus heeatment duration, for 2 different heating
temperatures. The evolution of the E value folldles evolution of the Avalue. E decreases
continuously for shape setting at temperature atdaB0°C. A sudden increase follows an
initial decrease, when heating temperature is afo&60°C. This phenomenon can be
explained as following : mechanical propertiested wire depend directly on the difference
between transition temperature and working tempegatFor A values close to working
temperature, nitinol is in a martensitic phase iardss resistant to deformation. E value goes
down. If the heating temperature is higher (560%;)decreases and is lower than working

temperature, nitinol is in a austenitic phase. Esgap.

We conclude that the value for E can be adjusted appropriate setting of temperature and

duration.

142



Chapter llI Stent manufacturing

E evolution versus treatment duration
at 530C & 560C

33

E(GPa)

0 5 10 15 20 25 30 35 40 45

duration (min)

Fig Ill.17_ E evolution versus treatment duration & 530 and 560°C.

2.2.3.b Changes in stress limit

The limit resistancesin (stress plateau), decreases with the heat treatmbat higher the
temperature of heating, the sharper the decreasei.of Globally, with higher heating
temperature and longer treatment duration, thdieldemain becomes more narrow for the
material (Figure 111.18).

Influence of Heat Treamtent on E and Critical stress

Initial Nitinol Wire

after 550°C - 16min

Stress (MPa)
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Fig l11.18__ influence of treatment on E andgim

2.2.4 Effects of 2 successive thermal treatments

In order to easily reproduce the manufacturinghef $tent’s braided parts, it is of interest to
perform 2 successive thermal treatments. The seonrds the most significant because it
sets the final braid dimensions and the value for7he shape setting temperature will be
above 500°C, and the duration will be set so abtain the desired shape. The first treatment

remains, on the contrary, an intermediate proceduitenol wires will get the rough shape
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necessary for easy braiding, but the geometry doesed to be perfect. As to the salue, it

can be close to ambient temperature so for theswioebe in martensitic phase, easily
deformable for braiding purpose. In respect to gheviously presented material properties
degradations caused by heating treatment, it Bnéiasto characterize the effects of the first
treatment on the nitinol wires. We performed 2 sgstve heat treatments, varying for the

first one temperature and duration. Table 1 igigsthe testing conditions for samples Ato F :

1% Heat Treatment 2nd Heat Treatment

A 450C t

B 550C t

¢ 450T 8min

D 20min

E 3min30 550T t

550C ;
F 8min

Tableau 111.19_ Heat treatment testing parameters

Figure 111.20 shows the transition temperature etioh for samples C to F over thé!2
thermal treatment. It can be observed that, inespit different initial conditions, A
temperature tends to reach the same value foraalpkes. Basically, whatever the sample,
once the wire has reached 500°G t&mperature drops to a final value dictated bysémond
treatment. Moreover, the final,Aralue reached is the same than the one obtaimeshfople

B which did undergo no "2 treatment. The second treatment at 550°C seembeto
predominant on material history and has the biggeact. As to the elastic modulus, plateau
stress and effective final shape, the second tes#tre also predominant. Figure [11.21 shows,

for example, that E isn’t different if the matenaidergoes one or two thermal treatment.

Ap Evolution versus Heating Time

Ap temperature (C)

Heating time (min)

Fig I11.20__ Ap evolution versus heating time for saples B to F
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E evolution versus Heating Time

40
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Fig Ill.21_ E evolution versus heating time for samples B to F

2.2.5 Colored oxides

The furnace heating process changes the coloreaifitmol material. These colors depend on
the heating duration and are due to interferenem@mena that establish at the metal-oxide

interface.

2.2.5.a Oxide growth [CHU.96]
When titanium is exposed to ambient air at roomptemature, a passive oxide film is
spontaneously formed on it surface, and partiatigngosed of anatase TiO2. In air at high
temperature, titanium alloy tend to react vigorgusith oxygen to form crystalline oxides
film, rutile TiIO2. The oxidation rate follows a p@doolic law, very fast in the initial period
(30min), and then decreasing rapidly with time.tAs oxidation progresses, titanium atoms
diffuse outward while oxygens atoms diffuse inwafd.multi layered scale is formed,
consisting of an outer rutile layer (TiO2), a paantermediate layer of mixture of TiO2 and
Ni(Ti), and a thin inner TiNi3 layer. This leads @aolocal enrichments of Ni just beneath the
TiO2 layer and results in an outward growth ofleuéind an inward growth of Ni rich phases.

The transformation temperature of the NiTi allogmdase.

2.2.5.b Oxide colors
Titanium dioxide were commonly and abundantly usegigments through high opacity and
refractive index [MIL]. Although both anatase andile TiO2 are « white » pigments, they
have a blue tone due to a lack of reflectance enviery blue and of the visible spectrum.

Moreover, their undertone, the tint tone, is a fiorcof particle size distribution. The relative
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light scattering power of rutile TiO2 at differewtvelengths varies with its particle diameter.
Practically, changing the undertone of a pigmert aasignificant effect in tinted system,

especially gray, where the effect is clearly visibrhus changing to a blue tint tone pigment
would change the tone of a gray from a red throagteutral to a blue tone. Conversely, a
pigment with a large mean size scatters red lightenefficiently, producing a reddish tone in

gray films.

2.2.5.c Consequences
The Titanium oxides growth is linked to the evadatiof the A temperature. Each color
experimentally observed corresponds to a diffestate of the material, and is linked to a
specific A, value (Figure I11.22). During the heat treatmednipossible to assess visually in
which state the material is.

Correlation of Titane suboxyde Colors and Ap evolution
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u ‘ l " Fig Il.22_ Oxyde Colors and Ap correlation

2.2.6 Parameters used

The experiments realized on nitinol highlighted thiéuence of operating conditions on the
final material properties. These settings were thpplied to the realization of the stent’s
parts.

2.2.6.a Manufacturing conditions
The tooling fixture
Aluminum is the material of the plates used for titenol wire forming process. The reduced
thermal inertia of the material makes it possilddimit the heat treatment duration and to

reduce the time of manufacturing.
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In order to assess the «in vitro » behavior modifon of the stent when varying a
geometrical parameter (like the height of the djiical head for example), the nitinol
properties must be equivalent for the 2 differeesigns. The thermal behavior of the wires
must be the same. The tooling fixture must, thesgfle of same size to guarantee same

thermal inertia and same heating conditions.

Cooling
Water quenching was adopted for cooling the nitimks after heat treatment. The method
allows setting precisely temperature and duratiorthef heating process. Basically, as we

already said, a longer cooling would not make ggpole to control Awith precision.

2.2.6.b Manufacturing process

Braid shape setting
The very elastic nitinol wires are difficult to mpalate and shape around expected templates.
Shape setting is therefore realized in two consezwiperations.

. 1st heat treatment

The zig-zag shape of the nitinol wires is firstaobed in a flat configuration (Figure 111.23).
We use an aluminum plate with fixed nails, arourtdclv the nitinol wire is winded. The
winding geometry respects a pattern that corresptmdhe expected size of the braid that is
to be obtained (Figure 111.24).

braided
wire path

Fig 111.23_ Plane representation of the braided wie Fig 111.24_ Nitinol wire shape setting on aluminum
path on a cylindrical braid surface plate
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To make the braiding process as easy as possdmenpromise must be found as to the heat
treatment conditions. Wires must be not to elaltit also not to easy to shape to avoid
material rupture risks at the nail-wire interfacéie finally adopted parameters are T=550°C
for the temperature, and a heating duration jukivbé2 (Figure 111.12). A is then slightly
higher after treatment and elastic modulus is diygletduced.

. 2nd heat treatment
Following the first heat treatment, Nitinol wirercéghen be easily braided and shape set at
their final dimensions and geometries. To get fihalalue lower than ambient temperature,
heating is performed at temperature above 500°C @wiration above t2. In order to ensure
reproducibility in the manufacturing process, terapgre and duration can be controlled :
x A slight decrease in the heating temperature l¢adsower decrease of,Avhich
becomes less sensible to possible slight duratigatians.
x In a similar way, if duration is above t3, the slewolution of A value makes it less
sensible to slight duration variations as well.

In our case, we chose to obtain a low value fpard worked at 550 °C.

During the 2" treatment, braids are placed on supporting dewshaped to the final expected
geometry. A cylinder is used for the head, whilglarand diameter of the conical basis is
obtained with a specific geometry (Figure lll.2B)ctures 111.26 and I11.27 represent the final

obtained braids for head and cone.

forming tool
braided
conical
basis __\IT/\\I ’I// ﬁ
— &
Do

F|g 111.25 Schematic representation F|g |”26_ Braided conical F|g ”|27_ Braided Cylindrical

of the conical basis forming tool stent basis stent head
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Shape setting of the posts
0.55 and 0.6 mm diameter nitinol wires are used to realize the posts and ensure minimum
flexure. The loops located at each extremity must be of low size to prevent the posts from
being too thick, especially in the sinuses. The stiffness and elasticity of the wire used doesn’t
make it possible to get them shaped in austenitic phase. The first treatment is therefore long
(20min) and at low temperature (450°C), for the material to be in more malleable martensitic
phase. Geometry is obtained through winding the wire around nails fixed on an aluminum

plate. A second treatment at 550°C sets the post’s final shape and decreases A, (Fig I11.28).

U-shaped for curvature
posts assembling

Fig I11.28_ Posts Fig I111.29 _Top view of stent arms Fig I11.30_ Front view of stent arms

Shape setting of the arms
Arms are shape set in only one step. A 550°C temperature is associated with a above t2
duration to minimize A, value. The curvature geometry is forced thanks to a plate like for any
other part of the stent, on which curved elements are fixed to give the sinus curvature to the

wire. Pictures I11.29 and I11.30 represent the obtained arms.

Stent assembling
Figures II1.31 and II1.32 represent the stent after assembling. We note that the posts are
covered with a textile sheath, on which valves and arms are sutured. The textile valve
prosthesis does have a conical fabric rim, which is slightly sutured on the stent’s conical
surface (just enough to not prevent the stent compression). The rim will be positioned at the

interface between stent cone and aortic ring tissues to prevent leakage.
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Fig 111.31_ Top view of the whole assembling stent Fig 111.32_ Side view of the whole assembling stent

Conclusion
The analysis and control of the nitinol properti@®ugh our experiments, allowed setting an
adapted manufacturing procedure for each parteftant. We show that the reproducibility
depends on the heating temperature, duration arohgofixture used. Our work made it
possible to control and regulate thg tdmperature value, in order to be sure to obtaial f
stent parts in austenitic phase. The stent keepeedh its elasticity and respects the

compliance of the tissues.
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Chapter IV TESTING BENCH

1 INTRODUCTION

Valves performances are generally characterizégonvays :

- static testing

- dynamic testing
Static testing is used to evaluate the leakagenwelacross the valve in closed position under
static pressure. It provides information on vahehdwvior in diastole when valve is closed.
Dynamic testing is done under pulsed flow and dtarees the dynamic valve leakage
(closing time). The valve behavior during closingdaopening phases is especially
highlighted.
These tests are usually performed through mountiagalve on a rigid holder. Actually, our
prosthesis is positioned only through shape matchbetween cone and aortic annulus, arms
and sinuses, head and aorta conduit. The posigoninthe stent is dependent on the
dimensions variations of the implantation environén the present work it is therefore
essential to place the stented valve in an enviesninwhich reproduces the aortic root
compliance for the ‘in vitro’ testing, for properrpmances assessment. We present in this
chapter the problems related to the testing benehused, and the modifications we

performed to encounter these problems.
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2  THE MOCK AORTIC ROOT

Native aortic root is compliant. To characterize thint's behavior in a compliant
environment, we realized a root out of silicon mate The deformations undergone by this
material under stress are close to the one of edissues. Large elastic deformations can
especially be obtained. Moreover, the material dgp¢iansparent, it was possible to visualize
the stent behavior in static and dynamic conditiemder pulsed flow.
The silicon root is obtained through casting. Testds composed of a core and an external
hull. Cast dimensions are set according to :

» Native aortic root dimensions

» Aortic root dimensions changes over the cardiatecyc

» Cardiac pressure values range
The so molded mock aortic root is tested under guulow to validate the dynamic

compliance.

2.1 The native aortic root

The dimensions variations adopted to realize theknmoot correspond to values given in
literature [SWA.74]. For pressure variations betw88 mmHg and 130 mmHg variations are
as follows :

- Aorta conduit : 30% enlargement

- Aortic ring : supposed to remain constant in ditane

- Sinus depth : variations around 20%

2.2 The mock silicon root
2.2.1 Description

The root was molded for a 21 mm diameter aortig.rinis composed of 4 main parts : (1) the
aorta, (2) the sinuses, (3) the aortic ring, (4)kbttom of the ring. (Fig.IV.1)
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Fig.IV.1_ Schematic representation of the mock aoit root

Each part required distinct manufacturing features.

2.2.1.a The aorta
This part is cylindrically shaped with a,0Onterior diameter and a thickness “e” when under
pulsed flow. Dimensions at manufacturing stateegrand Dz and can be calculated from
different equations :
Systolic to diastolic enlargement
For D, = 21mm, — Paias (D1) = 80 mmHg (1.4)
For D= D;.ADyiasssys — Psys(D2) = 130 mmHg (2.4)

Circumferential stress induced in the cylinder

P D,,
= Ul 3.4
o e (3.4)

Wall thickness definition
We assume that when silicon deforms the thicknessains constant. This gives a

relationship between the wall thickness value ethadther parameters (D&, D).

S:%e(e-}— 2D.m_)=%eo(eo+ 2Dint.0) — e=\/D§n.+ 4S

Dint. (44)

T
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Elastic modulus definition

The silicon elastic modulus is obtained from aticactesting done on a silicon sample. Stress

and strain induced in the material are related with
Dint._ Dint.O

o=E—
Dint.O

(5.4)

The combination of these equations leads to tlaioelship between the applied pressure P in

the root and the corresponding deformation :

Dint._ Dint.O
Dint. Dint.O

P=2E (VD2 +&,(€,+2D, )~ Dy (6.4)

The values for gand ) are calculated from equation (6.4) and the pressanditions
defined in equation (2.4).

The silicon used is of RTV 3428 (SiliconBlue). Tioot is manufactured with the obtained
dimensions values : E = 280 kPg22mm, R3=17.3mm

2.2.1.b The sinuses
Sinuses must link the aorta conduit witg=D7.3 mm to the aortic ring at 21 mm diameter.
They are circular shaped is diastolic configuratibine silicon thickness should be so adapted
along the sinus length to allow progressive dilatat At mid-height of the sinus, mock

thickness is about 3,1mm.

2.2.1.c The aortic ring
The aortic ring is realized at a 21 mm diameterighd ring is molded in the silicon just
below the aortic ring level to prevent the ring mdeter from extending too much. This

behavior respects the native ring behavior.

2.2.1.d The bottom of the ring
The rigid cylindrical ring goes from the aortic gimlown to the extremity of the mock root,
where the root is connected to rigid pipes of trendh. The ring prevents the root
extension/collapsing below the aortic ring, whiabuld interfere with the measure of the

leakage volume.
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Connection to Rigid Support
the bench test

Fig.IV.2_ The mock silicon root connected to the ting bench

2.2.2 Aortic root characterization under pulsed flow

The mock aortic root is connected to the dynamstirig bench (described later in more
details) for characterization. Axial root defornoati is prevented to avoid biased
measurements. Dimensions variations are recordédwdeo camera and compared with the

instantaneous pressure signal. Results validatestieon behavior, which respects the
compliance value of the native root.
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3  TESTING UNDER STATIC CONDITIONS

Static testing, already described before, shouldicn that a valve prosthesis is flood tight
enough in closed position. In our case, we wileasshe efficiency of the stent anchoring in

the aortic root under static pressure gradient.
3.1 The static testing bench

The bench consists in a water column under whiehstented valve is placed in closed
position. The leakage across the closed valve iasared as a function of the pressure

generated by the water column (Figure 1V.3 is aangxe of result obtained).

Water Static Regurgitation
Column

Textile Valve Prosthesis

400
350
300

Pressure
Transducer

- .

250

200

150

Leakage Flow (mL/min)

100

50

0 20 40 60 80 100 120 140

Pressure (mmHg)

Fig.IV.3_ static regurgitation measurement (princide and typical result)
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4  TESTING UNDER DYNAMIC CONDITIONS

In order to test the prototypes under dynamic doorl, we used a testing bench that had
already been developed by Heim et al. The testomglitions respect the norm ISO/CD 5840
defined in September 2002 for heart valve prosthessing.

4.1 The existing bench

The bench used is a cardiac simulator that warligitdesigned to test some textile heart
valve prostheses mounted on rigid stents. The gbdhe installation was to generate a
pulsatile flow across a heart valve placed in aogosition at ventricle outflow track.
However, for development time saving purpose, tech is limited to one circulation. The
model adopted to design the bench was the ciraullaim the Sheffield university [CHA.89]

It comprises a servo-system associated with a ptstaingenerates a pulsed flow signal (70
beats/min, 70 ml/beat). The flow circulation goestfthrough the tested valve, than through a
compliance volume placed behind the valve (to sateuthe arteries elasticity) and finally

goes back to the reservoir through a capillarystasce.

At ——

réservoir

v
Vo
Servo  |Piston] = ‘Lﬂ:’-—r
System

Orive] (-

Peyp T I T\
L résistance valve testée
capillaire

Microcomputer

Fig.IV.4_ Shematic representation of the cardiac siulator

In that model, the arterial circulation is not sgpad from the flow generator through an
artificial compliant ventricle, as can be seen withre technically advanced benches as the
one of the BlOmeca lab in Marseille. Basically,thiese benches are able to reproduce
pressure and flow signals very close to physiollgiones, they required long time of
development and high money investment, what wakirlgcin the present project. This
simplified device allowed, however, obtaining sameresting results about the behavior of a

textile valve in comparison with other commerciadlyailable valves. The tests focused on
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measurements of the closing time and the closigptriess of the valve. Figure V.5
represents the pressure signal (before and aftevalve) that could be obtained with the
bench in its initial configuration.

Pressure signals before modifications
Textile Valve Prosthesis
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Fig.IV.5_ Pressure signals before bench modificaties

The precision of the pressure signals obtained swdScient to test a valve in a rigid
environment, but did not completely satisfy the deevhen testing the valved stent. The
flexibility of the stent requires to take this timiee compliance of the aortic root into
consideration. Basically, the placement of the tsterthe aortic root is dependent on the
proper surface matching between the stent compsramt the root’'s contact surfaces. As
already explained at the beginning of this repibwt, aortic root undergoes some geometrical
dimensions variations under cyclic loading. Thesie required to follow these variations. It
had therefore to be tested in an artificial comylieoot, to validate its performances. The
previously described pressure signal presentedj@ mancerns related to these new tests. At
the beginning of systole, the pressure head ilyitrelached (point A on Fig IV.5) was much
higher than the expected physiological 120mmHgs Tinessure peak would tend to deform
the compliant aortic root more than expected, aad ko biased dynamic behavior of the stent
and measured performances. The second problemroexctine excessive low pressure value
obtained on the ventricle side at valve closingr(pB on IV.5). The exaggerated depression
would also deform the compliant root more than eigd and lead to non exact
measurements values. Hence, the bench was desigdedodified again, in order to improve

the pressure signals and correct the failing values
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4.2 Bench model

The existing bench was designed according to thedWéssel model (Fig 1V.6). This model,
proposed in 1899 by Otto Franck allows representivgy behavior of the whole vascular
system thanks to a combination of hydraulic comptse (1) accumulators (reproduce the
arterial elasticity or compliance and control thewf pressure), (2) diameter restrictions

(reproduce the capillary resistance), (3) hydrawdilves (control the flow circulation).
Fig.IV.6_ Windkessel model

When the valve is open (systolic period), the velgrflow goes through the capillary
resistance for one part, while the other part acdates in the compliance. In diastole (valve
is closed), the flow volume accumulated in the chamge flows through the capillary
resistance. From that model, applied to the phggio&l arterial blood flow conditions, the
size of the bench components (resistance and cangglj could be calculated.

In reality, this model adopted for previous test;i@ on non stented valves presents some
limits especially in systole. Actually, the modeinsiders that systolic flow is constant, which
Is not the case. Native flow is pulsatile and sisbhiaped versus time. The flow inertia needs
first to be considered in order to get a pressigneas that respects the physiological signal in
a better way. Second, the sinus flow pattern cseatpressure wave with a time period close
to 0,957s (corresponds to the heart pace). Thiswaepagates over the whole circulation
with a wave speed that depends on both the flowpcessibility and the pipe mechanical
characteristics. Every diameter restriction in ttieculation loop, will then generate a
reflection wave as soon as the main wave reachesdt a water hammer will appear. The
combination of these water hammers explains thespre peaks reached with the existing
bench at both systole (positive peak) and diagtagative peak) begins.

In order to improve the pressure signal, we folldweo strategies. First we used a new
electrical model for the circulation loop, to calte the compliance and resistance values
necessary to approach the physiological pressuréittans. Second, we applied a theoretical
water hammer model to our system to get an estimaif the water hammer effects. This
model will help understand which part of the citduad to be modified to reduce the water

hammer effect and improve the pressure signal.

4.2.1 Electrical analogy
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The following schema represents an electrical madehe circulation loop that takes the

fluid inertia into account.

Uz

clapet résistance
Cloche & air b) Chambre &lastique c) Analogie

électrique
Fig.IV.7_ Windkessel model

With that approach the circulatory system can beeten like an electrical circuit composed
of a resistance R (simulates the capillary resigtgrec capacity C (simulates the compliance
volume), a self-inductance L (simulates the inesfighe fluid that is put in motion).
Finally the pressure in the system can be desculiddthe following equation :

p=u(t)=L%+ u, (9.4)
In which i(t) represents the flow signal that candbtained from :

i(t)

—u°+C du,
R dt

(10.4)

4.2.1.a The resistance R
In our bench, a ball valve is used to reproducectpllary resistance. This choice makes it
possible to regulate easily the resistance in mecthis kind of resistance induces a pressure
drop, directly dependent on the flow value (maximdden flow velocity has reached its
maximum). Hence, the value of R changes with inataous flow. We consider, however, in
the model that R is constant. The theoretical ¢almn of R from the model will hence
slightly change from the experimental value. Bug thrder of magnitude of the average

experimental value will however remain close tottheoretical one.
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4.2.1.b The compliance C

The compliance present in the circulatory systemhmadefined with :
dv _ V

C=—-1=—

dP yP

Po and \4, are respectively the initial air pressure andur@ in the compliance related to the

(11.4)

pressure P and volume V at any time with :

PV’ =P,V §=constantvalue (12.4)

4.2.1.c The inertia L
The fluid column that needs to be put in motionrespnts the self inductancel-=%I ,

(obtained for the fluid Euler equation).

In order to get an order of magnitude of thesetim@&ffects we measured experimentally the
pressure increase induced by the acceleration d5m long water column in a 21mm
diameter conduit over a 0.15s period of time.

Influence of Fluid Inertia on Pressure
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0 Flow o

60 60
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0 3 o
g 0] Pressure (T
& 0 0
0 -* 10
20 20
30 30
40+ B 4 an
50 -50
07 08 09 1 11 12 13 14 15 16 17
time (s)

Fig.IV.8_Influence of fluid inertia on pressure

We observe that a major pressure peak is reaclerdl®fore flow motion starts, at begin of
the flow signal when fluid begins to accelerateisTehows that fluid inertia cannot be

neglected.

4.2.1.d The pressure signal
The physiological flow characteristics can be useexplain the value for i(t) in the electrical

model. Indeed, the flow signal can be consideregimgsoidal with a maximum value. |
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Systolic flow takes place over &t0.3s period of time, with a frequency correspogdo the
heart pace of 70 beats/min. Diastolic phase durasid, = 0.5s.
i(t)=1,sin(wt) t€[0;0,3¢<] (13.4)
i(t)=0 te[0,3s;0,Es] (14.4)

Expression ofv and lo can be obtained from (13.4) and boundangition :
The systolic flow is null at the end of systole.

i (tg,)=14Sin(wty,)=0 — w=m/ty (»=10.47 rad/s) (15.4)
The stroke volume V is about 70mL during systole.

_Vw

v=[it)=]"lsin(wt)dt  — ==

(lo=366 ml/s) (16.4)

To solve equations (9.4) and (10.4), we study seelyrsystolic and diastolic phase.

Diastole
In diastole, equations (9.4) and (10.4) could beiteen as follow :
u(t)=u,(t) (17.4)

u du,
+C

0=R"C 4

(18.4)

A solution of (18.4) can be easily obtained :
u (t)= Kdiase_t/T (194)

In whicht=RC represents the response time

The values of K.s andt can then be defined with equation (17.4) from baumpdonditions
related to pressure values at diastole stajtgiid end (B that must respect the physiological

values :

1

I:)0
7=RC=—t,/In| 5* (20.4)

Kdias= Pl (214)
Systole
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In order to easily solve equation (10.4), we arekmg with complex number. First we write
the general solution of the homogeneous equaseaciated with (10.4), and then we find a
particular solution of (10.4).
¢ General solution of the equation without second {14.4)
The general solution of (18.4) is :
f(t)=K,e " (22.4)
& Particular solution of the equation (10.4)

We use the complex definition of (13.4).

i(t)=1,sin(cwt)=3(1,e"“") (23.4)
U du
—_ ]wt= Cc C

and (t)=1,e R +C I (24.4)

A particular solution U’(t) can be so obtained from the complex definition (O)f with
(24.4) .

Ul(t)=K,e'™" (25.4)
Equation (24.4) becomes in diastole, with complefinition :
|Oei“’t=% K,e'"'+C jwe! (26.4)

Which leads to
Rl _RIy1-jRCw]
“ 1+jRCw  14(RCw)

(27.4)

We, however, take only the imaginary part & ’(t) into consideration to obtainu’(t) :

R°Cl,w

up(t)=¢zsin(wt)— 5cos(wt) (28.4)

1+(RCw) 1+(RCuw)

¢ General solution of the equation (10.4)
Finally the global solution for(t) in systole can be written from equation (9.4mbined
with the above obtained result.
Uc(t)=f (t)+uc(t)
L =Ke R gin(et)- B gt (29.4)
1+(Tw) 1+(Tw)

From equation (10.4) we get the expression of thegure signal p(t) = u(t)
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u(t)=L%+uc(t) 5
. Rl, . R°C I
Uy,=Ll,wcoqwt)+K, e t’T+—°zsm(wt)——oaicos(wt) (30.4)
1+ (Tt w] 1+(tw]

The values of Kand R can then be defined with equation (30.4) (@3d4) from boundary
conditions related to pressure values at systalg¢ @) and end (F) that must respect the

physiological values :

1+(rw]’ P,=Pye ™+ LI w(1+e )

R=
Lo T w(1+ e_t”"‘/T)
Rl ,Tw
K,=P,— LI w0+ .
1+(tw)
With following values,
P,=80 mmHg V =70mL l=1,5m
P,=120 mmHg p = 100 Kg/ni d=21mm
We obtain : 1=1,37s R = 8,18.f®P,.s/n? C =1,68.10 m’/s

Figure IV.9 gives the theoretical pressure evolutiaih the bench characteristics
Windkessel Model with R, C, L elements

130
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Systole Diastole

1
1
I
1
1
60 I
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40 I
30 |
20 |
10 |

Pressure (mmHg)

0 0,1 0,2 03 04 05 06 07 038
time (s)

Fig.IV.9_ Bench pressure characteristics

However, the theoretical calculated values willtheebe experimentally corrected in order to
take the water hammer effect into consideration.
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4.2.2 Water hammer model

Water hammer corresponds to a sudden pressureasect# a water column due to a sudden
flow velocity variation (sudden stopping of a flurhimovement or sudden start of an initially

static water column). It is characterized by thaagation of a pressure wave, which partially
propagates in the flow circuit, and partially refe on any resistant surface present in the
conduits. The reflections induce the sudden prespaaks (assuming that the pipes do not
undergo any deformation). The elasticity of ar®ii vivo, indeed, prevents water hammer

phenomenon from occurring on the heart valve.

4.2.2.a Role of inertia on water hammer
In order to first see experimentally which compdseare influent on water hammer in our
circulation loop, we performed some tests witheatight pulsed signal shapes characterized
with different “acceleration-deceleration” duratiooser a constant 0.3s period of time
(100ms - 200ms; 150ms -150ms; 200ms -100ms).

Impact of acceleration on Pressure Peak

Acceleration

175

100

Pressure (mmHg)

-5
0,05 01 0,15 02 025 03 0,35 04 045 05

time (s)

Fig.IV.10_ Acceleration value and pressure peak

We observe that the higher the acceleration, thleenithe pressure peak due to inertia.

165



Chapter IV Testing bench

4.2.2.b Role of the pressure drop on water hammer
We tested the influence of the resistance valutheéncircuit on the first pressure peak. We
observe that whatever the resistance, the firsspre peak keeps the same value.

Impact of Resistance on Pressure Peak

Resistance

Pressure (mmHg)
k * Flow

01 02 03 04 05 06 07 08 09 1 11

time (s)

Fig.IV.11_ Resistance and pressure peak

4.2.2.c Theoretical water hammer model

The equations governing the water hammer are théncity equation (mass equilibrium)
and the momentum equatiorf{Rlewton law).

Continuity equation
The continuity equation is the differential equattbat describes the conservative transport of
the fluid mass defined with equation (31.4).
dM _

T_O M being the mass (31.4)
Assuming that there’s no pipe deformation, equafiin4) can also be written in differential
form as
g—‘t’+diV-(pU )=0 (32.4)
In which :

U = fluid velocity
p = density of the fluid
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Considering the flow as unidirectional equation.43ecomes :
9p , 9(pV)

P o =0 (33.4)
10p,0U Uadp
—— Dt —4——=
<t X ox 0 (34.4)
9p i P OP
We replace ot with K ot
In which :
K= water bulk modulus (Pa)
P = pressure (Pa)
Equation (34.4) becomes :
ap, adp ou _
8t+axU +K8x_0 (35.4)
op . ol
The term ax  can be considered very small Comparedgtﬁ2 and can be neglected

while K can be written as a function of the wavéoeity ¢ with K=pc?.

Equation (35.4) becomes :

op 20U
—+pc"—=0 :
Tt pC o (36.4)

Momentum equilibrium
Newton's second law can be written in a simplifiéan (viscous effect are neglected, flow is
unidirectionnal).

5 2P=0 (37.4)
Water hammer is finally governed by equation (3éu4qd (37.4).
Both equations can be combined after derivatioh vaspect to x for equation (36.4) and t for
equation (37.4) and obtain :

2 2
Cz@ F 0 F_O

= 38.4
ox> ot (38.4)
In which F is a function that can be velocity Uppessure
The solution for such kind of equation is :
X X
F=f|t—=|+0g[t+= .
12 o[t (39.4
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In which f() represents a wave that propagatessitipe direction, and g() represents a wave
that propagates in negative direction.

Applying the general formulation to pressure, fostance, velocity can then be calculated
from equation (36.4) and (37.4)

p:f(t_§ +glt+X (40.4)
S X X
qv=z[f(t—g)—g t+ (41.4)

In every section of the circulation loop (locatedaadistance x from an origin) the wave
generates a pressure increase p and a flow incgwaas function of the time respecting the
above described equations. These increases aragavealues obtained for a mean flow
stream, corresponding for the vascular blood catooh to 4,51/min flow and 100mmHg. The

impedance Z of any specific part of the conduit tteen be defined as the ratio between flow

and pressure.

(42.4)

4.2.2.d Assessing of Z for our bench configuration
The Z impedance value changes upon time t whenconsidered fix, and changes upon x
when time is considered fix. If the value f(t-liaptained for the f wave at the location x=L
along the pipe is known, the reflected wave g gaedr by any geometrical or mechanical
singularity in the flow (defined with its impedangg) can be written :
7= -1

S
= (t_lE)—psC (43.4)
Z,—>+1
pC

t+—
g Cc

More generally, this equation is verified if g rests the general expression :
S

21-x\ % pc !
=f(t— - ) "S (44.4)
Z—+1
pcC

X
t+=
C

g

This last equation allows to calculate at any liorai the pressure increase induced by a
positive wave reflecting on a #npedance. We define therefore the corresponanpgdance

at any x location with :
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z,=-1
X 21-x\ 'pc
o2
5 e ¢ z.p—SC+1
z=P=L= .
.= s, (45.4)
f(t—ﬁ)—f(t 2'_’() pC
c ¢ Jz341
pC

In our case the wave signal can be considerechas@dal and can be written for calculation

purpose as following :
f (t—%):aelw(t_z) (46.4)

with a = real number

Hence we obtain for g :

S
J.w(t_ZLc—x) Z| E_l
7,241

pcC

X

t+—|=ae
C

g (47.4)

Finally, combining the complex numbers for f anagether Z can be written as :

(48.4)

If we consider x=0 as the location at which we measthe pressure in the bench
configuration, the final impedance will be :

Zli+j tanw—I
pC C

(49.4)

This general expression can describe some particoidigurations:

1. If flow is constant (no wave) we hawe=0 and Z=Z.. Impedance correspond to the
pressure drop across the different components mrese the circulation loop
(compliance volume, capillary resistance, valvewfimeter)

2. If there’s no component out of pipe present onflive way (true along some parts of

the loop) we have 20 and Z=pc/S which corresponds to the own impedance of the

pipe.
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The bench circulation loop is characterized afailhg : wave is present, some parts of the
conduit are characterized with pipe own impedanaoéd, a few diameter restrictions generate
wave reflection. A more precise analysis of théedént parts of the circulation loop will help
us to estimate the effective pressure head duatermammer.

Pipe impedance

With no reflection g, the own impedance of pipegiv@n with :

z =£C (50.4)

pipe™ S

The wave velocity value depends on the pipe mataiize and on the fluid compressibility

c=\/E (51.4)
p

K
DK (52.4)

1+E

K = modulus of compressibility (5.10Pa for water)

K'=

D = pipe diameter (30 mm on the average)

E = elastic modulus of the pipe material (3000 MPa)

e = pipe thickness (2 mm)

The calculation results in ¢ = 488 m/s, angZ 9.94.16 Pa.s/m

This value is to be considered if we havteln(%l) very small in equation (49.4), i.e.

Ol n & T<2 (53.4)
c C

The period of the pressure wave should be theessf than approximately 0.004 seconds. In
reality, with a simulated 1 Hz heart pace on thechethe signal remains far over that value,

and pipe impedance can hence be neglected.

Reflection on pipe diameter restrictions

—_—
-l"-"h—!’

e [

Fig.IvV.12_ Reflection on pipe diameter restriction
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Across a restriction, part of the initial wave eefls on the restriction, while part of it is

transmitted and following equations are respected :

for the pressure signal

f(t)+g(t)=h(t) (54.4)
for the flow signal (according to the impedancemgbn Z,)

Sl S2

—| f (t)—g(t)|=—=h(t 55.4

[ f()-gv]=—Zn() (55.4)

This leads to :
h(t) _ 2a;

(t) a+a,

(56.4)

Where aand arepresent the ratios/Bc; and S/pc,and a>a.

In our pipe system, 2 locations do generate someifgiant wave reflection: (1) at the
junction between the pushing cylinder and the catoh pipes, (2) at the entry of the flow-
meter device (of Coriolis type, with high diametestriction). For both locations, we
calculate the pressure increase due to water hamamgrcompare it with experimentally

obtained values.

Diameter changes

APressure = h(t)/f(t)

APressure = h(t)/f(t)

(calculated) (measured)
Entry junction 40 - 25 1.6 1.77
Flow-meter 25—-(8+8) 2.0 2.35

Table 1V.13_ experimental and theoretical values gbressure peak

We observe that there’s good correlation betwe@emxent and theory which tend to
confirm the validity of the result. The next stemsists in modifying the bench to limit these
values. In order to overcome these non desiredpresncreases, two main modifications
were performed: (1) the flow meter was studied oremdetail, (2) compliance was adapted to

the signal.
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4.3 Bench modifications

4.3.1 Flowmeter

The flow-meter used in the loop is of Coriolis typteis located between the wave generator
and the tested prosthesis. The way the flow-metedifies the pressure signal can be
observed in figure 1V.14 in which pressure is @dttn a loop configuration with and without
flow-meter.

Impact of the Flowmeter on Pressure

Pressure (mmHg)

— With Flowmeter

200 = =Without Flowmeter

-250

-300

350
0,0 0,1 02 03 04 05 06 07 08 09 10

time (s)

Fig.IV.14 _Influence of flow meter on pressure sigal

Out of the pressure peaks induced at systole asstalie begin which were already talked
about, one may note the delay induced by the dewitlee closing process (occurs at 0.45 s
instead of 0.35 s). In order to define the exalet ptayed by the flow-meter on pressure signal
modification, we first tested if pressure drop asrthe device is of significance. Indeed, the
device comprises a 8 mm diameter pipe, requiredhbyCoriolis measurement process to
reach the expected precision. High pressure drtgereof induced at the input and the output
of the device (the main circulation diameter is PimBoth experimental and theoretical
obtained pressure drop values for the flow-metermaoundAP=0.75 @ with AP= pressure
loss (mmHg), Q = circulation flow (I/min).

In a further step, we replaced in the circulatioap the flow-meter with a simple resistance
that generates an equivalent pressure drop. Wadtdst device under pulsed flow conditions.
The experimental pressure signal obtained withflthhe-meter and with the resistance show
that the first pressure peak is present with tlosv flmeter and no present with the sole

resistance.
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Pressure at Resistance ends Pressure at Flowmeter ends
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Fig.IV.15_ Pressure signal with flow-meter and withequivalent pressure drop resistance

It can be concluded from this result that the presgrop is not the cause of the initial
pressure peak. The 8 mm tube in the device is e sause for the high water hammer at
device entry. As to the depression observed atalebegin, the water hammer occurs this
time in the opposite direction during backflow. Valclosure is hence delayed. To prevent
these non desired pressure peak phenomena fronriaggwe decided to connect the flow-

meter in a derivative way.

4.3.1.a Flow-meter modification
In order to reduce the flow that transits througle 8mm large pipe in the device, we
connected a second pipe in parallel to the magastr It was important to ensure with that
procedure that the flow circulates same directiorboth pipes. Once this condition was
verified, we performed the calibration of the devim order to get the relationship between

the measured flow signal and the effective one.

{3& e N

Fig.IV.16_ Derivated flowmeter

4.3.2.b Pressure drop in the derivation
In order to prevent recirculation in the derivatioipe, this needs to induce a pressure drop.

That pressure drop is regulated experimentally gpKkew but appropriate circulation in the
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flow-meter. Basically, flow values in the 8mm tubsust remain high enough to avoid
precision loss in the measurements. On the othed,hthe flow value must remain low
enough to avoid pressure peaks. Figure V.17 shbevsmprovement in the pressure signal
with the derivated flow-meter.

Impact of flowmeter derivation on ventricular pressure
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Fig.IV.17_ Pressure signal with and without derivaibn

Once the appropriate derivation setting is done flittw-meter calibration can be realized. For
that purpose the derivated flow-meter is placed uadeater column. Pressure variation and
instantaneous flow are recorded. A mechanical valwakes it possible to make the

measurement for different flow values. Figure IVrEpresents the relationship between the

effective measured flow values and the global flowhie circulation loop after calibration.

Flowmeter Calibration
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Fig.IvV.18 Calibration : measured flow versus effetive flow
4.3.2 Compliance
The modifications in the compliance and resistaveleies, according to the new electrical
model adopted, associated with the flow-meter meatibns allowed reaching better pressure

signals (Figure 1V.17). To make the signal smoqthes inserted in addition a ventricular
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compliance € between the signal generator and the flow-metiee. Setting of the Cvalue
was done experimentally. In figure 1V.19 we obseitve influence ¢ on the pressure signal

for 3 different settings.

Impact of Ventricular Compliance value on Pressure
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Fig.IV.19_ Influence of the ventricular complianceon the pressure signal

We observe that if theGralue is too high, the valve closing is slightlaled. Actually, the

ventricular compliance tends to extend the ejectiamation and hence delays the closing
time. Its value is therefore reduced to the minimdma realize further damping of the

pressure signal, the compliance is associated ditiaa with a resistance. Indeed, some
papers on the subject found in literature highlighe effect of resistance associated with
compliance for pressure damping [PIC.66]. In owgecthe resistance is obtained with a flow
restriction at the entry of the compliance. FiglwWe€20 shows the influence of the restriction

on the obtained signal.

Impact of flow limitation in Ventricular Compliance

with High Cv &
Flow restriction

Pressure (mmHg)
2

= = with High Cv
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Fig.IV.20_ ventricular compliance with restriction
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4.4 Conclusion

Figure 1V.21 represents the testing bench with tagnmmodifications : (1) flow-meter
derivation, (2) addition of a ventricular complianc

| Arterial — ] s Flow
| Compliance '} | = '
Resistarice [ @

Transducer

Fig.IV.21_Final dynamic testing configuration

Figure IV.22 shows the final pressure signal oladiwith that final configuration. The
modifications damped the pressure peaks drasti@ily the signal is very close to the
physiological one. As can be noted, the silicort dmesn’t disturb the signal significantly.

Impact of Silicon Aortic Root in the bench test
Textile Valve Prosthesis

with Silicon
Aortic Root

Pressure (mmHg)

20
40
60
80

100 : : . .
0,00 0,10 0,20 0,30 0,40 0,50 060 070 080 090 1,00

= = without Silicon
Aortic Root

Time (s)

Fig.IV.22_ Pressure signal after modifications
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ChapterV.~ THE PROTOTYPE TESTING

1 INTRODUCTION

The goal of the work done in this chapter is tolea@ ‘in vitro’ the performances of the
stented valve prototype. It is especially essemialssess if the prototype concept is valid, i.e.
that the anchoring through surface matching icieffit. Different stent configurations have
been tested, in order to assess the influenceavhggical parameters variations on the stent’s
behavior. The parameters do have an influence redhethe stent’'s dimensions or on the
stent’s rigidity. The rigidity influences the valaosing mechanism, while the dimensions
influence the positioning of the stent in the raotd affect leakage properties of the
prosthesis. The way the stent affects the textibstpesis is also studied, in comparing the
stented valve performances with the performanceshefnon stented valve. Finally the
prototype’s performances are compared with the opexdnces of other commercially

available valves.

2 OPERATING CONDITIONS

We present here how the tested valves are placdteibench. The commercially available

valves are mounted in a rigid root while the stdntalve is mounted in compliant root.
2.1 Protheses placement
The ‘in vitro’ testing must assess the leakage erigs of the tested prosthesis. Therefore the

mounting in the testing root must be preciselyrdi to prevent biased measurements due to

placement differences.
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2.1.1 The non stented prostheses

Valvular prostheses implanted with classic surgmalcedure are used to be sutured to the
aortic ring to prevent any paravalvular leakagee T vitro testing of a prosthesis requires
therefore to assemble the valve with the rootnmilar conditions.

The commercially available prostheses that we nseur testing procedure, to make some
performances comparison, are the biological Mitwfland the mechanical St Jude Bileaflet.
The devices are originally mounted on a rigid pstge covered ring for surgical suture
purpose. The ring is also used in vitro to testtustheses in flood-tight configuration.

The textile prosthesis tested in vitro is developedur lab. It is molded in a rubber silicon
ring to get maintained in aortic position. A righ¥/C cuff helps to press the prosthesis on the

aortic ring.

Press on

Commissures Sewing ring

Biological
Valve Leaflet

Silicon Sewing Ring
~ Reinforced

Ring

Figure V.1_ Textile prosthesis (left) and biologiclavalve (right) positioning devices

2.1.2 The stented valve

The stented valve is placed in the compliant roahually at ambient pressure. The silicon
dimensions are different between the rest stateusuoigr testing. At implantation time the
positioning precision of the stent depends on theraipr. Hence, for better relevance in the
tests, it is essential to run some pulsed signareeany measurement is performed. The stent
will position itself to its final position after ahile.
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2.2 Conditioning of the textile prostheses

To attest the stent’s performances in vitro, wesehto associate i
with a textile valve. The textile valve is obtainéy shaping a
polyester fabric. Picture V.2 represents a textddve prosthesis,

sutured to a conical basis.

If textile material makes it possible to vary epsivalve’s

dimensions, it requires, however, specific treatnberfore testing. 9 V-2- Textile
prosthesis positioning

device

2.2.1 Textile structure and in vitro testing
Fabric permeability depends directly on yarn orgation in the fabric structure. Textile used

as heart valve is solicited in vitro under flexared pressure stress, which largely modify the
yarn reorganization. Figure V.3 shows the leakag#ugion of a fabric valve over time. One

may observe a continuous decrease in static legkageosed valve) over time.

Impact of textile structure Arrangement on Regurgitation

consecutives static test on plane textile fabric
700 .
Initial

Result

600

500

400

300

Flow (mL/min)

200

Latter

100 Result

0
0 20 40 60 80 100 120 140

Pressure (mmHg)

Figure V.3_ Fabric leakage versus time

2.2.2 Consequences on static regurgitation measuateme
Because of this time related fabric rearrangementgss, before any reliable regurgitation

test can be performed two conditions must be résgec
* In order to get rid of the testing history of thaterial, the valvular prosthesis must be
tested under physiological pulsed flow conditiooer a long enough period of time
to stabilize the regurgitation values. Once staailon is reached, fabric structure will
not reorganize any more. The time required for tlyaamic process being quite long,
the valve is initially conditioned under static gsare (150mmHg) for 6 minutes
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before dynamic conditioning. The following conditing period lasts 20 minutes in
our experiments.

* As to the static regurgitation assessment, suc@sseasurements were not relevant.
Indeed, static pressure from the water column gctim the material tends to
reorganize the fabric structure at each test. Eafmist, therefore, be conditioned

before measurements are performed.

Static and dynamic conditioning was performed befoy regurgitation measurement.

2.3 Bench testing settings

The ISO/CD 5840 norm, which deals with heart-vghvestheses ‘in vitro’ testing, does not

concern stented valves. We defined however a pobfoc our experiments to be comparable.

2.3.1 Flow generator
All prostheses were tested under physiological tmms, at 70 beats/min with a 70 mL

ejection volume. Systole and diastole durationgespectively 300ms and 557ms.

2.3.2 Compliance
For all tests aortic and ventricular compliancesenset at :

* Cy=1.84 mL/mmHg

+ C,=0.02 mL/mmHg
The compliance of the mock aortic root is considerven when tests are performed on
textile, biological or mechanical valve (mountedrigid root as previously described). The

compliant root is therefore placed in additionhe tigid one.

2.3.3 Resistance
Resistance value is set so as to obtain a 100mmegsyre gradient over the valve in

diastole. Systolic peak pressure is then 160mmHg.

2.3.4 Fluid
The ideal fluid for ‘in vitro’ testing should be did analog, with controlled density and

viscosity. We chose to work with water to make tbgting easier. Basically, the goal of the
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testing process was to assess the influence oftéme on the global prosthesis behavior, and
to compare the performances with the ones of atlbeices. The flow characteristics do not

play a big role in that approach.

3  STENTED VALVE PERFORMANCES VERSUS FEATURES DEFINON

Dimensions as well as rigidity of the stent’s elatse influence the performances of the
endoprosthesis. As already cited in the previoaptrs, the stent can be characterized with

following features :

+ Head height (H)
« Cone anglef])

« Cone width (1)

« Arms stiffness

« Posts stiffness

To find the best dimension and structure combimatoy the stent, we varied these features,
and compared the prototypes performances. Theré&satere separated in two classes.
* Features related to dimensions, which characteh@epositioning of the stent in its
environment.
» Features related to the stent’s rigidity, whichrelaterize the stress induced by the
stent on the surrounding tissues.
The testing of different combinations of these deas will help find the stent that ensures

optimum anchoring and leakage properties.

3.1 Dimension features

The dimension features are described here in meteel dto assess their possible influence on

‘in vitro’ behavior.
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3.1.1 Head Height
The head of the stent is supposed to center amhtothe device axially. To make the

implantation process easier, it is interesting toimize the length of the stent. However, if
the head of the stent is not long enough, the dewiay tilt. The influence of the length was
therefore assessed. Two heights were testedpecew the following criteria :

* The posts height was adjusted.

» The nitinol wire diameter is adjusted to keep tams pressure applied on the aortic

wall.

3.1.2 Cone angle
The cone angle plays an essential role in the aagkoof the stent. The lower the angle

value, the lower the prosthesis migration risk. ldoer, with to low angle values, the cone

may interfere with the sinuses. Two angle valuesewempared : low and average.

3.1.3 Cone width
The cone width influences the sealing of the presthon the aortic root. One may assume

that the higher the width, the better the sealnd,the bigger the risk of interference with the
back of the sinuses. A cone with average widthevaas compared with a cone with larger

value.

3.1.4 Arms length/shape
To prevent flow disturbances in the sinuses, it doe of interest to minimize the length of

the arms in the sinuses. Two stents were compacee: with longer arms, the other with

short arms.

3.2 Structure features

One of the main goal of the in vitro testing, issdidate the assumption that the stented valve

can remain in position under pulsed flow, with otdyv expansion force. Measurements

performed with varying the stiffness of both arnmsl gosts, will make it possible to assess

the minimum required stiffness of the elements.
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3.2.1 Arms flexibility
Arms are essential parts of the stent, which pretten device from axial translation. They

press on the upper part of the sinuses, and geardmat contact between cone and aortic ring
always occurs. As already presented in Chaptehel effort applied in the sinuses should be
as limited as possible, to prevent tissue degradatnd traumatism. To validate the
theoretical model presented, we tested three prmstwith three different arm rigidities :
high, medium, low. The highest rigidity corresponmusarly to a configuration, in which

compliance is completely impeached over the carclate.

3.2.2 Post rigidity
The stent’s posts play different roles :

* They link the different stent parts and bring cotve$o the device

* They hold the valve leaflets
Enough rigidity is required to fulfill these dutieBercutaneous implantation requires however
flexibility. Compromise needs to be found. The expents will be realized with two rigidity
values for the posts.

3.3 Finally adopted geometry parameters

Table V.4 lists the values adopted for the reabiratf the different stents elements.
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Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
braided N 3*(i=7 o N o
parameters iI=7 j=5 i=3) i=7 J=5 iI=7 j=5 i=7 J=5
Head NiTi wire
diameter 0.26 0.26 0.26 0.26 0.26
(mm)
Conical Angle (9 40 40 20 40 40
basis Width (mm) 6 6 6 8 6
NiTi wire
Posts diameter 0.55 0.55 0.55 0.55 0.6
(mm)
Nb of wires 3 3 3 3 3
Arms
Length long long long long long
Sample 5 Sample 6 Sample 7
braided =7j=5 | i=7j=5 | =75
parameters
Head ——
y.'T' wire 0.26 0.26 0.26
iameter
Conical Angle 40 40 40
basis width 6 6 6
Post itinol wire 0.6 0.6 0.6
iameter
nb of wires 3 2 1
arms
length long long long
Sample 6 Sample 8 Sample 7 Sample 9
braided i=7 =5 =7 j=5 i=7 =5 i=7 =3
parameters
Head —
’(;'.'T' wmre 0.26 0.26 0.26 0.203
iameter
Conical Angle 40 40 40 40
basis width 6 6 6 6
Post Nitinol wire 0.6 0.6 0.6 0.6
diameter
nb of wires 2 2 1 1
arms
length long short long long

Table V.4_ values adopted for the realization of th different stents elements.
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4 THE TESTING

Three different kinds of tests have been perfornfaécst we tested the influence of the
previously listed features on the prosthesis betnaunder defined testing conditions. Second,
we compare the performances of the textile stemédde with the ones of the non stented
textile valve, to assess the influence of the stenthe behavior. Finally we compare the
stented valve with other commercially availablespneses : a biological (Mitroflow) and a
mechanical (St Jude bileaflet).

4.1 Performances of the stented valve

The performances of the stented valve depend dinsthe performances of the stent, and
second on the performances of the valve. The stéadtures may influence both. We study
hence simultaneously the behavior of the stenhéncompliant aortic root, and the static and
dynamic leakage of the device. The measured ragtigy is influenced by the stent in two
ways :

* The bad positioning of the stent in the root vahdl to leakage.

» The valve is connected to the stent, and its ofpbehavior will depend on the stent’s

rigidity.

Regurgitation measurements are represented irfedafit ways :

» Tests under static pressure are performed anddedkav across the valve in closed
position is plotted versus pressure applied.

» Diastolic closing flow is at last plotted versumé. This gives information on the
volume flowing through the valve while closing. €ilog duration can then be
assessed.

* Under pulsed flow, we measured the global back-flasva percentage of stroke

volume.

All the prototypes are positioned in the compliaottic root for static and dynamic testing.
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4.1.1 Placement in the aortic root

If the stent is badly positioned in the aortic roleakage volume across the closed valve
occurs. Basically, if the stent is badly orientadthe implantation environment, the contact
zone between the cone and the aortic ring is bdlljzed : para-valvular leakage increases.
This phenomenon can be particularly noted undeticstasting conditions. The design

parameters that influence the positioning of tleatsare listed below.

4.1.1.a Cone width
Two prototypes are compared. The first is chareaddr with a standard cone width

(described as reference cone), while the cone witithe second was extended. Figure V.5
shows the measured regurgitation values obtained.
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Fig.V.5_ cone width variation

We note that static as well as dynamic regurgitatrecreases for larger cone width value.
This can be explained by the fact that the corbeals becomes too large to push on the aortic
ring. The cone tends to push on the bottom of thesss, which leads to bad sealing and
leakage. As to the valve closing time, it is orlglgly modified. Actually the closing process
is mainly conditioned by the flow vortex generatedhe sinuses. To increase the cone width
doesn’t modify the leaflet facing the sinuses. Flaveulation in the sinuses is therefore not
modified, and closing duration keeps the same.

A wider cone doesn’t only increase static regutgitg but also may lead to worse tissue
degradation. Actually, when stent pushes on thassiissues rather than on the aortic ring, the
stress transfer generates sinus tissues degrad@tiertone width must be therefore limited.
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However, if the cone is not wide enough two moebfems may appear :
» Cone positioning may be disturbed for large ringnuieter variations over the cardiac
cycle
* The stent must be axially well oriented for preasee-ring matching. The cylindrical

head of the stent plays a large role in that masexe show in further results.

4.1.1.b Cone angle
Two prototypes are compared. The first is charatdrwith a standard cone angle (described

as reference cone), while the cone angle of thensbaas reduced. The reference angle value
corresponds to the native angle between the bottfothe sinuses and a vertical cut plan of

the root. Figure V.6 shows the measured regurgitatalues obtained.
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Fig.V.6_ cone angle variation

A slight decrease in both static and dynamic reigatign values is observed. Basically,
reducing the angle leads to better matching witheiased contact surface between aortic ring
and cone. Sealing is hence better ensured and sieolwsed static leakage. As to dynamic
regurgitation, lower angle leads to more securalguositioning. Actually, the higher the
angle the better the device is centered in thacaong. With lower angle value, the risk of
stent tilting is increased in spite of the roleyeld by the head in that way.

An ideal configuration will be a conical basis withinimum angle value, which provides

enough sealing over the whole cardiac cycle anal @xisitioning of the device.
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4.1.1.c Length of the arms
Two prototypes are compared. The first is charasdrwith arms long enough to cover

nearly the whole sinus surface (described as mdede while the second is characterized with
much shorter arms, which push only in the uppet pkthe sinuses. It is first important to
note that with short arms, it's not possible tgpees$ the geometry of the sinuses. Figure V.7
shows the sinus deformation at end of diastolehHlgal deformation is a characteristic of
that configuration. The effort from the arm on #ieus is actually not spread on the whole
sinus tissue, and with shorter arms, the efforiea increased as well. Results are presented

in Figure V.8

Initial
profile ~

Deformed
Sinus
Profile

Fig.V.7_ sinus deformation induced by short stentrans compared to long stent arms.
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Static as well as dynamic regurgitation valuesiaceeased with shorter arms. While systolic

anchoring is provided, the local deformation indude the sinuses lead to tissue axial

extension. The resulting effort applied by the conethe aortic ring is hence reduced. Para-

valvular leakage is increased. As to the influewntethe rigidity increase due to arms

shortening on the global dynamic prosthesis behawiwill be studied further in this work.
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Ideal stent design should be characterized withsalomg enough to apply pressure on

sufficient sinus surface. Static regurgitation vebloé limited and tissue degradation as well.

4.1.1.d Cylindrical head
Braid cohesion

Two prototypes with different head heights are carad. One is considered as the reference,
while the other one is characterized with a smdilésrd. The braiding parameter j, that defines
the number of meshing cells over the head’s heighljfferent between the two prototypes.
Following consequences can be noted :

» A shorter head leads to fewer crossing pointsénbitaided structure.

* To keep the same theoretical mechanical behavidydth heads, the wire used for the
smaller one is chosen of lower diameter. Actualjth less long wire parts in the
shortest braided structure, the wire stiffnessnigaased. Wire diameter reduction
compensates this.

Results are presented in figure V.9.

Reference
(7) 1500

200
17

Reference

(7

Static Regurgitation Valve Closure Dynamic Regurgitation
700 5000
500 // gl . Smaller Head
Smaller Head & i - g (9
3
= 500 9) || Smaller Head G
E 3500 —¢ ) = 2
2 40 E L 3
5 5 0o | &
2 E 2 19
300 3 N <
& §
55
2
=
53
4

Reference
N

0 20 40 60 80 100 120 045 055 085 075 085

15

pressure (mmHg) time (s) 13

Fig.V.9_ regurgitation and head’s height

Apart from the theoretical mechanical charactersstf the shorter head, we note that the
cohesion of the braid is drastically reduced witlangatic consequences on regurgitation
performances. The shorter head, with not enouglksioh, deforms more than expected and
axial positioning is not ensured anymore. Positignof the prosthesis on the aortic ring
becomes very hazardous. Stent tilting is not cotajylampeached. Static leakage is hence

increased.
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Moreover, the stent slight tilting that occurs ungmilsed testing conditions, has also
conseqguence on the valve closing process, withehiglosing volume. When the stent tilts,
the leaflets change slightly their position frone thinuses, and prevent the sinus vortex to
occur in a correct way. Valve closing becomes d&yendent from just the pressure gradient
across the valve at diastole begin. Valve clossigelayed, while closing volume increases.

It can be concluded that with poor cohesion intiteéd, and exaggerated deformation of the
head, the stent axial positioning cannot be redliZéhe regurgitation of the prototype is
indeed very dependent on correct positioning of ¢oee on the aortic ring. Braiding

parameters need to be changed for shorter head atauntnhg.

Height of the braided head
Two prototypes with different height value are camgu, but wire diameter is this time
increased for the shorter head to ensure braidiesion. The radial stiffness of the shorter
head is thereof slightly increased, which lead$oteer radial compliance of the implanted

device. Results are presented in Figure V.10.
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Fig.V.10_ regurgitation and head’s height

We note that under dynamic working conditions tlesiog volume is nearly the same for

both prototypes. Static regurgitation is howevehber for the shorter head, and this in spite
of higher rigidity. These results show that reduteight is not sufficient for the head to

position axially the stent in the aortic root.
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The optimal head must be developed in taking twieets into consideration : (1) the height,
(2) the radial stiffness. Braid’s cohesion mussb#icient, but limit radial pressure acting on
surrounding tissues. Braiding with numerous lowntBger wires could be a solution. As to
the height, it must be high enough to ensure efficpositioning, but short enough to make
percutaneous implantation easier. For furtherrigstive adopt a long head with fine braiding

to prevent leakage due to bad axial positioning

4.1.2 Valve closing time
Para-valvular leakage due to biased stent placemetite aortic root is important as we

analyzed above. But the influence of the stenthendynamic behavior of the valve itself is
also a main concern. The measurement of a closing modification associated with no
increase in static leakage highlights this inflten€he valve behavior modifications are in
particular related to the stent’s stiffness. Welgtbelow the influence of the rigidity of the

different stent’s parts on the valve dynamic perfances

4.1.2.a Rigidity of the arms
To assess the arms influence on the valve perfaresanve compare prototypes realized with

arms characterized with different stiffness. Thasare identically shaped, but realized with

1, 2 or 3 Nitinol wires. The 3 wires configuratiprevents nearly any compliance movement

for the sinuses, while in the other cases, compdias respected. Results are presented in
Figure V.11.
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Fig.V.11_regurgitation and arms’s flexibility
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The experiments lead to different conclusions. tFir®m a qualitative point of view, we
observe that the use of flexible arms is sufficiemtensure precise stent anchoring in the
compliant aortic root. Second, we note that sthtakage is not influenced by the arms
rigidity, which means that the positioning of therg in the aortic root is not affected by
changes in the arms rigidity. On the contrary, amggdity has influence on dynamic
regurgitation results. With arms characterized wibv rigidity, the closing volume is
reduced. Basically, arms are linked to the sterd&$ The more rigid they are, the more they
tend to flex the posts. The posts flexure can lz=oled dynamically on the bench when stent

is under pulsed flow.

Fig.V.12_ top view of the stented valve in diastal® arrows note the posts location

The closing delay induced by the deformation of pets can be explained qualitatively as
follows : rigid arms tends to flex the posts whadnsequently put valve commissures closer.
Valve leaflets are then solicited on a minimizeaaféalve opening and closing require thus
increased bending energy, there are more foldso keaflet.

The results highlight the relationship betweenatras, the posts and the valve itself and how
the dynamic regurgitation of the prosthesis is coowed by the different stent elements.
Arms with low rigidity seem to be better adapted dfent’'s requirements. They allow
anchoring the stent in the aortic environment whilgpecting tissue compliance. Moreover,

low rigidity of the arms leads to lower valve clogivolume and shorter closing duration.

4.1.2.b Rigidity of the posts
The results presented above, show that the po$stsnusion influences the valve closing

dynamic. We compare in that section two prototypealized with two different post
rigidities. The reference is considered to be ttweqtype assembled with the less rigid posts.

In figure Fig.V.13 are represented the obtainedltes
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Fig.V.13 _Regurgitation and posts rigidity

The more rigid the posts are, the less dynamicrg#gion is observed. With less rigid posts,
which tend to flex, the valve closure is delayede Dbtained results, validate the mechanism
already described previously. Moreover, the usamofe rigid posts leads to less static
leakage for the valve, which is independent froma ttosing mechanism. This can be
explained with the fact that the posts providediiyi to the whole device. Their deformation
leads to global deformation of the stent. Axialiposing of the conical basis on the aortic
ring thanks to the cylindrical head is hence distdr Head guaranties axial positioning, only
with non deformable posts. Only then, leakage ev@nted.

We can conclude that optimum behavior for the stewbtained with high rigid posts. Stent

axial positioning is then ensured and regurgitaisoimited.

4.1.3 Conclusion
The tests performed have highlighted which infleetiee different stent features had on the

dynamic behavior of the stented valve. The deviadopmaances can be optimized on the
basis of these results. However, we note that thle posts rigidity that is required to reach
expected regurgitation performances, is not corbfgativith percutaneous implantation.
Further work need to be done on the stent’s desigseparate arms and posts behavior. A

new way of assembling the stent parts together teebd developed in that way.
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4.2 Stented valve and other protheses

4.2.1 Stented and non-stented textile valve
We focus in this section on the influence of thenston the textile valve behavior. We

compare the performances of the stented valverémte 7) with the ones obtained with a non
stented textile valve mounted on a rigid supporguie V.14 represents the regurgitation

performances of the two valves.
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Fig.V.14 stented and non stented textile valve

In terms of static regurgitation, the stented vasvenore efficient than the non stented valve.
First, the stent’s specific conical geometry makesossible to ensure tight sealing at the
cone-ring interface, with limited para-valvular kege. Moreover, the deformation of the

posts under static pressure, leads to radial movenfethe valve commissures towards the
aortic root axis. Good coaptation between the é¢sik realized. On the contrary, when valve
is mounted on a rigid support, this deformation #relcommissure movement doesn’t occur.
The commissure’s position is, in that case, largegendent on the way the valve is mounted
on the rigid support. Irregular positioning may hemead to increased static leakage for the
valve. As to the dynamic regurgitation, results better for the non stented textile valve.
Dynamic leakage is around 38 % higher but remaloisadly in low range. Closing volume

is higher and closing time is delayed. This canekplained, as already described above,
through the flexing of the posts, which tend toodef the whole device and modify the

sealing under dynamic conditions. The leaflets |lenieed to the posts, and excessive posts
deformation modifies the coaptation conditions. Témuired leaflet bending energy increase ,

valve closing is hence delayed.
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Performances of the stented valve are good undéc stonditions, but are not completely
satisfying under pulsed conditions. Assembling e stent’s parts must be optimized in

further developments to improve the dynamic pertoroes.

4.2.2 Stented valve and other commercially availpbbstheses
The stented valve (reference 7) is compared toratbemercially available prostheses: a

mechanical and a biological. Figure V.15 presamsobtained results.
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When compared to biological valve, the static rggation of the stented textile valve is
much higher. Basically, textile material is porarsd less flood tight than biological tissue.
Static leakage will always exist for such kind ofaterial. When compared with the
mechanical valve, the stented valve presents be#®ults. Mechanical valve is indeed
characterized with running clearance. Our prototspews encouraging performances from
that point of view.

As to the dynamic regurgitation properties, thentge valve is in the range of other standard
valves and this, in spite of delayed closing duefléxible posts. Moreover, significant
improvements through design optimization of thetsd valve are still possible.

In vitro results show that the endoprosthesisrisaaly characterized with acceptable static as

well as dynamic performances in comparison to vidhaixpected in the field. Moreover, the
improvement margin is large.
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5 CONCLUSION

The in vitro testing results presented in this ¢egphave highlighted that the in vitro
behavior of the stented valve is close to whatjgeeted for such device. The stent ensures
good anchoring in the mock aortic root, under pbiggjical testing conditions without
excessive radial expansion force. Static and dyoaegurgitation performances are in the
range of the ones for other available prosthesks.r@&sults highlight the role played by the
stent’s features on the stented valve performantkese features are to be optimized in

further design and assembling developments, inrdodenprove the stent’s global behavior.

196



Conclusion and future work

CONCLUSION AND FUTURE WORK

With the present work we tested the feasibilityedlizing a stented valve, which positioning
in the aortic root is guaranteed though surfacechmag) rather than through high expanding
force. The bibliographic work highlights the intsteof developing non-invasive technical
valve replacement with specific design, to meet gpecific requirements of heart valve.
Basically, the use of classic cylindrical stentsoasated with biological valves in the already
performed clinical trials proved the feasibility pércutaneous valve implantation. However,
migration problems as well as surrounding tissieggatiation were reported by the pioneers.
Many stent prototypes are today under developniautt,only few are not based on high
expansion force. The market is there, and the rmedmmmunity shows big interest in the
development of specific solutions, which could @oene the drawbacks of classic
cylindrically shaped stents.

The design we have presented tends to respectetbraegry of the native aortic root. The
stent is maintained through geometrical positionidgconical basis is placed on the aortic
ring and transmits the whole diastolic pressuredoto it. The role of the ring is thus
respected. The positioning of three arms in theeupart of the sinuses prevents the stent
from translating under dynamic flow pressure intslgs The mechanical behavior model we
have proposed for the arms, shows that the congdiahthe sinuses can be respected if the
arms are dimensioned in respect to the compliaegeirements. As to the braided parts, we
showed that with appropriate wire diameter, it@sgble to obtain head and cone structures
with enough rigidity to withstand diastolic presswvithout braid collapsing. The assembling
of all the parts can be done with respect to titing) freedom of head and cone along the
posts. The stent’s global length can thus be kepstant between compressed and deployed
states. The implantation with limited length thrbugrtuous arteries is hence easier.

The detailed study of the braiding conditions pnésé in the third chapter, allowed us
realizing braided structures made from a uniqudicoaus wire. This specific configuration

prevents the stent from being characterized with nwemy discontinuities, which could

197



Conclusion and future work

disturb blood flow and generate blood clots. Anothdvantage of the continuous wire
configuration is that the tissue-stent interacti®mess degrading for the tissues. With fewer
wire extremities, risk of injury is limited.

In order to test the performances of the stentopype in physiological conditions, it was
necessary to implant the stent in a mock compkamtic root. Indeed, the elasticity of the
implantation environment has much influence on #tent's behavior. However, the
deformation undergone by the root is highly presgsiependant. The already existing testing
bench was characterized with non desired pressea&spthat would exaggerate the root’s
deformation. The fluid mechanics study conductedhapter four made it possible to control
more precisely the pressure conditions of the beanld do the necessary modifications in
order to obtain the expected pressure values tnecdrdiac cycle. The final signal reached
after modification respected precisely the natigaa.

On the basis of physiological testing conditiohsyas possible to test the performances of the
prototypes in terms of static and dynamic regutigita The results are particularly
encouraging because they show that the stent assdavith a textile valve is flood tight
enough. Under static conditions, even at highesqune, the contact between the conical basis
of the stent and the aortic ring is maintained. &bwver, the braided head of the stent deforms
with the aorta expansion and the contact betwead had aorta conduit is maintained as well
over the whole cardiac cycle. The head preventstiet from tilting even at high pressure.
Its function is hence validated. As to the reswoltéained under dynamic conditions, they
validate the role played by the stent’'s arms. Urgldsed flow, the stent keeps the position
and doesn't translate upwards. However, the arms slightly over the cardiac cycle and
make it possible to keep the compliance for theisss. We proved, hence, that the stent
respects the dynamic behavior of the aortic rosdste degeneration due to exaggerated
stress should be limited in vivo.

When compared to other commercially available pwests, one can observe that the
performances of the stented valve are very clas® fwhat can be expected for such kind of
device. The prototypes seem to satisfy the physicébgeeds.

At last, we performed some tests varying differéesign parameters. The results highlight
how influent design criteria are on the dynamic d&webr of the prototypes. We note
especially that head, arms and cone play eachsants and equivalent role in the stent’s
performances. First, a long enough cylindrical hpeglrents stent from tilting and ensures
precise positioning on the aortic ring. Secondpa low cone angle leads to interaction

between cone and sinus depth. On the other harttieitone angle is too big, the stent
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doesn’t push enough on the ring and positioningpisensured enough precisely, which leads
to valve leakage. As to the arms, they need toobg Enough to spread the effort in the
sinuses and their rigidity must be low enough tegkthe compliance of the sinuses. At last,
the tests highlighted the role played by the posthe valve dynamic behavior. If the posts
are not rigid enough, the energy required to ctbgsevalve through leaflet flexure is higher.

The valve closing is hence delayed, and the dyn&ualage is increased.

The work done up to now and the results obtainedtio validate the principle of the stent.
We proved that it is possible to realize a stent ihgositioned through surface matching
rather than exaggerated expansion force. The mpeafaces of the stented valve are in the
range of the expectations for heart valve replacepmstheses. Qualitative tests proved that
after compressing the stent by hand to low diamdteecoils when compression force is
removed.

However, some questions remain and need to be asdwe further work, with focus on
three points. First, no trials have been perforyetdo insert the stent in a catheter. This is a
major issue for that kind of device. It is partely essential to assess how the catheter must
be designed to ensure precise expansion of thereiff stent’s parts. Future work must be
done on the development of the catheter. Moredweegissess the way the stent may position
itself in the aortic root, some tests must be peréat first in explanted aortic roots using
some radiographic and fluoroscopic imaging techesgq he imaging technique must make it
possible to see if each of the stent’s arms isgrgositioned in the each sinus. The stent’s
axial positioning must be controlled as well to westhat the cone deploys at the right level
in the aortic root. A second issue that is essembiadeal with is the durability of the
implantation. We tested the device only on shoriggs of time. Longer lasting fatigue
testings should confirm that the positioning of tievice is guaranteed on the long term, and
that the stented valve doesn't move over successamliac cycles. At last, some
implantations must be performed in animal in ortdetest the thrombogenicity of the device.
Indeed, the arms are positioned in the upper gaheosinuses and over the coronary ostia. It
is therefore essential to assess if there’s aaistibstructing the coronary arteries with the
geometry adopted for the arms. More generally,nogation must be performed at two main
levels. First the interaction of blood with all teent’s parts must be analyzed. The results
will help to optimize the geometry in order to dhta prototype that disturbs blood flow as
little as possible. Second, performances must lpgdwed through design optimization. The

tested prototypes, for example, were realized ¥gkible posts. In practice, one of the main
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functions of the post is to link the head and thieec Too much flexibility in the posts, lead to
exaggerated flexure which induces global stent rdedtion. Leakage may thereof be
increased. Basically a compromise must be founddeat low rigidity for easy implantation,
and higher rigidity to keep enough rigidity for thent. These aspects can be studied more in
detail only after animal implantation has been @ened. Moreover, the way the stent was
assembled up to now may lead to suture rupturesm@ation must hence also concern the
assembling process. The final goal is to be ablee#tize the stent’s geometry in one way

rather than through assembling separate partsydoe reliability in work after implantation.
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