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Abstract

NEW HYPOTHESIS FOR VULNERABLE PLAQUE RUPTURE

DUE TO MICROCALCIFICATIONS IN THIN FIBROUS CAPS

by

Yuliya Vengrenyuk

Adviser: Professor Sheldon Weinbaum
Co-mentors: Professor Stephen C. Cowin, Professor Mitchell B. Schaffler,

Professor Luis Cardoso, and Professor Gwendalyn J. Randolph

This dissertation develops a new paradigm for the rupture of thin-cap
fiboroatheroma (TCFA), namely that minute (10-20 pm-diameterjulaelevel
microcalcifications in the cap proper can cause local st@ssentrations around these
minute spherical inclusions that lead to cavitation induced interfdeiaonding and
rupture. The hypothesized rigid inclusions, which lie below the Vlityitmf currentin
vivo imaging techniques, are detected herein for the first itnfiorous caps of human
coronary lesions. First, | develop a three-dimensional (3D) theaketnodel of a
perfectly bonded spherical inclusion in a fibrous cap and obtain anteéndiiies solution
for the stress concentration around the hypothesized solid inclusemyr@hyuket al.,

2006). The model predicts a nearly twofold increase in peak circemtif@rstress (PCS)



at the inclusion interface which is sufficient to exceed thicaliyield stress of the cap
provided its thickness is < 65 pm in close agreement with thedastal observations.
Having demonstrated the quantitative feasibility of the hypothégisovide the first
experimental evidence for the existence of these cellular-len@localcifications in
fibrous caps of autopsy specimens from human coronary lesions usingat@témaing

and micro-computed tomography (micro-CT) imaging techniques witessdution far

exceeds existingn vivo imaging methods. To further investigate the new paradigm for

the rupture of TCFA, | develop a more sophisticated multi-levelefislement model
(FEM) of realistic 3D geometries of human coronary lesiongedas high resolution
micro-CT imaging (Vengrenyuk et al., 2008). The new model piethat cellular-level
calcifications by themselves may not be dangerous unless thay & region of high
background stress. The most dangerous situations occur when 1) anachision

appears in close proximity to a region where the PCS is #lréagh, 2) the

microcalcification has an elongated shape, or 3) there are iwvoaalcifications in close
proximity to one another. Finally, | apply histology based fielftement analysis (FEA)
to evaluate peak circumferential stresses in mouse aortic andiduephalic (BCA)

lesions to test the hypothesis that these stresses are rbipéorsine greater stability of
aortic lesions in mice. This analysis is able to both explaimgtéater stability of aortic
lesions in mice and provide new insight into the BCA lesion agd@ehfor the stability

of human lesions with and without microcalcifications in their fibrous caps.
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Chapter 1 Introduction

In this dissertation | advance a new hypothesis for the rupturensfrale plaque
due to the presence of minute (10-20 um-diameter) cellular-levebaoaicifications in
the cap proper. The hypothesis suggests that these solid inclusiortshet@tofore have
gone undetected because they lie below the visibility of currentivia imaging
techniques, can cause local stress concentrations at the tidsgs®mmterface that lead
to cavitation induced interfacial debonding and rupture.

Despite major advances in treatment of coronary heart digedgnts, a large
number of victims of the disease who are apparently healthyudaesly without prior
symptoms. Available screening and diagnostic techniques are ireiffio identify the
victims before the event occurs. As a result, coronary headstigemains the principal
killer in the western world. Patients with acute coronary syndsontassically present
with unstable angina, acute myocardial infarction, or sudden coronaty. déare than
half of the 500,000 coronary artery disease deaths every year ate the sudden
rupture of vulnerable plaque. It has been widely assumed that plagpbatogy is the
major determinant of clinical outcome (Little, 1990; Lendsral., 1991; Falk, 1992;
Muller and Tofler, 1992; Libby 1995, 2001; Virmastial., 2000).Several pathological
studies of ruptured plaques have provided morphological descriptions ligthrisk, or
vulnerable, coronary plague that is prone to rupture as a positivebdeted lesion rich
in vasa-vasorum, containing a lipid-rich core with an overlying thin fibcapsinfiltrated

by macrophages (Burket al., 1997, 1999; Virmanet al., 2000; Maeharat al. 2002).



Virmani et al. (2003) described thin-cap fibroatheroma (TCFA) with a large neaot&e
and a fibrous cap < 65 um as a more specific precursor of plagtweea due to tissue
stress.

Despite the detailed analysis of plague morphology in necropsy sgecifrom
sudden death victims, the mechanism as to why some thin caps ruptwthars do not
has remained a mystery since ruptures often occur in regions whputational finite
element (FE) and fluid structure interaction (FSI) models do ndigiremaximal stress.
Forty percent of ruptures occur in the central part of the caelistaet al., 2002) rather
than regions of high curvature at the shoulders of the lipid core wHEe models
predict maximum tissue stresses (Cheng., 1993). Similarly, the recent study by Tang
et al. (2005) using an FSI model applied to 3D MRI images of samptpupsapredicts
that maximal stress often appears at healthy parts of tiselwsbere the vessel wall is
thinner than the wall on the diseased plaque side or where veskseliwature is large.
Our new hypothesis was conceived to explain these paradoxical olmervand
computational predictions.

At first glance, it might seem highly implausible that suadhute inclusions are
destabilizing when a series of FE models predict that muchrlanjémeter-size
macrocalcifications, frequently observed in advanced human cororsaoynde have a
stabilizing effect (Huangt al., 2001; Imotoet al., 2005). Our new hypothesis is inspired
by the classical theoretical studies of Goodier (1933) who exdntiveeffect of minute
solid spherical impurities in rubber tires as a cause of thaluré. Subsequent
experiments by Gent and Park (1984) showed that debonding occurrediraetfaee

between the solid impurity and rubber because of the large mismateindness of the



materials and the local stress concentrations that develop polé® of the impurity
along the tensile axis as a result of this mismatch.

Since there were no prior reports of cellular-level solid inohssiin the fibrous
caps of human coronary lesions, our initial effort was to exploreqtiantitative
feasibility of the hypothesis to provide a framework for undadstey the importance of
the size of the hypothesized impurity and its locatiorCh@apter 2 | will present a 3D
model of a perfectly bonded rigid spherical inclusion in a fibroys wader uniaxial
tension which was constructed to predict the stress concentration déneuimdlusion. |
will develop an analytical solution for the asymmetric problefmene the solid inclusion
is arbitrarily positioned in the thickness direction. | find thatehe a near doubling of
the interface stress at the poles of the calcified inclusiontlaisddoubling is only
modestly affected by the positioning of the calcification witthe cap thickness as
shown. The model will provide a plausible explanation of the paradox tett ptaque
ruptures occur close to a region of high circumferential teaigss, defined as a stress
of more than 300kPa, but ruptures are not necessarily located at ke gfamaximum
stress. | will also show that the results of this new aralpgsedict the critical cap
thickness of 65 um proposed by Virmanal. (2003) for vulnerable plaque rupture.

Having demonstrated the quantitative feasibility of the new hypietHesxplore
in vitro imaging techniques whose resolution far exceed conventional MRIS Iaftdl
OCT approaches to confirm that the proposed solid inclusions do existansf caps of
human atherosclerotic lesions. Cellular-level microcalcifiost were considered the
best candidates for the hypothesized weakening factors inghdlua was suggested by

the fact that macrophages and smooth muscle cells (SMCs) methetic core were



observed to calcify after apoptosis. In addition, the presence of seflalar- and
subcellular-level calcified inclusions in necrotic cores of adedratherosclerotic lesions
has been reported in a number of histological studies. However, thezenaeorior
reports of cellular-level calcifications in the cap proper.tFirsvill examine autopsy
specimens of coronary atheromatous lesions using confocal microscopyned with
calcium specific stain Alizarin Red S and present the fistfacal images of
microcalcifications in a fibrous cap of human fibroatheroma lesibanT will develop a
non-destructive 3D approach for microcalcification detection using héglolution
micro-CT imaging and show the first micro-CT images phesical & 20 micron
diameter) microcalcifications in a thick-cap human atheroma lesion.

The first images of cellular-level calcifications in thapc proper clearly
demonstrated that our original theoretical model of a sphericalisiod was too
simplistic to predict their impact on plaque stability. Fist, ithages showed that some
microcalcifications are not spherical, but can take on elongigoes and they can also
have neighboring microcalcifications. Second, in any given FHiledilen an accurate
model is needed to determine the background stress in the cap. jbinéynoé existing
FEMs are based on 2D geometries of the lesion cross-sectionsedbtam histology,
OCT, IVUS or MRI. Such a 2D computational approach wouldn’t be cserfii to
precisely define the PCS in lesions with complex geometriesioomg large mm-size
macrocalcifications and cellular-size microcalcificationghia cap. To overcome these
limitations, | will develop inChapter 3 a more realistic micro-CT based 3D FE approach
which has the capability of predicting the stress distributronrad an arbitrarily shaped

micro-inclusion in a fibrous cap of a vulnerable plague of arbitragmegtry. The



geometry of the plaque is reconstructed from high resolution mi€ror@ages of
realistic human coronary lesions and similarly the shape of itminclusions. Then, |
will use the multi-level FE model of cellular-level microcaldiiions in the cap proper to
evaluate the effect of both micro and macro size calcifiosits described in Chapter 2
on the stress distribution in thin cap fibroatheromas. | analyzenibect of the shape of
microcalcifications, their location and proximity to one another ombchanical plaque
stability.

Although numerous histopathology studies of postmortem human arteries
summarized at the beginning of the Chapter have provided invaluable atifmmrabout
histological features of vulnerable plague, these studies doroiv afirospective
examination of the events that lead to plaque rupture. It'ssgynaccepted that there is
an urgent need for a representative animal model where the ruptuesoielf can be
predicted (Jacksoet al. 2007). ApoE-deficient mice with diet induced lesions have been
widely used to mimic many of the characteristics of humaariesncluding macrophage
expression and the activity of MMPs. Recent studies summariz€thapter 4 have
shown the feasibility of developing advanced lesions in the aorta ractidcephalic
arteries.These studies show that the remarkable feature of murine E®ibos is that
their fibrous caps are very thin,10 micron, but they never appear to rupture despite the
fact that the average systolic and diastolic pressures inithieseare 125 and 90 mmHg
respectively, and thus not very different than humans. This observationmsarked
contrast to the widely held belief that the thinner the cap thateyr its instability and,
therefore, is a paradox of great importance in understandenghechanisms of plaque

rupture. In Chapter 4 | will use histology based FEA to evaluatk peeumferential



stresses in aortic and BCA lesions from six fat fed ApoErKi€e. This analysis will be
able to both explain the greater stability of aortic lesiomaige and provide new insight
into the BCA lesion as a model for the stability of human lesisitis and without
microcalcifications in their fibrous caps. | find the averpgak stress in fibrous caps of
aortic lesions to be significantly lower than the average valuaaoimum stresses in
BCA caps. | will also show that the proximal BCA artery of thefed apoE knockout
mouse is a better site to study pathophysiology of plague rupthaugh they are too
thin to contain cellular microcalcifications in the cap proper. Respe absence of these
microcalcifications the murine BCA lesions have stress léhalsare quite similar to the

PCS of the much thicker vulnerable caps of humans with such microcalcifications



Chapter 2 New hypothesisfor vulnerable plaquerupture: stressinduced
debonding around cdlular-level microcalcifications

in thin fibrous caps

2.1 Introduction

The rupture of the thin fibrous cap overlying the necrotic odra vulnerable
plaque is the principal cause of acute coronary syndrome. Ibdes widely assumed
that plague morphology is the major determinant of clinical outcdaotde( 1990;
Lendonet al., 1991; Falk, 1992; Muller and Tofler, 1992; Virmaanial., 2000).Several
pathological studies of ruptured plaques have provided morphologicaiptiessr of the
high-risk, or vulnerable, coronary plaque that is prone to rupture or erosion as a positively
remodeled lesion rich in vasa-vasorum, containing a lipid-rich core with alyiagethin
fibrous cap infiltrated by macrophages (Busteal., 1997, 1999; Virmaneét al., 2000,
2003; Maeharat al., 2002). Virmaniet al. (2003) described thin-cap fibroatheroma with
a large necrotic core and a fibrous cap < 65 um as a mordispeecursor of plaque
rupture due to tissue stress.

Despite the above observations, the mechanism of vulnerable plaque fgetu
remained a mystery since ruptures often occur in regions wdoen@utational finite
element (FEM) and fluid structure interaction (FSI) models do nedligr maximal
stress. Forty percent of ruptures occur in the central part chfheather than regions of
high curvature at the shoulders of the lipid core where FEM m@aetict maximum
tissue stresses (Chergal., 1993; Maeharat al. 2002). Similarly, the latest study by

Tanget al. (2005) using an FSI model applied to 3D MRI images of sample plagues



predicts that maximal stress often appears at healthygfatie vessel where the vessel
wall is thinner than the wall on the diseased plaque side or whssel wall curvature is
large. Finally, millimeter size or larger calcificationsbath or adjacent to a lipid laden
necrotic core, which can be easily observed by intravasculasauind (IVUS) or optical
coherence tomography (OCT), have been theoretically predactael stabilizing (Huang

et al., 2001; Imotoet al., 2005). Our new hypothesis was conceived to explain these
paradoxical observations and computational predictions.

In this Chapter we propose a new hypothesis for the rupture ofcdhin-
fibroatheroma, namely that it is due to stress induced debondingpofencalcifications,
the size of a single cell, whose mass is six or more oafersagnitude smaller than the
millimeter or larger calcifications observed in MRI, IVUSda OCT mentioned
previously. At first glance, it might seem highly implausiblet tiach minute inclusions
are destabilizing when FEM models predict, as noted earliech tauger calcifications
are stable (Huang al., 2001; Imotcet al., 2005). Our new hypothesis is inspired by the
classical theoretical studies of Goodier (1933) who examined teet @f minute solid
spherical impurities in rubber tires as a cause of theur@ilSubsequent experiments by
Gent and Park (1984) showed that debonding occurred at the interfaeeiné¢he solid
impurity and rubber because of the large mismatch in hardness wiatleeials and the
local stress concentrations that develop at the poles of theiiynglang the tensile axis
as a result of this mismatch.

Goodier’s classical analysis describes a small sphengalrity in an infinite
medium. In the present study, we are interested in the case tilegedimensions of the

solid inclusion (10 um) are a significant fraction of the capktitéss and where the



location of the impurity within the fibrous cap can be arbitrary. preblem we are
interested in is basically that of a rigid spherical inclus®ymanetrically positioned in a
thin elastic layer subject to uniaxial tension at infinity. Tihasa classical unsolved
problem in the mechanics literature. The problem was of considerdbtest in the
1970’s when investigators were studying the fatigue fracture ofHaginess steels with
spherical inclusions or voids. The effect of a solid impurity @efiee surface in a semi-
infinite medium was first studied by Tsutsi and Saito (1973). Subsdguéstichida and
coworkers developed a solution for spherical voids in plates (1976) andfaihen
symmetrically located spherical solid inclusion of varying hasdn(1979). The solutions
for a spherical void showed large variation of stress concentratoa function of
inclusion position suggesting that a similar behavior might occur &wlid inclusion.
The asymmetric problem, where the solid inclusion is arbitrgodgitioned in the
thickness direction, is treated herein for the first time. ©lutions predict that there is a
near doubling of the interface stress at the poles of thefiedlanclusion and this
doubling is only modestly affected by the positioning of the caétibn within the cap
thickness. Furthermore, the results of this new analysis pregite remarkably, the
critical cap thickness of 65 um proposed by Virmeiral. (2003) for vulnerable plaque
rupture.

Having demonstrated the quantitative feasibility of our microftedtion
hypothesis, we exploreth vitro imaging techniques whose resolution far exceeded
conventional MRI, IVUS and OCT approaches to confirm that the propodethcédvel
microcalcifications actually exist. To this end, we examiaetbpsy specimens of

coronary atheromatous lesions using confocal microscopy combined calitium
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specific stains and micro CT imaging. At the end of the pagepresent the first images
of microcalcifications in fibrous caps. As anticipated, the mimutkusions in the cap are
very rare compared to the numerous calcified macrophages obsetlaedhecrotic core.
The most likely candidates for the inclusions are either eadcgmooth muscle cells or
macrophages that have undergone apoptosis while crossing the caprimgregion into

or out of the necrotic lipid core.

2.2 Methods

Fluorescent confocal imaging. Human coronary segments obtained at autopsy
time, less than 12 hours after death were pressure fixed1@¥th formalin and later
stained with 2% aqueous solution of Alizarin Red S (SIGMA A5533-25G) at pH 4.2 for 5
minutes (Bernaccat al. 1994). After staining, the samples were washed twice with de-
ionized HO followed by 70% ethanol to remove the excess stain from thesti3$e
segments were examined using a confocal laser scanning coleosystem Leica DM
IRE2 with an oil immersed objective (index of refraction n = 1.4gmfecation level
63X). To examine the signals arising from calcificationsns@iwith Alizarin Red S
relative to potential autofluorescence, confocal spectral mgagias used to verify the
presence of Alizarin-derived signals with expected emissioximaaat 650 nm. The
detection window selected using the Leica acousto-optical bearerspOBS) ranged
from 645 to 665 nm for these measurements (633 nm HeNe Laser iergit&ior
reference, interference contrast images were collected lsing tube optics HC 1X/B

apparatus with a focusing Bertrand lens for setting the contrast.
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Micro CT imaging technique. Formalin fixed human coronary segmert2y
mm length, N = 24) obtained at autopsy were scanned using a Géitectic
Healthcare eXplore SP Pre-Clinical Specimen micro CT admuisand analysis system.
For image acquisition, 720 consecutive X-ray projections were takenniogtZum
isotropic voxel resolution images. Mineral density was cakorausing a phantom
containing hydroxyapatite, air, and water. Initial reconstructiornthefwhole volumes
were carried out at 35um voxel resolution. Due to computationahtions to handle
digital data sets above 800 MB, the digital volumes were sectianembrisecutive
volumes of interest (VOI) consisting of the whole vessel circtenfe and about 3 mm
in height, which were then reconstructed at 7 microns resolution,ingsinlt3-9 sections
per sample. 3-D images were rendered and visualized using thevidiv 3-D volume
viewer software from GE. The presence of mineralized tissu&lparwas analyzed in

each VOI.

2.3 Theoretical model for new hypothesis.

Most existing models of fibrous cap rupture (Richardsai., 1989; Loreet al.,
1992; Chenget al., 1993; Huanget al., 2001; Finekt al., 2004; Tangt al., 2005) have
been based on FEM calculations of calcified tissue cross-seutithna lipid core where
the detailed geometry has been obtained from histology or IVUSinmag single
element in such calculations would be larger than the cellulal-lewpurity in our
hypothesis. In this paper we present an analytical solution fosttes concentration
around a minute impurity in a thin tissue layer whose thickneggisally two to ten

times the diameter of the impurity and whose location can bedvaci®ss the cap. The
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purpose of the model is to test the quantitative feasibility ofndhe hypothesis and
provide a framework for understanding the importance of the site2ampurity and its
location.

Our three-dimensional theoretical model shown in Fig.2-1 consists radid
inclusion eccentrically located between the top (lumen) and boflgnd core)
boundaries (Fig.2-1). The circumferential tensile stress ifiltheus cap is modeled by
unidirectional tension I applied at infinity; the top and the bottom boundaries are
considered to be stress-free. Let the origin of coordinatesthe aénter of the inclusion
with the z axis normal to the surfaces. The spherical anddeidal coordinates are
denoted by (rop, 0) and p, ¢, z) respectively. For convenience, r,pzand all other
lengths are made dimensionless by scaling relative to tli¢hiecdness of the tissue
layer. In such notation the upper (lumen) and lower (lipid corepsesfof the fibrous
cap are represented by z=1 + ¢, where c, the eccentric distance between the origin and
the midline of the plate, is < 1a To solve the problem we apply the Navier-Lame
equations of linear elasticity for the case of equilibrium with action-at-a-distance
forces:

A+wWA@AuU)+pA*u=0, (1)
where u (u, v, w) is the displacement vector anahdp are the Lame constants, the
stress-free boundary conditions at z##% + c, the perfect bonding conditions at the rigid
spherical inclusion — tissue interface at a,=and the condition that the normal stress in
the plate in the x direction tend to a uniform stresad x tends tat «. For detailed

boundary conditions, see Appendix A
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Although the above boundary value problem is three-dimensional, it can be
solved analytically without resort to numerical methods. The appnsagatterned after
the solution technique developed by Tsuchedaal. (1976) for the problem of an
eccentric spherical cavity under uniaxial tension. In the latrl@m the authors were
interested in the stress concentration around a void space crgaesphberical bubble.
According to their approach, components of the displaceufant,w) are first expressed
in terms of six cylindrical harmonic functiog, @1, 2, @3, @4, A4 Which satisfy boundary
conditions (2) and the normal stress condition (4) at infinity. Thesetibns are defined
in Appendix A. The cylindrical harmonics are then expressed in tefirspherical
harmonics which are also required to satisfy the stress-free bguwuatalitions (2). The
boundary conditions at the inclusion-tissue interface (3) lead to amtenfystem of
linear equations for the unknown coefficients of the spherical harmahiich are then
truncated to provide the desired numerical convergence. After soliangthe
coefficients, one can calculate the stresses and deformatiang point within the tissue

layer. A more detailed outline of the solution is given in Appendix A.

2.4 Reaults

2.4.1 Local stress concentration around minute spherical inclusions embedded in a
fibrous cap. The quantitative feasibility of our new hypothesis was exploreagukie
theoretical model in Fig. 2-1 to predict the factor of stress corateon (FSC)
surrounding a spherical inclusion in the fibrous cap. Fig.2-2A shows strébdtion of
calculated radial stress concentratigfily at the matrix-inclusion interface when the

dimensionless radius of the inclusiorais 0.1 ora = 0.5, and the eccentric distance is ¢
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=0 or ¢ = 0.4 ang = O°. One observes from the figure that the presence of a perfectly
rigid inclusion almost doubles the tension (adhesion stress) gpdhes™ A, A’ (0 = 90,

¢ = 0° and¢ = 180, Fig.2-1) in the direction of the applied tension M the classical
theory of Goodier (1933) for a rigid spherical inclusion in an infimtedium the
adhesion stress at the poles would exactly double. Surprisingly,etfsflet stress
intensification is scarcely affected by the relative silzthe inclusion since the curves in
Fig.2-2A corresponding to inclusion radii= 0.1 anda = 0.5 are very close to one
another and can be distinguished only at 9¢° and the curves for ¢ = 0 and 0.4 are
indistinguishable. The effect of a free surface on the stresemivaton is demonstrated

in Fig.2-2B fora= 0.1, 0.2, 0.3, 0.4, 0.5, 0.6. Maximum tensile stresses at A and A’ tend
to decline slightly as the inclusion approaches a free surfaeetendency is more
noticeable for larger inclusions. One also notes that the lardasimes are more stable
and that the value of FSC decreases with increasing size. Hasideis similar to the
much larger calcifications observed in IVUS where finite @etcalculations predict
greater mechanical stability when calcified plaques are mrésleanget al. 2001). This
strengthening occurs since the model does not allow for debondingecdltification

is more rigid than the surrounding material.

The theoretical model also allows us to estimate the peakndecential stress
(PCS) in the fibrous cap of atherosclerotic plaque arising fromrédsence of a calcified
macrophage or SMC. Finet al. (2004) have performed finite element calculations to
predict the effect of cap thickness on the stability of fibroys @deroma based on
typical in vivo IVUS images. The predictions of this model, which are givenr®y1iin

Fig. 2-3, show that PCS increases exponentially and will exteedverage maximum
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circumferential stress in ruptured plaques of 545 kPa (Cleeryy 1993) for plaque
geometry 1 in Fig. 1 of their paper when the fibrous cap thickises25 um. These
predictions are based on the material properties used in @ahg11l). The stresses
indicated by line 1 are the PCS for a lumen pressure of 14.6 kPa ¢hlBlghin the
absence of a calcified macrophage. Lines 2 and 3 show how this PCEinmebse if
rigid inclusions of 10 and 20 um diameter, respectively, apprdacheithin 5 and 10
pm distances, in that order, from the lipid pool. Results of thailedilons presented in
Fig.2-3 provide a plausible explanation of the paradox that most plagueesigiccur
close to a region of high circumferential tensile stresspnedéfas a stress of more than
300kPa, but ruptures are not necessarily located at the points of unaxatness.
According to Fig.2-3, a calcified macrophage located in an aregbfdricumferential
stress (> 300kPa) can intensify this stress nearly two fokb@® kPa when the cap

thickness is < 65 pum.

2.4.2 Confocal microscopy evidence of microcalcifications in the fibrous cap. The
results of our theoretical model were the catalyst fontansive search for cellular-level
solid inclusions within the cap proper. We have developed a confoeal daanning
microscopy technique using a Leica DM IRE2 microscope and Alizged S stain to
demonstrate the presence of microscopic calcific inclusions imoatilerotic plaques
from human arteries. As shown in Fig. 2-4, the Alizarin Red S stpitechnique
provides high contrast in confocal images, with near negligibldslesfebackground
fluorescence. In this figure, panel A shows a necrotic coméaming orange-red features

from individual confocal optical sections obtained using Alizarin Red Specific
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detection. Panel B is obtained by overlaying the Alizarin confogages with
interference contrast images. The numerous cellular- and subcédwél calcifications
observed in the lipid core in Fig. 2-4A reveal two characterigticifccations, spherical
calcifications with dimensions comparable to an entire macroplbag8€MC, and
subcellular calcifications as small as 1-2 um which arfeeeiobf vesicular origin and
extracellular, or intracellular calcified organelles. Tinge shows that Alizarin Red S
is quite sensitive to very small depositd0 pum. In some cases the Alizarin dye
incompletely penetrated the calcification and an annular stapattgrn was evidenced
when the optical section sampled an intersecting plane (catmis in center of Fig. 2-
4A).

Figs. 2-4C and D represent the first experimental evidencéndoextistence of
cellular-level calcifications in a fibrous cap. Fig. 2-4C shoms Alizarin Red S stained
calcifications in close proximity, one the size of a singlé(ee.0 um) and the other, an
elongated calcification that is several times the diameter of the s@lgiaclusion. Since
we were unable to reconstruct a three-dimensional image fdrishadogical section, it is
not possible to determine the full inclusion shape; however, the cénfoeging
technique allows us to perform a 3D reconstruction of the twoficaltons within the

section thickness=@0um). This partial reconstruction is shown in Fig. 2-4D.

24.3 Micro CT assessment of cedlular-level calcifications in fibrous caps of
atherosclerotic lesons. Micro CT images provide precise plague visualization based on
relative gray-scale attenuation differences within theofesi Figure 2-5A shows a

sagittal section of a 25 mm coronary segment, in which diffaisstie constituents
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within the sample can be readily distinguished. In particulafpback), soft tissue (light
gray), mineral (white), and lipid (dark gray) are resolved.idhinalysis of coronary
segment reconstructions with 38n resolution detected five advanced atheromatous
lesions with fibrous caps and lipid cores. Further reconstructions s Hodt plaques at
7 um resolution revealed the presence of cellular-level caltdies in a thick cap of one
of these lesions. Fig. 2-5B shows a cross section correspondingpianieeindicated by
the arrow in Fig. 2-5A with three microcalcifications (cidien a thick cap~250um).
Similar to the confocal images shown in Fig. 2-4, this micro CAgendemonstrates that
these cellular-level calcified inclusions in the cap are campared to the numerous
calcifications seen at the bottom of the necrotic core. (Ei§B, arrows). The cross
section also shows 2 nearly spherical macrocalcificateB@)um diameter at the plaque

shoulders.

2.5 Discussion
Our hypothesis that minute cellular-level microcalcificatiofgypically 10 um

diameter in the fibrous cap can cause its rupture provides an impoetarnnsight into

the mechanism of fibrous cap rupture and also resolves a long standing paradekyas
rupture does not always occur at the location of what was prévitusught to be

maximal tissue stress. The model predicts that minute spherataifications can
increase the local stress around the embedded particle by aefadtor of two at the
poles of the tensile axis and that this amplification, quite suimghs is nearly

independent of the size of the particle and relatively insensiivies tposition in the

fibrous cap. One of the striking results of the theoretical inedpat it predicts that cap
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rupture can occur in the center of a fibrous cap whose thicknesse®5igim in close
agreement with the empirical observations of Virnehmi. (2003).

Our hypothesis provides a plausible explanation for the paradoxicavatige
that approximately 40% of ruptures are observed in the center oafheand not at the
plaque shoulders where finite element calculations predict themuaxivalues of
circumferential stress (Chergy al. 1993; Maeharat al. 2002). Using FEM analysis
Chenget al. (1993) calculated the stress distribution in specific coronaryyaesions
that caused lethal myocardial infarction at a mean intralunpresure of 110 mm Hg
and compared it to the stresses in control stable lesions. Thagaveraximum
circumferential stress in ruptured plagues without cellular-leedild inclusions was
significantly higher 4091+1199 mm Hg (545+ 160 kPa) than the averagenma stress
found in stable specimens 1444+485 mm Hg (193x65 kPa), but not all plaque ruptures
occurred at the region of the highest stress. In 7 of 12 ruptureddeasipture coincided
with the location of the maximum circumferential stress, winil&0 of 12 lethal lesions
rupture occurred where calculated stress wasn’t maximal umeee than 2250 mmHg
(300kPa). The near doubling of the local stress due to the presenoanofe
calcifications in fibrous caps of these lesions can explain wpture often occurs in
secondary stress concentration regions. Our theoretical analgdists that the presence
of a calcified cellular inclusion in the shoulder would be even ™angerous than in the
central portion of the cap since the background stress hereategand its doubling
would make this region especially vulnerable. Thus, we propose thaitéhef cap
rupture depends on the relative location of both the circumfereiiteels concentration

and whether minute cellular-level microcalcification is presenthe cap. Furthermore,
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the average maximum stress of 545 kPa could be the rupture stréss adp if no
cellular-level solid inclusions are present.

The recent study by Targjal. (2005) revealed another paradox in the assessment
of plaque vulnerably. Their 3-D MRI-based computational model withicouffponent
plaque structure and fluid-structure interaction (FSI) predi@s global maximal stress
often appears at healthy parts of the vessel where vesds| aval thinner than the
diseased plaque side or vessel curvature is large, though ruptuneocti@esur at these
sites. To resolve this paradox, the authors advance a “local mMasti@ss hypothesis”
suggesting that local maximal stress values at critmedtions may be more closely
related to possible plaque rupture and should be used for more acmeahanical
plague assessment. Preliminary results based on calculating ttees-Based
Computational Plaque Vulnerability Index (CPVI) showed a good correlatibnpleiue
stability assessment given by histopathological analysis.ifités< is consistent with our
hypothesis since a cellular-level calcification locatedatdritical site can nearly double
their computed stress. Although these microcalcifications cann@intiyrbe detected by
standard imaging techniques, the present resolution of IVU328 um and OCT 15
um, future development of the OCT technique might allowivo detection of these
inclusions in thin fibrous caps. Such microcalcification assessmemibined with
advancedn-vivo image-based FEM/FSI models will provide more accurate quarditat
assessment of plaque stability.

Our theoretical prediction that cellular-level calcifioas can be responsible for
plaque rupture might seem counterintuitive at first because muger lgrunctate

calcifications (16 times the mass of a single cell) have been shown to be stapliiy
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FEM calculations (Huangt al. 2001; Imotcet al., 2005). Computational analysis applied
to typical ruptured or stable human coronary atherosclerotic lesggaals that mm size
or larger calcifications deeper in the intima do not incredseus cap stress in the
lesions (Huangt al. 2001). In contrast to a lipid pool, which dramatically increases cap
stresses, bulk calcification doesn’'t seem to decrease the mdhatability of the
coronary atheroma. The most recent three-dimensional FEM daloslaof the
longitudinal stress distribution within atherosclerotic plaques based simplified
axisymmetric geometry demonstrated that superficial mmcsilagfied plagues adjacent
to the lipid core led to a decrease in the peak longitudinakstedge at the fibrous cap
just above the lipid core (Imotet al., 2005). Our model also predicts that the larger
inclusions are more stable and the value of circumferentiaglsstencentration decreases
with increasing size. This behavior is similar to the much fazgkeifications observed in
IVUS where FEM calculations predict greater mechanical Igtabwhen calcified
plaques are present (Huaetgal. 2001). This strengthening occurs since the model does
not allow for debonding and the calcification is more rigid than tine@snding material.
Larger calcifications are also frequently observed beneath thie edges of lipid pools,
as seen in Fig. 2-5B, where the wall is thicker. For thegerdamalcifications the stress is
also nearly doubled, but the background stress is much lower and eventwadhad
increase in stress, the total stress would not exceed the threshold stress of 300 kPa
The presence of small cellular- and subcellular-level @adtiinclusions in
necrotic cores of advanced atherosclerotic lesions has beenedefpora number of
histological studies (Stary 2001, 2003; Virmahial. 2003). These microcalcifications

have been mentioned in several intravascular imaging studiesoasraary calcification
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pattern that is extremely difficult to detect. For instancesdfich et al. (1994) describe
microcalcifications as small flecks of calcium with sinfjeck size< 50 pm in their
intravascular ultrasound study of intralesional calcium pattermsy @7% of these
microcalcification lesions were detected correctly by sdranary ultrasound in contrast
to 89% of all dense calcified plaques. Similarly, a frequencgdapectral analysis of
unprocessed ultrasound data (Mooet al. 1998) demonstrated that although
microcalcifications reflect slightly more ultrasound energgnt moderate fibrosis and
less than dense fibrosis, the echoreflectivity of the plaque cannot be used atiemgif i
microcalcification from moderate fibrosis. These cellulaeleealcifications in the
necrotic core are not dangerous from a mechanical standpointisayceeside within a
viscous lipid pool that does not support significant tensile stressy &re essentially
floating debris without interface stresses. This is the texapposite of a
microcalcification that would occur in the fibrous cap as shown by our theoratckl.
Our new hypothesis for fibrous cap rupture is inspired by theicdhsiseoretical
studies of Goodier (1933) who examined the effect of minute solid sahienjgurities in
rubber tires as a cause of their failure. Failure will noupbecmless there is debonding
(failure at the tissue-particle interface). The mostgudent cause of debonding is the
formation of a minute cavitation bubble at the interface, which thpillyaexpands.
Experiments by Gent and Park (1984) showed that debonding occurredirgetface
between the solid impurity and rubber because of the large mismateindness of the
materials and the local stress concentrations that develop polé® of the impurity
along the tensile axis as a result of this mismatch. Clssxperiments with spherical

impurities in elastomeric materials clearly demonstrhge dreation of these cavitation
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bubbles. The maximum circumferential stress of 4091 £ 1199 mm Hg (340 kPa)
estimated by Chengt al. (1993) in ruptured plaques is almost equivalent to six
atmospheres and, thus, far greater than needed to produce a negasveeprevacuum

at the failure interface. We emphasize that the presenteticmd analysis doesn’t
incorporate debonding per se, but clearly demonstrates the pog#iati this can occur.
Future experimental studies are needed to demonstrate the ggssflsluch failure in
coronary arteries with microcalcifications.

Another example of the influence of inclusions on the strength ofiadates the
reduction in fatigue strength of steels due to the stress cornmntirtroduced by an
inclusion. In high-hardness steel cracks often initiate prefatgnfrom nonmetallic
inclusions either on or beneath a free surface of a specimeneathdo final fracture.
Since the 1933 classical study of Goodier (1993), numerous theoretiegpenmental
investigations have been performed to obtain a better understandimg stfess fields
due to inclusions in an elastic medium. However, most of the studies had been focused on
inclusions within an infinite medium, and thus the results could not beedpiali the
analysis of fractures of high-hardness steels where asté&ce has a strong influence
on the stress field. Tsutsi and Saito (1973) were the first toyzn#the problem of a
semi-infinite body containing a perfectly bonded spherical inclusionrumdgymmetric
tension to see the effect of a free surface on the stedds Tiheir calculations showed
that the effect of a free surface is significant when tiodusion is soft. On the other
hand, if the inclusion is rigid, the maximum tensile stress appedrs insensitive to its
position within the semi-infinite plate and tends to decline slggh# the inclusion

approaches a free surface similar to our observations in Fig. 2&2®rtly after this
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Nakahara and Tsuchida (1979) developed solutions for a symmetrazdhgd spherical
inclusion under uniaxial tension and showed large variation of the stressntration as
a function of its hardness. The 3D asymmetric problem, whereédaspberical inclusion
is arbitrarily located within a thin plate, is treated herfer the first time. A closed form
truncated series solution for stresses and displacements isemeck by a combination
of a solution which is regular outside of the inclusion and a solutiloohws regular in
an infinite plate. This solution is derived using an approach sinaléhat proposed by
Tsuchidaet al. (1976) for the problem of an eccentric spherical cavity under iahiax
tension.

The predictions of our theoretical model were the catalyst rfoexg@erimental
search for probable weakening factors in the cap responsible foingretress levels
sufficient for its rupture. There were no prior reports, to our knidygdeof cellular-level
solid inclusions in the cap proper. Our initial effort was to develamr#ocal laser
scanning microscopy technique that would clearly identify calciums Was suggested
by the fact that macrophages and SMCs in the necrotic coe abserved to calcify
after apoptosis. Therefore, it seemed plausible that both thésgpes could undergo
apoptosis and calcification in migrating across the fibrous t#pedesion. Alizarin Red
S had already been used to examine large calcifications iffiexhlteart valves
(Bernacceet al. 1994). This method had been shown to be a useful addition to traditional
histological methods available for the study of the calcificgpimtesses. In contrast to
histological sectioning, confocal laser scanning microscopy doesqgliire sample
dehydration and processing and allows one to study biologicaliatater their normal

hydrated state. Furthermore, measurement of fluorescent repostgy mobility and
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localization within structures can provide important information naigg the
biochemical, biophysical and structural status of calcificatiorts their context within
the artery wall.

Having obtained the first confocal imaging evidence for theepias of cellular-
level microcalcifications in the cap proper, we sought ar@ibdestructive imaging
technique which would allow a systematic analysis of intact and uegsed coronary
artery segmentsRecently, Langheinriclet al. (2004) demonstrated the feasibility of
using micro CT for morphological and quantitative analysis of rasaopic
atherosclerotic lesions. Micro CT imaging provides an accurataatieazation of lesion
morphology due to the difference in density between air, soft tigpiteahd mineral. In
contrast to histologic processing, which requires fixation, dehgdratnd/or some
degree of decalcification before paraffin embedding to allowiseog, micro CT
imaging can be performed in unprocessed coronary artdines.prevents mechanical
and physiochemical artifacts, such as shrinkage of the specimdnyegains true
calcification morphology because there no decalcification is involvadth®&r problem
with histological analysis is the difficulty of obtaining adjaceettions and avoiding
distortion during the sectioning process. Histologic microscopy als® riuieprovide 3D
information and as a destructive technique, is limited to a smathiber of two-
dimensional sections. With micro-CT, a complete digital datafsthe whole vessel is
available. Using tomographic reconstruction algorithms, 3D images of the wedisehn
be generated that allow total stereoscopic visualization of theni8@architecture. Due

to all these advantages combined with reliable and clear minetettdn, micro CT
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imaging appears to be the best method to assess the presemnceacélcifications in the
cap of fibroatheroma lesioms vitro.

Finally, it should be emphasized that the purpose of the preseninesipizl
study was simply to confirm our hypothesis that microcaldifics do indeed exist in
fibrous caps and not just in the necrotic core. It is clear thaga scale statistical study
is needed to quantify and compare the likelihood of cellular-levaiocrlcifications in
the cap of ruptured and non-ruptured plaques and to further validate our proposed
hypothesis for fibrous cap rupture. Our initial experimental datawsthat these
calcifications are very rare compared to numerous cellulad subcellular-level
calcifications observed in the lipid core (Figs. 2-4, 2-5). If theere many such
calcifications one might anticipate that there would be a hgjaof cap rupture and
thrombus formation even if not all ruptures lead to occluding thrombio@gie et al.

2001).
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Chapter 3 Micro-CT based three-dimensional finite element analysis of the new

paradigm for vulnerable plaquerupture

3.1. Introduction

The first confocal and micro-CT images of microcalcificatiomgibrous caps
described in Chapter 2 made us realize that we would need a muclsopabisticated
theoretical model in order to evaluate their effect on plaque isgalfilrst, the images
show that some microcalcifications are not spherical, but candakelongated shapes
and they can also have neighboring microcalcifications. Secondy igiwen calculation
an accurate model is needed to determine the background stressap.tiidhe majority
of existing FEMs are based on 2D geometries of the lesion @osers obtained from
histology, OCT, IVUS or MRIL. Such a 2D computational approach wouldn’'t be
sufficient to precisely define the PCS in lesions with comgegmetries containing
large mm-size macrocalcifications and cellular-size microce#tibns in the cap.

To overcome these limitations, | develop in this Chapter a 3D teuti-FEM
based on high resolution micro-CT images. First, the micror@dging data is used to
generate realistic 3D geometries of the lesion using imageegsing and segmentation
software MIMICS. Then, the obtained realistic geometriescarsbined with a multi-
level submodeling technique in FE solver ABAQUS in order to includarnhéysis of all
types of coronary calcification which appear blue in the im@ge.model consists of a
macro-scale global model representing the whole segment and two nestedaisbone

at the level of the necrotic core and the other at the levdleomicroinclusions. The
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macro-scale model of the whole plaque includes large millinsetercalcifications at the
bottom of the lipid pool and at its shoulders. The lowest level maategnodel, which
represents a segment of the fibrous cap, has a FE mesh refinegh dnotreat the
detailed stress distribution around one or more microcalcifications in theayagr pBoth
submodels contain approximately 1.5 M tetrahedral elements.

One of the most important factors contributing to plague ruptureievbdlto be
the peak circumferential stress (PSC) in the fibrous cap (Céteadg 1993; Leest al.,
1993; Huanget al., 2001; Finetet al., 2004; Tanget al., 2004, 2005). Several of these
computational analyses have demonstrated that thin fibrous caps andigargeools
increase PCS in the cap dramatically. This observation agrébs pathological
postmortem studies of ruptured plaques (Virmenal., 2000; Kolodgieet al., 2001;
Virmani et al., 2003; Cheruvwet al., 2007). The majority of existing FE models of
atherosclerotic lesions are based on 2D geometries of the lesgmisections obtained
from histology (Chengt al., 1993; Loreest al., 1992; Huangt al., 2001; Finekt al.,
2004). Although histology provides excellent resolution and clear defirof soft tissue
components, it can’t retain the true morphology of a lesion withneoy calcification
because some degree of decalcification is usually requiretbto se¢ctioning. It is also
difficult to avoid distortion in obtaining adjacent sections and, therefbaed to
reconstruct 3D images. Chatal. (2004) used optical coherence tomography (OCT) as a
basis for their 2D finite element analysis and showed that C&iTpcovide a more
realistic geometry than histology by avoiding structurafaats common to histological

processing.
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Structural analysis based on intravascular ultrasound imagituSjl of human
iliac vessel segments performed befomevitro balloon angioplasty has been used to
predict the locations of plaque fracture that usually accompanggspéasty (Leeset al.,
1993). Ohayonet. al. (2001) performed 2D FE analysis based on IVUS images of
atherosclerotic coronary arteries recorded before and a&fleob angioplasty to predict
in-vivo plague rupture locations. Recently, a 3D MRI based computational mbdel
human atherosclerotic plague with multi-component plaque structurduaahatfucture
interaction was developed by Taegal. (2005). Although OCT, IVUS and MRI can
provide 3D data for plague structure, in all these imaging techsliguge calcifications
are not clearly delineated and calcifications < 50 - 100 micnangsisible. In order to
circumvent these limitations and create a more accurate 3D geometry ohargdesion
including cellular microcalcifications in the cap, | develop ahhigsolution micro-CT
based computational technique. We showed in Chapter 2 that microdgjing could be
used for clear detection of cellular-level microscopic cakifims in the thin fibrous
caps of vulnerable lesions. To our knowledge, the present study issthregtimpt to use
micro-CT imaging data sets to generate realistic plagoenetries and 3D finite element
meshes for computational analysis of biomechanical plague stalAlityough the
approach can’t be applied iie-vivo analysis of plaque stability, the insights gained from
thein-vitro method are intended as an invaluable tool for exploring the basimamsms
of plaque rupture.

In Chapter 2 the quantitative feasibility of our hypothesis for enalble plaque
rupture due to the presence of cellular-level microcalcificatinnte fibrous cap was

evaluated using a model of a perfectly bonded spherical inclusioraahpipositioned in
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an elastic cap of uniform thickness under tendiothis Chapter, | develop a much more
sophisticated multi-level FE model of these cellular-levelroualcifications in the cap
proper and perform a 3D computational analysis using our detailedo-@T
reconstruction. This reconstruction includes the shape of the midfmegions, their

proximity to one another and their relationship to the cap thickness.

3.2. Methods

3.2.1. 3D Reconstruction of Plaque Geometry and Tissue Property assignment

The 3D micro-CT imaging data obtained from the coronary segmwht
microcalcifications in the fibrous cap described in Chapter 2 g=&).was transferred to
an image processing and segmentation software Mimics (M&ejial3D plague
geometry and FE surface meshes were created by Mimicsxpodezl to a commercial
finite element package, ABAQUS 6.7.3, to build a volumetric heieal mesh
corresponding to the segment. The mesh was sent back to Mioicprdperty
assignment based on the gray scale level attenuation of the lbigage data. In
previous computational studies of atherosclerotic plaque two majeriadahodels were
used, the linear elastic model (Chan@l., 1993; Leest al., 1993; Finett al., 2004) and
the hyperelastic Mooney-Rivlin model (Huael., 2001; Tanget al., 2004, 2005; Chau
et al., 2004). In this Chapter, material mechanical properties were dpmted by
linearly elastic materials (Table 1 from (Cheegical., 1993)). To take into account the
complex structure of the plaque constituents, we used a transvetrsgpics material

model, which assumes that the deformable medium has the same ipsoperthe
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circumferential and axial direction. Lipid and calcifications @vemodeled as
incompressible, isotropic materials with a Young's modulus of lipid équEfL0O0 of the
circumferential Young's modulus of a normal artery and the Young's osddlthe
calcification 10 times that of the non-calcified tissue (Cherg., 1993). The baseline
model of the real coronary lesion was modified using morphological tapesain

Mimics in order to study the effect of cap thickness on the PCS in the lesion.

3.2.2. Finite Element Analysis

The computational analysis was carried out with a commericidé felement
package, ABAQUS (version 6.7.3). The major difficulty for the 3Dgem&dased mesh
generation was the resolution required to evaluate the strassend microcalcifications
of only 10 — 20 p diameter. The size of the finite elements rebjogeded to be much
smaller than 1 micron. This would result in an unrealisticaliyp mumber of elements to
model the entire coronary segment. Thus, we used a submodeling tecradakle in
ABAQUS to study in detail a small area of interest in @bgl model, in our case, a
region of high stress around calcified inclusions in the cap. Bigipbal model for the
entire coronary segment without microcalcifications in the cap eveated based on low
resolution (35 pum) micro-CT image reconstruction using a relgto@arse mesh. The
static global stresses were calculated for a mean physalogiood pressure of 110
mmHg (14.6 kPa) applied to the luminal inner surface of the vessel. Then, we created tw
submodels corresponding to a 1.2 mm thick circular segment oftdrg and a segment

of the fibrous cap with microcalcifications in it. These hidnaral submodels based on
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the high resolution (7 pm) micro-CT reconstructions had a much rafined mesh and

were driven by the global solution.

3.3. Results

In order to investigate the impact of calcifications on biomeichh plaque
stability | used micro-CT imaging data of a human coronary lesion Wipidacore, large
mme-size calcifications in the vessel wall and microcalatfans in the fibrous cap
described in Chapter 2. Fig.3-1 shows the sagittal section o$ebment (A), cross
section of the same segment corresponding to the plane indicated agraw in Fig.3-
1A (B), and the 3D vessel geometry reconstructed with Mimics. | usedBA€US
submodeling technique to focus on the fibrous cap with microcalcdicatior detailed
stress analysis. For each modeling level a mesh convergengevwssdperformed in
order to create a finite element mesh that balances accuracy and cgmgsdurces. We
kept increasing the Mimics generated mesh density and reamqalym model until the
difference between results from two consecutive meshes wggibke. The global
model mesh corresponding to the whole vessel (Fig.3-1C) consist@db ahillion
tetrahedral elements with the average length of ed§6sm. Calculated stresses and
displacements were used to drive the first level submodel shoween gr Fig. 3-2A.
The submodel represents a 1.2 mm thick segment of the whole wssel the area of
maximum circumferential stress was observed. The submodel’s morgablsigucture
is shown in Fig. 3-2A. The lipid core (red), fibrous cap and macrdicaltons (blue) at
plaque shoulders are included in the submodel consisting of 1.5 million refeme

(average length of edgeSOum). At the first level of submodeling microcalcifications in
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the fibrous cap were not considered due to the large size okthergk. Only the second
level submodel (Fig.3-2B) which corresponds to a segment of treudilmap shown in
green in Fig. 3-2A has a finite element mesh refined enough taudancl
microcalcifications. The average edge of its 1.4 million elemenas~0.3 um (Fig. 3-
20C).

First, we calculated the 3D stress distribution due to the piegiological blood
pressure of 110 mmHg in the entire segment (Fig. 3-3C). Analy$ie absults revealed
that the global maximum of circumferential stress was obdarvéhe fibrous cap area
where macrocalcifications at the plaque shoulders and micracafiwhs in the cap are
located (Fig.3-1B). Fig. 3-3A shows the stress distribution inpthque cross section.
The maximum circumferential stress is 72 kPa.

In order to analyze the effect of macrocalcificationthatplaque shoulders on the
global stresses in the lesion, we created a model with twdficaions replaced by
fibrotic tissue. All other morphological features and load conditiong Wes same. The
results showed that the location of the maximum stress didn’'t enhang its magnitude
increased to 84 kPa (Fig. 3-3B). The observed stress reductioncaghdue to plaque
calcification supports the idea that large calcifications hagéahilizing effect on the
plaque. The model without macrocalcifications at the plaque shoulddfgy.ir3-3B
allowed us to analyze the impact of the macrocalcific inclustoonthe local stresses in
the vessel wall by providing the background stresses. Figs.&hdAC show the detailed
stress concentration around the macrocalcifications in the twasns Fig. 3-3A. Figs.
3-4B and D show stress distribution in these two inserts in the@bsé calcifications.

Stress concentration can be observed around both macrocalcifigatitvesdirection of
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applied load at the poles of the inclusions (15 and 22 kPa in A and C cogfza8l and
17 kPa in B and D). The calcification in A also shows stress reduction edtlagor from
25 kPa to 7 kPa, while the calcification in C doesn’t have the aremloted stress, the
stress is actually increased from 30 to 36 kPa. In summaryprésence of two
macrocalcifications at the plaque shoulders doesn’t change maxilmceh stress
significantly, but rather causes stress redistribution.

We used the second level submodel to evaluate the stress cormertratind
microcalcifications in the fibrous cap proper. The results showng. 3-5 demonstrate
that the PCS at the inclusions - cap interface reach 96.2, 54 37ahdPa. Since the
background circumferential stress in the cap without inclusiongléskPa, 28 kPa and
18 kPa, stress concentration coefficients for the threeicalodins are 2.25, 1.96 and 2.1
which is very close to the coefficients predicted by ourydical model of a spherical
inclusion described in Chapter 2 (Vengrenwtlal., 2006). Fig. 3-5A demonstrates that
stress concentration around one of the inclusions located in a highastasof 42.6 kPa
reaches 96.2 kPa. This is higher than the global maximum stréss kPa in the cap
without microcalcifications shown in Fig. 3-3A. These results shaw the inclusion of
cellular-level microcalcifications resulted in a signific§88%) increase of the PCS in
the thick-capped fibroatheroma. Another result of this analysfsaisthe location of the
maximum stress has shifted from the lumen side of the cap toténmface between the
inclusion and soft tissue.

The goal of our next numerical simulation was to investigate ffeeteof
microcalcifications on the PCS as a function of cap thickness.ajpéied Mimics

morphological operations to our baseline geometry of a thick-cappeshthieroma to
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simulate the cap thinning process. A series of 3D modelsoajhthickness decreasing
from the original value of 300 um to 40 um were created usmgus cap erosion and
lipid core dilation. As a result of fibrous cap thinning lipid core volunweased from
1.44 mni corresponding to the original lesion shown in Fig. 3-1 to 5.8 fomthe 40
pm cap model. For each of these models the global peak circumfiestrass in the
fibrous cap and the maximum local stress around microcalctditatvere calculated and
plotted as a function of cap thickness in Fig. 3-6, lines 1 andp2categely. The graph
shows that the presence of microcalcifications in fibrous captsasuhn additional area
of high circumferential stress in the cap. Both peak streasesase exponentially as a
result of reducing fibrous cap thickness. While our original thiggped (300 um) model
predicted a global PCS of 72 kPa and a maximum local stress aralaiftCations of
96.2 kPa, the 40 um thin-caped model predicted a PCS of 435 kPa axdaum local
stress around microcalcifications of 344 kPa. Although the glob&liRGhe thin-caped
models (cap thickness < 80 um) is higher than the local stoesentration around the
microcalcifications, this local stress also reaches the rugitueshold of 300 kPa for cap
thicknesses < 50 pum and, therefore, can increase the vulnerabtlity lesion. In order
to simulate the maximum destabilizing effect of microcadations, we also placed them
in the area of the global PCS, and recalculated the maximwhdtiesses due to their
presence. This result is plotted in Fig.3-6, line 3.

The present 3D FEM also allows us to estimate the effect of calcficgtiape on
the stability of fibrous cap atheroma. Lines 2 and 3 in Fig. Bewshow the global PCS
in the cap would increase if an elliptical calcific inclusionhnaspect ratid. = b/a = 2

and 4, respectively, was located in the region of PCS with me®ibaalong the tensile
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axis. The stresses indicated by line 1 are the cap PCS wghegical inclusioni(= 1).
Results of the calculations presented in Fig. 3-7 show significemmedse in stress
concentration with increase of the inclusion aspect ratio.

Finally, the effect of microcalcification proximity on biomecleahi plaque
stability was evaluated by using confocal images of AlraRed S - stained
microcalcifications in a fibrous cap of a human coronary lesion showFigure 2-4,
Chapter 2. Fig. 3-8A is the 3D confocal image reconstruction of ttadsiic inclusions,
one the size of a single cell (10n) and the other an elongated calcification that is
several times the diameter of the single-cell inclusion. \Wated an idealized 3D model
of these inclusions based on the confocal image reconstruction aothiemidhe stress
distribution around them when a uniform tension is applied in the dineofi the long
axis of the larger inclusion. Results of the calculations presemféid. 3-8B predict that
the maximum stress between calcifications near the pole @lahgated inclusion can
intensify the cap circumferential stress about 6 times. Tlyh Walue of stress
intensification can be explain by the fact that 1) the elongateasind's shape is close to
an elliptical inclusion with a high aspect ratio, and 2) thera ssiperposition of local

maximum stresses around inclusion poles due to their close proximity.

3.4. Discussion

In this Chapter| have developed a new micro-CT based multi-scale FEM of
atherosclerotic lesions and applied the technique to evaluate the iohmadcifications
of different size, shape and location on biomechanical plaque staintigr a static load

with a mean arterial pressure of 110 mmHg. Computational amalfs thick-capped
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fiboroatheroma predicted that the large calcifications at plegue shoulders and
microscopic calcific inclusions in the fibrous cap have an opposketedih the lesion

stability. While the shoulder calcifications have been shown to retieceCsS in the cap
by 16%, Fig. 3-3, the presence of the microcalcifications in thencapased the PCS by
33%, Figs. 3-5. This modest increase occurred because the nidroatabns were not

in a region where the background stress in the absence of micrmnslusas a

maximum. A much larger PCS would be obtained if the microinclusiare located in

region where the background stress was close to a region oivii@at the inclusion as

shown by curve 3 in Fig. 3-6.

It is known that the size of the lipid core and fibrous cap thickhags the most
significant effect on the stress level within a plaque. Fibropstlz@ning may lead to
increase of stresses and conversion of a stable plaque to a qiotueeor vulnerable
lesion. We used Mimics morphological operations, namely, lipid pool ahlaind
fibrous cap erosion and created a series of fibroatheromas withickpess decreasing
from 300 um to 40 um to model the "cap thinning" process. The reshdiged the
presence of an additional area of high circumferential stredsigap due to the local
stress concentration around microcalcifications in all generatedlels for the
microinclusions shown in Figs. 3-2B, C. Although this maximum loaa&sstaround
inclusions was lower than the global PCS for < 80 um thickness se@4g;ig. 3-6, its
value for a cap thickness of 40 um was 344 kPa, more than theertimteshold of 300
kPa. However, the thickness of the fibrous cap and the size diptiecore are not

sufficient to predict cap stability. The results in Fig. 3-6 iathahat the most significant
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impact on plaque stability occurs when microcalcifications aradolcin close proximity
to a region of PCS.

To our knowledge, this study represents the first attempt to usedsghution
micro-CT imaging for anin-vitro 3D FE analysis of an atherosclerotic lesion. Most
existing FEMs of atherosclerotic lesions are based on 2D geesetrthe lesion cross-
section obtained from histology, OCT, IVUS or MRI (Richardsbal., 1989; Loreest
al., 1992; Chengt al., 1993; Huangt al., 2001; Finekt al., 2004; Tangt al., 2005).
Currently, histology is considered to be the “gold standard” forraéteng plaque
geometry and composition. Although it provides excellent resolutionlaad definition
of plaque morphology, histological processing and sectioning introdudeéscts,
especially in plagues with calcifications present. In OCT, IVais&l MRI large
calcifications are not clearly delineated and microcaldiies < 50-100 pum are
invisible. We used high resolution (7 um) micro-CT imaging dat&tete realistic 3D
geometries of a coronary lesion with several large mm s@akifications and
microcalcifications (10 — 20 pum) in the fibrous cap and combine tiisavmulti-level
submodeling technique in ABAQUS. Our simulations strongly suggesthilseipproach
is the best approach to analyze the role of coronary calciymague stabilityn-vitro. In
addition, it can be also used for analyzing the potential impacbrohary calcification
on the outcome of balloon angioplasty, stenting procedures, corortary agpass
grafting and other surgical procedures.

The calculated stress concentration coefficient around macro- and
microcalcifications in the lesion are very close to the valuedigted by our analytical

model of an idealized spherical inclusion in an elastic cap dbramithickness under
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tension described in Chapter 2. Both calcifications approximately dbutiie
background stress due to the fact that the inclusion shape is @lspberical and they
are located far from each other. In addition, our results in Bigsand 3-8 indicate that
microcalcification shape can have a dramatic effect on plaghiitgtarhe presence of
an elliptical calcification with an aspect rati= 4 in a fibrous cap can intensify the PCS
in the cap by a factor of three beyond that for a sphericlalsion. The most significant,
a 6 - fold increase in stress, was predicted in Fig. 3-8 forcaga&ied inclusion in close
proximity to a spherical. The results suggest that microczdtifin shape and positioning
have a profound effect on plaque stability.

There is an extensive literature based on in vivo IVUS, OCT aRdl M
imaging that attempts to correlate calcified plaque burdénm the prediction of future
coronary events. This literature, which is inconclusive, is breflymarized below since
it pervades current thinking. It is very difficult to criticabyalyze this literature unless
one is able to identify a mechanism for cap instability. Theuations in this Chapter
and the hypothesis proposed by Vengrengukl. (2006) propose such a mechanism.
Unfortunately, the entire current literature, which is basednonvo imaging, fails to
capture the cellular level microcalcifications in the cap erdpat are analyzed in the
present paper and in Vengrenyalal. (2006). These cellular level inclusions fall below
the visibility of these invivo imaging techniques and their frequency has not yet been
established. In addition, the term speckled or diffuse calcificatied usthe literature
can also apply to calcified macrophages and smooth musclehaliseside in the lipid

pool and, as such, can be considered floating debris. These sméiltatadcis have no
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effect on plaque stability since they are imbedded in tissue swtall or no tensile
stresses (these tensile stresses vanish in the lipid pool).

With the foregoing caveats we briefly analyze some of therbeatt@vn papers
that try to correlate calcified plaque burden with plaque stabihitpne series of studies
of sudden coronary death cases, over 50% of nonruptured thin-cap fibroatheroma
showed a lack of macrocalcification or only speckled calcificabonpost-mortem
radiographs of coronary arteries (Budtel., 2001). In contrast, 65% of ruptured lesions
demonstrated speckled calcification, with the reminder showing &agpd or diffuse
calcification. Furthermore, the mean calcification score wgsificantly higher in
ruptured than in nonruptured vulnerable plaques. The authors concluded thadatees
demonstrate the lack of specificity of calcium patterns in btesteoronary plaques, but
suggest that mildly to moderately calcified segments arentig likely to rupture. IVUS
studies, on the other hand, have led to an opposing view of the importance of
calcification. Rasheedet al. (1994) showed that unstable clinical symptoms are
associated with quantitatively less calcium. Similarly, kdean et al. (2001) observed
that culprit lesions in patients with stable angina pectoridP{S#ere more extensively
calcified than those in unstable angina pectoris patients (UAdPihat patients who have
had an acute myocardial infarction (AMI) had the least cattifoeilprit lesions.
Subsequently, Ehaet al. (2004) recognized that there was a significant difference in the
pattern of coronary calcifications between patients with AMI,PJAnd SAP. They
observed that small calcium deposits which subtended an arc Jf (€3 the
macrocalcifications at the shoulders seen in Fig. 3-1) fronteéhéer of the vessel and

were described as “spotty” calcification, were significamtigre frequent in the culprit
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lesions of AMI as opposed to SAP patients. The culprit lesions df gdlents were
mostly characterized by small macroscopic calcium depositseTagthors suggest that
it is not the identification of calcium per se that is importént rather the size, extent
and location of the deposits. This conclusion is supported by an IVUBEay Fujiiet
al. (2005), who showed that ruptured plagques had quantitatively less calcpeuiadly
superficial calcification, but a larger number of small calcdeposits, especially deep
calcifications. In contrast to the clinical observations that coyoadery calcification is
associated with worse prognosis histology based 2D finite BlkeAralysis in Huangt
al. (2001) showed that large calcifications adjacent to the lipid eoee actually
stabilizing due to the fact that PCSs are reduced when thesgcatbns are present.
Our present results also support the stabilizing role of mm-s&Eroscopic
calcifications even when they occur in regions of large cure@atsuch as the cap
shoulder.

In conclusion, the present model calculations predict that celldael |
calcifications by themselves are not dangerous unless thein la region of high
background stress. This high level of background stress only occumsp#nwhose
thickness is < approximately 80 um. Whereas a spherical micifaztion will increase
PCS by a factor of two this can be increased several fold by elongatextalcifications
of the type depicted in Fig. 3-8. Even if a microcalcificatioeslappear in a thin cap, if
it is spherical in shape there is a good chance that the maxitness surrounding the
inclusion may not exceed the rupture threshold of 300 kPa defined by @healg

(1993). The most dangerous situation is when a microinclusion appeat®se
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proximity to a region where the PCS is already high. Thissstwill be substantially

increased if the inclusion is elongated.
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Chapter 4  Computational stressanalysisof atherosclerotic plaquesin ApoE

knockout mice

4.1 Introduction

Over the last decade and a half, genetically engineeregl maice been widely
used to study the pathogenesis and potential treatment of atherbsdésions, as well
as genetic, hormonal and environmental influences on development of eres
(Breslow 1996; Daugherty 2002; Altenburg al. 2007). The development of the
apolipoprotein E knockout and LDL receptor-deficient mouse models in imboede
strains greatly accelerated the pace of our knowledge about nesleantl cellular
phenotypes that affect lesion growth (Zha@l. 1992; Plumpet al. 1992; Glast al.
2001). The majority of these studies have focused on the developntbatd$ease in
the aorta which is the largest and the most accessible expgainvessel. For example,
fat-fed ApoE deficient mice have been demonstrated to developntire spectrum of
atherosclerotic lesions very similar to those in human throughrtirgahtree (Reddiclkt
al. 1994; Nakashimat al. 1994). The aortic lesions appeared as foam cell lesions as
early as 8 weeks, and after 15 weeks advanced lipid-rich lesiohsfilibus caps
overlying large necrotic cores were observed at this site. Thoagly of the features of
plaque development and progression that occur in human plaques ardysohdarved
in murine plagques, these mouse models have long been regarded asgelsrtmstudy
plaque rupture because the aortic sinus lesions seldom show anyfsigmeus cap

disruption. Several recent studies reported potentially unstablestlezotic lesions
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in older apoE-deficient mice in another anatomic site, the proxipaat of the
brachiocephalic artery (Rosenfedtlal. 2000; Johnsomt al. 2001; Calaraet al. 2001;
Williams et al. 2002; Johnsoret al. 2005). The presence of plaque rupture was
demonstrated by visible defects in the fibrous caps with thromlenédxtg from the
lumen to the core. In contrast to aortic lesions, the BCA lesionslage rapidly,
especially in high-fat-fed mice, with advanced plaques prestantad few as 5 weeks.
Williams and colleagues (2002) compared morphological charamendtruptured and
intact BCA lesions in a large number of ApoE knockout mice usiriglbgcal analysis.
51 of the 98 mice analyzed were found to have an acutely rupturedsaileeotic plaque
in the brachiocephalic artery. The ruptured plaques showed somectehati@s of
vulnerable plagues in humans, namely, larger lipid cores (intact,3339%; ruptured,
50.7 £ 2.2%), more buried caps within the lesion (intact, 2:06.12; ruptured, 2.66&
0.16) and thinner fibrous caps (intact, 4.70.6 um; ruptured, 2.0t 0.3um). The mean
ruptured cap thickness in the study, 2.00.3 um, was much less than the 2319 um
mean thickness of the caps in human ruptured coronary lesions (Bugke 1997;
Virmani et al. 2000). In this Chapter | will show that this order of magnitude @iffee
in rupture thickness can be quantitatively explained using the micifazion
hypothesis proposed in Vengrenyult al. (2006, 2008) if the shape of the
microcalcification in the human lesions is taken into account. Oue faément analysis
of both lesions shows quite remarkably that the peak stresdes man lesion will be
nearly identical to the peak stresses in the BCA lesionapatire if the length of the
cellular microcalcifications in the cap proper first idaetifin Vengrenyulet al. (2006)

is roughly twice their diameter.
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The unusual stability of aortic lesions compared to the BChrissin ApoE
knockout mice is an unexplained paradox in developing a mouse model of plaque
rupture. It has been suggested that there may be special circoesstalatied to blood
flow or the mechanical properties of the vessel wall that prekectortic sinus from
rupture (Jacksomt al. 2007). One of these special conditions can be mean wall shear
stress (WSS). A recent study by Gresteal. (2006) showed that mean WSS along the
infrarenal aorta was significantly greater in mice and campared with humans (87.6,
70.5, and 4.8 dyn/cth Although the study doesn't provide any data on mean WSS in
mouse BCA, it would also in all likelihood be much higher than in huneard
therefore, not explain the difference in stability of the aartd BCA lesions. Another
possible explanation of the greater stability of mouse aoriors compared to BCA
lesions is the level of biomechanical stresses within the lesions.

Chapter 3 describes numerous computational stress analyses comnalyctstict
plaque rupture in human vulnerable plague. The majority of these biomedhanitels
for vulnerable plaque stability are based on the premise thatisheeitical tissue stress
or rupture threshold for the integrity of the cap. This rupture thre$tasidbeen estimated
to have an average value of 545 kPa and a minimum value of 300 kPa &latng
1993) depending on the local elastin and collagen composition of the tissu@edk
circumferential stress (PCS) in the cap is considered to badkeimportant measure of
this stress and is often used as a predictor of plaque ruptateioclo our knowledge,
there have been no previous attempts to perform numericad sinedysis for murine
atherosclerotic lesions to estimate biomechanical strest@s Wie lesions due to blood

pressure.
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In this Chapter, | apply FEA to evaluate peak circumferentiakses in mouse
aortic and BCA lesions to test the hypothesis that thesesetrese responsible for the
greater stability of aortic lesions in mice. The remarkagégure of murine aortic lesions
is that their fibrous caps are very thin, 10-20 micron, but they regygear to rupture
despite the fact that the average systolic and diastolic pesssuthese mice are 125 and
90 mmHg respectively, and thus not very different than humans. Froracesplaw for
wall tension and geometric similarity, one might intuitivelysgect the PCS to scale
much like that for a human lesion and, therefore, such a thin capdshe highly
unstable. Furthermore, the heart rate is 580 beats per minute, anobmiegnitude
greater than humans, suggesting that cap rupture due to cydicefédading would be
much more likely in mice than humans. We shall show that the fumdahufference
between human and murine lesions is that the former are thickretouve cellular
level 10-20 um microcalcifications in the cap proper (Vengrergudd. 2006, 2008)
whereas the caps of both the aortic and BCA murine lesions arditodotinclude
cellular calcific inclusions.

These observations are a paradox of great importance in devebpmgine
model of plaque rupture. In order to uncover the potential protectivehanesm
preventing aortic lesions from rupture, we applied two-dimensi@i3| ljistology based
FEA to estimate stresses in intact advanced aortic and B§idnk from 42-56 week-old
high fat fed ApoE KO mice. It is known that the size of thedlipore and fibrous cap
thickness have the most significant effect on the stress levidinwa human
atherosclerotic lesion (Finet al. 2004; Tanget al. 2004; Tanget al. 2005; Ohayoret al.

2008; Vengrenyulet al. 2008). Fibrous cap thinning due to enzymatic degradation may
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lead to increase of stresses and conversion of a stable plagaerupture prone
vulnerable lesion (Kolodgiet al. 2001). We create a series of idealized lesion geometries
with cap thickness decreasing from 25 tpn2 to investigate how PCS in the fibrous cap
depends on the cap thickness. In addition, the “cap thinning simulation” dllesvéo
predict the stress level within an idealized BCA lesion wibhofis cap thickness of 2
um, the mean cap thickness in ruptured lesions (Willienas. 2002), and compare it to
the stresses in unstable human caps. This comparison has led to the unexpected prediction
that the PCS in murine BCA lesions at rupture is nearly iddnicthe stress along the
tensile axis of an elongated microcalcification with aspead & in human vulnerable
lesions with a~50 um thick fibrous cap. Since several computational studies predicted
that plaque macrocalcification might stabilize human coronasipie (Huanget al.
2004; Vengrenyulet al. 2008), three older (58-60 week-old) apoE KO mice were also
studied to evaluate the role of larger calcific deposits irstakility of murine lesions.

These larger plaques appear to provide the same stabilizing role in muons.lesi

4.2 Methods
4.2.1 Mice

We studied six 42-56 week-old female and male apoE KO migetaimeed on a
high fat diet. They were housed in a specific pathogen-freecemrant at Mount Sinai
School of Medicine and used in accordance with protocols approved by titigiorsl
Animal Care and Utilization Committee. Animals were sawedi with CQ, then
exsanguinated by intracardial perfusion with 40ml of PBS/EDTA (2nfbllowed by

150-200ml of freshly prepared 4% (para)formaldehyde in PBS. Rmrfusias
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implemented with a peristaltic pump set to a constant flow asie allowed to continue
for at least 30 minutes for maximal preservation of the vessataral configuration. In
addition, calcification in aortic arches and innominate arteries of three(6Ri€0 week)

mice was analyzed using calcium specific stain Alizarin Red S (¢agpgket al. 2006)

4.2.2 Histology

Aortic arches and brachiocephalic arteries were embedded in optoutiimg
temperature compound (OCT). Frozen sections of 6 um thickness wiexdezbiat 30-
pm intervals and stained with hematoxylin and eosin, Van Giesorgdo({D or Alizarin
Red S. One cross-section containing the largest lipid core elexted for each lesion

identified with histology staining.

4.2.3 Structural Analysis

Five aortic and six brachiocephalic lesions were selected a&silmbas above.
Quantitative analysis of plaque composition was performed by i@aggsis in ImageJ
1.4 (NIH). Cross-sectional geometries were traced to iderddions of fibrous plaque,
normal vessel and lipid pool. Geometric and structural information é&ach tracing was
exported to Finite Element software, ABAQUS, for biomechanicelysis of the
lesions. The 2D histology based stress analysis was performeg asi anisotropic
material model (Cheng al. 1993; Finekt al. 2004) assuming plain strain and a systolic
pressure of 16.6 kPa (125 mmHg). The adventitia, media, and fibrotic tresuee
assumed to have different linear elastic properties in the r@gliahd circumferential

direction @). The Young’'s modulus (EE;) and Poisson ratio¥(;y) values were 20 kPa,
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200 kPa and 0.01 for the cellular fibrosis; 100 kPa, 200 kPa and 0.01 for the dense
fibrosis; 10 kPa, 100 kPa and 0.01 for the media, and 80 kPa, 800 kPa and 0.01 for the
adventitia (Finett al. 2004). Lipid was modeled as an incompressibleq.49) and very
soft isotropic material with Young’s modulus equal to 1 kPa, the Youngduhas of

calcification was estimated to be 10000 kPa (Cletialy 1993).

4.3 Results
A 2D histology based FEA was utilized to compare stress distrbutithin five

aortic and six BCA advanced atherosclerotic lesions as dedcililbeMethods.
Morphological characteristics of the modeled plaques and calculatdd spreesses in
their fibrous caps are summarized in Table 4-1. The mostrggritesult of our analysis
was that the predicted peak stresses in all aortic lesiore sigaificantly lower than
maximum stresses in BCA plaques. Table 4-1 shows that the PCS in filapmuisfcaortic
lesions averaged 205.8 kPa, while cap stresses in BCAs demongieatactage value
of 568.8 kPa. The results of computational stress analysis fpreseatative aortic and
BCA lesion shown in Fig. 4-1, left and right panels respectivetyige an explanation
for the large difference in cap stresses. Fig. 4-1B showsizaddateconstructions of
plaque geometry based on histological images (Fig.4-1A) witmgacorresponding to
the lipid core area (LC), fibrotic tissue, media and adventitia.aBberisks correspond to
the minimal thickness of the aortic and BCA fibrous caps, 12 and 9 microns, nesgect

Plaque cross-sectional area was larger in the BCA lesion (102 tham in the aortic
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plaque (66 mif), while fractional volume occupied by the lipid core was laigethe
aortic plague (59%) compared to BCA lesion (41%).

Our numerical analysis revealed a significant differencestress distribution
within the aortic and BCA lesion. The right panel of Figure 4-1C shdvat the
maximum circumferential stress of 795 kPa in the BCA lesionleesed in the thinnest
area of the fibrous cap marked by an asterisk in Fig. 4-1B, \aloiiec lesion stress
reached its maximum of 553 kPa under the lipid core as shown imgtiigpanel. The
most surprising result of the model is that the PCS in the 12mtbick fibrous cap of
the aortic lesion reached only 160 kPa, far below the threshold for hlatare rupture
of 300 kPa. A human lesion with this level of stress in the capdimaNe had a cap of
about 100 - 120 micron thicknesses and been considered stable dFaiet2004;
Vengrenyuket al. 2008). This non-intuitive result can be explained by the difference in
geometry of the typical aortic and BCA lesion. The left pandtig. 4-1 shows that the
aortic lesion, in contrast to the BCA lesion, protrudes into the lualemg the shape of a
blister. When the vessel is pressurized the tensile stressdsaasferred to the outer
layers of the wall, whereas the fibrous cap and the necrotic averan a state of
compression. This serves to reduce the tensile stress at the shatdllttee cap making
the lesion more stable and, therefore, making the cap more resistant to rupture.

In order to analyze the maximum cap stress as a functionpothezkness and
predict stresses in BCA-ruptured lesions with mean fibrous cakntgs 2.6 0.3 um
(Williams et al. 2002), we created a series of idealized plaque geometried tvadbe
baseline models shown in Fig.4-1A with cap thickness varying from i2bmto 2

micron. Figure 4-2A shows six idealized geometries generaigdtfre real aortic plague
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with cap thickness of 2, 4, 8, 16, 20, and 25 microns. The corresponding values for the
lipid content varied from 50% for 2&om cap to 74% for the thinnest cap ofud. Five
idealized lesion geometries based on the real brachiocephalit Vagh cap thickness of
2, 5, 14, 20, and 25 microns and lipid content varying from 34% to 42% are shown i
Figure 4-2B. Peak cap circumferential stresses were astdufor the generated sets of
aortic and BCA lesions and plotted as a function of cap thicknesg.id-8i, lines 1 and
2 respectively. As was the case for our previous results showg.id-, all generated
aortic lesions showed peak stresses < than 300 kPa in the cap propantrast, peak
stresses in all BCA lesions were larger than the thresbolduman plague rupture and
even exceeded 545 kPa for caps thinner than 17 microns. The graph alsdr&tdCS
in murine BCA lesions increases exponentially as a resulediicing fibrous cap
thickness (line 2) reaching levels of > 1000kPa for thin 2-5 micron edpe maximum
cap stress in aortic lesions increases slightly with deogeasap thickness with
maximum values for thin caps <300 kPa. Several computational studiegdsltoat
human vulnerable plaques are characterized by a similar exporggntidh of peak cap
stresses with decreasing cap thickness (fetradt 2004; Tanget al. 2004; Vengrenyulet

al. 2008). In order to compare the magnitudes of murine and human plaquesstvess
used Figures 3-6 and 3-7 from Chapter 3 to plot cap PCS in a hunoaargolesion as a
function of fibrous cap thickness in the same Figure 4-3. The basi@litkecaped human
atheroma lesion analyzed in the previous Chapter had three sphedaadalcifications,

~ 20 um diameter, located in close vicinity to each other in the fibrapsshown in
Figure 3-1. Curve 3 in Figure 4-3 shows global PCS in the huaganvithout cellular

level microcalcifications in the analysis. Curve 4 demonstriades the maximum cap
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stress is increased due to the presence of the microcaloifig&bcated within the region
of global PCS, and line 5 predicts the effect of an elongated ralciication with
aspect ratio. = b/a = 2 on cap stress. The plot shows that line 2 represeniRCG&in
murine BCA plaques is shifted up by 500-600 kPa with respect tstitdgses in human
lesion without microcalcifications in the cap (line 3). The predict®use BCA stresses
also exceed significantly the human cap stresses aroundcsphaicrocalcifications
(line 4). However, comparison of lines 2 and 5 indicates that thk geess in the
murine brachiocephalic cap at rupture (2 um) is nearly iderttdhle peak stress in a 50
micron human cap with an elongated cellular microcalcification with aspexrtweat
Several recent studies demonstrated the presence ofcadiaiiiin old apoE KO
mice. In order to evaluate the impact of calcium on murine lestaislity, we studied
three 58-60 week-old females and males from apoE KO mice nm&dtan a high fat
diet. We sectioned the entire aortic arches and BCA of these mide, which were
heavily laden with continuous lesions in the arch. Most sectionsiohke contained no
calcium. However, large calcifications were still rathegtient and were encountered
approximately every 40(m along the arch. In none of the approximately 200 sections
have we been able to detect microcalcifications embedded intiotbesf caps similar to
human coronary lesions described in Chapters 2 (Figures 2-4, 2-5)e HgdA
illustrates an Alizarin red staining of aortic arch secfimm a 60-week old apoE KO
female mouse. The section shows large calcifications on the shoafdérs plaques,
features consistent with human lesions. In addition, a small 1@ral&icrocalcification
(arrow, Fig. 4-4A) is located on the margin of a fibrous cap justiymg the lipid pool

of a necrotic core. The calculations (Fig. 4-4B) showed thatirtiferential stress within
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the lesion reached its maximum (red areas in Fig. 4-4Bvaral regions: at the plaque
shoulders, under the lipid core and below the left calcification.|&irto the previous
results summarized in Table 4-I, the magnitude of the peak =g%,5248.8 kPa, was
below the threshold for human plaque rupture of 300 kPa.

The purpose of the next numerical simulation was to validate ourhegstthat
macrocalcifications at the plaque shoulders have a stabiliziagt.eWe replaced the two
large shoulder calcifications by fibrotic tissue and recaledlatresses under the same
loading and boundary conditions. Maximum circumferential strestéosection without
calcium was 267.5 kPa, 8% more than in the original model. The resaih@i suggests
that macrocalcifications in murine plaques as observed in humanddsy Huang et al.

(2001) and shown in Chapter 3, Fig. 3-3 are reinforcing and increase stability.

4.4 Discussion

The first finite element solutions for the tissue stressridigton have been
obtained for the murine animal model of atherosclerosis usingdustainages of high
fat diet-induced lesions. These model predictions are of partisiglaificance since they
provide important insight into a fundamental paradox: why do the thin fitkraps of
human lesions rupture, whereas the much thinner caps of ApoE KGehilen rupture
in aortic lesions although these caps can be as thin as 10 um asubject to similar
lumen pressures. One would intuitively think that the tensile sstessld easily exceed
300 kPa for such a thin cap and it would be highly prone to rupture. Tiits relstained
have led to a most surprising prediction, namely that the PCS muhee aortic lesion

can be significantly less than humans although its cap thicknedseaass little as 10 um.
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Our calculations showed that the average stress in aortic lese®nly 205.8 kPa,
below the threshold for human plaque rupture of 300 kPa. A human leslothigitevel
of stress in the cap would have had a cap of approximately 100-1&hrthackness and
have been considered stable (line 3 in Fig.4-3). In other words, the shosetd that an
aortic mouse lesion with a very thin, 10-20 micron fibrous cap isacteaized by the
same level of circumferential stresses as a thick-cap hubraatheroma which seldom
ruptures. The “cap thinning” numerical simulation shown in Figure drBdr supports
our hypothesis that biomechanical stresses can be responsible douthal stability of
aortic lesions in mice. Thin BCA caps (2-5 micron) in this sitnutademonstrated high
stresses of 1000 - 1400 kPa, while maximum tensile stresses iaottim caps of this
thickness were 3 - 4 times lower, hardly reaching 300 kPa.

The non-intuitive result for murine lesions arises from the observation thatishe
a distinctly different behavior for aortic and BCA lesions.e Tarmer deform in such a
way as to reduce peak circumferential stress in the cap, whéredatter deform like
human lesions in a manner that increases PCS. This prediction cql&newhy
ruptures are seldom seen in high fat-diet induced aortic mouse |egibeseas there
appear to be at least occasional ruptures in BCA lesions (Rlusen&. 2000; Johnson
et al. 2002). This is due to a negative remodeling that occurs whensibadeake the
shape of blisters that protrude into the lumen. All of the aortorhes that we have
observed in the six mice in this study have had this geometryaikech contrast, BCA
lesions appear to have a flat geometry that is closer tobsarved in human lesions.

One can think of this as a positive remodeling that leads to instability.
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The process of coronary artery enlargement in response to memuth which
maintains the lumen area was first described by Glagov ancagoéle (1987). Their
histopathology study discovered that due to the compensatory enlargeitannan
atherosclerotic lesions lumen stenosis may be delayed until the lesion ectlpiercent
of the internal elastic lamina. Despite the fact that posit@raodeling avoids vessel
stenosis, it can have dangerous consequences since it promotesvplaguability. An
in vivo study with intravascular ultrasound established a relationship éetpesitive
remodeling and plaque stability (Schoenhagenal. 2000). In this study, positive
remodeling was more frequent in unstable than in stable lesionse whgative
remodeling, or vessel shrinkage, was more common in patients \aitke stlinical
presentation. One of the explanations for the observedivim increase in plaque
vulnerability at the sites of outward vessel wall remodelinghet coronary artery
plaques have been shown to have higher lipid content and macrophage count, both
markers of plaque vulnerability (Varnaeh al. 2000). The importance of considering
arterial remodeling index in addition to fibrous cap thickness forluatiag
biomechanical plaque vulnerability was demonstrated by a recénbfE&ap stresses as
a function of remodeling index (Ohayehal. 2008). Our computational predictions for
stress distribution within an aortic lesion shown in Fig. 4-1C,daftel, can explain the
higher stability of negatively remodeled lesions. The color mdpsadn stresses shows
that some parts of the cap may be even compressed in a lesinrdipgtinside the
lumen.

The difference in size between human and mice arteriese@sgievelopment of

different quantitative criteria for vulnerable plaque rupture. Fangte, a thin-cap
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fibroatheroma with cap thickness < 65 micron and large lipid caadban defined as a
more specific precursor of plaque rupture in humans (Betrke 1997). Even though all
fibrous caps in mice are thinner than this, it would be unreasonabten¢tude on this
basis that all mouse plaques can be considered as vulnerablepgpattdasions (Jackson
et al. 2007). Our histology based FEA allows one to compare biomechanesdes in
human and mouse vulnerable lesions. The results shown in Figure 4-3 fira@dictirine
ruptured lesions with mean cap thickness of 2 microns have stedssesi400 kPa, four
times higher than human ruptured plaques with a mean cap thicknessuof \2Bhout
calcifications in the cap proper, but nearly identical to thall®tress around an
elongated microcalcification with aspect ratio two perfeetiypedded in a 50 pm thick
human cap. In addition, our “cap thinning” simulations further supported #veops
observations that BCA lesions more closely mimic stress &wdistribution in human
vulnerable lesions. They demonstrated an exponential growth of peakesgestwith
decreasing the cap thickness predicted for human plaques byl sewenautational
studies (Finetet al. 2004; Tanget al. 2004; Vengrenyulet al. 2008). In contrast to
stresses within BCA lesions, aortic plaque stresses are showigure 4-3 to only
slightly depend on cap thickness.

The question that still needs to be resolved for the murine BE8Ans is why
there aren’'t more frequent ruptures despite such high stresgesrifibrous caps. One
possible explanation is that the WSS in mice is an order of toagngreater than in
human arteries (Grevet al. 2006). This elevated WSS may lead to compensatory
changes in the density of the extracellular matrix and allagpntent within mouse

plaques that render them consequently more resistant to ruptueedlJia003). Another
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reason for the greater stability of murine lesions can be detat@laque calcification.
Several recent computational studies of calcified human lesions deatedsthat
coronary calcifications have a significant effect on plaqubilgtadepending on their
size, shape and localization. While large millimeter size ifezdtions frequently
observed adjacent to or under the lipid core have been shown to haveizarsiadfilect
(Huanget al. 2004; Tanget al. 2004; Vengrenyulet al. 2008), we showed in Chapters 2
and 3 that cellular level microcalcifications, 10 - 2@ diameter, in the fibrous cap
proper can increase plaque vulnerability dramatically by creatireggs concentration
around these rigid inclusions (Vengrenailal. 2006, 2008). Lines 3 and 4 in Figure 4-3
show that the presence of spherical microcalcifications embeddbd fibrous cap of a
human plaque can almost double cap PCS due to the mismatch of roacheoperties
at the inclusion/tissue interface.

Despite the fact that calcification in human lesions is d&kwnelwn occurrence,
the tendency of plaques in apoE-deficient mice to calcify hasrenently been studied.
Aging apoE-deficient mice show progressively increased degfeeedial and intimal
calcification in the aorta and BCA (Bennettal. 2006), with a marked elevation in total
extractable calcium particularly in females aged for 60 wéRkstazziet al. 2005). Our
computational results shown in Fig. 4-4 predicted that macrocatofisain murine
lesions, as observed for humans, are reinforcing and increase \stalitite same time
we haven't been able to identify microcalcifications in thwdus caps of any of the
lesions in this study, probably, because, unlike a human lesion, theeroap is too thin

to contain a 10-20 pm cellular level microcalcification. All eéd@ve factors combined
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can make the ApoE KO BCA lesion highly resistant to rupture detipie very thin
caps and high level biomechanical stresses.

In conclusion, our computational model predicts biomechanical stréesngan
mouse BCA that are close to human vulnerable plaques, while murine lasibns
showed stress behavior similar to stable lesions. Our FEA [weilicilar stress levels in
ruptured BCA plaques and thin-cap human atheromas with an elongated
microcalcification in the cap proper. The results suggest thatrtxémal BCA artery of
the fat-fed apoE knockout mouse is a better site to study pathomgysiof plaque
rupture although they are too thin to contain cellular microcadtibos in the cap
proper. Despite the absence of these microcalcifications the nB@Aelesions have
stress levels that are quite similar to the PCS of the nmhicket vulnerable caps of

humans with such microcalcifications as shown in Chapter 2, Figs. 2-4, 2-5.
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Chapter 5  Conclusion

Most acute coronary events and sudden coronary deaths have beeneassociat
with rupture of a thin fibrous cap overlying the necrotic core of thipped
fibroatheroma lesions followed by thrombosis (Bueel., 1997, 1999; Virmangt al.,
2000). Despite major advances in treatment of coronary heart elipatients, a large
number of victims of the disease who are apparently healthyudaesly without prior
symptoms. Available screening and diagnostic techniques are ireniffio identify the
victims before the event occurs (Naghatval. 2003). The mechanism as to why some
thin caps rupture and others do not is very likely the most importansweaed question
in life threatening atherothrombotic lesiofiis dissertation develop a new paradigm of
TCFA rupture, suggesting that minute calcifications locatetiencap itself increase the
tissue stress concentration and vulnerability of the plaque. We swofat these
microcalcifications can lead to cavitation induced debonding, a proces$ich the
tissue in the cap will pull away from the calcified inclusiord dear when the tensile
stress in the tissue due to blood pressure becomes too large.

In Chapter 2 | used a 3D model of a perfectly bonded spherical solid inclusion
arbitrarily positioned in an elastic cap of uniform thickness undaeside to evaluate the
guantitative feasibility of this new hypothesis. First, | derigeldcal analytical solution
of the 3D boundary value problem using linear elasticity. This solptiedicted a nearly
twofold increase in the local peak tensile stress around the eatbpddicle at the poles
of the tensile axis. Then, | combined this local analytical swiufior the stress

concentration around the inclusion with the histology based 2D finite elemenbsdbirti
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circumferential stresses in a fibrous cap previously obtainedney & al. (2004). The
results showed that inclusions located in an area of high circumtitéretress (>300 kPa)
in the cap can intensify this stress to nearly 600 kPa, hihlaer the average rupture
threshold, 545 kPa, when the cap thickness: i85 um, in close agreement with
pathology observations (Burket al. 1997). The model also provided a plausible
explanation for the paradoxical observation that 40% of ruptures ocauittesl center of
the cap where FE calculations didn’t predict maximum stre@Skeng et al. 1993;
Maehareet al., 2002).

Having demonstrated the quantitative feasibility on the new hypeth@asi, |
developed a confocal laser scanning microscopy technique usingntapecific stain
Alizarin Red S to demonstrate the presence of microscopidicatzlusions in fibrous
caps of atherosclerotic plaques from human arteries. Fig. 2-4dpsovhe first
experimental evidence for the existence of cellular-levelifeations in the fibrous cap
proper. It shows two Alizarin Red S stained calcifications inecl@®ximity, one a near
spherical inclusion the size of a single ceilll§ um) and the other, an elongated
calcification that is several times the diameter of thelsiogll inclusion. Second, |
developed a 3Dnondestructive micro-CT imaging technique to be able to analyze
systematically a large number of intact and unprocessed corartary segmentslhe
approach was used to identify three microcalcificatied® (- 20 pum diameter) in a thick
fibrous cap of one out of 5 analyzed advanced atherosclerotic leBigrs5). Similar to
the confocal images shown in Fig. 2-4, the micro-CT imagesodstmated that these
cellular-level calcified inclusions in the cap are rare caeghato the numerous

calcifications seen at the bottom of the necrotic core. Tloeor@T cross section also
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shows 2 nearly spherical macrocalcification300 um diameter at the plague shoulders.
As we show in the next Chapter, these two macrocalcificatiottseeathoulders, whose
volume is > 16 larger than the three circled microinclusions, are in fact &yl
whereas the cellular calcifications in the cap proper, which teaal doubling of the
tensile stress at the poles of the micro-inclusions, are destabilizing.

In Chapter 3 | developed a more sophisticated multi-level FE model of cellula
level microcalcifications in the cap proper and performed a 3Dpuatational analysis
using the detailed micro-CT reconstruction to evaluate the ingfactlcifications of
different size, shape and location on biomechanical plaque stability anstatic load
with a mean arterial pressure of 110 mmHg. Computational amalls thick-capped
fibroatheroma described in Chapter 2 predicted that the largécalons at the plaque
shoulders and microscopic calcific inclusions in the fibrous cap &awepposite effect
on the lesion stability. While the shoulder calcifications hawenkshown to reduce the
PCS in the cap by 16%, the presence of the microcalcificatiotigeicap increased the
PCS by 33%. A much larger PCS would be obtained if the microinclusieres located
in the region where the background stress was close to the Ri@&itwthe inclusions.
The results suggest that cellular-level calcifications byn#edves are not dangerous
unless they lie in a region of high background stress. The modettadiled to more
refined hypotheses for fibrous cap rupture suggesting that thiedawogerous situations
occur when 1) a microinclusion appears in close proximity to iameghere the PCS is
already high, 2) the microcalcification has an elongated shape, thef® are two

microcalcifications in close proximity to one another.
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In Chapter 4 | obtained the first finite element solutions for the tisswess
distribution for the murine animal model of atherosclerosis usiagplbgy images of
high fat diet-induced lesions. These solutions provided an important insighta
fundamental paradox: why do the thin fibrous caps of human lesions rupheeas the
much thinner caps of ApoE KO mice seldom rupture in aortic lesitingugh these caps
can be as thin as 10 um and are subject to similar lumen prescuweesodel predicted
that an aortic mouse lesion with a very thin, 10:80fibrous cap is characterized by the
same level of circumferential stresses as a thick-cap (10@+hpGuman fibroatheroma
which seldom ruptures. In addition, the histology based FEA alloilwedompare
biomechanical stresses in human and mouse vulnerable lesions. Tteemesilitted that
murine ruptured lesions with mean cap thickness of 2 microns haveestasout 1400
kPa, four times higher than human ruptured plaques with a mean dapetsof 23im
without calcifications in the cap proper, but nearly identicah#&local stress around an
elongated microcalcification with aspect ratio two perfeetiypedded in a 50 pm thick
human cap. The results suggest that the proximal BCA artetfieofat-fed apoE
knockout mouse is a better site to study pathophysiology of plaqueeawgitiniough they
are too thin to contain cellular microcalcifications in the cagper. The model predicted
that these lesions have stress levels that are quite stmilae PCS of the much thicker
vulnerable caps of humans with such microcalcifications.

In summary, | have advanced a new paradigm for vulnerable plaqueerdpiir
to the local stress concentration around cellular-level micndicalions in the cap
proper. | used confocal and micro-CT imaging to demonstratetiibaeé microscopic

calcific inclusions do exist in the fibroatheroma caps, and 3Dor@dr based FEA to
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show that these microcalcifications can critically inceeBES in the cap, augmenting its
risk of rupture. These studies have the potential for explainingseime atherosclerotic
lesions are more prone to rupture than others and, as a resulthpraye the detection

and treatment of vulnerable plaque.

Futuredirections

Although we have obtained very convincing experimental and theoretical
evidence for the potential destabilizing role of cap microcahtifbns, further studies
will be required to test and confirm the proposed hypothesis. Ifré weecontinue this
research, | would be most interested in a large scaletisttistudy of a much wider
sample of ruptured and non-ruptured lesions from patients who died ofcacatery
syndrome (ACS). | would determine the frequency, size, shape, aral sstibution of
microcalcifications within the fibrous caps using high resolutiworo-CT imaging as
described in Chapter 2. The new multi-level 3D micro-CT based KEEMloped in
Chapter 3 can be used to evaluate the effect of microscopidiezhldeposits on the
stress distribution in TCFAs using accurate 3D geometries ebtairom the high
resolution micro-CT imaging. The developed computational approacthedmurther
improved by incorporating calcium debonding into the FE analysis i ¢odemodel
cavity formation, propagation and rupture. ABAQUS FE software hasuitable tool
for this kind of analysis, the Cohesive Finite Elements.

It would be also very interesting to actually observe the hypate debonding
at the calcification — tissue interfaoevitro subjecting coronary artery tissue to uniaxial

or biaxial tension. While performing this experiment on a fibrous captaining
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microcalcifications can be challenging due to the small sfzthe tissue specimen, it
might be easier to demonstrate debonding around macroscopiccattnis embedded
in the vessel wall similar to shoulder calcifications shown i B+5. Another more
realistic but difficult approach to inducing calcification debondinghm ¢ap would be
pressurizing the whole coronary segment and rupturing the cap.

Finally, I think that collaboration with an OCT imaging group coulchdprthis
project to a new level. The latest clinical study of plaque morphotogyatients with
ACS used OCT imaging with resolution of 10 — 20 micron (Tanetkal. 2008).
Although even this resolution wouldn’t be sufficient to clearly viagalan isolated
calcification in a thin fibrous cap, development of a signal proecgssgorithm might
provide a tool to differentiate between caps with and without microcaleiisa

If these future studies of cellular-level microcalcificatiansfibrous caps of
human fibroatheroma lesions confirm the proposed hypothesis, a whole neacdpiar
the identification of vulnerable plaque stability will have beeralisred, aimed at the
study, identification, genesis and prevention of microcalcificatiomdtion in fibrous

caps in vivo.
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Table 4-I Plaque characteristics and cap stresses in aortic andhBf#e lesions.
BCA lesions Aortic lesions
Leion Cap Lipid [ Plaque | Max | Cap Lipid | Plaque [ Max
thickness, content,| cross- | cap | thickness, content,| cross- | cap
um % sectional| stress| um % sectional| stress,
area, kPa area, kPa
mn¥ mn¥
1 10 41 102 795 12 59 66 16(
2 9 36 173 440 17 33 181 267
3 15 36 69 338 8 48 88 128
4 5 33 189 510 15 46 84 226
5 12 41 178 490 10 51 95 248
6 6 43 88 840
Mean 9.5 38.3 133.2 | 568.8 12.4 47.4 102.8 | 205.8




FIGURES

66



67

Lumen

Lipid core

Figure 2-1. Mathematical model: geometry and coordinate systeperfactly bonded

rigid spherical inclusion with radiug in a fibrous cap.
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Figure 22. Stress concentration in a fibrous cap due to the presence al apigrical
inclusion. (A) Distribution of radial stress concentratiop/T, at the matrix- inclusion
interface for the cases @ = 0.1,a = 0.5 and ¢ = 0, 0.44 = 0"); (B) Effect of a free
surface on factor of stress concentration (FSCpafer0.1, 0.2, 0.3, 0.4, 0.5, 0.6.
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Figure 2-3. Changes in cap peak circumferential stress (REBCap thickness for the
case when cap tissue is homogeneous (line 1) and when it cantagidsinclusion of 10

and 20 microns in diameter (lines 2 and 3 respectively).
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Figure 2-4. Confocal microscopy images of calcific deposiisistl with Alizarin Red S
in coronary artery lesions: numerous cellular1q@ pm) and subcellular-level
calcifications in the necrotic core (A); overlay of image (#j)h a transmission image
(B). Calcified inclusions in the fibrous cap appear red in a sestained with Alizarin

Red S (C); a 3-D confocal imaging reconstruction of section w@hin the slide

thickness (D).
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Figure 2-5. Micro-CT detection of cellular level microchtations in a fibrous cap: a
sagittal view of a coronary artery segment with microcakgiions in the thick cap (35
pm resolution) (A); a cross section of the lesion (arrow ic@jesponding to the plane
marked by an arrow in A with cellular-level microcalcificats~10 - 20 um diameter in
the cap (circled) and numerous calcific deposits at the bottdhe dipid pool shown by

arrows (7um resolution) (B).
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Figure 3-1. Micro-CT images (A, B) and reconstructed 3D gegn{€y of a coronary
plaque with bulk calcifications (white in A and B, blue in C) andllippore (dark areas in
A and B, red in C). A small segment of the global model (greenjaining fibrous cap

with microcalcifications represents the first level submodel shown in defaid)i3-2A.
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Figure 3-2. The hierarchy of Mimics/ABAQUS submodels. Th& fevel submodel with
macrocalcifications at the plaque shoulders (blue), lipid pool (red) fdmous cap
doesn’t include microcalcifications in the cap (A). The submodelsfragment shown

in green represents the second level submodel (B,C) which conthmeg t
microcalcifications.
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Figure 3-3. Circumferential stress distribution within the crgsstion. Maximum
circumferential stress of 84 kPa without shoulder calcificatior iis reduced to 72 kPa
in A in the presence of shoulders calcifications. Detailed ssdasthe inserts are shown
in Fig. 3-4 A and C.



Figure 3-4.

Local stress concentration around shoulder calcifications.
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37.8418)

Figure 3-5. Stress concentration around microcalcificatiotisaithick fibrous cap of the
original lesion circled in Fig. 3-1. Maximum local stress conediain (96.2 kPa) is
higher than the global PCS in the same cap without microcalcifications.
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Figure 3-6. Global PCS in the fibrous cap (line 1) and maximum kigeds around the
original microcalcifications (line 2) in the “cap thinninghsilation. Line 3 corresponds
to the maximum stresses around spherical microcalcifications located the region of
global PCS.
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Figure 3-7. The effect of calcification shape at the caf®.Pbcal maximum stress
concentration around elliptical calcific inclusions located et &rea of global PCS.

Lines 1 - 3 correspond to the aspect ratiesb/a = 1,2,4.
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Figure 3-8. Stress concentration in a fibrous cap due to the presthee adjacent

calcifications stained with Alizarin Red S (A). An areah@dh circumferential stress is
observed between the inclusions with a stress concentration of 6 ablthef the

elongated inclusion (B).
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%
cap 160 kPa

Figure 4-1. Histology based FEA of murine aortic (lefhglq and BCA (right panel)
lesions. (A) Advanced aortic and BCA lesions with fibrous capsipmtidores stained
with hematoxylin & eosin and Van Gieson stain. (B) Tracingstifieregions of fibrous
plaque, lipid, media, and adventitia. (C) Peak circumferential sinetge aortic lesion

reaches 160 kPa (left panel), while maximum BCA cap stee39% kPa (right panel)
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Figure 4-2ldealized models of aortic (A) and brachiocephalic (B) murine lesion with ca
thickness varying from varying from 25 micron to 2 micron for tleap" thinning"

simulation shown in Fig. 4-3.
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Figure 4-3. PCS in the fibrous cap of murine aortic (line 1) and BGion (line 2) as a

function of cap thickness. For comparison, we plotted PCS within a haoranary

lesion:

line 3 corresponds to the global

PCS in the fibrous cap without

microcalcifications, line 4 and 5 show how this stress would @#ng spherical or an

elongated microcalcification was located within the region of t©8 Rines 1 and 3 from

Figure 3-6, line 2 from Figure 3-7).
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Figure 4-4.Stabilizing effect of large shoulder calcifications on aortegpk stability.
(A) Alizarin red staining of an aortic arch lesion in a 60kvetd apoE KO female
mouse, no counterstaining. (B) Finite element model of the lesion {wedeximum
tensile stress of 248.8 kPa at the plague shoulders where cap thickmessmum
(marked by an asterisk in A). The peak stress in the caplgligbteased reaching 267.5

kPa after two macrocalcifications has been replaced by fibrotic tissue.
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Appendix A Stresses and displacementsin a fibrous cap containing a perfectly

bonded rigid spherical inclusion

1. Stressfunctions
A general solution of the equations (1) - (4) is represented @ lairtation of six

harmonic functiong,, ¢, 4,,4,,4,,4,. Components of the displacement vector

u(u,,v,,w, ) are expressed in terms of these functions as follows:

2Gu, z%,ZGV :%'ZGWZ _9%
OX b0y 0z

2Gu, _xa¢ - (3-4v)¢, 2Gv, _xa¢1 2Gw, _xa¢
OX oy 0z

X

o¢ o o
26U, = y—2,2Gv, = y—2— (3—4v)¢,, 2Gw, = y—2

2Gu, _za¢3 2Gv, _za¢3 2Gw, _z% - (3-4)g, (5)

OX oy

2Gu, = X 8;4 2Gv, = Yy, 8¢4 , 26w, = —x%— y% —4(1-v)4,
X X

oy
2Gu, = 2%, 2Gv, = —2% w,=0
oy OX
where
A2¢o A2¢1 A2¢2 A2¢3 = A2¢4 = A2/13 =0, (6)
A 0? 0? 0?

+t—t+—,
ox>  oy* o0z
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and v and G denote Poisson’s ratio and the shear modulus respectively. Theatisght
and stress fields derived from these harmonic stress functioisy dhe governing

equation (1) in the absence of body forces.

2. Solution of the problem in the absence of an inclusion.

First we choose harmonic functiogg and ¢, in the following form:

Tol-v 2 2, To /o2 2
=2 —(X*+y -22)+ 2 (X" —-y9) =
%o 41+v( y ) 4( YY)
Tol-v 5 To 2052
—-— r-P +—r°P cos 7
> 11y ) (1) 1o > (1) cos@g) (7)
T T
¢y =— o —z= . I’F’l(u),

20+v) 2L+ v)

where =cosé; P,(x) and P"(u) are Legendre functions of the first kind of order n
and associated Legendre function of the first kind of order n and degnespectively.

Substituting expressions (7) for harmonic functiafgsand ¢, into expressions (5) one

can calculate the corresponding displacement and stress fields:

T, vl vi,
U =—XV,=——Y, W, =——~ 8
B 7 Ey E (®)
o,=Tyo,=0,=7,=1,,=7,=0, 9)

where E is Young’s modulus.
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Expressions (8), (9) represent a solution of the problem of a thatk phder

uniaxial tensionl, parallel to the x axis in the absence of an inclusion.

Equation (9) shows that this solution gives no traction at the sarfaicéhe

platez = +1+ c. The components of the displacement on the inclusion surface are:

(u)_, = % {((1+ v)sin? @ — 2v) + (L+ v) sin? 90052¢}

(u,)._, = % (1+ v)sin@d cosd (1+ cos2¢) (10)

T,a , .
u =———(1+v)singdsin2
( ¢)r:a oE 1+v) ¢

In order to satisfy zero displacement boundary conditions at the iorclus
interface (3) when an inclusion is present, we construct ayxstaess functions using

suitable harmonic functions such that they would yield no traction on the plate surface
(O-Z)Z:i1+c = (sz)z:i1+c = (T¢Z)Z:il+c = O (11)

and satisfy following boundary conditionsrat a:

(u)._, = —% {((1+ v)sin® 6 — 2v) + (L+ v)sin? 00032;/5}
(u,)._, = —% (1+ v)sin@ cosd(1+ cos2¢) (12)

(u,) —%(1+ v)sin@sin2¢ (13)

r=a

Expressions (11)-(13) are split into an axisymmetric part whigsmbdepend op and

an asymmetric part which is a function af.
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3. Axisymmetric solution
First we construct the auxiliary stress functions for the oasestress distribution

which is axisymmetric about the z axis as follows:

TZAn nfff), OZB (14)

where A, B, are unknown coefficients of the spherical stress functibhgu) are

Legendre functions and

by = TOT w1 (1) (4p) coshizdi , ¢, = TOT Ay, (A)J,(Ap) sinhAzdA (15)

P = To.[V/I (A)Jo(Ap)sinhAzdA, ¢, =T, j Ay, (A)d,(Ap) coshizdi
0 0

where J,(1p ) is a Bessel function of the first kind of the zeowder and

w,(A) v, (A).w, (1), (1) are arbitrary cylindrical functions of .

The following integral relation

P (1)
m+1

r

- ! 5] j a3 (Ap)e?dA (z> 0) (16)

allows one to express the spherical stress furet{@d) in cylindrical coordinates and

rewrite the stress-free boundary conditiongz at+1+ ¢ (11) as follows:

(o2

(T_Z] = J': A2[w,(A) coshlL+ c)A +((1+ c)AsinhL+ c)A — 2(1—v) coshl+ C)A)w, (1) u

v, (A)sinh@L+ c)A p ((1+c)Acoshl+c)A — 2(1—v)sinhL+ C)A)y, (1) +

S A2m 2m A2m+1 2m+1 —(1tc) 4 _om 2m— B2m+1 2m+l «
,nz::;((Zm)!/qb * (2m+1)' j +m22‘)( (2m)I * (2m+1)! A j
(21-v)+ 1+ c)A)e 413, (A4p)d1 =0
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(TJ = [ Zlyy(D)sinhQ£ €)2 ~((A-2v)sinh ) - (£ ¢)2 coshl:+ €) )y, (4)

0

w, (A)coshl+ c)A u((1-2v)coshl+ c)A — (L+ c)Asinh@L+ ) )y, () —

Z AZm'/lZmi A2m+1 I//{Zerl ef(]ic)/?, +z + BZmI/lZmli BZm+1 '/12m+l «
=L (2m)! (2m+1)! (2my! (2m+21)!

(1-2v) + @£ c)A)e =913, (4p)dAi =0 (17)

m=0

The next step is to express cylindrical functiansy; ,v,,y, in terms of the spherical
functions (14) by applying Hankel transforms to steess free boundary conditions (17)
and solving the four linear algebraic equationsusiameously fony,, v, ,w,, v, :

w, () = = (12) (ZAerBI A*™((3—4v — 24)(sinh24 cosh24c — 24) + e % (sinh24 — 24 cosh2A4c) +
m=0 .

2cA sinh24sinh2c) + Z%ﬂz”“(@— 4y — 22)(sinh21 sinh21c — 24e ** sinh24c +
~ (2m+1)!

2cA(sinh24 cosh2Ac + 21) + Z%ﬂzm‘l((«l— v)(1-2v) — 24?)sinh24 sinh24c +
m-o0 (£M):

0
BZm+1

42%¢c((3- 4v) + cosh21 cosh24c) — 24°c? sinh24 sinh24c) + » ——2mL _
= (@2m+1)!

A" ((4(L-v)(1-2v) — 24%)(sinh24 cosh2Ac — 21) + 44%c(cosh24 sinh24¢c — Ac) —

24%c? sinh21 cosh2c)

v () = % %f”‘((s— 4y - 23)(sinh2Asinh24c — 24e % sinh24c + 24c(sinh2. x
m=0 .
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cosh2ic - 22) + Z (2A2m+11 X AZ™((3— 4v — 22)(sinh24 cosh24c + 24) — e % (sinh24 +
m=0

2 cosh24c) + 2Acsinh2 sinh24c) + (BZ’“)IAZ”“((4(1 V)(1-2v) - 24%)(sinh24
m=0

cosh24c + 21) + 44%ccosh2/ sinh24c — 24%¢*(sinh24 cosh24c — 24) + Z& A2 x

o (2m+1)!
24%c? sinh24 cosh2.Ac)
w,(A )—i 2P A*™(sinh24 cosh24c — 2/1)+z 2Pomia 2™ sinh24 sinh24c +
F(4) o (2m)! o (2m+1)!

2cA(sinh24cos2Ac+21) + Z 22”’)| A2™((3—4v + 21)sinh24sinh2Ac +

24e7?* sinh2]c — 24¢(sinh24 cosh24c - 21)) + Z am Zm*ll)l A"(3-4v +22) x
m=0

(sinh24 cosh24c — 21) — e % (sinh24 — 24 cosh2A4c) — 24csinh24 sinh24c)

v (A )_L 2P /lzmsinhZ/’tcoshZACJrZ A2m+1 /12m+1(5|nh21005h2/10+ 24) +

F(4) o (2m)!

> (282’“)| A2 ((3—4v + 24)(sinh2A cosh2Ac + 24) + € % (sinh24 + 24 cosh2Ac) —
m=0

2csinh24 sinh2.c) + Z am Zm*ll)l A2"((3-4v + 22) sinh24 sinh24c +
m=0

24e % sinh2c — 21c(sinh24 cosh2c + 24)

(18)
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where
F(A) =sink? 24 — 44
To satisfy remaining boundary conditions at theusion interface (12) one has to

express the cylindrical functions (15) in sphermabrdinates using following relations:

© kv+2n
J (kp) coshkz = rvepy
v( p) ; (2‘/ + 2n)' v+2n (/’l)
(19)
0 kv+2n+1 5 1
J (kp)sinhkz = rrreepr
v( p) ; (2V + 2n +1)| v+2n+1(:u)

The resulting expansions of the cylindrical fuans ¢, and ¢, (15) are given by

o =TOZanr“Pn(y), s :Tozbnrnpn(,u)
n=0 n=0

(20)

where coefficientsa, andb, are determined by

[vi (i,

1
A)A?"dA, a —

a2n
(2 )RS

(21)

b,, = @) j'/’z (AWAdA, by, =

1 o0
1 [y, (W)™
@2n+1)! {‘”2( )

Substituting w, (4),w,(1).w, ()., (4 ) given by (18) into equations (21), one obtains

expressions fora, and b, can be obtained in terms of the unknown spherical
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coefficientsA,,B,. These expressions contain integrals with resjpect which have to

be evaluated numerically.

Finally, using stress functions (5) and satisfybmundary conditions (10), one

can obtain the resulting system for the axisymroetase

Z{—m+n A, _m+3—4WnBH_jn+Dm+5—m0&M+n%@M+

70 a™? 2n-1  a" 2n+3 a"?
nn-4+4v) o goa, (NHD(N=2+4v) ﬂmla””an __ 1% p 1 2p,

2n-1 2n+3 3(1+v) 3
(22)

n-1

Z ﬁ\:2+(n—4+4v) Bn;1+(n+5—4v) B;‘j;Jrana N
a 2n-1 a 2n+3 a

n=1

n—4+4y 1 N+5-4vy el et 1 . .
S E— a " t+——— a P sind = =aP, sin@

on—1 B on+3 Brn jn 52
(23)

Equating coefficients of each Legendre functiBr(« in)equation (22) or its
derivative P, (x) in equation (23) to zero, one obtains a systetimeér equations for the
unknown coefficients of the spherical harmomi¢d3,. The axisymmetric solution of

the problem (1) - (4) is determined by truncatimgl &olving this system. After solving
for the coefficients, one can calculate the stress®l deformations at any point within

the plate.
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4. Asymmetric solution

For the asymmetric problem, the pure shear spheaicd cylindrical harmonics are

defined by

OZC cosZ¢ OZC m+1 cos¢

¢, =T ZD (ﬂ)sm;/)

m+l

=T ZE nffl‘) c0s24, ¢, =T, Iy D—1) Pzrffl‘) c0S24

(24)

¢y =To| 95(1)3,(4p) coshizcos2gdA , ¢, =T, [ 9,(1)3,(Ap) coshizcosgdl
0 0
¢, = _Toj(p4(,1)Jl(,1p)cosmzsin¢d/1, ¢y = Toj/l(ps(/l)Jz(/lp)sinh/lzc032¢d/1
0 0

A =To[ 96(2)3, (4p) coshizsin2gdA
0

(25)

¢ = T 03(2)3,(4p)sinhAzcos2gdA , ¢, =T, [ ¢} (4)3,(4p) sinhizcosgdi
0 0
9, = —TOI(PZ (1), (Ap) sinhAzsingdA, ¢, =T, j Ap. (A)J,(Ap) sinhAzcos2¢dA
0 0

Ay =T, j 0 (A)3,(Ap) sinhAzsin2gdA
0
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where C ,D, and E, are unknown coefficients of the spherical harmsnic

Wa(A)Wa(A).ws(A).we(2) and y;(4),;(A),ws(2).w,(4) are arbitrary functions.
In a similar procedure to that described in thevioies section, one satisfies
boundary conditions (11) and (12) by using relai¢h6) and (19). The final equations

for the asymmetric case are

i( (120 Co 5= D, 0 20-20) D, (n=2)(n+3=4) E,,

ar n+2 3 a2 n n an+2 2n-1 an

(M43 +5-40) By e goa DAt Ay s 244V oo
on+ 3 am 2n—-1 2n+3

+

(n=2)(n—4+4v) 2t (n+3)(n—2+4v)

a
a"t +4ka"t |PH(u) =——=P;
2n_1 Q-n—l 2n+3 Q-n+1 n j n(/u) 6 2

n+l

i( » 1-2vD,, 1-2vD,, n-2E, n+3E
n+2

a 2n+3a™ 2n-1a" 2n-1a" 2n+3a™?
(26)
1 21/ 1-2v n-2 n+3
an—l an—l + an+l _ a.n—l a.n+l _
gn 2 _ 1 2n + 3 77n+1 2n _ 1§n—l 2n 3 gn+l
n(n—1)+4kna (n+3)(n+4)k Mjp (1) = 2 p?
2n-1 2n+3 12

i[_ =20+ D, +4(1-v) S —20-v)n,a" + 41-v)g,a" +

n+1 n+l
o n-1 a a

n(n+3)k,,,a" JP() = 0
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Equating coefficients of each Legendre functi®f(x) in equation (26) to zero,
one obtains a system of linear equations. The agtnmsolution of equations (1) - (4) is
determined by solving the linear simultaneous @quoatfor the parametric coefficients of

the spherical harmonic€,,D,,E,. Solving for the coefficients, one can calcultite

stresses and deformations corresponding to therasyme case at any point within the
plate.
5. The combined solution
Final expressions for the displacement and strekisfare given by
U=u+ W Cos2p, o;=06j1+0Gj2 COS2p,
where u;, 61 anduy, ¢ 2 represent the axisymmetric and the symmetric parts

respectively.
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