Numerical Modeling of Stress in
Stenotic Arteries With
Microcalcifications: A
Micromechanical Approximation

Most finite element models of atherosclerotic arteries do not account for the heterogene-
ity of the plaque constituents at the microscale. Failure of plaque lesions has been shown
to be a local event, linked to stress concentrations caused by cap thinning, inflammation,
macroscopic heterogeneity, and recently, the presence of microcalcifications. There is
growing evidence that microcalcifications exist in the fibrous cap of plaque lesions.
However, their role is not yet fully understood. The goal of the present work is to inves-
tigate the effects of localized regions of microcalcifications on the stress field of athero-
sclerotic plaque caps in a section of carotid artery. This is achieved by performing finite
element simulations of three-dimensional fluid-structure interaction models. The material
response in the region of microcalcification is modeled using a combination of finite
elements, homogenization theory, and a stress concentration function that approximates
the average local stresses in the fibrous tissue and microcalcification phases. The results
indicate that the circumferential stress in the fibrous tissue phase increases as the volume
[fraction of microcalcifications is increased, and that the stress exceeds a critical thresh-
old when the fibrous cap thickness is decreased. Furthermore, the presence of the micro-
calcifications significantly influences the distribution of stress by shifting the maximum
circumferential stress away from the cap shoulders, where failure is most common when
the effective region of microcalcification is located at the center of the cap. This is a
possible explanation of why 40% of plaque ruptures occur away from the shoulder region
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1 Introduction

Atherosclerosis is one of the most prevalent forms of vascular
disease. Vulnerable regions of atherosclerotic plaque may rupture
without warning, leading to potentially fatal results, such as myo-
cardial infarction or stroke. In fact, atherosclerosis is the leading
cause of death in the United States and could become the leading
cause of death in the industrialized world by the year 2020 [1].
Although the mechanisms that cause atherosclerotic plaques to
rupture are not fully understood, there has been much focus in the
literature on the role of high stress concentration. Factors such as
reduced structural integrity due to material degradation or hetero-
geneities could play a key role in the initiation of failure.

As plaque expands into the lumen, causing the artery to become
occluded by forming the characteristic lipid pool, the shear stress
on the proximal side of the lesion increases. This can lead to a
high concentration of inflammatory cells in the proximal region
[2,3]. The degradation of extracellular matrix components, such as
collagen and smooth muscle cells, has been linked to the family of
metalloproteinases and can lead to thinning of the fibrous cap
[4,5]. According to several case studies, failure of the fibrous cap
occurs most frequently on the proximal side of the plaque lesion
as well as at the shoulders [2,3,6]. It has been stated in the litera-
ture that roughly 60% of plaques rupture near the shoulder region
of the fibrous cap [7]. The remaining 40% of failures occur at
other regions, including the center of the cap [8,9].
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The presence of calcium also appears to have an important role
in the evolution of atherosclerosis. There is evidence that inflam-
mation may be linked to the development of calcification [10,7].
Studies have also shown that the calcium permeability of the ar-
terial wall increases in the presence of lipid particles [11-13].
Initially, calcium develops in the form of both intracellular and
extracellular granules. Over time, these granules can either coa-
lesce into large deposits or remain as dispersed collections of
microcalcifications that form in the arterial wall [14]. Due to the
low-resolution of imaging techniques in the past, there were no
reliable means of viewing these microcalcifications [15,16]. Only
recently have new imaging techniques been able to detect the
presence of microcalcifications in and around the fibrous cap of
plaque lesions [9,17,18]. Chemical analysis has shown that the
microcalcifications possess a chemical composition that consists
primarily of hydroxyapatite (calcium phosphate) [19,18], which is
a crystalline mineral deposit.

In the last few years, more attention has been given to the
presence of microcalcifications in the fibrous cap. Vengrenyuk et
al. [9] used high-resolution micro-CT to view cellular size micro-
calcifications (5—10 wm) in the fibrous cap of coronary arteries.
The authors suggest that the microcalcifications form from mac-
rophages that have calcified within the fibrous cap. In addition, an
analytical formulation for the stress concentration around a single
calcified inclusion was developed using linear elasticity theory.
Bobryshev et al. [18] used electron microscopy along with X-ray
elemental analysis to view calcified matrix vesicles (90-300 nm)
in the fibrous cap of diseased carotid arteries. Their analysis was
conducted on both stable and vulnerable plaque caps. Plaque caps
that were less than 100 um thick were considered vulnerable.

SEPTEMBER 2010, Vol. 132 / 091011-1

Downloaded 07 Jan 2011 to 128.32.164.52. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



aul ™ Lipid Pool

Fig. 1 Three-dimensional view of the full section of stenotic artery with a
close-up view of the effective region of microcalcification and lipid pool,
which are outlined and indicated with the arrows

Calcified matrix vesicles have also been considered as initiators of
microcalcification in atherosclerotic plaques [18,20].

In general, stress concentrations are dependent on both the ge-
ometry and the material properties of the lesion and surrounding
tissue. Humphrey [21] provided an extensive review of constitu-
tive laws and material parameters for several types of arteries.
Holzapfel et al. [22] performed experiments on samples of dis-
eased tissue in order to assess the failure stress of the tissue com-
ponents in the circumferential and longitudinal directions. In this
study, the circumferential stress in fibrous tissue was predicted to
be critical to plaque rupture. Loree et al. [23] performed uniaxial
tests on strips of atherosclerotic tissue, including “calcified” tis-
sue, which was classified by Lee et al. [24] as fibrous tissue con-
taining granules of calcium. The study by Loree et al. revealed the
stiffening effect of calcifications in tissue.

The use of fluid-structure interaction (FSI) modeling has be-
come more prevalent in recent years in an attempt to better un-
derstand the role of blood flow in the failure of plaque lesions.
Tang and co-workers [25-27] used MRI to generate three-
dimensional patient-specific FSI models in order to locate the
maximum stress in a diseased carotid artery. Some of these mod-
els included large calcium deposits near the plaque, which were
found to have little effect on plaque vulnerability. Bluestein et al.
[28] used simplified three-dimensional geometry and FSI finite
element models to analyze the influence of a single microcalcifi-
cation embedded in the center of the fibrous cap. This was done
for two model configurations, both with a thin fibrous cap but
different levels of stenosis. The stress around the embedded inclu-
sion was found to increase relative to the noncalcified case. Li et
al. [29] performed a sensitivity study on a simple two-dimensional
longitudinal cross-section model using FSI simulations. In this
case, the focus was on the effects of cap thickness and stenosis
severity on the magnitude of stress in the plaque cap itself with
the artery walls modeled as rigid.

As a follow up to their original work, Vengrenyuk et al. [30]
performed a finite element analysis on a model of patient-specific
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geometry with three microcalcifications in the cap. The analysis
was performed using a linearly elastic material model and a uni-
form pressure applied to the lumenal wall of the artery. The stress
around the inclusions was found to increase significantly when the
cap thickness was decreased while the position of the three inclu-
sions was fixed. Two-dimensional cross-section models have also
been used to study the effects of lipid pools and large calcium
deposits on the stress in the artery wall [31-33], using several
imaging techniques.

The goal of the present work is to assess the influence of mi-
crocalcifications on the state of stress in the fibrous cap of athero-
sclerotic plaque lesions. This is accomplished by using a one-way
multiscale approach. Three-dimensional FSI finite element models
are employed to estimate the stress field in the region of micro-
calcifications. The presence of microcalcifications is modeled as a
local region represented with a “homogenized” effective material
response, rather than geometrically modeling individual cellular
sized inclusions. Stress concentration functions, derived from the
micromechanical Hashin—Shtrikman bounds [36,37], are used to
find the average circumferential stress in each of the constituent
phases at a point of interest in the microcalcified region. The
average circumferential stress is then compared with a critical
failure stress in order to assess the potential of debonding.

2 Methods

2.1 Model Geometry. The geometry of a stenotic section of
carotid artery was generated based on measurements taken from
Refs. [38,39]. According to Virmani et al. [40], the majority of
vulnerable plaques are eccentric and contain a diameter stenosis
greater than 50%. Therefore, the baseline model of the artery con-
tained an eccentric occlusion with a 50% diameter stenosis (Fig.

%Effective material responses have been used in the modeling of various biologi-
cal materials, see Refs. [34,35].
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Fig. 2 Circumferential cross-section view of the stenosis with: (a) center
region of microcalcification and (b) shoulder region of microcalcification.
Asterisk indicates the region of microcalcification.

1).The geometry was assumed to be symmetric in order to reduce
the memory requirements during simulation. It was shown in
Refs. [2,6] that factors such as cell migration and macrophage
concentration can influence the development of the plaque, pro-
ducing a thin cap on the proximal side of the stenosis and a
thicker cap on the distal side. The shape of the lipid pool and
longitudinal variation in cap thickness were based on these obser-
vations (Figs. 2 and 3). In the current study, fibrous cap thick-
nesses of 83 um and 150 um were analyzed in two separate
models. The basic dimensions of the occluded artery model are
given in Table 1.

Rather than geometrically modeling the microcalcified par-
ticles, which are 5—-10 um in size, a specific region of the fibrous
cap was described by an effective material response, using micro-
mechanical homogenization theory. The effective region of micro-
calcification was generated by intersecting a cylinder of radius

STD
*
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Fig. 3 Close-up view of the longitudinal cross-section of the
stenosis. Asterisk indicates the region of microcalcification.

Table 1 Dimensions of the key geometric features of the oc-
cluded artery model

Geometric Feature Dimension
Inlet diameter (ID) 5 mm
Stenosis throat diameter (STD) 2.5 mm
Wall thickness (WT) 1.2 mm
Lipid pool length (LPL) 5.0 mm
Lipid pool height (LPH) 2.65 mm
Lipid pool angle (LPA) 60 deg
Total vessel length 85 mm
Vessel length proximal to stenosis 20 mm
Stenosis length 15 mm
Vessel length distal to stenosis 50 mm
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0.45 mm with the geometry of the fibrous cap. A conceptual sche-
matic of the intersection is shown in Fig. 4. This cylindrical inter-
section region was parallel to the Y-axis and embedded in the
fibrous cap, as shown in Fig. 2. The longitudinal position of the
cylindrical region was 26 mm from the inlet on the proximal side
of the cap, as indicated by the asterisk in Fig. 3. Two regions of
microcalcification were examined in this study, one in the center
of the cap (Fig. 2(a)) and the other was shifted 0.7 mm (XS) from
the center to the shoulder of the cap (Fig. 2(b)).

2.2 Governing Equations and Boundary Conditions. The
deformation of the artery wall was modeled using the equilibrium
equations.

(@

(b)

Fig. 4 (a) Cylinder intersecting with thin plate and (b) final
intersection region embedded in the middle of the thin plate
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DivP=0 (1)

The first Piola—Kirchhoff stress P can be written in terms of a
strain energy function W=W(C) per unit reference volume

IWw
P=2F— 2)
aC

where F is the deformation gradient and C is the right Cauchy—
Green deformation tensor. The strain energy function and material
parameters of the solid model are discussed in the next section.
The blood flow was modeled using the arbitrary Lagrangian—
Eulerian (ALE) formulation of the Navier—Stokes equations for an
incompressible, Newtonian, homogeneous, viscous fluid undergo-
ing steady flow. The ALE formulation was necessary to capture
shape changes to the flow field due to the deformation of the
artery wall and plaque cap. The governing equations are given as

p((v=vy) - V)v=V- (= pI+ u(Vv +(Vv)")) (3a)

V.v=0 (3b)

where v is the velocity of the blood, v, is the velocity of the mesh,
and p is the pressure. The density of the blood was p
=1060 kg/m? and the dynamic viscosity was u=0.0035 Pas
[41].

In each simulation, the steady-state solution was computed for
nominal physiological conditions using the commercial finite ele-
ment software cOMSOL® (COMSOL 3.4, COMSOL Inc., Stock-
holm, Sweden). The inlet boundary of the fluid field was assumed
to be fully developed laminar flow. This was enforced with a
parabolic profile and a centerline velocity of v.=0.3 m/s. The
outlet pressure was taken to be p,=100 mm Hg, which is the
mean of a normal cardiac cycle. The pressure was assigned such
that

pP=rs wVv+(VV))n*=0 )

where n°" was the unit normal to the outlet boundary cross-

section. The second part of the condition assumes that the viscous
effects vanish normal to the outlet boundary, which allowed the
pressure to be assigned directly. This was a fair assumption given
that the length of the vessel, after the stenosis, was 10 times the
inlet diameter. The symmetry condition of the fluid field was en-
forced with a slip boundary condition given by

vonYm=0, tY. (—pl+p(Vv+(Vv))n¥"=0  (5)
where n®™ was the unit normal and t'™ (i=1,2) were the tangent
vectors to the symmetry plane.

The constraints on the boundaries of the artery wall (solid do-
main) allowed it to expand freely in the radial and circumferential
directions but restrict it from expanding in the longitudinal direc-
tion. This was accomplished by fixing the displacement in the
Z-direction at the inlet and outlet, fixing the displacement in the
X-direction at the symmetry plane, and fixing the displacement at
two points in the Y-direction on the outer surface of the artery. The
FSI methodology used in comsoL® employs a two-way (strong)
coupling scheme at the interface of the fluid and solid domains.
The fluid exerts a force on the solid domain while the deformation
of the solid affects the geometry of the fluid domain. The interface
boundary condition was implemented by adding Lagrange multi-
pliers as additional dependent variables in the finite element for-
mulation on the constrained domain. This ensured that there was
no penetration of the fluid into the wall and that there was no slip
of the fluid relative to the wall. The global system of equations
was then solved monolithically.

2.3 Material Representation. The material response of the
fibrous tissue and lipid pool were modeled using the isotropic
hyperelastic strain energy function
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Table 2 Material properties of the fibrous tissue and lipid pool

D, K

(Pa) D, (kPa)

Fibrous tissue 5105.3 13 3300.0

Lipid pool 50 5 12.5
- Dy(Ic-3) . 2

W=Dy 1) + Z(-1) (6)
—_——

deviatoric St

volumetric

where I-=I~J> is the deviatoric first invariant of C and J
=det(F) is the Jacobian of the deformation gradient. The devia-
toric contribution includes a Fung-like exponential term for which
the material properties are given in Table 2 [33]. Since all nonlin-
early elastic constitutive laws must reduce to a Hookean material
in the infinitesimal limit, the shear modulus of the fibrous tissue
was found to be u=2DD,. The bulk moduli of the fibrous tissue
and lipid pool were based on a nearly incompressible response
and are given in Table 2.

The second Piola—Kirchhoff stress S is related to the first Piola—
Kirchhoff stress by P=FS and can be written as

v, aw,
§=p—dv  ——vlyel=g' 4 pC! (7)
aC aJ
where S’ is the deviatoric stress and p is the pressure.
anol
=—=k(J-1 8
p="=kU-1) ®)

The volume fraction of microcalcifications was estimated from
experimental observations of calcified matrix vesicles in thick and
thin fibrous caps. In the work by Bobryshev et al. [18], the num-
ber of matrix vesicles was found to be roughly 8.9 = 0.544 per
1.92 um? in the thin fibrous cap. The percentage of calcified
matrix vesicles in the thin fibrous cap was roughly 6.705 % 0.436.
Using a calcified matrix vesicle diameter of 300 nm, the cross-
sectional area of the calcified matrix vesicles was calculated and
divided by the total cross-sectional area. This yielded a nominal
area fraction of 0.022, which means that 2.2% of the total area is
covered by calcified matrix vesicles. Assuming that the vesicles
are spherical the volume fraction was estimated, similar to Ref.
[42], and found to be 0.011 (1.1%). In the current study, a volume
fraction of 0.01 and 0.03 were used in each set of the simulations.

The region of microcalcification was modeled using an effec-
tive material response, which was based on homogenization
theory of particulate composites. Classical approaches have
sought to approximate or bound effective responses. This moti-
vated the use of bounds on the effective properties. A widely used
set of estimates for the effective properties are the Hashin—
Shtrikman bounds [36,37] for isotropic materials with isotropic
effective responses. These provide bounds on the parameters
and u, which enter the nonlinearly elastic constitutive equation.
Indeed, since the nonlinear material response reduces to a
Hookean material in the infinitesimal limit, the effective material
properties provide an estimate of the parameters used in the non-
linear model. The effective bulk modulus, with respect to the ref-
erential volume, was bounded by

def

K= K+ Opo =K =k
o 1 31-v,) 7 7
Kp — Kp 3 Kmt+ 41U'm
1-v def ;
+ o ©)
1 30,
Ky— K, 3K,+4u,
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where «,, and u,, are the material properties of the fibrous tissue
(matrix) and «,, Mp> and v, are the material properties and refer-
ential volume fraction of the microcalcifications (particles). The
properties of the microcalcifications are based on those of hy-
droxyapatite, where u,=44.5 GPa and «,=89.0 GPa [43]. In ad-
dition to the bounds on the effective bulk modulus, the effective
shear modulus was also bounded using the Hashin—Shtrikman
bounds as

def

*,— Upo *

C= Uyt = = b
Ho H 1 6(1 ~Upo (Km + 2lu’m) Ho He

Mp = Mo Slu’m(3 K+ 4lu'm)

(1 - Upn aef #*,4

= Wy (10)
1 . 6v,,,(K, +2,) ¢
Mom — Mp slup(3 Kp + 4Mp)

It is worth noting that no further geometric information, such as
the shape of the asperities, etc., contributed to these bounds. A
straightforward estimate of the effective properties is to take a
convex combination of the bounds, for example,

o= "+ (1= P)i,” and = by, + (1= P)u,”

(11)

where 0=¢=1.

Finite element simulations of representative volume elements
(RVE) were conducted in order to estimate ¢. A quasi-static ho-
mogeneous deformation was incrementally applied to the bound-
ary of the RVE. The effective moduli were then calculated and
compared with the Hashin—Shtrikman bounds, using Eq. (11) in
order to determine the linear combination parameter ¢. Employ-
ing the concept of sample averaging, see Refs. [42,44], the num-
ber of particles used in the RVE was varied. Several simulations
were conducted with 5, 10, 20, and 30 particles in the RVE, keep-
ing the volume fraction fixed. The simulations verified that the
effective moduli fall within the preceding bounds. Since there was
a large disparity between the material properties of each phase,
i.e., the particles were much stiffer than the matrix, the effective
moduli tended toward the lower bound of the Hashin—Shtrikman
bounds. The value of ¢ was determined to be approximately
0.004. It should be noted that due to the low volume fraction, the
interaction between particles was negligible with respect to the
stress field.

Since the volume fraction of the particle phase was low, less
than 0.03, it was assumed that while the effective material prop-
erties were stiffened, the fundamental form of the constitutive
equation was unaffected. This motivated the use of an effective
strain energy function to model the region of microcalcification

W=D (Pl 1) + %(1 —1)? (12)
where D} (=u,/2D5,) and k|, were computed from the convex
combination of the Hashin-Shtrikman bounds in Eq. (11) and D5,
(=D,) was treated as a constant using the values from Table 2. The
material properties in the calcified region did not vary through the
thickness of the cap. However, the material properties did vary
radially with respect to the center of the cylindrical calcified re-
gion. The volume fraction within the calcified region was varied
using a modified normal distribution (Fig. 5), rather than using a
uniform distribution, which can potentially cause an artificial
stress concentration at the interface between the fibrous tissue and
region of microcalcification. The distribution implies that the vol-
ume fraction of particles present in the fibrous cap increases
toward the center of the calcified region. The volume fraction
was zero at the edge of the effective region so the properties
match those of the surrounding fibrous tissue. Once the volume
fraction v,,, was determined from the spatial distribution, the local
effective properties in the microcalcified material ), and u, were
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Fig. 5 Spatial distribution of the volume fraction v, within the
effective region of the cap for a peak volume fraction of 0.03

calculated using Egs. (9) and (10), which were substituted into Eq.
(11).

2.4 Stress Concentration Functions. In classical infinitesi-
mal deformation analyses, macroscopic responses of materials
that are heterogeneous on the mesoscale are described using a
relation between averages, <U>()o=IE:<€>()0, where  (-)q
=|(;—0‘ Ja-dQ,, and where o and € are the stress and infinitesimal
strain tensor fields within an RVE of (referential) volume |(,|. If
the effective property (IE)) is assumed isotropic, then one may
(), =3k, (tr((€)q,)/3)1+24,(€ g , €=€
—(tr(€)/3)1. For finite deformations of isotropic materials, the re-
lation between volume averages may also be written in terms of a
deviatoric and volumetric contribution. In this case, the effective
property depends on whether the averaging volume is taken to be
the referential (undeformed) volume or the deformed configura-
tion volume.

For the case of finite deformations, defining the referential ma-
trix space volume fraction by v, =|Q,|/|Q,|=1-v,,=1
- (|Qp,,\ /1Q,]), and by averaging over the referential configuration
the pressure within an RVE can be written as

write where

<P>Q,, = vmo<p>9m0
= Km((" - 1>Qu - Up()(‘] - 1>le) * U])()Kp<‘]_ 1>on

= (Km + U/m(Kp - Kl11)KK”) <J - l>Qn

+ Up0<p>0p0 = vmoKm<J - 1>Qm0 e UpoKp<J - 1>Q

po

#

(13)

where Kj; is the effective bulk modulus of the RVE and the refer-
ential finite strain concentration function K, is given as [45]

1 K-k
(—"—’")u— Do, =¢~1aq
Upo Kp = Kiy ‘ o

=K, (14)

Once either KKU or K:: is known, the other can be determined
using Eq. (13) or Eq. (14). The stress concentration is given by
K[,KKOKZ_I@>QO= I?K{](p)(loz(p)ﬂpo, where I_(K" is known as the
stress concentration function and it relates the average pressure in

the particle phase to that in the whole RVE. Thus, the stress con-
centration is defined as
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initial debonded
region

Fig. 6 Far field loading of a single inclusion with an initial
debonded region at the pole

_ 1 Kk, K —K
___2 0 m

KKU - 5 (15)
Vpo Ky Kp = Ky

where I?K0<p>90=<p>ﬂp0. Clearly, the micropressure fields are

minimally distorted when K «,=1: there are no stress concentra-
tions in a homogeneous material. For the matrix phase,

<p>QH - U]m<p>ﬂlm <p>Qo - vp()I?K”<p>Q

Umo Umo

= Exo<p>00

(16)

Pa =

mo

where EK,, is the stress concentration function that relates the av-
erage pressure in the matrix phase to the whole RVE. Therefore,
in the case of isotropy,

= 1 _
KK =_(1 _UPOKKO) (17)

* Vo

The stress concentration functions derived in this section were
used to relate the stress in the fibrous tissue to the stress computed
in the effective region of microcalcification of the FSI simula-

tions.

2.5 Estimates of Debonding. The study by Gent [46] pro-
vided a framework for quantifying the stress required to cause
debonding between a hard spherical inclusion and soft elastomeric
matrix material. The theory is based on the Griffith fracture crite-
rion and assumes that there is a small initially debonded region
near the pole of the inclusion, as shown in Fig. 6. The debonded
region is in the same direction as the loading due to the nature in
which the surfaces peel away from one another. The debonding
mechanism is similar to the opening of a mode I crack. The ana-
lytical formulation is based on a uniaxial loading of the matrix
material away from the inclusion and is given by

_ AmG.E

“" 3rsin(26)
where o, is the applied far field stress, G, is the bond fracture
energy per unit surface area, E is the Young’s modulus of the

matrix material, r is the radius of the inclusion, and 6 is the initial
debonding zone angle.

(18)
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Microcalcification particles are primarily hydroxyapatite, which
is composed of calcium, phosphate, and hydroxide ions, and
forms a crystalline molecular structure [47]. One of the main con-
stituents of the fibrous tissue is collagen fibers, which are con-
structed from numerous cross-linked fibrils. These fibrils are also
composed of hydroxide molecules [48]. Once the hydroxyapatite
is released from a calcified matrix vesicle, crystal growth can
continue due to the presence of calcium and phosphate ions in the
extracellular environment [18]. In addition, it is possible that the
microcalcifications can bond to the surrounding fibrous tissue due
to the presence of hydroxide ions. Using the bond spacing of the
hydroxyapatite and number of bonds per unit surface area, the
bond fracture energy was estimated for two types of bonding.

The edge lengths along the two primary axes on the surface of
a unit cell of hydroxyapatite are approximately 6.8 A and 9.4 A
[47]. The average of these two lengths was used to estimate the
distance between the hydroxide molecules in the hydroxyapatite
structure. Using an average bond spacing of 8.1 A, the number of
bonds per unit surface area was determined to be roughly
1.5656 X 10'® bonds/m?. For a strong bond interaction between
the microcalcification and fibrous tissue, such as an ionic bond
[49], the bond energy was assumed to be approximately 7.47
X 1071 J/bond. Thus the fracture energy was calculated to be
G,=1.2 J/m?. For a weaker bond, such as an intermolecular bond
[49], the bond energy was assumed to be approximately 1.66
X 107! J/bond. This corresponded to a bond fracture energy of
G,=0.005 J/m?. It is possible that the bonding is also related to
protein interaction but currently there is no experimental data to
verify the true bond interaction type or strength between these
materials. Thus, the computed estimates for G, only provide the-
oretical upper and lower bounds on the bond interaction.

Using the Gent approximation, the stress required to debond a
microcalcification embedded in fibrous tissue was calculated for
the values of E=400 kPa, r=5 um, and =5 deg. In the case of
a strong bond, the stress was found to be 1.52 MPa. For a weak
bond, the stress was found to be 98.2 kPa. In the case of micro-
calcifications, it was assumed that the mode of failure is debond-
ing at the interface, rather than cavitation away from the interface.
This implies that the bond strength will tend toward the lower
bound [50]. The applied stress values computed above support the
possibility that the stress levels in a plaque lesion can cause deb-
onding of microcalcifications embedded in fibrous tissue. In the
current work, the critical stress at which debonding occurs was
taken to be the failure stress of the fibrous tissue in the circum-
ferential direction. This value has been noted in the literature as
being approximately 300 kPa, see Refs. [22,9]. This is a conser-
vative estimate but falls within the estimated bounds.

The goal of the preceding sections was to highlight the key
pieces needed for the proposed one-way multiscale approach,
which was used to estimate the average circumferential stress in
the fibrous tissue phase of the effective region of microcalcifica-
tion. The average stress values were attained using the following
procedure.

1. FSI simulations were conducted with various cap thick-
nesses, volume fractions, and positions of the effective re-
gion of microcalcification.

2. The location and magnitude of maximum circumferential
stress was acquired within the effective region.

3. Using the local volume fraction defined at that point, the
stress concentration functions were applied to the effective
stress to retrieve the average stress in the fibrous tissue
phase.

4. Assuming that the interaction between particles is minimal,
the average circumferential stress in the fibrous tissue was
compared with the critical debonding stress.

Since debonding is dominated by volumetric stresses, which

produce a load normal to the particle/matrix interface, the stress
concentration function that is related to the volumetric response in
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Fig. 7 Close-up view of the fluid solution in the lumen for (a) the pressure field (Pa) and (b) the velocity field (m/s). The
length of the velocity vectors are proportional to the magnitude and are not color coded.

an RVE was applied to the effective first principal (circumferen-
tial) stress computed from the FSI simulations. The average cir-
cumferential stress in the fibrous tissue (matrix phase) o";’ﬂ is
then written as "

(19)

£ = £
Ti0, =K 01

where K, is the volumetric stress concentration function from Eq.
o

(17) and o7 is the effective (homogenized) first principal stress at
the point of interest in the microcalcified region.

3 Results

FSI simulations were conducted in order to investigate the in-
fluence of an effective region of microcalcification on the stress in
fibrous plaque caps. Several combinations of cap thickness, vol-
ume fraction, and location of microcalcifications were chosen for
this preliminary study. Ten simulations were conducted in total.
The cap thickness was assigned to be 83 wm or 150 um. The
volume fraction of the microcalcifications was assigned to be 0.01
or 0.03, as well as 0.0 for two noncalcified cases. Finally, the
region of microcalcification was located at either the center of the
plaque cap or at the shoulder.

In order to capture high stress gradients and velocity gradients
the mesh was refined throughout the stenosis and region of micro-
calcification in both the solid and fluid fields. The mesh was re-
fined until the stress in the fibrous cap and the velocity at the
throat of the stenosis changed by less than 5%. The mesh re-
mained coarse away from the critical areas and did not affect the
solution. Each model was discretized into roughly 60,000 tetrahe-
dral elements with quadratic interpolation functions for the dis-
placement (solid domain) and velocity (fluid domain) and linear
interpolation functions for the pressure.

Journal of Biomechanical Engineering

The results in the fluid field did not vary significantly between
simulations. A representative example of the lumenal pressure and
velocity fields are shown in Fig. 7. A recirculation zone can be
seen on the distal side of the stenosis. The pressure was minimum,
where the flow separated from the wall, just distal to the throat of
the stenosis.

When there was no region of microcalcifications, the maximum
circumferential stress was located at the shoulder region of the
plaque cap nearest to the lipid pool for both cap thickness cases. A
cross-section view of the 150 um case is shown in Fig. 8. As
noted previously, the majority of plaque ruptures occur at the
shoulder of the cap [7]. For a cap thickness of 150 wm the maxi-
mum circumferential stress was 216 kPa while for a cap thickness
of 83 um the maximum circumferential stress was 374 kPa.

3.1 Center Calcification Case. The circumferential stress
distribution for a cap thickness of 150 um and a volume fraction
of 0.03 is shown as a representative example in Fig. 9. The stress
was high throughout the fibrous cap relative to the surrounding
wall (Fig. 9(b)) but the highest stresses were concentrated in the
region of microcalcification on the lumenal side of the cap, as
indicated by the arrow in Fig. 9(e). The localization of high stress
in the region of microcalcification was seen for all center calcifi-
cation cases, which meant the maximum stress shifted away from
the shoulder. It was determined that the stress gradient through the
thickness of the cap was highest when the volume fraction was
0.03 for both values of cap thickness. This becomes clear when
directly comparing Figs. 8 and 9(e).

The average circumferential stress in the fibrous tissue phase, at
the point of maximum stress in the calcified region, is reported in
Table 3 for each of the cases. When the cap thickness was
150 wm, the stress did not change much due to variations in the
volume fraction. However, when the cap thickness was 83 um
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Fig. 8 Circumferential cross-section view of the circumferen-
tial stress distribution, cap thickness of 150 um and v,=0.0.
The arrow indicates the point, where the maximum circumfer-
ential stress occurs.

the stress increased more significantly as the volume fraction was
increased. When the cap was thinner, there was an increased sen-
sitivity to changes in the local material properties in the region of
microcalcification.

3.2 Shoulder Calcification Case. The circumferential stress
distribution for a cap thickness of 150 um and a volume fraction
of 0.03 is shown in Fig. 10. The highest stresses were concen-
trated at the region of microcalcification, which amplified the al-
ready high stress at the shoulder. The stress increased through the
thickness of the cap compared with the noncalcified case. How-
ever, the maximum stress still occurred on the lipid pool side of
the fibrous cap, as indicated by the arrow in Fig. 10(e), just like
the noncalcified case.

The average circumferential stress in the fibrous tissue phase, at
the point of maximum stress in the calcified region, is reported in
Table 4 for each of the cases. When the calcified region was
located at the shoulder, there was a more significant effect on
increasing the magnitude of stress in both the 83 um and
150 wm thick caps. For the case when the volume fraction was

091011-8 / Vol. 132, SEPTEMBER 2010

0.03 and the cap thickness was 150 um, the average circumfer-
ential stress increased by 32.6% relative the center calcification
case and 37.5% relative to the noncalcified case. When the vol-
ume fraction was 0.03 and the cap thickness was 83 um, the
stress increased by 19% relative to the center calcification case
and 30.5% relative to the noncalcified case.

4 Discussion

In the current study, the presence of microcalcifications in fi-
brous plaque caps was investigated using FSI modeling and mi-
cromechanical homogenization theory. It has been shown in the
literature that microcalcifications can have a significant effect on
the stress in fibrous caps [30,28,51]. However, the main difference
between the current work and previous literature is an additional
focus on the effects of both the quantity and location of microcal-
cifications. By using a spatially varying effective material re-
sponse to represent the microcalcifications the computational re-
quirements were greatly reduced, compared with resolving
individual inclusions with elements [30,28].

It is apparent from the results that the region of microcalcifica-
tion had a significant influence on the magnitude of stress in the
plaque cap. In some cases the average circumferential stress in the
fibrous tissue increased by 37.5% relative to the noncalcified case.
In addition to understanding how the magnitude of stress changes
with respect to the microcalcifications, it is also important to ex-
plore how the location of maximum stress is affected as well. It
was found that when there is a region of microcalcification in the
central portion of the cap, the maximum circumferential stress
shifts to this region. This could help explain why 40% of cap
ruptures occur away from the shoulder. The shift in the stress
distribution from the lipid surface of the cap (Fig. 9(e)) to the
lumenal surface of the cap (Fig. 10(e)) is most likely due to the
complex loading from the spatially varying pressure distribution
in the flow field, which causes a multiaxial bending-like load. It is
unclear from the literature whether rupture initiates near the lu-
men or near the lipid pool [52,8] but the results of the current
study indicate that rupture could potentially initiate near the lipid
pool when failure occurs at the shoulder and near the lumen when
it occurs at the center of the cap.

Table 3 Average circumferential stress in the fibrous tissue
phase when the region of microcalcification is located at the
center of the plaque cap. The corresponding location is indi-
cated by the arrow in Fig. 8 for the noncalcified cases and Fig.
9(e) for the calcified cases.

Cap thickness (um) Vpo o Tgm (kPa)
150 0.00 216
0.01 217
0.03 224
83 0.00 374
0.01 389
0.03 410

Table 4 Average circumferential stress in the fibrous tissue
phase when the region of microcalcification is located at the
shoulder of the plaque cap. The corresponding location is indi-
cated by the arrow in Fig. 8 for the noncalcified cases and Fig.
10(e) for the calcified cases.

Cap thickness (wm) Upo UT_QW (kPa)
150 0.00 216
0.01 226
0.03 297
83 0.00 374
0.01 394
0.03 488
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Fig. 9 Circumferential stress (Pa) distribution when the region of microcalcification is located at the center of the cap with
a thickness of 150 um and a volume fraction of 0.03: (a) full three-dimensional view of the artery model, (b) close-up
three-dimensional view of the stenosis, (¢) longitudinal cross-section view of the stenosis, (d) full circumferential cross-
section view through the point of maximum stress, and (e) close-up circumferential view. The arrows indicate the point,

where the maximum circumferential stress occurs.

It has been observed in the literature that cap thickness is one of
the primary factors that influences the stress in plaque lesions
[27,30,53]. The results of the present work also captured a signifi-
cant increase in stress due to variations in the cap thickness. As
the fibrous cap thickness deteriorates, a point can be reached,
where the lesion becomes “vulnerable” to rupture. The vulnerable
cap thickness of the carotid artery is not as established as the
coronary artery but has been reported to be roughly 100 um
[17,18]. When comparing the average circumferential stress in the
fibrous tissue to the critical value of 300 kPa it can be seen that
the thickness when debonding can begin to occur, varies with the
volume fraction of microcalcifications. In the case when the cap
thickness was 150 wm and the region of microcalcification was

Journal of Biomechanical Engineering

located at the center of the cap the stress stayed below the critical
value but when the region was located at the shoulder the stress
nearly exceeded the critical value, reaching 297 kPa. This indi-
cates that rupture could actually occur in a cap thicker than
100 wm, if microcalcifications are present. As expected the stress
exceeded the critical value when the cap thickness was 83 um in
both the shoulder and center microcalcification cases.

There are several limitations to the present study. The use of
idealized geometry does not fully capture the complexity of the
plaque lesion. Also, the distribution of microcalcifications is still
under investigation and is not fully understood. In addition, the
interaction between the microcalcifications and fibrous tissue is
only an estimate based on two possible types of bonding. It is
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Fig. 10 Circumferential stress (Pa) distribution when the region of microcalcification is located at the shoulder of the cap
with a thickness of 150 um and a volume fraction of 0.03: (a) full three-dimensional view of the artery model, (b) close-up
three-dimensional view of the stenosis, (c) longitudinal cross-section view of the stenosis, (d) full circumferential cross-
section view through the point of maximum stress, and (e) close-up circumferential view. The arrows indicate the point,

where the maximum circumferential stress occurs.

necessary to perform further experiments and measurements to
determine an accurate range of characteristics for the microcalci-
fications in terms of their spatial distribution and bonding before a
more comprehensive mathematical model can be constructed.

5 Conclusions

It was found that for the set of parameters used in this study, the
maximum circumferential stress always shifted to the region of
microcalcification. The amplification of the stress was more sig-
nificant in the shoulder region of the cap due to the naturally

091011-10 / Vol. 132, SEPTEMBER 2010

higher stress that occurs there. However, the fact that the stress
was shifted and amplified when the calcification was in the center
of the cap is an important observation. This could support the
findings that 40% of plaque failures occur away from the shoulder
of the cap. Typically, caps that are thicker than 100 um are con-
sidered stable but the stress computed in the simulations indicate
that caps as thick as 150 um could begin to debond in the pres-
ence of microcalcifications. Assuming that debonding can lead to
further failure, and possible rupture, the presence of these micro-
calcifications should be addressed when assessing the state of a
plaque lesion.
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Future work will investigate the interaction of the microcalcifi-
cations with the surrounding fibrous tissue. In addition, modeling
the growth of a void, caused by a debonded particle, should be
investigated. This could shed light on the actual mode of failure in
the cap. Sensitivity studies will be conducted in order to investi-
gate the coupled interactions that might occur between param-
eters. Finally, the model for debonding should be applied to
patient-specific geometry and compared with actual failed
plaques.
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