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Abstract

Balloon angioplasty is a standard clinical treattrfensymptomatic coronary artery disease. In ghcedure,
controlled damage is applied intraluminally to thall of a stenotic artery. Dissection of the comyrartery is a
commonly observed clinical complication of angigtia however, not all dissections can be detected
angioscopically. This work focuses on studyingdigsection mechanisms triggered during the eaalyest of
angioplasty in an atherosclerotic coronary artadgressing the problem by means of a parametrily ftased
on a simplified finite element model and cohesiteiliface modeling. Our results emphasize the poeseh
several damage mechanisms, at different locattbasare triggered near the very beginning of ttoegss and
evolve competitively, depending on both geometny amraterial properties of the atherosclerotic vessailall-
scale damage was evidenced, which would not betdéie by angiography or intravascular ultrasound,
could potentially be sufficient to stimulate smoathscle cell activation, promoting late-onset cdogilons

such as restenosis.
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I ntroduction

In advanced atherosclerosis, plague developmenearto flow-limiting stenosis, resulting in myodaal
ischemia accompanied by symptoms such as stabieaanBalloon angioplasty is a standard clinicahtment
for symptomatic coronary artery disease. In thaxpdure, controlled damage is applied intralunhyrtal the
wall of a stenotic artery in order to restore bldlogv and to prevent ischemia of the downstreasus This
induced damaged can take several forms, includiegérsible deformation of the tissue caused bysiketch
during balloon inflation, plaque fracture, and distson of the plaque from the underlying vessel ({f&tzgerald
et al. 1992; Honye et al. 1992; Tenaglia 1997nhc8iarterial wall damage is thought to contributerdhe long
term to restenosis, leading to eventual re-occtusfahe treated vessel, considerable effort ha® giato
understanding the mechanisms and consequencestofrerle of damage. Computational simulations of
arterial damage due to overstretch and inelasfaration (Balzani et al. 2012; Gasser and HolZap3@7a) or

to plaque fracture (Ferrara and Pandolfi 2008; &assd Holzapfel 2007b) have been reported ititdrature.

Dissection of the coronary artery is a commonlyestsd clinical complication of angioplasty (Honyteak
1992). Coronary artery dissection can lead to rakgial infarction if the dissected layer partiadiytotally
occludes the vessel lumen, leading to downstreaheiia. Substantial dissections appear as angi@sco
filling abnormalities or as overt separation ofdesywhen viewed by intravascular ultrasound (IV(&)nye et
al. 1992). These may be treated by additionatistgiat the time of the original intervention. Hewer, not all
dissections can be detected angioscopically. Asrdiipe of damage noted clinically is intramuraira¢goma, or
accumulation of blood within the arterial wall, whiis most readily identified by IVUS or by intracalar
optical coherence tomography (OCT). In one clinseaiies, a large percentage (86%) of intramueatdtomas
could be traced to propagation of an intimal téamvever, a smaller number demonstrated no apparent
connection with the lumen by IVUS (Maehara et 802), suggesting that other mechanisms such asgéatna
the vasa vasorum and subsequent hemorrhage maipatato their development (Nalbandian and Chason
1965). Arterial dissection or intramural hematonfach is not detected at the time of the originajiaplasty

can lead to emergent re-occlusion of the treatsdeldMaehara et al. 2002; Tenaglia 1997).

Based on recent experimental work that demonstatahsiderable range of variation in tearing gitierof
human left anterior descending (LAD) coronary age(Wang et al. 2013b), we investigated the qoesif
whether some patients may be more at risk of carafidins during balloon angioplasty than othersedemg

on mechanical properties (tearing strength) ofattterial media and intima. These recent experinhelatz



indicate that critical fracture energy (Gc) is sfgantly greater for intima than for media in LAE@ronaries
from patients with non-ischemic cardiomyopathy. Méee also shown in mouse models that adhesiomgskre
of plagues depends on plaque composition (Wank 2043a), so it is reasonable to suggest thainigar
strength of human coronary artery layers may vamgrag individuals depending on specific pathology (a
obvious example would be connective tissue disgrdech as Marfan’s syndrome (Pratt and Curci 2Q%3s
information is available regarding realistic paréeng for Mode |l failure, although in some casds feems to

predominate.

Our recent experimental studies have suggestedvihat-visit the question of dissection mechanidoring
coronary angioplasty. Depending on the respectiVesion or tearing strengths of the arterial céunstits in
each layer, it is hypothesized in this study thssekction or failure mechanisms may vary durindoloal
angioplasty. The present paper focuses on the s@des of angioplasty prior to the evolution @lastic
damage in the adjacent, lesion-free wall. The aito istudy what the dissection mechanisms are spetally

how they are triggered.

To address this question, our approach entailetangetric computational study to investigate thetine
importance of intimal and medial tearing strengthissue failure mechanisms in an epicardial canpagery
undergoing balloon angioplasty. We focused oulyaigon a simplified model of the LAD coronary cinwe
have experimental data for tearing (dissectio®mgith of thickened intima and underlying mediaeimts of
critical fracture energy (¢ A finite element model was developed includoadpesive interfaces to describe
possible damage within the arterial wall, bothhat plague-media interface and within the medidfits¥@rious
scenarios were tested in which the influence ofgs@metrical configuration of the plaque within tréery, the

mechanical properties of the plaque constituemid the cohesive zone properties were evaluated.

Materials and methods

We present in this section the FE model that wasldeed to study how dissection damage may initaténg
balloon angioplasty. Briefly, a 2D idealized-georgehodel was defined including multiple materidlbe
constitutive properties were assumed to be hypstie| or elastic in low-interest areas, and igotrin this
plane. Cohesive interfaces were introduced intartheh to model possible plague detachment fromrmtdia
(plaque shoulder fracture or delamination) andissettion within the medial layer. Balloon angigjawas
modeled using a displacement-controlled virtualdmed. From this initial construct, a reference niqde. a set

of reference parameters) was selected and vargamasgos were tested by varying parameters to ateathe



influence of the cohesive properties, and thahefgeometric configuration. All the simulations weun in
Abaqus/Standard®. Note that a non-patient-spegifidel was preferred in this work in order not toitithe

generality of the results and the phenomena obderve

1. Geometry and mesh

The two-dimensional geometry used in this work defined based on histological photographs of ediaar
coronary arteries as shown in Fig. 1A. The scakh®imodel was chosen to include the artery itmedf its
surrounding tissue — myocardium and epicardium a sami-infinite domain. A view of the referencegetry
of this model is shown in Fig. 1B, where all thendnsions are reported. Note that only one-halfefspecimen

is actually modeled due to assumed symmetry camditi

The coronary artery was assumed to consist ofglesmedial layer containing a partially thickenesbimtima,
i.e., an atherosclerotic plaque. Neglecting the hmaical contribution of the healthy intima is a coon and
reasonable assumption, since in normal arterissldlger is quite thin and contains relatively ditdxtracellular
matrix. Although real arteries consist of threetenial layers, the intima, media, and adventitiz have
initially chosen to neglect the separate contridouf the adventitia. Instead, we have focusetherinitiation
and progression of damage in cohesive zones tha imeorporated into the model (a) at the plaqueliee
interface and (b) within the media, to examine \Wbetfailure modes may differ depending on the netat
resistance to tearing of the two layers. The thiekkintimal zone of this artery was modeled asralsi
homogeneous material for which three geometric igordtions were considered. In the reference
configuration, the plaque is located on the epiedhuiside of the vessel wall. In the first alternaticonfiguration,
the plaque is located on the myocardial side fergtrpose of the sensitivity analysis presentedvbésee Fig.
1C). The second alternative configuration assuanesncentric plaque with a constant thickness db Gnm.
We did not include separate regions for the fibroap and lipid core, as seen in thin-cap fibroathmers
(TCFAs)(Virmani et al. 2002), since the lesionsnigetreated by angioplasty are those which causetieat
stenosis; these may be fibrous plaques rather TI@As. Previous computational studies have demaiestr
that wall stress distributions in lesions havinghick fibrous cap and/or a relatively stiff coreeamore

homogeneous than those in TCFAs (Li et al. 2008eé @t al. 1992; Versluis et al. 2006).

A specific feature of this model is inclusion oétburrounding tissues: the myocardium in whichattiery is
semi-embedded and the epicardium, a loose conedgtsue. Both are assumed to be perfectly tighe@uter

wall of the artery. With this configuration, thelwary conditions on opposite sides of the artalydiffer



because the myocardium is much stiffer than theective tissue/fat on the epicardial side. Thifed#fince may

contribute to the localization of arterial wall dage during angioplasty.

Lastly, the balloon used for angioplasty was modi@l a thin circular structure whose diameter weseased
to perform the angioplasty process. This kind diiblo® modeling approach was also previously use{Gasser
and Holzapfel 2007b). In addition, a recent corapabal study of angioplasty balloon expansiongtasvn
that balloon diameter had a greater impact thalodmainternal pressure on the force exerted orvéissel wall

(Capelli et al. 2010).

The deformable constituents were meshed with 3 noldee-strain elements taking into account thequree as
an independent variable. The balloon was modeled)@snode beam elements. The final mesh is shaviig.
1C and includes 26443 elements and 53640 degrdesediom (mesh density was set based on a preliyina

analysis).

2. Constitutive properties

Four different materials were defined and assigodtie different components of the model: thickeimdisha
(or plaque), media, myocardium and epicardium.cAlihponents were considered to behave as homogeneous

and isotropic materials, and only their passive metal response was modeled.

The plaque and medial layer were modeled based\moaHookean hyper-elastic model. Though simpls, th
model was deemed sufficient since only the respfrose physiological to early-angioplasty statesiisdeled.
In addition, in such a cohesive zone problem, thstie properties of the wall are of secondary intguace with

respect to the cohesive properties (Merei et d@l220The following strain energy function was caolesed:
G/ K )

w=—(1,-3)+—(3-1) (1)
2 2

—_— —_— _— —T —_— _
where |, is the first deviatoric strain invariant (with =trB, B=F < F  andF =J 1/35) and
J =det(F) is the volume ratio computed from the gradienseef. For infinitesimal deformations

denotes the bulk modulus (or compressibility moduandG denotes the shear modulus. The valugs ahdK
being unknown, they were set within the range tdiesreported in the literature (Chai et al. 2Q8Floc'h et

al. 2009). They are reported in Table 1.



Note that the compressibility parameter of the péaig of primary importance in this simulation peob.
Indeed, atherosclerotic plaques are commonly as$tonee incompressible in the physiological loadiagge.
However in angioplasty, i.e. far beyond this phiggical range, the action of the balloon impose&se plaque
deformation, and the plague may undergo inelagtiorchation (Maher et al. 2011) and/or fracture. oty
these phenomena would require a more complex noateniodel and, above all, a method and experintents
identify the associated parameters. The aim optheent study being restrained to the early stafjes
angioplasty, it was assumed, as a first approxomati our 2D model, that this phenomenon would dewanted
for by the bulk modulus of the plaque. Therefore,decided to include the compressibility parametehe

plagque in the subsequent sensitivity analysis.

The myocardium and the epicardium were modeledyusiear elastic constitutive equations characsetiay a
Young’s modulus, E, and a Poisson’s ratio] he myocardium stiffness was set in the mid-rasfgealues
reported by (Mirsky and Parmley 1973), while theamium was assumed to be significantly less. stifie

values of these parameters are listed in Table 1.

3. Cohesive Zone M odel

The specific focus of this model was inclusionwbtcohesive interfaces to assess the relative pakéor
damage, detachment or rupture at two locationsimitte artery. To this aim, cohesive propertienchiding
damage initiation and evolution — were assignetthiécedges of elements located between the plaglithan
underlying medial layer, and within the medial lage mid-thickness (see Fig. 1B). The motivationtfee
choice of a dissection plane at the intima-mediandary arose from reported clinical observationartdrial
dissection morphologies visualized by intravascultlasound (Honye et al. 1992) as well as repafrts
intramural hematoma following balloon angiopladlaehara et al. 2003).The choice of an additional
dissection plane within the arterial media (arbilyachosen to be midway across the thickness)vesed on
clinical reports of coronary artery dissection,tbgpontaneous and iatrogenic, within the medialfacant to

the medial-adventitial boundary (Briguori et al1®B0Johnson et al. 2012; Shirodaria et al. 200ht¥12010).

The constitutive model associated with these cobdsierfaces was based on a traction-separatgponse,

taking into account the contributions of normalagpion (related to mode | fracture) and shearrseipa

! Additional cohesive zones may be included in maheaaced models, with the selected positions ofXAs
suggested by clinical and/or ex-vivo studies.
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(related to mode Il fracture). Before damage itiiiia the response at these interfaces is lineducharacterized

by the following equation:
T = Quir O (2)

whereay; is the contact stress component indhredirection andg;, is the separation idir direction. The
subscriptdir denotes either the normal or the tangential doaatith respect to the cohesive edge interface
definition. Qy, represents a stiffness parameter (unit is MPa/miniyh directly relates the separation in the
cohesive element to the interfacial stress in #ighiboring elements on each side of the cohesige.ethe

values of parametersyfXor the reference model of this study are givemable 2.

Following this linear elastic behavior, damageiation was defined to model the beginning of degtiaadh in
the interface region. Damage begins when the fatlgunaximum separation criterion, known as the Dgena

Initiation Criterion, is met:

% o
DIC = max| E,E =1 (3)
n t

where 5,? and 5t0 are the maximum separation criteria defining theed of damage in normal or tangential

direction in terms of separation. The values ohpmtersé,? and 5t0 for the reference model of this study are

given in Table 2.

Following initiation, damage evolution was descdhesing a scalar damage variable, D, represertimgverall
damage at each point of the interface. The damageable, D, monotonically increases from O (no dgg to 1

(fracture) and affects the contact stress compesretording to:

(1-D)o, if 0, >0
g, if o, <0 4)

0, =(1-D)o,

g, =

where o, and;t are the contact stress components predicted bsldiséc traction-separation response (Eq. 2)

without damage. The evolution of the damage vagi@bivas described using an exponential law baseteon

energy that is dissipated as a result of the dampemggess (i.e. the fracture energy). The paramefdie



exponential law were automatically fitted by théware providing it with an initial elastic behavj@ damage
initiation criterion and critical fracture energi@sacture energy at total fracture, i.e. when Bctees 1). From
these data, the damage variable D is computed diogaio:

% 0,dd +0,dd

D =
% Gg-G,

®)

where G is the critical fracture energy ang {S the elastic energy at damage initiation astithted in Fig. 2.
Here,dn, is the so-called effective separation (aﬁ‘i‘j its value at damage initiation), needed becaussada

evolves under a combination of normal and tangepdustions. This effective separatiép, is given

byd = /0>+05" . Therefore, the input required in this problerthis critical fracture energy. In this study,
m n t

critical fracture energies available from previousrk (Wang et al. 2013b) were used in the referenodel,
and are reported in Table 2. Note that it was afsumed that the tangent fracture energy (modédl)was

twice as large as the normal fracture energy (nipde,,. This ratio was maintained constant in all modiis.

G
mixed-mode situations, the software Abaqus® linemterpolates @according to the ration = G tG
+

n t

where G and Grepresent the work done by the contact stresskthaeir conjugate separations in the normal

and tangent directions, respectively, ((&.= G, ifm=0andG, = G, if m=1).

4. Boundary conditions and sensitivity analysis

Symmetry was first imposed along the vertical cdimie of the model (see Fig. 1B). In addition, ty
boundary conditions imposed are the displacemdriteemodes of the balloon. A radial displacement i
imposed to each node from its initial positios 8.5 mm, to give a final deformed diametgrs d mm. In the
following, we usdnflation progress to denote the variable (d )/@d: — d) where d is the current diameter of the
balloon. In this forminflation progressranges from 0 at the initial state of the model &t its final, fully-

inflated, state. Frictionless contact was prescribetween the balloon and the inner wall of thergurt

From the reference configuration of the model dbsdrso far, a sensitivity analysis was perfornteddin
more knowledge of the dissection mechanisms thgthmariggered during balloon angioplasty. Two &tpe
were considered: the geometric configuration oftlagiue, and the influence of the constitutive anldesive

properties of the various components. The geomaspect was addressed simply by comparing theerefer



geometric configuration with a configuration in whithe plaque is on the opposite side of the waellpn the

myocardial side, and a concentric plaque configamaiplaque covering the entire intimal layer).

The influence of the mechanical response parametssaddressed through different independent sosnar
The first scenario addressed the relative teatirmgth of media and adventitia by varying theicaitfracture
energies @of the cohesive interfaces. Independently, thgu#émedia Gand the media/media.@ere scaled
by a factor 1/50 to 50, while keeping ®vice as large in mode Il as in mode I. Similathg influence of the
ratio of G,, to G, was estimated by running the following simulatiofisst, both critical fracture energies were
equal, G; = Genref (Genref IS Gin at its reference value). Then, from this case,eribdritical fracture energy alone

was varied G = 10 x Gnrer, Gt = Genref/ 10, and mode | critical fracture energy alone waried, G, = 10 x

Genreth Gen= Genrer/ 10.

Then, the sensitivity to the constitutive paramétaf the plaque, i.e. its compressibility, was sebded by
varying K from 15 kPa to 180 kPa. Lastly, the iefhge of the surrounding tissue was also addressexhtuate
the situation where the artery is partly embedadetié myocardium versus that of the artery beitg fu
embedded in the loose epicardial tissue. To this #ie Young’s modulus of the myocardial regiorthe model

was scaled to the same value as that of the emtaedion.

Results

We present in the following section the resultshef sensitivity analysis introduced above. For ezde, the

results extracted from the simulation include:

- The deformed geometries. This result provides tatale information regarding localization of damage

and some hints regarding damage mechanisms.

- For each cohesive interface (plaque/media and rmeddia), the maps show where the damage
initiation criterion, DIC = 1, was reached, and thaximum damage location as well as its valug,D
These results provide the predicted location whkiésgection initiated and the distribution of damage

progress along the edges of the cohesive interfaces

- For each cohesive interface (plaque/media and rmeédia), the plots of the maximum value of DIC in
the interface, as well as thosedgfandsd, as a function of thanflation progress (from 0, initial state, to

1, fully inflated state). These results provideitiddal information on the evolution of the damage
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initiation during balloon inflation. They enable tosdistinguish between mode | and mode Il evohjtio

for instance.

1. Reference model

First of all, the main results of the reference elate presented, prior to being compared to teerative

scenarios in the following sections.

The first visible result is the detachment of thegpie at its shoulder which is obvious from theodeied
geometry presented in Fig. 3A. This result is aondéid by the value of the damage variable at thguglamedia
interface (Fig. 3B), where a sudden increase updocurs at 50% of the total balloon inflation, mieg that
full detachment is reached. The map of DIC (Fig) @Ko shows that, at the end of balloon inflatideanage
has initiated close to the shoulder of the plageeiminterface, and along almost all the media/mederface,
although full separation has not occurred withia tedia. Plotting the maximum value of the damagetion
criterion DIC (Fig. 3C) during the inflation proeeshows more specifically that damage is triggeerg early
in the media, at about 30% inflation, while itigjgered at 50% in the plague/media interface. glbeof the
opening values (Fig. 3D) provides additional infation indicating that the detachment of the plaiguaainly
due to normal opening (this confirms the visualil@ghough tangential slip is not negligible. Althe
media/media interface is subjected to similar valofenormal opening and tangential slip until ntidation. At
this point, the normal opening displacement reaeh@sximum followed by a rapid decrease beyondpbist,
while the tangential slip increases more rapidlg sraches a plateau, so that the normal openipipdEment
becomes negligible relative to the tangential Slipe rapid decrease in normal displacement beyadd m
inflation is likely due to a much wider contact afgetween the balloon and the wall at the endesimulation
which tends to close these openings. In additianpate that the maximum values ofd ands; at this
interface are found near the myocardial/epicafabaindary, likely due to the constitutive property

heterogeneities in this area that give rise tadtiheelopment of stress concentrations.

2. Geometric configuration

The deformed geometry of the alternative plaquatioa is shown in Fig. 4A. With respect to the refece,
little difference in plaque deformation can be idigtished. More interestingly, in contrast to thé&erence
configuration, DIC = 1 is not observed betweenrttezlia and the plaque in this configuration, as icowd by
the plot 4B, while dissection is triggered in thedia. In addition, in this configuration, the mediadia

cohesive interface is subjected predominantly ngéatial slip rather than to normal opening (Fig),4

11



increasing the likelihood of mode Il failure, whideth slip and opening are comparable in the rafere

configuration.

For the model including a concentric plaque, ndinth® damage initiation criteria was reached.

3. Critical fracture energies

First, we present here the results of varying titecal fracture energy of the plaque/media inteefaFig. 5
shows the results obtained for the two extremescsehich G of the plaque/media interface is multiplied by
50 and divided by 50. In terms of the deformed getoies, the highest &ase is very similar to the reference
case, while the lowest@ase presents a clearly increased plaque shalddiechment. This visual result is
confirmed by plots of the maximum normal openinghi interface where the value reached at theoéitioe
calculation is much larger for the lowest €ase (exact value 0.093 mm, out of the scaleeofithph). In both

cases, the evolution of opening and slip at theiaeedia interface present the same trend andasinvéllues.

Next, we examine the effect of varying the critiralcture energy of the media/media interface (tesu
presented in Fig. 6). The most important changdestiwhen looking at the two extreme cases in wiictf
this interface is multiplied by 50 and divided Ky i5 an increase up to 4.1% in the damage varéhlee
interface for the lowest Gase (value indicated in 6B). This increase indsahat significant damage is in

progress for this case.

Lastly, we examine the effect of varying the ratiomode | (G,) to mode Il (G) critical fracture energies
(results presented in Fig. 7). Two types of treads observed. First, the overall damage valug,, s clearly
dominated by the contribution of mode Il in the maechedia interface. Indeed, a 10-fold decrease ple@ds to
714% increase of R (with respect to case G Geyep, While a 10-fold decrease of.(only leads to 10.3%
increase of Rax (with respect to case & G.ne). Dmax @t the plaque-media interface is not affected.

On the other hand, whether,G@s large or small, there is still the same amaafnseparation due to mode |
loading at the plaque-vessel interface, and thatioes of the damage remain similar at both interfa
Therefore, it seems thatGeductions increase the level of damage, but stilsnot critical and the plaque is

still separating due to mode | effects.

4. Plaque compressibility
The effect of the plague compressibility was adskdsy varying its bulk modulus K in the range BB-kPa.

The main results are shown in Fig. 8. For eacteextrvalue, the deformed geometry is noticeablyufit,

12



with visible — and obvious — change of volume wKeis small. Several changes are also noticealtleein
observed damage variables. First, the damagetiaitiariterion is reached much later in the plamedia
interface when K = 180 kPa (comparing the plotBi& evolution). Similarly, the plaque is fully detsed later
in the process of angioplasty, at about 90% otdked inflation, when K = 180 kPa, while it is ahgty detached
at 50% inflation when K = 15 kPa (comparing thetplof normal opening). In both cases, the evolutibn
normal opening and tangential slip at the mediaiangderface is similar to that of the referencedelo On the
contrary, these values are much smaller at theuplatgdia interface — even zero during most offiation —
when the plaque is nearly incompressible with K=kB@, while they are slightly higher than the refere case

in the more compressible case with K = 15 kPa.

5. Surrounding tissue

The result shown here is the extreme case in whielepicardial stiffness value was also assigndkeo
myocardial region, simulating the case of an artelly embedded in the loose epicardial tissue GEge9).
Although the final deformed geometry and plaquadetent are very similar in these two cases, thie ma
difference observed in our results affects the adetgdia interface. In the alternative scenarionitrenal
opening remains much lower during balloon inflatiban it was in the reference model; tangential islialso
slightly lower, and both of these values do nopldig the peak that is observed in the reference aesund mid-
inflation. Similarly, the progress of damage is mbmited, as D reaches only 5 x“l0hese differences are
likely due to the fact that partial anchoring oé @rterial wall in the myocardium reduces the giser
deformation in this area, hence inducing mecharsitaks concentrations in the vicinity of the

myocardium/epicardium interface.

Discussion and futuredirections

1. Main findings

The model developed in this work focuses on stugltfire interfacial-cohesion damage mechanisms tréghe
during the early stages of angioplasty in an ag@erotic coronary artery, addressing the problgmmbans of
cohesive interface modeling. This work was perfabased on a simplified model because the questated
here is not that of patient-specificity. Ratheg tbjective was to study and understand the pessiimin of
dissection phenomena during balloon angioplastykvhre usually disregarded, in spite of clinicatience of
their occurrence. The general approach presentedwses preferred since it may include phenomertaatha
specific model would not elucidate.
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This paper is the starting point toward a comprehenapproach for studying and improving understagnadf
angioplasty dissection. Several interesting pantsraised based on the results of the various|aiioos
presented above. We find two potential mechanisndsaimage to the arterial wall that may occur duthng
early stages of balloon angioplasty. The firsthefse is the clinically well-documented appearaiqdaque
detachment at the shoulder region, leading to féomaf an intimal flap or partial dissection oktplaque from
the underlying media. This mechanism has beendatmi previously in more sophisticated numericad e
for example (Ferrara and Pandolfi 2008; Gassertidapfel 2007a). Clinical complications which @arise
from further dissection of an intimal flap, suchrasocclusion of the vessel, are typically pre-exdpty

stenting.

Our computational results suggest, moreover, tisgtand, more subtle form of damage can occur mitie
arterial media during the early stages of balloogi@plasty, and that the magnitude of this damageedds on
the relative tearing or adhesion strength of tlagpé and the media. The maps of DIC show thatmionst
every one of the simulated cases, damage hagéwitedong a non-negligible length of the plaque/fimed
interface, and along most of the media/media iat&fMore precisely, the plots showing the evotutadDIC
indicate that damage is triggered in the mediatiaarly in the inflation process, while damagthatplaque
shoulder tends to occur slightly later. These tssuggest that the first damage mechanism woutddzbal
dissection within the wall which is triggered byanrlayer normal opening combined with shear s$ipnalicated
by the plots of Figs. 3C, 5, 6 and 8, or even skijaalone as indicated by the plots of Figs. 4@ @. This
mechanism is hence related to mode Il fractureaergenerally mixed mode fracture of the underlying
biological tissue. Plague detachment, charactetigesl strong normal opening displacement, wouldallyt be
the second mechanism, occurring after mid-inflatibims mechanism is clearly related to mode | figett the

plague/media interface.

The most striking general trend observed hereais thhatever the configuration (except concentidqgipe),
damage was always initiated at a very early stagenthe medial layer. In addition, when the ayter semi-
embedded in the myocardium, the maximum damageyalaecurred close to the
myocardium/epicardium/media corner. This is propaxplained by strong stiffness gradients in this

configuration which induce mechanical stress cottaéions, in particular medial shear stress.

The results of the sensitivity analysis showed oifieresting trends. Damage initiation was foundbé

sensitive to the geometric configuration of thegplka with respect to its environment. When the pdaiguocated
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on the myocardial side of the vessel, it was fitsterved that damage initiation does not occureaptaque
shoulder. Also in this case, as well as in the cdisenon-embedded artery, our simulations showatithe
damage initiated in the medial layer was mainlpted to shear slip within this layer (Fig. 4C andL@stly, the
configuration of a concentric plaque did not présety damage initiation, very likely due to the sjua
cylindrical symmetry which tends to prevent anyr(nal or tangential) separation from occurring. hessults
suggest that the damage mechanisms and the risksiaed with the balloon-inflation procedure agpehdent

on the geometric and anatomic configuration ofi¢iséon.

The sensitivity to the tearing strength of the iifsiees raises another interesting point. Thoughehkalts shown
in Figs. 5 and 6 seem to show little differenceéhia scenarios, it is important to note that the ialatissection
damage is sensitive to the critical fracture enexfgthis interface. This point was highlighted It tmaximum
damage, R, that was achieved in the lowsGase with respect to the reference and higkases. The low-G
case, corresponding to a 50-fold decrease of ttieatifracture energy, remains clinically sensibted leads to a
damage value of 11% while angioplasty is not yebglete in our model. This result demonstratesittediiood
of dissection damage in the medial layer. Studyiregrelative influence of mode | and mode Il fraetanergies
also highlighted the key role of mode Il in mediidsection and that of mode | in plaque detachmiEhnis
finding raises questions about the biological cqosaces of mode | versus mode Il damage effedissoes.
This might be an interesting subject for futureeistigations.

Similarly, the constitutive behavior of the placaféected the response of the model by either detptfie
initiation of plaque shoulder damage or by incregshe effect of this mechanism, while also affegtihe level

of damage reached in the medial layer.

In summary, by only focusing on the early ballooftation process, our results emphasize the presehc
several dissection damage mechanisms that aretedgear the very beginning of the process anty&vo

competitively, depending on both geometry and netproperties of the atherosclerotic vessel.

2. Relevance of the study and potential clinical implications

Both experimental studies and clinical observatidearly demonstrate the extensive, overt damagfeeto
arterial wall that occurs during balloon angiopjash this study, we have focused on the issue aensubtle
mechanical damage, particularly slip or separdtietmveen tissue planes within the media, which nwbe
clinically visible during angioplasty. This studgvealed that the onset of dissection damage iseaty, which

is of high importance from the clinical point okw. The use of cohesive interface modeling paraiaettby
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critical fracture energies demonstrated, indeedt, ¢bnsidering modes of damage other than permanent
deformation is fully relevant. These dissection e®dre triggered very early and may not be visilen when
imaging procedures such as IVUS or OCT that reatihbgct overt dissection and intimal flap formatare
performed following the angioplasty. Neverthelatmnage initiation within the media may still haign#ficant
local effects at the level of individual smooth mlescells. The predicted values of maximum opeiingd
tangential slip at the media-media interface avghty 10-15 micrometers, within the same order afnitude
as the cell size. Overt medial dissection has lassaciated with smooth muscle cell proliferatiom ipost-
mortem study of patients who died following PTCAdNmoto et al. 1990) as well as in a rabbit model o
restenosis (Dufourcq et al. 1997). The threshbldrach SMCs respond to damage or degradationeof th
surrounding matrix is not well characterized, althl it has been reported that SMC interactions elglstin are
important at the molecular level for maintenanca ebntractile phenotype (Li et al. 1998). Basedhese
observations, we feel that it is reasonable to esigtihat shearing or opening mode damage at thddne of
tissue layers in the media may contribute to SMdliferation and restenosis. This type of small-scdmage
would not be detectable by angiography or IVUS,dmutld potentially alter the mechanical environmafthe
cells sufficiently to induce biological signal tisuction and remodeling or to promote leakage ftapillaries

of the vasa vasorum in the outer media.

Finally, we would like to suggest that an intemegtquestion for future study pertains to the varabf arterial
tearing strength and/or plaque adhesion strengtfifferent patient populations, which has receilittie
attention in the literature. Such variations,igingficant, might lead to identification of patiestibsets at greater

risk of complications such as intramural hematomarterial dissection following balloon angioplasty

3. Limitations of the model

We have focused in this study on addressing a fépeciestion using a simplified computational modethe
atherosclerotic coronary artery. A more realistostitutive model for the plague would incorporiaigastic
behavior to account for the response of the tissleading outside the physiological pressure r&ffoe

example, (Maher et al., 2011)). Furthermore, $tmecbased constitutive models which take into antthe
mechanical response of collagen fibers have bamortex for the coronary artery media and couldpy#ied

here as well (Hollander et al. 2011; Holzapfelle2805).

The approach based on cohesive interface modedingres that the location and the direction of jiias

dissection are pre-defined in the model. Thisnsagor known drawback of this kind of approach.Hist
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problem, the choice of these locations was guidedihical knowledge and experience, but more galitgr

could be attained by using other numerical fractnogleling approaches.

The study was restricted to a two-dimensional motle¢ axial length of plaques is usually limitedhigh may
raise the question of the validity of the planeistassumption. Evolution toward a 3D model wouithege the
reach of the present results and possibly helgtifgerew damage initiation mechanisms during aniisty, for

instance due to axial shear.
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Table 1: Constitutive parameters of the constitsie@fithe coronary artery model (reference pararsgter

Constituent Constitutive model Parameters

Epicardium Linear elastic E =0.1 kPa=x 0.45
Myocardium Linear elastic E =80 kPas 0.45
Medial layer Hyper-elastic, Neo-Hookean G = 200,kRPa 2 MPa

Atherosclerotic plaque

Hyper-elastic, Neo-Hookean

= P kPa, K = 34 kPa

Table 2: Parameters of the cohesive interfacesr@rte parameters).

Cohesive Elastic stiffness | Elastic stiffness | Maximum Maximum Critical
interface parameter parameter nor mal tangential fracture
Qnormal Qtangential separation separation energy, Gc
(M Pa/mm) (M Pa/mm) criterion O° criterion & (N/mm)
(mm) (mm)
Plague/media 1 1 0.01 0.01 0.02 (mode |
0.04 (mode I1)
Media/media 1 1 0.005 0.005 0.01 (mode |
0.02 (mode 1)
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Figure 1: (A) Histological photograph illustratitiyge choice of the reference geometry (reprinteti wit
permission from (Viles-Gonzalez et al. 2011)); @ference model: geometry, dimensions and boundary

conditions; (C) Alternative geometry and illustoatiof the mesh density.
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Figure 2: Scheme of principle of the damage evotuthodel including linear elastic response follovegd

exponential softening. Here @& the elastic component of energy and<Ghe total energy.
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Figure 3: Results of the reference model: (A) mbihne damage variable D; (B) plot of the damagéalde D at
the maximum location in each interface; (C) evalutof the damage initiation criterion; (D) evolutiof the
normal opening and tangential slip at each interfharing the process. Parameters for this modehare
following. At the plague/media interface; € 0.02 N/mm (mode I) and 0.04 N/mm (mode II);re t

media/media interface,(& 0.01 N/mm (mode I) and 0.02 N/mm (mode Il); pladpulk modulus K = 34 kPa.
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Figure 4: Results of the model with the alternatieemetry: (A) map of the damage variable, D; (B)leation

of damage initiation criterion; (C) evolution ofetinormal opening and tangential slip at each iatertiuring

the process. Parameters for this model are thewolly. At the plague/media interface, £0.02 N/mm (mode

[) and 0.04 N/mm (mode Il); at the media/mediarii@ee, G = 0.01 N/mm (mode I) and 0.02 N/mm (mode II);

plaque bulk modulus K = 34 kPa.
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Figure 5: Results of the sensitivity to the critifracture energy of the plaque/media interface.R&sults with

the upper value of Gc and (B) results with the Iowadue of Gc. Parameters for these models aréotloaving.

At the plaque/media interface, (A& 1 N/mm (mode I) and 2 N/mm (mode I1) vs. (B) ©4x10* N/mm

(mode 1) and 8x16 (mode I1); at the media/media interfacg,%30.01 N/mm (mode 1) and 0.02 N/mm (mode

I); plague bulk modulus K = 34 kPa.
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Figure 6: Results of the sensitivity to the critifracture energy of the media/media interface. R&pults with

the upper value of Gc and (B) results with the Iowadue of Gc. Parameters for these models aréotloaving.

At the plaque/media interface; & 0.02 N/mm (mode 1) and 0.04 N/mm (mode Il);ret thedia/media

interface, (A) G= 0.5 N/mm (mode 1) and 1 N/mm (mode 1) vs. (B)%2x10" N/mm (mode 1) and 4x1D

(mode Il); plaque bulk modulus K = 34 kPa.
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(B) Results for Ge at lowest value in the media/media interface
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Figure 7: Results of the sensitivity to the ratfovmde | to mode Il critical fracture energies. &mo change is
observed in terms of opening values and DIC ewautvith respect to the reference model, only thp enad

maximum values of damage are shown.
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Figure 8: Results of the sensitivity to the plagoepressibility. (A) Results with the upper valdekcand (B)

results with the lower value of K. Parameters farse models are the following. At the plaque/métxface,

G = 0.02 N/mm (mode I) and 0.04 N/mm (mode II);let tnedia/media interface.& 0.01 N/mm (mode I) and

0.02 N/mm (mode II); plaque bulk modulus (A) K =018Pa vs. (B) K = 15 kPa.
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(B) Results for K of the plaque at lowest value
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Figure 9: Results for the case of an artery futhbedded in the epicardium. Parameters for this irerdethe
following. At the plaque/media interface, € 0.02 N/mm (mode I) and 0.04 N/mm (mode I1);la t

media/media interface,.G 0.01 N/mm (mode 1) and 0.02 N/mm (mode Il); pladpulk modulus K = 34 kPa.
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