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Abstract

Abstract

The increase in the axage age of society leadsgeywyear, to an increase in the number of patients requiring
cardiovascular surgerjdany of these interventions are focused on the replacement of pathological heart
valves, a cardiac surgery that leadsimportant impairmenfor the patient who undergoesernotomy,
extracorporeal circulation and carghalmonary rehabilitation after sgery. This implies that elderly or high

risk surgical patients are not eligible for this type of surgery. In thevastty years a transdater valve
replacement techgile has been developed. This approach allows to implant through a catheter a valve
prosthesis, significantly reducing the invasiveness of the surgery. In the last decade, numerousieevices
placed ontte market, indicatingn increasing interest for thhew methodology, enrolling more and more

patients eligible for undergoing percu¢ams surgery.

This work focuses on the class of mechanically expandable devicesmaparticular- on the LOTUS Edge
device by Boston Saitific, designed to treat thaortic valve. Under specific request by the cliniciangtod
Interventional Cardi@gy and Coronary Intensive Care UoitRCCS San Donato, directed Byof. Bedogni,
the implant of the considered ptiostic device in aorti roots of idealized geometwascarried out in order
to study theeffect of aortic annulus eccentricity and dlaifications on thedevice performanceThree
different annulus eccentricities and four different levels of calcificatiseverityvere conilered,for a total
of 12 simuations. Performancef the prosthesis wagssessed in terms sfentaortic root irteraction area,
paravalvular leakage and stress distribution on the aortic root. Finally, a {spiéeific implant siralation

wasperformedo test the behaviour of thedice on real aortic root geometries.

The work began with the CAD geometric recoastion of the device, which was obtained by drawing the
filament from which the stent is made, in its stfigeg confguration, as a helix ra, through mirror
duplication polar series replication and blend jointing operatidths geometry was obtained@he three
conditions of eccentricity were generated tgsigningidealized aortic roots having elliptical annulus
respetively with eccentriity index equal to 0 (perfegtlcircular), 0.25 (elliptical) and 0.5 (very elliptical).
Spherical sectors of praggsively greater volume were exploited to model the four calcium severities required

by the study.

A finite element modewas developed usingeam elements for the stenbre preliminary computational
testswereconducted to determine the type of elemembst suitable for the purpose of the simuladidrhnese
tests led to the choice of the B31 elements present iillaeus library. For the fiite element model,
optimization was studied in order to achieve a reduced computationatoogtatible with chical needs. To

recreate the interactions between the filamehthe stentjoin connectorsvereintroduced, which allow to
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maintain the raitional degrees of freedom kotconstrain the relative displacements between the filaments
near the intersecti@npresent on the stetl@incean explicit solvemwas adoptedt was necessary to introduce

a semiautomatic mass scaling on the staoglirg onlythe mass of the elemamequiringa time increase of
less than 587s. The mass scaling value and the nsostable type of connectors (join or hinge) were
identified through a compression te$tthe stat, evaluating any variations in the respens different mass
scaling véues.

The LOTUS Edge implant procedure requires a first crimping step, a seconéléase step and a third
compaction step. Durinthe crimping, the device undergoes a reductiondiameter necessary to be able to
insert itinto the delivery catheter Wilg a diameter of 20Fr (6.67mm) and modelled as a cylindrical surface
which, by redicing its diameter, comes into contact with the stent and imposes deformation. The release step
was obtained by progressively removing the steaint exerted by the cathgtallowing the prosthesis to
expand exploiting the superelastic properties of M, to interact with the aortic root. The compaction, a
phase typical of mechanically expandatideices, was obtained by introducing in thedel two rigid planes

which, approaching each other up to a distance of 19mm, come into contact with tworseteoft the two

ends of the stent, shortening it to the lengtfirafl deploy

The results of th simulations showed that LOTUS Edge is abladapt well to the aortimaulus even in the
presence of severe calcifications and very elliptical annuliiciad the area between the stent and the annulus,
thus reducing the paravalvular leak. The stententrates the stresses and the contaaivth the aortic root

in theannulus region, ensuring good anchoring and good compression of the native barteafietsagainst

the walls of the aortic root. These performances were compared with traasegriel other prosthetic devices
analysed % the computational mechanigsoup of the University of Pavia. It has been shown that, despite an
increase in theoncentration and intensity of efforts in the annulus region, these efforts are not excessively
more intense than those generated byegnding devices. In addition,hgn LOTUS Edge is implanted in

very elliptical geometries, the variation in the @uttarea with the aortic root undergoes a minor reduction

compared to other devices.

A simulationon a real patient was conducted by studyantpse of severe bicus@dric valve comparing

the performance of LOTUS Edge with that of Acurate NEO and EWlan the same aortic geometry. In
accordance with what was concluded from the analyses onzelalorta, it was shown that LOTUS Edge
could be a good alternative for @htreatment of this patient as it ensures a good area of interaction,
conspicuouslyeduces the paravalvular leak and is able to compress calcificatesent on the native aortic

valveleafletsagainst the aortic root suasully.
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Sommario

Léaunmeeltlobet ™ medi a del | aunasceescitald humerqdd pazighche neapssita a n n |
interventi di naturecardiocircolatoria Tra questi interventi trova ampio spazio la sostituzione di valvole
cardiache patolgiche, un intervento di caathirurgia che comporta importanti disagi per il paziente che deve
essere sottopost@ sternoctomia, circolazione extracorporea e riabilitazione cpalinonare dopo

| 6i ntervento. Quest o i mprischic @eratonicenorpsemeeggibilitper questoz i a n i
ti po di i nter ventioésvillpeataaieerica di sostituaiorenvalvelarentiarscatetere che
consente, tramite un catetere, di posizionare una protesi valvolare per via percudaceado
significatmivaeamenteé Id@l | 6i nter vent o.sonethtilindnedsuli ma d
mercato, dato che indica un interesse della clinica ad operare tramite questa nuova metodologia, aumentando

il numero di pazientielegghi | i per | ®méont ervento percut a

Questo lavorasi concentra sulla classe dei dispositivi egfibifi meccanicamete el in particolare- sul
dispositivo LOTUS Edge di Boston Scientifiprogettato per il trattamento della valvola aortibaetro
specifiarichiestadapartedeiclmi del | 61 RCCS San Donat o daeéterapia@apart c
intengva coronaricadiretto dalProf. Bedogni & stato effettuato un test di impianto del nuovo dispositivo
protesico in radici aortiche di geomatidealizzata in modo da potstudiare le performance del dispositivo

a fonte di distorsioniel | | 6 a n n a ¢hele reralano éccemtrico e di calcificazioni. Sono stati considerati

tre differenti eccentricita e quattro livelli di severita di cal@fioni per un totale di 12 siazioni. Le
performances sono state valutate in termini di ar@aterazione pratsiradice aorticaleak paravalvolares
distribuzione degli stress sulla radice aortica. Infine & stata effettuata una simulazione doigiemt

specific per testarie comportamento del dispositivo sma geometria realdi radiceaortica.

Il lavoro e iniziato corla ricostruzione geometrica CABel dispositivo, che e stata ottenuta disegnando |l
filamento da cui € costituito lo stenglla sua configurazione streksr e e come unodelica e
di duplicazione speculer replicazione irserie polare e blend jointing si € ottenuta la geometria. Le tre
condizioni di eccentricita sono state realizzare creando radici aortichkzzdée aventi annulus ellitb
rispettivamente con indice di eccentricita pari a 0 (perfettden circolare), @5 (ellittico) e 0.5 (molto
ellittico). Dei settori sferici di volume progressivamente maggiore sono stati sfruttati per modellare le quattro

severita di calcio richies@allo studio.

Un modello agli elementi finiti & stato sviluppattlizzando, perd stent, elementi di tipo beam. Alcuni test
sono stati condotti per determinare la tipologia di elementi pit adatti per lo scopo dellaismeul@ali test
hanno portatalla scelta degli elementi B31 presenti nella libreriatlmhqus Peril modelloagh elementi finiti
stata studi at a rhggiongereiumioztacamputaziorale lidotto encorhpatibile con le
esigenze clinichePer ricreare le interaziorira i filamenti sono stati introdotti dei connettori join, che

corsentono di mantene i gradi di liberta rotazionali ma di vincolare gli spostamenti relativi tra i filamenti in



Sommagio

prossimita degli incroci presenti sullo stentvehdo adottato un risolutoresmicito € stato necessario
introdurre un mass scaling semitomaico sullo stentandando a scalare la massa dei soli elementi che
richiedevano un incremento temporale minore d0FES. Il valore di mass scaling e la tipgiln di connettori
(join o hinge) piu adatti sono stati identificati tramite un test di compoessilello stent,alutando eventuali

variazioni nella risposta a differenti valori di mass scaling.

La procedura di impianto di LOTUS Edge richiede un primp dterimping, un secondo dlascio libero ed

un terzo di compattamento. Durante il crimpihdispositivo sulsce una riduzione di diametro necessaria per
poterlo inserire nel catetere di rilascio avente diametro 20B7nim) e modellato come una sufae

cilindrica che, riducedo il proprio diametro, entra in contatto con lo stent ed impardeformazione. &

step di rilascio € stato ottenuto rimuovendo progressivamente il vincolo esercitato dal catetere, consentendo
alla protesi di espandersi,aqie alle proprieta supereleste del Nitinol, fino ad interagire con la radice
aortica. Il conpattamento, fase rppria dei dispositivi espandibili meccanicamente, & stato ottenuto
introducendo nel modello due piani rigidi che, avvicinandosi reciprocanfieiat ad una distanza di 19mm
entrano in contatto con due set di nodi alle due estremitasdetiq accorciarado fino alla lunghezza finale

di impianto.

| risultati delle simulazioni hanno evidenziato come LOTUS Edge sia in grado di adattarsi beaenatl u | u s
aortico anche in presza di severe calcificazioni ed annuli molto ellittici, riducehdd ar e a trafdot er p o
stent e | 6annul us, gui ndi riducendo il |l eak parav
la radice aorticarhel a r egi o n e cdrantioludhaenancdraggo,ed una Bidna compressione della

valvolaaortica nativa catro le pareti della radice aortica. Tali performance sono state comparate con quelle

relative ad altri dispositivi protesici analizzati dabigpo di meccanica computazeoh e del | 6 Uni v e
Pavia. Si € mostrato come, nonostante umenio della concéenr azi one e del |l 6i ntens
regione dell éannul us, tal i sforzi non rirdiwWdit ano

dispositivi auteespadibili. Inoltre, quando LOTUS Edge € impiantata in geometrie aneltittiche la

var i azione dell 6area di contatto con | a radice aor

Una simulazione su realagiente é stata condotta stanlilo un caso di severa bicuspidia aortica, confrontando
le performance di LOTUS Edgm®n quelle diAcurate NECedEvolut R sulla medesima geometria aortica. In
accordo con quanto concluso dalle analis aorta idealizzata, $tato dimostrato che LOTUS Eelgoteva
essere una buona alternativa per il trattamento di tale paziente in gsisiotoa una buona area di interazione,
riduce cospicuamente il leak paravalvolare ed é in grado di comprimereifea&zioni presenti suilembi

della valvola aortica riva contro la radice aortica con successo
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Introduction

Aortic stenosis is the ast common valvulopathiit] [2] and it isoften generated by calcified degeneratién
the aortic valve calcium deposis prevent the valve from functioning properivhen severeaortic valve
stensismust be treated surgically. The main alternatives are the open heart surgical replacemeatwa,the
particularly suitable for young piants, or the transcathetesric valve implant (TAVI), a minimally invasive
treatment that performed with thediing heartthusreducing the operative risk and the hospitalization time
for the patientand lowering the cost of the intervention for thational health system. TheAVI technique
allows toimplant inside the orifice of the native valagrostheticbiological valve mounted on a stent that
compresses the native valzgainsthe aortic root wall, whout the need to removke native leaits Proper
positioning of therosthetic valves crucial and has a significant impact on pgs¢rative valve factioning.
Mispositioning can lead to complicationgietmost commorone is paravalvular legkwhich consists in
residual blood flow passingebwveen the stent and thanubr region of the aortiwall. Another complication
consists in the risk of damagitige nervous conduction of the atsientricular node and of the Hiss bundles,
preventing the dart from developing the correct sinus rhytf8h Sometimest can be difficult to properly
anchor the prosthesis to the annuluscdee of mispositioninghe devicds not well anchored to the annuls
and itcan leave the iplant site pushed by the blood flowo avoid this, it is common practice tversize the

device but, if excessiveyersizingcan lead to annulus rupture.

Figure 1: Intraoperative radiological images of valpesitioning. Note the
difficulty in accurately identifying the mition of the annulus.



Introduction

In this context, it is possible to develop computational models to study the behavimwvicds in particular
experimental conditionso to extrapolate informatioon the optimal positioning strategy and on the best

device for tle patient's pathology.

This work is part of a collaboration between the Computational Mechanics & Advanced M@teng of
University of Pavia and the Cardiology Unit of IRCCS Policlini@an®onato (San Donato, Ml). Starting
from specific requests frothe surgeons, the aim of thi®rk is to develop the CAD and Finite Element model
of the Boston Scientific LOTUS dgje aortic valve prosthesis in order to predict the behaviour of this device
by means of finite elements simulations into idealized aortit gegometries. Patiersipecifc implantation
procedure has been investigated as well on a single case. Moreowertesis have been carried out to
optimize the simulation strategy balanctwmputational costs and results accuracy.

Different approaches dmmethods have been developeér the years by different research groups to simulate
transcutaneous interventiofiem stent implantation to valve prosthesis implantation. In this work #gtkod
proposed by the Compmech department of the Universityvié Ras adopted. The companisof the results
obtained in this work with the literature is reported in the resdttion, where detailed comparisons were
made through tables showing theuks obtained as an extension of those already existing iitetaure.

Other important sarces have been cited in the materials and methods section, to show the reader the
alternatives proposed by the literature and how they have been verified eacoeptodified for this thesis

work.
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1.Background

This chapter itroduces thg@roblemof aortic valvulopathies with particular focus on stenosis and bicuspid
aortic valve The twomain operchest and transcatheter treatments are compared, highlighting their advantages
anddisadvantagesind introducing an overview oféhmain prosthetic deces curently on the market. In the
second part of the chapter, the focus shiftsascabeter aortic valve implantatidsy describing the class of
mechanicakexpandible devices and the LOTUS Edge prosthetic device.

1.1 Aortic valvulopathies

The aortic véve is the heart valve that connects the left ventricle to the aorta artery, ensuringvayofhew

of blood. This valve interrupts the passage of blood during the diastolic phase of the left ventricle, and allows
the blood to be ejeetl into the Aorta aery in the systole phase. Aortic valve malfunction can compromise
both proper valve opening iventricular systole (preventing physiological flow into the aorta) and complete
closure in ventricular diastole (leading to the onset ddixgf

From an anatmopatholgical point of view, the alteration of the valve can originate from inflammatory
proasses of the endocardium of a rheumatic nature, or of an arteriosclerotic nature starting with small growths,
due to edema of the subendocardionnective tissuand a thombotic accumulation of platelets, leukocytes,
erythrocytes, englobed in a fibrin ta@rk. Then follows the replacement by a sclerotic tissue that causes

scarring that alters the morphology of the valve.

Two main types of vabpathies can therefe be déned: stenosigFigure2) and insufficiency. Stenosis is a
narrowing of the size of the valve orifice that implies a reduction in blood flow [3]. Insufficietioy inability

of the valve to opposeflux in the diastolic phase

HEALTHY AORTIC VALVE

Closed

3

Open

Aortic Valve

A\

Figure2 Aortic stenosig4].
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Another disease affecting the aortic valve consists in bicuspid (Eitygre3). In physiological conditions the

aatic valve is tricuspid, thais, it has three independent leaflets that open by pressure gradient. In the
patholgical sitwation instead, two leaflets are welded together. The genesis can be congenital due to an error
during valvulogenesis in foetal dewpiment or it can be acquireid, which two leaflets fuse together due to
calcifications and the formation of filtfo tissue

<

Normal tricuspid valve Bicuspid aortic valve

<

Figure3 Healthyand bicuspid aortic valves
1.2 Restore the valve functionality

If the symptoms produced/ithe malfunctioningalve (®vere BAV)become evident or there is a high risk of
developing aortic dissectionift necessary to intervene on the valve to correct it. There are two main kind of

replacement options:

9 Surgical removal of the existing valvadireplacement with an artifal valve (SAVR = Surgical
Aortic Valve Replacement).

1 Adding an artificial valve, whout removing the existing on&AV1).

1.2.1Surgical Aortic Valve Replacement

SAVR is performed under general anaesthesia and consists of mgpthei damaged aortic valvetiv a
biological or mechanicgdrosthesis. The patient is anesthetized and conntxthé heartung machine for
assisted extracorporeal circulati®@urgeons plee the venous return cannula in right atrium or vena cava to
cadlect blood returning from #peripheral circulatory system to the heart. After being heated and oxygenated,
theblood is reintroduced into the patient through a cannula usually placedasdéeding aorta. Once the
extracorporeal circulation is partilistarted, the patient's h¢as stopped by amjection of potassium, the

aorta is severed in tlescendindract and clamped at the released end. Heparin is added to the blood pumped
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into the patient to prevent blood clofhe circulation is diverteffom the heart, which is stppd to allow the
removalof the native valve Once the valve has been removed, tlosthetic valvgFigure4) is implanted,
the artery is closed and circulation is reactivated. Following the surbergatient is hospitalized intensive
care unit before being transferred to the cardiology depattrand subsemntly entrusted to cardiac
rehabilitation.

Suture Ring

Leaflets

Figure 4 Examples of prosthetic devices. A) Caged ball valve: thigeval
actually no more useidwas one of the first attempts of valvular prosthesis. B)
A bi-leafletsmechanical vale, the two leaflets pivot, following the blood flow,
opening and closing the valve. C) Tilting disk mechanical valve. A disk is
constrainedd move tilting on a pivot, aming and closing the orifice. D)
Biological valve. The leaflets are & in biologi@l tissue like bovine
pericardium and sutured to a metal scaffold to give the shape. E) Polymeric
valve. This kind of valves is under researchly few prototypes are alable

but they are not ready to clinic usage yet.

In recent years the have beemiportant evolutions of prosthetic valve devi¢Egure4). The first attempts

were made with StafEdward prosthesamonsisting of a silicone bdree © move inside a metal cage. This
type of valve was abandoned as it ladhemodynamic, causing significant turbulence and did not ensure a
good closurfpening Subsequently, some prostheses (currently the standareinmducedthe graphite
leaflets coated with pyrolytic carbon are anchored to a Dacron ring to allow themnsutubed on the annulus
deprived of the native valva@hese prostheses, currently the most durable, have a life that can rez@h 20
years. @ the other had, they have gor fluid dynamics and produce large pressure drops, requiring a lifetime
anticoagulat therapy for the patient. The biological prostheses, introduced later, have a fluid dynamics
comparable to the physiological one but, beimanufactured #h biologicalmaterials of animal origin, they

have a limited duration (205 years) and can undergalcifications. The latest front of research in this field

are polymeric prostheses. These, still in development, can combine an almdabplogd fluid dynamics
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with a long material life. Additionally, manufacturing a polymer valve is significamihg lexpensive than

pericardium suture or pyrolytic carbon coating.

1.2.2Transcathetefortic Valve Implantation

TAVI procedure allows the replacent of the damged valve witbut having to remove the original one,
which is instead compressed against the aadits by the prosthesis itself or by valvuloplasty. The new valve
consists of a biological valve constructed of specially treated bovinercing pericadium mounted ora

stent. Depending on the physiognomy and predisposition of the patient and ajdiaodifferent TAVI
approaches can be applieigure5 [5]): transfemoral TAVI, whex theright or the leftfemonal artery is
ascended with a catheter up to the adhatransapical TAVI, which wss a minithoracotomybetween the

fifth and sixth intercostal spacés cross the mediastinum and reach the annulus by perforating the cardiac
apex the transaortic approh is done reaching the ascending aorta from a rightsténnotomywith the
delively catheter. A perforan of the aorta is performed and the valve is replaced. The last two approaches
reach the aortic valve annulus througlk subclavian artery. Thefidirence between a subclavian approach
and the transaxillary approach is that infibrener the catheter directly inserted in the subclavian artery, in

the latter the subclavian artery is reached through the axillary éotery the left axillary arty). Thestandard
approach is the transfemoral one, other approachesdoemed wien is not possible tgo up the aorta artery

due to stenosis or unregukeorticroot geometries.
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Figure5 Approactes used for transcatheter Bowvalve implantation. A) The
transfemoral approach. B) The transapical approachTI® transaortic
apprach. D) The subclavian approach. E) The transaxillary approach. Picture
from [5].

1.2.3Transfemoal TAVI

The transfemoral TAVallows you to reach the aortic valve by inserting a catheter into the lumen of the
femoral artery after aking an incision on the wall of this at the level of the inguinal fold. In this way, it is
possible to go up the aontetrograde up to its root amal be able to place the steBepending on the patient's

condition, the interventiocan take place in en(step 2 only) or two steps.:

1. (optional) Valvuloplasty: Used to open the native aortic valve and prepare the iniptaotdahe new one.
The cathter used is equipped with a balloon, which is inflated to compress the nativevalwgi@against

the walls of the Aorta.
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Figure6 Valvuloplasty topushthe defective valven taortic root wall

2. Implantation of the valve prtsesis: the delivery catheter, at the end of which the prosthesisipressed,

is used in the crimping procedure.

Figure 7 Deploy of the valveThe deployment catheter is retracted along a
guide andhe device is free to expand

1.2.4Which intervention to choose?

The substantial differences between surgical andsdegheter replacement lead to distinguish some
advantages and some disadvantages of each technique compared to the other. The surgioal teehniq
current standard fothe treatment of the majority gfatients, is an operation that requires opening the
mediastinum and connecting the patient to the Haag machine. This approach requires the patient, at the
end of the surgery, to be hosfliitad for several weeks, thigst of which in intensive carel'he implantation

of a mechanical valve requires,alto the nature of the prosthesis, an anticoagulant therapy that the patient
must continue for life. Although it is a very expensive technayen at the level of the namal health system,
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it represets the standard as the duration of the mechanitablugical valve implanted through this technique

is vastly superior to that through TAMf.the patient has a high operative risk and cammoergo SAVR, it

is possiblgo adopt the TAVI approach, wifi guarantees minimal invasiveness, does not regp@eing the
mediastinum and the heart, and is done under local anaesthesia. This involves a few days of hospitalization for
the patient and d&s not require that a lifeteranticoagulant therapy be sttt Despite these great advantages

the TAVI is not tle standard as the duration of the biological valve mounted on the stent is less than the

mechanical ones.

According to the ES(B] (European Society of Cardiology) gielines, the age of the patient acts as the main
discriminator between the SAVR (Surgical Aortic Valve Replacement) and TAVI approach. Keeping in mind
that, where possible, open heart surgeprégerable, the European $ety of Cardiology provides tabé that

guide the assessment of operative riskife22 determining factors for the choice of TAVI/ SAYR

—— Choice of intervention for those with severe aortic stenosis —

Transfemoral TAVI SAVR

Inserting a new valve into the S Open-heart surgery, to remove

agortic valve's place without the narrowed aortic valve.
open heart surgery. Delivery : Replacement with tissue valve.
is through the femoral artery.

r Recommendations )
Population Favours TAVI Favours SAVR

=

i Age 75-84 Weak

i Age 6574 Weak

s

Figure 8 The graphics show how remmended the two interventions are
according to the patient's age. Note tiet TAVI approach is recommended

for elderly patients, while open heart surgery remains the best alternative for
younger patients.

The advanced age did patients makes trandeater surgery preferable: there are no major problems on the
duration of the imlogical valve, and the operationdk is significantly reduced. A casmntrol study[1],
conducted on 1000 patientsedch age group for two &es, showed, for elderly patients, a discrepancy of 45
deaths between the dased treated with SAVR (242) and seotreated with TAVI (197). Among elderly
patients who needed anticoagulant treatment after surgery, those trght€4dW are 252 fewer.
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For young patients, under the age of 65, the intervention of SAVR is preferabléfe span of the biological
valve mounted on the stent does not cover the life expectancy of a young patient and they should undergo other

intervertions to replace the valtbat deteriorates over time.

The guidelines can be summarized in the follapilgures Figure 8 andFigure9): for patients with a life
expectancy of less than one year there is no benefit from anyentenv and the patient is entrusted to

palliative care.

Management of severe AS*
v
Symptoms
C ymp )
No Yes
Absence of comorbidity or general
[ LVEF < 50% ] [cundition that make benefit unlikel}rj
MNo Yes No Yes
v ¥
( Physically active ) Medical therapy
T T
No Yes g Low risk and no other
v . characteristics that favour TAYI
Exercise Test '
xercise Tes Yes No
¥
( Symptoms or fall ) u
in blood pressure Careful individual
L below baseline ) evaluation of technical
T I suitability and risk-benefit
No Yes ratio of Intervention
v ¥ modes by the
Heart Team®
Presence of risk
factors® and low
individuzal surgical risk
T |
No Yes
v ¥ ¥ Y ¥
Re-evaluate in
& moenths or when SAVR SAVR or TAVI -
symptoms occur E
17

Figure 9 Decisionmaking proces for the approach to the patient with
symptomatic severe aortic stenosis (AS). Where possible, open heart surgery
is preferable. LVEF = Lef¥entricular Ejection Fraction.
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In addition, the guidelines empdiae that ope heart surgery is preferable rathi@n transapical TAVI, which
is the best solution only for patients at high operational risk for whom the transfemoral approach cannot be
usel.

Severe symptomatic AS

'

o
Life expectancy >1 year if AVR performed ——  Palliative therapy *

'

N
Mechanical SAVR* <—— Bioprosthetic AVR planned

l Yes
No

Transfemoral AVR approach possible ————» Surgical AVR possible

[ | Yes No
Low to intermediate High or prohibitive surgical risk l
surgical risk
¢ SAVR over .
transapical TAVI Coqsnder
Transfemoral TAVI * Strong recommendation transapical TAVI*
<65 years 65-74 years 75-84 years 85+ years
SAVR over SAVR over Transfemoral Transfemoral
transfemoral TAVI transfemoral TAVI TAVI over SAVR TAVI over SAVR
Strong recommendation Weak recommendation Weak recommendation Strong recommendation

* Management of this group of patients is outside the scope of the systematic reviews and these recommendations

Figure10 Approaches recommended the guidelires.

Summarizing the resulfg]:

A Over 85: in patients with a low life expectancy, in whom loergn valve deterioration is not a major

problem, thebenefits of TAVI are evident.

A Age group 6885 years: the benefitray be les®bvious, especially due to the riskvalve deterioration
and the need for reoperation.

A Under 65: Younger individuals, for whom valve life may be extremely imporfiant,a y rsurgicél e
replacement to TAVI, or even a mechanical valve ioprbsthesisFinally, those in whom it is not psible
to perform a transfemoral TAVI are unlikely to consider a transapical approach, which is associated with

a higher rate of strokeandprb abl y mortal ity compaflled to surgica
Therefore, the patients ellige for TAVI surgery would be:
A Elderly patients with too high operative risk

A Patients who, although not of advanced age, are inoperablévieyreplacement surgery
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A Patients also of neadvanced age whare not operableith valve replacement heart surgelue to
contraindications to open heart surgery. Such contraindications consist of serious comorbidities (e.g.
severe respiratory failure, waahced liver cirrhosis, Paget's disease), particular malfonsate.g.

porcdain aorta), presence of patent aecbronary bypass.

Once you have chosen to carry out the intervention via TAVI, you have to choose the type of device. The
factors that comptiate the implant the most are: geometry of the annulus i&lipeand the pFsence of
calcifications.

1.2.5Complicatons after TAVI procedure

TAVI is a surgical intervention so it is associated with somsks. Among these are more frequent:
atrioventricularblocks (4/8%) which needs a permanent pacemaker implanylaasomplicatios (5%),
cerebral ischemic events%g, bleeding, coronary complications (1%), valve displacement (1%), cardiac
perforation, aortic insufficiency (rarely severe), renal insudficly with possible dialysis, allergic reactions to
the contrasmedium (iodizd contrast medium), death (198]. Other complications are due to the permanence
of the stent in the aortic roothe stent attempts to impose a r&vape on the vessel in which it is applied by
generating a dial force in catact with the wall of that vessé@lhe imposed radial force strongly depends on
the relative size of the stent and vessel. A stent undersized for the treated vessel wi#t ganeraeak radial
force, failing to counteract the stenogteenomenon andbald undergo migration. Converselystent that is
too large for the treated vessel will exert excessive force on it, whichamtile atrioventricular blodklue to

the compresion of the bundle of Hisgnd aortic injury and ruptur€oronary circulatiorstarts from Valsava
sinuses, around2 mm above the native vals®, a misplaced valvecan cause coronary occlusion and
myocardial infarctionFurthermore, in the case of valirevalve implants or in bicuspid conditions, the benefit
for the patient mapot be significant as the devicel&tio open sufficiently to restore flow through the stenotic
valve. This condition also occurs when tpeosthesiss undersized and is callgmosthesis mismatct\n
inadequate sizing of the prostigshe presence afassive calcifications and not pertlg circular aortic roots
can cause the prosthetic stent to not match perfectly witmtidlus generating a paravalvular or transvalvular

flow.

1.3 Stentsused for TAVI valve prostheses

Stents are deses used in surgety restore the correct blood flolWwrbugh a stenotic vessel or, if coupled with
a valve prosthesis, through a heart valve. In this work, Transcatheter Aortic Valve Repladelwiniy

investigated.
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Stent 6s behavi dtothe ge@netry htodhe gateyial. A crucial eole istents design is to
fulfil some requirements like resistance against elastic recoil, resistance to fatigue due to the pulsatile flow,
size mnimization (to ensure that it can be reduced in size iintihches the diaater of the delivery catheter),

low thrombogenicity and high biocompatibilif9].

The devices used for TAVI procedures are composed of a stentlaoldgical valve in bovine or porcine
pericardium suturehto the stent. Stds can be seéxpandable dpallon-expandable, depending on whether
they are able to expand autonomously by exploiting the sipstic effect of Nitinol otheyrequire theplastic
deformation imposed by an inflating ballo@figure11).

Threemain classes of esihtsare treated in this section

- Balloon-expanding stents.
- Selfexpanding stents.
- Mechanicalexpanding stents.

Figurell Some prothesigsed for TAVI. Some stents are balloon expandable
and some other seléxpandableA) Edwads Lifesciences Sapien 3 Valve
(Edwards Lifesciences, Irvine, Californidd) Medtronic CoreValve Evolut R
(Medtronic, Minneapolis, Minnesota)C) Symetis Acurate neoValve
(Symetis, Ecublens VD, Switzerlandp) JenaVale (JVT Research &
Development Corpmation, Irvine, California);E) St. Jude Medical Portico
Valve (St. Jude Medical, St. Paul, Minnesofg)Direct Flow Medical Valve
(Direct How Medical, Inc., Sant&osa, California)G) Medtronic Engager
Valve (Medtranic, Minneapolis, Minnesotalf) Bogon Scientific Lotus Valve
(Boston Scientific, Marlborough, Massachusetts).
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The firsts(Figure 13) are made in matils with a high plasticity, able to maintain the deformed configuration
imposed by the expansion of a balloong(eGold, Cobalchromium alloys, magnesiumjhey are suppéid

by the manufacturer in a closed tubestiaped configuration with a diametbat allows them to be inserted
into a delivery catheter. A polymeric or sili® balloon is inserted in the centfethe tubular hole. When the
surgeon reaches the implantsgmn he inflates the balloon with a saline solution. The balloon increases in
volume until it touches the stent, deforming it by plasticity until the dedisadeter.

The mechanical behaviostrongly depends on the design. Some stents are manufdotunegitubular lamina

by laser cutting. This kind of geometry allows high resisgabut is inelastic. Another technique is to connect
many flat sheet coils Wi gaps between the strudtigure 12). This allows high flexibility but a lower
resistance[10]

Figure 13 balloonexpandable valve Sapien 3 (Edwards Lifesciended) In

the figure, aalloon irflated with a saline solution imposes a radial force on
the stent apable of deforming it until it rehes the diameter that allows
adhesion to the patient's aortic root.

26



Chapterl: Background

Selfexpandable stent$igure 14) are both meslor lasercut stents made in a supalastic material (e.g.
Nitinol, a NichelTitanium alloy composed in approxinely equal percentageshat allows, after large
deformations, lte full recovery of the original shape. No balloons are needed for this preckdt two
characteristics diitinol can be exploited to make the stent remats original shape. The firstdture is the
shape memory, the second the super elastidibe shape memory stents are able to memorize one or more
configurations by explting the transition between a martensitic and an austenitic phase. Thista#astents
used for the TAVI to bable to memorize a precise shape (i.e the implant configurataifo recover it even

if widely deformed.Super elastic devices are crimgedmping is the reduction of the diameter of the stent)
to fit a delivery cateter i.e.a device able to carrpé¢ stenthrough a vessel until the delivery site (i.e. aortic
root for TAVI). Once in the correct position the delivery catheter is remavedhe stent is free to expand.

Figure14 Self-expanding valveCoreValve(Medtronic hc., MN, USA)[13].
The delivery catheter is withdrawn, allowing free expansion of the device into
the aortic anulus.

More recently, a third category of stents used for TAVI has beeydinted mechanically expandable vas
(Figurel5). LOTUS Edge (Boston Scientific) is also part of this type. These devices have a particular design
thatallows the freeexpansion exiting the delivery catheter and a successiveameahshortening assated

with aradially enlargement increasing the rigidity of Miénol frame.This behaviour allows the mechanically
expandable devices to be repositiolea preventing device malposition. This kind of devices shows better
outcomesn terms of device failure and paedvular leakage but, on the other hand, is associated to augmented
rates of permanent pacemaker implant in frigk patientd14]. Wire-based stents are not obtained by laser
cutting but ae made up of a Nitinol filament regiedly intertwined with itself to form a mesh that can be with
openor closed ends.
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Figure 15 Mechanicalexpandablalevices. On the left the deploy step, on the
right thelocking step. LOTUS Ede (Boston Scientific)

1.4 Boston Sciefific LOTUS Edge

The LOTUS Edge device consists ofN#inol stentand a bovine pericardium biological valve. The stent
structure has a singfidament repeatedly intertwined on itself in a cfigess pattern to formtabular mesh.
Even if it is a singldilament closed at both ends by a radiopaque marker, in ordadérsiand its geometry,

it is possible to break down the stent into 15nfiéants obtained by replication in polar series that intertwine.
Like all selfexpandable devices for TAVI, Lotus Bd must be crimped in order to be inserted into the
deployment sysim, for this reason it is built in a superelastic matexiginol. The ug of this material ensures
superelasticity and biocompatibility. Boston ScigmLOTUS Edgds completely reposbnable. In fact, once
released from the deployment catheterihains connected to three mandrels which ensure the possibility of

repositbning, moving the delivery system.

Repositionable After
100% Deployed

Braided Nitinol Frame

Bovine Pericardium

3\

Figure16 LotusEdge valve anchored to the delivesystem.

Adaptive Seal
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The deployment system is articulated with the stent through three commissures, each composed of two parts:
one sutured to one end thfe stent, and the second anchored to the other end of the stent throughea mob
suture, that is a filament thebnnectghe stent with the commissure, but does not weld them, allowing greater
degrees of freedom to the stedtil the device is fully implanted, three mandrills lock the device to the
delivery system, allowing thghysician to move it, positioningir the &rget position. The target position is

the one intraoperatively judged optimal by the operator, and it is papenific; the preoperative prediction

of the best position is very difficult, because many @htvariables become evident onlytte surgcal field.

A clear example is provided by the angle with which the catheter reaches the annulus which depends on the
path followed ad on the whole geometry of the patient's femoral arf@uying the positiomig phase both

ends are moved towartise cente of the stent, so that a final length of 19 mm is reached. In order to reduce
the paravalvular leak, the device is equipped witladaptive seal, an elastic coating capable of filling the
interstices that caform between the stent and the watvalve.For the computation of the radial force this

does not affect the stresses, therefore it was not included in the model.

In order notto damage the annulus during the positioning of the prosthesis, the dslygzn is equipped

with a friction mechanismthat intervenes if the radial forces are excessive, preventing further strain on the
implant site. However, this mechanism could giveblems in case an implant has to be performed on a patient
with very rigidwalls (massive presence of calciuan)in cag of bicuspid. The preoperative CT scan showed
an abundance of calcium and fibrotic tissue, which could cause problems with tkeydatstem, but this did

not happen and the implant was successful.

LOTUS Edge

Aortic Valve System

.«E
/

)

VALVE SIZES 23mm 25mm 27 mm

Figurel7 LOTUS Edye's thre different sizes.

LOTUS Edge is available on the market in three different ¢zigsire17), in order tabest fit the size of the
patient's native annulus. The sizee calibratedo avoidthe size gap: there is a cespondence between the

diameter of the annulus and tegternaldiameter of the prosthesi¥he modelto implant isthat whose
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diameteris equal tothe annulus oneHowever, in case of patieswvith bicuspidvalves a snaller prosthesis

can bechosen, sine the bicuspid flaps could not be completely compressed against the wall.

1.5 Technical specifications of LOTUS Edge

LOTUS Edge smallest sizémsa diameter of 23 mnhe medium a diameter of 25 mm and the larger of 27
mm. Each size is recommended for pargzuannulus and LVOT dimensions measured before the surgery
through CT scanT@blel).

LOTUS Edge

Aortic Valve System

CT Measurements for 27 mm
Patient Screening

Diameter (mm)

Valve Perimeter (mm) 723 785
Area (mm?)
Diameter (mm)

Annulus Perimeter (mm) a
Area (mm?)

Diameter (mm)

Perimeter (mm)

A Area (mm?)

Unsuitable area (mm?)

Area too small (mm?)
sov Ideal area (mm?)

Area too large (mm?)

Coronary Height Height (mm) Caution if < 10mm; need to also consider sinus area

Tablel This table correlates valve sizes and anatomical dimensions measured
by CT scan LVOT: Left Ventricular Outfow Tract; SOV: Sinus of Vahlva.

The repositioning mechanism of the device uses the joining of three piecemsidare connectethougha
fimovable sutur@to the ventricular end of the stent. Timobile sutureallows to haverotationaldegrees of
freedom between the stent and the amitty system. Théucklesare located on the aortic end of the stent.
Oncelocking occurs, thebucklesaccet the joints of the posts, locking them at a fixed distance of 19 mm,
whateve is the sizeof the prosthesisFinally, to ensure that the shape iaintained over time, thremllars

are added ttock thebucklesto theposts(Figure18).
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Catheter— "=
i

3
. Collars _
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\
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Buckles
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Posts ~

Nosecone’ | Adaptive
seal

Figure 18 Deployment system, detail of tieandrels and dimensions of the
proghesis in the different phases of the implant. Picture {ddsh

1.6 Finite element analysis of transcatheter aoréilve implant

Finite Elements Method- The finite element methodFEM) is a numericalmethodaimedto finding an
approximate solution to a problem drivengmyrtial differential equation$PDES) The solution is reachday
subdividingthe compudtional domain intofinite elementsby meshing the system. This methaitbws to

locally approximate the continuum systewvgrned by differential equations into a discrete system governed
by algebraic equation®ncethe initial conditions as well as theelevantloadng and kinematicbourdary
conditions (BCs)Througha variationalapproab, the approximate solutiors foundby minimizing an error
function.The response of thmodelledsystemin terms of displacement is calculated at the nodes, i.e., specific
points at the boundary betweadjacent elements. The corresponding strains aesssis are then evaluated

at integraion points within each element; their values are then interpolated over space to yield the complete
distribution of strains and stresses otrexr whole system. Beinghaapproximated method, the choice of the

correct gemetric and modelling approximatiobecomes crucial.

FEM in the biomedical field - Finite elementnethodis a powerful tool in the biomedicfiéld, allowing for
virtual experiments, comparisons and predictions withosihg animal models or experiment® humans,
thus bypassintheseethical problems they entail. In the field of interest of this stitdg possible to simulate
how a device (i.eLOTUS EdgeYits into different aortic rootgeometriesliffering to different extentfrom

the perfect ciralarity of the stentThis informaton can be complemented by the corresponding stress
distributions, which are clinically relevant; e.gn mhomogeneous radial stresgtekmires important

deviations from circularity.
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The results of @omputational angkis strongly depend on the adoptsgumptions and modelling strategies
Thus, dsolute computational resultsay not be always and fully representative of the detatlerttamal
mechanics of the real systefowever, results obtained through computai@imulationsare often valid
whendealing with comparative studies betwebffierent scenarios, as for, e.g., the comparison of different
devices virtually implanted ithe sane anatomyIn the future, FEM analysis could be usedclinical routine
invedigationto simulate the implantatioof different devices on a patient, to determine which prostheter

fits the patienenatomy The process would start from theadysisof preoperative radiological images (e.g.
CT scan,3D Echacardiography and,using a database of devices and &MRfalculation software, it would
produce 3D models of the various intervention possibilities.

1.7 Biomedical engineering: powerful ally for theclinician

Overthe lastfew years th&€omputationaMechanicsand Advanced Marial Group leaded biyrof. Auricchio

of the Universita degitudi di Paviehas a close collaboratievith thelnterventionalCardiology andCoronary
IntensiveCareUnit of theIRCCS Policlinico San Donatalirected byProf. Bedogni. Thisunitis particdarly
skilled on TAVI interventionsThe central ainof the collaboration is the verification of clinical hypotheses
through engineering simulahs to improve the indications dime types of devices to be used according to the
patient's pathological chaneristics. Several studies have edfrdy been published thanks to this fruitful
collaboration.

The studies conducted in this thesis work drem a specific request from suayes studying the behaviour
of different devices in particular implant condits.Regarding this work, the collatation was articulated by
providing the department with a LOTUS Edge device to be able to performatthellingand| was allowed
to attend he implant surgery at treurgeryroom of the polyclinic in order to identifyne main procedures to

be replicatedluring themodelling
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2 Methods

2.1 Preprocessing

This section deals with the geometric construction of the instances present in thenhimtigs one of
the preliminary steps leading to the numerical simulatiarmich wererun in Abaqu$Explicit 2019

(Simulia, Dassault Systémes, Providence, RI, USA)

2.1.1Workflow

RHINOCEROS

3D MODEL OVERLAPS GENERATION

Figure 19 Workflow for LOTUS Edge FE model reconstructiorhe
reconstruction begins with the 3D modelling carried out through
Rhinocers then, through Abaqus, the instas have been discretized
through an appropriate mesh. The meshes were modified via Matlab to
model the crosses between the filaments. Finaky dorrected mesh
was imported again in Abaqus where the boundary conditiare w
defined and the analysis was

The workflow Figure 19) starts from the 3D modelling of the LOTUS Edge. The 3D modelling was
carried out using th€AD drawing software Rhinoceros 5.0 (McNeel &asiates, Seattle, WA, USA).

A helix, mirrored and replicated i polar series 15 times, was used to model the wire. Subsequently
the geometric model was exported in STEPmat and imported intdbaqu¢CAE for the generation

of a meshof 2-node beam elementShese are defined gbat at the intersection of two stsuof the

stent i.e., of two counterrotating filaments,single nodé present andghared between four elements
that insist on itIn orderto account for the actual kineatic constraints between overlaying filaments,
the mesh is then editetdrough an d hocMatlab code (Mathworks Inc, Natick, MA, USApt each
intersection between filamentbe nodeis duplicatel so that the original node® as a bridge between

the twoelements of the overlying filament, and thelitated one as a bridge betweentihe elements

of the underlying filament.

! AiSTandard for théExchange 6Product moded at ao o Al SO103030
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Filament 1 Filament 2
BEAM 1 BEAM 1

Filament 2
BEAM 1

Filament 1
BEAM 1

Duplicated node as a bridge
between BEAM 1 and BEAM 2
on each filament

Single node

OVERLAPS GENERATION

Filament 1
BEAM 2

Filament 2
BEAM 2

Filament 1
BEAM 2

Filament 2
BEAM 2

Figure20To properly understand what the Matlab script does, consider
two intersecting filaments divideinto 2 BEAM elements each one. On
the black de (figure on the left) four beanteenents meet.By this

way the DOB of an element are linked to the DOFs of the other three
elements. The Matlab code duplicates the centrdénn order tdink

only the DOFs of the elements laying on the same filamertie two
duplicated nodes were ked by a join connector.

Since the override between the two filamdaatsot modelled but an intersection was introduced, it is
necessary tassign amutual kinematic constraint to these nodes, so that they lawsisent
translational degrees of freadavhile rotations around the radial axis are kept free.Ma#ab code,

in addition to creating the junction nodes, is able to create JOiNectors between these nodes, in
order to satisfy the required kinematic coastts. Once the mesh update isdhed, it is imported back

into Abaqusas an INP file, so that it can be pad to the explicit solver to conduct the FE analysis.

2.1.2Geometric mdel of theLOTUS stent

The LOTUS Edge prosthesis is available on the markibrée sizes, named according to dieemeter
obtained once implanted. The sizes have a diameter of 23, Z&anch. It was chosen to model the
prosthesis with size 27 mm becawssample of this size was provided by the suppliEng modelling
was carréd out in théunsheating(stressfree Figure21) configurationas showed ifrigure 18. Once
this model has been obtainedjsitpossible to proceed with the subsequent crimpinlgy (sheathed

configuraton), deploymenand locking (‘lockd’ configuration) analyses.
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Step 1. Step 2. Step 3. Locking mechanism
Fully sheathed Unsheathing Locking

Adaptive seal

/

80 mm

A

40 mm

5
!
i
|
I
fi
t.
i‘
{
s
l
..
|
!

Radiopaque
positioning marker

Figure21 The LOTUS Edge size 27 device in its three configurations:
fully sheathed (dmped), unsheathing (strefge) and locked (fully
deployed). For each cogfiration the stent measurementsraported.
The device, in the stredgee configuration, has a diameter of 24mm
while, once implanted, it reaches a diameter of 27mm.

The CADmodel was obtained using Rhinoceros, a software for CAD design, using afttedight 40
mm, diameter 24 mm (ghdiameter of thensheatingonfiguration was used).

The prosthesis was modelled as a single sfff@igdre22.A), then mirroreqFigure22.B) and replicated
in a circubr series, to obtain the final st€Rrigure22.B) . A blend joint was inserted at tie@dpoints
of the subsequent filaments, in order to smooth the cusatedby mirroring the filament Once

imported intoAbaqus the propertiesf a BEAM were attributed to thelfiment.

The intersectionswere subsequently modelled Abaqususing 'Joint Connectors', connectors that

impose a kinematic constraint, allowi cardan movementd.6]

The decision to not 3model the crosses between the fignts (one that passes above and one below)
was made by carrying out some qualitative tests on the device available in the laboratorjbsemasio

that both in compression and in uniaxial tragtithe position of thintersectionwvaried following the
lengthening or shortening of the stent, but there was no relative sliding between the two filaments. This
evidence motivated thgeneration ofa kinematic constraint between the two filameimghe finite
element modelvhich would lock the relative pogins of the two filaments at the point of contact, but

which would allow rotations around the 3 axes. In this regaMiatéal’ code was writtn, which, by

2 Engineering software produced by MathWorks.
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acting on thédbaqusINP file, allows toset two nodes, belongirto two different filaments, in treame

intersection.

A)

NN

N7

¢

>SS

B) C) &2
Figure 22 A) Single filament obtained through a helix (top and side
view). B) Mirrored filament(side view); on the upper cuspid a blend
filet was aplied. C) Circular sées replication of helishaped
filaments to generate the final stent geometry (top and 3).
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2.1.3ldealizedgeometricmodel ofthe aortic root

A)

B)

eccentricity = 0

®=
28 mm

1 , J : eccentricity = 0.25
e e -l - B e e -
H e . B I H o= e

AA

50 mm

=

e e e - -

eccentricity = 0.5

1ISmm | 15mm

Figure 23 A) Geometric model of the idealized aortic rodepicted
with the correspondingomputational grid (3D view)17]. B) Key
dimensions of the model and sketch of the thegénts of the annulus,
with eccentricityindexequal ta0, 0.25, 0.5respectively. C) ventricular
view of the three variants of thentee model, emphasizing the
geomety of the annulus.

In order to obtaitomputationatesultsof general validitya simplifiedand standardized geometry was
assumed for the atic root, instead of building a patiegpecific model from the medical imawgj of a
specific patient. This chagcallows to rule out the influence of peculiar anatomical details, if any, whose
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qguantification is out of the scope of this work and that aastead be a confounding factémstead,

starting from the standardized mo@élbwed for having full control otthe changes ieccentricity of

the annulus varies and degree of calcificatiomvhen producig variants of the model, so to compute

the correponding changes the distribution of contact forces and stresses. Thecaoxt is obtained
merging a cylinde (outfl ow tract), a spere (valve and V
(LVOT) (Figure23 A) Geometric model of the idealized aortic rodepicted with the corresponding
computational grid (3D view)A). The dimensions assumed for the three compartments are depicted in
Figure 23 A) Geometric model of the idealized aortic roatepicted with the corresponding
computational grid (3D view)B; a constant thickness of 2.5 mwas assumefll8] [19] [20], firstly

because the geometry is idealized, secondly bedahas been proven that the vesseallwhickness

induces negligible effects on the deformed valve configurtigh

According to[17], an eccentricity index (EI) has been defined to describe the eccentricity of the native

annulus.
g0 i@ i 0 Q&I
P qE ¢ aanai
From a clinical point of view an aordeutddinndtec an be

different eccentricity condition, three geometric models ofthwic root weredeveloped, @spectively
with a Elvalueof 0, 0.25 and 0.G-igure23 A) Geometric model of the idealized aortic rod¢picted
with the correspondingomputational grid (3D view).B-C). To these three conditns are added as
many conditions of calcium anchored on the walie combination of these conditioteads tol2

models, then 12 simulations.

2.1.4Geometric model of th LOTUS cklivery system

As described in the background section, Buston Scientific LotusEdge device uses a particular
deployment system that allovisr the repositioning of the device during surgemhich allows for
positioning thedelivery cathetemetracing it on the guiddo allow the Nitinol stento selfexpand and
for locking the ajal dimension of the steniin the model, the delivery catheter is modelled bsllow
cylinder discretized with 4740 -dode quadrilateral stace elemens with reduced integration
(SFM3D4R element type frombaquslibrary). The catheter and the stent hift are assumed already

positioned in the aortic valve orificeh&catheteinner surfaces in contact with the stent.
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2.1.5Calciumgeometricnodel

Following suggestions directly coming from the clinicianthree progressively more severe
configurationsof the calciumdeposit weranodelled the depositvas modelledas aportion ofsphere
or ellipsoid leaningn the aortic roofThe geometrical feates of the three configurations are reported

in Figure24.

Calcium Small Calcium Medium Calcium Big

A
—
\ |

/

3

4mm 7mm

Figure 24 Three calcium situations, increases the severity fieft to
right. Measures are referred to thertic root with E.l. =0 and they
change slightly between the differemiortic roots as they must be
tangent to them at each point on the lower face

2.2 Materialproperties

This sectiondescribes the rationale that led to theice of material models and simulation conditions,
as well as thereliminary tests run toreate anumericallystableand computationally efficiemhodel.

2.2.1Mechanical propertiesf the Nitinol aloy (Nitinol)

Nitinol is an alloy of Nickel and Titanium in proportiaf about50%. Nitinol haspeculiarmechanical

propertieghat allow it to exhibit both shape memory (SME) and superelasticity (SEE) behaviour. These

characteristics meahat it can withstand deformatiogseater than 10%, almost completely recovering

the originalconfiguration It has a high resistance to amion, which ensures biocompatibility. It is

known that nickel can cause allergic reactions. Thislifimol, is avoided thanks to the formation af

layer of titanium oxide, which isolates the nickel from the biological environment ensuring excellent
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biocompatibility [21]. Furthermore, this alloy is able bearsignificantstressesin the order of 400
MPa [22] To behaviour ofNitinol is inherently linked to itsThermoelastic Martensitic Trangit
(TMT); thematerial can be presented in two forms, an austemgcstable at high temperatures, and a
martersitic ong stable at lv temperatures. The transition from one form to another is not a phase
transition (no discontinuity) and can be indubgd

- Temperature variations.
- Variations in mechanical stress.

Both temperature and stredsiving forcescanmodify the structure of the material, allowifgr the
transition from one shape to another. Thagsitionis exploited both in the shape memy effect and in

the superelasticityf22]

Austenitic phase- The austenitic phse isstable at high temperatures. The material is rigid and difficult
to deform. The network is regular, with cubic symmetry witlerstered bodyBCC), as shown in the

Figure25. Above the temperaturer,Ahe phase of the materialdasly austenite.

Martensitic phase- In the martensitic phase the reticulum is distorted but not bri@kguare25). This
means that thperiodic cells of the network are skewed and arrangeaigrzagpattern,according to
what & called anultivariant asmore variant®f the original cubic periodic deare now present in the

network(Figure25). This configuration gives the material grdatormability andlexibility .

Switching to austenite can be @oloy raising the temperature. This allows for the shape memory effect
typical of Nitinol. In fact, by subjecting martensite to deformatios fiossible to give the material a
specific shape. If this shape is maintained dre temperature is raised, tlaticulum resettles in the
martensitic phase, but without changing shape. The transformation does not happen instantaneously but,
dependingnthe temperature, it is possible to have intermediate configuratievisch the two phases

coexist.
& -
- 3
a — ® - 9
- ' F—F—¢ /
| < ‘@
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Figure25 Austenite (left) and Martensite multivariant (right)
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2.2.1.1 Shape memory

The shape memomroprietyallows the materialat memorize one or more spatial configuratiptie
material can be switchdzbtweertheseby temperature variatio@nce theNitinol alloy is formedlit is
transformed in the austenitic phase and proceg3ece the desired shape has been set, the armgnealin
phasefollows, in which the device is subjextt to high temperatures and then immediately moved to
cold water. Irthis way the imposed shape is "memorized". By repeating the procedlingle times it

is possible to memorize more than one shape. Taillesthis behaviour is possible to define four

temperatures

- MsT Temperature at which martensitic transformatiegibs.
- Ms1 Temperature at which martensitic transformation ends.
- AsT Temperature at which austenitic transformation begins (inverse tranatifm).

- Afi Temperature at which austenittansformation ends (inverse transformation).

A A
Mf As

.un

% Martensite
% Martensite

" J o
M\ A¢ > G c >

Temperature Stress

Figure 26: Transformation between austenitic and martensitic phase.
Transformation driven by temperature (left) and stress (rif).

2.2.1.2 Superelasticyt

The key feature of Nitinol for use in the cardiovascular field is mli@gticity, which allows for
deformations of more than 1086d for complete recovery of the original configuratimce the load is
removedFigure27). Superelasticity allow$or crimping the stents, thumsassively reducing itsameter

so that it can be introduced intioe delivery catheter and intbe patiend $emoral artery up tahe
implant sitei.e., the orifteof thenative aortic valve. Once the the device can be accurately positioned

via the deployment system.
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Figure27 Transformation strainducedand superelastic behaviody.

A load is applied anthe material elasticly derms. 2)the austentite
to-martensite transformation begiim this step the energy is used to
drive the transformtion, so a plateau in the stressain graph is

showed. 40nce the transformation is completed the load is removed.

5) After a linear elasic recoil, the reverse martensti@austenite
transformation occurss)At the end of the cycle the initial shajse
obtained Picture from [21].
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2.2.1.3 Constitutivemodeling of Nitinol

The stressstrain response oNitinol for finite elementsis modelledthrowgh the i Superdoel ast i «
constitutivemodelintegratedn Abagusmaterial model libraryThe associated constitutiygarameters

were taken from literatur®] and are reported ifiable2.

Parameter Description Value

M Mass Density 6.7e-9 [Tonn/mm3]
% Austenite Young Modulus 35877 [MPa]
t Austenite0 | EOOT 1 60 2 A« 0.33[]

% Martensite Young Modulus 24462 [MPa]
u _AOOAT OEOA 01 EOOI 0.33[]

X Transformation strain 0.0555
A3 Start of Transformation (Loading) 489 [MPa]
Ky, End of transformation (Loading) 572 [MPa]
A3 Start oftransformation (Unloading) 230 [MPa]
A2 End of transformation (Unloading) 147 [MPa]
A3 Start oftransformation in compression (Loading). -

T Reference Temperature 22 [°C]
% . KT R unloading 6.7

L) .
= KT R Loading 6.7

X5 Volumetric transformation strain. -

Table2: Nitinol material model parameters

2.2.1.4 Transversashear stiffiess

The stent was discretized into beam elements, whose -sexsfon is not defined by the node
connectivity, but imssumed circular, with an extent defined by the user. As such, the shear response of
the cross section is driven blgettransverse sheatiffnessassigned to the elements, which can be
manually set or automatically computed by the solfemanually ®t, the transverse shear stiffness

must be calculated, accordingAbaqusu s er 6 s : gui de, as
0 QoWith|  plg

With k=0.89 for circular sections, G = 13488 [MPa] is the shear modulus of Nitinol and A is the cross

sectional area of the wire of thest.

Two preliminary tests consisting in the simulation of the regional radmmpressiorf the stentvere

performedto compare the two optior{igure 28); in the first test, théransverse shear stiffnegms
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manuallysetequal to 848.5, 848.6IPa andin the secondonethe solver calculateit. There are no
tangble differences between thesults yielded bywo analyses, indicating that the solver correctly

estimats this parameter

S, Mises
Rel. radius = 1.0000, Angle = -90.0000
(Avg: 75%)

+2.878e+00

1 x Step: compressione
Increment  1047682: Step Time = 1.000
Primary Var: S, Mises >
Deformed Var: U Deformation Scale Factor: +1:000e#00 ~ > e <

Figure 28 Compressiortest with transverse shear stiffness specified

S, Mises

Rel. radius = 1.0000, Angle = -90.0000

(Avg: 75%)
+3.766e+02

+2.904e+00

&

L.

(left) and calculated by the solvgight).

Step: compressione
Increment 1047682: Step Time = 1.000

Primary Var: S, Mis

Deformed Var: U

2.2.2Material model of theorticroottissue

Aortic root materialtissuei s as s umed

t o

be

es

Deformation Scale Factor: +1:000e+00 -~

near

el

asti

Poi sson6s Arednistudyi8fcontpared four different strategito model thestressstrain

behaviour ofaorticroottissue in the simulation of TAVhsa perfectlyrigid material asan isotropic

linear elastic (LE) materiahsa nonrlinear isotropic hyperelastic (HE)aterial,andasan anisotropic

c

HolzapfelGaserOdgen (HGO).The studyverified thatHE or HGO material models with fiber

families describe more precisely the real hédar of the aortic root. However, the same study
demonstrated that the final geometry of the stent implanted in the aortic rositetiodth LE material

is comparable with configurations obtained witk and HGO modelsTherefore, for the purposes of

this work, the use of LE material was considered sufficient as the study aims to compare the performance

Wi

of the stent in different geagiries and to compare different stents, leading to a considerable advantage

in terms of computation time .

2.2.3Material model 6calcium

According to[23], a very stiff material (like hydroxiepatite) has been modelled by a letegic model

with E = 60 GPa and = 0.3.

44

t h



Chapte 2: Methods

2.3 Modeloptimizationand stabilization

Some preliminary analyses were performed before the final set of simulations in order to stabilize and
optimize the modelThis allows to make a treatment and a comparison as complete as possible on
differentstrategies and techniques of finite elemmaodelling available for the purposes of this work.

These studies were conducted because Explicit Finite Elements Analysis requires long time to perform.

A correct parameter so6 d edes$aneinécessary toallow thessonolaiondop t i mi
perform into acceptable time.

2.3.1Mesh convergence analysis

Every instance into the model needs to be discretized into finite elements. On the one hand, increasing
the number of elements allows to obtain more gee@sults, because smaller elements be#piuce

infinitesimal space variations. On the other hand, it requires a longer computational time. In fact, the

use of an explicit solver, as Abaqus/Explicit, has to cope with the Courant criterion; the campltat

expense increases with the number mitincrements, which in turn increases as the smallest element

size in the mesh decreases. A traffds thus necessary. The proper mesh size was identified via mesh
convergence analysis. The stent was stretcheally by 10% of the total length, by imgiog a

prescribed axial displacement at end while preventing axial displacements at the oppositgueed (

29). An additional point was constrained in the other tiveafionstoprevet st ent 6 s mi gr at i

the simulation. Nitinol material was used.

)

XS
AR

QOO
uow‘:‘:‘o‘:’:‘:‘u“
(RUKRK LK KLKKLAXK

‘
XA

Figure 29: Uniaxial test.On itsleft end the stent wal®aded with a
traction boundary condition, on its right end, it veasistrained locking
axial dispacements.

Seven different mesh densities wemnsideredFor each simulation two parameters were evaluated:

the maximum value of the von Mises equivalent stfRBSESMAX) [24] andthe reacthn force at the
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constrained endfdhe model REACTION FORCE [16] (Table3). As is possible to see frofigure
30, a convergence in resultgas obtained for meshes with at 1e26650 elements.

CPU 3 RF from
: 3 MISESMAX
SIZE # time MISESMAX RF from reference reference
CASE [mm] elemens [s] [MPa] [N] [%] [%0]
1 2 2280 641.22 25.23455429 0.042642266 45.95831517 0.002114102
2 1 3240 987.96 44.80453873 0.042561751 4.04773023 0.19092442
3 0.5 5970 1570.8 4563222122 0.042607352 2.27518628 0.083987526
4 0.25 10650 2757.6 46.26044083 0.042641882 0.929807024 0.003013906
5 0.125 21750 67225 46.51338196 0.042642508 0.388114678 0.001546265
6 0.0625 42150 10648 46.63516617 0.042643078 0.127304686 0.000209663
7 0.03125 83850 24500 46.6946106 0.042643167 0 0
Table 3. Convergence analysis result3he thicker mesh was
considered as reference and ihighlightedin yellow. The green line
indicates the selected mesh size.
50 0.04265
L ELEMZ{M-J
45 0.04263
0.04262
40
— 0.04261
g z
= 0.0426
35
0.04259
10 0.04258
0.04257
25 0.04256
1 2 3 4 5 (5] 7 1 2 3 4 5 (5] 7

Case Case

Figure 30: MISESMAX (left panel) and REACTION FORCE (RF,
right panel) computed by increasingly refd meshes.

2.3.2Beam element type

When the geometry has a largely preponderant dimension over the others, it is possible to use beam
elements. A rule fothumb[24] suggests, as a check to assess if belamentsare suitable, that the

largest dimension of the section must be less than 1/10 of the characteristic axial dimension of the beam.
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"Axial characteristic dimension" deaot mean the length of the element, bt distance between
geometric landmarks (e.g., large modification of the section, length of the filament). In the case of the
LOTUS Edge it is possible to apply the beam theory as the filament diameter is OrRitie flament

length is far longer tha® mm. It is possible to instruétbaqusto calculate the engineering properties

of the wire at the beginning of the analysis or during the analysis. Ttoalpordation of these properties

is particularly suitabldor materials with linear elastic behaurp while the calculation during the
analysis is required for materials with nlbmear behaviour, such as Nitinol. These properties are
calculated on an array of points distributed on the filament section acctodiegtype of section used.

In this cas, the filament has a circular crossection;therefore these points are distributed over the
crosssection asndicated in theAbaqusdocumentation, the solver us€sgure31) 3 points ralially, 8
circumferentially (17 total; trapezoidal rule). Integration point 1 is situated aettteeof the beam and

is used for output purposes only. It makes no contribution to the stiffness of the element; therefore, the

integraion point volume (IVQ) associated with this point is zero

Default integration,
beam in space

Figure31 Section point of integration.

Two main families of beam elemearatre available imbaquslibrary (Figure32).

Euler-Bernoullirtype beams. Ttedo not @count for transverse shear deformations. A section originally
normal to the axis of the beam, remains normal for all the simulati@seTdlemerstare only available
in Abaqug¢Standard and do not require the transverse shear stiffness specification.
Timoskenkotype beams. Thsaccount for transverse shear deformati@mdcome in two versions:
0 B31: atwo nodes linear beam element.

0 B32: athree ades quadratic beam element.
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dw
dw dw —v=PB
dx Neutral ax
: i Neutral
(a) / (b) /' axis
Transverse Transverse
- }/ section - section
}—X. — - }_...X _ _

Figure 32 a) the slender elements, of the EtBarnaulli type, do not
maintain the section of the filament (in red) always perpendicular to the
axis of the filament. b) The beams with Timoshenko fdation, on

the other hand, calculate the deformation of the section

Some guidelines to choose the corramelement type are indicated in tAbaqusUs er 6 s Manu all

I Firstorder, sheadeformable beam elements (BBB1) should be used in agymulation that includes
contact.
If the transverse shear deformation is important, use Timoshenko (quadratic) brani{B22,B32).
If the structure is either very rigid or very flexible, the hybrid beam elements (232, etc.) available
in Abaqu¢Standardshould be used in geometrically nonlinear simulations.

I The EulerBernoulli (cubic) beams (B2833) availabé in Abaqus/Standardre very accurate for
simulations that include distributed loading, such as dynamic vibration analyses.

9 Structures wh open, thirwalled crosssections should be modelled with the elements that use open

section warping theory (B310B320S) available ilAbaqus/Standard.

According to previous studies on Nitinol beaf@§] [9], B31 elementsvere chosen. To verify this
hypothesis @est was run by simulating the transvesahpresion of the stent as discretized into B21

and B31 elements

2.3.3Preliminarytest to choose the element type

A compression test is mechanical test which consists in compressing the stent between twg planes
discretizednto solid shels (SFM3D4Relementdrom Abaquslibrary) (Figure33) BCs were imposed
on the stent to prevent migration and on the planes to model the compressitmwédtplane was

encastred while thepper plane was shiftetbwnwardgo reduce the stentatneterby 50%
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Figure 33 Compression test experimental setlipio rigid planes are
progressively brought closer up to a distance equal to half the diameter
of the stent. The stent is constrained on the left side (orange karts) t
preventslipping.

REC RIS S \
S, Mises \ = RS S, Mises
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Figure34 Comparison between B31 (left) and B32 (right) elements on
compression test.
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| B31 elements | B32 elements
MISESMAX [MPa] 379.5 357.5
USER TIME [s] 30044 63713

Table4 Comparison btween B31 and B32 mesh elements.

As reported inFigure 34Error! Reference source not found.and inTable 4, the use of quadratic
elements (B32) does not significantly change the resiiithe analsis which, howesr, require about
twice the time to be completed. Therefdtenakes sense fahiswork to use B31.

2.3.4Mass scaling

ABAQUS/EXxplicit solver uses an explicit central differences scheme, that is conditionally stable. The

conditionof stabilityis

. C
30 —
1

Wherez0is the timestep increment and is the max eigenfrequency of the assembled mesgh. |
possible to better describe this stability requirement using the CdtniadtichsLewy condition.

30 —withy ——

Where c is the propagation speed of a dilatational stress wave through the niateritiie element
smallest geometric dimension,and ar e L ame & s dsote dénsityi2b]sUndemtlibse |
conditons, the e@ation imposes thathe time increment of the solver must be smaller than the time
requiredfor a deformational wave to run through the smallest element in the mMbdgimplies that a
model with very small elements requires a very small iimseementsso huge time to perform the
calculation. Mass scaling allows to modify the denditgnce the mass) of the model by a factor.
Increasing artificially the mass by a fact@ has repercussions with an increase in the width of the

interval equal t6Q-0, according to:

The mass scaling rationale is well shown by those formulas: aragsinedensity causes a reduction

of the wave speed propagation, so piassible to increase the tirsteps-0.
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The analyses that require the us@b&qugExplicit are of two types: quastatic and dynamic. In quasi
static analysis the inertial forcegppearing in the model must be negligible, or at least very small.
Therdore, impacts cannot be modelled, but only static contacts. Dynamic emalgsused to model
those situations in which inertial forces play an important role. The application sfsoamg varies
according to the type of analysis to be simulated. bsegtatic analyss, since there is no dependence
on the speed of application of the load, it is possible to simply decrease the simulation tirieétep
without the results undgoing significant variations. This method allows to decrease the conopalat
time. In dynamic analys, the speed of application of the load is important, therefore it is not possible
to alterthe simulation time too much. It is therefore necessaryd@ase the amplitude of thiene

increments of the explicit solver by nsascaling. Two ways are available to perform resgding:
Fixed mass scaling:

On all elements in quastatic analysis.

1

I On afew elements in dynamic analysis.
1  Only once at the begiimg of the step.

1

It is indicated by specifying a factor onganimum increment.
Variable mass scaling.

1 Atthe beginning of the step and during the same, with the frequency set by the user. Excessive frequency
slows down the analysis
I The minimum acceptetime increment is specified, thgensity of theelements thatlo not respect is

automatically scaled bgbaqus

To roughly estimate the amplitude of a target increment it is possible to calculate the target increment
by reducing the Nitinol to an elastinaterial and proceeding as follows.

@]

Considering Nitinol:
- ” (p& z p Tt -

- 0 061 0QtROMPYW G
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This is the maximum possible time incseaThe analyses were run imposing a minimum time increment
of 5E-07 and the density was scaled accordingly via variable mass scaling, so to dopleewdrge
deformations and the multiple sources of {tiaparity in the analyses.

2.3.5Connector Elements

Modédling contact inAbaqugExplicit requires lots of increments of the explicit solver. This is reflected
into an increase of computatioradpenseWhen a stent is crimped or deformed, its wires intevdtt
each othethroughcontact. The standard procedure to model this behaviour is to definecargelft
(general contact) between the stent and itself. A recent gtGflgompared new strategies to model the
interaction between the wires. A commmapproach is to replace the contact definition with some
connector elementsvhich are available in Abaqus mutually and selectivelgonstrainthe degrees of
freedom (DOFs) ofwo nodesThese are briefly described in the next paragraphs.

Join connectas - Join connectors constrain the translational degrees of freedom of two Rayies (
35). When used in combination with "gimbal" they can allow camaoiationalmovements. From
Abaqu® d o ¢ u méhaJOI tonneation makes the position of nddequal to that of noda. If
the two nodes are not coincident initially, the Cartesian coordinates ofomelt#give to nodeare

fixed. If rotational degees of freedm exist at noda, the local directions corotate with the node.

Translational type: Join

~

Rotational type: Cardan

o rotation p rotation t rotation
e e a
3 @
o ‘. B
! .l‘\l_. b7

:/\i e Z“ ~¥ o
& A
b # L
N =
Py R
BI g.l D‘; d B_-\.

Figure35 Join + Cardan diagram.

52



Chapte 2: Methods

Hinge connectors- Hinge allows, in addition to binding translational degrees of freedom, to constrain
rotational degees of freedom, allowing onffpr rotations around an axis. When two filaments cross
each otheit is assumed that they do not slip together andamatitu&rotation around the radial axis

of thestent is allowed forThis allowsfor the intersection tbe modelled as a hing€igure 36). It is

very important to define a local reference system to sp#wefaxis of the allowedrotation. To do this,

a cylindrical reference system has been defined, setting the direction on evhildwt the rotations as

rho (Figure37).

a’
= 2 - a
T .'-.H’i " r " _-e" L
| N
8 _F2N g N
- i ) o, 0 g b
\::!l'. ') "'-' Y ;k\-l- &
W R ®a
R A

a

Figure 36 Hinge diagram.Considering a Cartesian triad, the hinge
connector allows rotations along a principal axis (el) by blocking
rotations around e2 and.e3

Figure 37 Crossing of two filaments, a hinge connector is inserted
between them. A local reference system has been defined: rotations are
allowed on rho ais.

Connectors usage Applying connectors is useful to model the relatdisplacement of bulk nodes,

but it can be misleading at the ends of the stent. During the crimping procedure, the wires slip slightly
between each othe€onnectos impede this behaviour from being modelled, leading the ends of the
stent to fallacious adigurations.As postulated in thatérature[16], join connectors lead to a "more

open" configuration while Hinges lead to a "more closed" configurafimule38).
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VM stress
[MPa]

General Contact Hinge Join

Wallstent

2445

1630

815

0

Qiinara

Figure 38 Comparison between general contact algorithm, hinge
connectors and join connectors. Picture fia@.

Connectors application is strongly related to the goal of the simulation. The weak ploisinoddelling
strategy is ot being able to model the interaction between the filaments, which therefore are not affected
by thdér mutualcontact. This can leadh particularfor very largedeformations, to interpenetration of

the filamentsindeed during thelocking step, it is kcessary to activate contact between the filaments
(General contacalgorithm of Abaqus) asin this phase the stent Bxially compressed and the
interpenetration of the threads would lead to incorrect redbitperiments to efine the type of
connectoland mass scalingere performed and are described in the following

2.3.6Preliminarytest to choose theonnectoitype

Transversatompressiorof the stenwassimulatedto test the behaviour of the two different kind of
connectors. Six analyses wete to conpare the use of join connectors and hinge connectors. Each
connectowastested with three different levels of mass scaling (target increm#gi07, 1£06, 1E

05). The simulations were set as when testing different types of beam elements &8cgon

A simple qualitative analysis of the deformed geometriesble 5, Table 6) showsthat the two
connectors behave in a substantially different way. The join connéetarshestentto an unrealistic
hourglasshape This result seems unaffected by the amount of s g within the considered range

of scaling factorsOn the other hand,ilge connectorglo not lead to the aforementioned hourglass
deformed shape of the stebtit make the whole stet overly stiff, as highlighted by the widespread high
values of vormises stress. Also, the response of the model changes as a target increment edual to 10
is set for the mass scalinbhe TAVI procedure to be simulated required the device be stressed with

very large deformations. The excessive stiffness given byhihge connectors would lead the
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simulation either to fail or to give results of dubious validgince compression is a very different type

of stress from the @nthat occurs on the prosthesis during the crimping phase, it was preferred to
maintain a siety margin on the results and adopt a mass scaling-67=5EAccordindy with previous
studieq16], for subsequent analyses, joonoectors with a mass scaling%#-07 were chosen.
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CONNECTOR

INCREMENT [s]

TARGET
RESULTS

JOIN

0
&
L=
23
&3
3

1.0000, Angle = -90.0000

]
<

R W00 N
e B NOWo

At

+1.251e+02
+9.475e+01
+6.442e+01
+3.408e+01
+3.740e+00

1E-07

z

L x Step: compressione Y
Increment  2095346: Step Time = 1.000 |
Primary Var: S, Mises .
Deformed Var: U Deformation Scale Factor: +1.000e+00

JOIN

§, Mises

Rel, radius = 1,0000, Angle = -90,0000 4

(Avg: 75%)
+3.763e+02

+2.207e+02
+1.896e+02
+1.585e+02
+1.274e+02
+9.623e+01
+6.511e+01
+3.400e+01
+2.878e+00

1E-06

I x Step: compressione [ %
Increment 1047682 Step Time = 1.000 <
Primary Var: S, Mises

Deformed Var: U Deformation Scale Factor: +1.0008+00 - =

JOIN

S, Mises

Rel, radius = 1.0000, Angle = -90,0000

(Avg: 75%)
+3.546e+02
+3.252e+02
+2.958e+02
+2.664e+02
+2.371e+02
+2.077&+02
+1.783e+02
+1.48%e+02
+1.196e+02
+9.020e+01
+6.0828+01
+3.145e+01
+2.07 le+00

1E-05

{
I x Step: compressione
Increment  105619; Step Time = 1,000 B
Primary Yar: 5, Mises 7N

i
Deformed War: U Deformation Scale Factor: +1.000&%00-

Table5 Compression test results for JOIN connectors
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CONNECTOR

TARGET

INCREMENT [s]

RESULTS

HINGE

1E-07

S, Mises
Rel. radius = 1.0000, Angle = -90.0000
(Avg: 75%)

+3.693e+02

+3.395e+02

+3.097e+02

+2.79%e+02

+1.9068+02
+1.608e+02
+1.311e+02
+1.013e+02

+1.197e+01

I  Step: compressione
Increment 2095278 Step Time = 1.000

Deformed Var: U Deformation Scale Factor: +1.01

Primary Var: 5, Mises i

00100

HINGE

1E-06

S, Mises

Rel. radius = 1.0000, Angle = -90.0000

(Aug: 75%)
+3.703e+02
+3.404e+02
+3.105e+02
+2.806e+02
+2.506e+02
+2.207e+02
+1.908e+02
+1.609e+02
+1.309e+02
+1.010e+02
+7.107e+01
+4.115e+01
+1.122e+01

I x  Step: compressione
Increment 1047619 Step Time = 1,000
Primary Var: S, Mises
Deformed War: U Deformation Scale Factor:

HINGE

1E-05

S, Mises
Rel. radius = 1,0000, Angle = 90,0000
(Ava: 75%)

+3.590e+02

+3.298e402

+3.006e+02

+2.7 146402

+2.422e402

+2.130e+02

+1.8382+02

+1.546e4+02

+1.254e+02

+9.615e4+01

+6.693e4+01

+3.772e+01

+8.513e+00

I x Step: compressions
Increment  105751: Step Time = 1.000
Primary Var: S, Mises s
Deformed Var: U Deformation Scale Factor: +1:000e

+00

Table6 Compression test results for HINGE connectors
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3.Simulatiors setup

After introducing in Chapte2 the keyfeaturesof the finite element mod€g.g., Lotus stent, idealized
aortic geometryandthe preliminary analyses to define some finer aspects of the simulationtbetup
chapter destesthe simulatios used to evaluate the behaviour of the Lotus stent in terms of device
performance within idealized geometries of aortic root with diffedegtees of annulus ellipticity and
calcifications. In thdollowing of this chapterfirstly the simulation steps and the analysis setup are
described, then the procedures carried out for thegsosessing of the results are introduced

3.1 Discretized modeand physical properties.

LOTUS Edge stent- As previously mentioned, the wires of the Lotuenstvere discretized into linear

B31 beam elements, with characteristic lengtf.@fmm and circular section with radius of 0.15 mm,
with an automatic computatlansverse shear stiffness. The beam esestion orientation, that is a

vector orthogonal to the section of the filament was set to the default value of (0.0, G1P) in

cartesian coordinates.

Aortic root - Theaortic rootgeometrywasdiscretized into 42904 4node linear tetrahedral elements

(C3D4)with characteristic dimension @fmm.

Calcificationsi Three different severities of calcifications were introduced in theéai Each type has
been developed in 3 different shapes to be able td tmte three different eccentricities of the aortic
root. However, all calcifications were discretized usingnb@les modified quadratic tetrahedron.
(C3D10M)with characteristiclimension of 0.6mm.

Delivery Catheter i The delivery catheter, designed asylinder, wasdiscretized by3588 4-node
guadrilateral surface elemenith reduced integratio(SFM3D4R having characteristic dimension of

1.5mm.

Aortic root, delivery catheter andOTUS Edgestent were positioned so to be mutuallyacgal. The
proximd end of the delivery system and of the stent were positiBmed into the left ventriclewith
respect to the aortic annulus, i.e., tingersectionbetween the sphere and tkd#iptical cylinder
reproducing the LVOTFigure39).

The LOTUS Edge, theaortic rootand the calcificationsvere assigned the mechanigabperties
described in section®.2.1, 2.2.2 2.2.3 respectively.The delivery catheter, as modelled as a rigid

surface, has no assigned material, but only a density equaia®"Yeé &XG& & .
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Auxiliary structures - To model thdocking of thestent two rigid planes were introduced in the model
these were 50 mm in linear size, were both centred with respect to the axis of the root and p8sitioned
mm proximally ands2 mm distally from theend of LVOT, respectively Figure 39). As a result, the

two planes ar60 mm apart along the root axis. No physical property was assigned to the two planes, as
these are not required for rigid bodies in Abadueeywere meshed by 250Pnode 3D bilinear rigid
guadrilaterabliscrete rigid element&k@D4).

As reported in Bosto&centific guidelines, to properly implant the prosthetic device, it is necessary to
enter the left ventricle 8 mm with thaelivery system. This distance was calculated from the point
closest to the LVOT of each aorta geometry considered. This processthegadifferent geometries
required different movements for the planes that manage the compacting phase. By indicating with "LV
plane" the pane that moves from the left ventricle towards the annulus and with "Aorta plane” the plane
that moves from theaatic arch towards the annulus, thiable 7 summarizes the movements of the

planes, so that they are at a mutualadist of 19 mm at the end of theeking step.

ROOT | Aorta Plane [mm] | LV plane [mm]
ElI=0 -21 10
El =0.25 -23 8
ElI=0.5 -23.5 7.5

Table7 Movements of the two rigid planes.

’(/ Rigid Planes \

Crimped

Delivery catheter

Aortic Root

Arintlus / Calcium

Figure39 Theassembly oftie model. The delivery system, containing
thecrimped device, is positioned 8mm inside the annulus (implantation
depth). The figure show the assembly cut on the y plane
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3.2 Simulation strategy

In order toreplicate as faithfully as possibtee crimping anddeployment of the LOTUS devicas
performedn the real clinical procedure, the simulatisnlivided intoan initial step followed b steps

which correspond to the 3 clinical operations of crimping, deployment and locking.

StepO: Initial - The initial step introduces the model geomednd assembly, no contact definitisn
activated. Boundary conditions on the standl on the aortic rogirevent migrationln particular, the
displacement DOFs on the two extremities of the aortic root were consteadéle end of the stent
proximalto the left ventricle was locked on the axis of the stdatloadis applied.

Figure 40 stentcatheter interaction in crimping stephe catheter,
reducing its diameter, comes into contactwtite stent placed inside it.
Theright end of the stent is constrained by blocking movement along
the stent axis.

Step1: Crimping T A cylindrical reference frame, eaxial with the stent, is defined. By imposing a
set of radial displacements appliedeeery nodethe catheter diametés reduced in 1s to a final
diameter of 20Ffwhich correspond t6.7mm). As aconsequence, the stent within is crimped owing to
contact between the stent and the cath@egure 40). Delivery atheterstent contacts modelled
throughthe AbaqusGC (General Contactlgorithm.Hard contactis used to simulate the mechanical
interaction orthogonal to the contact surface; a frictionless mechanical inteiaetdsumed tangential
to the contacsuface, so thasliding between the catheter and the sisrallowedfor [18]. Stent sel
contact is activated through the same contact model. The final result is repdtigared 1.
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RO

R T %

Figure 41 Crimping of thedevice Initial configurgion (UP) and
crimped configuration (DOWN)The figure shows the reduction in
diameter that is obtained downstream of the crimping procedure. The
delivery system was graphically isolated frdme aissembly to allow for
better visualization.

Step2: Deployment 1 This step lasts 2 SContact betweethe stent and the inner surface of the aortic
root, and between the root and the calcifications, is activatetinewly defined contactsemodelled
with thesameGC parameters usead Step 1 When calciftations are present, these are coupled to the
underlying aortic root surface taycoupling constraimvhich lock the DOFs of the nodes on the lower
face of the calcium instance with the nodes of ri@root wall laying under the calciur®nce the
calcium isintroduced into the model is necessaryntudel the interaction between calcium and the root:
aso this situation does not require interaction parameters different from the previouBhenedheter

is widened againp to an innediameterof 25mm by adisplacement boundary condition on all catheter
nodes. The contact between the stent and the delivery systaain&ined As a consequence, the
delivery catheter becomes larger than the aooidt with no interaction with the root itself, since no
root-delivery catheter contact is defined; #tentexpards owing tothe superelastic effect of Nitinol
andcomes into contact with the aortic root d@hdcalcifications(Figure42).

Figure 42 Stentroot interaction during deploy stepuring this step,
the contact between the aortic root and the-foeexpand stent is
activated. In calciuatontaining simulationgalciumto-root and stent
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to-caldum contacts are also introduced. In the configuratfomws in
the figure, the stent has been released from the catheter and touches the
aortic root.

Step 3: Locking T This step lastds. The two auxiliary planes intact with the nodes at the proximal
and distal end of the stent, respectivdllie interadbn is a surfacenode type between the rigid body
(the plane) and thivo sets of nhodeslhe two planes do not interact with taertic root as theyare
moved towards the mid-sectionof the stent by inposing an axial displacement to the respective
referene pants (whose definition is mandatory when rigid bodies are defined in Ahaus) obtain

a stentength of 19 mmwhich, in the real device, is the target ldnfpr every device siz@-igure43).

Figure 43 During the locking step, two rigid planes are used to bring
the two ends of the stent closer together, until the fixed implant length
of 19mm is reached

3.3 Energy check

Using mass scaling teciguies to speed up the analysis leads to a modificafighe inertiaof the
components othe model.This reflects in an alteration of nodal accelerations and hefntte time
dependenthe kinetic energy of the efeents subjected to mass scalitigs good practice to check if
these alterations are sigwmifint a rule of thumb suggesthat the ratio between kinetic energy and
internal energyshould be §%, if not during fast transient motionSince mass scalingas mainly
applied to the stent, the egg checkwas performed only on the elements belongimdhat instance
by operating on the history outputs of the simulattogure44 showsthetime coursef internal energy
(ALLIE) and kinetic energy(ALLKE ), as well as of @ ALLKE / ALLIE ratio for the stentThe latter

is always 5% after an initial instability, relatedto the discontinuity that occurs during crimpiaigthe

onset of the cathetestent contact
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Figure 44: energy check for the steelements. Time course of the
Internal Energy (ALLIE top left), of the Kinetic Energy (ALLKE, top
right), and of their ratio (ALLKE/ALLIE, bottom left and bottom right,
where a zoom in is depicted).

3.4 Postprocessing

The purpose of this analysis is to exatkethe performances of LOTUS Edge deviessa functin o
the eccentricity of theortic root and the presence of calcium on the wadl previously explained
(section2.1.3, 12 simulations we run on asnany variants of # main model, so to explore the effect
of aortic annuls ecentricity and of calcification severity

3.4.1Stentroot interaction areeomparison

A first useful parameter to quantitatively evaluate how a transcatheter valve prosthesis anchors to the
surface ofthe aortic annulus is the contact area between thé atértheaortic root. This measure
chosen to allovior a comparison with previous works literature[17] [18] [19] [26] [27] [28] [29],

evaluatsthe extent of the interaction between the stent and theofnthke LVOT andof the aortic root
(Figure4b).
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Figure 45 Comparison of contact area between different El without
calcium. From the left: El = 0.5, El = 0.25, El =Red areas indicates
root elements icontact with the stent.

At the end of each simulation the values of the coptassure(CPRESS General Contact Domain) on
the aortic root were saved in a report filae elements characterized by a{zemo CPRESS value were
selected and the cumulagiextent of their surfaceglongingon the inner wall of the aortic root was
computel in the deformed configuration through an ad hoc Matlab script.

3.4.2Von Mises Equivalent Stress.

The equivalent von Mises stress () is computed as:

L

C e e toot ot
nq ¢

In this work,,  was used to identiffheareasf the aortic wall thaare most prone to be daged by
the strong axial force of the stefb this aim, at the end efach simulation the Von Mises stsext each
integration point of the aortic root wpanted on a report file, which was processedrbgd hodMatlab
codeto eliminat outliers anda focusthe investigation to thelements belonging to the/OT, since

in other areas  wasnegligible.

3.4.3Paravalvulaorifice area(PVOA)

As explained in chaptdr.2.5 a rather common complication in TAVIspsravalvular leakPVL). In
this project, PVLwas not measured directlyince purely structuraralyses were rurgand PVOA was
computed as surrogate measure. The PVOA was defined as the area between the stent and the aortic

root, generated by imperfect adhesion, as evaluatedfiort axis cross section of the aortic root.
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Figure46 Slice acquired to evaluate PVOA

PVOA was quantifiedhrough the ImageJ image processing software. Evaluation begins by exporting a
cross sectional plard theaortic rod and of the stent virtually implanted withiRigure46), wherethe

gap between the stent athé aortic rootan be seen. Two points the aortic rooaire selected aktheir
distancas calculatedo be able to create a correspondence between the units of measurekhawusf

(mm) and Imagej (pix@l Once saved, this image is imported into ImageJ where, using the "set scale"
command, the abowaentioned correspondence is set. The image is then subjected to the separation of
the chromatic channels (split channels) to work imaaiirome and, by apphyg a threshold, it is
transformed into a binary imagehere white pixels only correspond to the gaimarization allowso

work with the "turned on" pixels and evaluate, through #malyse particlesfunction, the areas formed

by the incomplete apposith of the stent tahe aortic rootFigure47). The measurement, as described

in the previous chapter, is rather complex and it is prone to eRigst of all, the point at which the

slice is acquired for the measurement of tamyalvular orificesdepending on the depth at which the
measurement is made, the leak will be more or less broad as the subsequent intertwining of the stent
contributego occluding this orifice. All measurements were carried out in "worst case" cod#m

the resulting value is an overestimatof the real paravalvular leak. Furthermore, in the real device
there is an "adaptive seal" which is interposed betweestéim and the annulus, in order to minimize

the leak. A possible improvement of therw could focus on improving the reliability and accuracy of

these measures.
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Figure 47 Paravalvulaorifice areaon the slice acquirefleft) and on
the binary image processed (right)
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4 Simulations results

The computational expee o simulationswas eval uated in terms of HAUser
former is the time spent by each procesAlzdqug$Explicit into the kernel of the operative system (LINUX),

the latter is the time spent by the entire analysis, as medsusssiopwatchTheir respectivaverage value
werel72534sand 17350% (i.e.,around two days) for each analysis runmmglO0 CPUs.

4.1 Comparison of LOTUS implantation in different root geometries and

different calcifications

To make a meaningful compsonbetween the different implant conditions tested for the LOTUS valve, it is
necessary to keep in mind the encumbrance exerted by the presence of calcium. The first level of calcification
is quite small while the third is largelyroad This causes thirst level of calcification to act as an almost
pointed protrusion. The third level of calcification is vérpad so the stent adapts well on it, reducing the
paravalvular leak and the area of contact whhaortic rogtsettling lagely on the calcim. This hypothesis

is confirmed by the results of the simulatiotfse aortic rootdeployment with maximum calcium severity
shows a low area of interactiomgble 8) between stent anabrtic root and a decrease in tR&OA (Table

11), while is maximum for the smaller calcium.

Contact Area 0O El=0 El =0.25 El =0.50
No calcium 345.37 454.58 292.83
Calcium level 1 367.28 459.44 327.54
Calcium level 2 351.52 465.44 371.12
Calcium level 3 304.09 259.60 373.79

Table8 Contact area in differemorticroots and calcium.

The implant in huge elliptical geometries does not brind-th&US Edgedevice to a decrease in the contact
area. On the other hanghints of intense stss are detected witmancrease in stress in the LVOT compared
to more circular geometri€$able9, Tablel0). In the ideal conditions, i.e., with a circular native annulus and
with no calcification, the maximum  is equal to 102 kPa. This valigincreased by annulus eccentricity
and calcifications, up #59kPa, which is the vakiobserved for the maximum annulus eccentricity considered

and calcification level 2
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No calcium

S, Mses
(Avg: 75%)

750e-02
+3.3330-02
31

+4.1670-03
+0.000e+00

S, Mses
(Avg: 75%)

+8.333e-03
+4.167e-03
+0,000e+00

Calcium

level 1

+8.333¢
+4.1676-03
+0.000e+00

+23172-0:
- +2 500e-02
[ +2 083e-02
- 4166702

1isEiR

Calcium

level 2

S, Mises
(Avg: 75%)
+1.439
+5.000e-02
+3.5836-02
+4.167¢-02
+3.750e-02
+3.3332-02
+2517e-02

+0.000¢

+4.167e-03
+0,000¢+00

-

(Aug: 75%)

Calcium

level 3

S, Mises

(Avg: 75%)
+2.081e-01
+4,5936-02
+3.167¢-02
+3.750¢

+4.167
+0/0002+00

S, Mises

(Avg: 75%)

+0.000e+00

S, Mises
(Avg: 75%)
432

Table 9 LOTUS Edge implantrito different conditions of El and calcium

severity.
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LOTUS Edge ElI=0 El =0.25 El =0.50
a_u[MPa] AVG MAX AVG MAX AVG MAX
No calcium 0.0277 0.1023 0.0350 0.1555 0.0484 0.2859

Calcium level 1| 0.0287 0.1503 0.0330 0.2001 0.045 0.3236

Calcium level 2| 0.0297 0.1489 0.0339 0.2259 0.042 0.4591

Calcium level 3| 0.0266 0.1468 0.0121 0.1629 0.0416 0.3417
TablelOVon Mi ses®6 st r es s adticreotsand balciumh on i n

di fferen

The real advantage of mechanieajpandable devices is the reductiofP®lL. Their implantation mechanism

allows the stent to adhere homogaugy to the annuk, minimizing retrograde flow also when huge

calcifications are present. Frofiable 11 andFigure48 it can be seen th&VOA, i.e.,the areavailable to

PVL, is minimal.

Figure48 Top view highlights the PVL into three different calcium severities
for EI = Qaorticroot. From left to right: No calcium, calcium level 1, calcium
level 2 and calcium level 3. Calcium is highlighted in orange, the root in blue
andthe stent in grey.

PVOA OO | El=0 El=0.25 El = 0.50
No calcium 0 1.216 0.497
Calcium level 1 7.199 3.999 5.044
Calcium level 2 4.549 2.115 3.844
Calcium level 3 0 1.925 0.735

Table 11. Paravalvularorifice area(PVOA) measured for differenEl and

calcium severity
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4.2 Stress distribution on the stent

S, Mises

Rel. radius = 1.0000,

Rel. radius = 1.0000,

(Avg: 75%)
+3.425e+02
+3.143e+02 A
+2.860e+02 &
+2.578e+02 M
+2.295e+02 1
+2.013e+02
+1.730e+02 1
+1.448e+02 ¥
+1.165e+02 b
+8.830e+01
+6.006e+01
+3.181e+01
+3.565e+00

Figure 49 Von Mises stresdistribution countur ploton the stentin the figure
only ElI = 0.5 is reportedFrom left to right No calcium,calcium level 1,
calcium level2 and calaim level 3

The distribution of stress was also evaluated on the stent, in order to highlight where the stresses are
concentrated=romFigure 49it can be seen how the stress peaks are located near the interactidhs voith

and with the calcifications. Very t@nse stresses are also present at the ends of the stent, as this is where the
locking mechanism of the device aciable12 shows that the presence of calcium does not significalitely a

the average stress on the device, however it creatégions in the maximum stress, creating peak stress
concentrations nedine calcifications. In particular, in accordance with thsultsfor the stresses on the wall,

it is the first level of clmium that generates the greatest efforts due todtsyating form. Important variations

of the mean stress can be found with the increase in eccentricity. In fact, calculating the average by grouping
the data by eccentricity, an increase of about 10idBaserved for each increase in eccentricity.

LOTUS Edge ElI=0 El=0.25 El =0.50
d_u[MPa] AVG MAX AVG MAX AVG MAX
No calcium 9997  301.26 107.55 341.07 120.50 341.51

Calcium level 1| 102.50 350.01 109.40 348.47 121.06 381.23

Calcium level 2| 104.08 338.34 110.35 346.72 122.58 344.23

Calcium level 3| 110.53 342.46 109.04 339.82 120.69 389.16

AVG GROUP 104.27 109.09 121.21

Table12 Maximum andaverageé/on Mises stress on theent. The grey line
highlights themediumstress average value for each group of eccetigsci
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4.3 Comparison of performance of LOTUSd@e valve against

CoreValve, CoreValv&volut R Portico and Acurate NEO

In this section, a comparison between the outcom#sssdtudy and results previously obtainadhe thesis
research grup (CompMech Group, University of Pavia) the stents ofther devices for TAVire shown.
The comparison herein presented expahdscomparison started article [17], in whichthe Portico valve
prostheses (St. Jude MedicSt. Paul, MN, USA), the CoreValEvolut R (Medtronic, Mnneapolis, MN,
USA), the CoreValve (Medtronic, Minneapolis, MN, USAnd Acurate NEO (Boston Scientific,
Marlborough, Massachusetts) were compaifiethis purpose, only idealized geometries with calcium
were evaluated.
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Stentroot interaction are Il C_press

VALVE EI=0 El=0.25 EI=0.5

Portico

Evolut R

CoreValve

Acurate NEO

LOTUS Edge

Table13 Contact area: Comparison between diffédzvices.
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Von Mises Stress

VALVE

El=0.25

Portico

Evolut R

CoreValve

Acurate NEO

LOTUS Edge

MO M0.13 MPa

o e

Mo Mo 15 MPa

Table14 Von Mises stress: comparison beem different devices.
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Paravalvula©Orifice Area

VALVE

El=0.25

Portico

Evolut R

CoreValve

Acurate NEO

LOTUS Edge

Y

Tablel5Paravalvulaorifice area for different devices andfdrent ElsStent

root interaction area
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Unlike other transaheter prostheseth)e LOTUS Edgeconcentrates the interaction withe aortic rooat the
annulus and LVOT areas, witholganingon the aortic root wall and on the Valsalva sinuses. This is
highlighted in theTable13, wherethe contact areas betweéme stent anthe aortic rootre indicated in red.

In the case of LOTUS Edge it is possible to note how the contact area is homogeneously distributed over the
entire perimeer of the annulus even for geometries with a marked eccigniridex (El). Inded, forthe aortic

root with ElI = 0.5, the Evolut, Portico and CoreValve transcatheter prostheses come into contact with the
annulus at the minor axis of the ellipse, leavanargegapat the margins along the major axis. A smaller
contact area could leato device migration issueSoncerning LOTUS Edgehelocking and repositioning
procedure should ensure stability to the prosthetic device. As reporfablel6, LOTUS Edge shows a
contact area betweenettstent andhe aortic rootnumerically comparable with others devices. The main
difference is that this contact area is concentrated iarthalus and in theVOT instead of distributed on the

aortic wall.

Contact areat & | Portico Evolut R CoreValve Acurate NEO LOTUS

EI=0 236.8 512.3 742.4 422.5 345.4
El=0.25 380.5 5514 834.3 415.2 454.6
EI=0.5 284.3 397.2 570.2 277.6 292.8

Table16 Comparison of stenbot contact area betweenfdifent devices.
4.4 Von Mises stress

In all the geometries analysdte stresses produced the expansion of theOTUS Edge on the aortic wall

are lower although comparable, as compared to the stresse®psly computed fothe other prostheseA.

distinctive feature of the LOTUS Edge seems to be the fact that the stresses generated in the aortic wall are
uniformly distributed between the annulus and tROT (Table 14). Indeedalthoughwe are dealing with

elliptical geometriesthe massive stresstend to reshape the annulus leading it towards greater circularity. In
Tablel7val ues of Von Misesd s ttheeQTE® Edgeats the other plavices e d ¢
Excluding the Acurate NEO from the cparison, as it generates a weak radial force, is possible to notice that

the fact that the LOTUS Edge concentrates its stresses in the annulus does not generate a maximum stress

higher than selexpandable devices.

; T,  [kPa] | Portico EvolutR CoreValve Acurate NEO LOTUS

ElI=0 10/74 38/162  29/134 30/90 28/102
El=0.25 19/104 49/201  36/107 27/80 35/156
EI=0.5 38/367 112/514 103/416 42/120 48/286

Tablel17 Averageand maximus Von Mises's stress on the aortic wall.
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4.5 Paravalvulaorifice areaPVOA)

As shown inTablel18, in absence of calcificatiortke LOTUS Edgedevice ensures, through its characteristic
deployment mechanism, a very smRWOA, oftenmuch smaller as compared to the one computed for the
othe devicesDifferences become more evident as a progressively more elliptical profile of the native annulus

is considered.

PVOA & & | Portico Evolut R CoreValve Acurate NEO LOTUS
El =0, No Calcium 0 0 0 0 0
El = 0.25, No calciu 6.2 1.8 0 0 1.2
El=0.5, No calcium| 8.6 12.0 11.7 1.1 05

Table 18 PVOA comparison between different deviciesthe absece of
calcifications

Comparisons wermade between LOTUBdge CoreValve and Porticalso with reference to scenarios with
calcifications(Table 19), since data for the two last devices were availdlden previous studies of the
CompMech research grpior El = 0 and EI = 0.287]. From the values shown in tfi@ble19it can be seen
that thePVOA values are significantly lower fahe LOTUS Edge. This is due tits charactastic locking
mechanismwhich enables a better anchoring to the aortic root. Wakk stent deforms less and presses the

calcium against the aortic root wall.

PVOA G a LOTUS Portico CoreValve

El = 0, NoCalcium 0 0 0

El = 0, Calcium level 1 7.1 22 21
El = 0, Calcium level 2 4.5 23 35
El = 0, Calcium level 3 0 39 39
El = 0.25, No calcium 1.2 6.2 0
El = 0.25, Calcium level ] 3.9 35 35
El = 0.25, Calcium level ] 2.1 32 16
El = 0.25,Calcium level 3] 1.9 26 17

Table19 PVOA comparison between LOTUS, Portico and CoreValve.
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5.Patient specific TAVI with LOTUS Edge valve

The aim of this section is to simuldtee TAVI procedure in a patiergpecific setting to expand tlamalysis

of the LotusEdgeobtained with idealized genetries. In particulara bicuspid aortic valve (BAV) caseas
consideredSevere BAV can be assimilated to a case of a very elliptical aorta since the fusion of two leaflets
causes therifice of the valve to be highly elliptical and the leaflets to ppdmohle during the opening
phase. As a result, a TAVI in this scenario would require the expansion of the stertrimow and elongated
orifice. Also, thefusionof the leafletcan becomplementetly largeleafletcalcificationshat make the leaflets
hypetrigid, causing the stents used for TAVI not to expand properly.

Also in this case, the performancegtod LOTUS Edge stentvere compared with those of the Acurate NEO
and Evolut R which were already included in a recent work 2¥.three device(i.e, LOTUS Edge, Acurate

NEO and Evolut R) with different characteristics in terms of geometry, conformability and radial force were
compared orthe model of 79 years old patient witicquired type | raphtype BAV who underwent TAVI
procedure at IRCS Poiclinico San DonatoP at i ent 6 s ¢ h ar aTable20. ingpdrticutas inar e
the clinical procedure, this patient was submitted to TAVI with implantation of an Evolut R size 29Tvaldve.

additional valves (i.e Acurate NEO and Lotus) wepensidered for the comparatigsgnulaions

Age/ Annulus Implanted Alternative Alternative | Aortic Calcium Implantation
gender diameter valve valve 1 valve 2 angle | Score800* depth [mm]
max/min (reality) [°] OO ]
[mm]
79/M 25.1/21.6 Evolut R 29 | Acurate Neo M| Lotus 27 31 536 NCC:4.4,
LCC: 10.4

Table20 Characteristics of the enrolled patient undergoing TA®imount of
calcium extracted adoptingsegmentatio threshold of 800 Hounsfield Units
NCC: noncoronary cusp; LCC: leftoronary cusp

The workflow to set up a patiespecific simulation starts withtwo importantblocks: the firsbneaims at the
geometric reconstruction of the stent (see Ch&ptéthis thesis for LOTUS Edge, sg8] for Acurate NEO

and Evolut R), the secommheto the geometric reconstruction of the patigpécific aortic root complex.



Chager5: Patient specific TAVIvith LOTUS Edge valve

5.1 Native aortic root reconstruction

The tedinique developed at CompMech group (University of Pavia) and already descrifizg] imas
followed to reconstruct the geometry of the patient's aortic root. The workflow (as illustidtggliie 50)
takes as input the paperative cardisynchronized CT scan (Siemens Somatom Definition, Siemens,
Erlangen Germany) ahe 79 yearsold male patient. CT scan parameters were the followioguiaition

voltage 120 kV, slice thickness 1 mnixgd spacing 0.82x0.8@ & and reconstruction matrix 512x512 pixels.

The images were acquired during the diastolic phase and imported into the open source Vascular Modelling
Toolkit (VMTK) software for the extraction of the geometries of the aortiotravall and calcium in STL

format. Semiautomatic gradieAbased segmentation procedure with colliding fronts initialization was adopted

to extract the aortic root wallhe STL file of the aortic wall was theelaborated using an-museMatlab

code whit reconstructs the outer profile of the aortic root wall. Accordirig@pa thickness of 2.5 mm was
assigned to aortic root wall. IGES file was then imported Adtaqussoftwareas solid part and meshed with

a mesh size ik order op Ttetrahedraklement{C3D4)characteristic dimension 0.7 mm

Then, starting from the CAD model of the aortic root wall, Rhinoceros (McNeel & associates, Seattle, WA,
USA) software was adopted to create the native leafletsHigeee51). In particular nine reference points
defining the leaflets attachment lines and commissures liwese identified on the aortic root. Leaflet
dimensions of the free margins were measure@byransthoraciailtrasound images dhe patient under
consideration. Leaflets surface was then imported Alt@aqus as 4-node shell elements with reduced

integraton (S4R)and auniformthickness of 0.5 mm was assigri2é)].

The calcifc depositswere extractedrébm CTA images by means of semitomatic gradient based
segmentation procedure with threshold initialization (Hounsfieldss®00) and converted into solid parts
with VMTK libraries. An inrhouseMatlabscript was then adopted to createddmaqusiNP file. Calcifications
were meshed withpproximately 6*10”4 linear tetrahedral elemdm@8D4) with characteristic dimension®.

mm.

MATLAB RVB IGES

PROCESSING

T -
CT SCAN SLICING
Calcium MATLAB
STL INP
PROCESSING

Figure50 Patientspecific aortic root and calcium reconstruction workflow.
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ROOT’S GEOMETRY ‘
CT SCAN MATLAB

FE ANALYSIS
LEAFLETS MEASURES

ECHO IMAGING ’ ABAQUS/Explicit

IMAGING SIMULATION

Figure51 Main steps of aortic root geometric model reconstruction.

5.2 Material models

The material models used are the same as those used for simulations in the idealized aorta. The three prosthetic
devices were modelled with Nitinol, the aortic roothwa linear &stic material with a Young's modulus of 2
MPa,Poisson's ratio of 0.475 and densitygéfp T 0 "@ & . Leaflets were modelled by an elastic isotropic
material with E = 1P3,= 0.45 and densitg® 2 p 1 U "@ & . Calcium is modied as a linear elastioaterial

with a Young's modulus of 10 MPa a Poisson's ratio of 0.35 and a density af 2@00.

5.3 Simulation workflow

The simulation procedure follows the steps already described for the analysis in the icealizadots
(Chapter0). An initial crimping phase where no contacts between the stertharabrtic rootare activated
was followed by the deployentphase. During this step, in addition to the cordaéinitions already included
in the idealized procedure (Stithapter3.2), also thecontact between the leaflets atie aortic rootand
between the stent and the leafleids modelledThe same contact formulation described for the idealized
models was adopted. kinematic constraint techniquéne coupling constrain in Abaqus librargtweerthe
calcium blocks and tha set of nodes on the leafletgas adopted to define the interaction between leaflets
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and calcifications with the aim of allowing the latmymplying with the leaflets during the simulation

procedure.

Thedeploycathetemwaspositioned into the aortic root with an implantation depth suggested by the clinicians
so that, once expanded, the end of the stent is close to the ahmdlable20 distance between the proximal

end of the crimped stent and the lower pointNIBC and LCCare reportedThis positioning lead tora
implantation angle between the stent and the aortic xi®ih 9degDuring the dployment phase, the nodes
belonging to the inferior margin of the stent were constrained in the longitudinal direction to prevent stent
migration. The top and bottom edges of the aortic root wall were constrained, too.

The deploymenphase was followed by third step simulating the locking of the Lotus device to impose a 19

mm axial extent of the stent

A semiautomatic mass scaling (dt=0e8) was defi ned on t-up¢he antlysie Thes el
ALLKE/ALLIE ratio was monitored over the wholduration of the simulation to ensure that it remains less

than 5%, preventing inertial undesired effects.

Also in this case, pogirocessing of the simulation outcomes was computed to evaluate the performance of
the implanted deviein terms of steatootinteraction area, Von Mises stress distribution over the aortic root
wall and paravalvular orifice area (PVOA). The calculation of the PVOA was performed on a slice orthogonal

to the aortic root axis{gure52).

Figure52 PVOA measurement dafOTUS Edge implanted in a patiespecific
aortic root. An S cutting plane was defined.
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5.4 Results andliscussions

. Simulation outcomes after deployment and locking are depicteidume53.

A B

Figure 53 A) deployment; B) locking phase. Aorticabis in red whereas
calcifications are yellow coloured.

Simulation outcomes of the LOTUS Edge device were compared with the behaviour of the Acurate NEO and
of the Evolut R which were already investigated by Finotello ef2d]. In Figure54 simulation outcomes of

the three devices are presented

Lotus Acurate NEO Evolut R

Figure 54 Final deploy of the thie cevices in the samaortic root. Red box
highlights the results prodad in the present thesis work.
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Figure 55 and Table 21 the summarize the resultd the simulations for the three devices highlightihg
distribution of Von Mises stresses on the aortic root wall. For the LOTUS Edge and the Evolut R it was possible
to notice a greatestressconcentration in the annulus region in correspondenceeafaleific depositswhich

were compressed againsé thalls of the native aortic root (see distribution of calcified blocks as depicted in
Figure54) probably due to the greater radial force exerted by these devices. Conversely, the Acurate NEO
device, by exerting a lowerdal force, did not show a unifior pattern of stress distribution with lower values

of mean and maximum stress.

This hypothesis is also supported by the data relating to thergt#nimteraction area. In fact, it was noted that
Evolut R and LOTUS Edgeeave able to adhere with greateeato the aortic rootTable21).

AL L T O S ST R W R R R &

«]y

Acurate NEO Evolut R

Figure55 Von Mises stress distribution on the aortic root for the tloeses
under investigation. Red box highlights the results produced in the present
thesis work.
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Von Mises stress (mean/max) [kPa/kPa]

Stentroot interaction area [0 0 ]

Lotus Acurate NEO

Evolut R

Lotus

Acurate NEO

Evolut R

0.04/0.33 0.02/0.21

Table21 Numerical outcomes of Von Mises stress and steot interaction

area.

0.04/0.35

246

226

251

Comparative results in terms of paravdar leak are showin Figure56. Worst results were found in case of

Acurate NEO device (6.81m?), followed by the Evolut R (2.1 mfhand Lotus (1.2 mA.

Acurate NEO device adapted better to the elliptic geometry of the anhalusyer in such patientspecific

geometry which is characterized byery huge and rigid calcifications, the devicemai | ed on fApush

calcium blockson the aortic root walbreventing the correct restoration of transvalvular blood .flomthis

regard, theLOTUS Edge valve did a better job, thus providing a better coverage of the annulus. The final result

was an overakmaller PVOA

In particular, taking into consideration the results previously report@dhite 15, it canargued that Acurate

NEO is better suited than Evolut to strongly elliptical aortic roots. However, although BAV can be assimilated

to strong eccentricity, in this patiegpecific case which isharacterized by a strongly calcified and irregular

annulusAcurate NEO isiot able to adapt well to the shape of the annulufaait | e d

blocks outwards.

Lotus

Acurate NEO

on fipushing

Evolut R

Figure56 Cut on S plane for the three devicB¥.OA values are reported for
each device it & . Red bx highlights the results produced in the present

thesis work.
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In conclusion, based on the comparative results presented in this chapter, we can amnenttiaaugtihe
patient was treated in éhclinical practice with a Evolut R device, also the LOTB&je stent could be

considered a good option for this clinical case.

Moreover, the results of this chapter highlight the importance of conducting gsgesmtic simulations as the
success of TAVprocedursdepends not only on the device which is dgetbbut also on the specific anatomy
in which the stent is inserted.
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6.Conclusions and further scenarios

The expansion of the pool of patients eligible for TAVI in recent years has led to studying how different
devices behave in anatomical conditions #rat particularly far from ideal, in order to verify whether to
include additional patients in percutaneous treatment. In this thesis work, a computational model has been
developed capable of simulating the implantation of LOTUS Edge in idealized gesmethiedifferent
eccentricities and different severity of calc#ions. Finally, a patiergpecific study was conducted to
simulate the response of the prosthetic device in a real aortic root geometry. Studies were then conducted
aimed at stabilizing andptimizing the model which led to a reasoned choice of elemest tyesh size,
connector type. The performance of the device were evaluated in terms of: contact area between stent and
aortic root, distribution of stresses on the aortic root (evaludtggyerage and maximum values in the LVOT

region) and in terms gdaravalvular orifice area.

Conclusions: LOTUS Edge in different conditions on El and calcium severity The results of the
simulations carried out by implanting LOTUS Edge in 3 differemiditions of eccentricity and 4 conditions
of calcifications, showa that the presence of calcium significantly alters the behaviour of the prosthesis. In

fact, calcium, modelled as a very rigid material, causes deformation of the stent.

If for the aorticroots with ElI = 0 and 0.25, as calcium severity increases, thaaarea between stent and
the aortic root decreases, for the aortic root with ElI = 0.5 the behaviour is opposite, as the combination of
strong eccentricity and very large calcificationsi®s the stent to be compressed against the aortic wall,

increasigy the contact area.

The ability to adapt to very elliptical geometries, however, leads to an increase in the average and maximum
stresses concentrated in the annulus in relation to thefhediecular geometry. Considering the case without
calcificatiors, the increase in the eccentricity of the aortic root brings the maximum stress from a value of
0.1MPa (El = 0) to a value of 0.3 (El = 0.5), tripling the stress. The maximum 1@ w 0 dwvas found

with El = 0.5 and calcium level 2.

The great advatage of using mechanicakpandable devices is found by analysing the data relating to the
PVOA. Indeed, these devices are able to adapt well even to irregular geometries with mersoaticas.
The paravalvular leak is increased due to very pratgudalcified conditions until a value of @& (i.e.,
calcium level 1) respect to no calcium ideal condition. Low PVOA were found in calcifications that sit well

on the aortic roowith a maximum value of®& (i.e., calcium level 3).



Chapter6: Conclusions and further scenarios

Conclusions: LOTUS Edge behaviour compared to other devicésSimulations showedow Acurate NEO

and LOTUS Edge are able to concentrate stresses and adherence to the aortic root in the aonulus reg
ensuring a stable point for anchoring the device. Maed.OTUS Edge is able to distribute homogeneously

the contact area on all the annulus perimeter and shows a minor reduction in the contact area when implanted
in very elliptical geometries. Hower, if only the contact area value is considered, withouisitlering the

variation between perfect ideal conditions (No football, EI = 0) and the other situations, Evolut R and
CoreValve show the largest contact area values, as they anchor not ordyaonulus but also lean on the
ascending tract of the aortigot.

As previously described, LOTUS Edge creates intense efforts in the annulus in conditions of strong
eccentricity. From the comparison with the other devices it has been noted that theseaeffoot more

intense than those generated by the otkieeg,are sometimes smaller and more distributed. CoreValve, Evolut

R and Portico devices, on the other hand, show stress peaks concentrated in a small area, leading to potential
damage to the atdc root.

From the analyses in idealizggometries it emerges that LOTUS Edge and Accurate NEO have the most
effective stent in reducing the paravalvular leak among those considered in the analyses. Evolut R and
CoreValve work well until an El = 0.25, aftthat threshold the PVOA moves fromlB& & to 123 &

Portico valve shows a huge PVOA also for El = 0.25. Under those considerations is safe to conclude that
LOTUS Edge is the most effective prosthetic device to reduce paravalvular leak when eccentricity of the aortic
root is strong orin the case of BAV. However, the implants should be checked under paiiific

conditions, in order to assess whether the stresses produced on the annulus are excessive or acceptable.

Conclusions: LOTUS Edge behaviour in patientspecific simulation- Thepatientspecific analysis studied

a clinical case of severe BAV by comparing the implantation of three devices: LOTUS Edge, Acurate NEO
and Evolut R. All devices shows similar stexairtic root interaction area. Accurate NEO produces very little

stres onthe calcifications, not ensuring correct anchoring of the device while LOTUS Edge and Evolut R
engender the same mean and maximum stress. The three devices were compared in terms on PVOA and
LOTUS Edge manifest the smaller area between the stenbamalcified leaflets. This study confirmed the
considerations advanced at the end of the analysis in idealized geometries and suggested that LOTUS Edge

was the best prosthesis for the patient under study.

Further scenarios- This work could be expanded ladling to the comparison the TAVI prosthetic devices
currently available on the market not yet included in the study and the devices that will be introduced in the
future. The model could be enriched by adding the aortic valve leaflets (present drdyatigntspecific

model) and the adaptive seal. Furthermore, the choice of metrics for this work was bound to the choices made
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for works previously present in the literature, in order to allow the comparison of results between different
devices. One poise development is to improve these metrics, for example by normalizing theastéint

root contact area to the overall aortic root area, which varies with eccentricity. The estimate of the PVL can
also be improved, both by introducing a fluid dynanainalysis that allows to evaluate the real PVL, and by
sampling the cross section of the aortic root axis with more slices, in order to reconstruct the volume interposed
between the stent and the aortic root. In addition, the paetific analysis coulderepeated by studying
different implantation depths and angles to find the best implant position for the patient and compared with
postoperative CT scan in order to verify matching between the simulations and the realty. For this purpose,
the simulatio system could find stable use in clinics to study the more complex cases that require TAVI in
order to improve the surgical outcomes.
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Appendix

A. Somedeterminingfactors for the choice of aortic valve replacement

procedure.

Favours Favours
TAVI SAVR

Clinical characteristics

STS/EuroSCORE Il <4%
(logistic EuroSCORE | <10%)*

STS/EUroSCORE Il 24%
(logistic EuroSCORE | 210%)*

Presence of severe comorbidity
(not adequately reflected by scores)

Age <75 years +
Age 275 years o
Previous cardiac surgery +
Frailty® +

Restricted mobility and conditions that may
affect the rehabilitation process after the +
procedure

Suspicion of endocarditis i

Favourable access for transfemoral TAVI +

Unfavourable access (any) for TAVI +

Sequelae of chest radiation &

Porcelain aorta

Presence of intact coronary bypass grafts at
risk when sternotomy is performed

Expected patient—prosthesis mismatch

Severe chest deformation or scoliosis

Short distance between coronary ostia and
aortic valve annulus

Size of aortic valve annulus out of range for
TAVI

Aortic root morphology unfavourable for TAVI +

Valve morphology (bicuspid, degree
of calcification, calcification pattern) e
unfavourable for TAVI

Presence of thrombi in aorta or LV +
Cardiac conditions in addition to aortic stenosis that
require consideration for concomitant intervention
Severe CAD requiring revascularization by
CABG

Severe primary mitral valve disease, which
could be treated surgically

+

Severe tricuspid valve disease

Aneurysm of the ascending aorta

©®ESC 2017

Septal hypertrophy requiring myectomy

Table22 determining factors for the choice of TAVI / SAVR



Appendix

B. Matlab Scripts

Main script: mesh_lotus.m

% Mesh BOSTON LOTUS
% Duplicates intersection nodes

%Generation of two different iverlapping filaments

filename = 'new_inp.inp’;
nodes_1 = loadfodes_1.txt");
elem = load(‘elem_1.txt");
name_instance = 'LOTUS_stdrt
nnodes = size(nodes_1,1);

nelem = size(elem,1);

% new files

name_filel =new_nodes';

name_file2 = 'new_elems’,

name_file3 = 'new_assembly’;
name_file4 = 'conn_elesy
name_file_ceanectors = 'new_connectors'’;
fidl = fopen(name_filel,'wt');

fid3 = fopen(name_file3,'wt’);

fid4 = fopen(name_file4,'wt');

fid_connectors = fopen(namdile_connectors,'wt');

% Crossing nodes
crossing_file = 'crossing.txt';

fid5 = fopen(crosing_file,'r");

%Run script to import crossing nodes list
crossing_import;

crossing= reshape(crossing,1,[]);
crossing = sort(crossing);
crossing(crossing==0) = [];
nodes_crossing = crossing;

count=1;

lab_el = elem(end,1)+1;

lab_n=nodes_1(end,1)+1;

for i = 1:lengthfodes_crossing)
node_crossing nodes_crossing(i);

[elem1] =find(elem(:,2)==node_crossing);

3 CABG = coronary artery bypass grafting; CAD = coronary artery disease; EuroSCORE = European System for Cardiac
Operative Risk Evaluatig LV = left ventricle; SAVR = surgidaaortic valve eplacement; STS = Society of Thoracic
Surgeons; TAVI = tanscatheter aorticalve implantation.

93



Appendix

[elem2] = find(elem(:,3)==node_crossing);

% find overlapped nodes

% no need to duplicate the intersection node and redefine the elems

a = find(node_1(:,2)==nodes_1(node_crossing,2));
if isempty(a)==0
a = etdiff(a,node_crossing);
b = find(nodes_1(a,3)==nodes_1(node_crossing,3));
b = nodes_1(a(b),1);
if isempty(b)==
¢ = find(nodes_1(b,4)==nodes_1(node_crosgi))g,
c =mdes_1(b(c),1);
if isempty(c)==0
string_a= num2stfnode_crossing);
name_setl = ['N' string_a];
name_set3 = [name_setl ' CNS'];
ic = num2str(count);
name_constraint = ['Constraiiic];
string_b= num2sr(c);
name_set2 = ['N' string_b];
fprintf(fid3,'%3n’,[*Nset, nset=" name_setl ', internal, instance=' name_instance]);
fprintf(fid3,'%d%sn’,node_crossing,',");
fprintf(fid3,'%3n’,[*Nset, nset=" name_set', internal, nstance=' name_instance));
fprintf(fid3,'%d%4n',c,",");
fprintf(fid3,'%4n’,[*Surface, type=NODE, name=' name_set3 ', internal’]);
fprintf(fid3,'%s%#n',[name_setl '], 1);
fprintf(fid3,'%3an’,[*Coupling,constraint name' name_constraint ', ref node=' name_set&uyface=' name_set3));
fprintf(fid3,'%3n',"*Kinematic');
fprintf(fid3,'%d%s%a',1,",', 1);
fprintf(fid3,'%d%s%ad’',2,",', 2);

fprintf(fid3,'%d%s%d',3,",", 3);
fprintf(fid4,'%d%s%d%s%d,lab_el,',',node_crossing,c);
count= count+1;

lab_el =lab_el+1;

end

end

end

if length(elem1)==2
el =eleml(l);

e3 = elem1(2);

e2 = elem2(1);

e4 = elem2(2);

e=[el e2 e3 e4];

vl =[nodes_1(elem(el,2);8pdes_1(elem(el)3) nodes_1l(elem(el,2);8pdes_l(elem(el,3),3
nodes_1(elem(el,2),4)odes_1(elem(el,3),4)];

vl = vl/norm(vl);
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v2 = [nodes_1(elem(e2,2);Bpdes_1(elem(e2,3),2) nodes_1(el@h,2),3)nodes 1(elem(e2,3),3X
nodes_1(elem(e2,2),4)odes_1(elem(e2,3),4)];

V2 = v2/norm(v2);

v3 = [nodes_1(elem(e3,2);Bpdes_1(elem(e3,3),2) nodes_1(elem(e3,2n8)les_1(elerte3,3),3)X
nodes_1(elem(e3,2),4)odes_1(elem(e3,3),4)];

v3 = v3/nom(v3);

v4 = [nodes_1(elem(e4,2);Bpdes_1(elem(e4,3),2) nodes_1(elem(e4,2n8j)les_1(elem(e4,3),3
nodes_1(elem(e4,2),4)odes_1(elem(e4,3),4)];

v4 =v4/norm(v4);

p2 = v1*v2

p3 = v1*v3';

p4 = v1*v4',

p = [&,p2;e3,p3;e4,p

p = sortrows(p,2);

elem(el,2) = lab_n;

elem(p(end,1),3) = lab_n;

string_a= num2str(node_crossing);

name_setl = ['N' string_a];

name_set3 fname_setl '_CNSY;

ic = num2str(count);

name_constraint = ['Cotrsint-" ic];

string_b= num2str(lab_n);

name_set2 = ['N' string_b];

fprintf(fid3,'%3n’,[*Nset, nset=' name_setl ', internal, instanceame_instance]);
fprintf(fid3,'%d%sn',node_crossing,',");

fprintf(fid3,'%4n’,[*Nset, nset=' nane_set2 ', intenal, instance=' name_instance]);
fprintf(fid3,'%d%sn',lab_n,",");

fprintf(fid3,'%3an’,[*Surface, type=NODE, name="' name_seiiternal’]);
fprintf(fid3,'%s%¢in',[name_set1 '], 1);

fprintf(fid3,'%34n’,[*Coupling, consiint name='nam_constraint ', ref node=' name_set2 ', surface=' name_set3));
fprintf(fid3,'%4n’,"*Kinematic');

fprintf(fid3,'%d%s%d’,1,",, 1);

fprintf(fid3,'%d%s%ad’',2,",", 2);

fprintf(fid3,'%d%86dn',3,")", 3);

%Connectors
Connector_ndex= nodes_crossing(i);

fprintf(fid_connectors,'%0s1",[num2strconnector_index', LOTUS_STENT,num2str(node_crossing),’, LOTUS_STENT
1.",num2str(lab_n)]);

fprintf(fid4,'%d%s%d%s%d,lab_el',’,node_crossing,',',lab_n);

cownt = count+1;

lab_el = lab_el+Iprintf(fid1,'%d%s%6.9E%s%6.9E%s%6.%b_n,',',nodes_1(node_cssing,2),', X
,nodes_1(node_crossing,3),",',nodes_1(node_crossing,4));

lab_n=lab_n+1;

end

end

fid2 = fopen(name_file2,'wt');
fprintf(fid2,'%34n',"*Element, type=B31');
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for iel=1:nelem
fprintf(fid2,'%d%s%d%s%d, iel,',',elem(iel,2),",',elem(iel,3));
end

fclose(fid1);

fclose(fid2);

fclose(fid3);

fclose(fid4);

fclose all;

% Function to write newnp with corrected mesh

write_new_inp(flename);
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Script: crossing_import.m

% Import datefrom text file
% Setup the Import Options and import the data
opts = delimitedTextimportOptions("NumVariables", 16);

% Specify range and delimiter
opts.DataLines H, Inf];

opts.Delimiter =",";

% Speify column nams and types

2L a0 NAIF6fSbkYSa I' wbxl Nbl YSMbE bzl NblYSHbZ b+l NblkYSohI bzl Nbl YSn|
"VarName9", "VarName10", "VarNamell", "VarNamel12", "VarNamel13", "viegd', "VarName15", "VarNamel6"];
opts.VariableTypesé@h R2dzo t ShY bHR2dzof ShEX bR2dzoft ShbX bR2dzwt ShS bR2dzot ShY bR2dzft St

"double”, "double", "double", "double", "double"];

% Specify file level properties
opts.ExtraColumnsRule = "ignore";
opts.EmpyLineRule = "rad";

% Specify variable properties
21Jia ' ASOUQFNRLIGAO2LIIATL @b+l NbFYSMbZE bzl NblYSHbE bk NblYSobX b+l NbI-
"VarName9", "VarName10", "VarNamell", "Vam&12", "VarName13", "VarName14", "Wame15", "VarNamel6"], "FillValue", 0);

% Import the data
crossings = readtable("crossing.txt", opts);
crossings = table2array(crossings);

clear opts
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Function: write_new_inp.m

function [] = write_new_inp(fileame)
name_file6 = filename;
fid12 =fopen(name_file6yt');

%%Reading of prewous created files.
%0Id nodes
file_old_nodes= 'nodi_1.txt'

fid11 = fopen(fileold_nodes'");

%New elements
file_new_elements= 'new_elems’;

fid7 = fopen(filenew_elementsr');

%New nodes
file_new_nodes= new_nodes'’;

fid8 = fopen(file new_nodesr’);

%Connectors
file_connectors new_connectors

fid10 = fopen(fileconnectors'');

%Crossings
file_crossings- 'incroci.txt';

fid_crossings= fopen(file crossingsr');

%% Heading

%fprintf(fid12,'%%n",["*Coupling, constrant name=' name_constraint ', ref node=' name_set2 ', surface=' name_set3]);
fprintf(fid12,'%3$n',*Heading’);

fprintf(fid12,'%3&n',** Job name: mesh_size_2 Model nanteeate_ mesh');

fprintf(fid12,'%3&n’,**");

fprintf(fid12,'%38n’,"** PARTS');

fprintf(fid12,'%3$n’,"**");

fprintf(fid12,'%3&n',*Part, name=lotus_edge");

fprintf(fid12,'%4n',"*Node");

%fprintf(fid7,'%3sn",[*Coupling, constraint name=" name_constraint ', ref node=' name_set2 ', sutfaaere_set3};

%0ldnodes
while(1)
tline=fgetl(fid1l);
if ~ischar(tline)
break
end
fprintf(fid12,'%3n" tline);

end
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%New nodes
while(1)
tline=fgetl(fid8);
if ~ischar(tline)
break
end
fprintf(fid12,'%34n' tline);

end

%Elements
while(1)
tline=fgetl(fid7);
if ~ichar(tline)
break
end
fprintf(fid12,'%3n" tline);

end

%Assembly

fprintf(fid12,'%4&n',*End Part);
fprintf(fid12,'%3&n’,**");

fprintf(fid12,'%3n",** ASSEMBLY");
fprintf(fid12,'%3&n’,**");
fprintf(fid12,'%4n',"*Assembly, name=Assembly");
fprintf(fid12,'%8n’,"**");
fprintf(fid12,'%3$n',*Instance, name=LOTUS_steltpart=lotus_edge");
fprintf(fid12,'%3$n',*End Instance");
fprintf(fid12,'%3n’,"**");
fprintf(fid12,'%3&n’,*Element, type=CONN3D2");

while(1)
tline=fgetl(fid10);
if ~ischaftline)
break
end
fprintf(fid12,'%3n' tline);
end

fprintf(fid12,'%4n’,”*Connector Section, elsetrossing_elemenjs
fprintf(fid12,'%4n','Join,");
%fprintf(fid12,'%%n’,*Elset, elsetcrossing_elementdnstance=LOTUS_steh);

fprintf(fid12,'%3n’,*Elset,elset=crossing_elementdnternal’);

while(1)
tline=fgetl(fid_crossing;
if ~ischar(tline)

break
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end

fprintf(fid12,'%34n' tline);

end

fprintf(fid12,'%34n',*End Assembly");

fclose alj

end
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