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Abstract

Introduction

Hypoplastic left heart syndromé& he hypoplastic left heart syndrome (HLHS) is one of the

most complexand severeongenital hearlefect seen in the nedworn; in this pathology,

the left atrium and ventricle asompletely unable to support the circulation needed by the

bodyés organsHLHS treatment requirestaeart transplanhowever, it is possible to initially

resort to a threstep sirgical procedure, called staged palliationthis thesis workhe first

stage of this procedunsas taken into accouft].

Innovative surgicalprocedure for first stage treatment BLHS - A t Boston Child

Hospital, anovel Sano procedure for therdt stage palliation in HLHS treatment was
developedthe implantation in thright ventricle to pulmonary artepyosition of a valved
venousconduit compressed within a Palmaz Biliary S{@htlf clinical monitoring suggests

that the shunt allows forod much retrograde flow to the lungs,niight be externally
crimped either in the operating room or later in the intensive care Uihis procedure
preventsa blood reverse flow into the right ventri¢lesing a valved condyiit reduceghe

shunt diareter by stentcrimping in case of patients with pulmonary hypertensio
moreoverjt allowsthere-expansion ofthe RWA condui t, accommodat i n
growth. However this crimping is done manually and so there idgs& of inaccurate
maneuves that can result in an irregular conformation ofhilwedshunt ad in an increase

of the hydraulic impedance of the conduit, leading to the development of pulmonary
hypertension

Numerical modelling for HLHS treatment he pioneering use of a steréwn and crimped

on the outer surface of a vesspiesented byhe Boston group2], is a new promising
approach, which impactsas not yet beeassessitby clinical follow-up data Numerical

modelling and in particular Finite Element (FE) methoduld relp gaining insight intats



potential effectsand n order to perform a robust computational simulabbthe surgery

[2], firstly it wasnecessary to find a suitable modeling of its components: the Palmaz stent
and the valvedenous shunt.

As concernsthe Palmaz XL Transhepatic Biliary stemt scientific literatureonly studies
intended to study the use of the device for Hitraen implantations can be fourgesides,

to the best othe authois knowledge, the study published by J. Vesely in 2@®]5 the

only one presenting a comprehensive set of material parameters for human saphenous veins,
suitable for describing mutaxial stress statesnd characterized through the Holzapfel
model.With regard tahe venous valve leaflets, the study of Hametexl. [4] was chosen

as reference workn this study, the authors used a structural FE model of valve leaflet grafts
and he leaflets mechanical properties were described using alikengyperelastic model

Aim of the thesisThis thesis aimed aeproducing the novgbrocedurgroposed byoston

Childrerts Hospital[2] for the first stage palliation of HLHS treatment and studying the
different geometrical configurations and stress patternsntlagtoccur aftera crimping,

idealy cylindrical or resuting in an elliptical profile of the reinforced shynif a Palmaz

stent on a saphenous conduit, using the FE solver Abaqus/Explicit (Simulia, Dassault

Systemes, Providence, RI, USA).

Materials and Methods

Introduction- The modelsof the Palmaz stent, saphenos vein conduit and a bileaflet
venous valve were designed. Their dimensions and their material properties were selected
according to prexistent studief3] [4]. For each one of these components, multiple meshes
with different element densities ene geneaated and the corresponding results were
compared by means of a mesh convergence analysis in order to select the most convenient
discretizations for the complete simulation of the surgical procedure.

As stated in[2], the valvedgraft was insertedn the Palmaz stentpre-expandd, and
pressurizegthen this assembly was crimpellloreover, during a successive cardiac cycles
simulation, the crimped valve dynamics and the valvular orifice area behavior were studied.
In parallel, it was also assereldlan unstented valved venous conduit, to be used as a
comparison for the crimped oneb6s dynamics
The schematic workflow that was followed in this thesis work is shovagare 1.
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=

Palmaz stent Saphenous vein Venous valve
A \B
— Unstented Assembly N — Stented Assembly —
===
I i
. : J - —:—— J
A {
Vein Pressurization Vein Pressurization
J

Stent Crimping

Elliptical Elliptical
(e=0.65)  (e=0.80)

[ Cardiac cycles J [ Cardiac cycles ]

Figure 1. Workflow of thethesis

Cylindrical

Saphenousvalved condii cardiac cycles simulatiorfFigure 1.A) - The venousvalve

leaflets and the saphenous vein were assemtiiednodes of the valve leaflet insertions
lines were tied to the inner wall of the saphenous vein corlwientricular surface and an
arterial ore were definedn the inner surface of the vein condariid theywere loaded by a
pressure ramp from 0 to 80 mmHg over a 2.0 s-firame After a0.5 sstabilizationtime
interval, two cardiac cycles were simulatecach one lasting 0.8 s, by applying dbr
different timedependent surface pressures, whose definitiorcaasstent with the surgical
procedure to be mimg@] and its use for HLHS patients. The vein ventricalad arterial
surfaces were loaded by a tirdependent pressure (i.e., the lefhtreular and the aortic
physiological pressuregnd the ventricular side of the saphenous valve leaflets was loaded
by the difference between ventricular and aortic pres#lomg the whole simulatignthe
nodes athe two ends of the saphenous veindighwere constraineith order to allowonly

radial displacementsValve dynamics and maximum principal stress patterns were
monitored throughout the second simulated cardiac cycle; these data were used as baseline

reference when analyzing the data yieltlgdhe subsequent simulation of venous stenting
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Smulation of the surgical procedur@igure 1B) - The external stenting of the venous

shunt and the postenting biomechanics of the system were simulated congysiétit the
features of the procedute be modeled [2]. Four processes were simulated:

1. Stent preexpansion:in order b allow the insertion of the saphenous gr#ie
Palmaz stent was expandedtg mm internal diametethrough aradial expansion
of a co-axial cylinder. The plastic stram (PEEQ) computed at the end of the
expansion procedure were extracted order to be imported in the subsequent
simulation of the stent crimping procedure

2. Stentvein assembly and vein pressutiaa: The preexpanded stent was positioned
co-axially arond the veinto have its central cross section at the position of the vein
valve. Tken, a uniform pressurization @0 mmHgwas describedo the internal
surface of the gfa

3. Stent crimpingA cylindrical crimper was modelled and placed externally to all the
other setup components, so to be coaxial with the stent and the aethit was
shrunk by imposing nodal displacemenfhreedifferentcrimping moddties were
simulatedin order to mimic distorted configuratiansylinder with a perfectly
circular (CIL) crosssection with a 6 mm diameter; two cylinders with an elliptic
crosssection whose perimeters were the same as the cylindricalsgossn and
whose eccentricity was (GE65) or 0.80(E80).

4. Cardiac cycles simulationwo cardiac cycles were sinaied by imposing the same
boundary conditions adopted when simulating the behavior of the valved saphenous
conduit in the prestenting condition.

Postpocessing During both the simulation of the tgtented conduit and the simulation of

the complete surgal procedure, the geometric configuration of theugeparts as well as

their mechanical behavior were analyz€dncerninghe saphenous conduit, the maximum
principal stresses wemexamined while the Von Mises Stress and the equivalent plastic
strain(PEEQ) were considered for the stent. Furthermore, boxplots and statistical tests were
performed on these datsloreover, te maximum principal strains obtained at the level of

t he |l eafl et so commi ssur es when congd derin
compared, computing the tirmurse of the respective '9@nd the 50 percentiles during

the second cardiac cycle siratibn.
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In addition, to evaluate the valve behavior during the cardiac cycle, thelépendent valve
geometric orifice area (GOA) ag assessed lagquiringimages of the valve geometry on
aplane transversal to the vein axaong the entiresystolic phae of the second cardiac
cycle, throughan adhoc MATLAB (MathWorks, Natick, MA, USAxode This procedure
was carried out both fahe nonstented vein and for every crimped venous conduit, to
measure the behavior of thelwe GOA over time and to compare the different outcomes of

the three different crimping, also by means of maximurf?,&8@ mean GOA values.

Results and Discussion

Stresses on the vein wall after crimpiingVith theincreasingeccentric shapes of the stent

crosssection an increasingorrugation of the crimped portion of the saphenous vein conduit
was highlightedand a progressiveenhancementf the range othe maximum principal
stresses was detecte@Figure 2). High stress regions werdentified close to the ends of

the venous conduit, conversely, in the crimped part of the conduit, stresses were
progressively lowerA KruskatWallis testand aDunn@ mutiple comparisons test proved

the highly statistical difference between the groupik and E65 and the group€IL and

E8Q, while theyrejected the statistical difference B65andE8Q0 Hence, it was assessed
that a nordeal cylindrical crimping modalitynay overstress the saphenous conduit
however a lower or highedeviationof the defective crimping final configuration to the

ideal one may not change the resulting stress pattern of the saphenous vein conduit
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Figure 2: Abaqus color maps showirbe, pattern of the venous conduit, axially c(left) and the,  of
the Palmaz stent (right) after crimping with the three evaluated modalitiesE65andE8Q.
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Stresses and plastic strains on the stent after crimpidg increasingeccenticity of the

stent crimped crossection led to increase the values of the (Figure 2): in particular,

the 50" percentile increased from 126.08 MPa in @i& configuration to 132.42 MPa in
the E65 configuration and up to 160.1Pa in theE8O configuration the maximum,,

value increased from 526.66I(), to 550.87E65 and to 574.74K€80). This resulconfirms

that the execution of a defective crimping procedure may lead to an actual variation of the
stress distributionni the Palmaz ent, causing an overstressing with respect to the ideally
cylindrical procedure.

It was found that an increase in the eccentricity of the stent crimpedsercissn resulted

in a progressively higher number of yielded elementparticula in elliptical crimping a
higher plasticization was obtained in the region of maximum stfigqgtseezing, due to the
final configuration imposedty thevirtual crimper.

Postcrimping stent stresses during the cardiac cyelé significant increase in the

maximum stresss was detected, from CIL to E80 the was almost doubled
however, the d0and 5" percentiles exhibited a@nverse trend.

Postcrimping valve leaflet strains during the cardiac cycWWhen the coduit was crimped

in an elliptical way tl strains at the commissure increasmdit was slightly higher in the
E65 case with respect to thE80 one. The difference in the deformation level could
potentially accelerate the deterioration of the valveld¢mfand lower their lontgerm
durability, however given the shorterm application considered in this thesis wiik the
long-term durability of the implantechsntwasnot a major issue

Valve orifice area during the cardiac cycle In the postcrimping configurationof the

reinforced condii the GOA vs. time wavefornof the uncrimped caswas preserved.
However the amount of GOA was highly different in the three crimped c#sds65 the
GOA was reduced by about 15% with respec@iio, while inE80the reduction was almost

by 60% of theCIL GOA (Figure 3). This wagelatedto the higher obstruction of the conduit
due tathe leaflets, which was caused by the increasing eccentrichg atént crossection.
Generally, the crimpetkafletsexhibited a refold configuratigrduring the wholecardiac
cycle simulation: however, the resulting orifice was still approximately circular i€the
casewhile in E65case the vaky leaflets were so folded on themselves that they protruded
into the lumen of the saphenous conduit for over a thiitsdfeightandin E80they even
came into contact, splitting the orifice area of the valve in two separate sections
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Figure 3: Geometic orifice area obtained for the crimped valved conduit in the different crimping modalities
(CIL, E65, E80.

Conclusions

Theemployed methods succeeded in providing a complete simulation of the innovative Sano
procedure perfor med a g, inBluimg tleercrdmpitofialPdimag n Ho <
stent on the outer surface of the valved venous shunt, a novelty for thagaimedelling
scientificliterature, in whichsofar, only the stent intrdumen implantation was taken into
account.

It was possible to establisie effects of different crimping on a stent and a venous conduit,
through theevaluation of thestress p#terns and plastic strairibat arose. It waassessed

that a nordeally cylindrical crimping modality may lead to an actual variation of the stress
distributions with respect to the ideally cylindrical procedure, overstressing both the stent
and he sapbnous conduit

Indeed thevein geometric orifice areaas gradually reduced passing from the cylindrical
crimping to the most elliptical on¢he elliptical crimpingsimulationled to a protrusion of

the folded valve leaflets into the lumersuding in ahigher hydraulic encumbrance caused

by the shunt conduit. This could produce an increase in the hydraulic resistance of the
conduit, that could in effect enhance the work done by the right ventricle to overcome it and
in result produce an assated hypetension at the level of the pulmonary circulation or of

the lungs.

Besides, aalidation of the model would be required: a parallel experimental stadyhe
developmenstageatBostonC h i | dHogpitalin srder b assesthe behavior of a concrete
reinforced valved saphenous vein subjected to a crimping procedure, when placed in a

hydraulic experimental seip.
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Sommario

Introduzione

Sindiomedel cuore sinistro ipoplasicoL6 i popl asi a v dHLHS)éunaodellar e s i

cardiopatie congenite pgravi ecomplesse osservatei meonat; in questa patologia, l'atrio
e il ventricolosinistrorisultano essermadeguata fornire il flus circolaorio necessad a
tutti gli organi. Il trattamentdellaHLHS richiede un trapianteardiacq tuttavia, € possibile
ricorrere inizialmente a una procedura chirurgiedliativain tre fasi: in questo lavoro di
tesi & stata presa in considerazitmprima fase di questirurgia[1].

Procedura chirurgica innovativa per il trattamento di prim@dio di HLHS- Al Boston

Children's Hospital € stata sviluppata una nuova procedura di Sano per il primo stadio della
palliazione nel trattamentdi HLHS: I'impiantotra il ventricolodestr& | 6 art er i a pol
di un condotto venoso valvolato compresiingerno di unPalmaz biliarystent [2].Se il
monitoraggio clinicanostrache lo shunt consestin eccessivo flussetrograd ai polmoni,

Il condottopotrebbe essere crimpatdirettamente in sala operatoria, 0 successivamente in
terapia intensivaQuesta proceduraonsente Iprevenziore del flussosanguignaetrogrado

nel ventricolo destro g r a Wwilizz® dianl cbndotto valvolatelariduzione @l diametro

dello shunt medianterimping dello stent, in caso di pazienti con ipertensione polmonare
Inoltre, permette lae-espasiore dd condotto, per adattalo alla crescita del bambino.
Tuttavia, questarocedura dcrimpingviene eseguita manualntere vi édunqueil rischio

che si verifchino manovre inaccurate che tpebbeo comportare una conformazione
irregolare dello shunt e uoonseguent@aumento dell'impedenza idraulica del condotto,
inducenddo sviluppo di ipertensione polmonare

Modellizzazione numerica per il trattamento diLHST L dsoineditodi uno stensuturato

e crimpatosulla superficie esterna di wasq presentato dgruppo di ricerca di Bostoj2],

€ un nuovo promettente approcdiaui impatto non e stato ancora accertatorpancanza
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di dati di followrup clinica La modellazione numerica in particolaral metodo degli
elementi finiti (FE) potrebbefornire un aiuto pecomprendere meglio i suoi potenziali
effetti e, perpota eseguireuna simulazione computazionastendbile dell'intervento [2],
e statonecessarigviluppare,innanzituttg un modelb adeguad per i suoi componentitl
Palmazstente lo shunt venoso valvolato.

Per quanto riguard& Palmaz XL Transhepatic Bary stent nella letteratura scientifica si
possono trovarstudi che riguardansolol'uso del dispositivo per impiamendovascolare.
Inoltre,per quant o ,toctudio pabblitato alaix. Yesedy nel 2015 [Bulta
esserd'unicoa presentarancompletoset di parametiper la desdzionedelmateriaé della
vermasaferaumara, adattcadescrivere stati di stress medissiale ecaratterizzato attraverso
il modello diHolzapfel. Per quanto riguarddeimbi valvolari venos, lo studio di Hammer
et al. [4] é stato scelto come lavororderimento: gli autori hanno utilizzato un modello
strutturale FE digraft valvolari venosie le proprietd meccaniche dieimbi sono state
descritte utilizzando un modello iperelastatidipo Fung

Scopo della tesiQuesto lavoro di tesi miravaigrodurrelGnnovativaproceduraviluppata
presso il Bo st of2] perhl iprimd stadiodell chifuwgsa pallitiaal pe
HLHS e a studirele diverse configurazioni geometrichéeedistribuzioni di sforzahe si

potrebberoverificare dopoil crimping, cilindrico o risultante in ua sezione ellittica dello
shuntrinforzato, di un Palmazstent su un condotto safenjadatilizzando il solutore FE

Abaqus/Explicit (Simulia, Dassault Systemes, Providence, RI, USA).

Material i e Metodi

Introduzione- Sono statrealizzat i modelli del Palmazstent, d unavena safena di una

valvolaa due lembivenosa Le loro dimensioni e proprietdei materiali sono statscelte
sullabasedi studi presentiin letteratura [3] [4]. Peognunodi questi componentioso state
generatevarie meshcon diversadensita di elementichesono sate confrontaé mediante

un‘analisi disensitivitaper selezionare le discretizzazioni pidatteper la simulazionéella

procedura chirurgicaompleta

Come nella chirurgiaopra ¢tata[2], il graftv al vol at o @ st atlBamanser it
stent pre-espanspe pressurizzat dopodiché gestosetup e statocrimpata Inoltre, sono

stati studiatila dinamica della valvolarimpatae il comportamentalell’areageometrica

del'orifizio valvolare (GOA), durante una succesaisimulazione di ciglcardiaci
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bY

In parallelo, € stato assemblaamcheun condottovenoso valvolatgrivo di stent da

utilizzare come confrontper il condotto crimpato, in termini diinamicavalvolaree GOA.

Il workflowche é stato seguito guesto lavoro di tesi € mostratoRigure 1.

Geometries and Sensitivity Analysis

| Palmaz stent Saphenous vein Venous valve \

Stented Assembly ( Unstented Assembly
—

—— |

[ Vein Pressurization ] VYein Pressurization J

Stent Crimping

Elliptical Elliptical
(e=10.65) (e =0.80)

O O O
|
[ Cardinc cycles ] [ Cardine cycles ]

Figura 1: Workflowdella tesi

Cylindrical

Smulazione dei cicli cardiamella safena valvolatéFigura 1.A) - | lemh valvolarivenosi

e la vena safena sono stati assemblatgdi dei margini di attacco dei fogliettialvolari
sono statconnessalla parete interna dalsafenaSulla superficie interna del condotto della
venasono state definiteina superficie ventricolaredaina arteriosachesono state caricate
conuna ramnpa di pressione da 0 a 80n Hg in un arco di tempo di 2 s. Dopm intervallo

di stabilizzazione d0.5 s,sono stati simulatiue cicli cardiaci, ciascuno della durata @ 0
s, applicando trdiverse pressioni superficiali termjagpendentidefinite coerentenentecon

la procedura chirurgica daplicare[2] e il suo uso per paziertonHLHS. Alla superficie
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ventricolaredellavenae a quella arteriosa sostat impose pressioni tempalipendeti

(i .e., 1l e pressioni desulasugeridieventicoldreadeiggnbini st r o
valvolari e stad applicatala differenza trapressioneventricolare e aortica. In ogni fase, i

nodi alle due estremita del condotto della vena sadena stativincolati a muoversi solo
radialmente La dinami@a valvolae e ledistribuzionidegli sforzi principalimassimisono

state monitorate durante il secondo ciclo cardiaco simulato; gqlsssono stati utilizzati

come riferimenton e | | 6 a nlai btiersuti dalldseccessivaimulazione dellstentng.

Smulazione della procedura chirurgica Lo stentingesterno dello shunt venoso e la

biomeccanica del sistenmststentingsono statsimulati coerentementeonla procedura
da modeizzare [2]. Sono stati simulati quattro processi

1. Preespansione dellaent:al fine di consentire il successivo inserimento gedft
saferico, il Palmazstent é stato espanadun diametro interno di 8 mm, utilizzando
un cilindro, coassiale coesso | valori delle deformazioni plastichéPEEQ)
calcolat alla fine dellaprocedura di espansione sono stati estpatipoter essere
assegnati allo stent nella successiva fasgidiping

2. Assemblaggio dello steivena e pressurizzazione della vena: lo steneppanso e
stato posizionatesternamente alla ven@@assialmenteonessain modo da avere
la sua sezioné&rasversale central@ corrispondenzalella valvola.Dopodicté, la
vena e stataniformementgresurizzataa 80 mmHg

3. Crimping dello stent:é stato modeltzato un crimpatore cilindricp collocato
esternamente t@tti gli altri componenti del saip, coassiale con lo stent e la vena,
ed e stataistrettoimponendo spostamenti nodali. Tre modalitacidinping sono
state simulate imodo da replicare diverse configurazioni finakcilindro con una
sezione trasvenle perfettamente circolar€l{) con un diametro di 6 mm; due
cilindri con una sezione trasversale ellittica i cui perimetri erano gli stessi della
sezione cilindrica e la cui eccentricita er@®(E65) o 0.80 (E80.

4. Simulaziore dei cicli cardiaci: sam stati simulati due cicli cardiaci imponendo le
stesse condizioni al contorno adottate durante la simulazione del comportamento del
condotto valvolato safenico nella condiziongi-stening.

PostprocessingDurante &€ simulazion della safenavalvolaanon stentate della procedura

chirurgica completa, sono state analizzatoihfiguraziom geometribiedei componentdel

setup ed il loro comportamento meccanico. Per quanto riguarda il condotto safenico, sono
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statevalutatele sollecitazioni principli massime, mentre per lo stent sono stati considerati
gli sforzi di Von Mises de deformazioni plastichequivalenit (PEEQ).Inoltre, conquesti

dati sono statiealizzati deboxplote sono stati eseguitiest statisti. Oltre a cig lemassime
defamazioniprincipaliottenue a livello delle commessure dembi ventricolarisono state
usate per confrontate diverse modalita dirimping ricavandol 6 a n d aenrspettivo

90° e 50° percentile durante la simulaze delsecona ciclo cardiaco.

In aggiunta per valutare il comportamento della valvola durante il ciclo cardiaco, @ stat
valutab | 6 a n ddel'areangeomnetri@ dell'orifizio valvolae (GOA) acquisendo
immagini della geometria della valvola su piano trasversale all'asse della vetharante

16 i n tfaser sistolicadd secondo ciclo cardiagoutilizzando un codice MATLAB
(MathWorks, Natick, MA, USA)Questa procedura € stata eseguita sia per |aseanm
stenatache per ogni condotto venosoimpato, per misurare il comportamentolideGOA
valvolarenel tempo e per confrontare i diversi esiti tte crimping, anche per mezzo del

calcolo delmassimodel 90° percentilee del valoremediodella GOA.

Risultati e Discussione

Sforzi sulla parete venosa dopociimping- Al | d aunmelnltéeeaccednt ri ci t ~

sezione trasversale dello stent crimpatmo statrilevati una crescenteorrugazionalella
porzione crimpata del condotto saféoo ed un aumento progressivdel range delle
sollecitazioni massime principdli (Figura 2). Le regioni ad alta sollecitazione sono state
identificate vicino alle estremita del condotto venoso, al contrario, nellagrartpatadel
condotto, gli stress erano progressivameamnitgori. Conun test di KruskaWallis e un test
di Dunnper iconfront multipli e stataverificataund e | edifferenzastatistica tra i gruppi
CIL edE65etrai gruppiCIL edEBO mentrenon e stata rilevata umkiifferenza statisticra
E65 ed EBQ Ne consegue chana modalita dicrimping cilindrica non ideale ptrebbe
sovrasollecitareil condotto safenicptuttavia unadeviazionepiu o meno grandelella
configurazionerisultante dal crimping inesattq rispetto al caso cilindricopotrebbenon
modificarela distribuzione di sforzael condottosafenico

Sforzi edeformaziai plastiche dellostentdopo il crimping-L 6 a u meealtlobeccent r i

della sezione trasversale dello stent crimpato ha indotto un aumento delival¢figura
2): in particolare, il 50 percentile & aumentato da 128% MPa nella configurazion€IL a
13242 MPa nella configurazionE65 e fino a16010 MPa nella configuraziong8Q; il
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valore massimo divv € aumentato da 58% (CIL), a 55087 (E65) ea 57474 (E80). Questi
risultati confermanahe 'esecuzione di una procedurariinping difettosa puo portare ad
una variazione effettiva dellaistribuzione degli sforzi nel Palmaz stent, causando
undeccessivaollecitazionaispetto alla proceduralindricaideak.

Si e riscontrato che un aumento dell'eccentricita della sezione traswensglatadello stent
haconportatoprogessivamentenmaggioe numerodi elementplasticizzatj in particolare

nel crimping ellittico & stata ottenutauna maggiore plastificazione nella regione

massimamenteompressa a seguitoléeconfigurazione finale imposta daiimper.
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Figura 2: Mappe colore delle distribuzioni dgi nel condotto venos®ezionato assialmentésinistrg e dei
delPalmaz stet (destra dopo ilcrimpingcon le tre diverse modalit&€IL, E65andES8Q.
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Sforzi dello stent pstcrimping durante i cicli cadiaci - E stato rilevato un aumento

significativo dgli sforzimassin, daCIL aE80,, e statoquasi raddoppiat tuttavia,
i1 90° e il 5¢° percentile hanno mostrate@ndinversa

Deformaziondei foglietti valvolaripostcrimpingdurante i cicli- Quando il condotto € stato

crimpatoin modo ellittico, b deformazioe ddle comnissue valvolarié aumentad, ed é

risultata di poccsuperiore nel casB65rispetto a quelld=80. La differenza nel livello di
deformazione potrebbe potenzialmente accelerare il deterioramento dei lembi valvolari
diminuendonela durailita, tuttavia, data l'applicazione a breve terminestgrata in

guesto lavoro di tesi [2], leesistenzaa lungo termine dello shunt impiardanon e stata
considerata una problematica rilevante

Areadelbor i fi zi o v al v odiadirNelledonfiguazionpostcrimgirigdel i ¢ a

condotto rinforzéo e stata mantenuta la forma d'omiddla GOA nd temporispettoal ca®

noncrimpata Tuttavia,l6 e n t i GOA edisultatanaolto diversa nei tre casrimpait: in
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E65la GOA si e ridottadi circa il 15% rispetto lacasoCIL, mentrein E80la riduziore &
stata diquasiil 60% rispetto &IL (Figura 3). Cioe statacorrelab alla maggiorestruzone

del condotto dovuta dembi valvolarj causata dal crescenteccentricitadella sezione
trasversale dello stent. Generalmenteglietti crimpati hannaenostrdo una configurazione
ripiegaa, durante l'intera simulazione del ciclo cab: tuttavia, l'orifizio risukhiva essere
ancora approssimativamente circolare nel c2l4g mentre nel cask65i lembi valvolari
erano cosripiegatidasporgee nel lume dd condotto safenico per oltre un terzo della sua
altezza e iIrE80i lembi sono persino entrati in contatteyddvidendo l'area dell'orifizio

valvolare in due seziondistinte

GOA [mm?]

t[s]

0 0,05 0,1 0,15 02 0,25

— CIL — E65 — E80

Figura 3: Area geometica delld o r i Valvolare,oottenutger il conddto valvolato crimpatcsecondo le
diverse modalitdCIL, E65 E80).

Conclusion

Con i metodi impiegatisi e riusciti ad ottenereuna simulazione completa dell'innovativa
proceduradi Sano eseguitalBost on6 Chi [2dcompres iHaispng di anl
Palmazstent sulla superficie esternai dno shunt venoso valvolato, una novita per la
letteratura scientificael campo dellanodellazione numerica, in cui, finor@astato preso

in considerazione solo l'impianendovascolardello stent

E stato pesibile stabilire gli effetti di urdiverso crimping sullo stente su un condotto
venoso, attraverso la valutaziondleelistribuzioni di sforzee d deformazioe plastiache
sono sorte E statoosservatoche una modalita derimping non idealmente cilidrica
potrebbe portare ad uneeffettiva variazione delle distribuzioni disforzo rispetto alla

procedurddeale sovraollecitandosia lo stent che il condotto safenico.
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Inoltre, I'area dell'orifizio geometrico della veha subito ua gradualeriduzionepassando
dd crimpingcilindrico al piu ellittico; la simulazione derimpingellittico ha portato a una
protrusionedei lembi valvolariripiegai nel lume, provocando un maggiore ingombro
idraulico dello shunt Cio potrebbe produrre un aumento della resiza idraulica del
condotto, che potreblmausare uaumend de lavoro svolto dal ventricolo destno risposta

e produrre ua conseguentépertensionea livello della circolzione polmonare o dei
polmoni.

Unavalidazionedel modellosarebbe necessarian parallelostudio sperimentalé in fase

di progettaziongressal BostonC h i | dHospitalbakfine di valutare il comportamento
di unareale vena safena rinforzataottoposta ad una procedura aimping qudora

collocata in ursetupidraulico spementale.
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Chapter 1

Clinical background

1.1 The human heart

The hearris the motoand the main orgaof the circulatory systemt functionsas a pump

andprovides a continuouglow of bloodthroughout thevhole body.

1.1.1 Anatomy of the heart

The heart is a muscular organ that pumlp®d through theirculatory system,and t is
divided in four cavities: two at and two ventricles. The right atrium collectsae/gerated

blood fromtwo largesystemicveins,i.e., the superior and inferior vena caVdhen the
atrium contracts, blood pumped into the right ventricle. Thdt&x, in turn, ejects blood

into the milmonary circulation through the pulmonary arteries. Téfe atrium, instead,
receives oxygenated blood from the pulmonary veins and pumps it into the left ventricle,
which ejects blood into the systemic circulatithmough the aorta, and to all the tiss of

the body.

Blood flows from systemic and pulmonargims to the atria continuously. The flow between
each atrium and the corresponding ventricle is regulated by a unidirectional valve, called
mitral valve in thdeft heart and tricuspid valve in thigght heart. Ventricles are separated



from and the downstiam arteries by two other unidirectional valves, called semilunar aortic
valve and semilunar pulmonary valve in the left and right heart, respectively.

From theventricles, blood flows into two ga¢ arteries: the aorta, which takes blood from
the left vertricle to the systemic circulation, and the pulmonary artery, which brings the
blood from the right ventricle to the lunfSigure 1.1) [1].
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Figure 1.1: Heart and principal vases, ventral view. Adapted ffpm



A typically humanadult heart weights 25850 g and ihas about the size of the fist of the
respective person. It is located medially between the lungs, in the space known as the
mediastinum. The heart is separafeain the other mediastinal structures by a double
layeredmembrane called pericardium, whiclofgcts the heart and maintains itsipos in

the thorax.

The wall of the heart is composed of three layers of unequal thickhessiterepicardium

the middlemyocardiumand an inner lining layer of endocardiurgrigure 1.2). The
epicardium is theoutermost layer of theneart wall and the innermost layer of the
pericardium it is a thin layer of serousembraneThe endocardium is the innermost layer

of the wall, it is connected to the myocardium by a thin lageoanective tissue and it is
made ofsmooth endothelium. The myocardium is the thickest layer and is formed mostly by
cardiac muscle cells; éhcontraction of the myocardium allows for blood pumping from the
heart and the vascular circulation

The thicknas of the myocardium varies betweée thambers: atria have a thin muscular
wall; ventricles have a thick muscular layer, much thicker inlefieventricle han in the

right one, although the ventricles pump the same amount of blood per contraction. As a
matter of fact, the left ventricle ust produce a higher amount of pressure to overcome the
great hydraulic impedance provided by the systesmizuit, while the right ventricle does

not need to generate as much pressure, since the pulmonary cirayiifisastly shorter,

and it is charaerized by a lower hydraulic impedand4.
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Figure 1.2: Pericardial Membranes and Layers of the Heart Wall.



1.1.2 The cardiac cycle

From afunctionalpoint of view, the heart is coroped by two pumps in seridbe left heart
and theright heart. Each one consists of a ipressure chamber, the atrium, and a high
pressure chamber, the ventricle. The two pumps are synchronized so that firstlatmanan
ventricles contract simultanesly, with an average frequency at rest of7BObeats per
minutes.The heart pumping activity is cycliand can be split in two basphasesthe
contraction phasesystole,and thefilling phase, diastolelhelapsebetween the beginning
of a diastole, pa systole, and the next one is called a cardiac ey lasts approximately
0.8 secondf3].

Right ventricle

Ventricular fillin Ventricular systole i
(mid-diastole to end—d?astole) (atria in diastole) RiOan
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[ 1 [ | \
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Figure 1.3: Overview of the cardiac cycfghases and th@essures behaviam the left heartiuringthe cardiax
cycle.



If we consider ventricular dynangcduring systole both the left and the right vemgric
contract and eject blood into theterial system, while during diastdlee cardiac muscle is
relaxed, blood flows passively from the veins into the atria and past the atrioventricular
valves into theventricles and then it is pushed into ventriclesatnjal contraction(Figure

1.3).

Although the contraction dynamics is the same in the left amdight heart, the pressure
behavior is very different. The left heart and the aortic arch are gohégisure sysmm: in
physiological conditions, preares in the left atrium and ventricle range betwedr O
mmHg and 6120 mmHg respectively, while in tla®rta pressure varies between 80 and 120
mmHg. Pressures in the right heart follow the waveform of the corresmpodes in the

left heart, but theyeach significantly lower values. Pressures in the right atrium range from
0 to 5 mmHg, during atrial si@e, while in the ventricle they vary betweef2 @ 25 mmHg,
during contraction; in the pulmonary artery the thas pressure is 8 mmHg and the &yt

one is about 25 mmHgrigure 1.3) [3].

1.2 Congenital heart diseases

Congenital heart disease, or a congenital heart defect, is the phrasing usdicate an
abnormality in cardicirculatory structure or function that is present at birth, even if it is
discovered much late€ongenital cardiovascular malformations uspedsult froman early

devel opment al pr obl e m dierad emlirynic ldevelapmemtsof as t r u c
nomal structure om failure in the complete development of a structufée anatomical

defectmay interfere significantly with the structural andunctional development of the

remainder of the circulatiof].

1.2.1 Hypoplastic Left Heart Syndrome

The hypoplastic left heart syndrome (HLHS) is one of the most complex cardiac defects seen
in the newborn. This designation is used to describe a cangenital heart defect
characterized by several astgea@ critical underdevelopment ofetieft cardia chambers,

or in some cases a complete absence of the left ventricle, atresia or stenosis of the aortic
and/or the mitral orifices, and hypoplasia of the aofagure 1.4). The degree of
underdeveloment differs from child to child.



The left atrium and ventricle are completely unable to support the circulation needed by the
body's organs. Pulmonary and systemic circulation are not well separatea dnedheart,
oxygenated blood mixes with deoxygésth blood. At birth, this condition allows for the
introduction of a part of oxygenated blood in the systemic circulation. In fact, for the first
days of life, a dilated and hypertrophied right ventrickésaboth as th systemic and
pulmonary ventricle:He right atrium receives also pulmonary venous blood from a patent
foramen ovale, and the right ventricle pumps blood also to the systemic circulation by way
of a patent ductus arteriosus.

Normal Heart Hypoplastic Left Heart Syndrome (HLHS)
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aorta and pulmonary artery
(ductus arteriosus)
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Pulmonary veins
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LA: Left atrium  LV: Left ventricle @® Oxygen-poor blood ® Mixed blood
RA: Right atrium  RV: Right ventricle

Figure 1.4: Conparison between anatomy and fluid dynamic in physiological heart (left) and in a pathological
heart affected by HLHS (right).

If not treated, these anomalies commonly cause heart failure in thedektof life, becase

after one or two days of life tHeramen ovale and the ductus arteriosus close and the right
side of the heart has no way to pump blood to the systemic circulation.

Keeping these connections open with medication is necessargltmg survival beyond

the first days of lifen babies wih hypoplastic left heart syndromerstriction of the patent
ductus arteriosus and limited flow through a restrictive patent foramen ovale are the principal
factors responsible for early death.

Stening of the ductuarteriosus can be used as an ambuojdindge to transplantation, then,

afterfew days of life, heart surgery is perforniddl.



1.2.2 Surgical treatments for HLHS

The treatment of HLHS requireshaart transplantjowever, it is pesible to initially resort

to a threestep surgical procedure, called staged palliation, to delay the actual transplant.
The first stage of this palliation procedure, called Norwood operatayure 1.5), is
perfamed shortly after birth, withinthki r st t wo weeks of a babyéd
conversion of the right ventricle into the main ventricle, which pumps blood tdHeohiings

and the body, the creation of a communication between the right \eatnd the aorta, and

an enlargemerdf the ascending aorta.

The connection of the right ventricle and the aorta is accomplished by the creation of a neo
aorta: this can be de using homografts or prosthetic conduits from the right ventricle or
pulmonarytrunk to the descending aorta, or @iyect connection between the proximal
pulmonary trunk and the ascending aorta, which also enlarges the ascendirf§jraetthe

right ventricle is no longer directly pumping blood to the lungs, pulmonary blood thalw a
pressure are controlled by a syste-pulmonary shunt to the distal pulmonary artery. The
patent ductus arteriosus is ligated. A large interatrial communication alsdenestsured

in stage 1 to allow for free access of pulmonary venous blood tadhspid valve.

The systemigoulmonay connection can be achieved in different ways. In classic Norwood
pulmonary blood flow is supplied by a modified Blalet&ussig shuntMBT), which
connects the subclavian or innominate artery to the pulmonary afteisytype of shunt
provides continuas blood flow to the pulmonary circulation, during both systole and
diastole, causing retrograde diastolic flow in the descending aodtanathe coronary
arteries. This anomalous coronary blood flow may cause ciocylaistability.

Pulmonary ovecirculation through a systemymulmonary shunt has been one of the major
causes of early death after the Norwood procedure. To avoid thas éetmplication, it is
possible to use a Sano or RVPA shunt, which is placedtlyirbetween a small right
ventriculdomy and a distal stump of the pulmonary artery. The result is that a single
ventricle, the right one, is linked to both the aorta angbtheonary artery. This variant has
the advantage of the elimination of diastalimoff, reducing coronary steal, piding a
stable systemic circulation as well as an adequate pulmonary blood flow and a better
transplantatioriree survival at 12 monthblevertheless, potential disadvantages of the RV
PA conduit may be ventricular dymction, aneurysm formation, and laythmias after

ventriculotomy{5] [6].



Norwood operation
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Figure 1.5: Stage I. The Norwood procedure, with the two possible systeatmonary shunts.

The second stagof the palliation of HLHS is the herRontan procedurd~(gure 1.6) (or
bidirectional Glenn operation), which is usually performed within the first six months after
birth. Duiing this surgery, the shunt previoyshserted is removed and the superior vena
cavais disconnead from the heart and attached to the pulmonary artery. This allows blood
returning from the body to flow directly to the lungs, without passing throughethet, and
reduces the work that thight ventricle has to do.



Bidirectional cavo-pulmonary connection (BCPC)

Superior vena cava
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Figure 1.6: Stage Il.Bi-directional Glenn Shunt Procedure

The third and last stage of this surgical treatment is the Fontan procEdyune(1.7). It is

usually performed between the eighteen months and the three years of age of the patient.
During this surgical operation the inferior vena cavaigonnected from the heart and
attadedto the righ pulmonary arteryOnce this procede is complete, the deoxygenated
blood from the systemic circulation goes to the lungs without passing through the heart, so
oxygenrich and oxygefpoor blood no longer mix. Therefore, the two circulasionseries,

systemic and pulmonary, are restored.
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Figure 1.7: Stage lll. Fontan Procedure.



1.2.3 Innovative surgical proceduresfor first stage treatment of HLHS

It has been shown that patients with hypoplastic left headreyne which receive a right
ventricle-to-pulmonary artery (RVPA) conduit istage | Norwood palliatiohave a higher
incidence of transplasitee survival as compared to those who receive afraddlalock
Taussig shunt. This happens because the use Sdna@ or RVPA shunt avoid lethal
comgication caused by coronary steel and the subsequent circulatory inst@®jlity
However, the RVPA group has more unintendetkrigtage interventions, mainly for
balloon dilation or sterplacement, due to proximal conduiesbsis.

To overcome a potential drawback of proximal conduit compression, the Clinic for
Cardiovascular Surgery and Department of Pediatric Cardiology ofdMudeveloped a
modified Sano technique for Norwood stage llipgaon and they began it in 2006.his
surgery involved the use of a 5mm stretch vascular-Geregraft with removable rings.
One extremity of this conduit is anastomosed with the right iéstthe other is inserted
either into the pulmonary tree, @ie cranial part of this patch, orto the right pulmonary
artery fFigure 1.8). The useof a ringenforced polytetrafluoroethylene conduit between the
right ventricle and the pulmonary artery in this procedursulted in an effectively

prevention dsubsternal compression and a reduction of istege morbidity7].

Figure 1.8: Schematic drawing depicts the riegforcedright ventrtcle to pulmonary artergonduit direted
towards the right of the augmented aorta (A). Intraoperative image shows tiemfanged conduit after the
procedure (B).
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This approach has been applied also by the department of Cardiac Surgery of Boston
Children 6 s Ho s pi t adlical (Sthaot) sirme 2010.M hey used ab6dhm ring
reinforced expanded polytetrafluoroethylene graft to address potential compression of the
proximal RVPA conduit. The prossimal portion of the G®ex shunt is inserted
transmurallythrough the right venicle with a limited ventriculotomy, while the distal part

is anastomosed directly to the right pulmonary, or alternatively a gusset of ePTFE or
pericardium is used. This ringinforcement of the RYA shunt provides acceptable
resuts, with a low incidene of interstage reinterventions in patients undergoing stage |
palliation[8].

Afterwards, the department of Cardiac Surg
Division of Materials Science and Engereng of Boston Univers/ has develped an
improved prototype design for the aforementioned surgical procedure. The latter consists in
the implantation in the R¥A position of a cryopreserved venous valved conduit
compressed within a baraetal stent sdfold and sutured at thproximal andlistal ends.

The shunt is made by an allograft femoral or saphenous vein, while the stent used is a Palmaz
Biliary Stent Eigure 1.9) [9].

Figure 1.9: Saphenous veiatent construct (left) and its implaright).

Pediatric valve replacement options for diameters of less than 15 mm are limited, and all
prosthetic valves suffer from having a fixecuteter and from the subsequent ingbtbo

adapt to the child growtfl0]. Furthermore,he attempts to enlarge R®A outflow tract
conduits of bioprosthetic valves often result in regurgitation. Everything considered, a
cryopreserved allograft femoral or sapheswein was found to be a suitable source of small
sized expandable valves, beaaws$ venous valves capability of retaining competence over

a wide range of sizes. Moreover, these venous conduits provide a thin sstpgpcixire
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surrounding the valve, with high internal diameter (ID) to outer diameter (OD) ratio,
making them conveni¢ror intracardiac implantation within small annuli, and the leaflet
tissue texture matches that of a neonate or infant.

This expandabldesign was tested in vitro, confimg valve competence, and then used for
implantation in the RWA position in 2 paénts in whom the presence of a competent valve
was clinically desirable. The general surgical procedure consists of sequential pinsises. F
on the back table in the opereg room, the unexpanded stent is-pspanded enough to fit

the vein inner diamet. The vein is inserted into the stent and then the balloon is dilated to
the goal size. Afterwards, the externadlgnted vein segmeist sewn into the patient in the
RV-PA position. If clinical monitoring suggests that the shunt allows for too much
retrograde flow to the lungs, it might be externally crimpeither in the operating room or
later in the intensive care untb limit flow to the lungs. On the other handth& shunt is

too restrictive, it can be balloatilated in the operatory room tater in the cath lab.

The first patient described in this paper wasdayold child and for the surgical treatment

a saphenous vein &t was used, containing ann@n OD \alve, compressed and sutured
within an 8mm Palmaz Biliary Stent, prexpanded t&6 mm. At 4 months, the valved
construct was balloedilated to 8 mm ID, resulting in trivigb-mild regurgitation. The
second patient veaa 4monthold girl for whom was uskta 10mm OD femoral valve
segment, compressed and sutured within-eam8Palmaz Biary Stent, preexpanded to 8

mm.

The prototypal expandable design described in this paper demonstrates in vitro the
competence of thealve, at a range of diameters, arghtisfactory shosterm performance

in the RVPA position in pilot clinical testig. Moreover, valvular competence after
expansion was validated in 1 patient 4 months after the initial surgery. This trial has shown
that the use of a venous valve allows favorable ID/OD ratio and effective orifice area,
even when the construct is cprassed to diameters significantly smaller than the native
diameter of the valve. External support with a stent is a crucial desigrefestuhis
expandable valve constrydiecause it is necessary to maintain the valve in a compressed
state avoiding thexcompetence normally shown by venous valves once expanded beyond a
threshold ID[9].

To perform the surggmresented by Roberts et [&l], one of the stents used was the Palmaz

XL Transhepatic Biliary, which was also the stent considered in the current work. It is a bare
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metal balloon expandable stent, made of stainless st 3A6L). This stent is a ofece
lasercut stainless steslotted tube, with a closezkll design and no welds, ensuring device

integrity.

Figure 1.10: Palmaz stent in itiitial configuration(A) and itsexpansion with a baltmn (B).

The Palmaz XL Transhepatic Biliary stent is provided unmounted. It is built from a steel
tube from which daser cuts rectangular cells. Onepanded, the stent appears as a multiple
vertical sequence of rhombuses, wrapped around a cylindiguré 1.10). This
configuration guarantees high radial strength, optimitexiility, easy deliverability and

minimal foreshortening.
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Chapter 2

State ofthe art

2.1 Numerical modelling of HLHS treatment

Hypoplastic left heart syndrome (HLHS) is one of the most severe congenital heart diseases
seen in newborns, nowadaysdted byheart transplant or by artie-step surgical procedure

To provide a lower incidence of pesperative complications to thesaly patients,
innovative surgical procedures have been developed for the first stage palliation of HLHS
treatment. A ginificant example is the one of Bosto Ch i | d r e [®]dcensistiogopb i t a |
a vein conduit RWA shunt, ranforced by a stent. The latter provides several benefits, such

as: prevention of blood reverse flow into the righttuete using a valved conduit; redum

of the shunt diameter by crimping of the stent, in case of patients with pulmonary
hypertensionfe-expansion ofthe RW A condui t, accommodating i1
However, this crimping is done manuallydsso there is a high risk ofaccurde maneuvers

that carresult in an irregular conformation of tekeuntandthus anincrease in theydraulic
impedance of the conduleading to the development of pulmonary hypertension

This pioneering use of a stent sewn and crimped on the outeresaffagessel has no match

in sdentific literature and the impact of the aforementioned procedure has not yet been
studied.
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Numerical modelling coultelp gaining insight into such potential effe¢ter many years,
computational modelling and simulatiostudies have been used to suppolinical
applications, such as design of medical devices or selection of best suited surgical
procedures. Numericainsulation techniques are taking an increasingly important role in the
engineering field, because theyoal to predict the dynamics antet behavior of very
complex systems by approximately solving the equations that describe their mechanics.
Furthermore,a computational model can provide accurate results without the costs and
complications of an experimentapproach, and this makes it aeful method of
investigation and study.

Numerical models are used to solve boundary value problems, whose physibs can
described by partial differential equations with the imposition of proper boundary
conditions. For ttg kind of problems, the exactalytical solution is not always available,
especially for the most complex situations. Therefore, numerical modeddtaneused to
overcome these limitations and provide an approximate solution to the problem.

In particula, in this work the Finite Elenm# (FE) method was chosen, which consists in the
discretization of the differential operator in the equations thatritbesche physical
phenomenon to be represented. The FE method is particularly indicated in structural
medianics problems, which focus ¢ime consequences of the application of specific loads
and displacements on deformable solids.

In the FE method the cantious domain, with infinite degrees of freedom, is divioed a
collection of subdomains and discretizwith a set of simpler, finil®imensional elements.

The latter are characterized by elementary forms and they are interconnected in predefined
points, called nodes. The grid obtained by this process is called mesh. In each one of these
elements the solion of the problem is assumedal be expressed by the linear combination

of functions, called basis functions or shape functions, which link the degiré®edom in

a generic point of the finite element to the value of the corresponding degrees affieedo

the nodes.

A variety of fadors contribute to obtain a suitable FEM model: the quality of the
discretization of the geometry, the selection ofca@de mechanical properties for the
materials, the use of the appropriate boundary conditions, suchtesa¢xoads and
kinematics cortsaints, and the proper definition of the interactions between the different

part of the system. Therefore, in ordeptrform a robust computational simulation of the
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aforementioned surgical procedyig, first of all, it isnecessary to find a suitable modeling

of its components.

2.1.1 Palmaz stent FE models

The FE modeling of stents and of thee&havior after implantation is well established and
allows for investigating various aspects, includimg stent deployed geometry, tiesulting
stress distributions and the strain patterns, and the stresses induced on the surrounding native
tissues.

As for the Palmaz XL Transhepatic Biliastent in particularclinical, experimental and
computational stdies regarding various aspects of its applicatian befound in scientific
literature;however these studiesoncern only the evaluation of the sterpansionhaving
asrationalethe use of the devicdor intralumen implantations

In [11], FE modelsvere used to study the deformation and stress distribution of a stainless
steel Palmaz stent after balloon dilatationréehdifferent numerical models were used:
Panel, based ond¢hassumption of a cyclically symmetrical carah; RUG (repeated unit
cell), which exploited the periodicity exhibited by the stent in the longitudinal direction;
RUG', which consisted of a RUG adel with the addition of the stent free margin
reproductionFigure 2.1).

Thestainless steatent was described as a bilinear isotropic elpktstic material with an
elastic modulus equal to 193 GPahear modlus of 692 MPa, a Poisson ratio of 0.27 and
a 207 MPa yield strength.

The stent geometry was meshed gstightnode linear hexahedral elements with reduced
integration (C3D8R), i.e., with only one Gauss point in the elelfregare 2.1).

Using the proposed model, the mechanical behavior of the Palmaz stent follogeng f
balloon expansion was analyzed from multiple standpoints, including thiomslap
between the expanded diameter and the balloon pressureetih@cgboning and stress
distributions.
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Figure 2.1: Palmaz stent geometry before expansion (a). Deformation and dtsasisution of the Palmaz
type stent according to the Panel model (b), RUG (c) an@-Rmodel (d).

Another papefl2] proposed the study of stent geometricatgmeters after nemniform

stent expansion with a balloon, to investigate potential stent design parameters to reduce
restenosis risk driven by foresttening or dogboning. A comparative study of seven
commercial stents, including the Palmaz stent, wasfgened using the realistic FE
simulation of the stent expansion with a balloon.

For thestainless steel (AISI 316RPalmaz) stentan elasteplastic béavior was assumed

with a Youngds modusltussaef egu&a | GRa, 3d&By iMPlad
of 0.33.

Threedi mensi onal FE models of the stents were
specification, and the stent geometries wererdised using eighthode 3D solid elements

with the reduced imgration (C3D8R).

A transient noruniform balloon simulation was performexhd all stents showd similar

expansion patterngigure 2.2): at the beginningf inflation, the radial displacement in the

distal region of the stent was larger than the centralatismen{Figure 2.2.b-c), however

17



the radial displaement in the distal region of the stent was equal to thieadelisplacement

at the final phase of the expansiéigure 2.2.d).

(a) (b)

(c) (d)

Figure 2.2: Pattern of the transient namiform balloonstent expansion at four different iasts during the
expansion process. Palmaerdtis shown (a) before expansion, (b) and (c) during expanand (d) after
expansion.

The pressurgliameter curves predicted from this FE simulations compared favorably with
those reported in literatur&€hechangings in axial length and the radiaipdacement in the
central and distal regions of the stent evesvaluated and used to calculate stent
foreshortening and dogboning. The results obtained from the different stent types considered
were compeed: gerrally, the stent with closed unit cells cactted to themselves or by a

bar link structure had higherreshortening values with respect to the ones with the opened
unit cells connected by bersthaped connector link structures; the dogboning values were
positive for all stents.

As for the applicatin of a Palmaz stesewnoutside a vessd], crimped or unloaded, there

are no studies in scientific literatutlkat evaluateexperimentally or computationally the

potential riskof this procedure

2.1.2 Saphenous vein

The saphenous vein is a large subcutaneous vein that runs througttithdogver limb,
starting from the foot up to the groin area. It is the longest vein of tharnbody.

Human saphenous conduits have an establiseednuclinics, in particular in the field of
cardiovascular surgery. In fact, this type of vein is on¢hef major possible sources of
vascular grafts to be used as autografts or allograft duringcalpgocedures. For example,
the use of autologous dagnous vein grafts is the gold standard in coronary and peripheral
bypass surgerpi3].
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However, their behavior at implant sites is not always easily predictable, becaihse of
remodeling phenomena that may occur after thevatgion, especially if they are used in
procedures where they are subjected to conditions very diffe@nttheir physiological
environment. This happens particularly in some surgical operatione &tsaphenous graft
can be used to replace or to cocinarterial segments. Vein properties are optimized for a
mechanical environment that is very differemrh the arterial conditions, in particular due
to the much lower pressure load®onsequentlyafter surgery remodeling processes are
triggered and madated by the high blood pressure, flow rate and oscillatory wall shear
stresse§l4].

Therefore, computational simulations of the vein behavior in these specific procédures
could be clinically relevant, in that these coulbess the stresses that veins have to bare
when they are subjected to arterial pressure loads, as veethassure of their compliance
and of other factors with significance for the considered agjitaNevertheless, in
contrast to the work done on anies, there is a lack of scientific literature on this kind of
studies. In particular, only few papergsdribe the mukaxial nonlinear mechanical
response of vein wall tissue or propose the realginstitutive modeling of venous wall
mechanical progrties.

To the best of my knowledge, the study published by J. Vesely in[261E the only one
presenting a comprehensive set of material parameters for human sapreinsumodelled

as a thick wall tube suitable for ade®bing multraxial stress states. Fifteen sammésena
saphena magna, collected either during congasaiery bypass surgery or during autopsies,
were placed in the physiological solution and medatelly tested in 3 h after excision. The
specimens wer without side branches and they had a minimal length of 40 mm. Vein
samples were marked with a blackiiig eyeliner and used in inflations tests: after four-pre
conditioning cycles, specimswere pessurized by an intraluminal pressure ranging from O
up to about 15 kPa using a motorized syringe.

The intraluminal pressure was monitored by pressure traesdad the deformed geometry

was recorded by a CCD cameFagure 2.3).
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Figure 2.3: Drawing of the experimental inflatibextension test setp (left), and a picturef a vein sample
taken with aCCD camera (right).

The changes in the length and average changes in the silhouette, between the black marks,
were detemined in the data post processing, using the edge detection algorithm in Matlab
(MathWorks, Natick, MA, BA). Then, the axial stretchtio and the circumferential stretch
ratio at the outer radius were computed.

The analytical description of the venous llwtssue stresstrain response and the
corresponding pressuf@D response of the samples were deriveohuassuming that veins
were tomogeneous, incompressible cylindrical thigllled tubes, stredsee in their
cylindrical configuration (i.e., with ncesidual stresses). In this process, the saphenous vein
tissue was considered anisotropic and hyperelaatid it was characterizedrolugh the
Holzapfel model. In that model, tissue anisotropy arises from the presence of two families
of fibers, symmetrially aligned with respect to the circumferential direction of the
cylindrical geometry, forming angldsand- b with respect to it. Hece, the strain energy
density function, W, is defined as:

w0 0 K"Oc;TQ
q cTQﬁ

Qo O p p

Where lis the first invarianof the right CauchGreen strain tensof;, with a positive
stresd i ke mat er i aand lpaeeadditoeal strain irsvariants arising from the

existence of two preferred directions.
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Thetermsa., ay anda represent, respectively, the radial, the circumferential and the axial

stretch ratios, whil® denotes the inclinatioof the fibers from the circumferential axis.

The constituze equation for an incomprebkke hyperelastic material can then be written as:

Herel represers the Cauchy stress tensor gnid an undetermined multiplier induced by
incompressibility constraint.

In this study, the mateai parametersg(, ki, k-, b) of the constitutive model were determined
byfitting the analytical solution provided by the Holzapfel model for an inflated-thatled
hollow cylinder to the experimental data.

In these experiments it was observed that #pdenous veins are characteddy an initial
highly deformable behavior in the presgoiecumferential stretch response, followed by
progressive large strain stiffening. Vein samples were much stiffer in longitudinal direction.

This behaviowas well fit by the theoretical model assed Figure 2.4, Figure 2.5).
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Figure 2.4: Pressurecircumferential stretch at the outer ragliexperimental data (dotted curves) are compared
with data predicted by theonstitutive model (solid curves). The donesith varicose disease are in red.
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Figure 2.5: The resulting presswaxial stretch dpendences. The experimental data (dotted curves) are
compared with datpredicted by the constitutive model (solid curves). The donors with varicose disease are in
red. The interval in axial stretch from 0.99 to 1.01 in panel B identified by gray lipessemts bounds of
uncertainty caused by resolution of digital cameras.

The material parameters obtained and presented in this paper are suitable for use in
mechanobiological simulations of the autologous vein wall adaptation after bypass surgery

and theycan be helpful as input in numerical simulations of this kind.

2.1.3 Venous vave leaflets
One of these studies that tackled this aspddifl, which reports results from a 3D fluid
structure interaction model of a venous val/ke venous valve geometry was represented

in a parametric form, includintipe valve sinus, as shown iRigure 2.6).

Tieqf = 5.89 mm

Tsinus = 3.93 mm

Lginus = 12.5mm

Figure 2.6: YZ view (left) and XY view (right) &solid model mesh geometry used in the paper.
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The thickness of the valve leaflets was set to 0.050 mm. The valve leaflets and vessel wall
were simulated using a linear elastic material model with Youngs modulus 50.7 MPa and
0.507 MPa, respectively, Poissmtio0.499 and density 2&g-m=.

This geometric model was used to perform the analysis of valve orifice deformation, trans
valvular pressure drops and fluid velocity, for different Reynolds number. The results
obtained in this paper can be used toinf OD nodels of valve behavior in the context of

1D modelling of circulatory hemodynamics, along with the extension of the model to
transient valve behavior and pulsatile flows.

The elastic material hypothesis used for both the vein wall and the vallgdegresent

an acceptable simplification for a flugtructure interaction simulation, but they can be
refined in a structural FE simulation. The same consideration applies to the geometry of the
valve leaflets, which in Narracott et §l.6] is defined using a simplified conformation,
which does not reproduce the real valve shape.

In another wor{17], a different approach to model venous leaflets was proposed. Here, a
FE model was used to sinai# theability of a nongrowing reconstructed cardiac semilunar
valve to close competently in a growing vessel. A theadlet design was compared to a
two-leaflet design that mimics a venous valve. The proportions between the dimensions
needed to charéarize he leaflets of the two valve types were obtained by the observation
of excised samples of a femoral vein and a porcine valve. In the normal semilunar valve, the
axial length of the valve @) is approximately half the vessel diameter. As for theous

valve, the axial length of the valve is almost 1.3 times greater than the vessel diameter and

the free edge of the leaflet is considerably longer than the vessel diafgtee @.7).

Figure 2.7: Segments of a human femoral véleft) and porcine aortic valve (right) fromhich the valv
leaflets have been excisedigthe circumference of the vessel at the top of the leaflet attachmens, thé
length of thdeafletattachment in the axial direction of the vessel. Scalestim fhotographs indicate mm
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In this study, the authie used a structural FE model of valvaflet grafts attached to the

walls of a cylindrical vessel of varying diameter. The valve closure was numerically
simulated to evaluate the possibility of blood regurgitant flow during growth.

To create the Heaflet venous valve design, one single hurfeanoral vein was measured,

and the resulting leaflets were scaled to shape to a 12 mm diameter root. The planar leaflet
outlines were meshed with triangular elements, replicated, and connected to the other
componenbf the system at their endpoints. Thamdr meshes were wrapped into cylinders.

to represent the valve leaflet surface in each modelled valve morphology. Three different
venous valves were considered, using different ratios of leaflet midline height to
circumferential leaflet width: VV1, withhis ratio approximately of 40%; VV2 with a ratio

equal to 50%; and VV3with 60%. Approximately 300 triangular elements were used for each

\

mesh Figure 2.8).
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Figure 2.8: (A) Planar outlines of the leaflets from a venous valve design, meshed with triangles and re
(B) Planar leaflet mesh wrapped into a cylinder with diameter of 12 mm. (C) The tHezerdi’fenousalve
leaflet designs tested: VV1, VW2, VV3.

In this case Ite leaflets mechanical properties were described using alikertg/perelastic
model| with an exponential strain energy functiom, in the form of:

W Q p

N Sa
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A1, A2, Az, As andc are constant parameters, while,BE=>> and B2 are the normal and shear
components of the Green straensor. The values of parameters d @&were chosen to
approximate general distensible tissue suitable for valve reconstructd kPaA; = 4,
A>=4,A3=0,As=4. The leaflets were modelled as a mesh of triangular membrane elements
with constanthickness of 0.5 mm.

The structurafinite element analysis method that was developed and applied in this work
was validated using simulated biaxial loading of square patches of leaflet tissue.

The results of this study show that morphologic featurgéiseofenous valve design allow it

for a competent closure over a wider range of vessel sizes than the normal semilunar valve
design, suggesting its use as a model for aortic or pulmonary valve reconstruction in the

growing child.

2.2 Aim of the thesis

Robertset al[9] presented an innovative procedure for the first stage palliation of HLHS
treatment, consisting in the implantation in the-RX position of a cryopreserved venous
valved conduit compressed withinbaremetal stent scaffold and sutured at the proximal
and distal endsThis pioneering use of a stent external to the vessel is not present in scientific
literature and the impact of the aforementioned procedure has not yet been studied
quantitatively.

Therefore, this thesis work aimed at studying the diffeiggometrical configurations and
stress patterns that occur after the crimping of a Palmaz stent on a saphenous vein conduit,
using the FE solver Abaqus/Explicit (Simulia, Dassault Systemes, ProvjdehddSA).

This analysis was done both in case ofdeal cylindrical crimping and a malapposition of

the stent resulting in an elliptical profile of the reinforced conduit. At first, the shunt conduit
was considered as nealved, then a valved saphemsotein was implemented to assess also

the effects of &nt crimping on valvular dynamics and valve orifice area.
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Chapter 3

Materials and Methods

3.1 Introduction

As previouslystakd, the aim of this thesigork wasto usenumericalmodelling toevaluate
the effects caused twoththe saphenous conitland the vein valve dynamics by different
crimping modalities resulting from ideal or defective crimping the Roberts et al.
procedurd9].

In order b achieve tls objective the geometries of the Palmaz stemgaphenos vein
conduit anda bileafletvenous valvewnere designed Thar dimensionsand their material
properties were selectedcording to prexistent studies found in scientific literatuFear
each one of these components, multiple meshiés different elemat densitieswere
generatedandthe corresponding results weremparedy mears of a mesh convergence
analysign orderto select the most conveniatscretizationgor the complete saulation of
the surgical procedure

As in theabovementioned surgerfg], the Palmazstentwas initially preexpanded alone
and thencoupledto the valved saphenous vewhich was inserted in the stent and
pressurizedThis assembly was thearimpedwith threedifferentmodalities,soto examire
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the resultingfinal conigurationsof the valved conduit antb assesshe behavior of the
differently crimpedcomponents of the numerical model by meansa sfress and strains
distribution® evaluation. Moreover, during a successive cardiac cycleslaion the
crimped valve dynamics and the valvutaifice areabehavior were studieand compared
among the tree crimping procedures.

In parallel, it was also assembled an unstented valved venous conduitusedeas a
comparison f ordyhamiesandornficepread one 6 s

The schematiavorkflow that was followed in this thesis workshownin Figure 3.1.

Model Components

===

Palmaz stent Saphenous vein Venous valve
A B
Unstented Assembly ( Stented Assembly 4}
[ Vein Pressurization ] [ Vein Pressurization ]

|

Stent Crimping

Elliptical Elliptical
(e=0.65) (e=0.80)

[ Cardiac cycles ] [ Cardiac cycles ]

Figure 3.1: Workflow of thethesisand of the subsegnt chapters

Cylindrical
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3.2 Geametries, meshes andensitivity analysis

3.2.1 Palmaz Stent

The stent geometrysed in thishesiswas obtained by direct measurement of the real device
The planar repetitive module of the Palmaz stentavasan in SolidWorks® (SolidWorks
Corporation, DassauBbystemes, Waltham, MA, USA},wasthen rgpeatedlO timesalong

its axisandl11times in the perpendicular directitmobtain the planar geometry of the whole
stent The lattewas wrappedntoacylinderwith 4.5 mmdiameter tabuild the stent internal
surface, which was extrudexitwards bya thicknessequal to3 0 0O I8 ite unexpanded
configuration, the stent daanaxial lengthof 50 mm(Figure 3.2).

£ =300 Hm Lstent = 50 mm
1 |
D; = 4.5 mm
i yul
Coarse: 435,956 clements Medium: 839,745 clements Fine: 1,348,344 clements

Figure 3.2: Reproduction of the stent geometry. Traversal and longitudinal viewe &dlmaz stent with its
characteristiddimensions; details of the different refinement in the three meshes used for the convergence
analysis.

The geometry of this model was discretizesing eightnode 3D solid elements with the
reduced integration (C3D8Raccordingly with the indications by published studig$]

[12]. Three different meshes were implemented, with an increasing number of elements
(Figure 3.2).

An expansiorcrimping simulationwas performed on the three stelidcretizationsusing
Abaqus In order to minimize¢he computational expense of the test, the stent was expanded

to an inner diameter of 8 mhy an inner cylindemwhich was initially ceaxial with the gent
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and was radially dilated through displacement boundary conditi&®msilarly, the
subsequent crimipg to a final outer diameter of 6 mm was simulated by radially shrinking
an external cylinder, caxial with the stent and radially reducétrough dispacement
boundary conditionsBoth the inner and outer cylinders were 60 mm long and were
discretized mto 4node shell elements (S4R) with a characteristic dimension of 0.4 mm.
Between expansion and crimping, a stabilization phase took place, in whisketit was
free to move, allowing for recoill.

In this simulation, the simulated expansion presdte crimping phaskasted 300ns each,
while the stent stabilization lasted 200 ms.

The von Miys disribuidn rthe sgsivalent plastic strains (PEEQ, i.e., the sum of
the initial equivalent plastic strain and the plastic strain accumulateaigdine simulation)
and the stent recoil yielded by the simulations were analyzedeirmesh convergence
analysis.

3.2.2 Saphenous vein
The saphenous vein was modelbeshn ideal hollow cylinderusing the mean dimeions
of great saphenous veins collected from corosatgry bypass surgery (CABQkported
by Vesely et al[15].
The resulting geometry had awial length(L) of 40 mm, &4.22 mm external diameteD¢)
and a wall thicknesdH) of 0.62 mm.
The vein material was described as an anisotropic hyperelastic continuum, through an
Holzapfel model. In thisnodel, the anisotropic behavior is due to the presence of collagen
fibers in the material. Fibers are assumed organizeulltiple families; within each family,
fibers have a preferential mean direction and their direction is stochastically described,
accounting for its dispersionlt is assumed that all families of fibers have the same
mechanical properties and the same elisjon along the whole length of the venous gratft.
In thisthesiswork, the Holzapfel model was userdthe case ofanincompressite# material
with two families ofperfectly alignecand symmetrid¢ibers considering trs casethestrain
energy density fuction, U, definitionof the modeln Abaqus beame

Q
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Whered ,Q andQ are temperaturdependent material parametensd® is the first
deviatoric strain invariant®  arepseudeinvariantsof 6 the distortional part of the right
CauchyGreen strairando is a set of unit vectorthat characterize directions of the fibers

in the reference configuration

The material coefficients needed by Abaqus to implement the Holzapfel model were chosen
according to the average values ofstnparameters estimated in thverk of Vesely et al.

[15]. The fibe's were assumed to be perfectly aligned and the material was considered nearly
incompressible, since a perfectly incompressible condisiont allowed in AaqugExplicit

(Table 3.1)

Saphenous vein material

Density J [t/mm] 1.0410°
material parameter 0 [MPa] 5.85
material parameter Q [MPa] 8.3
material parameter Q 0

Fibers inclinationwith respect to the
. o | 40.6
circumfeential diredtion

Table 3.1: Summary of the material parameters values chosen for the Abaqus model of the saphenous vein
conduit.

The venous conduit was meshed usightnode brick elements with reducedegration

(C3D8R). Three different discretizations were made, with decreasing circumferential and
axi al characteristic di mensions, Qolwsexc,h wer
fiMediumd a Rikd Ame s h, respectivel y. nhhe radial t hr e e
direction were generated in each mésigure 3.3).

These three discretizationsnderwent a computational simulation that mimicked the
experimental test done by Vesely et[ab], where me end of the saphenous conduit was
attached to the cannula of a syringe pump and the other to a stopper, so #wad orses

sealed and the vessel was able to expand freely in the radial and axial directions when loaded

via inflation.
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Mesh Coarse: 2,100 elements

Mesh Medium: 8,400 elements

Mesh Fine: 33,600 elements

Figure 3.3: Traversal and longitudinal views of the different refinement intkhhee meshes used for the
convergence analysis of the Saphenous vein mesh.

To repoducethis experimental proceduf&5], it was necessary to model al$e support

plate, which was used both tansmitthe axial pressurlwad that in the real experiment

was caused by the liquid inflatiotg one extremity of the saphenowusin conduitand to
constrainthe same veiendto move onlyalongtheaxial direction.

The plate was discretizedto triangular shell elements (S3)twia characteristic dimension

that reflected the one of the coupled saphenous vein mesh: 0.8 €@odhgemesh, 0.4 for
theMediumand 0.2 for thé-ine one.

The plate material was idealized as linear elastic and isotropic, using the parameters listed
in Table 3.2.

Plate material

Density I [t/mm] 1.2¢10°
Young modulus E [GPq] 2.3
Poissonbds coeffi g 0.3

Table 3.2: Material parameters values chosen for the Abaqus model of the plate.

The computational procedure consisted in an fioiteextension test. One extremity of the
saphenous vein was constrained in every direction, while the other end was tied to the
support plate and forced to move only in the axial direction, following tlae pl
displacement. An intraluminal pressure lingamcreasing from 0 up to 15 kPa was imposed

on the inner surface of the vein wall and of the platgure 3.4).
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Figure 3.4: Experimental inflatiorexpansion setip of Abaqus test.

To reduce the effect of the vein inertial behavior, due to the use of an explicit FEM method,
the pressure ramp was applied irektively long time: 2.0 s for the smooth pressurization,
followed by 0.5 s during which the pressure was hold to the maxahee of 15 KPa.

Moreover, since the inertial behavior could cause an oscillation of the numerical solution,
the same inflatiorextension computational test was simulated as a static phenomenon using
the Abaqus/Standard solver, so to verify that thesenpial oscillations were caused only

by the venous conduit inertia.

The stress and strain behavior during the inflaggtensionsimulation were acquired in a
Region of Interest (ROI) that extended by 5 mm in the axial direction and was centered in
the gosssection halfway between the two ends of the vein. In the ROI, the elements facing
the outer surface of the vein wall were adesed Eigure 3.4). This region was chosen both

to comply with the displacement acquisition perfodnie the reference papgl5], and to

asume as uniform the stress and strain distribution, due to the distance from the boundaries.

3.2.3 Venousvalve leaflets

The saphenous valve leaflet geometry was designed following the sacedyme®and using
the same proportions presented in tagper by Hammeet al. [17]. The leaflets were
designed to fit a vein conduit with outer and inner diameter equal to 8 mm and 6.76 mm,
respectively. These dimensions chéeazed the vein model used in the subsequent
expansiorcrimping comppitational simulation, that mimicked the aforementioned surgical
procedure performed by Roberts et[g].

The geometry of one leaflet was drawn in SolidW@rkt¢he leaflet free margin and the
leaflet attachment line was defined as a parabolic and elliptic arch, respedinedystance
bet ween t hecommissuresL,evas seteaothalf the inner circumference of the
considered vein vessddased on thrderence paper by Hammer et &F], the height ofthe
leaflet,H, was calculated ds3 times the outer diameter of the vein, while the ratio between
the leaflet midline height), and its total height was set to @Table 3.3)(Figure 3.5).
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Leaflet geometry

Leaflet length L [mm] 10.4
Leaflet total height H [mm] 10.6
Leaflet midline height h [mm] 53
Leaflet thickness t [mm] 01

Table 3.3: List of the geometrical characteristics of the leaflet.

a) b)

c)

Mesh 0.8

Mesh 0.8

Figure 3.5: a) Planar outlines of the saphenous vein valve leafléh its characteristic dimensionb)
Wrappedcylindrical configuration of the two joint leaflets) The four different meshes tested in the sensitivity
analysis, wiih the characteristic dimension of their element attached.
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The leaflet geometry built with SolidWorks was imported in Abaqus CAE. Herenbdel

was discretized, using triangular membrane elements (M3D4) with a 0.1 mm thickness. Four
meshe®f decreasing characteristic dimension were generated: 0.8vesh 03, 0.4 mm

(Mesh @), 0.2 mm(Mesh @) and 0.1 mn{Mesh @). Each mesh was wrappgexo a hollow
cylinder with 6.76 mm inner diameter, corresponding to the internal diameter of the conduit
that was used in the test of the valved saphenoug~egjare 3.5).

Accordingly with [17], lealet tissue was considered almost incompressible and its
mechanical properties were described using a fikegorthotropic model. In this case, the
Fung strairenergy function per unit of reference volurikg of the model in Abaqus has the

following exponatial form:

c is a constantemperaturalependent material parameters s defined as

0 0C¢C 0C ¢coOoC o¢C
Where© ,'© ,C are the normal and shear components of the Gres&n &nsor in the
membrane plane. The value of the constitutive parameters and of the materialjdeasity

set as irHammer et al[17] (Errore. L'origine riferimento non € stata trovata.).

Venous leafletsnaterial

Density J [t/mm] 1.04*1C
material parameter c [KPa] 50
material parameter o) 4
material parameter o} 4
material parameter 0 0
materialparameter o} 4
material parameter (0] 10°

Table 3.4: Material parameters values chosen for the Abaqus model of the saphenous valve leaflets.

On each valve mesh, the pressdrizensimulation of valve behavior throughout the cardiac
cycle was simulatedimposing on the leaflets a pressure thatieelpthe physiological

transvalvular pressure of the aortic valt/g(re 3.6).
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This was due taie application considered in this wddt the venous valvghe Roberts et

al. surgery[9], in which a sapenous valved conduit was used as aM/shuntin a
palliative Sano procedufer HLHS patientsin this pathological case the right ventricle and

the pulmonary artery that departs from it undergo pressures much more similar to the ones

physiologically deeloped in the left ventricle and in the aorta.

Ventricular Ventricular

40 systole diastole

20
t [s]
0

-20

-40

-60

Pressure [mmHg]

-80

-100

Figure 3.6: Time-dependent i@ssure curve applied to the saphenous vein leaflets during the simulation.

The leaflets basal margins, norma#iftached to theressel wall, were fully constrained
during this simulation and a timdependenpressure was applied to the ventricular surface

of each leaflet, as a uniformly distributed surface load. This pressure behavior was modelled
according to the study of Sturda al.[18].

The simulations performed were composed of two complete pressure cycles applied to the
valve leaflets, lasting 0.8 s each. The first one was used as settling cycle, since the valve
started from an initial configation that was nonepresentative of itsue dynamics: indeed,

in vivothe valve is not yet open at the end of the diasialeing the second cycle, maximum
principal stress and strain patterns over the leaflets were acquired, together with the valve

dynamics and the simulation time.

3.2.4 Mesh convergncestudy
For all the components, the different discretizations were subjected to a sensitivity analysis,
with the aim of choosing the most suitable mesh. Along with computation time, for each

component specifibiomechanical variables were considered.
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Palmaz stenexpansiorcrimpingi bio mechanical quantities were obtained on the whole

stent in the most critical stages of the simulations: the end of the expansion, the last
increment of the recoil phase and #rel of crimping. In particular, the Von Mis stresses

and the PEEQ values were compared among the three meshes both after the complete
expansion and after the crimping phase, while the difference in radial displacement of the
stent nodes between the erfdstent expansion and the end of the sphbiagk phase was

used to compute the amount of recoil of the stent during the stabilization. The stress
distribution at the considered tinp®ints was characterized by identifying the maximum,
mean and minimum vaguof the von Mises stress distributionyasl as calculating the 90

and the 10 percentile.

Vein inflationextension the maximum principal stresses and the relative strains behaviors

during the inflatiorextension test were acquired in axial, sirderential and radial
directions. With theselected vein mesh, pressure/stretch curves were obtained and compared
vs. the curves proposed in of Vesely e{Hb)].

Valve function over the cardiac cycl@ he timecourse of thenaximum principal stresses

was acquired: the plots corresponding to the stré&sti® 53" and the 9 percentiles were
analyzed. Also, on each leaflet the node nearest to the leaflet belly center was identified the

magnitudeU of its displacement waacquired over time.

3.3 Saphenous valved conduitardiac cycles simulation

Once the sensitivity analysis was completed, the venous leaflets and the saphenous vein were
assembled. The latter was characterized by the thicknessjah&eagth and the Holzdel

model parameters previously identified based on Vesely EtHl.1t was discretized with

C3D8R elements with the characteristic dimension chosen from the sensitivity analysis, but
with a new ougr diameter of 8 mm, toimic the reference surgical proced{®¢ The nodes

of the valve leaflet insertions lines were tied to the inner wall of the saphenous vein conduit.
In the modelled surgical procedure, the portionhaf ventricular shunt loted upstream

from the valve is shorter than the downstream portion. Hence, the valve was positioned in
the venous conduit so that the upstream and downstream vein section was 9.7 mm and 19.7
mm long, respectivelyFigure 3.7). In the two subdomains, a ventricular surface and an

arterial one were defined, respectively, on the inner surface of the vein conduit.
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Figure 3.7: Longitudinal section cut of the experimental-sptof thesurgcal procedure simulation with
highlighted the two leaflets6 halves and their conj

The simulation of the system biomechanics during the cardiac cycle consisted of three steps.
In step 1, the ventricular and arterial surfaces were lobgedpressure ramp from 0 to 80
mmHg over a 2.0 s timeframe; in this phase, the valve leaflets wkryaded. In step 2,
pressure was kept constant over a 0.5 s time interval, so to obtain a stable condition. In step
3, two cardiac cycles were simulated¢ck one lasting 0.8 s, by applying three differenttime
dependent surface pressures, whose defint@smborrowed from Sturla et §1.8] and was
consistent with the surgical procedure to be mi®dnd its use for HLHS patients. The

vein ventricular surface was loaded by a tidependent physiogical ventricular pressure,

the vein aterial surface was loaded by a tirdependent aortic pressure and the ventricular
side of the saphenous valve letf was loaded by the difference between ventricular and
aortic pressureHjgure 3.8).

120
100
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40
20
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— PV
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Pressure [mmHg]

-100

Figure 3.8: Time-dependent pressure curve applied, respectively, to the arterial inneresafrthe venous
conduit (PA), to theventricular surface of the vein inner surface (PV) and to the saphenous vein leaflets during
the simulation ¢P).
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In each step, the nodes at the two ends of the saphenous vein conduit were constrained
allowed only forradial displacements.

A general contacalgorithm was used to model contacts between the ventricular surfaces of
the two leaflets, between the valve and the saphenous vein inner surface, as well as leaflet
self-contact.A scale penalty method was used todel the mechanical interaction in the
direction orthogonal to the contacting surface. A 0.1 friction coefficient was set to model
tangential load interactiofi 9].

Valve dynamics and maximum principal stress patterns weretonedithroughout the
second simulatedardiac cycle; these data were used as baseline reference when analyzing

the data yielded by the subsequent simulation of venous duct external gt@nting

3.4 Simulation of the surgical pracedure

The external stenting of themeus shunt and the pestenting biomechanics of the system
were simulated consistently with the features of the procedure to be modeled and with the
stent manual crimping characterizing the procedreFourprocesses were simulated:
5. stent preexpansion, so to allow the subsequent insertion of the valved saphenous
vein graft in the stent;
6. Stentvein assembly, vein pressurization up to 80 mmHg
7. Stent crimping, which was simulated in thidiferent modalitiesd assess the effects
of possible distortions associated to manual crimping in the real procedure;

8. Poststenting response of the system over two cardiac cycles.

3.4.1 Stent pre-expansion

The unexpanded model of the Palmaz stent geometra hatdl length of 50 M, which
unsuitable for a stent to be used in to reinforce aFHRASshunt for the first stage palliation

of HLHS treatment. Consistently with the real procedure a 20 mm long tract of the stent was

extracted from the entire geome(figure 3.9).
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(old)
L stenr=50 mm

F 3
v

(new)
L stent =20 mm

Figure 3.9: Stent old and new dimensions compared.

This new stent geometry was expandediawan 8 mm internal diameter, using mleal
cylinder with 4 mm diameter. THatter was discretized into-Aode shell elements (S4R)
with a characteristic dimension of 0.4 mm. The cylinder was initiaHgogal with the stent;
its nodes were radially displaced by 2 mm over a 400 ms timefféh@eplastic strains
(PEEQ) computed ahe end of the expansion procedure were extraatedrder to be

imported in the subsequent simulation of the stent crimping procedure

3.4.2 Stentvein assembly and vein pressurization

The preexpanded stentas ncluded in a new modeandthe previously comped pastic
strainswereassgnedto it by means othe * INITIAL CONDITION keyword available in
Abaqus/Explicit.The stent was positioned-exially with the vein, so to encompass the vein
and to have its central @® section at the position of the vealve (Figure 3.10).

15 mm . 25 mm

< L Ll |

9.7 mm 10.6 mm 19.7 mm

Figure 3.10: Setup of the surgical procedure simulati@ssemblytop) and longitudinal section cubgtton).
t he t wo | eaadftheieansir@tionpaint (Please highlighted in theottompanel.
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Vein pressurization up 80 mmHg was simulated as described in S8@&idm this process,
contact between the stent and the vein outer surface was modeled asrimudtgon of the

pre-stenting function (Sectio®.3).

3.4.3 Stent crimping procedures and cardiac cycles simulation

By means of the *RESTART keyword available in Abaqus/Expl&f], a mult-step restart
analysis was run to simate stent crimping and the subsequent structural mechanics during
two consecutive cardiac cycles. The starting point of the restart analysis consisted in final
configuration of the stentein assembly and vein presigaton; such starting point included

all of the associated field and history variables.

An ideal cylinder with an axial length of 40 mm was modelled and placed externally to all

the other setip components, so to be coaxial with the stent and the Wgjaré 3.11.a).

a)

Outer crimper cylinder

Palmaz stent

Valved saphenous vein conduit

CIL E65 E80

Figure 3.11: Transversakiew of the initial setup configuration of the experiment, with the outer crimper
cylinder included (a)Transversalviews of the crimper feer the different crimpingproceduresa perfectly
cylindrical crimped form (b) or in an elliptical form of eccacity 0.65 (c) or 0.80 (d).

40



The external cylinder was discretized intendde shell elements (S4R) with 0.4 mm
characteristic dimension. ®hcyinder was used as a crimper: in the first step of the
simulation, it was shrunk by imposing nodal displacetsmamall of its nodes. Three different
crimping modalities were simulated in three different simulations, resulting in different final
configuratons of the crimper, which were idealized and yet characterized by different
degrees or types of distortioRigure 3.11.a).

In modality 1, the final configuration of the crimper was assumed as a cylinder with a
perfectly ciralar crosssection(CIL) with a 6 mm diameterF{gure 3.11.b). In modality 2,

the final configuration of the crimper was assumed as a cylinder with an elliptiesecssn
whose perimeter was the same as in moddlignd whose @enticity was 0.65(E65
(Figure 3.11.c). The major axis of the ellipse was aligned with the commissumanissure

axis of the venous valve. In modality Bie final elliptic crossection was modified to
increase the eccentricitypy 08 (E80) while still keeping the perimeter unchanged with
respect to modality 1 and modality Rigure 3.11.d).

To reduce possible oscillations associated to inertial effects, the crimping phase was
performed in 2.0 s and it wdsllowed by 0.5 s where the crimper was hold to its final
configuration After the crimping ending, the outeylinder was removed.

In the subsequent steps, two cardiac cycles were simulated by imposing the same boundary
conditions adopted when simulatitigebehavior of the valved saphenous conduit in the pre
stenting condition (Sectid®3). Contact was modeled as described in Se&i8to account

for stert-crimper (aly during crimping), valvevein and leafleto-leaflet contacts, as well

as for leaflet seltontact. Contact between the outer surface of the vein conduit and the inner
surface of the stent during the cardiac cycles was modeled using avedyedsaviosurfece

interaction.

3.5 Post processing

During both the simulation of the tgtented saphenous valved conduit and the simulation

of the complete surgical procedure, the geometric configuration of thg gErts as well

as theirmechanical behavior wesmalyed.

Contour plots of stresses and strains were plotted in Abaqus Viewer to evaluate their patterns

in the different geometry components and their changes during the computational test: for
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the saphenous conduit, the maximunm@pal stresses were sérveal, while the Von Mises

Stress and the equivalent plastic strain (PEEQ) were considered for the stent.
Furthermore, in order to compare the diffe
Mi ses stresses wnnpdncipahsgessesetiie md af thercaimpingnphase

were examined by computing their boxplots and statistical tests were performed on these
data with GraphPad (GraphPad Software, San Diego, CA, USA): data normality was tested
through a&olmogorowSmirnov test;an Anova or &ruskalWallis test was used to compare

data, depending on whether data were normally distributBdna’s multiple comparisons

testto examine the groups two by twidoreover, the Von Mises stresses experienced by

the stent duringhte cardiac cycles were @ared for the three crimped conduits; the
respective 99 and 5" percentile over the cardiac cycle were compared.

Moreover, the maximum principal strains obt
(Figure 3.12) when conglering the different crimping modalities were compared,
computing the timeourse of the respective 9@nd the 5% percentiles during the second

cardiac cycle simutagon. This was done on the basis of existing stuf2€§, regarding

cardiac valves, stating that an eccentric distortion of the valve may cause an increase in the
maximum principal strain concentration in the commissure regbthe leaflet, which have

been shown to be a factor in lowering the durability okgiretc valves, causing structural

failure of the leaflets.

Figure 3.12 Valvular geometry in its undeformed configtion, with highlighted the elements taken into
account for the maximum principal str@waliationat t he | eafl et sd commi ssures |
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In addition, to evaluate the valve behavior during the cardiac cycle, thelépendent valve
geometric orifice area (@A) was assessed: GOA is a planimetric measure of the valve
crosssection available tddid flow.

To compute GOA, images of the valve geometry praae transversal to the vein axis were
acquired, every 0.016 s during the systolic phase of the secodidacaycle, and then
converted into binary images. These images were imported in MAT(M&hWorks,
Natick, MA, USA), where all the boundary edges were detected and saved as matrixes of
coordinates. The areas underlying these boundaries were calculaigpalgarea

This procedure was carried out both for the-stanted vein and for evecyimped venous
conduit, to measure the behavior of the valve GOA over time and to compare the different
outcomes of the three different crimping, also by meamsafimum, 98' and mean GOA

values.
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Chapter 4

Resultsand Discussion

4.1 Mesh convergnceanalysis

4.1.1 Palmaz stent

During themesh sensitivity analysithe Palmaz stemtas expanded to an inner diameter of
8 mm and then crimped to a 6 nomter diameteBetween expansion and crimping@ing
backphase took placdhe averageof thenodesradid coordinates othe whole stenivere
extracted from the simulatiothe percentage radial recoil was calculafBue results are
presented iMable 4.1.

Recoll
COARSE MEDIUM FINE
Dei Dr [mm] 4,191 4.10 4,197 4.08 4,197 4.09
Recoil %[-] 2.27 2.59 2.49

Table 4.1: Average adial coordinates of stenbdesafter expansion (De) and relaxation (Dr) aradues of
the resultant percentagadal recoik.
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The difference in recoil obtained with the three sthstretizations was not significarhe
recoil found varied in a range of 0.02 moorresponding to less than 27% and 40% of the
radial dimension of the elements in the Coarse amel iFesh, respectively.

Both at the end of expansion and at the end whping, the Von Mises stress, ( )

distribution highlighted peak valuekcalized at the vertexes of the stent celkile the

loweststressesvere situatedn the middleregionof the strut{Figure 4.1).

Figure 4.1: Abaqus colour map showing Von Mises stresses in the Coarse stent after the expansion phase (up)
and after the crimping phase (@a).

At every timepoint during the simulation,  peak values were consideralbyver than
thetrue ultimatestrengthll,_wue of the Palmaz stent, which isqual to824 MPa(Table 4.2
andTable 4.3).

ExpansiorPhase
. [MPa] COARSE MEDIUM FINE
Maximum 358.97 373.42 382.19
90" percentile 221.06 221.30 224.17
Mean 126.47 127.28 131.54
10" percentile 33.82 34.19 35.03

Table 4.2: Von Mises stresses obtained in the stent convergencat test endf the expansion procedure

» values computed and the end of the stent expansion with the three meshes presented

negligible percentage differences: the mean value, tfeaB@ 1" percentiles of the
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distribution differed by no more thdnl10%between th€oarse anledium discretizations
and by no more thaB.35%betweerthe Medium and Fine discretizatioiiable 4.2).

Crimping Phase

[MPa] COARSE MEDIUM FINE
Maximum 433.70 453.17 462.77
90" percentile 251.92 252.66 252.26
Mean 143.02 144.01 147.66
10" percentile 40.06 40.50 40.94

Table 4.3: Von Mises stresses obtained in the stamvergence test after crimping ending.

Similarly, ,  values computed and tlend of the stent crimping with the three meshes
showed negligible percentage differences: the mean value, thenglo1d' percentiles of

the,  distribution differed by no more thah08% between theCoarse and Medium
discretzations and by no mee than 2.5% betweenthe Medium and Fine discretizations
Table 4.3).

Using the extracted stress quantities, the portion of stent elerf@gjsaxpeiencing a,

higher than the yielding value was computédlfe 4.4). This %Ey valuesshowedasimilar
expansiorcrimping behavior for the three meshes, with a percentage difference within 1.6%
and 4.8%, respectivelpetween Coarse and Medium meshes and betiMeelium and Fine

discretizations.

Percentagef elementsabove the yield stres%Ey|-]

COARSE MEDIUM FINE
Expansion 19.63 19.67 22.07
Crimping 39.56 40.19 42.12

Table 4.4: Table of percentage number of elements enduindgpn Mises stress higher than theeMing
stress, after the expansion phase and after the crimping phase.

To better evaluate the plasticization of the Palmaz stent durengpthputational testthe
equivalent plastic straif®EEQ)of the stent weranalyzed PEEQvalues showed a similar

expansiorcrimping behavior for the three meshes jvatpercentage difference within 1.6%
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and 4.8%, respectivelpetween Coarse and Mediuneshes and between Medium and Fine
discretizationsSimilarly to,, , peakPEEQvalues were computedat the strut junctions
while the elements in the middle of the struts were not plasticized neither by the expansion

nor by the stent crimpin@~igure 4.2).
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Figure 4.2:Abaqus contour plot of the equivalent plastic strains (PEEQ) in the Coarse Palmaz stent after the
expansion phase (up) and aftiee crimping phase (down).

The percentage of plasticizelEments(%Ep was compugd by identifying the portion of
elements with a PEEQ>0 above the total stent element nyirdiae 4.5).

Percentage of elemenpsasticized%Ep[-]

COARSE MEDIUM FINE
Expansion 38.35 38.56 40.50
Crimping 47.15 47.27 50.29

Table 4.5: Table of percentage number of elements with an equivalent plastic strain PEEQ >0, after the
expansion phase and after the crimping phase.

At the end of the imulated crimping%Ep was markedly larger than at the end of the
simulated expansion; this trend was observed for each meslHdifldrencein %Ep was
within 0.54% betweenthe Coarse and Medium meshesd within 6.3%9% betweenthe
Medium and Fineneshes

The computational testwith the three stent meshes were performed using the same
computational resources, i.€l2 CPUs with 32 GB RAM. The comparison of the

correspondingsimulation timeis reportedin Table 4.6. The computationalcost of the
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simulation undawrentsignificant changes based on ttensiderednesh passing from the
Coarse to the Medium mesh, the computational cost increased by mas@%havhile from

the Coarse to the Firtdiscretization the simulation almost doubléstime length.

Computational cost

COARSE MEDIUM FINE

Simulation Timefh: min] 85: 35 135: 33 176: 29

Table 4.6: Comparison between thbfferent simulation times required with the three hess

Based on the results herein reportibeCoarsemesh was chosen to model the Palmaz stent
in the subsequensimulations, because it proved more tigfécient at the expense of a

minor loss in reults accuracy.

4.1.2 Saphenous vein

In the saphenous sertsiity analysis, the dependence of the stsissin behavior of the
venous conduit from the mesh refining level was investigated. Thecoomse of the normal
components of the stress and strain tensothe circumferential, axial and radial directions
were extracted and averaged over the ROI elements. Hence, thess@mesgurves in the
three directions were obtaindéigure 4.3).

In this computational inflatioextension testhe effect of the radidbad resuling from the
intraluminal pressur@revailed on the axial loadhe vein underwent negative axial and
radid strains and a positive circumferential straas a result, the conduit was shortened and
the wall thickness was thinneidsteadthe saphenousein circumference increase.

The axial strain was one ordefrmagnitudesmaller in magnitudethan thecircumferential
and radial strains. Conversely, the stresses reached higher values in axial and circumferential
directions, while in the redial diraoh they were one order of magnitude lower in magnitude
(Figure 4.3).
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Figure 4.3: Comparison of thetessstrainbehaviorof the saphenouROI elementsvithin the dfferent vein
discretizationsn circumferential CIR), axial (AXI) and radial RAD) directions.

The stressstrain curves did not change significantlyvhen considering different mesh
refinement levelsHowever the more the discretization was refined, there the inertial
effects were relevant, causing an increasing oscillation of the soltitiainertial behavior
was dueentirely to the use o0& fixed mass scaling when exploitirthe explicit time
integraton scheme: the smaller the elements, thedridte fictitious increase in density
associated to the elements so to obtain a given stable time incrdnmded, when
simulatingthe same test usingbaqus/Standatd.e., the implicit timentegration sheme,
theseoscillations were absent.

The sensivity analysis of the saphenous vein model was performed using identical
computational resources for teenulation of the three meshéhe tests were completed
using the samé&0 CPUs with32 GBRAM; the computational costs areported infable
4.7. Of note, from the Coarse to the Fine mesh the time needed for the inBatemsion

test increased by more than 27 times.
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Computational cost

COARSE MEDIUM FINE
Simulation Time [hmin] 0: 45 3:15 20: 36
mpt - | - 33333 53108

Table 4.7: Comparison between the different simulation times required with the three vein meshes.

Anothercrucial factor for theselection of the most suitable meshas that he saphenous
vein conduit waslesigned with the airaof interactng with theother componentequested

for the subsequent surgery simulatianthe inner surfaceof its conduitwith the attached
venous leafletswvhile on the venous outer surfaagth theexternalPalmazstent. Therefore,

it was mandatory to choosa venous discretization appropriate to interact with both these
otherentitiesof thetested proceduri®]. To this purpose, sufficiently smooth inner and outer
surfaces of the saphenous vein conduit were requebigdré 4.4).

a)

Mesh Coarse Mesh Medium Mesh Fine

Figure 4.4: Transversal view of the three saphenous vein meshes tested.

Based on these consideratipredthough the Garse mesh allowed to obtain highly
convenient simulation times, it was judged inadeqt@afgovde a smooth inner surface to

be connected to the leaflets attachment line through the tie constraint, as well as a smooth
outer surface interacting with theeat through contact{gure 4.4.a) [9].

On the contrary, the Fine mesh offered a smooth cylindrical georkégryré 4.4.c), which

was considered suitable to model the intecarctith both the venous leaflets and the stent,
however, this discretization required excessiveeomputationatost

Hence, the Mediummesh was identified as a suitable tradle between acceptable

simulation times and an adequate rendering of the velihgeometry, and it was chosen for
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the modelling of the saphenous vein in the subsequent simulation of the complete surgical
procedurd9] (Figure 4.4.b).

The circumferential and axialrstchesobtainal from the simulation run on the Medium
mesh werecorrelated to the pressuapplied in the Abaqus test. Thesulting curves were
filtered using MATLAB to removehe inertial effect, and thesomparedss.the behavior of

the saphenous vein samples preseim Vesely et alwork [15] (Figure 4.5, Figure 4.6).
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Figure 4.5: Pressurecircumferential stretclcurves obtained from theatting of experimentaldata with
Holzapfel constitutive model (blue), takémom the reference papgl5], and the presswercumferential
stretch behavior resulting from the inflatientension computational tesérformed irthis thesis workred).

The pressurever circumferential stretchatios behavioperfectly fit within the range of
physiologicalcurvesacquired from thexperimentally tested veimeported invesely et al
study[15] (Figure 4.5).

The pressureoveraxial stretctratiosprovided bythe computationainflation-extensiortest
was comparabléo the ones obtained from experimental data fit{ibg] (Figure 4.6). In
this graph, he interval in axial stretch from 0.99 to 1.01 idéetl by gray lines represents
bounds of uncertainty caused by resolution of digdainerasused in the reference

experimental tedtl5]. Because fothis uncertainty, as well as because of the notably small
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strains, results reported [A5] concerning presswaxial stretchratios curves were not

considered fully reliable and the obtained level of agreement was conssddisgdctory.
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Figure 4.6: Pressureaxial stretchcurves obtained from the fitting of experimental data with Holzapfel
constitutive model (blue), taken from the reference pdpBl, and the presswarcumferential stretch
behavior resulting from the inflatieextension compational test performed in this thesis work (red).

The pressurdehavior over circumferential and axial stretelios of the computational
inflation-extension test were assessed to be consistent with the curves presented by Vesely
et al. [15], therefore the numerical model of the vein was considemedadequate
representationf a possible physiological behavior of the saphsmmonduit.

In the application considered in this thesis Wlikthe séectionof a specific patient sample
pre-operativelyis not practicable becauseof both the tight deadlines for the surgery
execution for a patient sufieg from HLHS and the gregahysiologicalvariability of the
vein properties, which can be sdanthe wide rangsof the parameters for the saphenous
modelling obtainedn the reference workl5]. Therefore the plausible betvior of the
modelled saphenous vein conduit wassideredufficient for an appropriate simulation of
the vein response to the reinforced RVPA shunt implantation procquknfermed

subsequently to the sensitivity analysis of all taemponents involved the surgery.
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4.1.3 Venous valve leaflets
Valve leaflet dynamicand leaflet maximum principal stressgs)(wereverified in all the
consideredneshesThe timecourse of, during the cardiac cyclwas assessedimulation

based orcontour plots ad the values of stress over time were extraffeglre 4.7).
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Figure 4.7: Geometrical onfigurationand, contour plot,in the valve with Mesh 04, during thesecond
cardiac cycle, respectivelgt theinstantof maximum opening (t = 0.064 s) aatithediastolicpressurepick
(t=0.325).

For everymesh refinement levethe stresses reached considerably higher values during
ventriculardiastole while the \alve wasn its closed configuratigrandit presented lower

values during the valve opening in systole.

The timecourse of, 10", 50" and 9" percentilesvascomputed Figure 4.8). The finer

the mesh, the more deformable the leaflet response to pressure and the more inertial effects
became noticeable, leading to numerical artefactie, behavior This last effectwas
particularly visible inthe most refined mestwhich underwent a sudden spike in the
maximum principal stress after valve closure, followed by settling fluctuations of stress

values.
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Figure 4.8: Comparison of thbehaviors of maximum principal stresd€#, 50" and 9¢" percentils, obtained
using the four valve meshes.

The same fluctuations could be seen, to a lesser extent, also during the first part of the cardiac
cycle, corresponding to systole, and in the other meshes: the coarsest discrefizesion,

0.8, was the one in which this behavior waadgronounced

This oscillatory behavior of the stresséikely caused bythe inertial effects on leaflet
motion, wasdueto the use of the Abaqus/Explicit solver. The same valve inertia had effects
uponthe valve leaflets opening and closure dynamics: theerthe mesh was refined, the
more the leaflets weriduttering. This can be noticed by the analysis of the tooarseof

the displacement magnitude, of the nodes closest to the valve leaflets belly centers, in the
different discretizationgFigure 4.9).

In particular, in thenost refined mesthe valve inertia reached such amesit that the valve
dynamics was delayed with respect to the other diget&ins. Moreover, shortly after the

valve opening the leaflets oscillated and then reopened; the same oscillation was observed
at leaflets closurelhe fluctuating behavior was fad, on a smaller scale, alsoNtesh 02

and it was even lower iMesh 0.4and Mesh 0.8
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Figure 4.9: Displacement of nearest node to the leaflet bellyetemwticed that since the valve was modelled
in the opening configuration, displacement equal to zero correspondstiorain the initial position.

These simulations were performed with the same computational respLec8 CPUswith
8 GB RAM) and theirtime-expense varied highly among théferent mesh refinement
levels Table 4.8)

Computational cost

Mesh 0.8 mm Mesh 0.4 mm Mesh 0.2 mm Mesh 0.1 mm

Simulation Time [hmin] 0:13 0:33 1. 44 5: 52
ot P | - 153.85 215.15 238.46

Table 4.8: comparison between the different simulation times required witfothiesalvemeshes.

The lastaspect that was taken inaxcountfor the valve sensitivity analysis was the
geometrical configuration raing from thesimulations In the subsequent tests, the valve
would have to interact with the internal lumen of the saphenous conutuitiew of this it

was necessary an element dirsien suitable tgproperlytie the valve basal margin to the
veininternalsurface

Consequentlyalthaugh theMesh 0.8 provided highly convenient simulation times and
sufficiently smooth stresses behavior and dynamics, it was considered too coarse both to
represent correctly the valve geometry and to provide a fachattant © the vein.On the
contrary,the Mesh 01 presented the finest discretization and it wassidereduitable for

the interaction with the vein lumehowever its stresses and displacement behawigere
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overly affected by the inertia of the leaffeand he computational cosiemandd was
consideredexcessive.The tkehaviorsprovided byMesh 02 and Mesh 04 were almost
comparablethe firstoffered a better disetized geometrybut it was affected byoth a
higher inertial behavior and greaer computatinal costthe secondinsteal, provided a
sufficiently stable valve dynamictvorablesimulationlengthand a characteristic element
dimensionsuitable to interact with the inner surface of the chosenesapis vein, whose
element surfaces on the lumeinthe conduit had the samanénsion(i.e.,0.4 mm).

Based on these consideratiphesh 0.4vas chosen as the best compromise for the valve

discretization.

4.2 Simulation of the surgical procedure

4.2.1 Stent pre-expansion
The reduced geometry of the Palmaz stesed in thesimulation of he surgical procedure
was preexpanded up tan8 mm internal diametethe new coordinates of the stent nodes

were extractedFigure 4.10).

Figure 4.10: Comparisorbetween the Palmatent geometrical conformatidiefore andafter the expansion:
transversal view (left) and axial view (right).

Furthermore, the PEEQ values of the stent elements in their integration points were acquired

attheend of the simulateexpansion(Figure 4.11).
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PEEQ[—]

Figure 4.11: Palmaz stent equivalent plastic strain (PEEQ) contour plot after expansion, in Abaqus.

4.2.2 Stentvein assenbly and vein pressurization

Both these data were requirecassemble the valveshphenous vein conduéinforced with
the Palmaz steror the subsequent surgical procedure simulationexpandedoordinates
were usedo establish thetentinitial geometrical configurationn the surgery while the
PEEQ values were imported adtiai condition to take into account the plastic deformation
sustainedby the stent in the previous expansion procedure.

In the resulting assembly, the inner surface of tiphaeaous conduit was presseazto 80
mmHg, leading to the adhesion of the sterthe vein(Figure 4.12). This configuration was

the starting point of all the three crimping simulations

Figure 4.12. Configuration of the reinforced venous conduit after the preparatory pressurization of the
saphenous vein.

4.2.3 Stent crimping and postcrimping biomechanics during the cardiac cycle
Stresses on the vein wall after crimping qualitativeanalysis of the three pestimping

configurations of the venous conduit highlightad increasing corrugation of the crimped
portion of the saphenous vein condastprogressively more eccentric shapes were imposed

to the crimped crossecton of the stet, i.e., when shifting fronthe perfectlycircular

57



crimped sten{CIL) to the elliptical one with a.65eccentricity E65) and to the elliptical
one with a0.80eccentricity E8Q).

Moreover, Abaqus contour plots varied, based ormctimeping modality use (Figure 4.13).
From the cylindrical crimping to the most elliptical one, a progresasease irtherange

of maximum principal stressgs was detectedHigh stress regions were identified close to
theendsof the venous conduignd pogressively higher values were computed (- CIL

=0.14 MPa, @~ E65=0.24 MPa,  EB80=0.28 MPa) Converselyjn the crimped

part of the condujtstresses were progressively lower

CIL I 0.137

o; [MPa]

B

-0.025

E65 0.137

o; [MPa]

-0.025

E80
0.137

I -0.025

Figure 4.13: Abaquscolor mapof thevenous condujtaxially cut,showingthe, patternafter crimping with
thethreeevaluatednodalities:CIL, E65andE8Q

o; [MPa]

Thisobservation was corroborated by the compaiatif the, boxplots Figure 4.14), and
it was judgedconsistent with the increase in the maximum traction acting on the vein
extremitiesand with the increasein the maximumradial compressionmposedto the

crimped portion of the venous conduit.
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Figure 4.14: Boxplots of , behaviorin the saphenous vedepending on the crimping modality applied.

The difference in the stresses obtaimedhe three crimped configurationsvas evaluated
statistically: after aKkolmogorowSmirnov test that established thennormality d ,
values, a KruskalWallis test was performed and it highlighted a highly statistically
significant difference among the three dagups (pvalue < 0.0001). In particular, with a
Dunn's muliple comparisons test washighly statistically signiantdifferencewas found
between thelata fromCIL andE65 (p-value < 0.0001andbetweerthe data fromCIL and
E80 (p-value = 0.0001)Differences between data frda®5andE80were notstatisticaly
significant(p-value > 0.9999).

Therefore, it was asssed that a neideal cylindrical crimping modality may overstress the
saphenous conduit, howeyer lower or highedeviationof the defedtve crimping final
configuration to the ideal one may not change the resulting stress pattern of the saphenous
vein conduit.

Stressesind plastic strain®n thestentafter crimping- A similar analysis was performed

ontheVon Misesstresses ,computed orthe stentThe,  contour plotsvere different

in the three crimped configuratio(BSigure 4.15).

A more quantitative description of the behavior was provided by the boxplots displayed
in Figure 4.16. Increasing the eccentricity of the steningoed crossection le to increase
the values of the stress percentiles: in particular, tHepg@centileincreasedrom 126.08
MPain theCIL configurationto 132.42 MPa in th&65configurationand up to 160.10 MPa
in the E8Oconfiguration. he maximum, value inceased fronb26.66 CIL), to 550.87
(E65 andto 574.74 E80O).
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Figure 4.15: Abaqus color map showing of the Palmaz stent after crimping with the different modalities:
CIL, E65andE8Q.

0 T | |
CIL E65 ES80

Figure 4.16: Boxplots of,  behaviour in the stent depending on the crimping modality applied.

A Kolmogorow+Smirnov testhighlighted the nomormality,,  values Hence a Kruskal

Wallis test was perfoned,and it highlighteda highly statistically significat difference
among he three data groups-(alue < 0.0001). Moreover, the Dunn's multiple comparisons
test provedhe statistical differenc&hen comparing data two by twGIL and E65(p-value

< 0.0001);CIL andE80(p-value < 0.0001)E65andE80(p-value < 0.0001).

In conclusion, it can be stated that the execution of a defective crimping procedure may lead
to an actual variation of the stress distribution in the Palmaz starging an overstssing

with respect to the ideally cylindrical prahgre.
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In addition, the percentage of the plasticized elemalftisr the crimping phase was
computed. It was found that an increastheeccentricity of the stent crimped cressction

resulted in a progssively higher number of yielded elemefitable 4.9).

Percentage of elemenpéasticized%Ep[-]
CIL E65 E80

37.89 38.63 42.02

Table 4.9: Table of percenge number of elements with aguivalent plastic strain PEEQ >0, after the
crimping phase.

In all caseshe PEE(k reached their maximum at the strut junctions, while the elements in

the middle of the struidid not undergo yieldindjowever, the plastictgin distribution was

different due to theppliedcrimpingmodality (Figure 4.17).

Figure 4.17: Abaqus contour plots of tleuivalent plastictsain (PEEQ) of thé€almaz stent after the different
crimping (CIL, E65 E80 and closeup Vvi ews of PEEQ distribution
compression.
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In particular, in theCIL case a uniform distribution of the PEEQ wésaened among all th
struct junctionswhile in elliptical crimping a higher plasticization was obtained in the region
of maximum structgisqueezing, due to the final configuration imposdxy the virtual
crimper. This effect, already observableE65 was even more noticbke in ES80(Figure
4.17.closeup views).

Postcrimping stent stresses during the cardiac cydddter the crimping phase and a first

settling cardiac cyclethe,  of the Palmaz stent were reevaluated: thaximum, 9¢

and ®™" percentiles behavior over time is representeeigure 4.18.
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Figure 4.18: Comparison of the behaviors of maxim@@" and 50" percentiles  during he second cardiac
cycle, due to the different crimping modalities used

A significant increase in the maximum stresses was detdoded CIL to E8O the,
was almost doubledowever, the 90 and 58" percentiles exhibitean opposite tre.
This behavior was the result of two different effects: on one sidie circular crimping

the stresses were almost uniformly disited on the structs in the same axial position, while
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in the elliptical crimping they were more conteated in the mgion of maximum
compression of the stent structs; on the other side, the elliptically crimped stents experienced
a higher rearrangemeot the stress distribution in the stent, particularly in the region of the
maximum compression, duettee higher yieldag in the more loaded regions.

Postcrimping valve leaflet strainduring the cardiac cycle During the seconaardiac

cycle,alsothe maximum principal strains developed at the commissures levels in the valve
were extracted and their 9@nd 50" percentile behaviors werglotted over timgFigure
4.19).
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Figure 4.19: Comparison of the behaviors of maximum principaaiss 90" and 50" percentiles during the
secad cardiac cycle, due the different crimping modalities used

Generally, the leafleisommissuresnderwent lower deformations during the opening phase
and higher ones during valve clostime. When the conduit was crimped in an dltpl

way the stains at the commissuredreasd: in particular, it was slightly higher in tHe65
case with respect to thE80 one. The meanover the cardiac cyclef the percentage
differencesin the 9¢" and the 5% percentilesbetweerthe various crmped configuratins

was computed: fron€IL to E80the 90" percentile increased d#.11%on average, while
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the 50" of 13.57% an additionatise of 2.04%in the 9¢" and of a13.57%in the 5¢" was
registeredrom E80to E65.

The difference in the deforation level couldpotentially acceleraténe deterioration of the
valveleaflets and lower their lorgerm durability However, although it was noticeable that
the valveexperiencea greater deformation when the crimping was not ideally circular, the
extent of the compute increase remained lingidt the mean percentage difference was of
15.87% betweerlIL andE65and 14,1% betweenCIL andE8Q Moreover in the context

of a Sangorocedure for the first stage surgery in HLHS treatment, thetlenmg durabiky

of the implaed st is not amajor issue, because the venous conduit remains implanted
over monthsbut not over multiple yearéndeedjn thesecond stage of the HLHS palliation
surgery which is generally performed ato 6 months of age, the FRA shunt is remaosd

and pulmonanplood flow is supplied by an anastomosis between the superior vena cava
and the pulmonary artery.

Valve orifice areaduring the cardiac cycle At first, the leafletsystolic behavior was

evaluated in the case of the umferced saphenougalved conduit bycomputing the

valvular geometric orifice area (GOAfigure 4.20).
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Figure 4.20: Geometric orifice area of the venous valve dusystole in the mreinforced saphenous conduit
with highlighted fourinstantsin which the view of the geometrical configurations of the valve were exported
from Abaqus(a) t = 0.032 s,1f) t =0.092s,§) t =0.176 s5,) t =0.240 s

The leaflets rezhed their complely opened configuration after 0.064 s from thetsththe
second cardiac cyclelriven by the intervening pressure curve applied to the leafteds,
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whole valve systole lasted 0.288 s from the valve opening initiation to the ereladdsiare
phaseMoreover,the valveshowel a smooth opening and cloesudynamics

The leafletsn their opening configuratioalmost leaned on the internal surface ofvbm
thus allowinga nearly maximized orifice ared@his can be observed from thevdustream
view of the valved conduit, acquired from Abaqus in fouramé$ during the valve systole:
at the leaflets aperture beginnira);(in two instants while the valwgas completely opened

(b), (c), and at valve closure initiatiod)((Figure 4.21).

(b) (c) (d)

Figure 4.21: Downstream view of the valved conduit configuratiorfour time instants during systolea)(t
=0.0325s,l) t =0.092s,)t=0.176 s,d) t = 0.240 s.

A similar examination was conducted for the comparison of the tpestcrimping
configurationan the reinforced valved saphenous conduit: the valve @@#significantly
reduced with respect to the uncrimped conduit, thet GOA vs. time waveformvas
preservedFigure 4.22).

However with respect to the unreinforced conduit, the valve closure was slightly anticipated,
dueto the fact that in the crimped configuration the valvular leaflets come into coatbet e
during theclosing phase. fecrimped valveseachedheir maximal opening between 0.048
s and 0.064 s after the cycle start and they accomplished a complete elfisr 0.272 s.
Even though the tracing was similanetamount of GOA was highly different in thed¢h
crimpedcasesas can be seen from the computation of the maximuthp®@entile and
mean GOA Table 4.10).
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Figure 4.22: Geometric orifice area obtained foretltrimped valved conduit in the different crimping
modalities CIL, E65 E8Q). the four nstants in which the view of the geometrical configurations of the valves
were exported from Abaqus are highlightéa) t = 0.032 s,lf) t =0.092 s,¢) t = 0.176 s(d) t = 0.240 s

GOA [mn7]
CIL E65 E80
Maximum 6.21 5.21 2.61
90" percentile 6.13 5.15 2.54
Mean 4.86 4.18 1.98

Table 4.10: Maximum, 90th and/lean GOA obtained due to the different crimpingdality applied.

In E65 theGOA was reducetly about 15% with respect ©IL, while inE80the reduction
wasalmostby 60% of theCIL GOA. This was due to the higher obstruction of the conduit
by the leaflés, which was caused by the increasing eccentiditige stent crossection

As before for a better understanding of the valve configuratiba,downstream view of the
valved canduit was acquired from Abaqus in the same four instants during thesyshete
(Figure 4.23).

Generally, the crimped conduits exhibited a refold configuration of the leaflets, during the
whole cardiac cycle simuian: however, the resulting orifice was still approximately
circular inthe CIL case Figure 4.23.CIL), instead it offered a more irregular internal profile
in the crimping with the elliptical final configurations.

In theE65 case, the valve leafletgere so folded on themselves thatytipeotruded into the

lumen of the saphenous conduit for over a thirdsdieight Eigure 4.23.E65); in E80they
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even came into contact, #fihg the orifice area of the valve in two separate sectieigsi{e
4.23.E80).
In light of this, besides inducing a reduction of the GOA during the valve systole, an elliptical

crimping could also resuih localized perturbations of the tranalvular flow.

CIL

ES80

Figure 4.23: Downstream view of the three types of crimped valved conduit showing their configuration in
four time instants during systole: (a) t = 0.032 st @)0.092 s, (c)t=0.176 s, (d) t =0.240 s.
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Chapterb5

Conclusiorns

5.1 Conclusions

AtBost on Chi | danienavatise SEHm prpcedufer the first stage palliation in

the hypoplastic left heart syndrome (HLHS) treatment was devel@pedisting in the
implantation of a right ventricle to pulmonary artedyust: a valved venous conduit
externally reinforced with a Palmaz std8{. In this procedure, if clinical monitoring
suggests that the shunt allows foo much retrograde flow to the lungs, the stent might be
crimped onto th vessel, to reduce this flow. However, the crimping operation is done
manually and so there is a high risk of inaccurate maneuvers that can result in an irregular
conformation of ke shunt and thus in an increase in the hydraulic impedance of the conduit,
leading to the development of pulmonary hypertension.

The aim of this thesis work was to providdirate elementsimulation of this pioneering
surgery ando assesthe potentiatisks due to a defective crimping operatibmparticular,

three different final configurationswere imposed tdhe crimper: the first was perfectly
cylindrical, while the second and the third were elliptical, with an eccentricity of 0.65 and
0.80, respeiively.
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The employed methods succeeded in providing a complete simuldittbrs cmnovative
surgical procedurdaeing able to model both the isolated components of the desiRaimaz
stent, a saphenous vein and a venous Yyalwe their complexnteraction in the assembled
model. Furthermorghe computationatrimping of a snt on the outer surface of the valved
venous shuntvas achieved, whether a finalylindrical or elliptical configurationwas
imposed to the crimpeiThis aspect waa novety for the numerical modelling scientific
literature, in whichso far, only the stnt intrduminalimplantation was taken into account.
Moreover, from the computational simulation of this surgery, it was possible to establish the
stress patternsnd theplastic straingroduced on the stent and the venous conduit théh
three differeh modalities for the crimping phasélith the aid of boxplot computation and
statisticaltests it was assessed that a Adeally cylindrical crimping modality malead b
an actual variation of the stress distributions with respect to the ideally egdihpirocedure
as for the saphenous vein, the elliptical crimping resultedrisedboth of the maximum
traction sustained in the extremities of the vein innefaser ad of the maximum
compressionx@eriencedn the crimped portion of the conduit; whiin the Palmaz stean
augmentation of the medial and maximum Von Mises stresasfound

Furthermore, a simulation of two cardiac cycles was perfoaftedthe end fathe different
crimping phases androm the analysis of the maximum principal stsiin the valve
commissures over the second cardiac gyateincrease in the range of deformation was
found passing from the cylindrically crimped conduwithe ellipti@l ones. This could be a
factor in lowering the longerm durability of prosthetic Wees, causing structural failure of
the leaflet421]; however, this likely may not constitute a substantial risk in the -tort
applicatian that was considered in the current thesis @k

In addition during the second cardiac cycle systalegnsiderablé&iversty in thegeometric
orifice area (GOApbtaineddue to the diversity in the crimpg modalitywashighlighted
The GOA was gradually reduced from the cylindrical crimping to the elbgtical ones

in E65the GOA was abouhe &% of theCIL one while inE80it was merely the @% of
the CIL GOA.

Moreover it was also showrthat an elliptical crimpng could lead to raincrease in the
protrusion of the folded valve leaflets into themen resulting in a higher hydraulic
encumbrance caused by the shunt. This comadcean increase in the hydraulic resistanc

of the conduit, that could in effeehhancethe work done by the right ventricle to overcome
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it and in conclusion itcould produce an associated hypertensionsae level of the

pulmonary circulation.

5.2 Limitations and Future developments

Although in his thesis work the effect of different mping modalities was successfully
tested, for the sake of simplicity, in this inittalstingparadigmatic crimped configurations
were assumedA successive study could take into account a diverse modality for the
crimping phase, for instance by imposingnmeore articulated application of the stent
crimping,allowing a simulation of the poedure closer to reality, in which this operation is
done manually by the clinicians.

Besides, a validation of the model would be requiseparallel experimental studlyat the
developmenstage at Bosto@ h i | dHospitalénorder to assethe behaior of a concrete
reinforced valved saphenous vein subjected to a crimping procedure, when placed in a
hydraulic experimental setp. This could provide a different view of the criticalities that
could emergerbm the innovative procedure consideagd asupport to the results obtained
computationally.

Moreover,this thesis work laid the foundations for the simulation of thessguent phase

of the Roberts et al. surgej9j: the bdloon dilatation of the crimped conduit, to-expand

the shuntThis subsequent expansion phase was performed in one case, in which it resulted
in trivial-to-mild regurgtation.

A forthcoming research could investigate the balloon dilatation of the vatmalsshunt
crimped in thevarious modalitis to assess the potential difference both in the stresses
suffered by the rexpanded shunts and in the valve conformatiepedding on the crimped
procedureused. Furthermore,a FE model couldassist in theacquisition of a greater
knowledge of what codl be an adequate range ofergpansion, optimal to minimize
unwanted backflows.

Besides, dditional and complementary measments could be obtained by the
implementation of a computational flugdructure inteaction (FSI) model: in this casdso

the blaodwould bemodelled the cardiac cycles simulation could be accomplishgmbsing

the flux that arrives from the right ventricle, insteafia pressure directlgppliedto the

leaflets With a FSI model it wold be possible to extract also data regardiradl shear
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stresses acting on the condtiie flux streamling and the velocity peakso,the different

fluid dynamics and the recirculation cycles that could arise in the shunt due to the different
crimping procedure applieccould be comparedin addition, since GOA does not
characterize the flow propertyith FSI simulation it would be paste to compute the
effective orifice area (EOA), the minimum area formed by the fluid downstream of the valve.
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