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Abstract

vulnerability.

Background: This study characterizes the distribution and components of plaque structure by presenting a three-
dimensional blood-vessel modelling with the aim of determining mechanical properties due to the effect of lipid
core and calcification within a plaque. Numerical simulation has been used to answer how cap thickness and
calcium distribution in lipids influence the biomechanical stress on the plaque.

Method: Modelling atherosclerotic plaque based on structural analysis confirms the rationale for plaque
mechanical examination and the feasibility of our simulation model. Meaningful validation of predictions from
modelled atherosclerotic plaque model typically requires examination of bona fide atherosclerotic lesions. To
analyze a more accurate plaque rupture, fluid-structure interaction is applied to three-dimensional blood-vessel
carotid bifurcation modelling. A patient-specific pressure variation is applied onto the plaque to influence its

Results: Modelling of the human atherosclerotic artery with varying degrees of lipid core elasticity, fibrous cap
thickness and calcification gap, which is defined as the distance between the fibrous cap and calcification
agglomerate, form the basis of our rupture analysis. Finite element analysis shows that the calcification gap should
be conservatively smaller than its threshold to maintain plaque stability. The results add new mechanistic insights
and methodologically sound data to investigate plaque rupture mechanics.

Conclusion: Structural analysis using a three-dimensional calcified model represents a more realistic simulation of
late-stage atherosclerotic plaque. We also demonstrate that increases of calcium content that is coupled with a
decrease in lipid core volume can stabilize plaque structurally.

Keywords: atherosclerosis, calcification, fibrous cap, lipids, plaque rupture

1. Background

Atherosclerosis constitutes a high number of deaths
related to cardiovascular diseases in developed countries.
It is a chronic systemic disease, frequently leading to
vascular morbidity and premature mortality. Although
atherosclerosis is systemic, plaque rupture is local and
leads to acute cardiac syndromes such as ischemia and
myocardial infarction or cerebrovascular events. Plaque
material and structural characteristics are important
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factors in the natural progression of the disease and
may have important clinical predictive value.
Extensively calcified lesions most likely represent
atherosclerosis at later stages of remodelling and may
reflect more stable lesions [1]. However, earlier stages of
atherosclerosis that do not contain calcium deposits
may be more prone to rupture with subsequent occur-
rence of acute events [2]. Not only can non- or less-
invasive imaging identify flow-limiting coronary stenosis
[3], but it can also to detect plaque components, mea-
sure atherosclerotic plaque burden and its response to
treatment, and to differentiate stable plaques from those
that are prone to rupture [4,5]. Non-invasive imaging
modalities such as computed tomography [6] and
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magnetic resonance imaging [7-9], as well as the inva-
sive intravascular ultrasound modality [10-12], allow for
detection of plaque morphology and composition (calci-
fied versus non-calcified atherosclerotic plaques) and
assessment of the extent of remodelling [13].

Plaques can be characterized into three types based on
the histology analysis [14]: non-calcified plaques; calci-
fied plaques; and mixed plaques refer to lesions with
non-calcified and calcified components within a single
lesion (Figure 1A and 1B). The presence of calcification
in lipid, based on observation agglomerate of calcium
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clusters, occurs in some plaques (Figure 1C and 1D).
Calcium content is reported to increase in patients with
acute coronary syndrome [15]. Large lipid core and cal-
cified areas (defined as > 10% of the plaque area each)
and thin-cap fibroatheroma have been found to be asso-
ciated with positive vascular remodeling [16,17]. Regard-
less of the mechanisms of calcium formation involved,
histology shows that calcium is a common but variable
component in advanced atherosclerotic plaques.

Both composition and morphology are the determin-
ing factors for critical stress (or peak maximum
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Figure 1 Histological observation of plaque composites. A: Lipid distribution in a crescent formation within the plaque can cause protrusion
into the lumen and tend to obstruct distal arteries after plaque rupture. B: Calcification can be observed by white granules embedded in lipid.
C: A zoom-in view of calcified smooth muscles cells reveals the agglomerate of calcium clusters within the plaque. D: Calcification agglomerates
are also present in the lesion adjacent to the elastic lamina. (Revised from images by Stary [14])
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principal stress) during rupture. Plaque characteristics
can be determined from numerical simulation for eva-
luation of its vulnerability [18-20]. In particular, patient-
specific geometries can be reconstructed from MRI
[21-27], and also with emphasis on the plaque rupture
in the carotid artery due to high shear stress [28,29].
More importantly, a shift in paradigm occurs for the
mechanism of fibrous cap rupture ranging from calcifi-
cations in arteries with lipid pools to cellular level
microcalcifications in the fibrous cap. Effect of fibrous
cap on plaque vulnerability has been widely investigated
[30,31]. For a calcified plaque, the existence of some cal-
cium core structural configurations is hypothesized to
play a critical role in plaque rupture [32-34]. However,
studies are limited to micro-calcification spots
embedded in fibrous caps. The realistic calcification
structures are present in the lipid and in agglomerates
of clusters as presented by Huang et al. who showed the
effect of percent areas of calcification and lipids on max-
imum principal stress [35]. But such patient-specific stu-
dies lack morphological parameters on controlled stress
models and restrict insights into plaque rupture.

To address the current limitations, we model a realis-
tic calcified plaque using variation of mechanical prop-
erties such as maximum principal stress and
deformation due to the effect of morphological changes
by calcification composites. A number of pathological
and clinical imaging studies suggest that plaque vulner-
ability is inversely correlated with fibrous cap thickness.
In addition to the fibrous cap thickness, the calcification
gap which is defined as the width between the fibrous
cap and the agglomeration of calcium clusters in the
lipid is studied for the first time. To verify our hypoth-
esis that calcification plays an important role in plaque
vulnerability, idealized morphological constituents are
implemented at different configurations to correlate
stress parameters with geometrical properties.

2. Methods
2.1 Plaque Composite Model
The construction of the constitutive model is such that
the complex behaviour of stress on the plaque can be
quantified and analyzed. We assess stress on a plaque
that comprises four main tissue types: the lipid (lp), the
fibrous cap (fc), the calcium agglomerate (cag), the non-
diseased wall (ndw). The morphological configuration of
these components is of critical importance in the quan-
tification of plaque vulnerability. The properties of these
tissues are variable and integration of these various
components into a plaque structure produces different
stress effects.

In calcified plaques, agglomeration of microcalcifica-
tion clusters is aligned in a crescent within the lipid and
acts as a buoyant support to the rupture of the fibrous
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cap. Calcification clusters may be eccentrically shaped
or positioned distantly from the lumen such that higher
stress or tension may be localized at the fibrous cap.
This causes an increase in plaque vulnerability as the
calcification configuration tends to shift all the stress
onto a focal point.

We model elastic behaviour of its composites by using
stress-plane analysis on an idealistic model (Figure 2).
The peripheral arterial internal diameter (3.6 mm) and
external diameter (4.0 mm) are fixed. Fibrous material
from plaque occupies the interior wall of an artery such
that a lumen of varying size is formed. The lumen is
modelled with an eccentricity of 0.5 mm with respect to
arterial centre, and with varying lumen diameter L that
corresponds to percentage of stenoses. The fibrous cap
is assumed to be of the same material constitution as
the plaque material. For set of models with lipids, this
subintimal substance is constructed by extending a 140°
crescent with thickness of 0.35 mm (Figure 3A). The
calcification gap refers to a lipid gap between fibrous
cap and calcification agglomerate (Figure 3B). Plaque
morphology is based on fibrous cap width d, thickness
of calcification agglomerate d_,,, and calcification gap
Aeg.
2.2 Plaque Rupture Mechanics
Anisotropic modelling of atherosclerotic vessel can be
implemented to probe into plaque vulnerability issue
[30,36]. A two-dimensional modelling platform for cali-
brating the extent of plaque rupture is based on
mechanical parameters governing the atherosclerotic
configuration. Three-dimensional analyses have also
been prepared to justify the accuracy of the results
based on the plane analyses of patient-specific case stu-
dies [18,20,21,31,33,37,38] that were previously investi-
gated. Some studies of plaque mechanics examine
arterial wall bending along the longitudinal axis since it
has been shown that repetitive bending causes strain on
an atherosclerotic plaque resulting in rupture [39].

Plaque rupture is dependent on biomechanical events
acting on the fibrous cap such as hemodynamic shear
stresses [40], turbulent pressure fluctuations [41], cyclic
variation of intraluminal pressure and maximum princi-
pal stress by the pulsatile blood pressure [30,42]. In par-
ticular, large eccentric lipid cores are of mechanical
disadvantage since circumferential tensile stresses are
configured in such a way that fibrous caps have a ten-
dency to rupture most of the time [36]. This gives rise
to the relationship between plaque rupture and the criti-
cal stress acting on the fibrous cap.

Autopsies of patients that are diagnosed of cardiac
ischemia showed that the level of macrophages is high,
smooth muscle cells are reduced, the proportion of cres-
centic acellular mass for a lipid core is significant, and
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Figure 2 Plaque configuration in atherosclerotic artery. The presence of the fibrous cap and lipid within a diseased artery causes the
protrusion of the arterial wall into the lumen. A: The morphological configuration of these plaque composites is idealized schematically to
facilitate geometrical modeling for validation. B: The definition of a calcification gap is based on distance between the calcification agglomerate
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the fibrous cap is thin [42-45]. For plaque rupture, 65
pum thickness with an infiltrate of macrophages is
defined as the threshold after histological analysis [46].
This can give guidance to critical risk analysis of plaque
condition.

2.3 Design of Plaque Models

Idealized plane models of the longitudinal atherosclero-
tic arteries are implemented to study effects of stenotic
severity on circumferential stress on plaque. One set
pertains to stenosis based on a homogenous wall mate-
rial while the other set is based on plaque with a lipid
core where the constitutive model is taken to be non-
homogenous, anisotropic, and elastic. To numerically
simulate this type of plaque-vessel, all plaque constitu-
ents are assigned with the physiological mechanical
properties.

For validation, we implement a non-calcified plaque
structural configuration. We have two subsets of models
that pertain to plaques with and without the lipid core
in Figures 3A and 3B respectively. Then, we proceed to
examine the effects of fibrous cap thickness dy. and
width of calcification gap d., on the stress levels that
pertain to the plaque. Varying fibrous cap thickness dj.
from 0.05 to 0.5 mm is implemented. We hypothesize
that calcification plays an important role in plaque vul-
nerability assessment, and therefore the calcification
agglomerate is modeled as a 140° crescent of variable
thickness d.,, and positioned within the lipid. We

design idealistic models for analysis of calcification
structural variation which relates to calcification gap d,,
ranging from 0.05 to 0.33 mm (Figure 3C).

The following parameters are used in a plane-stress
model: Young modulus (E) in circumferential (¢) and
radial () directions, v,4 and v,, that are the Poisson
ratios in r-0 and 0-z planes respectively, as well as G,y
that is the shear modulus in -0 plane.

The elastic mechanical property of the calcification
agglomerate is established based on defined percentages
of fibrous plaque tissue (ft), lipid core (Ic) and calcium
(Ca):

E“ = oF + BEC + yES,

cag ft lc Ca (1)

Gr@ = acr@ + IBGTG + yGrO ’
where i denotes r and 6 represents radial and circumfer-
ential orientations respectively. The percentage of compo-
sitions @, B, and y corresponds to fibrous tissue, lipid and

calcium, respectively. The Young modulus Efag and shear
modulus G,,® are based on a linear combination of Ejl

and Gi , that pertains to component j = ff, lc, and Ca.

The material properties of the plaque constituents are
consolidated from Loree et al. [30] and Holzapfel et al.
[18] in Table 1. In our study, we assumed a combination
of fibrous tissue (o = 5%), lipid (B = 20%) and calcium
(y = 75%) as components for a homogenous calcification
agglomerate.
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Figure 3 Design of models based on varying geometrical configurations. For model sets A and B (that are used for numerical simulation
validation), we implement the two sets of fibrous plague geometries pertain to one of a constant material construction and one with a
composite matrix of fibrous plaque and constant lipid core. Stenosis at 70, 75, 80 and 90% are modeled. As the position of lipid core (of
constant thickness of 0.35 mm) remains consistent, the stenotic reduction results in thinning of fibrous cap. For model set C, we implement a
set of calcified plaques which comprises of a varying calcification gap d., (from 0.02 to 0.33 mm).

Table 1 Material properties for plaque constituents.

Parameter Artery (ndw) Fibrous tissue (ft) Lipid (Ip) Micro-calcium Calcification
(Ca) agglomerate (cag)
E, (kPa) 10 50 1 12,600 9452.7
Ey (kPa) 100 1000 1 12,600 95002
Grg (kPa) 50 500 1 12,600 9475.2
Vo 0.01 0.01 001 001 0.01
Viz 0.27 0.27 0.27 0.27 027

The Young modulus (E, E,), Poison ratios (G,;) and shear modulus (v, v,,) are presented for the plaque, non-diseased wall of artery, and lipid. The data are
revised from Loree et al. [30] and Holzapfel et al. [18] Fibrous tissue at o = 5%, lipid at § = 20% and calcium at y = 75% pertain to the homogenous calcification
agglomerate.



Wong et al. BMC Cardiovascular Disorders 2012, 12:7
http://www.biomedcentral.com/1471-2261/12/7

2.4 Two-dimensional Finite Element Method Validation
Finite element method (FEM) is performed using
ANSYS™ finite element program to relate the stress dis-
tribution within plaque with a luminal pressure P of
14.6 kPa. The finite element meshes are based on tetra-
hedral elements with minimal skewness. The axial strain
is of the order of vessel dimension and negligible with
respect to the circumferential and principal strain, and
therefore the analysis is based on plane-stress models.
Due to the symmetry of the vessel, a half model is
implemented to reduce computational costs of model-
ling stress. The symmetry condition is applied at the
half-vessel that lies on a symmetry line. Adaptive mesh-
ing for each component of the plaque is performed to
increase the mesh resolution at regions where high
strain energies are localized. Such non-homogenous dis-
tribution of mesh elements will improve accuracy of the
numerical solution. Different grid densities are applied
for the artery, fibrous plaque, lipid and calcification
agglomerate as a variation of strain energies pertain to
these elastic materials (Figure 4).

As atherosclerosis is a complex process, multiple para-
meters are required to accurately model plaque vulner-
ability. As a prerequisite, it is useful to conduct this
preliminary analysis based on a simplified version of the
model in order to identify the correlations between
maximum principal stress, maximum deformation,
fibrous cap thickness and calcification gap. Prior to
these numerical experiments, a validation is performed
against research study by Loree et al. [30] based on idea-
lised atherosclerotic plaque configuration using planar
stress analysis.

Figure 5 presents the effect of fibrous cap thickness on
peak circumferential stress. For cases with constant
lipid, fibrous cap thickness reduces with decreasing ste-
nosis. In addition, when there is a constant lipid inside
the plaque, the level of stress tends to be strongly influ-
enced by the thickness of fibrous cap. Our simulation
results agree well with validation data. We also deduce
that since the fibrous cap thickness correlates to plaque
stability, it is an important parameter when determining
plaque vulnerability.

2.5 Three-dimensional Computational Fluid Dynamics
Modelling

To analyze the structure of the plaque components,
numerical simulation is applied to illustrate the variation
of mechanical properties due to the effect of changes by
the lipid core and its agglomerate of microcalcification.
Modelling of the human atherosclerotic artery with
varying degrees of lipid core elasticity, fibrous cap thick-
ness and calcification gap, which is defined as the dis-
tance between the fibrous cap and calcification
agglomerate, form the basis of our rupture analysis.
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2.5.1 Geometry Reconstruction and Meshing

Tada et al. performed modelling of healthy carotid
bifurcation based on an idealistic geometry [47]. Key
dimensions of this artery are presented in Table 2. For
their geometry, a region of sinus is included as it is the
common feature found in carotid bifurcation. Our
model was based on a size scale of 1:2.775 when com-
pared with the two-dimensional verification model.
However, this will not affect the structural analysis if all
our structural parameters are varied at the same specific
ratios to achieve physiological similitude.

For a diseased carotid bifurcation, the location of the
plaque is assumed to be located on the outer wall of the
internal carotid artery (ICA) sinus in order to study the
effect of the stenosis to the flow as well as the mechani-
cal stress occurs. A three-dimensional crescent structure
was incorporated into the sinus of the carotid bifurca-
tion to simulate the presence of plaque. We note that
plaques can be characterized into three types based on
the component with it: non-calcified plaque, partially
and fully calcified plaque (see Figure 6A, B and 6C
respectively). Fibrous tissue (), lipid () and calcium ()
pertain to the homogenous calcification agglomerate at
o =5%, B =20% and ¥ = 75% as components for a
homogenous calcification agglomerate.

We can implement an anisotropic modelling of the
atherosclerotic vessel to probe into the plaque vulner-
ability issue. We present a three-dimensional modelling
platform for calibrating the extent of plaque rupture
based on mechanical parameters governing the athero-
sclerotic configuration. Then analyses of some sample
case will be prepared to justify the accuracy of the
results based on the plane analyses. Some studies of pla-
que mechanics examine arterial wall bending along the
longitudinal axis since it has been shown that repetitive
bending causes strain on an atherosclerotic plaque
resulting in rupture [39].

Figure 7 shows example of computational grid used in
this research. Figure 7A illustrates the mesh of the full
calcified carotid bifurcation. Figure 7B reveals the reso-
lution of the calcification that is required for the simula-
tion. In each case, the mesh will be slightly different due
to the degree of stenosis. The mesh used consisting of
three-dimensional tetrahedral and prism was generated
in CFX-mesh software. Grid independence analysis was
performed at 3 different mesh refinement levels for the
structure domain: Coarse (130,000 elements), Medium
(340,000 elements) and fine (1,500,000 elements). For
the fluid domain, the mesh refinement levels are: Coarse
(110,000 elements), Medium (300,000 elements) and
fine (1,000,000 elements). For both the structure and
fluid domain, only 2% of dissimilitude between the fine
and medium mesh was observed. Therefore, it is con-
cluded that the fine mesh can be used to obtain grid
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Figure 4 Mesh modelling of plaque model based on different configuration of lipid pool and calcification agglomerate at 70%
stenosis. A: For plaque with no lipid pool (70% stenosis), the geometrical modeling uses N = 12928 for plane-strain elements. B: For plaque
with constant lipid pool (of thickness 0.35 mm), N = 12712 elements. C: For plaque with constant lipid pool and calcification agglomerate (d., =

0.175 mm), N = 12123 elements.
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Figure 5 Relationship between circumferential stress and stenosis. The graph of the circumferential stress versus degree of stenosis is
presented for plaque with or without lipid pool. The peak circumferential stress is normalized with respect to the luminal pressure (6 ma,/P). This
can give an indication of the accuracy of simulation analysis using results by Loree et al. [30] as a form of validation

independent results. All results obtained and discussed
in the discussion section are the solution of computa-
tion performed with the fine mesh.
2.5.2 Details of Blood-Vessel-Plaque Simulation
Partitioned approach was used to implement FSI cap-
ability in the ANSYS™ software package. The coupling is
performed between ANSYS and CEX. The coupling of
the two solvers is performed many times per time step
until convergence of interface variables (displacements
and pressure) is reached. At each coupling loop, calcula-
tion of blood flow is initiated. Then calculated pressure
field is transferred and used as applied force in ANSYS
in order to calculate deformation of the artery. The tol-
erance for the interface variables is 1E-4. The blood
flow is modelled a laminar since the highest Reynolds
number, even with high degree of stenosis, is approxi-
mately about 1000 which is still in laminar region. Time
step size is set to 0.015 s. the results is obtained at the
4™ cycle to get rid of effects from initial conditions.

In solid domain, each end of the artery (CCA, ICA,
ECA) are modelled as fixed supports while symmetry
condition is assumed at the plane of the bifurcation. In

Table 2 Geometrical properties for carotid bifurcation.

Location of Carotid Bifurcation Dimensions
CCA internal diameter 001 m
Maximum sinus internal diameter 023 m

ICA internal diameter 0.007 m
ECA internal diameter 0.0065 m
ICA bifurcation angle 25°

ECA bifurcation angle 25°

The dimensions for a generic carotid bifurcation are presented based on the
model by Tada et al.>® to be used in CFD simulation.

fluid domain, boundary condition at inlet is specified as
time-varying constant [47] while outlet boundary condi-
tions at the end of ICA and ECA are set as time-varying
mass flow rate as shown in Figure 8. In addition, no slip
condition is specified at artery wall. The wall is assumed
to be smooth. In this work, arterial wall is modelled as a
Hookean and isotropic material for computational sim-
plicity [48,49]. The blood properties are also simplified
and thus modelled as Newtonian fluid. Both blood and
artery properties are shown in Table 3.

3. Results and Discussion

3.1 Two-dimensional Structural Modelling

Subintimal plaque structures such as fibrous cap thick-
ness play an important role in plaque stress distribution.
Here, we analyze the pathological fracture caused by the
increases of stress on plaque. We have, in addition to
this parameter, the calcification gap (which is defined as
the width of the lipid layer sandwiched between the cal-
cification agglomerate and the fibrous cap) as another
variable. Due to a matrix of different elastic materials in
the composition, stress concentrations vary throughout
the structure [50,51]. Therefore, it is of interest to simu-
late how the variable morphological configurations affect
the stress levels on the plaque which can cause fracture.
Then, sensitivity studies on effects of lipid elasticity and
fibrous cap thickness in the case of a constant lipid core
on maximum principal stress and deformation are
presented.

Results for plaque models at 70% and 90% stenosis
and with a constant lipid pool (E;, = 1 kPa) are illu-
strated by Figures 9A and 9B. Analysis of the different
plaque models with lipid cores of fixed size (0.35 mm)
shows the effect of fibrous cap thickness ds on
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the fibrous cap at 0.500 mm thick.

\

Sl

Figure 6 Three-dimensional isometric view of the plaque in a carotid bifurcation. The plaque-arterial configuration can be non-calcified
plaque, mixed type of plaque and calcified plaque. Here, the lipid height and width is specified as 6.714 mm and 3.298 mm respectively, with

maximum principle stress and deformation. Multiple
numerical simulation models based on the variation of
ds. and Ey, is performed to characterize critical stress
and maximum deformation levels. The sensitivity of the
mechanical stress properties to the lipid core elasticity
and fibrous cap thickness can be presented with
response curves that provide the interaction between
different mechanical properties of the plaque material.
This can give us an insight into the morphological effect
of plaque constituents on maximum stress levels.

Figures 9C and 9D are simulated models with a con-
stant lipid cores whose Young Modulus is set as Ej, = 1
kPa and a calcification agglomerate that has Young
Modulus E . based on & = 5%, B = 20% and y = 75%
(refer to Table 1). The changes in these mechanical
properties can be graphically presented when calcium
clusters are present. Variation of calcification gap d,, is
presented to show its effect on peak principal stress and
maximum deformation. Modelling calcified plaque with
agglomerate at varying calcification gaps gives the
response of maximum principal stress and deformation
based on the influence of calcium clusters. This
mechanical entity affects structural integrity of the over-
all plaque content, and plays a major role in plaque
vulnerability.

3.2 Three-dimensional Fluid-Structure Interaction
Modelling

Figure 10 are simulated three-dimensional models with
a constant lipid cores at E;, = 1 kPa and a calcification
agglomerate where E,, is based on a = 5%, 8 = 20%
and y = 75% (refer to Table 1). We extract the maxi-
mum principal stress and deformation contour plots for
the carotid bifurcation along its longitudinal axis as it is
more easily visible to observe these mechanical property
variations along the fibrous cap.

The three-dimensional plaque models at 90% stenosis
under the effect of different fibrous cap configurations
are illustrated by Figures 10A and 10B. The different
plaque models with lipid cores of fixed size is effected
and the influence of fibrous cap thickness dy. on maxi-
mum principle stress and deformation is demonstrated
to be similar to the trend shown by the two-dimensional
structural analysis, whereby increment in the fibrous cap
thickness dy, results in a reduction of critical stress and
maximum deformation.

Figures 10C and 10D are simulated blood-plaque-ves-
sel models in which variation of calcification gap d,, is
presented to show its effect on peak principal stress and
maximum deformation. Here, increment of d, results in
an increase of these two mechanical properties.
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Figure 7 Meshing of calcified carotid bifurcation. The isometric view of the mesh for entire length of carotid bifurcation and a zoom-in view
of the calcified plague gives an indication of the mesh resolution required for blood-plaque interaction simulation.
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Figure 8 Patient-specific pressure waveform used in simulation. Patient-specific pressure waveform for the fluid simulation within the
carotid bifurcation shows a maximum of 107 mmHg used. This waveform is imposed at the entrance of the artery.

_




Wong et al. BMC Cardiovascular Disorders 2012, 12:7
http://www.biomedcentral.com/1471-2261/12/7

Table 3 Material properties for artery and blood
constituents.

Artery

Young modulus (Pa) 5.00E+05
Poisson ratio 0.5
Blood

Density (kg m?) 1050
Viscosity (Pa s) 3.50E-03

The Young modulus and Poison ratio for artery as well as density and
viscosity for blood are presented for the blood-vessel interaction simulation.

3.3 Response of Maximum Principal Stress and
Deformation to Plaque Elasticity and Structural Variation
Response curves for stress and deformation versus pla-
que composite elasticity and fibrous cap thickness are
plotted. Both maximum principal stress and deformation
have negative correlation with the fibrous cap thickness
and Young modulus of plaque composites. This leads to
the suggestion that the change of stress with respect to
Young modulus of lipid core or calcification agglomer-
ate and fibrous cap thickness tends to follow the same
variation as deformation. Calcification gap and maxi-
mum deformation thresholds are established based on
critical stress threshold for plaque rupture.

3.3.1 Two-dimensional Structural Analysis

Stress response curve for maximum principal stress 0.«
versus Young modulus of lipid Ej, and fibrous cap size
dg. shows that the peak maximum principal stress or
critical stress o, is 370 kPa, which corresponds to the
highest plaque vulnerability, is achieved where the pla-
que has lipid core with the highest elasticity and the
thinnest fibrous cap (Figure 11A). Stress levels of calci-
fied plaque (where Ej, = 1 kPa, d.; = 0.02 mm and E,,
ranges from 10 to 400 kPa) demonstrates the same cor-
relation with plaque composite elasticity and fibrous cap
thickness (Figure 11C). Critical stress for a calcified pla-
que (0., = 268.12 kPa) is lower than that of a non-calci-
fied one. In general, the stress levels of the calcified
plaque are lower than a non-calcified one.

Effect of Ej, and dy. on the cap deformation Dy is pre-
sented (Figure 11B). The peak deformation D, at
0.389 mm or 389 pum corresponds to the lower limit of
the range that pertains to lipid core Young modulus and
fibrous cap thickness. With calcification, D, is
reduced to 0.239 mm (Figure 11D). The overall defor-
mation is generally lower than that for the non-calcified
plaque. The deformations are an order of magnitude
higher than the fibrous cap for plaque rupture.

3.3.2 Three-dimensional Fluid-Structural Analysis

We note the improvement in smoothness of the surface
curve variation of the graph based on three-dimensional
fluid-plaque simulation in the atherosclerotic carotid
bifurcation. Based on Critical stress for a non-calcified
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plaque at o, = 350 kPa (shown in Figure 12A) is higher
than that of a calcified one with d.; = 0.1 mm at o, =
258 kPa (shown in Figure 12C). Dy, at 0.328 mm cor-
responds to the maximum deformation for non-calcified
plaque (Figure 12B). With calcification, Dy, is reduced
to 0.236 mm (Figure 12D).

Typically, the simulation results follow the same trend
as that of the two-dimensional plaque structural analy-
sis. We see a drop in value of the blood-vessel interac-
tion model when compared based on the two-
dimensional structural analysis. However, the critical
stress and maximum deformation follows a more accu-
rate trend due to the realism of the blood-plaque config-
uration being modeled. It may be worthwhile
highlighting that the two-dimensional analysis can serve
as a preliminary verification of the three-dimensional
results.

3.4 Response of Critical Stress and Maximum Deformation
to Plaque Structural Variation

Relationship between calcification gap and maximum
principal stress is based on effect of stress distribution
on fibrous cap having d., varied from 0 to 0.25 mm and
with Ej, = 1 kPa and E g = 100 kPa. Plaque rupture
occurs when stress levels exceed a 300 kPa threshold as
determined by Lendon et al. [52] and Vengrenyuk et al.
[32] This stress threshold determines that based on the
morphological condition that we assumed in our model
and for a threshold calcification gap, plaque fracture will
occur. It is worthwhile mentioning that it should not be
assumed that all plaques fracture at this value [36].
However, this value can be used as a guide in our
analysis.

3.4.1 Two-dimensional Structural Analysis

For the non-calcified plaque with the same fibrous cap
thickness, stress level can reach as high as near 370 kPa.
But presence of calcification agglomerate at sufficiently
low calcification gap can lower stress levels to below 370
kPa and prevent plaque rupture which may occur at 300
kPa. Since fibrous cap thinness threshold for rupture is
0.065 mm, we implement the case of a fibrous cap as thin
as 0.05 mm as a limiting example. The calcification gap is
specified as 0.02 mm as consistent with Figure 11.

Based on calcified plaque with fibrous cap thickness
dg. at 0.05 mm, the relationship between calcification
gap d.g and peak maximum principal stress or critical
stress O, is presented (Figure 13A). As calcification gap
increase, the critical stress tends to converge to a stable
levelling of peak maximum principal stress. The plaque
is stabilized when the calcification gap is less than 0.04
mm based on the assumed plaque configuration. The
critical stress o, has a positive correlation with maxi-
mum fibrous cap deformation D,,,x (Figure 13B). This is
due to the correlation that exists for the calcification
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Non-calcified Plaque with Thin Fibrous Cap
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Figure 9 Finite element analysis of plaque models at two-dimensional cross-sections and with different fibrous cap thickness and
calcification gap. Peak principal stress and deformation plots pertain to a constant lipid pool (£, = 1 kPa) of fixed thickness (0.35 mm), and
with varying fibrous cap thickness dy. and calcification gap d,. A: For di. = 0.05 mm, the critical stress o, and maximum deformation Dy, are
331 kPa and 0.390 mm respectively. B: For d. = 048 mm, o, = 28.7 kPa and Dyy,.x = 00281 mm. The geometrical outlines of the plaque
composites for A and B show the structural difference in the deformed plaque due to applied stress. C: For d, = 0.02 mm and d. = 0.05 mm,
O = 282 kPa and Dyax = 0290 mm. D: For deg = 0.175 mm and di. = 0.05 mm, o, = 326 kPa and Dya = 0370 mm.
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Figure 10 Fluid-structural interaction analysis of three-dimensional plaque models based on a longitudinal orientation and with
different fibrous cap thickness and calcification gap. Peak principal stress and deformation plots pertain to a constant lipid pool (£, = 1

kPa) of fixed size (0.35 mm), and with a specific fibrous cap thickness dy and calcification gap dc,. A: For di. = 0.05 mm, the critical stress o, and
maximum deformation Dy are 350 kPa and 0421 mm respectively. B: For di. = 0.05 mm, 6 = 956 kPa and Dypay = 0.293 mm. C: For deg = 0.1
mm and d¢. = 0.05 mm, 6 = 258 kPa and Dy, = 0.352 mm. D: For dy = 0.3 mm and dy. = 0.05 mm, 0., = 314 kPa and Dy, = 0467 mm.
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Figure 11 Maximum principal stress and deformation based on elasticity of two-dimensional plaque composite and fibrous cap
thickness for non-calcified and calcified plaque. A: For a two-dimensional non-calcified plaque, graph of the maximum principal stress Gy
versus Young modulus £, and fibrous cap thickness dr. shows that critical stress is 370 kPa. B: For a two-dimensional calcified plaque at dey =
0.02 mm, the fibrous tissue, lipid and calcium structures are present at various concentrations in the calcification agglomerate such that its
Young modulus £,q varies from 10 to 400 kPa. The plot of Oynay Versus Ec.g and di. shows that critical stress is 268.12 kPa. C: For a two-
dimensional non-calcified plaque, graph of peak deformation Dy versus £, and ds. shows that maximum deformation D,y is 0.389 mm. D: For
a two-dimensional calcified plaque, graph of D¢ versus Ec.q and drc gives Dy, = 0.239 mm.
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gap with the maximum deformation. For D,,,, > 165
um, which is 3.3 times the fibrous cap thickness (0.05
mm), stress levels exceed 300 kPa.

3.4.2 Three-dimensional Fluid-Structural Analysis

As shown in Figure 14, the same trend follows for the
three-dimensional model with calcified plaque whose
calcification gap is specified at 0.1 mm. Here, Figure
14A illustrates the relationship between calcification gap
d, and critical stress o, and Figure 14B correlates the
critical stress o, with maximum fibrous cap deforma-
tion Dy,,x. We note a slight reduction in critical stress
below the 350 kPa threshold value. The limiting calcifi-
cation gap occurs at d.; = 0.21 mm before plaque rup-
ture takes place for critical stress at 300 kPa. It is to be
noted that a larger calcification gap is presented as com-
pared to the results of the two-dimensional model
occurs due to the implementation of an artery-plaque
structure that is 2.775 times larger in size.

The maximum deformation also assumes the same
trend that is based on the two-dimensional structural
stress analysis. For a larger artery being configured, and
implementation of a carotid bifurcation model, we see a
reduction in terms of value for critical stress. The maxi-
mum deformation is observed to be approximately the
same at Dp,,, > 168 pum for the stress levels to exceed
300 kPa.

4. Conclusion

Medical imaging modalities are able to characterize the
atherosclerotic plaque in terms of their morphological
and mechanical properties. Non-invasive imaging tech-
niques not only identify flow-limiting vascular stenosis,
but also detect calcified and non-calcified plaque, mea-
sure atherosclerotic plaque burden and its response to
treatment, and differentiate stable plaques from those
which tend to rupture [4,5]. However, the prediction of
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Figure 12 Maximum principal stress and deformation based on elasticity of three-dimensional plaque composite and fibrous cap
thickness based on non-calcified and calcified plaque. A: For a three-dimensional non-calcified plaque, graph of the maximum principal
Stress Omay Versus Young modulus £, and fibrous cap thickness di. shows that critical stress is 350 kPa. B: For a three-dimensional calcified
plaque at d.q = 0.02 mm, the plot of G,y versus g and di. shows that critical stress is 258 kPa. C: For a three-dimensional non-calcified
plaque, graph of peak deformation Dy versus £, and di. shows that maximum deformation Dpay is 0.328 mm. D: For a three-dimensional
calcified plaque, graph of Dy versus Ec,g and di. gives Dya, = 0236 mm.

o, (kPa) & (kPa)
400 4}
370 3
350 350
3000 300|300
230 b 250
00 Bl 200
150 - 150
—— Gakcilied placgue at d =005 rrm — Calcified plague &l d,_=003 rinm
100 o Mon-caltified plague &l d, =0.05 mm 100 convie: Mo calcified plague at d, 50,05 mm
----- Critical stress far rupture —=-—Crilical sress for ngiure
saldvo4l L L . 5 0.165 ]
a 005 a1 015 02 025 N 01 015 02 025
afcz[mm] Dm\_(mm)
A B

Figure 13 Critical stress on fibrous cap with respect to width of calcification gap and maximum deformation on fibrous cap for two-
dimensional plaque-rupture analysis. A: The plot of critical stress o, versus width of calcification gap d., reflects the decrease in plaque
vulnerability for increasing occupancy of the calcification agglomerate (which is inversely correlated to d.g). For di at 0.05 mm as a conservative
setting, a calcification gap value of > 0.04 mm causes stress levels to exceed 300 kPa and cause plaque rupture. B: Critical stress o, versus
maximum deformation Dy, of fibrous cap for d at 0.05 mm demonstrates that o, becomes lower as d.q minimizes the deformation. Here,
Dimax > 0.165 mm causes plaque rupture.




Wong et al. BMC Cardiovascular Disorders 2012, 12:7
http://www.biomedcentral.com/1471-2261/12/7

Page 16 of 18

&_(KkPa)

400 ‘
200 300 ‘
250
200
150

e (AU EHACRME AL dk=0 05 mm
100 s an-cakcified plagque at d‘c="_'l 05 mm
------ Cnbcal stress Tor niplure
50 023 k|
1] 01 02 03 04 ps o0& oF
d {mm)
)
A

Figure 14 Critical stress on fibrous cap with respect to width of calcification gap and maximum deformation on fibrous cap for three-
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high-risk plaque rupture still requires a numerical simu-
lation framework for verification due to the complex
matrix of different material composites. This can form
the basis for determining adverse cardiovascular events
that have exceeded the threshold for rupture.

Subintimal plaque structures such as the fibrous cap,
calcification gap and lipid core play an important role in
determining plaque rupture. For a non-calcified plaque
with constant luminal area, the critical stress and peak
deformation increase as the fibrous cap becomes thin-
ner. On the contrary, these two mechanical effects les-
sen in the presence of calcification agglomerates. For a
thin fibrous cap and a large calcification gap, the stress
levels will be significant and results in high vulnerability
of the plaque despite the fact that they may show angio-
graphically insignificant. Therefore, the subintimal struc-
ture should be used as the basis for determining plaque
vulnerability instead of information on stenotic severity
that is based on medical image visualisation.

Macrocalcifications occupy part of the lipid pool and
that the cellular and smaller calcifications are distinct
from these macrocalcifications which forms another
category. All natures of the calcifications may coexist in
the lipid pool and are independent of one another. We
made an assumption in the model that the microcalcifi-
cations are floating debris uniformly distributed in the
lipid pool without adhesion to form larger macrocalcifi-
cation structures. While this may not form the true
composite in reality, the effect of calcification can still
be modelled by this configuration.

Calcification clusters plays a major role in plaque rup-
ture as demonstrated by structural analysis on a contin-
uous calcification agglomerate structure. Some studies
showed a negative effect on plaque vulnerability and
demonstrated that stress induced by microcalcification
in thin fibrous caps advances plaque rupture [32-34].

Others suggested that calcification stabilizes plaque
[35,36]. Cellular calcification structures introduce a role
in plaque vulnerability, and our study may be of interest
to the analysis of calcification structure based on
agglomerates of micro-calcium elements in plaque. In
reality, calcium clusters are scattered in the form of a
crescent shape within the lipid core. To examine the
collective effect of these calcium clusters such as their
distance from the fibrous cap, we assume a continuous
calcification structure along the curvature of the artery
with a layer of lipid volume in between. Our agglomer-
ate model is a linear combination of microcalcification,
fibrous plaque and lipid at specific percentages and
assumed a uniform property based on this homogenous
mixture, which may be adjusted depending on patient-
specific density of calcium in plaque.

We arbitrarily assume the configuration of the compu-
tational models based on observation of the histologic
images of partially calcified plaque. It represents a parti-
cular stage of calcified plaque development. The nature
of analysis would remain the same even though this
configuration is modified at a later stage of the
development.

Acknowledgements and Funding
The financial support provided by Australian Research Council (ARC project
ID DP09786183) is also gratefully acknowledged.

Author details

'School of Aerospace, Mechanical and Manufacturing Engineering, and
Health Innovations Research Institute (HIRi), RMIT University, Australia.
“Discipline of Medical Imaging, Department of Imaging and Applied Physics,
Curtin University, Australia.

Authors’ contributions

KW carried out the computational studies, participated in the modelling
work and drafted the manuscript. PT developed the simulations based on
fluid-structure interaction, prepared the results for analysis and helped to
draft the manuscript. SC participated in the finite element modelling and



Wong et al. BMC Cardiovascular Disorders 2012, 12:7
http://www.biomedcentral.com/1471-2261/12/7

analysis. ZS participated in the design of the study and contributed to the
medical imaging background of this manuscript. JT conceived the entire
study, and participated in its design and coordination. All authors read and
approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 18 October 2011 Accepted: 15 February 2012
Published: 15 February 2012

References

1. ORourke R, Brundage B, Froelicher V, Greenland P, Grundy S,
Hachamovitch R, Pohost G, Shaw L, Weintraub W, Winters W: American
college of cardiology/American heart association expert consensus
document on electron-beam computed tomography for the diagnosis
and prognosis of coronary artery disease. Circulation 2000, 102:126-140.

2. Schuijf J, Beck T, Burgstahler C, Jukema J, Dirksen M, de Roos A, van der
Wall E, Schroeder S, Wijns W, Bax J: Differences in plaque composition
and distribution in stable coronary artery disease versus acute coronary
syndromes; non-invasive evaluation with multi-slice computed
tomography. Acute Card Care 2007, 9:48-53.

3. Meijpoom W, Meijs M, Schuijf J, Cramer M, Mollet N, van Mieghem C,
Nieman K, van Werkhoven J, Pundziute G, Weustink A, et al: Diagnostic
accuracy of 64-slice computed tomography coronary angiography: a
prospective multicenter, multivendor study. / Am Coll Cardiol 2008,
52:2135-2144.

4. Takumi T, Lee S, Hamasaki S, Toyonaga K, Kanda D, Kusumoto K, Toda H,
Takenaka T, Miyata M, Anan R, et al: Limitation of angiography to identify
the culprit plaque in acutemyocardial infarction with coronary total
occlusion. J Am Coll Cardiol 2007, 50:2197-2203.

5. Kitagawa T, Yamamoto H, Horiguchi J, Ohhashi N, Tadehara F, Shokawa T,
Dohi Y, Kunita E, Utsunomiya H, Kohno N, et al: Characterization of
noncalcified coronary plaques and identification of culprit lesions in
patients with acute coronary syndrome by 64-slice computed
tomography. J Am Coll Cardiol Img 2009, 2:153-160.

6. Harada K, Amano T, Uetani T, Funahashi H, Arai K, Okada K, Hirashiki A,
Hayashi M, Oshima S, Ishii H, et al: Accuracy of 64-slice multidetector
computed tomography for classification and quantitation of coronary
plaque: Comparison with integrated backscatter intravascular
ultrasound. Int J Cardiol 2010, 149(1):95-101.

7. Yuan C, Mitsumori L, Beach K, Maravilla K: Carotid atherosclerotic plaque:
noninvasive MR characterization and identification of vulnearable
lesions. Radiology 2001, 221:285-299.

8. Yuan C, Mitsumori L, Ferguson M, Polissar N, Echelard D, Ortiz G, Small R,
Davies J, Kerwin W, Hatsukami T: In vivo accuracy of multispectral
magnetic resonance imaging for identifying lipid-rich necrotic cores and
intraplaque hemorrhage in advanced human carotid plaques. Circulation
2001, 104(17):2051-2056.

9. Helft G, Worthley S, Fuster V, Zaman A, Fayad Z, Osende J, Fallon J,
Badimon J: Serial noninvasive magnetic resonance imaging documents
progression and regression of individual plaques. Circulation 2002,
105:993-998.

10.  Fuessl R, Kranenberg E, Kiausch U, Baer F, Sechtem U, Hopp H: Vascular
remodeling in atherosclerotic coronary arteries is affected by plaque
composition. Coron Artery Dis 2001, 12:91-97.

11, Chandran K, Mun J, Choi K, Chen J, Hamilton A, Nagaraj A, McPherson D: A
method for invivo analysis for regional arterial wall material property
alterations with atherosclerosis: preliminary results. Medical Engineering &
Physics 2003, 25(4):289-298.

12. Sabaté M, Kay |, de Feyter P, van Domburg R, Deshpande N, Ligthart J,
Gijzel A, Wardeh A, Boersma E, Serruys P: Remodeling of atherosclerotic
coronary arteries varies in relation to location and composition of
plaque. Am J Cardiol 1999, 84:135-140.

13. Sun Z, Dimpudus F, Adipranoto J, Nugroho J: CT virtual intravascular
endoscopy assessment of coronary artery plaques: A preliminary study.
Eur J Radiol 2010, 75(1):e112-e119.

14.  Stary H: Atlas of Atherosclerosis - Progression and regression. New York,
USA: The Parthenon Publishing Group, 2 2003.

15. Hodgson J, Reddy K, Suneja R, Nair R, Lesnefsky E, Sheehan H:
Intracoronary ultrasound imaging: correlation of plaque morphology

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 17 of 18

with angiography, clinical syndrome and procedural results in patients
undergoing coronary angioplasty. J Am Coll Cardiol 1993, 21:35-44.

Burke A, Kolodgie F, Farb A, Weber D, Virmani R: Morphological predictors
of arterial remodeling in coronary atherosclerosis. Circulation 2002,
105:297-303.

Varnava A, Mills P, Davies M: Relationship between coronary artery
remodeling and plaque vulnerability. Circulation 2002, 105:939-943.
Holzapfel G, Stadler M, Schulze-Bauer C: A layer-specific three-dimensional
model for the simulation of balloon angioplasty using magnetic
resonance imaging and mechanical testing. Ann Biomed Eng 2002,
30(6):753-767.

Steinman D: Image-based computational fluid dynamics modeling in
realistic arterial geometries. Ann Biomed Eng 2002, 30(4):483-497.

Tang D, Yang C, Zheng J, Woodard P, Saffitz J, Petruccelli J, Sicard G,

Yuan C: Local maximal stress hypothesis and computational plaque
vulnerability index for atherosclerotic plaque assessment. Ann Biomed
Eng 2005, 33(12):1789-1801.

Tang D, Yang C, Mondal S, Liu F, Canton G, Hatsukami T, Yuan C: A
negative correlation between human carotid atherosclerotic plaque
progression and plaque wall stress: In vivo MRI-based 2D/3D FSI models.
J Biomech 2008, 41(4):727-736.

Tang D, Yang C, Kobayashi S, Ku D: Effect of a lipid pool on stress/strain
distributions in stenotic arteries: 3-D fluid-structure interactions (FSI)
models. Journal of Biomechanical Engineering 2004, 126:363-370.

Tang D, Yang C, Zheng J, Woodard P, Sicard G, Saffitz J, Yuan C: 3D MRI-
based multicomponent FSI models for atherosclerotic plaques. Ann
Biomed Eng 2004, 32(7):947-960.

Kaazempur-Mofrad M, Isasi A, Younis H, Chan R, Hinton D, Sukhova G,
LaMuraglia G, Lee R, Kamm R: Characterization of the atherosclerotic
carotid bifurcation using MRI, finite element modeling, and histology.
Ann Biomed Eng 2004, 32(7):932-946.

Li Z, Howarth S, Tang T, Graves M, U-King-Im J, Trivedi R, Kirkpatrick P,
Gillard J: Structural analysis and magnetic resonance imaging predict
plaque vulnerability: A study comparing symptomatic and asymptomatic
individuals. Journal of Vascular Surgery 2007, 45(4):768-775.

Long Q, Xu X, Ariff B, Thom S, Hughes A, Stanton A: Reconstruction of
blood flow patterns in a human carotid bifurcation: a combined CFD
and MRI study. J Magn Reson Imaging 2000, 11(3):299-311.

Groen H, Gijsen F, van der Lugt A, Ferguson M, Hatsukami T, van der
Steen A, Yuan C, Wentzel J: Plaque rupture in the carotid artery is
localized at the high shear stress region: a case report. Stroke 2007,
38:2379-2381.

Williamson S, Lam Y, Younis H, Huang H, Patel S, Kaazempur-Mofrad M,
Kamm R: On the sensitivity of wall stresses in diseased arteries to
variable material properties. Journal of Biomechanical Engineering 2003,
125:147-155.

Kerwin W, Xu D, Liu F, Saam T, Underhill H, Takaya N, Chu B, Hatsukami T,
Yuan C: Magnetic resonance imaging of carotid atherosclerosis: plaque
analysis. Top Magn Reson Imaging 2007, 18(5):371-378.

Loree H, Kamm R, Stringfellow R, Lee R: Effects of fibrous cap thickness on
peak circumferential stress in model atherosclerotic vessels. Circ Res
1992, 71(4):850-858.

Kiousis D, Rubinigg S, Auer M, Holzapfel G: A methodology to analyze
changes in lipid core and calcification onto fibrous cap vulnerability:
The human atherosclerotic carotid bifurcation as an illustratory example.
J Biomech Eng 2009, 131(12):121002.

Vengrenyuk Y, Carlier S, Xanthos S, Cardoso L, Ganatos P, Virmani R, Einav S,
Gilchrist L, Weinbaum S: A hypothesis for vulnerable plaque rupture due
to stress-induced debonding around cellular microcalcifications in thin
fibrous caps. Proc Natl Acad Sci 2006, 103(40):14678-14683.

Bluestein D, Alemu Y, Avrahami |, Gharib M, Dumont K, Ricotta J, Einav S:
Influence of microcalcifications on vulnerable plaque mechanics using
FSI modeling. J Biomech 2008, 41(5):1111-1118.

Wenk J, Papadopoulos P, Zohdi T: Numerical Modeling of Stress in
Stenotic Arteries With Microcalcifications: A Micromechanical
Approximation. J Biomech Eng 2010, 132(9):091011.

Huang H, Virmani R, Younis H, Burke A, Kamm R, Lee R: The impact of
calcification on the biomechanical stability of atherosclerotic plaques.
Circulation 2001, 103:1051-1056.

Cheng G, Loree H, Kamm R, Fishbein M, Lee R: Distribution of
circumferential stress in ruptured and stable atherosclerotic lesions. A


http://www.ncbi.nlm.nih.gov/pubmed/10880426?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10880426?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10880426?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10880426?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17453539?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17453539?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17453539?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17453539?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19095130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19095130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19095130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18061065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18061065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18061065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20442000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20442000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20442000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20442000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11687667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11687667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11687667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11673345?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11864931?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11864931?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11281307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11281307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11281307?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22338576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22338576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22338576?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10426328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10426328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10426328?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19781885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19781885?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8417074?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8417074?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8417074?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11804983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11804983?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11864922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11864922?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12220076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12220076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12220076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12086000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12086000?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16389527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16389527?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18191138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18191138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18191138?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15341174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15341174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15341174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15298432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15298432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15298431?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15298431?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17349771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17349771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17349771?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10739562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10739562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10739562?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17615365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17615365?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12661209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12661209?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18025991?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18025991?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1516158?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1516158?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20524725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20524725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20524725?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17003118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17003118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17003118?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18258240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18258240?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20815645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20815645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20815645?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11222465?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11222465?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8462145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8462145?dopt=Abstract

Wong et al. BMC Cardiovascular Disorders 2012, 12:7
http://www.biomedcentral.com/1471-2261/12/7

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

structural analysis with histopathological correlation. Circulation 1993,
87:1179-1187.

Tang D, Yang C, Zheng J, Woodard P, Saffitz J, Sicard G, Pilgram T, Yuan C:
Quantifying effects of plaque structure and material properties on stress
distributions in human atherosclerotic plaques using 3D FSI models. J
Biomech Eng 2005, 127(7):1185-1194.

Li Z, Howarth S, Tang T, Gillard J: How critical is fibrous cap thickness to
carotid plaque stability? A flow-plaque interaction model. Stroke 2006,
37:1195.

Beaussier H, Masson |, Collin C, Bozec E, Laloux B, Calvet D, Zidi M,
Boutouyrie P, Laurent S: Carotid plaque, arterial stiffness gradient, and
remodeling in hypertension. Hypertension 2008, 52:729.

Gertz S, Roberts W: Hemodynamic shear force in rupture of coronary
arterial atherosclerotic plaques. Am J Cardiol 1990, 66:1368-1372.

Loree H, Kamm R, Atkinson C, Lee R: Turbulent pressure fluctuations on
surface of model vascular stenoses. Am J Physiol Heart Circ Physiol 1991,
261:H644-H650.

Richardson P, Davies M, Born G: Influence of plaque configuration and
stress distribution on fissuring of coronary atherosclerotic plaques.
Lancet 1989, 2:941-944.

Davies M, Richardson P, Woolf N, Katz D, Mann J: Risk of thrombosis in
human atherosclerotic plaques: role of extracellular lipid, macrophage,
and smooth muscle cell content. Br Heart J 1993, 69(5):377-381.

Moreno P, Falk E, Palacios |, Newell J, Fuster V, Fallon J: Macrophage
infiltration in acute coronary syndromes. Implications for plaque rupture.
Circulation 1994, 90:775-778.

Fayad Z, Fuster V: Clinical imaging of the high-risk or vulnerable
atherosclerotic plaque. Circulation Research 2001, 89:305-316.

Burke A, Farb A, Malcom G, Liang Y, Smialek J, Virmani R: Coronary risk
factors and plaque morphology in men with coronary disease who died
suddenly. N Engl J Med 1997, 336:1276-1282.

Tada T: A Computational Study of Flow in a Compliant Carotid
Bifurcation-Stress Phase Angle Correlation with Shear Stress. Ann Biomed
Eng 2005, 33(9):1202-1212.

Salzar R, Thubrikar M, Eppink R: Pressure-induced mechanical stress in the
carotid artery bifurcation: A possible correlation to atherosclerosis.
Journal of Biomechanics 1995, 28(11):1333-1340.

Thubrikar M, Robicsek F: Pressure-Induced Arterial Wall Stress and
Atherosclerosis. Ann Thorac Surg 1995, 59(6):1594-1603.

Beattie D, Xu C, Vito R, Glagov S, Whang M: Mechanical analysis of
heterogeneous, atherosclerotic human aorta. J Biomech Eng 1998,
120(5):602-607.

Loree H, Grodzinsky A, Park S, Gibson L, Lee R: Static circumferential
tangential modulus of human atherosclerotic tissue. J Biomech Eng 1994,
27(2):195-204.

Lendon C, Davies M, Born G, Richardson P: Atherosclerotic plaque caps
are locally weakened when macrophages density is increased.
Atherosclerosis 1991, 87(1):87-90.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2261/12/7/prepub

doi:10.1186/1471-2261-12-7

Cite this article as: Wong et al.: Effect of calcification on the mechanical
stability of plague based on a three-dimensional carotid bifurcation
model. BMC Cardiovascular Disorders 2012 12:7.

Page 18 of 18

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolMed Central



http://www.ncbi.nlm.nih.gov/pubmed/8462145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16502661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16502661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16574926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16574926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18779439?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18779439?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2244569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2244569?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2571862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2571862?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8518056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8518056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8518056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8044947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8044947?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11509446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11509446?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9113930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9113930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9113930?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16133927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16133927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8522546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8522546?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7771858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7771858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10412437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10412437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1872926?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1872926?dopt=Abstract
http://www.biomedcentral.com/1471-2261/12/7/prepub

	Abstract
	Background
	Method
	Results
	Conclusion

	1. Background
	2. Methods
	2.1 Plaque Composite Model
	2.2 Plaque Rupture Mechanics
	2.3 Design of Plaque Models
	2.4 Two-dimensional Finite Element Method Validation
	2.5 Three-dimensional Computational Fluid Dynamics Modelling
	2.5.1 Geometry Reconstruction and Meshing
	2.5.2 Details of Blood-Vessel-Plaque Simulation


	3. Results and Discussion
	3.1 Two-dimensional Structural Modelling
	3.2 Three-dimensional Fluid-Structure Interaction Modelling
	3.3 Response of Maximum Principal Stress and Deformation to Plaque Elasticity and Structural Variation
	3.3.1 Two-dimensional Structural Analysis
	3.3.2 Three-dimensional Fluid-Structural Analysis

	3.4 Response of Critical Stress and Maximum Deformation to Plaque Structural Variation
	3.4.1 Two-dimensional Structural Analysis
	3.4.2 Three-dimensional Fluid-Structural Analysis


	4. Conclusion
	Acknowledgements and Funding
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


