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Abstract

In western countries, cardiovascular disease is the mestmmm cause of death, often
related to atherosclerosis which can cause narrowingurer erosion of the arterial
wall, and eventually reduction or complete blockage of to®th flow.

Nowadays, imaging modalities (MRI, IVUS) have the abilityitentify morphological
characteristics of rupture-prone plaques. Additionallgent advances in stent technology
(drug elution) have improved the outcome of angioplastyweleer, reliable vulnerability
analyses require additional information on the mechamsitatkses occurring in the lesion’s
structural components. There is also a pressing need tedeafd better understand the
mechanical characteristics of the transient expansiomliddn-expandable stent systems
inside the arterial wall in order to improve the clinical fwools and decrease in-stent
restenosis rates.

This thesis presents a computational methodology, abledorately (i) analyze the me-
chanical environment of atherosclerotic lesions and aqunessetly identify high-risk plaques,
and (i) simulate the mechanical aspects of angioplasgrwentions and study the out-
come of different stent designs.

In particular, the thesis considers patient-specific m@déhuman stenotic lesions. This
is accomplished by means of MRI, automatic segmentaticorigigns and NURBS mod-
eling. The inhomogeneity of the plaque is regarded, and doptad constitutive models
account for the nonlinear, anisotropic, incompressiblel®r of the arterial constituents.
To avoid stability problems during the interaction betwdenarterial wall and the medical
devices, surface smoothing techniques are employed. kr todassess the vulnerability
risk of lesions or the performance of stent geometries, Ir'smadar indices are introduced,
linked to mechanical measures such as stress changes.

The proposed morpho-mechanical approaches are able tstigate quantitatively the
biomechanical behavior of atherosclerotic plaques anddwigle clear markers for the
patient-specific choice of the optimal stent configuration.

Keywords—balloon angioplasty, stenting, conta€g-continuity, plaque vulnerability, fi-
nite element method



Zusammenfassung

In den westlichen Landern sind Herz-Kreislauf-Erkrankemdie haufigste Todesursache.
Diese treten meist in Verbindung mit Atherosklerose awd,alhe Verengung, Ruptur oder
Erosion der Arterienwand verursacht und den Blutfluss redez oder komplett blockie-
ren kann.

Heutzutage ermdoglichen bildgebende Verfahren (MRI, IVdi@&)morphologische Eigen-
schaften von rupturanfalligem Plaque zu identifizieren.it¥¥e haben neue Fortschritte
in der Stenttechnologie (drug elution) die Ergebnissereftmgioplastie verbessert. Ver-
lassliche Verwundbarkeitsanalysen brauchen jedoch Zigt# Informationen tber die
mechanischen Spannungen die in den strukturellen Kompeneler Verletzung auftre-
ten. Aul3erdem besteht dringender Bedarf die mechanisclygam&haften von ballon-
erweiterbaren Stentsystems in der Arterienwand besseemiehen um die klinischen
Protokolle zu verbessern und die Rate von in-stent Resta@rsverringern.

Die vorliegende Dissertation prasentiert eine computerstiitzte Methode, die es ermdg-
licht (i) die mechanische Umgebung von atherosklerotisdfexletzungen prazise zu ana-
lysieren und in weiterer Folge Hochrisiko-plaques zu idemren und (ii) den mecha-
nischen Aspekt von angioplastischen Eingriffen genau mwbkéren und die Ergebnisse
verschiedener Stent-Designs zu studieren.

Im Besonderen bericksichtigt diese Dissertation patrespezifische Modelle von mensch-
lichen stenotischen Lasionen. Dies wird mit Hilfe von MRlUit@matischen Segmentati-
onsalgorithmen und NURBS-Modellierung bewerkstelligie llhomogenitat von Plaques
wird bertcksichtigt und das adoptierte konstitutive Mbtelpriindet das nichtlineare, ani-
sotrope, inkompressible Verhalten der arteriellen Beltwgle. Um Stabilitéatsprobleme
wahrend der Interaktion zwischen Arterienwand und demtStemermeiden werden ober-
flachenglattende Techniken eingesetzt. Um das Verwundlsrisiko von Lasionen oder
die Effizienz der Stentgeometrie festzustellen, wurdererg&halarindizes eingefuhrt, die
mit mechanischen Mal3en, wie z.B. Spannungsveranderungdmynden wurden.

Der vorgeschlagene morpho-mechanische Ansatz ermobghias biomechanische Ver-
halten von atherosklerotischen Arterien quantitativ ztetsuchen um Wegweiser fur die
patienten-spezifische Wahl der optimalen Stentkonfigumdiereitszustellen.

Schlagwérter-Ballon Angioplastie, Stenting, KontakE2-Kontinuitat, Finite Elemente
Methode
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1 INTRODUCTION AND MOTIVATION

1.1 Cardiovascular diseases and atherosclerosis

Cardiovascular diseases (CVDs) include high blood pres@dBP), coronary heart dis-
ease (CHD), heart failure (HF) and stroke. According to Htedt statistical data, they
are the number one cause of morbidity and mortality in coemtof the western world
[148]. Nearly 2400 Americans die of CVDs each day (an avedgk death every 37
seconds) while in Europe, CVDs account for more than 40% tal aeaths[137]. The
social and economical burden of the disease remains vehy higd the importance of
understanding better the natural history of CVDs, inclgdime biomechanicscannot be
overemphasized.

CVDs are mainly caused bgtherosclerosisa common disorder of the arteries, charac-
terized by accumulation of cells, lipids, connective tesscalcium, and other substances
inside the inner lining of the arterial wall. This fatty tiss—known as atheroma— can cause
hardening of the arteries, rupture or erosion of the alterd, and eventually reduction
or complete blockage of the blood flow. Atherosclerosis appereferentially at sites of
complex geometry (e.g., along the outer portions of therbition), most often in the
abdominal aorta, iliacs, coronaries, femorals, popktezdrotids, and cerebrals. The athe-
rosclerotic process starts early in life and advances tiirout adulthood. Risk factors for
atherosclerosis include elevated serum cholesterol (iyperlipidemia), cigarette smok-
ing, diabetes mellitus, a genetic predisposition, sodralss or a sedantary lifestyle, and
hypertension.

1.1.1 Pathogenesis and progression of atherosclerosis

Atherosclerosis is a highly progressive disease; it teadsegin as a fatty streak on the
endothelial surface but usually develops into a focallgkbned intima. The etiology of
atherosclerosis is not understood completely, but theve haen many hypotheses. The
‘responce-to-injury’ hypothesis by Ross [149] suggesds flesions result from an exces-
sive, inflammatory-fibroproliferative response to varitmrsns of insult to the endothelium
and smooth muscle of the arterial wall’. In particular, itsssuggested that following an
insult, monocytes adhere to the altered endothelium andriigrate into the inner wall
where they transform into macrophages and eventually-lgaeén foam cells. In concert,
contributing events include migration of smooth muscléscielto the intima, production
of proteases and growth factors, altered apoptosis, atertégradation and synthesis of
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Figure 1.1: Progression of atherosclerosis. Endothejisfuhction due to inury leads to
adherence of monocytes and macrophages to the intima. thikséater mi-
grate and localize subendothelially. Macrophages accat@uipid and be-
come large foam cells and together with smooth muscle cefiw fa fatty
streak. The fatty streak can progress to an intermediatefdity lesion and
ultimately to a fibrous plaque. lllustration based on [90].

matrix in the intima, and local accumulation of calcium [389, 155]. Figure 1.1 demon-
strates in detail the progression of atherosclerosis.

Inflammation during macrophage foam cell formation playsnaportant role during the
progression of atherosclerosis, because it is involveld begion initiation, lesion progres-
sion, and with thrombotic complications. Hence, inflammatof the artery is the main
factor leading to early atheromas. From this stage on, #reosis can either progress into
a stable plaque or a vulnerable plaque (see Figure 1.2). Hie characteristics of these
lesions are as following.

» Stable The fibrous plaque is localized under the intima resultimig thickening and
expansion of the wall, and often into spotty localized naing of the lumen, with
some atrophy of the muscular layer. The fibrous plague cositeollagen fibres,
precipitates of calcium, and rarely lipid-laden cells.

» Vulnerable The fibro-lipid plaque is characterized by an accumulatidipid-laden
cells underneath the intima, typically without narrowiihg flumen due to compen-
satory expansion of the bounding muscular layer of the yameil. Beneath the
endothelium there is #ibrous capcovering the atheromatous core of the plaque.
The core, ofipid pool consists of macrophages and smooth muscle cells, fibrin, col
lagen, and cellular debris. In advanced plaques, the deot@of the plague usually
contains extracellular cholesterol deposits. The peripbtthe plaque is composed
by younger foamy cells and capillaries. An example of sucatharosclerotic lesion
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Figure 1.2: Development of an atherosclerotic lesion instedilized obstructive plaque,
or into a ruptured plaque.

is shown in Figure 1.3.

As aforementioned, atherosclerosis progresses slowly aeeades and usually remains
asymptomatic until the atheroma obstructs the bloodstiadhre artery. This is either by
stenosiswhich results in an obstructive stabilized plaque, optaque rupture or often
by combination of both.

While the formation of a stenosis is a slow process, the gigyn of an atherosclerotic

plaque is a sudden event. Plaque rupture can release endeblis from the necrotic

core of the lesion, which can eventually cause distal ogmhss or it can expose highly
thrombotic collagen in the arterial wall and plaque to th@llstream, which results in the
formation of intraluminal thrombi. Obstructive thrombieathought to associate with the
most sudden cardiac events, such as acute myocardialtinfaend unstable angina. It
is, therefore, very important to reliably identify vulnbeta plaques. Unfortunately, such
a technigue does not exist to date. Two examples of rupteedris are depicted in Fig-
ure 1.4.

The specific mechanisms by which a vulnerable plaque rupt@main unknown. It has

been hypothesized, for example, that rupture results frasospam-induced stress and
strain, hemodynamically induced fluid shear stress or preshictuations, blood pressure-
induced circumferential stress concentrations in theydacpp, or negative transmural
pressures in the stenosis [66, 143, 64, 115]. Regardlesbptiom line is that rupture oc-

curs when the stress exceeds the strength. Increasedtbtocamgoe achieved by increased
collagen deposition and cross-linking in the plaque capverall increases in the number
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Figure 1.3: A lipid-rich atherosclerotic coronary lesiorhe plaque has a core of yellow
lipids that is separated from the lumen of the artery by a ddjimus tissue.
Opposite of the plaque is an arc of normal vessel wall. Imagetesy of [30].

of smooth muscle cells and matrix in the core; decreasedgtrean be caused by degra-
dation of the collagen, death of smooth muscle cells, and@eased percentage of lipids
and necrotic debris in the core of the lesion.

1.1.2 Diagnosis and treatment

Nowadays, there is a number of imaging and screening tegbsifpr diagnosis of athero-
sclerotic lesions and for characterization of plaques. t@sh X-ray, magnetic resonance
(MR), or ultrafast computer tomography (CT), as well asaunéiscular ultrasound (IVUS)
are widely used arterial imaging modalities. Contrast aggiphy is unable to image the
vascular wall. Therefore, stable and vulnerable plaguesaabe delineated from an-
giography (% stenosis). IVUS is an excellent tool for assgsarterial plaque and wall
morphology. Nevertheless, no methodology exists that ederochine plaque composition
with sufficient classification detail, robustness, and eamcyr Additionally, IVUS is an
invasive technique, not suitable for screening purposesngared with other screening
methods, MRI has the greatest potential for noninvasivecamdprehensive assessments
of atherosclerotic plaques, not only on luminal stenosis@aque burden, but also on dif-
ferentiation of plaque components such as lipid-rich nécowmre, fibrous cap, intraplaque
thrombosis, and calcification [52, 53].

Atherosclerotic lesions can be treated in several waysmidst important treatment meth-
ods can be categorized to

* non-surgical (pharmacological) treatments (risk-factonimization, reduction of
fat and cholesterol in blood),

* minimally invasive treatments (balloon angioplastynsiteg)
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Figure 1.4: Typical lesions of unstable angina: (I) an egiésof plaque disruption in the
lateral edge of the cap. The torn cap projects into the lunfethe artery
and thrombus is contained within the plaque core; (II) piaguth multiple
breaks in the middle region of the thin fibrous cap. Both amplaque and
intraluminal mural component of thrombosis are observathge courtesy of
[30].

» extensive surgical treatments (bypass grafting, endantiemy, bypass grafting, am-
putation).

1.1.3 Balloon angioplasty and stenting

Balloon angioplastys a well established interventional procedure to treatuntsx arter-
ies. In convential balloon angioplasty, a balloon-tippatheter is inflated within an athe-
rosclerotic artery to dilate the lumen and thereby improe®d flow. In a more general
context, it is known a®ercutaneous (through the skifijansluminal (within the lumen)
Angioplasty (remodeling the artery). The minimally invastharacter of the procedure
makes it an effective and inexpensive alternative to vasaurgery. Figure 1.5 shows the
successfully restored blood flow in a coronary artery whdi& Ras been performed.

The mechanisms of balloon angioplasty are particularly lemnand have not been yet
completely understood. Histological, physiological, imegical, and clinical data consis-
tently reveal that acute effects of balloon angioplastyude denudation of endothelium,
disruption of the atherosclerotic plaque with frequentasapon from or dissection of the

media, overstretching of nondiseased portions of theialrteall, and possibly extrusion

of fluid from the lesion [55, 68, 180, 173]. Of these, plag@aeture and wall stretch appear
to be the primary acute mechanisms.

Although PTA has a high primary success rate, the long-taracess is not satisfying.
This is mainly due to the re-narrowing of the vessel, callestenosiswhich occurs in
25% to 50% of all cases [130, 154, 65]. This problem can begligravoided bystenting
A stent is a wire mesh tube which is delivered to the lesiom @itough a catheter, and
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Figure 1.5: (a) Angiogram of a coronary artery demonstggltiigh level of occlusion; (b)
post-procedural angiogram showing restoration of flowrabloon angio-
plasty.

is next deployed with a balloon. It acts like a scaffold whaims to keep the arterial
lumen open. The stenting procedure is clearly illustrateBigure 1.6. Several studies,
among which [75], which compare classical PTA with stent@d,Rlearly document that
the patience rate with stenting has been significantly ligHence, vascular stents have
gained wide popularity over the last years. There is a widetyaof stent products with
different characteristics, in different stages of clihigse.

1.2 Aim of the study

1.2.1 Biomechanical modeling and computational modelingfetenting

Despite the constantly increasing success rate of stetfitinggh technological progresses
in stent design and drug coatings on the stents’ surfacefti8]procedure can still fail,
mainly because of in-stent restenosis [50]. The focal Masdvtauma imposed by the
struts of the stent, the stress and strain environmentsidrthe expanded stent, and the
existence of a foreign material in the injured artery magger inflammation, granulation
and extracellular matrix production [181, 184, 153]. Theecesses may lead to reclosure
of the blood vessel, which results in the need for furthesrventions.

Since balloon angioplasty and stenting is a mechanicatisalto a clinical problem, one
may claim that the imposed vascular injury and the resutistenosis depend on the stent
design (structure and material) and the deployment tedenand consequently on the way
the medical devices interact with the lesion. There isatileed for more advanced and ef-
ficient models that incorporate the highly nonlinear bebiaef the individual components
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Figure 1.6: (a) lllustration of balloon angioplasty witlesting. (1) A thin stent is crimped
over a balloon and threaded through the narrow segment gil#ugie-filled
artery, (Il) pressure is used to inflate the balloon, expagthe stent, (1ll) the
balloon is deflated and removed, while the stent is left ic@ldlV) the stent
provides a mechanical scaffolding, which prevents the detafblockage of
the artery. Image courtesy of [164].

of the system, and the complexity of their contact intemactiAdditionally, the validation
of these models with pertinent experimental data is crucial

The main motivation of the thesis is the development of amarpental and computational
environment which enables the simulation of the mechaagécts of these interventional
treatments. This should serve two purposes: (i) to studydaeger understand the short-
term outcome of PTA with stenting by using a particular dewset for a patient-specific
stenosis, and (ii) to provide a virtual test bed to chooseotitamal clinical devices for a
specific stenosis. More particularly, the thesis focuses on

« the three-dimensional contact interaction of the invdlweedical devices (balloon
catheter, stent) and the vessel wall,

* the post-angioplasty strain and stress environments;hwimiay be correlated with
restenosis,

« the redistribution of the plaque components inside thé wating and after stenting,

* the stent design parameters and their influence on the oetod the interventional
procedure.

The arising (initial) boundary-value problems (BVPs) apgroximately) solved with the
finite element method (FEM), which employs nonlinear camtim mechanics as a fun-
damental basis. The interaction between the artery, tHedvatatheter and the stent is
simulated by means of a special contact algorithm, basedhooth surface parametriza-
tions. This addressed topic is of particular interest,sicantact modeling between finite
deformable bodies is still under scientific research. ThE@gches mentioned above have
the potential to take all important nonlinearities and nagsbal effects of the procedure
into account.
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1.2.2 Computational assessment of plaque vulnerability

Growing evidence suggests that disruption of atherostiteptaques and the associated
formation of occlusive intraluminal thrombi is a major facprecipitating most sudden

cardiac events. After numerous histopathological studfedisrupted plaques, there is
widespread unanimity in the belief that a large lipid coreugying at least 50% of the

overall plague volume, and a thin plaque cap, in which thi&ageh structure is disorgan-

ised, are the major structural components of rupture-ppbengues [46, 47, 59, 31].

Recent technological advances in the field of medical in@@nRI, IVUS) continue to
provide increasingly better information on plaque geognattd composition, and have
successfully allowed the identification of the charactessmentioned above. However,
fracture of any biological tissue depends also greatly enniposed mechanical stresses
and its innate mechanical strength [150, 5, 11]. This is ettpp by numerous numerical
studies, among which [143, 23], where it has been shown tiesssconcentration sites are
associated with plaque rupture locations.

Consequently, morphological criteria alone cannot fuktplain and identify vulnerabi-
lity. Assessment of plaque vulnerability requires dethiB® stress analysis. This is a
challenging task, since diseased arteries show a complestste of viscous components,
calcifications, and a multitude of soft tissues. The latterilgit strongly nonlinear and
anisotropic mechanical responses, and therefore, apat®pnechanical models of dis-
eased arteries have to be established.

Based on the arguments above, one of the main objectivesdh#sis is the development
of a combined imaging and computational methodology, abentlyze the 3D mechan-
ical environment of complex atherosclerotic lesions, analéntify high-risk plaques. In
particular, the work aims to contribute to non-invasiveetigtination of plaque composi-
tion by means of three-dimensional MR imaging strategiespted to a highly automated
method for plaque segmentation and characterization. makysis of plaque mechanics
by application of the nonlinear finite element method shodéhtify the biomechanical
stresses inside the arterial tissues, and assess theeruigtufor patient-specific mechan-
ical models. Finally, the thesis’ goal is to bridge the gapMeen the medical and engi-
neering community by providing clinicians with an index aflnerability, linked to the
mechanical strength and stress of the clinically imporfambus cap. Such an imaging
and computational platform has the potential to serve a®lafd@o diagnosis, prevention
and better treatment of atherosclerotic plaques.

1.3 Organization of the thesis

The thesis is a compilation of four scientific papers whidhvathin two main ares of
interest:cardiovascular stentingndplaque vulnerability The included publications focus
mainly on the contact interaction of the medical devicedl¢ba catheter, stent) with the
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arterial wall during stenting, and on the biomechanicalirmment and risk assessment
of atherosclerotic lesions. In more detail:

1. D. E. Kiousis, T. C. GASSER& G. A. HoLzAPFEL [2008]. ‘Smooth contact
strategies with emphasis on the modeling of balloon anggiplwith stenting’nt.
J. Numer. Meth. EngVol. 75, pp. 826—855.

The paper introduces a novel contact algorithm where thgetasurfaces are de-
scribed by polynomial expressions willf-continuity. Based on uniform cubic B-
splines, two different parametrization techniques aregmted and compared, while
the related implementation of the algorithm into the multjpose finite element pro-
gram FEAP is described. Two numerical examples are seléctdedmonstrate the
special merits of the proposed contact formulation. Thedikxample is a benchmark
3D contact problem including large deformations and stidifihe second example
is concerned with the simulation of balloon angioplasty atehting, where con-
tact between the balloon, the stent and the arterial walimerically modeled. A
patient-specific 3D model of a stenotic femoral artery issidered.

2. D. E. Kiousis, T. C. GASSER& G. A. HoLzAPFEL [2007]. ‘A numerical model
to study the interaction of vascular stents with human adwerotic lesions’Ann.
Biomed. Eng.Vol. 35, pp. 1857-1869.

A methodology is proposed that enables to predict the effestent design on the
mechanical environment of stenotic arteries. The streskigon in four different
tissue components of a human iliac lesion, during and aféertisg, is investigated.
Anisotropic, highly nonlinear material models are appliedlescribe the behavior
of tissues at finite strains. The 3D balloon-stent-artetgraction problem is nu-
merically solved by means of the contact algorithm presepteviously. In the
simulations, three different stent designs are studied.performance of each stent
is characterized by scalar quantities relating to streas@és in the artery, contact
forces and changes in lumen area. The study concludes bestimg two optimal
stent designs for two different clinically relevant paraers.

3. D. E.Kiousis, A. R. WULFF & G. A. HOLZAPFEL [2008]. ‘Experimental studies
and numerical analysis of the inflation and interaction cfoudar balloon catheter-
stent systems’Ann. Biomed. Engin Press.

The study experimentally investigates the mechanicalattearistics of the transient
expansion of six commercially available balloon-expanelaent systems. A ro-
bust finite element model based on the obtained experimessalts is additionally
developed. Characteristic pressure-diameter diagramthéoballoon-expandable
stents and the detached balloons are obtained. Next, typieasures of clinical
interest, such as the burst opening pressure, the maximgpbalwing and fore-
shortening, and the elastic recoil are determined. The atetipnal model is able
to successfully capture the experimentally-observedrdeition mechanisms.

4. D. E. Kousis, S. F. RUBINIGG, M. AUER & G. A. HoLzAPFEL [2008]. ‘A
methodology to analyze changes in lipid core and calcificatinto fibrous cap vul-
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nerability: The human atherosclerotic carotid bifurcats an illustratory example’,
submitted for publication.

This work presents a computational methodology, able tarately analyze the me-
chanical environment of atherosclerotic lesions and aqunesetly to identify high-
risk plaques. By means of MR, a patient-specific, 3D geoimatiodel of a stenotic
human carotid bifurcation is obtained. The inhomogeneityhe plaque is con-
sidered, and the adopted constitutive model accounts &ndmlinear, anisotropic
behavior of the arterial constituents. A novel numericadaapt is implemented for
the laborious computation of the local material axes in cddarge 3D, arbitrarily
curved, patient-specific geometries. The nonlinear fingment method is used for
the analysis of lesion mechanics. The composition of thgyaas introduced as a
study parameter. The proposed morpho-mechanical approacbnjunction with
medical imaging, offers a meaningful approach to assesevaibility of atheroscle-
rotic lesions.
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The following conference contributions, in form of abstraare also a result of the the-
sis.

D.E. Kiousis, G.A. HoLzAPFEL: ‘Effects of tissue components on the vulnerability of
atherosclerotic plaques: A computational studygrld Congress on Computational Me-
chanics Venice, Italy, 29th June - 4th July, 2008

G.A. HoLzAPFEL, D.E. Kiousis, M. KROON: ‘On modeling multi-layered soft collage-
nous tissues World Congress on Computational Mechanigsnice, Italy, 29th June - 4th
July, 2008

D.E. Kiousis, G.A. HoLzAPFEL: ‘Computational contact analysis of stents interacting
with patient-specific stenotic arteries using smooth sertliscretization’lX International
Conference on Computational PlastigiBarcelona, Spain, 5th - 7th September, 2007

D.E. Kiousis, T.C. GASSER G.A. HoLzapFEL: ‘Changes in the mechanical environ-
ment of lesions due to stent-artery interaction - A compoa analysis’,5th World
Congress of Biomechanidglunich, Germany, 29th July - 4th August, 2006

G.A. HOLZAPFEL, M. AUER, D.E. Kiousis, T.C. GASSER ‘Fusion of imaging and com-
putational biomechanics: A promising approach for imprbaaalysis of the biomechan-
ics of atherosclerotic plaque$th World Congress of Biomechaniddunich, Germany,
29th July - 4th August, 2006.

G.A. HoLzAPFEL, T.C. GasseR D.E. Kiousis: ‘Mechanobiology: Computation and
Clinical Application’, ECCM2006 - 11l European Conference on Computational Meehan
ics, Lisbon, Portugal, 5th - 9th June, 2006

D.E. Kiousis, T.C. GASSeER G.A. HoLzapFEL: ‘Numerical simulation of balloon an-
gioplasty with stenting by means of a smooth contact sunfepeesentation’l.st GACM
- Colloguium for Young Scientists on Computational Mecbgmochum, Germany, 5th -
7th October, 2005

G.A. HoLzAPFEL, T.C. GasserR D.E. Kiousis: ‘Recent advances in the modeling of
Balloon Angioplasty’,ICCB2005 - Il International Conference on Computationab-Bi
engineeringLisbon, Portugal, 14th - 16th September, 2005

G.A. HOLZAPFEL, M. AUER, F. CACHO, G. FRANCESCHINI, T.C. Gasser D.E.
Kiousis, G. SOMMER: ‘Was kann die Ingenieurwissenschaft zur Verbesserunghvena-
peutischen Eingriffen an atherosklerotischen Blutgefa$eitragen?Workshop: Zukunft
durch Forschung - Forschung heisst Zukunft gestalten. ffofachnik und Gesellschaft an
der Technischen Universitat Gra@raz, Austria, 28th November, 2003.
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2 SMOOTH CONTACT STRATEGIES WITH EMPHASIS ON THE
MODELING OF BALLOON ANGIOPLASTY WITH STENTING

Abstract— Ciritical to the simulation of balloon angioplasty is the nabdg of the con-
tact between the artery wall and the medical devices. Indst@ahapproaches, the 3D
contact surfaces are described by meang%€ontinuous facet-based techniques, which
may lead to numerical problems. This chapter introduces/alrmontact algorithm where
the target surfaces are described by polynomial expressiith C2-continuity. Based on
uniform cubic B-splines two different parametrizationheifjues are presented and com-
pared, while the related implementation of the algorithmo IREAP is described. Two
numerical examples are selected to demonstrate the speerds of the proposed con-
tact formulation. The first example is a benchmark contagblem selected to point out
the special features of the proposed strategies. The ses@maple is concerned with the
simulation of balloon angioplasty and stenting, where aonbetween the balloon, the
stent and the artery wall is numerically modeled. A patigpecific 3D model of a stenotic
femoral artery serves as a basis. The study concludes btifideg the changes in the
mechanical environment of the artery in terms of contacdsrand strains by considering
two different stent designs.

Keywords— contact mechanics; smooth surfaces; B-spline; ballooroatasty; stent

2.1 Introduction

Balloon angioplasty with or without stenting is an intertienal clinical treatment aiming
at the dilation of stenotic arteries in order to increaseltto®d flow through the artery.
Its steadily growing medical, economical and scientifieiast (see [177]) has motivated
clinical and biomechanical communities to a consideraédearch effort. An increasing
number of computational studies, by means of numericaktsoth as the finite element
method, has been noted during the last decades. Common ¢argie presented works
is the detailed understanding of the underlying mechaniimesoptimization of the inter-
ventional protocols and finally the improvement of the datioutcome.

Especially for the engineering community, the modeling andlysis of stent dilation in
an artery turns out to be of great interest. It involves a nemalb challenging areas within
computational mechanics such as nonlinear continuum mezhand the development of
nonlinear and anisotropic constitutive laws. However, neasical to a reliable modeling
of the stenting procedure is the contact mechanics formonlatThe stenting technique
involves three different contact problems (balloon-stetént-artery, balloon-artery), and

13
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thus a robust and stable contact algorithm should be usedder ¢o successfully and
efficiently address the problem.

For the finite element analysis of contact problems varioathods are applied to incor-
porate the contact constraints in the variational formote{details are provided in the
textbooks [107, 186]). However, the often encounteredaghof CO-continuous descrip-
tions for the arbitrarily curved contact interfaces maylleanumerical instabilities. These
instabilities arise from the sliding of contractor nodesmaarget facet boundaries, where a
jump of the normal vector occurs, and the assumption of shmasts is violated [67]. This
discontinuity of the normal vector usually leads to rough+ptysical behavior, oscillation
of contact forces, numerical instabilities and loss of thadratic convergence rate. This
is especially the case when highly-curved surfaces of emging or biological structures
such as blood vessel walls are modeled. One possible remayddresses the mentioned
problems is the use of a disproportionately fine mesh in tbi@ny of the contact regions.
Such an attempt could lead to high computational costs afat this reason considered
to be inefficient and is often avoided. Hence, the need fatiapalgorithmic treatment is
implied.

Towards this direction, higher-order parametrizationgeh@cently been derived with the
aim to describe one of the contact surfaces, allowing thusoimsliding of the nodes
on the contact interface. Through this approach, the disoaities induced by spatial
discretizations can be avoided and the numerical outcomdéeamproved. Among the
most common smooth parametrizations used in conjunctidim @antact algorithms are
the cubic Hermite interpolations [104, 136], the cubic Hirsgs [139], the Overhauser
splines [44, 2] and NURBS [29, 161]. The more recent pulibbicafl60] makes use of a
more advanced smooth parametrization, i.e. subdivisiolases, which was first intro-
duced in [22] and which originates from the computer aidesigtecommunity. All the
previously mentioned smooth discretizations have beecesstully applied into a series
of engineering contact problems, exploiting significantaadages over facet-based ap-
proaches [105, 161]. Therefore, the use of at I€astontinuous interpolation schemes in
the modeling of the contact-dominated stenting procedua¢so appreciated. In this way,
stability problems which are present in typical simulati@i cardiovascular intervention
(see [165]), could be avoided.

A detailed study of the literature reveals a large numberagfigps that attempt to model
numerically the stent expansion in atherosclerotic ateriDespite the promising scientific
outcomes of these papers, the majority consider cylindadarial geometries [146, 9,

125, 106, 190, 174]. More refined patient-specific modelsrari@ded in the papers [87,

86], while the balloon catheter and its contact with therginteall are not modeled. This is

also the case for the above cited papers. To the authors’lkdge the recent article [114]

is the first that presents a finite element computation of timeact interaction between the
balloon, the stent and the arterial wall. Neverthelessliadycal model for the artery was

used again.

The present study aims to propose an innovative 3D contgoriim which use€?-
continuous parametrizations for the description of thgdasurfaces of the involved con-
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tacting bodies. In particular, two different polynomiahfitions are investigated. We em-
ploy the uniform cubic B-splines [118, 15, 49] that have besed previously in computer
design, aerospace and in the automotive industry. Then esept a novel modification

of the fourth-order B-spline polynomials, which, with n@sificant computational cost,

manages to additionally interpolate the points of the @dntet. Thus, a more precise
approximation of the geometric models can be achieved. ifooth contact approach is
implemented into the multi-purpose finite element prograd@AP [171]. The necessary
implementation steps are provided in detail. The develaopederical tool is applied to a

classical contact mechanics problem, often encounteréukifiterature [105, 141]. The

example involves finite deformations and large sliding ams dcquired results (in form

of contact forces) point out the robustness of the contgarahm and the features of the
selected parametrizations.

As a second example we present a 3D simulation of stentingpvéstigates one steno-
sis that is located in a human femoral artery. The geometodehof the arterial wall is
obtained from high-resolution magnetic resonance imafhngRI) and is re-constructed
by means of NURBS [8]. The vessel is modeled as a homogensmtigpic material,
exposing a nonlinear behavior at higher strains. Uniaxatile tests of femoral artery
tissues are used to establish the constitutive law and tueiased material parameters. A
novel, cylindrically orthotropic material model is devpé in order to capture the realistic
behavior of the balloon catheter. To the authors’ knowletigppears that no model con-
siders yet the three-dimensional, non-axisymmetricahggdes and contact interactions
between the three continua. In addition, the approach dented here is, along with [77],
one of the first attempts to employ specific contact algorithmeatments to the demand-
ing simulation of balloon angioplasty and stenting. Thelfiaeget of the work is to predict
the outcome of the treatment for two different stent configjons. More specifically, the
development of mechanical strains and contact forces oimtiee arterial wall during and
after the expansion of the stents are studied.

2.2 Contact kinematics

A sufficient way to model contact problems involving largéaitenations is the finite strain
approach in conjunction with the target-contractor cohcéfithout loss of generality, two
bodiesB?, a = m,s, are considered, approaching each other during a finiterdafion
process and coming into contact on parts of their boundadiesoted byY (see Fig-
ure 2.1). Each of the two continua occupies the bounded do@&ic R¢, wherel
denotes the number of space dimensions of the problem. Tiet {@r master) body is
denoted byB™, while 5% denotes the contractor (or slave) body. The boun&@érpf BY
consists of three parfsg, I'§ andr'g, so thawQ® =T'Guryure, where von Neumann,
Dirichlet and contact boundary conditions are prescrilbeshectively. The spatial points
of the current configuration are denotedX$y In order to specify the contact constraints,
it is useful to introduce the mapping : A — R¢~1 so thatx™ = W(&,n), where& andn
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Figure 2.1: Two-dimensional representation of the defarec@nfiguration of two contact
bodiesB?, and definition of the closest point projection.

are the convective coordinates of the parameter pl&n€he derivation of the governing
equations, discussed next, follows closely the approadbesmented in [188, 108].

2.2.1 Normal contact of three-dimensional bodies

Every pointx® on 'S can be associated to a poixit* = x™(&*,n*) via the minimum
distance problem

d(&.m) = |x*=x™] = min [x~x"(&,n)]. @.1)

The solution of (2.1), hence the target paxfit', is the orthogonal projection of the con-
tractor pointx® onto the current target surfaEg', as depicted in Figure 2.1. The minimum
distance problem can be solved by means of a local Newtoatiber algorithm of the

form
ad

* * ﬁ
=& - E ) (2.2)
082 lg_g:

where the solution vectaf* stands for the set of the convective coordinat&€s n*),
which is not always unique. Once the paxit* is known, a gap functiog, can be defined

as
Oy = (X3 —x™) . n™ (2.3)

wheren™ is the outward unit normal on the target surface at the tgpgatt x™ (see
Figure 2.1). The gap functiogy, defines the state of normal contact. The conditions upon
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admissibility ofx® are summarized in the Karush-Kuhn-Tucker conditions
gN Z 07 tN S 07 tN gN = 07 (24)

wheret, is associated with the contact forc@iat = tyn for the case of frictionless contact.
The three relations in (2.4) represent conditions for ingbebility, compressive normal
interaction and complementarity of gap and contact pressaspectively.

2.2.2 Variational formulation

In order to obtain solutions for the frictionless contaalgem, a finite element framework
is developed which treats normal contact as a unilateraitcaint problem. In this case, the
normal contact pressure is not computed from a constitetigtion, but can be deduced
from the constraint equations. The later can be incorpdrat® the formulation through
the virtual work contributions due to contact.

The virtual work statement for the interacting bodies iscdiégd by the relation

Z 5Wec>r<t+ Z ec>r<r,c: Z |gt- (2.5)
a

a=m,s =m,s a=m,s

The contact contribution of the two bodies to the externdlal work is
e = /ts- susdrs + /tm Lsumdr™ (2.6)
a=m,s rs Fm

whereu? denotes the prescribed displacement field. The balance@drimomentum
implies that the differential contact force exerted@h is equal and opposite to the force
on the bodyB® everywhere o ¢, a = m,s; thereforet® = —t™ = t. Equation (2.6) then
deduces into

T W= /t- [BUS — 5uM(&,n)] dre. 2.7)

a=m,s
’ r(S:

Sincet =t n, the expression - [5u5— oum(¢&, n)} can be derived, which is equal &,
Thus, (2.7) yields
> MW= / ty g, dre. (2.8)

a=ms s

The conditions described in (244) state an inequality variational principle. Therefore, a
regularization technique is required. The one chosen Baheipenalty method. Then, for
normal contact, the Karush-Kuhn-Tucker conditions aréaegs by the expressian (gy),
where(e) denotes the Macauley bracket representing the positivepis argument and

& Is the normal penalty parameter. The advantage of the pemathod (more than its
simplicity) is that it evaluates the contact pressure inspldicement-driven way since it
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associates the contact force only with the penetragiorHowever, it must be mentioned
that the solution of the penalty method is recovered fronatieve formulation fog, — co.
Too high penalizations, though, can lead to ill-conditranof the system of equations.

Next, to incorporate the contact contributions, as desdrih (3.5), into the finite element
procedure, the associated residual vefftgrand the stiffness matripK |, i.e.

4o N 0 7o
[feli = & O <m>, [Kclij = & olu]; (gwm> ; (2.9)

have to be evaluated forj = 1,...,w, respectively, wherw is the total number of the in-
volved nodes (contractor node and the nodes of the targeiceyr For example, in the 3D
case of spatial discretizations,= 5, while when a smooth target surfaces is considered,
defined by a control polyhedron consistingrof r target nodes, the total number of nodes
of the contact partners i8 = (r?+1). The derivation of the matrix formulae described in
Equations (2.9) are presented in detail in Section 2.4.3.

2.3 Smooth surface discretizations for contact problems

As mentioned in Section 2.1, the observed non-continuitthef normal vector due to
spatial discretizations of the master contact surface may to numerical instabilities. A
solution that addresses efficiently the problem is the appration of the contact surfaces
by means of higher-order parametrizations. In this sectiwn C?-continuous functions

are discussed. The first employed parametrization is thimmicubic B-splines. The

second parametrization is a new technique, developed iodhtext of the present work.
It is based on B-splines but provides a closer approximadiothe contacting bodies’

geometry.

2.3.1 Cubic B-spline surfaces

B-splines have been extensively used in the aerospace amoh@tive industries during
the last 30 years and they are a powerful tool for the desidreefform curves or surfaces
[118, 15, 49]. In particular, uniform cubic B-spline suraqspline ordemn = 4) are defined
over a bidirectional net of 16 control poirfj,i, j = 1...4, which may be characterized
by the tensor product

N

4
Z Bi(u)B;j(V)Pi j, o<uv<li, (2.10)
i=1j=1
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(@) Pus (b)

P1,4
Figure 2.2: Uniform cubic B-spline surfaces: (a4 control mesh and its corresponding
uniform cubic B-spline surface; (b) example of two overlagpcontrol grids

and two adjacent cubic B-spline surfaces, wr@eontinuity property of the
surfaces is pointed out.

whereB;(t),i = 1...4 are the cubic basis functions

Bi(t)=1/6 (1-3t+3t*—t3),

Ba(t) =1/6 (4—6t°+3t%),

'32(0:1/6 (1+3t+3t2—3t3), (2.11)
Bs(t) =1/6 t°,

andt stands for either the parameteor v.

Figure 2.2(a) shows an example of a4} control mesh and its corresponding uniform
cubic B-spline surfac&, computed and plotted in MMTHEMATICA [185]. In Figure 2.2(b)
two overlapping control polyhedrons and two adjacent umfoubic B-spline surface$(
andS,) are shown. In the same figure, @é&-continuous border between the two surfaces
is also graphically represented.

Among the main properties of cubic B-splines, two are ofipalar interest for contact
algorithms. Cubic B-splines hawecond degree &) continuity, meaning thas (Equa-
tion (2.10)) is twice continuously differentiable. This,mentioned in [161], is a necessary
requirement for quadratic rate of convergence within medr solution schemes. Due to
the higher order continuity of B-splines, the normal vednrthe surface is uniquely and
continuously defined. Furthermore, B-splines ofteral supportwhich enables the defi-
nition of a region of influence for a particular control poart the surface.
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2.3.2 Modified uniform cubic B-spline surfaces

Besides the useful properties of B-splines, one inheresaid¥iantage of the parametriza-
tion is that it cannot represent surfaces with arbitrarylmepology, being thus restricted
to surfaces described by quadrilateral structured mesHas. problem can be overcome
through several approaches such as Gregory patches [1d@livision schemes [22] or
other polynomial expressions [6, 72] (these techniquesaraddressed here though). In
addition, B-spline surfaces do not necessarily interjgadety of their control points (refer
to the literature cited previously). This is clearly depitin the Figures 2.2(a),(b). During
the last years, several methods (based mainly on splines) been developed in order
to model biological structures more effectively and moreosthly (for example, joints
and femurs). Among the most promising works are [6, 121, ®Figre polynomial func-
tions are fitted to random surface points. These approaehasve the need for structured
control meshes and provide sufficient and more accurate thimgoof the surface data.

With this in mind a new parametrization is proposed here.s Ibased on the uniform
cubic B-splines (Equation (2.10)), enhanced by one morgnoohial function in order to
interpolate the four central vertices of the control gricheTmathematical expression of
this new parametrization, which we subsequently gadifieduniform cubic B-splines,
and denote b, is

S(u,v) = i -ilBi(mBj (V)P +-i\Ni(U7V>Ui7 O<uv<l (2.12)
I=1]= 1=

The termy i ; Ni(u,v)U; in (2.12) is the sum of the product of a set of basis functions
Ni(u,v),i=1,...,4, based on the trigonometric functions, and defined as

Ni(u,v) =1/4 (1+coqmu))(1+cognv)),

No(u,v) =1/4 (1—coqmu))(1+cognv)), (2.13)
N3(u,v) =1/4 (1—cogmu))(1l—cognv)), '
Ng(u,v) =1/4 (1+cogmu))(1l—cognv)),

with the displacement vectot, i = 1,...,4. An example of the modified cubic B-splines
is presented in Figure 2.3(a), in which it can be seen thahéwe surfaceS interpolates
the four inner points of its control mesh. In the same figure,‘original’ cubic B-spline
surface is plotted and the definition of the displacementoreéd; is shown. In more detail,
the displacement vectors are given as the distance betlWweeauges of the uniform cubic
B-spline surface and the (inner) four corresponding copimants according to

Uy =Poo— S(0,0),

Uz =P23—-5(1,0),

Uz = P373—S(l, 1), (2.14)
Us=P3o— S(0,1)
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@ . (b)

;
+ C'-continuous border
.

Figure 2.3: Modified uniform cubic B-splines: (a)x4 control mesh, the ‘original’ uni-
form cubic B-spline surfac8, and its modificatior§' that passes through the
four inner nodes of the control polyhedron. The definitiothef displacement
vectorUs is also shown; (b) two adjacent ‘original’ uniform cubic Blge
surfacesS; andS,, and the generated modified surfa&sandS's.

A similar approach to the one proposed here is given in [73rela parametric polynomial
and the Fourier series functions are superimposed to forewgarametrization technique.
Through this method, the authors claim smoother resultshi@rswine femoral surface,
when compared to B-splines alone. Additionally, the supesitpn of the two functions

does not tend to smoothen localized undulations and can Incod®lex surfaces with

ripples.

As can be seen the newly introduced part of relation (2.1B)fisitely continuously dif-
ferentiable due to the trigonometric nature of the basistionsN;(u,v),i=1,....4, i.e.
Equation (2.13). Therefore, the modified expression of thiéotm cubic B-spline sur-
faces retains the property of tl&-continuity and the continuous definition of the normal
vector along them. In addition, the basis functibhbave the properties of nonnegativity,
partition of unity and local support but the modified cubispline surfaces do not have
the geometric characteristic of the strong convex hull prop

In Figure 2.3(b) th€!-continuous border between two adjacent modified uniforiicB-
spline surfacesS; andS’,) is pointed out. The same figure indicates also that evergtinou
one modified surface passes through only four nodes of theatamesh, the consideration
of overlapping control polyhedrons leads to the interpofabf all points, hence, of all
superficial nodes of a finite element mesh.

One of the advantages of the parametrization describeduatito (2.12) is its simplicity.
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No fitting is required and thus no additional linear systeasstto be solved, as in other ap-
proaches [6, 121, 37]. In complex 3D contact problems coatfutal cost is an important
aspect that should be by all means taken into consideraktoenmodified cubic B-splines
are to this extent a faster and more straightforward paréagon tool, able to accurately
interpolate the nodes of the control grid. A closer obséowvatf Figure 2.3 (and Figure 2.8
given later) shows, however, one drawback of the new paraagon. When abrupt cur-
vature changes take place within short distances, the gdriaation leads to local wavi-
ness. This behavior derives from the requirement of thesarfo pass through the control
net. That is not usually the case for the more thorough appesacited above. On the
other hand, however, the number of oscillations shouldrbigdd since th&€?-continuous
surface is not required to fit a large amount of scarcely wost image data points, but a
comparatively smaller and smoother set of finite elemeneéao®ne should also note, that
it is this property which, at the same time, allows modified@ines to represent surfaces
with possible undulations or ripples. The features of thw parametrization technique
are further discussed in Section 2.5.1.

2.4 Implementation strategies

One of the most demanding and at the same time most chaltpmashk of the present
work is the incorporation of the smooth parametrizatiorhtegues into a finite element
framework. For the development of a contact algorithm basesimooth parametrizations
the following four major points should be taken into consadien:

(i) the evaluation of the interpolation functions, and camsently of the smooth target
contact surfaces,

(ii) the identification of the contact pairs,
(i) the calculation of the contact contributions,

(iv) the assembling of the contact elements’ residuum affdess into the global residuum
vector and stiffness matrix.

The open-source program FEAP [171] provides the possiliditthe implementation of
such a numerical scheme and it is, therefore, chosen as sieedfdahe developed contact
algorithm. The additional needs are met by a series of stibes) forming the user contact
driver SmooC (standing forSmooth Contagt which communicates with FEAP through
user-defined macro commands. All implementation stepsiaceissed in the section that
follows.

2.4.1 Implementation of the smooth interpolation schemes

As already mentioned in Section 2.3, each uniform cubic (andified) B-spline surface
is defined by a structured mesh of control poifts;, i,j = 1,...,4, see Equations (2.10)
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o Control points

® Finite element nodes

Figure 2.4: Discretized arbitrary master contact body:cirarol polyhedrons that define
the smooth interpolations of two different master contacets ¢, qp) are
shown.

and (2.12). Thus, the evaluation of the smooth surfgcassociated with a specific facet
gx of the discretized target contact surfaces requires llyitize definition of a 44 control
polyhedron. In the context of the present work, each comridl is formed by the nodes
of the considered facef,, as well as the nodes of its neighbor facets that are located o
the contact surface, as in the two examples of faggtndq, shown in Figure 2.4. This
is a significant advantage of the proposed approach sintievtsato base the geometrical
modeling and the finite element analysis on an identicalesgrtation paradigm. Such
a unified framework yields a robust interface between genméésign and mechanical
analysis, as discussed in [95, 26]. The structured conttahpconsists of 16 nodes for
each contact facet, subsequently denotedPy This ingredient, hence the control poly-
hedron for each facet of the master surfaces, is provideshilyoC and more specifically
by the macrdCPoin, executed before the beginning of the computation. The onaads
the mesh coordinates and connectivity list, identifies tjaaent facets of each facgt
belonging to the target surfaces, and generates the sedctontrol point patchesy' .

After acquiring the control polyhedrorg®, the parametrization of every contact facet
by the interpolation functions, described in Equationd@2.and (2.12), is straightfor-
ward. The smooth surfacg(u,v) for each facet is computed by a self-programmed
MATHEMATICA -generated function, called by the madviSurf. The required inputs
of MSurf are the obtained control polyhedrog¥, as well as the contractor nodes
The same macro performs a series of further operations,etdelig an index, which are
discussed in the following paragraphs.
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2.4.2 Contact search

The algorithms for detecting contact are of utmost impargesince the time for the def-
inition of the possible contact bodies and contact pairdccdaminate the overall cost of
the numerical simulation. Therefore, even though seagbrighms are not the main focus
here, an attempt is made to tackle the search problem by roéeefied and time-efficient

methods.

In the present work, no global search is taken into consiaera The possible contact
bodies are predefined, and hence considered as an input odnkect problem. In other
words, only local search algorithms are addressed, whevebtwdies are in contact but
it is not clear which contractor node contacts which targemsent. There are several
possibilities to deal with this problem. The approach fekal here splits the detection of
local contact for a given contractor nogfeinto two different phases.

Initially, the set of the closest target facejs for the contractor node® is identified. This
can be performed by defining a search radigg,c, which is related to the problem and
highly dependent on the discretization size of the targetam surfaces. In the case that
%% = XT gl < rsearch Wherex' ., is the middle point of the face, the target faced

is considered as a part of the set mentioned above. The mugbdisis step is to limit the
number of contact search iterations, and consequentlyd¢beiputational time.

In a second step, the parametrization of the closest taagetd is carried out by application
of (2.10) or (2.12), and the minimum distance problem (deypidn (2.1)) is solved, and
the smooth surfacg; which contains the orthogonal projectiaft* is obtained. The first
part of this step is local in nature and for this reason notmatationally expensive, while
the minimum distance problem does not have a closed forntisolurherefore, a Newton
algorithm has to be applied, see (2.2). In order to furthaitithe computational time, a
better initialization of the Newton algorithm is requirélhis is achieved by generating an
equally divided mesh of the smooth surface, and by consigehe mesh point which is
closer to the contractor noa€as an initial guess of the iteration procedure. The evalnati
of xX™ is followed by the computation of the gap functign If the Karush-Kuhn-Tucker
conditions are violated, i.e. Equation (2.4), then the pair S is considered as in contact.
All the above operations are performed by the mad&urf, introduced previously.

2.4.3 Evaluation and assembling of the contact contributios

The next step after the definition of the contact pairs is thepmutation of the virtual
work contributions due to contact, and more specificallghefassociated contact residual
vector|[fc] and the stiffness matrij¢|.

As can be seen from (2.9), both the contact residuum andiffreess depend on the gap
functiong, and on its derivative with respect to the displacements @f$sociated con-

tractor point and target contact surface. In the approaebsgmted here, the two derivations
are carried out on an abstract mathematical level, by maksegof the M\THEMATICA
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—Loop over all target contact facets q
Acquire control polyhedron g
—Loop over all contractor nodes x®
Compute middle point of target facet, x

m
+,mid

|If [Ix; — XT,midH < Tsearch thcn|

Evaluate smooth surface S, (&,7)
Solve minimum distance problem (Newton algorithm) = (£*,7*), x™*, n
k|1 Compute gap function gy
|If Karush-Kuhn-Tucker conditions violated thenl
x; in contact with smooth surface Sy,

Compute [f]; and [K];; 4,7 =1,...,17

Add contact contributions to global residuum and stiffness
—FEnd contractor nodes loop
—End target facets loop

*

Figure 2.5: Implementation steps for computing and assaglobntact contributions to
the residuum and stiffness of an element.

package AEGEN, [102]. The same method for contact problems is also appinebidoc-
umented in the References [161, 160].

ACEGEN combines several techniques such as the symbolic capebiit MATHEMAT-
ICA, automatic differentiation, simultaneous optimizatidnegpressions and stochastic
evaluation of formulas instead of conventional patternamaty method. The above pro-
vides an efficient evaluation method of the nonlinear cdraantities that requires less
effort compared to manually written codes. The derived sylimliormulae for the expres-
sions (2.9) are computed with MIHEMATICA and translated into an efficient compiled
language (Fortran), and the generated subroutine is ingslitad into FEAP. The call of
this subroutine and the computation of the contact residanstiffness are the last func-
tions of the macro commandSurf.

When the two described techniques are used for the paraiaiéin of the contact surfaces,
the involved nodes in each contact pair are the44control points-finite element nodes
q¥ of the smooth target surface and the contractor pginiTherefore, the total degrees
of freedom and number of contact contributions for eachaxirair are equal to(3d? +

1) = 51. The obtained results of (2.9) have to be added to theuasichnd the stiffness

of the global nonlinear system of equations. This operasgmerformed by the already
existing FEAP subroutineBIODPROF and CONSTASS The first modifies the profile

of the residuum and the stiffness by taking into considenathe 51 inputs mentioned
above, while the second performs the assembling of theuesidiector and the stiffness
matrix.

For a better overview, the implementation steps and the flawtof the developed contact
algorithm are summarized in the Figures 2.5 and 2.6, relspéct
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User Contact Driver SMO0OC
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Extract control points
Build smooth surfaces
Define contact pairs
Compute contact contributions
Assemble contact
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Figure 2.6: Flowchart of the implementation of the contalgjodthm based onC?-
continuous surfaces into the multi-purpose finite elemeratlyesis program
FEAP [171].

2.5 Numerical examples

The features and special merits of the proposed parantatrizachniques and of the pre-
sented contact approach are demonstrated by the means néitagrical examples. Their
main aim is to exhibit the numerical robustness of the predasntact scheme and its
ability to numerically treat complex 3D contact problemsotiBexamples consider con-
tact interactions between incompressible and finite dedbienbodies. In the first example
contact between a brick and a plate is modeled. It is a clglignproblem since large
sliding is involved. The distribution of the contact forca®ng the path of the brick is
analyzed for the two surface discretizations. The secoathele is concerned with the
numerical simulation of balloon angioplasty with stentimdnich, in the field of biome-
chanics, is a research area of its own. The contact interatietween three different
bodies (arterial wall, balloon and stent) is modeled whifgatient-specific 3D geometry
of a femoral artery is taken into consideration. The induceatact forces and strains in
the arterial wall are discussed in detail.

2.5.1 Brick sliding across a plate

The 3D problem consists of an orthogonal plate and a cubik bfiihe dimensions of the
plate are 10 mm20 mmx3 mm and the brick’s edges have a length of 2 mm. The contact
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Figure 2.7: Cubic brick sliding across an orthogonal plég¢geometry and finite element
mesh of the contacting bodies. Initially the brick is presdewnwards un-
til it reaches the plate’s midplarn®), and then it is dragged diagonally over
the plate’s upper surfag® until its final position©); (b) distribution of the
total contact force along the path of the cubic contractomguted with the
different smooth parametrizations of the target contadtse.

interaction of the two bodies is depicted in Figure 2.7(a) avolves the two steps: (i)
the brick is pressed vertically against the plate untilaiatees the plate’s midplane; (i) the
brick is dragged diagonally along the plate’s upper surface

The material of both bodies is hyperelastic, nearly incaagible and described by the
neo-Hookean strain-energy function
(K _HEN 21 Ko, —

w_(4 6>(J 1-2Ind) + 5 (T - 3). (2.15)
The plate is characterized by a bulk modulugef 1.66- 103 N/mm? and a shear modulus
of 4 = 34 N/mn¥, while the brick is characterized by a bulk modukus: 1.66- 10*N/mnv
and a shear modulus pf=340N/mnft. In (2.15),11 = trC is the first invariant of the mod-
ified right Cauchy-Green tens@ = F'F, whereF = J-1/3F is the modified deformation
gradient withJ = defF > 0 and def = 1, see [76].

For the discretization of both bodies relatively coarse mssare used in order to point
out the differences between the used surface parametrnzgatvore specifically, the finite

element computation uses 424 hexahedral elements and d&k,neach one has three
degrees of freedom. The four peripheral faces of the plaeansidered bounded in all

three directions. Both loading conditions (pressing amdirgj) are applied by means of

prescribed displacements on the brick’s upper surfacetaddmplete loading history is

applied in 360 time steps (i.e. 360 prescribed displaceshent
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The upper face of the plate is considered as the target sunaale the nodes on the
lower face of the brick are the contractor nodes. The targetact surface is discretized
by means of the three discussed parametrizations, i.e.lafap elements, (ii) uniform
cubic B-spline surfaces, and (iii) modified uniform cubicspline surfaces. The value
& = 4500 N/mm is chosen as the normal penalty parameter andotioffris considered.

The computation is initially performed by making use of thre-pxisting FEAP contact
scheme that is based on planar elements. In this case losew@rgence is experienced at
the very beginning of the load paff)-®) (see Figure 2.7(a)) and no solution is obtained.
As it seems, the main cause of this behavior is that the nowewbr jumps when the
slave nodes slide over the master elements. This is not #eewehen the target surface is
described by means of the two smooth parametrizations andeteloped contact algo-
rithm is used. Then, the nonlinear solution scheme congeggadratically and a solution
is always achieved.

The contact forces generated during the loading proced@r®faspecial interest since
they provide an insight on the contact interaction of the@ined bodies and on the used
parametrizations of the master contact surface. In Figut@}, the contact forces induced
on the brick during sliding are plotted with respect toydisplacements (as indicated in
Figure 2.7(a)). The contact forces are obtained as the suall céaction forces on the

brick where displacements are applied, while the diffe@nves refer to the different

parametrization techniques. The form of the two curves ifmim value in the middle of

the path and maximum values at both ends) is dictated by thleedboundary conditions

of the plate.

The results, as illustrated in Figure 2.7(b), reveal thaémnvthe uniform cubic B-splines
are employed the contact forces develop smoothly alongdtteqs the contractor. In the
case of the modified B-splines, the contact force curve aomtascillations. Nevertheless,
the curve remains smooth and no convergence problems a@. rMdbreover, the obtained
results are smoother when compared to the highly varyingiteesomputed with piece-
wise planar descriptions [105, 160]. The reason for the mess in the force-displacement
curve was already discussed in Section 2.3, and it is ag3ictee in Figure 2.8. The
requirement of the surface to interpolate the nodes of thie felement mesh, hence its
control points, leads to small waves in areas of abrupt ¢urgahanges within short dis-
tances (middle segments of the mesh shown in Figure 2.8).ekdawin all other regions
the C2-continuous surface remains sufficiently smooth. Finalg, difference in the ob-
tained results in the case of the normal B-splines and thafreddB-splines derives from
the difference in the surfaces’ expressions and the raegutifference in the computed gap
functiong, (see Figure 2.3(b)).

2.5.2 Numerical simulation of balloon angioplasty with stating

In the following section, a finite element model for balloamy@plasty with stenting is
presented. The model is used to simulate the contact ini@ndietween the three involved
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Figure 2.8: Part of the deformed finite element mesh (showhRiguire 2.7) where the
contractor cube is in contact with the target plate. The fidlicubic B-
spline surfaces, that are used for the contact surfacetgigéen, are shown.
The parametrization accurately interpolates the noddseadiscretized model.
However, small waves are noted for abrupt curvature changbs short dis-
tances (see the middle section).

deformable bodies, i.e. the artery and the medical devizatopn and stent). In the first
paragraphs, the geometric and constitutive models forthiteetbodies are described in
detail. Then, the different aspects of the simulation avergsuch as the used techniques,
the loading procedure, the chosen boundary conditionslangénerated computational
mesh. Finally, the most important results of the 3D nonlirsewlysis are presented. The
scope of this example is to exploit the ability of the develdpumerical tool to treat more
complex contact problems but also to provide an insight fh&interventional treatment
and on the related changes in the mechanical environmehne@irterial wall.

Arterial model

A realistic (patient-specific) 3D geometric model of an atiselerotic femoral artery is
considered. This, as pointed out in Section 2.1, is in cehti@a the vast majority of
documented numerical simulations of balloon angioplastyyhich simplified cylindri-
cal arterial models are studied. Appropriate morpholdgivadels that represent the 3D
boundary surface of diseased arterial wall are pre-reggigor a meaningful computa-
tion of strain distributions under various loading coralis and are, therefore, of signifi-
cant importance. The generation of the 3D artery model isdas high-resolution MRI
and NURBS surface parametrizations. A detailed descnpticthe imaging acquisition
method is documented in [8]. The reconstructed model is showigure 2.9(a).

Regardless of the type, all arteries consist of three lafpetisna, media, adventitia) with
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(b) Material parameter of the arterial wall
k = 3.000 [MPa]

1 = 0.066 [MPa]
ky = 2.140 [MPa]
ky = 277.6 -]

Figure 2.9: (a) Three-dimensional geometric model of a Igigitherosclerotic femoral
artery re-constructed on the basis of hrMRI (dimensions m)mThe table
summarizes the artery’s material parameters determimedgh data fitting of
uniaxial extension tests performed on arterial strips #natcut out from the
circumferential and the axial directions of 11 human ferhargeries (b).

different mechanical properties [142, 84, 77]. In additiorthe case of atherosclerosis, the
formed plaque adds an extra degree of heterogeneity siegaihits a different behavior
compared to the non-diseased vessel wall [28, 83, 85]. Nesless, in a first attempt, the
artery is modeled as a homogeneous material. This simpidicaoes not affect in any
way the study of the contact interactions and restricts tmybiological interpretation of
the results.

Arterial walls are highly anisotropic due to the organizedagement of the load carrying
(collagen fibrils) components [27]. However, there are mianyropic strain-energy func-
tions used in practice to characterize the mechanical resspaf the arterial walls. The one
chosen for this example is a rubber-like potential, sintitathe one documented in [35].
This model is able to describe the typical stiffening effetcarteries in the high pressure
domain. The decoupled form of the strain-energy functibis

W =U )+ (M), (2.16)

whereU is a purely volumetric contribution arldf is a purely isochoric contribution to
the strain energy. For the volumetric part the strictly @nfunctionU = k(J — 1)?/2
is considered, wherg is the bulk modulus and = defr > O is the local volume ratio.
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The bulk modulus serves as a user-specified penalty parameter chosen froericam
experiments so that the requirement of incompressibiity () is satisfied. The isochoric
partW of the strain-energy functioW is

g_Hi_g.k T —3)2] —
P = (01 3)+2k2{exp[k2(ll 3) } 1}, (2.17)
wherep > 0 andk; > 0 are material parameters with the dimensions of stiests a

dimensionless parameter, ands the first invariant o, as introduced in previous exam-

ple.

The passive, quasi-static stretch-stress response @it él artery, and consequently the
material parameters mentioned above, are determinedghroechanical tests, performed
on a computer-controlled, high precision tensile machiie procedure is documented in,
for example, [85]. Briefly, uniaxial tests are performed arabhand circumferential strips
extracted from the three layers (adventitia, media, intiofall femoral arteries, which
have undergonm vitro balloon angioplasty. All tissue samples are stretched égohd
the physiological loading domain up to failure in order tptae the range of deformations
induced by the stent. The above constitutive model is fittelde (averaged) behavior of all
three layers in both artery directions. A least-squarenfjtalgorithm provides the values
for the three parameters, which are summarized in Figui®.9

Stent model

In the presented simulation one type of stent design is tigaged. It is based on the previ-
ously commercially available Palmaz-Schatz™ (Johnsonl&don) balloon-expandable
stent. The chosen stent geometry is traced from photog@aph its undeformed con-
figuration it resembles a tube with rectangular slots (sgar€i2.10(a)).

The 3D computer model of the stent is generated by means aaap#rization algorithm.
The developed technique is able to describe the stent'albwimensions as well as the
geometry of its cells. In addition, the design parametetb®@flgorithm are: stent length,
unexpanded diameter, number of its cells in the axial arcdiniferential directions, thick-
ness of strut which is considered to have a cylindrical csestion. The algorithm can pro-
vide the finite element mesh for the parametrized stent. Thardage of such a method
is the automated and fast generation of different stengdesiA systematic parametric
study (as the one presented in [86]) could lead to optimékepatailored stent designs. In
the present study two stent designs are investigated. §eeinetrical models are identi-
cal, but the thickness of their struts differ. The chosentgt@rameters are summarized in
Figure 2.10(b).

The material of the stents is considered to be of stainlesd.sfor the elastic domain
of the material, a neo-Hookean model is used, while its st@laonstitutive response is
described through a von Mises-Hill plasticity model withdar isotropic hardening. The
Young’s modulus is chosen to fie= 2.01- 10°N/mn¥ and the Poisson’s ratio is= 0.3.
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(@) (b)
Stent design and discretization parameters

LengthL 10mm
DiameterD . 2mm
Number of axial cells . 4
Number of circumferential cells 7

Strut thickness 0.1 mm, 0.05mm
Nodes on strut a 24

Nodes on strut b 3

Figure 2.10: Model of a Palmaz-Schatz™ balloon-expandstelet: (a) undeformed con-
figuration of the stent; (b) design and discretization pai@ns used for the
automatic generation of the geometry and computationahrokethe stent.

The parametergy = 3.0- 10? N/mn? andHis, = 2.0- 10°N/mn? are selected for the yield
stress and the hardening modulus, respectively.

Balloon model

We consider a Grintzig-type balloon catheter [69]. ThiscHmetype is widely used in
clinical practice and therefore selected. The referenoéigraration of the balloon is mod-
eled as a cylindrical tube with external diamddar= 2.0 mm, wall thicknes$l = 0.2 mm,
and length. = 12.0 mm, as shown in Figure 2.11(a).

The dilation of this type of balloon catheters is charaggsti by complex kinematics,
where the unfolding process of the balloon is followed by @idglly nonlinear, stiffen-

ing behavior at a higher pressure level. In the present sitionl, the complex unfolding
process of the balloon is neglected, while a cylindricalithotropic model is developed
in order to describe the overall mechanical behavior of #ibn. This material model is
described below and is based on a fiber-reinforced matagalsed in [80].

Two material axes are introduced, which are oriented iruanferential and longitudinal

directions. The matrix material of the balloon catheterdasidered as a (soft) isotropic
material. The balloon in the circumferential direction gsamed to be very soft at its
initial configuration and particularly stiff after a prededd stretch limit, while in the lon-

gitudinal direction it is assumed to be already stiff at #éerence configuration. This
‘artificial’ setting, as shown next, is able to satisfyinghodel the physical behavior of
balloon catheters.
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Figure 2.11: Finite element simulation of the dilation of Ai@zig-type balloon catheter:
(a) geometry and computational mesh of the undeforexhd deformed)
configurations of the balloon; (b) applied internal ballgassurep, versus
external balloon diameted.. Initially, the balloon expands fast and only a
low internal pressure is needed for its deformation. As tlesgure exceeds
approximately 1 bar, the balloon stiffens and deforms olhdgyhdy.

An additive split of the isochoric strain-energy functidhis suggested. Hencd! con-
sSists _of a partWjgo associated with isotropic deformations of the matrix mateand a
part Waniso associated with anisotropic deformations. The two-terteipal can then be
written as

w(éa ap1,a02) = wiso(é) ‘f‘wanisc(E, a1, ao2) (2.18)
whereag;, i = 1,2, are the reference unit directional vectors which charas the material
axes of the orthotropic model (see Figure 2.11(a)).

By introducing the structure tensofs, i = 1,2, defined as the tensor produets® ag;,
I =1,2, we may write [80]

W(C,A1,A2) = Wiso(T1) + Wanisd 14, T6), (2.19)
with B B B
I,=trC, 14=C:A;, lg=C:A,. (2.20)

The invariantd4 andlg are the squares of the stretches in the directiorsypfaind ag,,
respectively, and have, therefore, a clear physical intésion. From the above equation
it is obvious that anisotropy arises only througrandls.

The isotropic response of the matrix material is determthesugh a neo-Hookean model
of the formWigo = (11 — 3)/2, whereu > 0 is a stress-like material parameter. For the
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description of the anisotropic part of the strain-energyction, the following equation is
proposed
dy

WanisdTa,T6) = 5 —(Ti —dz)" (2.21)
i<Z6 N
The parametens andd,, i = 4,6, are dimensionless, whith j, i = 4,6, have dimensions

of stress. The stiffness in each direction is described;pywhile d; defines the initial
point of storage of strain energy, or in other words theaitin of the balloon’s stiffening
behavior.

In the present simulation, the chosen values for the thresmpeters mentioned above, do
not derive from a fitting algorithm of experimentally obsee\pressure-diameter responses
of Grintzig-type balloon catheters. The values are chostmrespect (i) to the typically
observed behavior of balloon catheters, and (ii) to theireqents of the problem in hand.
Balloon catheters are axially stiff in their reference cguafation, which can be accounted
for by choosing a valudy 4 = 1. The operational diameter of the balloon catheter should
be taken into account. The fully expanded diameter of thivbalis chosen equal to the
diameter of the healthy part of the artery, hence approxp@&.5 mm. That implies a de-
sired total circumferential stretch of 1.7, and, consetjydeads tad, s = 2.25 (activation

of circumferential stiffening at a stretch of 1.5). For bdihections, the valued; = 500
andn = 3 are chosen, and for the neo-Hookean model the yaktel 00 N/mn7? is used.

The results of a finite element analysis of the dilation of Booa catheter, based on the
model and the parameters given above, are depicted in Fiyliie The reference and
the deformed configuration, and the applied internal ballpessure versus the external
balloon diameter are given. As can be seen in Figure 2.1#),the exception of the
boundaries, the inflated balloon has a similar cylindri¢epe as the balloon in its ini-
tial configuration, which is close to the behavior of Griigtiarpe balloon catheters. In
Figure 2.11(b), it is shown that during inflation the extéfmaloon diameted. increases
rapidly at the beginning, and then, between balloon presqyr= 1 andp, = 6 bar, the
balloon expands only slightly with inflation pressure, esipg a strongly nonlinear be-
havior. These results qualitatively agree with the expental study published in [133].
Note that this peculiar mechanical response could not b&raddd by means of isotropic
material models.

Contact interactions

In the numerical modeling of stenting three surfaces mayecmto contact and have to be
specified as contact pairs. The involved pairs are: (i) gbatbon, (ii) stent-artery and (iii)
artery-balloon. In all three cases, the first body is considlas the contractor body and the
second as the target. Following the node-to-surface apprde contractor surfaces are
described by contractor points, which are the nodes of tlite #hement mesh located on
the contacting surface. The target surfaces are discddbigeneans of the uniform cubic
B-spline surfaces, as described in Section 2.3.
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Although the contact approach could be extended to captiateohal behavior, the sim-
ulation is carried out without friction since reliable cfeients describing the frictional
behavior between the intimal surface and the medical dséoe not yet available.

Finite element discretization

One of the important aspects of simulating balloon angsiglavith stenting is the dis-
cretization of the involved geometric models of the arténg, balloon and the stent. Es-
pecially in that case where multiple contact problems aresidered, fine meshes could
lead to computationally expensive and prohibiting compiors. Nevertheless, the chosen
number of elements and nodes should always lead to numgrstable and reliable so-
lutions. As mentioned in the Section 2.3, cubic B-splingsesel upon structured surface
grids of 4x4 nodes. This requirement leads to the discretization afyaeeget surface by
means of structured hexahedral elements.

As can be seen from Figure 2.9, the morphology of the invatgtarterial specimen is
complex. The artery is heavily sclerotic (small lumen) aadthis reason, the thickness
and the curvature of the arterial wall varies significantbyng the axis of the artery. It is,

therefore, clear that the generation of a computationahroessisting exclusively of hexa-
hedral elements is a challenging task. The mesh generattdattCUBIT [172] addresses

the problem successfully. The obtained mesh consists dd 4ijht-node isoparametric
hexahedral elements.

The generation of the computational meshes for the ballomhtlhe stent requires less
amount of effort since their geometry do not present the seongplexity. The design

of the stent, implies the use of two-node 3D frame elementse mMesh in this case is
generated automatically through the algorithm mentiorredipusly, that also provides
the stent’s overall 3D geometry model. The parameters aefithie number of nodes of
each strut are given in Figure 2.10(b). The mesh of the stamists of 525 nodes, each
one has six degrees of freedom. The geometric model of thednatatheter, as in the
case of the artery, is discretized by means of 195 eight-iemgarametric hexahedral
elements.

Boundary conditions

The geometry of the three bodies refers to a Cartesian gmimdsystem, as shown in
Figure 2.9(a). In order to avoid rigid-body motions and togtouct a good-conditioned
system of equations, appropriate boundary conditions tabe applied. The boundary
conditions chosen in this case are as following: (i) the exw$ of the balloon and the
artery are bounded in all three directions; (ii) reandz-displacements of a node of the
stent located on its middle plane are fixed, allowing thealekpansion of the stent but
not its rigid motion.
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Loading procedure

In order to simulate the physiological state of the arterglisplacement-controlled axial
pre-stretch of 1.2 is applied at all nodes located on the acelsfof the artery. At the end
of this loading, the displacement boundary conditions epdaiced by equivalent reaction
forces. The mean arterial pressure of 100 mmHg (13.3KPajtisken into consideration
in the simulation since the loads deriving from the contatgriaction of the three bodies
are much higher (as shown in the next section).

In a clinical situation, the artery, the stent and the baidloatheter will deform during the

insertion process, especially for the tortuous lumen itigated. However, the simula-

tion of this process is associated with high computatioonat.cHence, we have chosen
a strategy where the undeformed balloon catheter and stempiaced in the lumen with

an overlap. Then, in a few load steps, the penalty parametech enforces the con-

tact constraint for all contact pairs, is gradually incezshfrom zero to a desired value of
0.5 N/mm. This strategy aligns the balloon and the stent thigharterial inner surface in a
numerically efficient way.

Next, the expansion of the balloon-stent-artery systenmisilsited. This is done by de-
formation dependent pressure loads, which are appliedeoimtier surface of the balloon.
As the inner pressure increases, the balloon catheter dotoeesontact with the stent and
after a further pressure increase both medical devices coomntact with the artery lead-
ing to the desired increase of the internal diameter of theriat wall. Finally, after full
expansion of the balloon at an inner pressure of approxisn@tear, the pressure loads are
gradually removed, and only the stent remains in contadt thi¢ artery.

Results

In this section the numerical outcome of the angioplastyutation with stenting is pre-
sented. We introduce specific indicators with the aim to tjiyathe changes in the me-
chanical environment and the lumen area of the artery. litiadda comparison between
the two stent designs is provided, emphasizing their mexttgantages and disadvantages
and providing the basis for parametric analysis and assegsof different stents. The
presented results provide evidence of the ability and efkeess of the developed com-
putational tools to treat challenging 3D contact problemshsas the 3D simulation of
balloon angioplasty with stenting.

A meaningful measure characterizing the success rate afiscassed medical treatment,
is the change of the lumen area during and after balloon ptagty with stenting. This
measure we denote &simenGain and is expressed through the fadi@, which was
introduced in [86], and defined as

. Al,cur _
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1, (2.22)
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Figure 2.12:.Lumen Gain factor (G) versus internal balloon pressupg at the most
stenotic section of the arterial wall, at Sectid® (compare with Figure 2.9).
The two curves indicate the changeldd along the inflation and deflation
paths of the balloon for both stent designs (stant stent).

whereA (et is the area of the smallest cross-section of the inner attesll before stent-
ing, andA ¢ is the related current area of the cross section at the saragdp.

Figure 2.12 shows the change lo6 at z= 17.5mm (location of the narrowest lumen
area, see Sectiol-A in Figure 2.9), with respect to the internal balloon pressyt The
inflation and deflation paths when both stents (stant stent) are used, are illustrated
by dashed lines of different intensity. As can be seen frogufd 2.12, steptieads to
LG = 0.81 when the balloon is fully inflatedpf, = 8 bar), and td_.G = 0.24 when the
balloon is removed, = 0 bar). Likewise, when the simulation is performed with sten
the valued. G = 0.67 andLG = 0.40 are obtained. These results clearly point out that at
the end of the balloon inflation, stens wider expanded, providing a higheG value.
Nevertheless, as the balloon is gradually deflated andyinathoved, stefptwith thicker
struts leads to an almost 70% wider lumen in comparison tat;stedicating a more
successful outcome of the treatment, as far as the lumenisacEmcerned. The edges
in the LG-py, curves at the pointpy =1.2 and 2.8 bar for stenand stent, respectively,
correspond to the elastic limit of the two stents.

Similar results can be seen in Figure 2.13, where the lumeafais plotted along the-
axis (the balloon catheter and the stent is located betweeth3.4 mm andz = 21.4 mm).
The three curves in each plot refer to the reference lumem @ne lumen area at full
balloon inflation p, = 8 bar) and after balloon removadf = 0 bar). The total lumen gain
at the end of the procedure is represented by the grey aream#iediate comparison
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Figure 2.13: Lumen ared, at the reference configuration, after full balloon expansio
and after balloon removal plotted along thaxis (see Figure 2.9) where the
balloon and the stent is located. The results obtained @l different
stents (stentand stent) are depicted in (a) and (b), respectively.

between the two figures indicates that both stents provideeessful outcome, but stent

leads to a smaller lumen area throughout the stenotic pattteofemoral artery under

investigation. Comparable results linking the stent dtrigkness and the lumen gain are
also reported in the numerical study [86]. Finally, from uiig 2.13 one can derive the
conclusion that the profile of the inner arterial wall rensagdmost unaltered throughout
the procedure.

One of the most important drawbacks of angioplasty is thewas damage caused by
the stent struts. As documented in [101], elevated pressan@ind the struts may lead
to growth of the artery tissue and to a decreased successgfréite angioplasty treat-
ment due to restenosis. In addition, References [111, 1&1dlade that permanent, non-
physiological strains, generated in the arterial wall dgrand after the expansion of the
stent, may also lead to cellular proliferation, and finatlyeéstenosis. All the above imply
that the optimization of stenting and the stent design isasnmte parameter problem (for
example, maximization of lumen area). Therefore, adddiamdicators, which allow the
quantification of the changes in the mechanical environrokthte artery, should be intro-
duced. Taking the above into consideration, a deeper insfghe generated pressure and
strain fields of the arterial wall can be achieved.

Figures 2.14 and 2.15 depict the numerical results of thiopeed simulations in form
of the contact pressure and the strain distribution, reasmdg. In particular, Figure 2.14
illustrates the contact pressurg which acts on the stenotic inner arterial wall for both
cases, stenand stent after complete deflation and removal of the balloon cathglgs
Obar). The contact pressure is computed for each finite elefaeetq; of the inner
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Figure 2.14: Distribution of the contact pressyrgacting on the stenotic inner arterial
wall through the stent struts after removal of the balloonjfoth cases stgnt
and stent.
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whereF j denote the reaction forces at the four nodes of each égceindA; is the area
of the facet. Figure 2.14 indicates, as expected, that thergeed contact pressure in the
case of the stiffer stejtis approximately two times higher compared to stewhile the
pressure field retains almost the same pattern. Interdgtitng position of the highest
pressure is located around the horizontally positionadstf the stents.

Another possible information that could be provided by tegfgrmed numerical simula-
tions, and that possibly characterizes the short- and teng-mechanical changes in the
arterial wall, are the stresses within the stenotic atteval. In this study, however, the
tissue is modeled as a homogeneous and isotropic matex&lSesction 3.1). This sim-
plification, does not allow a physical interpretation of gteesses. A more reliable and
informative measure is the strain.

Figure 2.15 shows the distribution of the principal Euldmansi strains, sag, e, €3, at
the current configuration of the most stenotic section oféneoral artery £ = 17.5mm),
at (a) full expansion of the angioplasty balloon and (b)raenoval. The results for both
stent and stent are graphically illustrated. The strains reported at fallldion inflation
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depict the short-term changes in the mechanical envirohoféhe artery due to stenting,
while the strains after removal of the balloon indicate the@rimportant (for the outcome
of the medical procedure) long-term evolution of the logdield.

Since the circumferential direction is the main loadingediion in balloon angioplasty
with stenting (due to the radial expansion of the balloonstedt), it can be concluded that
the principal axis 1 (where the highest strains are reperteth%) is the circumferential
direction. The axial displacement loads applied at the andd of the artery, representing
the physical pre-stretch of the artery tissue (as docurdeintéSection 2.5.2), leads to
approximately 10% axial stretch of the middle, highly curyart of the arterial wall. This
value is comparable to the maximum computed value of theahstraine,, as depicted
in Figure 2.15(a). Hence, it can be assumed that the prihdipaction 2 is the axial
direction. It should be mentioned, that the curved geonwgttige artery is responsible for
the presence of tensile and compressive axial loads in the saction. Finally, we may
conclude that the principal axis 3 is mainly located alorgrtdial direction.

As mentioned previously, the thinner steistexpanded further than stgrgince stent is
stiffer. Therefore, when the angioplasty balloon is fuliflated, the computed circumfer-
ential strains are approximately 10% higher at the innedéoof the arterial wall, when
stent is used.

Exactly the opposite is the case after balloon deflationuife@.15(b)), where 10% higher
circumferential strains are computed for the case of gtefihat leads to the conclusion
that the non-physiological loading applied with stehtis a more severe effect on the me-
chanical environment of the artery after the end of the oo On the other hand, with
stenf; a wider lumen area is achieved, as can be seen in Figure 2. Faibthe principal
strainse, similar conclusions can be drawn, even though the diffexeme induced axial
strains when stepor stenj; is used are not as profound as in the circumferential doacti
Note that the tensile and compressive zones are almostmioicedly distributed after bal-
loon deflation. Finally, the principal strain fiedd preserves almost the same pattern, with
the distinct difference that the removal of the balloon ketdhigher negative radial strains
around the inner arterial wall.

2.6 Discussion and conclusion

Physical modeling and computer simulation of balloon apigisty with stenting is an up-
to-date research topic in computational biomechanics. goational tools such as the
finite element method have the potential to provide enggard clinicians with patient-
specific analysis to optimize medical devices such as séetballooon catheters in order
to improve the clinical outcome.

Today, computer simulation of stent procedures is still maeding task due to the com-
plex material behavior of the involved components, and nmogortantly, due to the 3D
contact interaction of the balloon, the stent and the attarall. Commonly, the contact
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Figure 2.15: Comparison of the induced Euler-Almansi ppakstrain fields due to stent-
ing (stent and stent) at the deformed configuration of the most stenotic sec-
tion of the arterial wall£= 17.5mm). The strains are plotted at two charac-
teristic stages of the procedure, (a) at full balloon indlatijp, = 8.0 bar), and
(b) after balloon removalg, = 0 bar).

surfaces are described by planar facets that may lead tpimgsieal oscillations of con-
tact forces and, consequently, to an influence of the raterofergence within a nonlinear
solution scheme. Hence, there is a need for more efficient@ngst contact algorithms,
based on higher order surface parameterizations.

The present work proposes a new 3D contact scheme that id ba&#-continuous pa-
rameterizations, more specifically on uniform cubic B4spsi. Detailed guidelines are
provided for the implementation of the scheme into the opaur-ce program FEAP [171].
The contact algorithm was successfully applied to a clakpioblem in contact mechan-
ics, involving finite deformation and large sliding, and tedt the interactions that occur
during the balloon-stent inflation in an atherosclerotteiyt The proposed computational
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model of stenting represents an advanced approach cagaienong more insight into
the interventional treatment of atherosclerotic arteries

Among the contributions of the work is the use of cubic B+sgd with a novel polyno-

mial function. This parametrization technique, which wbethmodified cubic B-splines,

retainsC2-continuity. It enables the interpolation of the superficiades of the contact-

ing bodies without any approximation or fitting. Thus, mocewate representations of
geometries can be acquired. Moreover, the modified cubipliBes do not require any

additional computational effort. However, the new paraination approach reveals also
a drawback. In the case that the model includes abrupt auevahanges within short dis-
tances, the modified cubic B-splines generate undesiratalalations between the finite
element (control) nodes. Nevertheless, the surface alveagain smooth and no conver-
gence problems occur during the numerical analyses.

Several sophisticated numerical tools including theTMEMATICA package AEGEN are
used in order to compute contact contributions to the finikenent arrays. Such tools
provide differentiated (and optimized) expressions by msea stochastic evaluations. In
addition, a technique is proposed in order to limit the cotapanal cost of finding the
contact partner elements for a particular slave point anddatify the contact point in
terms of the surface coordinates.

For the computer simulation of the stent procedure a humgim-niiade stenotic femoral
artery was considered for which a complete set of geometricraechanical data was
available. Its geometric model was reconstructed from hiriiages, while the me-
chanical response of the artery wall, considered to be hemsgus, was described by
an isotropic hyperelastic model able to capture the noafieffect of artery tissues within
the finite strain domain. In addition, the model considetssl dxialin situ pre-stretch
of the artery. Besides the homogeneity and isotropy assangytthe arterial model did
not address vascular injuries which may occur during stdtdtion. The mechanical re-
sponse of the balloon catheter was described by an orthotmopdel which is (almost)
non-compliant in the axial direction. The model enabley @@t responses in the circum-
ferential direction at low internal pressures, while expgsa stiffening effect at higher
pressure values. The initially folded shape of the balloas not considered. Hence, there
is a need for model refinements, in particular when clinissiies are addressed.

Finally, two stent configurations (stgnstenf;) with the same geometry but with different
strut thicknesses were considered to evaluate the indiVidmen gairLG and the contact
forces exposed on the intimal wall along with the mecharstalins in the artery. The
numerical results exhibited a larger lumen gain in the cddbeothicker stent but also
higher contact pressures and higher circumferential aiad stxains when compared to the
values obtained with stenfThis finding suggests that even though stdaads to a wider
lumen, it is not necessarily the optimal solution, becausehanical changes in the artery
wall might be responsible for the development of cell peskition, restenosis and failure
of the procedure. This also points to the multi-parametature of stent optimization
procedures.
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Undoubtedly, there is room for refinements in future studigsform and modified cubic
B-splines have inherent drawbacks (structured controlhnmegquirements, non-accurate
model representations and localized undulations) thdtdmirefined with more advanced
parametrization techniques. On the constitutive modedidg, the heterogeneity of dis-
eased vessel walls should be considered, as, for examp|86]in The experimentally
identified anisotropic behavior of artery tissues due tdagen reinforcement should be
modeled by (more) advanced strain-energy functions, asepted in [80, 84, 63]. De-
spite the mentioned limitations, the proposed contactralgn has the ability to address
realistic 3D problems in biomechanics, where finite defdrams and arbitrarily curved
geometries are involved. A thorough biomechanical sinnutabn such a basis (patient-
specific model, three-body contact) could serve as a folortatr realistic risk assessment
and for designing intervention.
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3 ANUMERICAL MODEL TO STUDY THE INTERACTION OF
VASCULAR STENTS WITH HUMAN ATHEROSCLEROTIC
LESIONS

Abstract—A methodology is proposed that identifies optimal stent cevifor specific
clinical criteria. It enables to predict the effect of stdesigns on the mechanical environ-
ment of stenotic arteries. In particular, we present a nigalkestudy which is based on the
interaction of a vascular stent with a patient-specificeadhclerotic human iliac lesion of
type V. The stress evolution in four different tissue comgras during and after stenting is
investigated. The geometric model of the artery is obtaithemligh MRI, while anisotropic
material models are applied to describe the behavior afgsat finite strains. In order to
model the observed fissuring and dissection of the plaquerutithtion, the undeformed
configuration of the arterial wall incorporates two initi@ars. The 3D balloon-stent-artery
interaction problem is modeled by means of a contact algoritwhich is based on a
C2-continuous surface parametrization, hence avoiding migaiénstabilities of standard
facet-based techniques. In the simulations three diftestamt designs are studied. The
performance of each stent is characterized by scalar qiegnelating to stress changes in
the artery, contact forces and changes in lumen area adtairgg. The study concludes by
suggesting two optimal stent designs for two differentichily relevant parameters.

Keywords—atherosclerosis; balloon angioplasty; contact; finitanglet method; me-
chanical stress; modeling; MRI; stent

3.1 Introduction

Balloon angioplasty with stenting is a well established effdctive vascular reconstruc-
tive procedure aiming to reduce the severity of atherostitestenosis, one of the most fre-
quent form of cardiovascular diseases. Its popularityearttue to its less invasive nature
(compared to surgical alternatives) and its better clinocicome (compared to balloon
angioplasty without stenting[156, 75]).

Despite the constantly increasing success rate of stetmtiaggh technological progresses
in stent design and drug coatings on the stents’ surfacefth8]procedure can still fail

because of in-stent restenosis which occurs in 30-60% aérgatwith complex lesions

[50]. Restenosis is a mechanobiological process chaizeteby stress-induced growth,
such as neointimal hyperplasia. In more detail, the focatukar trauma imposed by the
struts of the stent, the stress and strain environmentsdrthe expanded stent, and the
existence of a foreign material in the injured artery magger molecular mechanisms,

45
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leading to inflammation, granulation and extracellularnmgiroduction [181, 184, 153].
These processes may lead to reclosure of the blood vesseh vesults in the need for
further interventions.

Balloon angioplasty with stenting is a procedure of mainkctmanical characteristics. It

is, therefore, understandable that its outcome dependseoddsign parameters defining
the mechanics of the stent such as the material and the ggoofistent cells and struts.

This is supported by recent clinical studies [97, 135], whdentified the stents’ geometric
characteristics as one of the major elements for reducirmgeoeasing the risk of resteno-

sis. Towards this direction, numerical tools such as theefieiement method have been
recently applied in order to investigate the biomechaniglications of vascular stenting

and to provide optimal configurations of medical devices.

A literature survey on the recently published numericarafits to model atherosclerotic
lesions revealed that, still in the majority of computadibmodels developed in recent
years, the non-diseased arterial wall and the plaque agadrgly modeled as a homoge-
neous and single-layer structure [125, 106, 13]. In addjts@veral models assume the ar-
terial tissue to be isotropic, which do not reflect the experitally observed cylindrically
orthotropic behavior of non-diseased[183, 1, 195, 152, T3184] and diseased[83, 85]
vascular tissues. It seems also that only a few studies leng&dered three-dimensional
(3D) geometries [87, 86, 100]. Although simplified appraachave contributed to the cur-
rent level of understanding of angioplasty mechanics etieern need to model the actual
3D morphology and the related mechanics in a more realisticamd on a patient-specific
basis. To the best of the authors’ knowledge, the study bgd_it al.[114] was the first
to incorporate the balloon in a simulation considering atsteowever, simplified, cylin-
drical geometries were considered. A detailed approaamsée be the one documented
by Holzapfel et al.[86], where the accounted arterial geoyneonsisted of eight differ-
ent tissue models, obtained through high-resolution magresonance imaging (hrMRI),
while anisotropic material models were applied to desdtieebehavior of tissues at finite
strains. As in the previously mentioned attempts, the aintderaction of the balloon
catheter was not modeled. In addition, the used finite elemeshes and the geometric
representation of the arterial wall were not particulanefi

The present work is a step towards improving the numericaleiiog of balloon angio-
plasty with stenting by taking the interaction of vasculanss with human atherosclerotic
lesions into account. Three-dimensional morphologicah add a type V atherosclero-
tic lesion[162] of an iliac artery are considered. The aatewall is modeled as a non-
homogeneous solid, consisting of four different tissue gonents. The applied constitu-
tive models are able to capture the nonlinear, anisotropi@bior of arterial tissues. A
vascular stent, received from a stent-producing comparpatiametrized. In addition, two
modified geometric designs are generated. A cylindricatliyairopic model is used in or-
der to describe the anisotropic behavior of balloon catkatader internal pressure load.
Balloon angioplasty with stenting is numerically perfoxray solving the balloon-stent-
artery interaction as a 3D contact problem. For this purpa§8-continuous surface de-
scription is applied, which prevents numerical instaigfitarising from non-smooth body
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discretization [165, 100]. The proposed computational ei@dso attempts to provide a
deeper insight into the dominating effect of plaque fisgyend dissection during stenting
[21, 117, 109]. This is performed by introducing two (smaiijial cracks near the edges
of the plaque.

The study results in the identification of changes in the rapal environment of the
artery during and after stenting, when the three differeamtsdesigns are used. Particular
emphasis is placed on the generated stress fields of the fieniahtissues. The perfor-
mance of the different stents is quantified by means of thraasindicators[86]. These
indicators characterize the lumen gain and the arteriatyrimposed by the stents. There-
fore, they may be helpful in finding the optimal stent desiginthe particular stenosis and
for specific optimization criteria.

3.2 Geometric and material modeling

This section provides the geometric and material modelgpgets of the vessel wall and
the involved medical devices, i.e. the balloon catheterthadstent. The section starts by
the description of the 3D arterial model based on image daid ntroduces the adopted
continuum formulation, which is able to incorporate thelimaarity and anisotropy inher-

ent in human tissues. Next, account of a stent model, basadomently used product, is

given and finally a cylindrically orthotropic material mddgepresented in order to describe
the deformation of angioplasty balloons under internasguee.

3.2.1 Arterial model

In the present numerical study, a detailed geometric andipailynodel of an atherosclerotic-
prone human external iliac artery (65 yrs, female) is cagrgid. The regarded lesion is of
type V, according to the classification proposed by Star2]1@his type of stenosis is
characterized by prominent new fibrous connective tissukeaalipid core. The 3D ge-
ometry of the arterial wall architecture was traced by mezdrig¥MRI and reconstructed
by non-uniform rational B-splines (NURBS), as can be seerigure 3.1(l). A detailed
description of the procedure and the associated hista@bgialyses, required to identify
the underlying tissue types, is provided in the referen8e8%]. The identification of the
3D tissue structure is regarded as an important aspect afabemented attempt, and it
IS a necessary prerequisite of meaningful simulations lbkd&a angioplasty with stenting.
According to the classification proposed by Holzapfel et[8b], seven different tissue
types are identified in the atherosclerotic arterial wallventitia (A), non-diseased media
(M-nos), non-diseased intima (I-nos), fibrous cap (I-fd)rdus intima at the medial bor-
der (I-fm), lipid pool (I-Ip), and fibrous media (M-f). For épurpose of this study, M-nos
and M-f are combined to one tissue component referred to adiah(M), and I-nos, I-fc
and I-fm are combined to another component referred to aisna (I). The considera-
tion of all seven arterial tissues would require detailddrimation about the anisotropy of
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(1) ITs

Figure 3.1: (1) 3D geometric model of a stenotic human iligery obtained from hrMRI
and reconstructed by means of NURBS. (Il) Extracted aftsli@e with length
la= 1.4 mm, composed by four arterial tissues: adventitia (A), isé¥l), in-
tima (1) and lipid pool (I-lp). The introduced initial teafsT's) are also indi-
cated.

each individual tissue, as discussed later in this secfoam the complete arterial wall
a section with lengthy = 1.4 mm (which is also the smallest cell length of the stent) is
considered, which incorporates four tissue types (see&igul).

Balloon angioplasty and stenting frequently lead to fisgyieind dissection of the athero-
sclerotic plaque [21], which is thought to be one of the maathanisms of lumen gain
obtained through this procedure. A reliable predictionlef stress field of the stented
arterial wall requires the incorporation of these effe¢t@wever, the present work does
not investigate the fissuring and dissection from a fraatueehanics point of view, as per-
formed recently by, for example, Gasser and Holzapfel [B&tead two initial tears (ITs)
are introduced into the intima. A similar approach is puidid by Gasser and Holzapfel
[61]. The initial cracks are placed at the edges of the pldtheeplaque shoulder) because
experimental studies indicate these locations as the mastipent ones to plaque rupture
[117, 109]. The arterial slice described above is depiatdeigure 3.1(11).

The choice of the constitutive response used for the ingbligsue components is of fun-
damental importance for the reliable prediction of the etioh of stresses and strains
during stenting. For the determination of the passive, igstasic mechanical properties
of the individual tissue components, mechanical tests weréormed on a computer-
controlled, screw-driven, high-precision tensile maehiRectangular stripe samples with
axial and circumferential orientations were excised aretchied far beyond their physio-
logical loading domain in order to capture the range of dafiifons induced by the stent.
The lipid pool did not allow tensile testing due to its flui#d consistency. A detailed
description of the performed mechanical tests is docundantthe study [83].
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| Tissue | 1 (kPa)| ki (kPa)|[ ko () | a (°) |

Adventitia (A) | 1.75 656 | 618 | £49.0
Media (M) 150 4.0 23 | £7.0
Intima (1) 789 237 263 | 0.0

Lipid Pool (I-Ip) 0.1 0.0 — —

Table 3.1: Material and structural parameters of differesgue types, describing the
anisotropic response of an atherosclerotic iliac lesiaymé V. Data taken from
Holzapfel et al.[87]

Arterial tissues are anisotropic, heterogeneous, highllgrdnable, (nearly) incompressible
and show a pseudo-elastic behavior [91]. Following the wW8fK, it is assumed that
each tissue component is reinforced by two families of gaiafibers embedded in an
isotropic ground matrix. This reinforcement renders theemal properties anisotropic.
The fibers’ (mean) preferred directions are representedoyhit vectors, sagg; andagy.
The isochoric part’ of the strain-energy stored in the non-collageneous aridgaieous
components is given by[80]

m:w(l‘l,r4,|‘e>=u<T1—3>+2k—§2 > {exp[kﬂ'_i—l)z} ‘1}’ Gy
i=76

wherel; = trC is the first invariant of the modified Cauchy-Green terGer J-2/3C [76],
andls = C: agy®agy andlg = C : ago® ag, are two invariants. The material parameters
andk; have dimensions of stress, whKkgis a dimensionless parameter. The first part of
Equation (3.1) models the contribution of the non-collagmrs ground matrix, while the
second part, characterizes the energy stored in the caolfdgss.

The strain-energy described in Equation (3.1) is used foh @ the four tissue compo-
nents, but with a different sep( ky, ko) of material parameters, and different direction
vectors fp; andagy) associated with the structure. Up to now, there are unfiatily no
data available in the literature, concerning the collageucture of stenotic iliac arteries.
In the present approach, the structural dgteandag, are treated phenomenologically and
are estimated from the mechanical tests described prdyidnsddition, the components
of the collagen fibers’ direction vectors in the radial direc are neglected, allowing thus
the description ofg1 andag, by an anglen, defined between the fiber reinforcement and
the circumferential direction of the individual layer. Tleast-square fitting of the constitu-
tive model to the anisotropic data reported in the refer¢@cEleads to the determination
of the three involved material parameters k3, ko) and the structural parameter The
obtained values are summarized in Table 3.1.
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Stent configurations s (mm) | ls; (mm)

S; (control stent) 0.14 | nD/15
S, (thinner struts) 0.10 | nD/15
S3 (fewer struts) 0.14 nD/7

Table 3.2: Values of the geometric parameters of the thiiéereint stent designs used in
the simulations of balloon angioplasty with stenting. Th&re of the diameter
D is given in Figure 3.2.

3.2.2 Stent models

First we considered anXPRESSVASCULAR LD stent with delivery system (guide wire
and introducer sheath) obtained frono8roN SCIENTIFIC SVERIGE AB. The detailed
shape and dimensions of the undeformed configuration otéime, shown in Figure 3.2(1),
were studied using an Olympus reflected-light microscop am attached digital cam-
era.

The 3D computer model of the stent (Figure 3.2(11)) is getezthy means of a parametriza-
tion algorithm. Parametric design is a useful techniquengireeering when products are
tailored fit to specific needs or when optimization is usedeonegate the optimal product
design. In the present work, the developed program, aideetéast generation of different
configurations of the provided stent. The algorithm makesais series of design param-
eters, describing the stent’s morphology and dimensiohgasé& parameters are depicted in
Figure 3.2(l). In addition, the parametrization algoniths able to provide the finite ele-
ment mesh of the individual parametrized stent. In the satmhs described below, three
stent designs are taken into consideration. The first is thaired stent from BSTON
SCIENTIFIC SVERIGE AB (control stent, labeled as; Swith specific dimensions shown in
Figure 3.2(ll1)), while the two other designs derive fromiaéions of the parameters defin-
ing the width of the strutss() and the wave length of the stent’s cdl), see Table 3.2.
The first variation of the control stent, labeled gs &as thinner struts (more compliant
structure), while the second variation labeled gsh@s approximately half of the struts of
the control stent (stiffer structure). Since only a slicéhaf vessel wall is studied, only one
cell of the stent is considered.

According to the acquired data, thexBRESSVASCULAR LD stent is made of stainless
steel (316L). The material’s elastic regime is described hgo-Hookean model, while its
inelastic response is described by a von Mises-Hill plagtinodel with linear hardening.

The Young’s modulus i& = 201 GPa and the Poisson’s ratiovis= 0.3. The yield stress

oy is chosen equal to 300 MPa and the hardening modtliss equal to 2 GPa.
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Figure 3.2: (1) Photograph of the undeformed configuratibtine pre-mounted EPRESS
VASCULAR LD stent and detailed view of the stent’s sinusoidal-streed
cells. (II) 3D geometric model of the stent, obtained by aapsatrization
algorithm that makes use of the shown design parametelsD{thensions of
the obtained stent.

3.2.3 Balloon catheter model

Although the initial form of balloon catheters is S- or Z-pbkd, the undeformed configura-
tion of the balloon is modeled as a circular cylinder. Thesodiameter of the cylindrical
balloon isDy o = 2.2 mm, the thicknesBl, = 0.2 mm and the length, = 2.0 mm.

The inflation of balloon catheters is characterized by cexginematics. Initially, the
unfolding of the balloon takes place under low internal pues. Further increase of the
pressure, leads to a continuously increasing diametetewine catheter retains axially
its cylindrical shape. After a specific load, depending om Italloon’s mechanical and
geometric properties, the balloon exposes rapidly a neatirstiffening behavior. In order
to account for the described effects, a cylindrically ottbpic model, based on fiber-
reinforced materials’ theory, was developed [100]. Brigfiyo material axes with different
mechanical properties are introduced, oriented in thd axid circumferential directions.
Circumferentially, the balloon is very soft initially buagicularly stiff after a predefined
stretch limit, provided by the stent manufacturer. In thagitudinal direction the balloon
is assumed to be already stiff at its reference directioncédhe axial stretch limit is
about 1. The introduction of this artificial material allowse imitation of the typical
characteristics of balloon catheters [100]. Note that gasuliar mechanical response
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could not be obtained by means of isotropic material models.

3.3 Numerical simulations

This section summarizes the developed finite element mdde&lmon angioplasty with
stenting, including the modeling of the contact interacsibetween the balloon, the stent
and the arterial wall. The generation of the computatiomal i thoroughly described,
and the chosen boundary conditions along with the loadinggature are given. Finally,
three indicators able to characterize the stent-artegeyaction are discussed in detalil.

3.3.1 Contact modeling

For the finite element simulation of contact problems comicgy finite deformation, large
sliding and arbitrarily curved contact surfaces, standaogt-based contact algorithms
may lead to numerical problems. In particular, oscillatbdrcontact forces, non-realistic
pressure jumps and finally loss of quadratic convergencelaserved, which arise from
the sliding of nodes over facets’ boundaries, where jumpkefiormal vector are experi-
enced [187]. Therefore, the 3D numerical modeling of caritderactions during balloon
angioplasty with stenting requires an advanced and rolorgact approach. To address
the problem mentioned above, and to successfully simutegecontact interactions be-
tween the medical devices and the arterial wall, the algaribased orC?-continuous
uniform cubic B-spline surfaces documented in the refeefi0] and implemented into
the multipurpose finite element analysis program FEAP[lislddopted.

In more detail, the involved contact pairs in the simula@oe: (i) stent-balloon, (ii) stent-
artery and (iii) balloon-artery. The first body in all paissdonsidered as the contractor
(slave) body, while the second as the target (master) baaljowing the node-to-surface
contact approach, the surfaces of the contractors areibleddsy their superficial finite
element nodes®. The target surfaces are described by cubic B-spline st

A uniform cubic B-spline is obtained by taking a bidirectedmesh of 4«4 control points
Pij,i,] =1,...,4, and the products of the univariate cubic basis functitB&j[

Bi(t) = (1-3t+3t>2—-t3)/6,

Bo(t) = (4—6t2+ 3t3) /6, (32)

Ba(t) = (1+3t+3t2—3t3)/6, '

B4(t) =t3/6.

Thus, the mathematical representation of the uniform cBlspline surfaces is
4 4
S(u,v) = Z Bi(u)Bj(v)Pij, 0<uv<1, (3.3)

i=1j=1
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Figure 3.3: (1) A 4<4 mesh with control point®; j, i,j = 1,...,4, and its corresponding
uniform cubic B-spline surface. (II) Two overlapping casitmeshes and two
adjacent B-spline surfaces wi@f-continuous borders.

whereu andv are convective coordinates, and the parameterEquation (3.2) stands
for eitheru or v. For illustrative reasons, Figure 4.7 is given to show thenggetrical
situation. In Figure 4.7(1) an example of & 4 control mesh and its corresponding uniform
cubic B-spline surfaces is shown (plotted imMHEMATICA[185]). In Figure 4.7(ll) two
overlapping control polyhedrons and two adjacent unifoamic B-spline surfacessf and
S,) are illustrated. Th€2-continuous border between the two surfaces is also ireticat

In the presented method, the required structured meshesntifot points (noted above
asP; j) for the parametrization of the contact surfaces are géeettay the finite element
nodes located on the target surfaces. This approach yielolsust interface between the
smooth surface and the continuum body. Following the pgmaéithod as the regulariza-
tion technique for the inequality variational principletbgé contact conditions [107, 186],
a gap functiorg, is defined for each contact pair as

gy = (X°—x™) . n™ (3.4)

wherex™ is the orthogonal projection of the contractor nod®n the target surfacg™,
andn™ is the outward unit normal vector &f™. Herex™ is the solution of a minimum
distance problem, which leads to a local Newton iteratiaritie present problem. From
Figure 4.7(ll) it is obvious that as a contractor node slidesr the boundaries of the B-
spline target surfaces (e.g., frdBa to S), the normal vecton™ changes smoothly. This
is not the case, when first-order facets are used to reprisetarget surfaces.

The gap functiorg, defines the state of contact, and together with the penaifiyests it
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quantifies the contact contributidWey; ¢ to the external virtual work, which is given by

Moy = / t,5g,dre, (3.5)
s

wheret, is the normal contact force arc the contact surface boundary. The residual
vector and the stiffness matrix for the finite element impatation of the model are com-
puted by applying the MTHEMATICA package AEGEN [102]. To this end, several novel
techniques such as automatic differentiation and stoic®stluation of formulas are used.
For a detailed description of the developed contact algarthe reader is referred to the
work by Kiousis et al.[100]

Itis worth mentioning, that the employed formulation alkthie incorporation of frictional
contact. Nevertheless, the simulations are carried otowitfriction since reliable coeffi-
cients describing the frictional behavior between themali surface, the balloon catheter
and the stent are not yet available.

3.3.2 Finite element discretizations

The 3D geometric models of the four arterial tissues areragglg discretized by applica-
tion of the commercial mesh generation toolkit CUBIT [17&pproximately 3500 eight-
node hexahedral elements are generated in total, and tleelrinxte element formulation,
as implemented in FEAP, is applied. This approach providesfiicient and proper de-
scription of the incompressible deformation of arteriasties. The meshes are generated
with matching nodes on the tissue interfaces, and henceewad@lgorithmic treatment
is required to link them. The generated mesh of the intima ségisfies the requirement
of the discussed contact algorithm, i.e. structured qleadral facets on the contact sur-
face. The same type of volume elements is chosen for theetisation of the balloon
catheter, where 288 elements are generated. Finally,rinetste of the stent implies the
use of two-node, large displacement, large rotation 3D &a&hements [92]. The choice
of frame elements over hexahedral elements also leadss@desputationally expensive
simulations, an important aspect when complex contactipnabare to be analyzed.

3.3.3 Boundary conditions

Experience obtained through experimental investigasbosved that, in contrast to healthy
arteries, highly stenotic human vessels show very littlamexialin situ pre-stretch, ap-
proximately equal to 1 (a value of 1.03 is reported in refee$®3]). Hence, no axial
forces or displacements are applied to the artery. The tdgattom faces of the consid-
ered artery section are fixed in the axial direction (plam&istcondition). The load-free
configuration of the arterial wall (shown in Figure 3.1(li§)also considered stress free,
and hence residual strains (stresses) are neglected. Eweght the algorithmic concept
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for the incorporation of residual stresses exists [168}, ldtk of experimental data in
atherosclerotic lesions makes their consideration nagiplesin this work. Next, a small
value of stiffness is given to each node of the artery. Thasries the rigid motion of the
artery. To obtain an almost concentric expansion of theobalcatheter, its nodes located
on two orthogonal axial planes are bounded in the circumfexkedirection. As far as the
stent is concerned, the axial displacements are fixed ftimathodes on its midplane, thus,
restricting its rigid motion.

3.3.4 Loading procedure

The reference diameter of the chosen catheter and stemgertthan the diameter of the
lumen of the stenotic vessel under investigation. Heneeutideformed balloon and stent
are placed in the lumen with penetration. Next, the penatameter which enforces the
contact constraint is gradually increased in a few loadsstdjmus, the penetration is re-
duced and the contact between the medical devices and thedrtarial wall is established
in a numerically stable way. The expansion of the balloohetatr follows. This is per-
formed by follower pressure loads which are applied on theiisurface of the balloon. As
the balloon expands and comes into contact with the stentrenartery. Further increase
of the inner balloon pressure leads to the expansion of tlee thodies. When the outer
diameter of the balloon reaches a desired value, the batlootact penalty parameter is
gradually decreased, simulating the balloon catheteflatilen, and only the plastically
deformed stent remains in contact with the inner surfaca®f/essel.

3.3.5 Indicators for the outcome of angioplasty

Local stress distributions within the specimen duringdiail angioplasty and stenting are
undoubtedly an important measure to illustrate the chaigéise mechanical environ-
ment of the vessel wall caused by a particular stent. Negkashk, if criteria are based on
a set of scalar quantities and linked to mechanical measw@s as contact forces and
stresses, then they could provide a faster and more conmmiebeand reliable judgment
of the stent-stenosis interaction. The idea to introduaeéasindicators, characterizing the
mechanical field of the arterial wall and the lumen changer afienting, was initially pro-
posed in the reference [86], while also applied in [13, 10@)rder to compare the three
different stent designs, the same approach is adopted here.

The first introduced indicator characterizes the contacefapplied on the intimal surface
from the stent’s struts. This is an important measure, St@eated contact pressure in the
vicinity of the stent struts may lead to injury of the endditieand medial smooth muscle
cells, which may increase the neointimal hyperplasia féiong101]. The indicator of the
normalized contact forces at the intimal surface causedéystent struts is denoted by
D1, and expressed as

Ns

Fi.post
Di=§ ——, (3.6)
2

lc
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wherens is the total number of nodes of the stent cell &nghstis the norm of the contact
force at each stent node after stenting, given by

3 1/2
Fi,pOS'[: <z sz) ) (3-7)
=1

where f; are the reaction force components at the nipdmdl. is the total length of the
considered stent cell. The indicatiog can also be used as a measure for prolapse, hence
as a measure for the deflection of tissue between the stmaigpBe, depends strongly on
the artery’s (material) composition, the contact forced #re spacing between the stent
struts, thus it can be linked 4. In addition, prolapse provides an important insight on
the effectiveness of stenting since clinical studies edlawith the appearance of restenosis
[94].

As aforementioned, a critical factor that drives restenissihe long-term change of stresses
within the arterial wall after the performance of the inmtional treatment. High stresses
induced by the stent may be responsible for the triggeringrofvth mechanisms and
finally may lead to restenosis [184]. Therefore, a seconttcatdr D, is used, able to
quantify stress changes in the arterial wall. This indicaaefined as[86]

Ny

Ds> iy
ZlULMAPQi
i=

,  DAG) = i post— 0i MAP- (3.8)

In the above equatiom, denotes the number of the arterial volume elementsritie
volume of the element, which is used as a weighting factor. Nex%,post and o map
are the maximum (principal Cauchy) stress in the elemafter stenting and under mean
arterial pressure, respectively.

The last indicator, denoted kG (L umenGain), corresponds to the lumen change due to
stenting. The lumen gailoG is defined as[86]

LG = Dpost _ 1, (3.9)
Avap

whereAyap is the smallest inner cross-section of the artery beforéoplagsty and stent-
ing, andApostis the cross-section at the same locatioAgse after angioplasty and stent-

ing.

3.4 Results

In the following section, the most illustrious results oétperformed numerical simula-
tions are provided. In particular, the stenting inducedsstrfields of the arterial tissues
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are studied and the performance of the considered stemgrdeisi analyzed using scalar
indicators.

3.4.1 Predicted stress fields

The first of the performed simulations concerns the athérostic lesion under internal
pressure load. The chosen load is the mean arterial pressurdgaken to beyap =
13.3kPa. Note that in this case no initial tears are incorpdratece tissue dissection and
fissuring are considered to take place at loadings whichrahaung balloon angioplasty.
The stress field in this case is illustrated in Figure 3.4{he maximum (principal Cauchy)
stresses are given in kPa and are shown for the intima, mediadventitia. As can be seen
in Figure 3.4(l), the innermost layer of the lesion is themlaiad carrier of the structure.
This is analogous to inflated thick-wall tubes, where thesstrconcentration is located at
the inner part of the wall. The deformed state, as shown inr€i§.4(l), is regarded as the
pre-stenting reference state, indicated ®)ap.

Next, the (small) initial cracks at the intima are considieailad the deformed configuration
and stress distribution in the arterial tissues under theeedaading conditions are studied
(Figure 3.4(11)). As previously mentioned, the role of tlears is to incorporate fissuring
and dissection of the arterial tissues, which occur duringi@plasty interventions [21,
117, 109]. The above simulation aims to model the procedtitgatboon angioplasty
without stenting. The evolution of the crack tips due to thieinal pressure is visible in
Figure 3.4(11).

The following step is concerned with the numerical modelfigtenting with reference
to the undeformed configuration of the stenotic lesion iditig the two initial tears. The
three different stent designs, as introduced within thé@ecStent models’, are used for
this purpose. Figures 3.4(1ll) and 3.4(1V) show the defadnséapes and the resulting
stress fields at full balloon inflation and after deflationha balloon catheter, respectively.
Thereby the model of the ‘original’ (control)®RESSVASCULAR LD stent is used. In
all cases the balloon is inflated until its outer diameteciea the valuel, ; = 4.5mm,
which corresponds to an approximate balloon internal pressf p, = 8 bar. Then, the
balloon is removed and only the stent remains in contacttiélarterial wall. The slightly
smaller lumen area, as shown in Figure 3.4(1V), with resgeEigure 3.4(lll), reveals the
recoil of the elastoplastic stent. As can be seen in the Egy8r4(llI-1V), the tear of the
intima and its dissection from the media, lead to a diffestress field (when compared
to the condition depicted in Figure 3.4(l)). In the case didm angioplasty without and
with stenting, the intact intima continues to carry the nyzant of the load, but the stresses
in the adventitia and media increase during and after stgi¢ispecially behind and at the
tips of the dissections). In particular, a value of appraadiety 500 kPa is obtained at both
tips at full balloon inflation (Figure 3.4(lll)). Accordingp Holzapfel et al. [85], human
atherosclerotic plaques of iliac arteries rupture at assttevel similar to that computed
here, which additionally justifies the incorporation of {senall) initial cracks. It is inter-
esting to observe that in the diseased part of the intimaessshield in form of an arc
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) Mean arterial pressure (pyap = 13.3 kPa (II) After balloon angioplasty (no stent
[ (IIT) Balloon inflation (dy,, = 4.5 mm)] (IV) After balloon deﬂatlon]

Stent

500

Balloon

250

Maximum principal Cauchy stress [kPa]

Figure 3.4: Deformed configuration and distribution of theximum (principal Cauchy)
stresses in the arterial tissues (intima, media, advaptfian atherosclerotic
human iliac artery at different load states: (I) mean aatgressure ffuap =
13.3kPa), no initial tears present; (II) balloon angioplastyheut stenting;
(1) balloon and stent inflation (up tdy o = 4.5 mm); (IV) after deflation of
the balloon catheter (only the stent remains in contact thiéharterial wall).
The lipid pool is not shown.

is present. The acquired results also point out that thd ppil is under a low compres-

sive hydrostatic pressure. The obtained deformed shagesti@ss fields, as illustrated in
Figure 3.4(1V), qualitatively and quantitatively agreetlwthe outcome of a recent study
[62], where plaque fissuring and dissection during anggiplevere modeled by means of
a fracture propagation algorithm based on cohesive zonesettr, therein, no stent is
used and the analysis does not address contact interactdmts that for all considered

cases the highest stresses were obtained at the introdtacedtip.
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Figure 3.5: Normalized values of the indicat@s, D, LG obtained from the performed
simulations. The indicators characterize the stent cofbaces, the induced
arterial stresses and the gain of lumen area, respectively.

3.4.2 Comparison of different stent designs

At the end of the performed simulations of balloon angioplagthout and with stenting
using the three stent designs, the aforementioned indg@to D,, LG are computed for
each case. The obtained values are then normalized (fror)Caimcording to

ind= o (3.10)

where ‘ind’ stands for the indicat@;, D,, LG. The quantities ingax and ingy;, refer to
the maximum and minimum values of the related indicator wegpect to the four cases,
l.e. ‘balloon angioplasty (no stent)’, ‘control stent’ Sstent with thinner struts 8 and
‘stent with fewer struts . From Equation (3.10), it is obvious thad = 0 corresponds to
the minimum value of the indicator ind anttl = 1 to the maximum value. The normalized
indicatorsD1, D2, LG for each simulation are plotted in Figure 3.5.
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As expected, the lowest lumen gain is obtained for the cabaltdon angioplasty, where
no scaffold is present to keep the elastic artery opgb £ 18% due to the tears which
weaken the structure). Obviously, for this c@e= 0 since no stent is present. The maxi-
mum values foL.G are acquired when the control stent(8G = 48%) and the stent with
the fewer struts $(LG = 47%) are used. These two stent designs also lead to the highes
values for the indicatoD,, which characterizes (arterial) stress changes. GepeFad)-

ure 3.5 reveals a strong correlation between the indica@randD.. In other words, the
induced stresses in the arterial tissues highly dependeofirtal dilated state of the artery.
Among the three stents, the thinner and more compliant Spanesults to the lowest values
for all three indicatorsl(G = 42%). A comparison between the sten{saBd $ indicates
that by reducing the thickness of the struts by 40%, the sebidumen gainl(G), the
contact forces@;) and the (arterial) stress chang&s) reduce by approximately 25%.
Remarkably, as can be seen in Figure 3.5, stgrgh®ws the highedd, value, hence it
generates the highest contact forces on the intimal syn@dée at the same time, exhibits
comparable values for the indicatdds andLG (1% difference) to the control stent, s
previously mentioned. This arises from the geometric dtarsstics of stent § since a
stent with fewer struts on its periphery is structurallyfetithan a stent with more struts
and the same thickness. In the case padigger prolapse value is also expected due to
the larger distance between the struts.

It is clear that the above indicators stand for competingraggts. An optimal treatment or
stent design should, from a clinical point of view, lead tffisiently enlarged lumen area
(largeLG values). At the same time, it should not induce unnecesstayia trauma, or
in other words, should minimize the changes in stresseseddrtierial wall and should not
apply high contact forces on the intimal surface (srbalandD, values). The importance
of each indicator for an optimization procedure dependshenspecific patient and the
related patient history.

The results of the simulations performed in this work sugdest the control stent S
leads to the most promising results in terms of lumen gaine 3&melL.G can also be
accomplished by the use of stent 3However, g results in more significant changes in
the mechanical environment of the arterial wall expreshealighD;. Consequently, £
produces more local damage of the intimal surface due tacbfurces, for the same out-
come. In the case where a stent design that minimizes drdan@age is more preferable
over a stent that maximizes lumen gain, the thinner and nmmpbtant stent $is the most
appropriate device among the other two. Sterle&ds to lower values of the indicatdg
andD,. Accepting that these scalar measures are linked to drissae damage one may
assume that stenb$s, consequently, less prone to restenosis. This resuttgarable
with the outcome of clinical studies [97, 135], which iddietl that thinner struts elicit less
angiographic restenosis than thicker struts.
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3.5 Discussion and conclusion

A detailed computational model of the arterial wall, the matldevices and their contact
interaction is of pressing need and of outmost importance fdeeper understanding of
the vessel response under supra-physiological loadingasrning during and after stent
placement. The availability of a comprehensive model is afgportant for the optimiza-
tion of stent structures, and, therefore, of the intervarai procedure which often fails
due to biological reactions such as restenosis.

In the present work a methodology was proposed that identifigtimal’ stent devices.
In particular, we presented a numerical framework able ¢ntifly the changes in the me-
chanical environment of atherosclerotic human lesions @baur due to the interaction
with vascular stents. We started by discussing the diftareportant modeling aspects of
balloon angioplasty with stenting. We analyzed a stenbéic artery and modeled it as a
solid continuum composed of four types of tissues (adviantitedia, intima, lipid pool).
Despite taking into consideration the inhomogeneity o€ethclerotic lesions, several of
the identified arterial tissues with different mechanigalgerties were combined. In a re-
fined attempt the atherosclerotic patient-specific lesiaukl be analyzed by using more
tissue types. The nonlinear elastic response of each tigasidescribed by a neo-Hookean
material relating to the non-collageneous matrix, in addito an anisotropic free-energy
function, which described the response of the collagendif#®]. The different sets of
material and structural parameters for each tissue wengifigel by means oin vitro uni-
axial tensile tests [87]. Residual stresses were not ircated into the model due to the
lack of experimental data on atherosclerotic human iliaergs. In order to account for
the important inelastic effects of the artery at finite defations such as plaque fissuring
and dissipation, two initial tears were introduced intoldgd-free configuration at loca-
tions prone to crack initiation. In addition, the nonlineamisotropic mechanical response
of the balloon catheter was described by a cylindricalljhairopic model, originally in-
troduced by Kiousis et al.[100] From an industrial partriee, EXPRESSVASCULAR LD
iliac stent was acquired and a software tool was developetdaltowed the generation of
the computer model based on a number of geometric paramddgrapplication of the
same parametrization tool, two more stent designs werenaataone with thinner struts
and one with fewer struts.

The interaction between the medical devices (balloon asmt)sand the inner arterial wall
was solved as a 3D contact problem. To this end, the robusacioepproach documented
in the reference[100] was adopted. Each target surface esided by means @?-
continuous uniform cubic B-spline surfaces, thus avoidimgps of the normal vectors
that would occur during sliding of contacting nodes oveedin facet-based discretized
surfaces. The nonlinearities arising from the contacrauons and the selected material
models lead to computationally expensive simulations. réfoee, in this study only a
3D section of the arterial wall and a stent cell were congderin order to keep the
computational costs as low as possible the smallest cethely = 1.4 mm) was used.
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One simulation of balloon angioplasty without stent ané#ésimulations of stenting with
the aforementioned different stent designs were perforlAddomputations showed that
the incorporation of the tears at the intima led to a differgmincipal Cauchy) stress
environment in the stenosis. In particular, in that casentlechanical load was carried by
the intima, the non-diseased media and the adventitia. kHenvihe highest stresses were
reported at the vicinity of the tears, hence the inducednieadue to stenting remained
localized at the dissection site rather than spreadingtbedesion, which is in accordance
with the recent study [62]. It should be noted that the usadhtary conditions of the
two planar arterial faces affect the stresses in the axiactdon. However, after artery
dilation the axial stresses are considerably smaller thamircumferential or radial ones,
and, therefore, do not particularly influence the studyisabasions. In addition, the artery
pressure load during and after stenting was not taken imtmuant since the stresses induced
by the stent struts are considered to be much higher tham tthes to blood pressure.
However, in order to study the mechanics of the artery aftgiaplasty more carefully a
refined model should consider the blood pressure.

Next, scalar indicators were defined that allow a judgmertherperformance of the used
stents and of their interactions with the specific athemystic lesion. These indicators
(D1, D> LG) are measures of the contact forces applied from the stehetmtimal sur-
face, of the changes of the mechanical stresses in the dudiMissues and of the achieved
lumen gain. The results revealed a strong correlation etvtbe lumen gain and the
induced stress level. Among the different stent configarati § and S showed compa-
rable values of the indicatoB®, andLG. Nevertheless, the stent d to higher values of
the contact forced), being thus possibly a less favorable option for clinisidiman the
control stent $. Finally, the described method indicated that a choicelfemhost appro-
priate stent strongly depends on the optimization criteriim the case that less vascular
trauma was regarded as more important than higher lumen tegerformed simula-
tions suggested stenp Svith the thinner struts as the optimal stent for the lesiodeun
investigation.

Refinements on the geometric and constitutive models hawe¢onsidered in future stud-
ies. In particular, a larger-scale model should be studiedsidering a representative unit
length @+ b+ c) of the stent (see Figure 3.2) or the stent as a whole, andthelete 3D
morphology of the artery. A computational analysis on sudtfasis would lead to local
stress concentrations in the non-diseased intima at theediges [87], depending on the
lesion-morphology and the utilized stent type. In addititvere is plenty of room for intro-
ducing other scalar indicators, which characterize thehaeical field of the arterial wall,
for example, stress and damage-based indicators. Apanttfie mentioned limitations,
the proposed physical and numerical models have the atwlipyovide clear markers for
the patient-specific choice of the optimal stent configoratind should be considered as
a further step towards computer aided stenting.



4 EXPERIMENTAL STUDIES AND NUMERICAL ANALYSIS OF
THE INFLATION AND INTERACTION OF VASCULAR
BALLOON CATHETER-STENT SYSTEMS

Abstract—Balloon angioplasty with stenting is a well-establishet&imentional proce-
dure to treat stenotic arteries. Despite recent advanofsasudrug eluting stents, clinical
studies suggest that stent design is linked to vascularyinpdditionally, dilation of the
medical devices may trigger pathological responses sughoagh and migration of vas-
cular smooth cells, and may be a potent stimulus for neoaitimperplasia. The purpose
of this study is to experimentally investigate the mechalrsbaracteristics of the transient
expansion of six commercially available balloon-exparnelatent systems, and to develop
a robust finite element model based on the obtained expetan@sults. To reproduce
the inflation of stent systems as in clinical practice, a pm&tic-hydraulic experimental
setup is built, able to record loads and deformations. G@harigtic pressure-diameter di-
agrams for the balloon-expandable stents and the detacikxbis are experimentally
obtained. Additionally, typical measures such as the lmpshing pressure, the maximum
dog-boning and foreshortening, and the elastic recoil aterthined. The adopted consti-
tutive models account for the elastoplastic deformatiothefstent, and for the nonlinear
and anisotropic behavior of the balloon. The employed airdigorithm, based on a
C?-continuous surface parametrization, efficiently simegahe interaction of the balloon
and stent. The computational model is able to successfallyuce the experimentally-
observed deformation mechanisms. Overall, the numessalts are in satisfactory agree-
ment with experimental data.

Keywords—stent; balloon catheter; expansion; constitutive modeltontact; experi-
ment; finite element method

4.1 Introduction

The latest medical statistics reveal that one out of threereans has one or more types
of cardiovascular disease (CVD) [189]. Similarly, CVDs saunearly half of all deaths in
Europe [137]. CVDs are mostly related to common arteriabidiers such as atheroscle-
rosis, which, due to the deposition of fatty substances tarial walls, reduce the lumen
area and decrease the blood flow and the transport of oxygenudrients to the organs.
An effective and widely-used remedy to treat occluded gas balloon angioplasty with
stenting. The minimally-invasive nature of this procedanel its remarkably high initial
success rate [156, 75] have made balloon angioplasty aact therapeutic method.
In addition, recently introduced technology to releasegdrocally via polymeric-coated
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stents has proven remarkably safe and effective in prevgngointima formation, and has
reduced short-term rates of restenosis [34, 50, 129, 166, 93

Nevertheless, the overexpansion of the lesions duringoaiagty still induces mechani-
cal injury, which triggers pathological responses sucheasmtimal hyperplasia [43, 48].

These responses are key factor in in-stent restenosis 319,34, 103], the most impor-

tant long-term limitation of stent implantation. It is imgant to note that the mechanical
injury to the vessels is not eliminated by drug-eluting t&ten

Balloon angioplasty and stenting is a mechanical solutioa tlinical problem. Hence,

one may claim that the imposed vascular injury and the riegutestenosis depend on
the stent design (structure and material) and the deployteennique, and consequently
on the way the medical devices interact with the lesion. @ddeeveral clinical studies
show the effect of device-dependent factors such as thedssign [145, 101, 122, 167]

and deployment technique [74, 101] on tissue proliferatiod restenosis. In addition,
the review article by Morton et al. [128] summarizes a seokgials and comparative

studies which strongly demonstrate that arterial traunaefisiction of stent structure and
dimensions, i.e., mechanics.

The delicate balance between maximum final stent diametemamimal arterial trauma,
and the elimination of restenosis, has motivated interr@gearch efforts in the bioengi-
neering community. A majority of studies focus on underdilag the mechanical behavior
and the optimal clinical function of the balloon-stent gyst A few experimental studies
[144, 12, 134, 41] provide comparisons of different stertsdal on physical and mechan-
ical properties such as hoop strength, structural integetoil and flexibility. Two other
papers [16, 133] deal with the dilation behavior of ball@xpandable coronary stents and
the characteristic nonlinear behavior of the stentingesysinder internal pressure.

In addition to experimental investigations a large numifefirote element approaches
exist. The majority of published numerical models focustomndtent’s deformation char-
acteristics during expansion [42, 45, 191], and discussatedized stress regions in the
stent structure [25, 40]. Several studies discuss paati¢eatures of the behavior of stents
such as dog-boning and foreshortening [124, 38]. The dontedeesults are of particu-
lar interest as they may be linked to neointima formation: é&d@ample, the non-uniform
expansion (dog-boning) of the stent is one cause for theddjareas around the stent
edges, and the excessive axial contraction of the sterggffiortening) affects the device
positioning and injures the thin endothelial layer.

To our knowledge, very few numerical studies aim to furthalidate their results with
experimental data. The paper by Brauer et al. [16] combirpseranental data with nu-
merical analysis, though the agreement is rather poor. dhmgatational study by Migli-
avacca et al. [126] analyzes the radial expansion and tlogl iifccoronary stents. The
areas of plastic stent deformation are matched to expetahdata obtained from scan-
ning electron microscopy. In the numerical model howeve,ldalloon is not considered.
A promising study by De Beule et al. [39] documents a numéntadel for the dilation
of a coronary balloon-stent system, wherein the actuakfbkhape of the balloon and the
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initial crimping of the stent on the catheter are consideFex the balloon, an elastic mate-
rial model is used. The authors claim strong correlatiomie manufacturer’s data, and
identify that the crimping procedure prior to the stent'paxsion has a minor influence
on the overall stent behavior. The detailed investigatipi\lang et al. [182] focuses on
the transitory non-uniform expansion (dog-boning) anés$biortening of six stent models.
The balloon is considered to be cylindrical, and it is models an isotropic, linear elastic
material. The results indicate that dog-boning depende@géometry of the stent’s distal
cells and on the over-length of the balloon. The authorsfalsoulate a semi-quantitative
comparison between measurements and simulation; a goath isathown.

The above mentioned studies provide a useful benchmarkéoidentification and char-
acterization of the balloon-stent expansion charactesisHowever, there is still a need
for more advanced and efficient models that incorporate igffi@yhnonlinear behavior of

the individual components of the system, and the complefitheir contact interaction.

Additionally, the validation of these models with pertiherperimental data is crucial.

The present work is a further step in this direction. We digrseeking an understanding
of the complex, nonlinear transient inflation of differecwnmercially available balloon-
expandable stent systems on an experimental basis. Thead ba the obtained data, we
present a finite element model that is able to reproduce thmcteristic inflation mech-
anism. To this end, cooperations with the Swedish subsdiaf three industry-leading
stent manufactures (B5sTON SCIENTIFIC, CORDIS, MEDTRONIC) are established and six
stents, pre-mounted on balloon catheters, are acquirega/®f the experimental inves-
tigations, a pneumatic-hydraulic system is built and thfewmheations of the catheter-stent
systems are recorded. Furthermore, mechanical behaudnsas dog-boning, foreshort-
ening and recoil are analyzed. Next, a numerical framewsr#teiveloped which con-
siders the nonlinearity and anisotropy of the balloon amdeflastoplastic deformation of
the stent. Three-dimensional interaction between theetatland the stent is modeled
by means ofc2-continuous surfaces. For one of the stents, detailed rioaheesults of
the balloon-stent dilation modeling are presented in teomgressure-deformation dia-
grams.

4.2 Experimental study

The goal is to investigate the deformation mechanisms (@ham diameter and length)
of six sample balloon-expandable stent systems under topeainternal pressure that
ranges between 0 and 12 bar (the burst pressure was apptelyirh@abar). Inflation tests

are performed in order to examine for dog-boning and fordshing. Another goal is to

better understand the mechanical behavior of angiopladlydns under internal pressure
loading. For this purpose the balloon catheters are detisithen the catheter-stent sys-
tem, and characteristic deformations are measured. Theriexgntal data will assist in

subsequent numerical modeling.
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| Company | Product | Material | Stent diametet Stent length
BOSTON SCIENTIFIC | Express Vascular LD 316L SS 9mm 37mm
BOSTON SCIENTIFIC | Express Vascular SD 316L SS 7mm 15mm
CORDIS Palmaz Genesis 316L SS 7mm 12mm
CORDIS Genesis Opti Pro 316L SS 7mm 59 mm
MEDTRONIC Bridge Assurant 316L SS 6 mm 20mm
MEDTRONIC Racer Cobalt alloy 4 mm 18 mm

Table 4.1: Product details of six balloon-expandable stent

We provide details of the stent products under investigadind describe the experimental
setup and procedure of the balloon catheter-stent inflalible deformation mechanisms
are presented and a comparison between the performanaedffdrent stents and balloon
catheters is provided. Finally, we describe the experialagproach to test angioplasty
balloons.

4.2.1 Investigated balloon catheter-stent systems

In cooperation with three stent manufacture®,SBoN SCIENTIFIC, CORDIS and MED-
TRONIC, six balloon catheter-stent systems were acquired (sde #ah). These stents are
designed to target peripheral vascular lesions (locatedeXample, in the aorta or in the
renal or femoral arteries) or the bile duct. Each manufactsupplied two stent types, pre-
mounted on the delivery system (balloon catheter, guide,witroducer sheath). Each set
of two stents had a similar geometric shape but differed mmestisions. Figure 4.1 shows
photographs of one stent product from each manufacturéeifully expanded configura-
tion (for clarity). The images were obtained by use of a CCBea with a magnifying
lens.

As can be seen in Figure 4.1, geometric similarities aregmtesmong the three stents,
for example, the sinusoidal strut structure. In all stetiisge main building blocks are
presentunit, segmentandlink. A segment consists of several units connected circumfer-
entially, while the axially positioned segments are atéachy links, leading to the overall
stent structure. The three manufacturers’ stents haveesggrof similar shape but differ-
ent links. More specifically, the stents fronOBTON SCIENTIFIC and MEDTRONIC have
straight-shaped links of different lengths, while the sefinom CorDIS have s-shaped
links. In addition, the Express Vascular LD and the Expresscular SD have interchang-
ing segments of different lengths with different numberaunits. This is not the case
for the other four stent products. All the stents are madauggisal stainless steel 316L,
except the Racer stent, which is made of a cobalt alloy (MB35N
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Figure 4.1: Fully inflated configuration of three balloonhegter-stent systems obtained
from BOSTON SCIENTIFIC, CORDIS and MEDTRONIC. The parts of the sys-
tems (catheter, balloon, stent) and the basic componeritseatents (unit,
segment, link) are pointed out.

4.2.2 Experimental setup and procedure

The experimental setup accommodates two tasks: (i) thecapph of a pressure load
inside the balloon causing a dilation of the balloon expalelatent, and (ii) the measure-
ment of the load and the related deformation of the catrettart system. A schematic
representation of the setup is depicted in Figure 4.2. Itsgrle, low cost pneumatic-
hydraulic system, enhanced by two computer units and a @amer

The first step of the experimental process is concerned Wwelfixation of the catheter-
stent system which is clamped at locations far away frompfsen and lower boundaries.
This allowed free expansion of the balloon in all three ditets (radial, axial, circumfer-
ential). In addition the removal of the air from the inflatituioe and the balloon catheter is
carried out. Sterile water is used as inflation medium ancetbee, all air must initially be
evacuated from the system. This preparatory task is heferpexd as in clinical practice.
In short, a stopcock along with a syringe are attached todtlester’s inflation port. While
the stopcock is open, negative pressure is applied thrawegggytringe. When total vacuum
is achieved in the inflation lumen and balloon, the stopcsalased and the syringe is
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Figure 4.2: Schematic representation of the experimeatapaused for the inflation of the
balloon-expandable stents and for the recording of the &matideformation.
The two photographs show various components of the setup.

removed. The flow of the sterile water into the balloon théws$aplace and the inflation
of the balloon-stent system is initiated.

In order to gradually increase the pressure of the water gpoegsed gas accumulator is
used. One side of the accumulator is connected to a tubeicmigressurized nitrogen,
while the other chamber of the accumulator contains theauwjalr fluid (sterile water).
The two media are separated by an elastic diaphragm. Thegssige opening of the
regulating vent connected to the gas tube leads to the gradatncrease of the water’s
pressure, constantly measured by a pressure transduatrdowext to the catheter inflation
port. The recording of the transducer is considered equaktinner balloon pressure, by
regarding the hydraulic losses negligible, and is subsgtyuabeled agy,. The computer
unit PC 2 records the input from the pressure transduceir{flaion load) at one second
intervals, and simultaneously sends a signal to the compuie PC 1. Simultaneously,
PC 1 triggers a CCD camera equipped with a magnifying lenghvtakes a photograph
of the catheter-stent system under dilation. Three exangfi¢he acquired photographs
are given in Figure 4.3, where the deformed configuratiorth@balloon-stent system at
different inner balloon pressures are shown. Image arsaafiware (Scion Imaging) is
employed for a detailed analysis of these data. Informatimh as the stent’s diameter
(at different positions, for example, at distal and cergegments) and the total length at a
specific pressure load is extracted.
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Figure 4.3: Three photographs taken during the inflation fExpress Vascular LD
balloon-stent system. The deformed configurations of tHhedracatheter and
the stent at three different inner balloon pressyggare displayed. From these
images, and by means of image analysis software, the diatakterDg; 4 and
the central diameteDs;c of the stent were measured in addition to the total
length. The dog-boning effect during the inflation of theldah-expandable
stent is clearly visible.

4.2.3 Experimental results

The characteristic pressure-diamefeiY) diagrams (i.e., the change of the stent’s diame-
ter with applied pressure load), can be determined for et By analyzing the obtained
image data. The@-D diagrams are a direct and comprehensive source of infasmatin-
cerning the deformation characteristics of the ballooh&&@r-stent systems. In addition,
the diagrams provide an assessment of the different stedtipts with respect to their me-
chanical behavior. Figure 4.4 focuses on the Express Vast@ balloon-stent system.
In particular, Figure 4.4(l) shows the gradual change ofriher balloon pressurg, over
time t, while Figure 4.4(1l) shows the change of the central di@nBk. over p, (the
Dstc-measure is indicated in Figure 4.3).

The diagrams of Figure 4.4 indicate that the dilation of tkkgréss Vascular LD balloon-
stent system can be basically divided into four phasedallyitas the pressure load starts
to act on the inner side of the balloon catheter, the ballderthosely to the stent. During
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Figure 4.4: Change of the inner balloon presgugever timet during inflation and defla-
tion of an Express LD balloon-stent system (I). Change ot#rdral diameter
Dstc of the stent ovepy, (II). The deformation mechanism of balloon expand-
able stents is divided into four stage® — ®), balloon fitting and elastic
stent deformationp) — (©), burst opening accompanied with a large dilation
rate;(© — (@), circumferential stiffening{d — (€, load removal and (elastic)
recoil.

this phase® — (@) the stent deforms elastically and its central diamBigg changes
only slightly. This is not the case for the distal segmentthefstent, where larger defor-
mation is noted at the edges of the stent for the same presset€0< py < 3 bar). This
behavior, called dog-boning (or bone effect), is due to adigompliance at the ends of
the stent structure, and is clearly visible in Figure 4.3.

According to Migliavacca et al.[124] dog-boning is definextlae ratio

::Dad—Dac

DB
DsLd

(4.1)

(the D q is the diameter of the distal segment indicated in Figurg 4.3

When the load reaches a specific limit, gy (for the Express LDpy = 2.90 bar, see
Figure 4.4(11)), the stent starts to expand significantlyage(®) — ©), and the stent ap-
proaches its nominal diameter in a few seconds. The plateBigore 4.4(11) shows this
deformation mechanism. The main cause of this rapid expansferred to as burst open-
ing, is the initiation of plastic deformation in some stergas. The slight pressure drop
during this phase is a consequence of the burst opening. pected, when the diameter
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of the stent increases, then the volume increases causirgssupe drop. Subsequently,
a new phase of deformation takes pla@- (d)), wherein the balloon-expandable stent
system stiffens significantly in the circumferential difen. A high pressure increase is
recorded against a low stent dilation rate. The main causki®ftiffening behavior is
plastic deformation of the stent and, most important, therdeation characteristics of
the balloon catheter (as discussed later in the manuscHptally, the load is gradually
removed (phas@) — ®) and the pressure is reducedpto= 0 bar. The final diameter of
the stent is smaller than its diameter at maximum pressack [Bhis reduction in size is a
result of the stent’s elastoplastic deformation and isrreteto agecoil. The central radial
recoil RE29 may be given by the relationship

D™ _pPe
RE:;ad: St pax SLC7 (4.2)

stc

max
with DE{’C indicating the diameter of the stent’s central segment aimmam pressure and

0
DE{’C is the same diameter after deflation of the balloon. In the o&the Express LD stent,
the recoil is approximately 1.5%, and therefore, not rgaaldparent in Figure 4.4(1l).

The mechanical responses of the other five stent produatandse seen in Figure 4.5, are
qualitatively similar to that of the described Express LBtsgyn. In particular, Figure 4.5
illustrates the respective changes in the central andl distaneters during the inflation of
the six balloon-expandable stent systems. In all casedirghehree deformation phases
@ — ® — © — @) are visible. However, in each balloon-stent system aewifit
burst opening pressure is recorded along with a differdateti diameter. A comparison
between the distal and central segment clearly evincesatpddning effect, indicated by
the faster expansion of the stent’s edges. More specifjelthe distal segment, in all the
cases, the burst opening pressure is approximately halurst opening pressure of the
central segment. A further difference between the centréitle distal segment responses
concerns the slight pressure drop during the burst openimghe distal segments, the
pressure decreases only just before the stiffening phasiée i the central segment it
occurs during its (large) deformation. Note that other sifiocusing on coronary stents
[16, 182] present similap-D curves to the ones depicted in the left diagrams of Figure 4.5
(for reasons of clarity the unloading paths are not shown).

As was stated in the introduction, two important charasterimechanisms of stent expan-
sion are dog-boning and foreshortening. Dog-boning ismeskin all investigated stents.
Based on an Express LD stent, Figure 4.6(l) shows the typlaahge of the dog-boning
DB, according to Equation (4.1), as a function of the inndldoa pressuregy,. The ef-
fect becomes clear at a pressure close to the burst opergagype of the distal segments.
When the balloon pressure reaches the vaiiez 3 bar (central segment burst opening
load) the stent approaches an approximately cylindricapstand the dog-boning dimin-
ishes. At higher pressure loads and after deflation of tHedmakatheter, the dog-boning
decreases to zero.
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Figure 4.5: Change of the inner balloon presspyeersus the central diametBg;c and
the distal diameteDs; 4 for six balloon-expandable stent systems (compare
with Table 4.1). Similar deformation characteristics atentified for all the
stent investigated products (three phase expansion)|dmnhaticeable differ-
ences, for example, different burst opening loads and fieahelters.

The foreshortening mechanism describes the axial cordract the stent under dilation.
Foreshortening may be defined as [124]

FS— Lstdefo— I—st,unde, (4.3)
Lst,defo

whereLst gefo and Lstunde denote the deformed and the undeformed lengths of the stent,
respectively. For the case of the Express LD stent, the éahdoreshorting FS over
inner balloon pressurpy is depicted in Figure 4.6(11). Due to the cylindrical geomyet
of the stent and the dog-boning, inflation of the balloomsgystem leads to a decrease
in stent length. The shortening reaches its maximum valudeslog-boning reaches
its maximum as well (Figures 4.6(1)-(11)), i.e. at the buogtening pressure load of the
stent’s distal segments. In addition, as the load increasibe stent’s operational pressure
(=~ 11 bar), the stent elongates from its compressed configatafinally, the removal of
the pressure load leads to an axial contraction of the sdgnt 0.98 for the Express LD
stent). All stents exhibit negative foreshortening (dithtonfiguration shorter than the
undeformed), except for the Racer stent. A positive valugHe foreshortening is noted
in this case, meaning that the stent is longer after its nifevential expansion.

In Table 4.2, the burst opening pressig the maximum dog-boning DR., the maxi-
mum foreshortening Rk and the final central radial recoil RE (in percent) are givan f
each of the six stents. As expected, the Express Vasculahb®ssthe largest dog-boning
due to its larger circumferential stretch relative to thieeotstents. The Express Vascular
SD contracts axially more than any other stent, while, agipusly noted, the Racer stent
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Figure 4.6: Phenomena that occur during the dilation of goré&ss LD stent: dog-boning
DB (I) — the distal diameteDgq of the stent expands faster than the central
diameterDgtc until the burst opening of the central segments startjat
2.90bar), and the stent obtains gradually a cylindrical sh&peshortening
FS () — during increase of the inner balloon presspyéhe lengthl; gefo Of
the stent initially shrinks. As the stent becomes cylinali@t elongates, but
does not reach its undeformed lengith,nge in the fully deflated state.

showed the only positive value of foreshortening. In additithe maximum central radial
recoil was measured in the Racer stent when the balloonteatsegemoved.

4.2.4 Inflation of balloon catheters

After performing experiments on the complete balloon-ssgstems, the balloons are de-
tached from the plastically-deformed, expanded stentsuaed for further tests. To per-

form inflation tests of the detached balloons, the same @rpetal setup is used. Changes
in the length and the diameter of the balloon catheter amgded during a gradual increase
of the inner balloon pressure.

Experimental results reveal a complex deformation medmafor all six balloon catheters.
For example, Figure 4.7 shows the relationship betweern inaléoon pressur@, and the
balloon diameteDy, for the balloon catheter obtained from the Bridge Assuraritsys-
tem. From this figure, three deformation states of the ball@ evident. Initially, the
balloon is folded into an s- or z-shaped form and has an agdrafgrence) diamet&y
(state(D). For this specific balloon cathetBy, | is assumed to be@mm. Under low pres-
sures (up to approximately 0.5 bar) the unfolding of thedmalltakes place. In this phase,
the balloon expands noticeably circumferentially fromimisial (complex) configuration,
and obtains an almost fully cylindrical shape with diam&gy; (state(l)). For the same
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| Product | pi(bar) | DBmax (-) | FSnax () | RE (%) |
Express Vascular LD 2.90 0.73 —0.06 15
Express Vascular SD 4.35 0.67 -0.14 11
Palmaz Genesis | 3.30 0.54 —0.04 3.8
Genesis Opti Pro | 3.66 0.62 —0.10 0.1
Bridge Assurant 2.39 0.65 —0.05 4.5
Racer 3.32 0.52 +0.02 51

Table 4.2: Experimental results obtained during and affieiirtflation and deflation of six
balloon-expandable stent systems (compare with Table 7t burst opening
pressurggg (in bar) for the central segments of each stent, the maximaloeg
for the dog-boning DBax and the foreshortening Ry, and the elastic recoil
RE (in percent) are given.

Bridge Assurant balloon cathet&y, is 6.22 mm at stat@. Due to the folded shape of
the balloon, its diameter cannot be clearly defined and medsluring the phas®— (.
Thus the change of diameter over the pressure load duriaghase is not shown in the
diagram of Figure 4.7. As the pressure increases to the tigpesthvalue, small changes
are noted in the diameter of the balloon. In other wordsy aftgpecific pressure (stretch)
limit, the balloon displays a significant circumferentitiffening behavior. At the end of
the inflation (stat@ the diameter of the balloon iBy, j; (= 7.57 mm). This diameter
also defines the stent’'s expanded diameter.

A closer examination of the three balloon deformation st& (D), @ shows that, de-
spite the prominent circumferential expansion of the lmadlano significant changes take
place in the axial direction (see Figure 4.7). Hence, theuaiferential compliance of the
balloon catheter is higher than that of the axial directionirth the inflation procedure.
This claim is additionally supported by the curves showniguFe 4.8, where the inner
balloon pressurey, is plotted against the axial and circumferential stretches the bal-
loon for the phasél) — @ at which the balloon is already cylindrical. For the 8ge
Assurant balloon catheter it is evident that the stretchésd circumferential direction are
higher than in the axial direction, even after the balloos reached the diametéy, ;.

The circumferential stretch at stis about 20% higher than that in the axial direction
(note that due to the folding mechanism the stretch refetiseavhole structure and may
not necessarily reflect the stretch in the actual balloorensd).

The deformation mechanisms described above are the sara# §ix balloon catheters,
and very similar graphs to the ones in Figures 4.7 and 4.8#een®2d. Nevertheless, each
balloon exhibits different diameteB, ;; andDy, ;. For example, for the Bridge Assurant
systemDy,; = 6.22 mm, while for the Express Vascular LD syst@w; = 8.85mm, and
for the Palmaz Genesis systép; = 6.35mm.
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Figure 4.7: Inner balloon pressupg versus balloon diameté&y, during the inflation of a
balloon catheter used for the Bridge Assurant product, Brektphotographs

of characteristic deformation states of the balloon. &fitj at low pressure
load, the folded balloon expands rapidly from its averagéefence) diameter

Dp, (at 20 mm) to a diameteDy,; (at approximately 0.5bar andZ2 mm),
and obtains an almost fully cylindrical shape (ph&se— (). At the specific
diameterDy, |, the balloon catheter exposes circumferentially a (nedétilin-
ear) stiffening behavior. As the pressure load increasespalloon slightly
continues to expand, up to its final diamegyy; (phasein — @D).

4.3 Numerical modeling

We present a finite element model for the inflation proceddrbatioon catheter-stent
systems in more detail and apply the model to analyze thegBrigssurant system. We
outline a parametric algorithm to generate the stent gegnaetd review a recently pro-
posed cylindrically orthotropic model for the balloon, aawdl efficient contact algorithm
for elastic bodies undergoing large deformations andrsidiThe constitutive model for
the balloon and the contact algorithm were implementedtimamultipurpose Finite El-

ement Analysis Program FEAP[171]. The inputs are mateaedimeters for the balloon
material model, and are derived from the inflation experitmeescribed previously. The

numerical results are presented in terms of pressure-tiaiagrams, and compared with

experimental data.

4.3.1 Stent geometry and material

The six stent geometric models are generated by means ofedoged parametrization
algorithm. Parametric design is a powerful technique inmggying when numerical op-
timization is used to generate the ‘optimal’ design of a piidIn our case the algorithm
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Figure 4.8: Inner balloon pressupg over axial and circumferential stretches for a bal-
loon catheter obtained from the Bridge Assurant stent sysitde two curves,
shown between stat@) and @) (the reference state is stage where the
catheter has obtained an almost fully cylindrical shap@jicate a dominant
anisotropic deformation mechanism, which is the same f@balinvestigated
balloon catheters (see Table 4.1).

enables an efficient variation of the stents’ configuratiemg the generation of new stent
designs just by varying their geometric structure.

The required input data consists of a set of geometric pamsjewhich are indicated
in Figure 4.9 along with the generated models of the undeddroonfigurations of three
stents. The required geometric parameters are:

(i) numbern, of the units for each segment (could vary among segmentafdme
stent, as it is the case for the Express stents),

(i) lengthsly s andlyy, of the units,

(iii) wave lengthswy 4 andw, , of the units,

(iv) distancesc between two consequent segments,
(v) diameterDg; and the length.; of the stent.

The output of the parametrization algorithm is the geornetrodel of the stent and the
related finite element mesh. The generated mesh consist®afdde, large displacement
and large rotation 3D frame elements [92]. The density offithiee element mesh may
be defined by additional user-specified parameters thataidhe number of nodes in the
axial and circular parts of the units, and the number of nadléise links.

This numerical study focuses particularly on the Bridgeukaat stent system, which is
made out of stainless steel 316L. Hence, we adopt a neo-ldaakedel for the elastic
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Figure 4.9: Geometric models of the undeformed configunatiof three stent products

(compare with Table 4.1). The stent geometries are genklgteneans of
a developed parametrization algorithm enabling an effickaniation of the
stents’ configurations and the generation of new stent dssighe required
set of geometric parameters are: the nuntethe lengthd, 5 andl,p, and
the wave lengthsv,  andw, , of the units for each segment, the distahge
between two consequent segments, and the diaBgtand the length.g; of
the stent.

domain, and the von Mises-Hill plasticity modé} flow theory) with linear hardening for
the inelastic domain of the stent material. We choose a Ysungdulus = 1930 GPa,

a Poisson’s ratiovv = 0.3, a yield stres®y, = 300.0 MPa and a linear hardening modulus
Hiso = 2.0 GPa [4].

4.3.2 Balloon geometry and material

The deformation patterns of angioplasty balloons undeermpressure are particularly
complex, as is demonstrated by the experimentally obseawezbtropic behavior (see
Figures 4.7 and 4.8). The balloon’s initial folded configima and the unfolding phase
add another degree of complexity to the modeling processrdar to incorporate these
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phenomena at least phenomenologically, a cylindricaliyairopic model, as presented in
the recent papers by Kiousis et al. [100, 99] is adopted. Toeelis based on the theory
of the mechanics of fibre-reinforced composites, as inttedly Holzapfel et al. [80],
and is briefly summarized in the subsequent part of this@ecti

The folded initial shape of the balloon is not taken into act@and the balloon is modeled
as a perfect cylinder. The balloon material is assumed tobempressible and much
stiffer axially than circumferentially. According to themerimental data, the mechanical
response of the balloon in the circumferential directiocoissidered to be very soft up to a
stretch limit. Beyond this limit the stiffness of the baltom the circumferential direction
increases significantly. In order to capture this pecul@ldon response, two orthogonal
material axes are introduced. They are characterized byrtitevectorsag1 and ago,
which are oriented in the axial and circumferential direes of the undeformed balloon
configuration, respectively.

For the balloon material we assume the existence of a stre@ngy function defined per
unit reference volume, and allow an additive decomposiicthat function into volumet-
ric and isochoric parts [76]. While the volumetric conttloun is motivated mathemati-
cally (described by a penalty function), the isochoric cibuttion, labeled asP, is now
described in more detail. We assume a separatidH ofto an isotropic partViso, asso-
ciated with the deformation of the matrix material, and ais@mopic part¥aniso Which
takes care of the anisotropic behavior of the balloon responhe two-term potential may
be written as

W(C,a01,802) = Wiso(C) + Wanisd C, 01, 302), (4.4)

whereC = J-2/3FTF is the modified right Cauchy-Green tensbr; 0 is the local volume
ratio, andF is the deformation gradient [76]. By introducing the sturettensord\; =
ap1®ag1 andA, = ago ® ag2, Equation (4.4) may be written in the reduced form [80]

W(C,Al,Az) = wiso(l_l) ‘f‘waniso(ljh |_6)7 (4-5)

with the first invariant; = trC of C, and the two invarianty = C : A; andlg = C : A of

C, A1 andC, A,, respectively. The invariants andlg are the squares of the stretches in the
directions ofag; andag», respectively, and therefore have a clear physical ing¢apon.
From the above equation it is obvious that anisotropy ansésdue tol, andle.

The isotropic response of the matrix material is determthealigh a neo-Hookean model
of the formWiso = u(11—3), whereu > 0 is a stress-like material parameter. The anisotropic
contributionWgpiso to the strain-energy function is described as [100]

_ — _ dii —
Wanisd14.16) = > rl]" (li —d2;)". (4.6)
i=2.6
The parametens andd,, i = 4,6, are dimensionless, whith j, i = 4,6, have dimensions

of stress. With this function, the stiffness in each dimctis described by, j, while da
defines the initiation of the balloon’s stiffening behaviaxially and circumferentially).
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Figure 4.10: Experimental results in comparison with ressabtained from a finite ele-
ment simulation of the dilation process of the Bridge Asatitzalloon ana-
lyzed with the material model (4.6). Inner balloon presgueersus central
balloon diameter. Up to aboud, = 0.5 bar the balloon diameter increases
considerably and beyond that pressure the balloon stitfeosmferentially.
The computational model shows good agreement with the expets.

To illustrate the accuracy of the described material modeiumerical analysis of the
Bridge Assurant balloon catheter is performed and compartédthe experimental data.
The diameter and length of the balloon in the undeformed gardtion are assumed to be
2.0mm and 20 mm, respectively. The balloon is discretized by eightenbdxahedral
elements. In order to account for incompressibility a mikade element formulation is
used. The upper and lower faces of the balloon are fixed inrattions. The expansion
of the balloon catheter is performed by a pressure load,wdwits at the deformed inner
boundary surface of the balloon, and which is deformatiqgeeddent. In order to match
the characteristic mechanical response, the parardgieis chosen equal to 1. In the
case of the Bridge Assurant balloon, the diamddgy, at state@ is 6.22 mm, which
corresponds to a circumferential stretch of 3.11. The vejug describing the initiation
of the stiffening in the circumferential direction, is clemsequal to 10, and the exponent
in Equation (4.6) is 3. The stiffness in the two material agethe balloon is defined by
the valuesd; 4 = 1000 N/mm andi; g = 100 N/mm respectively, while for the isotropic
partu = 100 MPa. Figure 4.10 illustrates the results of the finitenglet simulation of
the dilation process of the Bridge Assurant balloon. Thalsalrve represents the change
of the inner balloon pressung, with the central diameter of the balloon. As depicted
in Figure 4.10, between loga, = 0 bar andp, = 0.5 bar, the balloon diameter increases
considerably. This phas@) — @) simulates the complex unfolding of the balloon. After
this phase, at state Il, the balloon stiffens circumfesdiytiin Figure 4.10 the experimental
results are illustrated by a dashed curve. As can be seemutherical model captures
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qualitatively and quantitatively the experimentally obvsel deformation mechanism of
the balloon catheter.

4.3.3 Contact between the stent and the balloon

The numerical simulation of the interaction of the stenthvitie balloon is a challeng-
ing nonlinear problem in computational mechanics. The ndé#ficulties arise from the

nonlinear behavior of the involved bodies, the anisotropthe balloon catheter, the in-
volved finite deformations and the complex three-dimerdiaontact interaction of the
two medical devices. There is strong evidence that face¢daontact algorithms often
lead to numerical problems during simulations where lagferthations and bodies with
arbitrary geometries are involved [44, 161]. Problems antered include: oscillation of
contact forces, non-realistic pressure jumps, contadintyand loss of quadratic conver-
gence of the nonlinear solution scheme.

In order to overcome these numerical instabilities the acinalgorithm developed and
documented in Kiousis et al. [100] is adopted here. In thigext, the stent is considered
as the contractor and the balloon as the target body. By eggpithe node-to-surface
approach the stent is described through its (finite elentesdes and the balloon tg?-
continuous surfaces. While several parametrization nusthave been implemented into
contact algorithms [136, 161, 160], the discussed teclenigakes use of uniform cubic
B-splines surfaces [138] mathematically described as

S(u,v) = i i Bi(u)Bj(v)Pij, 0<uv<l, (4.7)
=i

whereu andv are convective coordinateB, j, i,j = 1,...,4 is a structured, bidirectional
mesh of 4x 4 control points, an@y,k =1,...,4 are cubic basis functions of the form

Bi(t) = (1-3t+3t>2—-t3)/6,

Bo(t) = (4—6t24-3t3)/6, 4.8)
Bs(t) = (143t + 3t2— 3t3) /6, '
Ba(t) = t%/6,

wheret stands foru or v. In the present approach, the control poiRtg are formed
by the superficial element nodes of the target body, i.e.ptti®on. The uniform cubic
B-splines have useful properties suchC#scontinuity and local support, and the normal
vector changes smoothly over the boundaries of surfacesrefdre, the application of
uniform cubic B-splines leads to a robust contact algoritfior more details on the im-
plementation of the parametrization scheme into a nunmdramework (especially into
FEAP [171]), the reader is referred to the original work by#Sis et al. [100].
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Figure 4.11: Finite element model of the Bridge Assuraritioal catheter-stent system (1).
Deformed configurations of the system at different preskwels (Il), (111,
(IV) (the upper and lower faces of the balloon are fixed in akctions, and
pressure boundary loading is applied at the inner surfatieedfalloon). The
numerical model successfully reproduces the experimgrthserved defor-
mation mechanisms, for example, the dog-boning (compétefigure 4.3).

4.3.4 Finite element model of the balloon catheter-stent syem

Figure 4.11(1) shows the finite element model of the Bridgsukant balloon catheter-

stent system. The total number of degrees of freedom is appately 6000. The upper

and lower faces of the balloon are fixed in all directions. &slenode of the stent an

axial stiffness is added. This restricts axial rigid motenthe nodes and, in addition,
incorporates (a phenomenological) friction between theeirside of the stent and the
outer surface of the balloon. Friction was not explicitlyplemented because a reliable
friction coefficient is not yet known. The pressure boundeagling is applied at the inner

surface of the balloon. The gradual increase of the innesspire inflates the balloon,

which comes into contact with the stent, and consequertyld to full expansion of the

system. The contact constraint is enforced by the penaltiiode
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4.3.5 Numerical results of the inflation process

Figures 4.11(11)-(IV) show results of the finite element siation in terms of the deformed
configurations of the Bridge Assurant balloon cathetemssgstem at three load levels
during inflation process. The computation points out that distal cells of the stent
are more compliant than the central cells, which is in agexgnwvith experimental ob-
servation (the edges of the stent expand faster than theateagion, i.e., dog-boning,
see Figures 4.11(11)-(111)). More specifically, fq, = 2.3 bar (Figure 4.11(1l)) the cell in
the central region of the stent is almost unexpanded, sime@tessure load has not yet
reached the burst opening value, which ispgt= 2.39 for the Bridge Assurant system
(see Table 4.2). Meanwhile, the distal segments have athaisignificantly larger diam-
eter. As the pressure load increases (Figure 4.11(11¢)cdntral segment expands, and at
pp = 9.1 bar (Figure 4.11(1V)) the stent obtains its fully expandgtindrical shape.

In order to validate the accuracy and efficacy of the empldiyete element model and the
contact algorithm, we compare the pressure-diameteraliagobtained from the experi-
ments and the numerical simulation (see Figures 4.12(1Y&))dOverall, the numerical
results (solid curves) are in satisfactory agreement withdxperimental data (dashed
curve, from Figure 4.5). The computation is able to pregisalpture the initial expan-
sion phasegd — () of the balloon-expandable stent system for both the deamchthe
distal diameter of the system. In addition, the numericsliits for the distal diameter of
the system during the dilation pha@® — © agree also quite well with the experimental
data. This is not the case for the central diameter becausgoNeterations are used to
solve the algebraic equations. One possible modificatiomprove the accuracy of the
simulation (according to the experimental results of thetreé system diameter during
dilation phase) is the application of an arc-length metfidaereby, a length of a specified
load-displacement path may be provided instead of a pre$sad step.

At the final phased) — (@) of the system’s inflation, where the balloon stiffens ander-
entially, the numerical model demonstrates a slightlyffestibehavior when compared to
the experimental data for the regipp < [5, 10 bar (about 7 % difference). A closer review
of Figure 4.5 (experimental results) reveals that seveathbbn-stent systems demonstrate
two stiffening regions within the phag® — (d), which is clearly visible for the Bridge As-
surant system in Figure 4.12. It is apparent that at a pressad of aboupy, = 5.0 bar, a
transition of the balloon-stent’s circumferential stéBs takes place and the overall system
becomes more compliant. The numerical model, while ableatktthe initial experimen-
tal results, is not able to mimic this transitional zone @& (bircumferential) stiffness.

4.4 Summary and conclusion

The present study analyzed the mechanical response ofsiubea balloon catheter-stent
systems, and of angioplasty balloons detached from thetathtent systems, during in-
flation. The analysis was initially approached from an expental point of view. Next,
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Figure 4.12: Comparison of the experimental and the nuraleresults for the dilation
of the Bridge Assurant balloon-stent system; change of tineri balloon
pressurepy versus the central diametBg;c (1), and the distal diametés; 4
(). Overall, the numerical results (solid curves) areatisfactory agreement
with the experimental data (dashed curve, from Figure 4.5).

guided by the experimental data, a finite element framewak @eveloped which is able
to reproduce the typical mechanical characteristics dfatat-stent systems.

Cooperations were established with three stent manutastuand six current stent prod-
ucts were acquired (product details are summarized in Téldle After recording the
stent structures and dimensions, the balloon-stent sgstemerwent inflation tests. A
pneumatic-hydraulic experimental setup was built (Figug) to apply pressure inside the
balloon catheters, while simultaneously recording theldoand deformed states of the
balloon-expandable stents during inflation. Postproogssi the experimentally obtained
data and images (shown for example for an Express Vasculdrdllbon-stent system in
Figure 4.3), made it possible to extract the charactenstssure-diameter diagrams for
each stent (Figures 4.4 and 4.5). These images and diageasad that during inflation of
the balloon-stent systems, the overall deformation pattbessub-divided into three char-
acteristic phases, and that phenomena such as dog-bordrfgrasshortening take place
(Figure 4.6). Table 4.2 summarizes additional importafdgrmation including the burst
opening pressure, the maximum dog-boning and foreshogesalues, and the elastic re-
coil.

In order to acquire a more thorough understanding of the arachl behavior of modern
balloon catheters (detached from the stents), the sameiegreal setup and protocol
were used. Findings underline an almost bi-linear and &moigic deformation mecha-
nism, which is the same for all investigated balloon catisetEigures 4.7 and 4.8). The
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balloons showed significant axial stiffness during the trdta while in the circumferential
direction they were very compliant (unfolding phase) fargmure levels between 0 and ap-
proximately 05 bar. However, at higher pressure loads pronounced stifjeccurred.

Subsequently, a finite element model for simulating inflatd the balloon and its inter-

action with the stent was presented, focusing on the thegBrAssurant stent system. A
parametrization algorithm was developed to generate gemmeodels of the undeformed
stent configurations (see Figure 4.9). Deformation of teatsivas taken into considera-
tion by an elastoplastic material model. In order to desctite unfolding process of the
balloon, and the circumferential stiffening behavior inf@pomenological way, a non-
linear anisotropic model was adopted [98, 99]. The comprtat model for the balloon

was shown to be in good agreement with the experimentaltse@tiure 4.10). The con-

tact interaction of the two bodies was modeled by means ofngacb algorithm based

on a uniform cubic B-spline surface parametrization. Theaitg method was applied
to impose the contact constraint. The finite element mogebruced the experimental
data in a robust way (Figure 4.11). Comparative study shayeedl agreement between
the pressure-diameter diagrams generated form the exgmtahdata and the simulation
(Figure 4.12). The model successfully captured the meckaniithe balloon-stent system
under dilation. However, it should be noted that the presduwp during the burst opening
phase could not be captured by the applied numerical mekbgglo

The proposed experimental and computational approach mnated suitability for bet-
ter analyzing commercially available vascular balloornetgr-stent systems, and also de-
veloping new stent designs. The presented methodologyifigenstents with maximum
values of dog-boning and foreshortening. Even though adaemparison of these spe-
cific products was not feasible (since the stents are ofréffitesizes and target lesions of
different diameters and lengths), the computational modelserve as a test bed for new
stent geometries. New designs aapriori be tested in this numerical platform, and can
be evaluated in terms of final expansion diameter, dog-lgooirforeshortening. In such
a way, the presented model can be a valuable tool for stentifactarers. In addition,
studies of the morphologic changes in lesions durmgitro angioplasty using certain
imaging modalities and image processing[7] and/or expamntadly-validated models for
the interaction with a lesion [86, 106, 114, 99] can assistivelopment of accurate and
reliable patient-specific simulations. In this way, mor@rmation on arterial damage can
be provided in the future.

However, there are still limitations that should be addedss the near future. The pre-
sented study did not consider the interaction of the mediegices with the vascular wall.
The balloon-stent systems were not tested in the applicavironment, i.e., inside an
atherosclerotic arterial wall. The design of such an expenit could provide information
on the damage induced by the stent struts on the endottaliad. ISuch an attempt how-
ever exceeds the aims of the current work. Crimping of thetstethe balloon catheter
was not simulated, and hence the residual stresses anassteaulting from this proce-
dure were not considered. It is noted, however, that thdtsesithe recent computational
study by De Beule et al. [39] show that the crimping proceda® a minor influence on
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the overall expansion of the stent. The undeformed configuraf the balloon catheter is

considered to be uniform and cylindrical, and its foldedpghes not modeled. However,
the adopted nonlinear model manages to successfully sienthie unfolding phase of the
balloon in a phenomenological way. In addition, the presgmiomputational model did

not incorporate microstructural effects of the stent. Therage grain size of stainless
steel is almost of the same order of magnitude as the sténtidisickness (approximately

150um). Therefore, a continuum mechanical model may be questien Note that the

paper by McGarry et al. [120] analyzes micro-scale meclauplenomena of the stent
material behavior using physically based crystal plastitieory rather than phenomeno-
logical plasticity theory.

We hope, despite of the mentioned limitations, that thidymmassists the biomechanics
and medical community in future numerical investigatioowards optimization of the
stenting technique.
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5 AMETHODOLOGY TO ANALYZE CHANGES IN LIPID CORE
AND CALCIFICATION ONTO FIBROUS CAP
VULNERABILITY: THE HUMAN ATHEROSCLEROTIC
CAROTID BIFURCATION AS AN ILLUSTRATORY EXAMPLE

Abstract— A lipid core that occupies a high proportion of the plaquameé in addition to
a thin fibrous cap are predominant indicators of plaque valniéty. Nowadays, noninva-
sive imaging modalities can identify such structural comgas, however, morphological
criteria alone cannot reliably identify high-risk plaqudsformation such as stresses in
the lesion’s components seems to be essential. This wodepi® a methodology able
to analyze the effect of changes in the lipid core and caitifi on the wall stresses, in
particular on the fibrous cap vulnerability. Using highalesion MRI and histology, a
patient-specific 3D geometric model of a human atherostitecarotid bifurcation con-
sisting of four tissue components is generated. The adaestitutive model accounts
for the nonlinear and anisotropic tissue behavior incapog the collagen fiber orien-
tation by means of a novel and robust algorithm. The matpasgimeters are identified
from experimental data. A novel stress-based cap vulnéyaibidex is proposed to assess
quantitatively the rupture-risk of fibrous caps. Nonlinéaite element analyses identify
that the highest stress regions are located at the vicitfithe shoulders of the fibrous
cap and in the stiff calcified tissue. A parametric analysigals a positive correlation
between the increase of lipid core portion and the mechbstiess in the fibrous cap, and
hence the risk for cap rupture. The highest values of theerability index, which corre-
late to more vulnerable caps, are obtained for morpholdgreshich the lipid cores were
severe; heavily loaded fibrous caps were thus detected. rBip@ged multi-disciplinary
methodology is able to investigate quantitatively the naeatal behavior of atherosclero-
tic plaques in patient-specific stenoses. The introducéukevability index may serve as a
more quantitative tool for diagnosis, treatment and pregan

Keywords— artery; calcification; carotid bifurcation; fibrous cagiti core; MRI; vulne-
rability

5.1 Introduction

Atherosclerosis is the main determinant of cardiovasadtileeases, the leading cause of
cardiovascular morbidity and mortality around the globelf88]. Although luminal nar-
rowing and exaggerated or anomalous vasoconstrictiorribate to some of the clinical
manifestations of arterial diseases, it is the superintiposdf an arterial thrombus over an

87
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underlying ruptured or eroded plaque that is responsibyléhi® vast majority of acute is-
chemic syndromes such as myocardial infarction or cergs@uar accident [179, 31, 20].
Therefore, the ability to identify rupture-prone, higekiplagues and to intervene success-
fully before acute plaque rupture occurs, has been an elgsial of clinicians over the last
decades.

A series of post-mortem observations in patients with amaieemic syndromes revealed
that predominant features of plague vulnerability inclueeased numbers of macrophages,
increased expression of tissue factor, reduced numberadtnmuscle cells, a lipid core
that occupies a high proportion of the overall plaque voluamal a thin fibrous cap (see,
e.g., [46, 33, 127]). The rapid development in the area er@attwall imaging made the
detection of the lipid core and the fibrous cap feasible. Aeng\of the invasive and non-
invasive imaging modalities is given in [51]. High-resatut magnetic resonance imaging
represents the best promiseinivivo quantitative characterization of plague morphology
[192, 193, 176], and appears to be a favorable assessmembanet fibrous caps and a
promising diagnostic strategy.

Plague rupture is highly complex, multi-factorial, and ploological criteria alone can-
not reliably identify high-risk plaques. Early studies éa®n structural mechanics [143,
116, 23], identified a strong connection between plagudgudracand mechanical loading
through blood pressure. It was especially shown that laagegntric lipid cores impose a
mechanical disadvantage to the plaque by redistributiogisiferential stress to the shoul-
ders’ regions of the plaques; hence to the location whereu@caps in most cases tend
to rupture [17]. These investigations provided strong enak that acute plaque fracture
is linked to plague composition and to high mechanical sggsvhich exceed the ultimate
tensile strength of the fibrous cap. Thus, it is now accepgtatidomputational mechanics
in addition to imaging is necessary for the assessment déthens’ vulnerability.

Therefore, in recent years more attempts came from the lwloamécs community by ap-
plying numerical tools in conjunction with imaging modad& such as MRI and IVUS to
provide deeper insights on plague fracture. Several dwslipport the interrelation be-
tween the tissue components’ structure and material ptiepend the overall mechanical
environment of the plague, and especially the fibrous caporesble for acute cardio-
vascular events. However, the majority of published effbdve utilized simplified mod-
eling approaches based on two-dimensional model plaquessamed plane-stress states
[143, 116, 23, 110, 89, 10, 194, 113, 178]. The most promigppgyoaches [170, 112] have
presented three-dimensional (3D) analyses of plaquesl lmas#uid-structure interaction
to identify flow and stress conditions and to computatignadisess the fracture risk-factor
of structurally different atherosclerotic lesions. In mdéntioned studies, though, the ar-
terial tissues were assumed to be isotropic, an assumpiddmioes not reflect the exper-
imentally observed anisotropic behavior of non-disead®&@ [ 84] and diseased [83, 85]
vascular tissues. The aforementioned studies undoubdtdidly notable insights on the
mechanics of plaque vulnerability. However, isotropic en@ models do not yield reli-
able quantitative results [87], and restrict the biomeatannterpretation of the findings
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significantly. Consequently, there is a need for modelirgabmplex 3D arterial tissue
geometry and the related mechanics in a more realistic way.

The main objective of the present study is the developmeat @dmbined imaging and
computational methodology able to analyze the effect ohgka in the lipid core and
calcification components on the 3D mechanical environméanaartery in general and
on the fibrous cap vulnerability in particular. A human catdtifurcation with high-
grade atherosclerotic plague serves as a pilot séxdyivoto show the power of the pre-
sented methodology. A patient-specific geometric modetiegated from high-resolution
MRI, histological examination and a NURBS surface-fittieghnique. The arterial wall
is considered to be non-homogeneous consisting of fougreifit tissue components. The
adopted constitutive model takes into account the nonfityeend anisotropy of the fibrous
cap and the portion of the non-diseased wall incorporatiegbllagen fiber orientation by
using a novel algorithm. The material parameters are ifledtirom novel experimental
data of human carotid bifurcations and from the literatubdferent lesion compositions
lead to different stress patterns within the lesions, amthicetypes of plaques are more
prone to stress concentrations and eventual rupture themsotFor example, large lipid
cores are the main determinant of high-risk lesions [32, &®&nce, within the present
study we investigated the effect of changes in lipid corecaidification on the stress dis-
tribution, especially in the fibrous cap, by keeping the ¢tégkiness constant. In particular,
we varied the volume ratio of lipid core and calcification lre tyenerated morphological
and computational model. Finally, the different modelsgarantified using a vulnerability
index with the potential to better characterize cap vulbidity.

5.2 Biomechanical arterial model

In this section we describe the investigated specimen, rtiy@ayed imaging technique,
the segmentation and the generation of the 3D geometry éoartierial wall. We proceed
by introducing the constitutive model and the performed maedcal tests to identify the
material parameters.

5.2.1 Specimen

One carotid bifurcation was excised from a human cadavele(rvié yr) during autopsy,
l.e. donor Il in [159]. The artery had an atherosclerotiside of type V, according to
the classification proposed in [163]. A type V lesion may ¢sinsf multiple layers of
alternating composition — two or more lipid cores of uneggiaé, separated from each
other by unequal layers of reparative fibromuscular tisstegularly stacked one on top
of the other. After harvesting, the specimen was stored iff & 3calcium-free % NaCl
physiological saline solution (PSS) at@ (approx. 4 to 8 hrs) until MR scanning. Use of
autopsy material from the human subject was approved byttiieEECommittee, Medical
University Graz, Austria.
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Figure 5.1: Representative T1-weighted MR images (slickiiess 0.8 mm, in plane res-
olution 0.15 mm) showing different sections of the excisadhln carotid bi-
furcation, withzreferring to the coordinate system, as introduced in Fi§Lze

5.2.2 Magnetic resonance imaging, geometric model

To identify the 3D geometry of the vessel, high-resolutioRIMvas used. The artery was
scanned on a whole-body MR system at 1.5 T (Philips ACS-Nmje&-dimensional turbo

spin echo sequences were applied to achieve high spatdlities and a sufficient signal-

to-noise ratio in an acceptable scan time of 10-15 min. Wainbt 45 MRI sections with

a slice thickness of 0.8 mm and an in plane resolution of 0115 fihree representative
T1-weighted MR images of the carotid bifurcation are showRigure 5.1.

Subsequently, we applied an automatic segmentation metfibdactive contours based
on a generalized gradient vector flow [8]. With this method segmented three tissue
components: (i) non-diseased wall W-hp6i) calcification I-c, (iii) lipid core I-Ip [87].
The fibrous cap I-fc (fibrotic part at the luminal border) wagmented manually by a
pathologist using several histological sections. Findigsed on the segmented MR im-
ages, the components’ boundaries were described by meBit#RB control points [138],
and the volumes of the arterial tissues were reconstructied) the commercial software
Rhinoceros [123]. The 3D geometric model with two charaster cross-sections are
shown in Figure 5.2.

5.2.3 Constitutive model

Arterial walls are non-homogeneous, anisotropic, higldfodnable, nearly incompress-
ible composites and exhibit a pseudoelastic response éspe[91, 82]). The choice of

1The abbreviation ‘nos’ stands faot otherwisespecified. In the context of the present study it means ‘no
appreciable disease’, or, more precisely ‘non-atherostite
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Internal carotid External carotid
artery (ICA) artery (ECA)

Section B

Q Section A
-

[ Non diseased wall (W-nos)
I Calcification (I-c)
[ 1] Lipid core (I-Ip)
I Fibrous cap (I-fc)

Common carotid
artery (CCA)

Figure 5.2: 3D geometric model of a stenotic human carofidrtétion (atherosclerotic
lesion of type V [163]) based oim vitro MRI (Figure 5.1) reconstructed us-
ing NURBS. Four arterial tissues are considered: non-dextavall (W-nos),
calcification (I-c), lipid core (I-Ip), fibrous cap (I-fc).Wo characteristic cross-
sections are shown at axial plares 53.6 mm (Section A) and = 64.0 mm
(Section B).

the constitutive model to describe such a complex behasiof fundamental importance
for the reliable prediction of the stress environment, dredassessment of plaque rupture.
We adopt the constitutive model as presented in [86, 84] eviéw it briefly here.

We postulate the existence of a strain-energy functicand assume the decoupled form
W =U(J) + W, whereJ = def > 0 is the volume ratio anB is the deformation gradient.
The strictly convex functiotJ is responsible for the volumetric elastic response of the
material, while the convex functioH takes care of the isochoric elastic response. Since we
treat the individual tissue components like incompressibaterialsl) takes on the role

of a (purely mathematically motivated) penalty functioricgning the incompressibility
constraint. We have chosen to be

_K
T2

wherek is the bulk modulus which serves as a user-specified (peyjignalty parameter.

U@)==(J-1)? (5.1)
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Clearly, with increasing the violation of the constraint is reduced. If the restanton the
valuek — o is taken, the constraint condition is exactly enforced, tueth¥ represents
a functional for an incompressible material wixk- 1.

The two tissue components W-nos and I-fc are considerednagasites reinforced by two
families of (collagen) fibers embedded in a non-collagergrosndmatrix assumed to be
isotropic. An additive split of the isochoric strain-engfgnctionW into an isotropic func-
tion Wy, associated with the non-collagenous groundmatrix, aedamisotropic functions
Wi, i=1,2,is used as in [80, 79]; thu8) may be written as

¢:¢g+ Z Wf,i. (5.2)
i=12

Following [88, 70], the non-collagenous groundmatrix isdaled as an isotropic neo-
Hookean material, i.e.

Wy(C) = %(I_l—?»), (5.3)

whereu is a material parameter, ahg= trC is the first invariant of the modified Cauchy-
Green tenso€ = J~2/3FTF [76]. Following [86, 84], the second term in (5.2) has the
form

%(I‘Lai)=zk—l;{exp[kz[(l—m(l‘l—3>2+p(|1i—1)2]}—1}, =12 (54)

whereky, ko are positive material parameters, dgg are modified invariants defined as
lsa1 =M @M, lg2 = M ®M’, whereM, M’ denote vectors which point in the mean
(reference) direction of the two families of collagen fiberEhe scalar parametgr €
[0,1] can be interpreted as a weighting factor that allows theactarization of a state
between isotropic response (equally distributed colldg®rs) and anisotropic response
(ideal alignment of collagen fibers). Hence, foe= 1, Equation (5.4) reduces to

— = k — .
qu,i<|4,i) = Z—liz{eXp[kz(M,i - 1)2] - 1}7 I = 17 27 (55)
which is according to [80, 81], while fgu = 0, Equation (5.4) becomes
I —
Wi(iy) = 2—k2{exp[k2(ll—3) } —1}, (5.6)

which is similar to the function proposed in [36] (100% isqtic distribution). Hencep
can be seen as a ‘switch’ parameter between isotropy anoteopy describing the ‘degree
of anisotropy’ of the tissue.

The remaining tissue components I-c and I-Ip are considagseidotropic materials de-
scribed by a strain-energy function which is the sum of theefions (5.1) and (5.3).
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Material parameters

Tissue p(kPa) ki(kPa) ko(-) ¢(°) p()
W-nos, I-fc  43.78 93.63 79.57 17.22 0.70
I-c 4.50-10"3 - - - -
l-Ip 0.10 - - - -

Table 5.1: Material parameters for non-diseased wall (\&}fdorous cap (I-fc), calcifica-
tion (I-c), lipid core (I-Ip).

5.2.4 Mechanical tests, related material parameters

In order to determine the parameters of the functions (§633), we performed extension-
inflation tests on the described human carotid artery agmdifft axial stretches. The load
was applied quasi-statically, while the transmural pressaxial force, outer diameter and
gage length of the arterial specimen were continuouslyrdszb Details on the experi-
mental setup and the experimental procedure are providd&é) 159].

We use here experimental data obtained from the relatechaitearotid artery. The ma-
terial parameters for W-nos were determined by fitting (3)) to the data using a least
squares algorithm (for details see [158]). We assumed tigatollagenous components
of the tissues were symmetrically disposed with respecheovertical axis (orthotropic
behavior). We neglected the radial component of the vedfioesdM’ thus allowing the
definition of the mean directions by the single parametavhich denotes the angle be-
tween the mean collagen fiber directions and the circumfiadedirection of the artery.

Material parameters for I-fc were assumed to be the same &¢-fws, while the parame-
ters for the calcification I-c were adopted from [85]. Thanéwas shown that I-c exhibits
very stiff and linear mechanical responses with an averagmyd’'s modulus of 15 MPa.

By assuming a nearly incompressible response we obtainatibe p = 4.50 MPa which
enters the function (5.3). The fluid-like consistency oflip& core I-Ip was modeled as a
nearly incompressible, very soft neo-Hookean materiaé Vdue was taken from [87] to
be u = 0.1 kPa; the same approach was pursued in [86, 99]. The mgbarameters for
the individual tissues are summarized in Table 5.2.4. Thesaf the (penalty) parame-
tersk, as in (5.1), to the moduji for the arterial components were chosen to be roughly
equivalent to two to three orders of magnitude.

5.3 Computational model

This section outlines a novel algorithm to generate theagelh fiber directions in arterial
walls. It describes the finite element model including theegation of the mesh and
the boundary and loading conditions. Next, four models at®duced by varying the
volumes of two tissue components. These models serve assaftwathe biomechanical
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Lumen

Tissue

Symmetry

Figure 5.3: Transverse (a) and longitudinal (b) sectionthefcarotid bifurcation model.
Every pointP is projected onto its corresponding tangential plaDeandQ,.
3D view of the computed fiber direction vectdvsandM’ at the center of the
superficial finite elements of the carotid bifurcation wall. (

investigation of the relationship between tissue compos@énd vulnerability. Finally, a
(scalar) vulnerability index is introduced to assess tpeune risk of the fibrous cap.

5.3.1 Definition of the fiber directions

The anisotropic constitutive model (5.4) requires the m@aferred direction, M’ of
the collagen fibers in the undeformed configuration as inptd.dThis, however, is not a
trivial task when realistic arterial geometries are coestd as in the present study. The
complex and irregular patient-specific models hinder agtéorward description of the
local material axes. Therefore, special numerical strasegre required.

The aim is to identify the fiber directiond, M’ at a typical poinP in the tissue. Thereby
the anglegp between the collagen fibers (considered arranged in synualetpirals) and
the circumferential direction is assumed to be known (Tak2e4). The algorithm used to
generate the collagen fabric in space is based on tangplairas. Figures 5.3(a),(b) show
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the respective transverse and longitudinal sections obifiiecation model in addition to
two planesQi, Q> which represent the symmetry plane of the artery and theetaiaj
plane to the surrounding surface, respectively. The cpomding normal vectors at the
projections of the poinP on Q; andQ, are denoted byN; and N, respectively. The
vector produc; x N yields the projected fiber vectol = —M’ which are located on
the intersectio21 N Q, of the tangential plane (Figure 5.3(a)). Finally, the fibectors
M, M’ can easily be computed as

M = cospM — sing N1, M’ = cospM’ — sing Ny, (5.7)

whereNj is the projection of the normal vectdi; on the planeQ,, as shown in Fig-
ure 5.3(b).

The methodology outlined above was applied to the carofigtdation in question. The
fiber directions were computed at the center of each finitmeft with the anglep, as
given in Table 5.2.4. Figure 5.3(c) shows the 3D fiber stmectf the carotid bifurcation
wall represented by the vectaw, M’ for a portion close to the bifurcation. For reasons
of clarity, only the direction vectors at the center of theedicial finite elements are
plotted. The advantage of the described method is its shityln terms of conception
and implementation. As it can be seen in Figure 5.3(c), tlopgsed strategy has the
ability to provide solutions for large, arbitrarily curvgahtient-specific 3D models.

5.3.2 Finite element model

The 3D geometric model of the carotid bifurcation wall, aswh in Figure 5.2, was gen-
erated using the commercially available CUBIT Geometry sie$h Generation Toolkit
[172]. The finite element mesh was generated with matchimigson the four tissue in-
terfaces, and no algorithmic treatment was required tothen. The mesh consists of
approximately 7000 eight-node isoparametric hexahedealents, which are based on a
three-field Hu-Washizu variational formulation [76]. Theed mixedQ1/P0-elements, as
implemented in the multi-purpose finite element analysigjpam FEAP [171], provide an
efficient and proper description of the isochoric deformmabf the tissue components.

Experimental investigations (see, e.g., [151, 57, 84]nstimt human vessels exhibit an
axialin situpre-stretch. Consequently, a displacement-controlled atxetch ofA, = 1.05
was initially applied to all nodes located at the upper fddb®arterial wall. Subsequently,
all nodes of the upper and lower faces of the bifurcation wixed in all three direc-
tions. Next, a blood pressure of 140 mmHg was applied whichpeaformed by follower
(deformation-dependent) pressure loads applied to eaehddthe luminal surface.
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Tissue volume in %

Model Description Vi_ip Vi_c
M1 I-Ip modeled as I-c 0 100
RM Reference model (Figure 5.2 25 75
M2 Interchange of I-Ip with I-c 75 25
M3 I-c modeled as I-Ip 100 0

Table 5.2: Four models characterized by variations of themeV,_, (in %) of the lipid
core and the volum¥ _. of the calcification. ModeRM refers to theReference
Model according to Figure 5.2.

5.3.3 Model variation

The quantitative effect of the severity of lipid core I-lpdacalcification I-c on the mechan-
ical stress environment and eventually on the stabilithefdonsidered carotid bifurcation
is studied. Detailed analyses are performed in which themebV,_, andV,_ (in per-
centage) of the respective tissue components serve asgtarane generate and analyze
variations on the acquired reference model (shown in Fi§teby keeping the cap thick-
ness. In this model, which we subsequently M’ (ReferenceM odel), the I-Ip volume
is comprised of 25% while the I-c volume has 75%. A first vaoiabf RM is modelM1 in
which I-lp is not presenty|_ = 100%). ModeM2 has the rati®/_j, = 75%,V|_ = 25%
of the two involved tissues, while in mod#l3 I-c is not present\(_j, = 100%). Hence,
the volumes of I-Ip in the modelsl1l, RM, M2, M3 vary from 0% to 100%. Table 5.3.2
summarizes the four investigated models.

5.3.4 Index of cap vulnerability

Here we introduce scalar quantities to serve as vulnetgabiiiteria. The idea to use such
indicators goes back to the studies [86, 169, 99] which aindeatify plaque risk and
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assess stent design. We propose a novel vulnerability jisudsequently denoted &sto
quantify the loaded fibrous cap I-fc. Thus,

& =wiD1+woDo, (5.8)

whereé is a function of the user-defined parameteisw, € [0, 1], which are weighting
factors with the conditiow; +w, = 1, while D; and D, are stress-dependent scalars
subsequently explained.

The scalaD; is defined as

|—fc |—fc
1=, Oallow = fo
Oallow s

(5.9)

where maJ@a"fC) denotes the maximum principal Cauchy stress in I-fc,apgy denotes

an allowable stress that must not exceeded anywhere inrthetgie of I-fc. In addition,
we have introduced the notatidgfor the factor of safety with respect to the ultimate stress
0. of I-fc in the circumferential direction. From (5.9) it isedr that for the casB; > 1

the stress exceeds the allowable strggg,, at least at one point in I-fc. The scalBg
characterizes thiecal stress environment in I-fc, and is, therefore, related éddlealized

vulnerability status of the tissue.

The scalaD» in (5.8) is defined as

nl—fc
ez\ O-ilifCQi*
= ; «_ ] Q if O'ilifc > Oallow;
D2= ni-fc with - Q= { 0 otherwise (5-10)

Zi OallowQ}
i=

wheren; ™ is the total number of finite elements within the volume ot)-andg; '
denotes the maximum principal Cauchy stress in the finitmeiei of I-fc. Both stress
quantitiesai' —f¢ and oy are weighted by the volun®; of the finite elemenitin order to
makeD»> mesh independent. The scal2g considers only those finite elements in which
the maximum principal streasi'“(C is higher than the allowable streggo. It charac-
terizes theglobal stress environment within I-fc, and is, therefore, relathe overall
vulnerability status of the tissue. From the definition8)5(5.10) one may conclude that
lower values oD1, D, (and consequentl§) are related to more stable caps, while higher
values indicate a higher risk of cap rupture.

5.4 Results

Here we present the most illustrative results of the nurakaaalysis, in particular, we
focus on the 3D stress fields of the arterial tissues for thdals®®M andM?2. Next, the
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(b) M2 (c) M2 minusRM
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Figure 5.4: Maximum principal Cauchy stress at the deforoswdiguration of the cross-
sections A, az = 53.6 mm, and B, az = 64.0 mm (for the geometrical sit-
uation see Figure 5.2) for (a) modéM (V,_jp, = 25%,V,_ = 75%) and (b)
modelM2 (Vi_jp = 75%,V|_ = 25%). Stress difference between modd(z
andRM at the unloaded configuration of the considered crossesec(c). For
the sake of clearness, the boundaries of fibrous cap, liped ead calcification
are shown.

stress difference between the two models and the chandges imaximum principal stress
for the four models in I-fc are presented. Finally, the clengf the vulnerability index
due to morphological variations are documented.

5.4.1 Predicted stress field

Figure 5.4(a) depicts the distribution of the maximum ppat Cauchy stress at the de-
formed configuration of the characteristic cross-sectdrasd B (Figure 5.2) for model
RM. Since the circumferential arterial direction is the mamading direction it can be
concluded that one principal axis is close to the circunmigaédirection. A study of Fig-
ure 5.4(a) reveals that the highest stress regions areetbeathe thinnest part of W-nos,
and most importantly, in the vicinity of the shoulders otl-These results correlate well
with the intimal tear sites found at necropsy (see, e.g., &) and point out that I-Ip
is under a relatively low compressive hydrostatic presswtele in the stiff calcified tis-
sue I-c higher stresses are identified. The presented fim@iregin agreement with other
computational studies [170, 194, 113].

In Figure 5.4(b) the results for moddR are illustrated. In this model for which I-lp and I-c
are interchanged (Table 5.3.2), the strain and stresgadistms are significantly different.
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Figure 5.5: Maximum principal Cauchy stress in the fibroys k& for the four models
(Table 5.3.2). The ranges of stress are plotted with redpette volume of
I-fc. As the tissue composition becomes richer in lipid l@gistresses are
identified in the fibrous cap.

Even though I-c and W-nos bear the main load of the structarger areas of maximal
stresses are identified in the fibrous cap. This can also laglcleeen in Figure 5.4(c),
where the stress difference between the molE@sandRM is plotted with respect to the
unloaded configuration of the lesion. It should be noted,ftirethe internal carotid artery
the stresses inside I-fc for moddl increase by almost 50 kPa when compared to model
RM, characterizing thus a more rupture-prone stenosis.

Figure 5.5 illustrates the changes in the maximum princpalichy stress for the four
models in the fibrous cap, which is the most detrimental @ssuplaque stability. In

particular, the ranges of stress are plotted with respetttaosolume of I-fc. From the

figure it is evident that the model2 and M3 (75% and 100% I-lp, respectively) lead
to higher stresses. A positive correlation between theeamss of I-Ip portion and the
mechanical stress in I-fc is evident.
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Figure 5.6: Maximum principal Cauchy stres§ € in the finite elements of the fibrous
cap I-fc for modelM2 (75% I-Ip). At several locations the stresses in I-fc
exceed the allowable streggow = 50 kPa. For scaldp, i.e. Equation (5.9),
the maximum stress méax' ) ati = 12 (symbolx) is relevant, while for
scalarD», i.e. Equation (5.10), every finite element in which thesdrs above
Oallow IS CcONsidered.

5.4.2 Predicted fibrous cap vulnerability

According to an experimental study on nine human high-gstdeotic arteries [85], the
fibrous cap along the circumferential direction exhibite towest fracture stress of all
intimal tissues investigated, with a value af ' = 2548+ 79.8kPa. Hence, for the
present study we used 250 kPa and a value of 5 for the safdty f¢c which gives an
allowable stresgyow Of 50 kPa.

Figure 5.6 depicts the distribution of the maximum printifauchy stress' '€ in the
finite elements of I-fc for moddi12 (75% I-Ip). As can be seen, the maximum principal
stress is higher than the allowable stregg,, for several finite elements (compare also
with Figure 5.5). The stress level at those elements isetbes, considered to be critical,
while the stress level at the other elements is considereeé s&afe. For the computation
of the scalaD;, the maximum stress méx' ) ati = 12, indicated by the symbel is
relevant, while every finite element in which the stress igvatoy) o, contributes to the
componenDy.
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Figure 5.7: Vulnerability indeX, i.e. Equation (5.8), for the four models (Table 5.3.2)
with wy = w, = 0.5. ModelM1 has no lipid core whil&_, = 100% in model
M3. For modeldvi2, M3 the vulnerability index is more than 50% higher in
comparison to reference modai.

In order to compare the rupture risk of the four lesion motpges RM, M1, M2, M3),

the vulnerability indext, as defined in (5.8), is computed by assuming equal weighting
factors (v = wp = 0.5). The results are illustrated in Figure 5.7 from which iesdent
thaté > 1 for all models. With the selected safety factor, the molpgies of all four cases
are considered to be vulnerable. The smallest vulnenamlitex ¢ = 1.57) is obtained for
modelM1 for which no I-Ip is present. For the reference moRlisl a slightly higher value

¢ is computed. However, when the lesion consists of a higheuaitnof lipid, then the
vulnerability index¢ increases considerably (by more than 50%). The lesion ceetpo
only by I-Ip, i.e. modelM3, leads to comparable results to motl. A heavily loaded
fibrous cap is thus detected, and, consequently, a higlkdorisap rupture is identified.

5.5 Discussion and conclusion

Vulnerable plaque morphology is usually described by gpagbology and intravascular
ultrasound. However, morphological criteria alone cametibly explain vulnerability
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which involves factors such as inflammatory processes, gggntomposition and wall
stresses that occur due to certain loading and boundaryitzorg] just to mention a few
[54]. The last three aspects require biomechanical studies

Based on the above arguments, we developed a multi-disaiglimethodology for the
guantification of the tissue-specific micro-mechanicalmment of atherosclerotic plaques
by combining MR imaging with established mechanical arialy@ls. In order to show
the methodology, a carotid bifurcation with a high-gradmssis excised from a human
cadaver served as a basis (for MR images see Figure 5.1). Méeaged a highly-resolved
3D geometric model (Figure 5.2) using segmentation methfadghich both MR and
histological images were considered. We segmented fosudss i.e. non-diseased wall
W-nos, fibrous cap I-fc, lipid core I-Ip, calcification I-cp@ described the nonlinear elas-
tic response of each tissue by a strain-energy function. rmaterial parameters were
determined from related extension-inflation tests [15%] End from the literature (Ta-
ble 5.2.4). Note that we have not identified the structuredregement of collagen, and
hence the angl¢ was used as a phenomenological parameter. Neverthelassctusl
analysis of collagen using methods such as polarized ligétoscopy should be used to
obtain related structural parameters; for a recent surgeyparing different methods see
[78].

A novel numerical algorithm based on tangential planes was@&yed to allow the other-
wise laborious computation of the local material axes indage of large 3D, arbitrarily
curved, patient-specific geometric models (Figure 5.3)e Télated algorithm was first
described in [96] focussing on finite element studies of mbhgeneities within the in-
tervertebral disc. To the authors’ knowledge, this methad hot yet been applied to
patient-specific models of arterial tissues. The algoriginavided a robust and fast gener-
ation of the 3D collagen fabric; non-uniqueness of the gatedrfiber directions was not
detected even for such a complex geometrical setting of d@-taykred bifurcation. In
[62], the problem of identifying local material axes is saivy mapping the undeformed
configurationQ, of the artery to an eccentric thick-walled tube with confagion Q,, in
which the (local) radial, circumferential and axial diiects can be defined in a straight-
forward way. A pull-back operation with the rotation tengoovides then the material
axes in the initial configuration. Even though this techeigeems to address the problem
sufficiently, it is demanding and the definition of the confafionQ, has an influence on
the prediction of the material axes.

In addition to the generated patient-specific geometricehdlree variations of the bifur-
cation’s composition were introduced (Table 5.3.2). Thgreve focussed on the variation
of the I-Ip and I-c volumes by keeping the cap thickness @nistThe numerical anal-
ysis was performed by considering a blood pressure of 140 gymiich is an elevated
pressure load. According to [24] systolic blood pressurenofe than 140 mmHg is a
much more important cardiovascular disease risk factar thastolic blood pressure in
persons older than 50 years. In addition, data from obgenadtand trial studies suggest
that high blood pressure is a main contributor to the profilatberothrombotic patients
[56, 14, 132].
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The computational analysis of the four models revealeddhanges of the volume portion
of I-Ip lead to significantly different stress distribut®m the stenosis. In particular, we
identified a correlation between a lipid-rich stenosis arsg\erely mechanically loaded
I-fc prone to rupture (Figures 5.4, 5.5). Finally, we propdscalar quantities that are
related to the local and global stress environment in I4figiag as cap vulnerability criteria
(Figures 5.6, 5.7). The introduced vulnerability indexonsiders a safety factdg which

is defined with respect to the ultimate stress of I-fc. Notd there are several ways in
which factors of safety can be defined. Higher valueg sluggest a higher risk of cap
rupture. The indeX provides a more efficient and objective rupture-risk asaess of
atherosclerotic plagues. Such a vulnerability index haspbtential to bridge the gap
between the medical and engineering community and may sen&emore quantitative
tool for diagnosis, treatment and prevention.

Despite some novelties and increased complexities of ted geometric and material
models there is room for improvements. The multi-layeredcstire of W-nos was mod-
eled as one homogeneous material, and the material prepertil-fc was assumed to
behave similar to the homogenized wall material. Tissiezific mechanical properties of
sclerotic human carotid arteries would improve modelingaddition, due to the lack of
experimental data and computational complexities, redidiresses were not considered
in the healthy portion of the bifurcation. Based on the atghexperience there are no
(or at least very minor) residual stresses present in treades] portion of the bifurcation
such as the fibrous cap. Consequently, a diseased artagaloes not spring open when
cut in a radial direction within the diseased potion. We did consider pulsatile blood
pressure and fluid-structure interaction models such agpted in [119, 170], which may
strengthen the computational findings of our approach. Tasgmt analysis is limited to
thein vitro assessment of rupture-prone plaques. During the last freaability ofin vivo
carotid MR imaging has been significantly improved (see,, 195, 157, 71, 147]). 3-
Tesla MR scanners are finding their way to the clinical arand,the development of com-
puterized plague characterization methods to deal withge lamount of high-resolution
multi-contrast data is ongoing. The extension of the pregawmethodology ton vivo
implementation is, therefore, feasible.

In the present study a model of a human carotid bifurcatioveskas a (test) basis for the
developed computational platform. The methodology cao laésapplied to other arteries
such as coronary arteries to evaluate the rupture risk. Qame argue that the results
of the presented method-oriented study were highly indi@ichnd not representative for
atherosclerotic lesions in general. However, the prospkette documented attempt is
the individual diagnosis and assessment of rupture-préagups. Moreover, the above
discussion suggests that even the study of a single lesialelnsan stimulate novel ideas
and provide intriguing insights, which are of general diigance for the issue of plaque
stability. One should further take into consideration tpatient-specific computational
analyses have considerable advantages over conventogeldlinical trials. For example,
they are less expensive and time-consuming, they are hesma@atients and allow control
and systematic variations of all essential parameters.
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The combination of MR image data, computerized plaque satatien and nonlinear
finite element analysis, as performed in the present stushgtitutes a powerful platform
able to investigate quantitatively the biomechanical baivaf atherosclerotic plaques in
patient-specific stenoses. This cannot be performed byegnthorphological approaches.
In light of the presented results, the authors feel that tbpgsed methodology may be of
interest to several branches of clinical medicine dealiith wessel diagnosis and therapy
including radiology, cardiology and cardiovascular medic The outcome of the current
study may serven vivo patient studies in future.
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