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Micro-CT Based Analysis of a New Paradigm for Vulnerable Plaque
Rupture: Cellular Microcalcifications in Fibrous Caps

Yuliya Vengrenyuk∗, Luis Cardoso∗ and Sheldon Weinbaum∗,†

Abstract: In this paper, we further investigate
the new paradigm for the rupture of thin cap fi-
broatheroma (TCFA) proposed in Vengrenyuk et
al. (2006 PNAS 103:14678) using a multilevel
micro-CT based 3D numerical modeling. The
new paradigm proposes that the rupture of TCFA
is due to stress-induced interfacial debonding of
cellular - level, 10 – 20 μm microcalcifications
in the fibrous cap proper. Such microcalcifica-
tions, which lie below the visibility of current in
vivo imaging techniques, were detected for the
first time using confocal microscopy and high res-
olution microcomputed tomography (micro-CT)
imaging in Vengrenyuk et al. (2006) In the
present study, we use high resolution (7 μm)
micro-CT imaging to construct accurate geome-
tries of both these microcalcifications and larger
mm size macrocalcifications at the cap shoulders
to evaluate their biomechanical stability. The
analysis shows that cellular-level calcifications by
themselves are not dangerous unless they lie in a
region of high background stress. This high level
of background stress only occurs in caps whose
thickness is < approximately 80 μm. Whereas
a spherical microcalcification will increase peak
circumferential stress (PCS) by a factor of two,
in agreement with previous local analytical so-
lutions, this can be increased several fold by
elongated microcalcifications. The most danger-
ous situation is when a microinclusion appears
in close proximity to a region where the PCS is
already high. This stress will be substantially
increased if the inclusion is elongated. In con-
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trast, macrocalcifications at the cap shoulders are
shown to actually increase plaque stability.

1 Introduction

Most acute coronary events and sudden coronary
deaths have been associated with rupture of a thin
fibrous cap overlying the necrotic core of thin-
capped fibroatheroma (TCFA) followed by throm-
bosis (1-4). Despite major advances in treatment
of coronary heart disease patients, a large num-
ber of victims of the disease, who are appar-
ently healthy, die suddenly without prior symp-
toms. Available screening and diagnostic tech-
niques are insufficient to identify the victims be-
fore the event occurs (5). The mechanism as to
why some thin caps rupture and others do not is
very likely the most important unanswered ques-
tion in life threatening TCFAs.

Recently, we proposed a new hypothesis for the
rupture of TCFA due to stress-induced interfa-
cial debonding of minute (10 – 20 μm diame-
ter) cellular-level microcalcifications in the cap
proper (6). Such microcalcifications, which lie
below the visibility of current in vivo imaging
techniques, were detected for the first time using
confocal microscopy and high resolution micro-
computed tomography (micro-CT) imaging (6).
The goal of this paper is to evaluate the impact of
micro- and macrocalcifications on plaque biome-
chanical stability using 3D finite element (FE)
analysis based on high resolution (7 μm) micro-
CT imaging. In order to include the analysis of
all types of coronary calcification, we developed
a novel multi-level structural model of a human
atherosclerotic lesion which consists of a macro-
scale global model and two nested submodels,
one at the level of the necrotic core and the other
at the level of the microinclusions. The macro-
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scale model of the whole plaque includes large
millimeter size calcifications at the bottom of the
lipid pool and at its shoulders. The lowest level
micro-scale model, which represents a segment of
the fibrous cap, has a FE mesh refined enough to
treat the detailed stress distribution around one or
more microcalcifications in the cap proper. Both
submodels contain approximately 1.5 M tetrahe-
dral elements.

One of the most important factors contributing
to plaque rupture is believed to be the peak cir-
cumferential stress (PSC) in the fibrous cap ...(7-
14). Several of these computational analyses have
demonstrated that thin fibrous caps and large lipid
pools increase PCS in the cap dramatically. This
observation agrees with pathological postmortem
studies of ruptured plaques ...(3, 15-17). The ma-
jority of existing FE models of atherosclerotic le-
sions are based on 2D geometries of the lesion
cross-sections obtained from histology ...(7, 9-11,
18). Although histology provides excellent reso-
lution and clear definition of soft tissue compo-
nents, it can’t retain the true morphology of a le-
sion with coronary calcification because some de-
gree of decalcification is usually required to allow
sectioning. It is also difficult to avoid distortion in
obtaining adjacent sections and, therefore, hard to
reconstruct 3D images. Chau et al. (19) used op-
tical coherence tomography (OCT) as a basis for
their 2D finite element analysis and showed that
OCT can provide a more realistic geometry than
histology by avoiding structural artifacts common
to histological processing.

Structural analysis based on intravascular ultra-
sound imaging (IVUS) of human iliac vessel seg-
ments performed before in vitro balloon angio-
plasty has been used to predict the locations of
plaque fracture that usually accompanies angio-
plasty (8). Ohayon et. al. (20) performed a 2D
FE analysis based on IVUS images of atheroscle-
rotic coronary arteries recorded before and after
balloon angioplasty to predict in-vivo plaque rup-
ture locations. Recently, a 3D MRI based com-
putational model of human atherosclerotic plaque
with multi-component plaque structure and fluid-
structure interaction was developed by Tang et al.
(14). Although OCT, IVUS and MRI can provide

3D data for plaque structure, in all these imaging
techniques large calcifications are not clearly de-
lineated and calcifications < 50 – 100 microns are
invisible or hard to distinguish. In order to cir-
cumvent these limitations and create a more accu-
rate 3D geometry of a coronary lesion including
cellular microcalcifications in the cap, we have
developed in this study a high resolution micro-
CT based computational technique. Although
the approach can’t be applied to in-vivo analy-
sis of plaque stability, the insights gained from
the in-vitro method are intended as an invaluable
tool for exploring the basic mechanisms of plaque
rupture. The fact that high resolution micro-CT
scanning combined with topographic reconstruc-
tion algorithms can provide an accurate morpho-
logical and quantitative analysis of macroscopic
atherosclerotic lesions was first demonstrated by
Langheinrich et al. (21). In addition, Vengrenyuk
et al. (6) demonstrated that micro-CT imaging
could also be used for clear detection of cellular-
level microscopic calcifications in the thin fibrous
caps of vulnerable lesions. To our knowledge, the
present study is the first attempt to use micro-CT
imaging data sets to generate realistic plaque ge-
ometries and 3D finite element meshes for com-
putational analysis of biomechanical plaque sta-
bility.

In our previous paper (6), the quantitative feasibil-
ity of our hypothesis for vulnerable plaque rupture
due to the presence of cellular-level microcalcifi-
cations in the fibrous cap was evaluated using a
model of a perfectly bonded spherical inclusion
arbitrarily positioned in an elastic cap of uniform
thickness under tension. First, we derived a lo-
cal analytical solution of the 3D boundary value
problem using linear elasticity. This solution pre-
dicted a nearly twofold increase in the local peak
tensile stress around the embedded particle at the
poles of the tensile axis. Then, we combined this
local analytical solution for the stress concentra-
tion around the microcalcification with the histol-
ogy based 2D finite element solution for circum-
ferential stresses in a fibrous cap previously ob-
tained by Finet et al. (11). Our results showed
that inclusions located in an area of high circum-
ferential stress (>300 kPa) in the cap can inten-
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sify this stress to nearly 600 kPa, higher than the
average rupture threshold, 545 kPa (7), when the
cap thickness is < 65 μm, in close agreement with
pathology observations (16, 17). Our original ide-
alized model also provided a plausible explana-
tion for the paradoxical observation that 40% of
ruptures occurred in the center of the cap where
FE calculations didn’t predict maximum stresses
(7, 22). In this paper, we develop a much more so-
phisticated multi-level FE model of these cellular-
level microcalcifications in the cap proper and
perform a 3D computational analysis using our
detailed micro-CT reconstruction. This recon-
struction includes the shape of the microcalcifi-
cations, their proximity to one another and their
relationship to the cap thickness. A recent pa-
per, which also attempts to evaluate the role of
microcalcifications in plaque vulnerability, exam-
ines an idealized 3D geometry of an eccentric ar-
terial stenosis with a single spherical microinclu-
sion in the cap proper (23). This model, which
is based on a fluid structure interaction numerical
approach, does not attempt a detailed reconstruc-
tion of an actual plaque geometry, but has the ad-
vantage that it also provides the local wall shear
stress distribution.

2 Methods

2.1 Micro-CT imaging

A 25 mm length proximal segment of the Left Cir-
cumflex human coronary artery (LCx) obtained
at autopsy was scanned with the eXplore SP
Pre-Clinical Specimen micro-CT acquisition and
analysis system (GE Healthcare, Piscataway, NJ).
For image acquisition, 720 consecutive x-ray pro-
jections were taken, obtaining 7-μm isotropic
voxel resolution images. Mineral density was cal-
ibrated by using a phantom containing hydrox-
yapatite, air, and water. Initial reconstruction of
the whole volume was carried out at 35-μm voxel
resolution. Because of computational limitations,
the initial volume was sectioned in consecutive
volumes of interest consisting of the whole ves-
sel cross section by about 3 mm in height, which
were reconstructed at 7 μm resolution. Density-
calibrated images were segmented by using the

global threshold method built-in MicroView visu-
alization and analysis software (GE Healthcare;
Version 2.1.2). The presence of mineral, soft tis-
sue, lipid, and air in the vessels was distinguished
by the high sensitivity of the system to the differ-
ent densities of each of these compartments. Min-
eralized tissue particles were investigated in each
volume of interest, and isosurfaces of microcalci-
fications in the fibrous cap of the atherosclerotic
lesion were rendered using the MicroView soft-
ware.

2.2 3-D Reconstruction of Plaque Geometry
and Tissue Property assignment

The 3-D micro-CT imaging data set obtained
from the coronary segment was transferred to
an image processing and segmentation software
Mimics (Materialize). 3D plaque geometry and
FE surface meshes were created by Mimics and
exported to a commercial finite element package,
ABAQUS 6.7.3, to build a volumetric tetrahedral
mesh corresponding to the segment. The mesh
was sent back to Mimics for property assignment
based on the gray scale level attenuation of the
original image data. In previous computational
studies of atherosclerotic plaque two major ma-
terial models were used, the linear elastic model
(7, 8, 11) and the hyperelastic Mooney-Rivlin
model ...(10, 13, 14, 19). In this paper, material
mechanical properties were approximated by lin-
early elastic materials (Table 1 from (7)). To take
into account the complex structure of the plaque
constituents, we used a transverse isotropic ma-
terial model, which assumes that the deformable
medium has the same properties in the circum-
ferential and axial direction. Lipid and calcifica-
tions were modeled as incompressible, isotropic
materials with a Young’s modulus of lipid equal
to 1/100 of the circumferential Young’s modulus
of a normal artery and the Young’s modulus of the
calcification 10 times that of the non-calcified tis-
sue (7). The baseline model of the real coronary
lesion was modified using morphological opera-
tions in Mimics in order to study the effect of cap
thickness on the PCS in the lesion.
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2.3 Finite Element Analysis

The computational analysis was carried out with
a commercial finite element package, ABAQUS
(version 6.7.3). The major difficulty for the 3D
image based mesh generation was the resolution
required to evaluate the stresses around microcal-
cifications of only 10 – 20 μm diameter. The size
of the finite elements required needed to be much
smaller than 1 micron. This would result in an
unrealistically high number of elements to model
the entire coronary segment. Thus, we used a
submodeling technique available in ABAQUS to
study in detail a small area of interest in a global
model, in our case, a region of high stress around
calcified inclusions in the cap. First, a global
model for the entire coronary segment without
microcalcifications in the cap was created based
on low resolution (35 μm) micro-CT image re-
construction using a relatively coarse mesh. The
static global stresses were calculated for a mean
physiological blood pressure of 110 mmHg (14.6
kPa) applied to the luminal inner surface of the
vessel. Then, we created two submodels corre-
sponding to 1) a 1.2 mm thick cross section of the
artery and 2) a segment of the fibrous cap with mi-
crocalcifications in it. These hierarchical submod-
els based on the high resolution (7 μm) micro-
CT reconstructions had a much more refined mesh
and were driven by the global solution.

3 Results

In order to investigate the impact of calcifications
on biomechanical plaque stability we scanned
with micro-CT a human coronary lesion with a
lipid core, large mm-size calcifications in the ves-
sel wall and microcalcifications in the fibrous cap.
Fig.1A shows the sagittal section of the segment,
fig. 1B is a cross section of the same segment cor-
responding to the plane indicated by the arrow in
Fig.1A. This cross section has two nearly spher-
ical macrocalcifications, ≈ 300 μm in diameter,
three microcalcifications (≈ 10-20 μm in diam-
eter, circled) in a thick fibrous cap (≈ 300 μm).
Numerous calcific deposits (arrows) can be ob-
served at the bottom of the lipid pool. Fig. 1C
shows the 3D vessel geometry reconstructed with

Figure 1: Micro-CT images (A, B) and recon-
structed 3D geometry (C) of a coronary plaque
with bulk calcifications (white in A and B, blue in
C) and lipid core (dark areas in A and B, red in C).
A small segment of the global model (green) con-
taining fibrous cap with microcalcifications rep-
resents the first level submodel shown in detail in
Fig.2A.

Figure 2: The hierarchy of Mimics/ABAQUS
submodels. The first level submodel with macro-
calcifications at the plaque shoulders (blue), lipid
pool (red) and fibrous cap doesn’t include micro-
calcifications in the cap (A). The submodel’s cap
fragment shown in green represents the second
level submodel (B,C) which contains three micro-
calcifications.

Mimics.

We used the ABAQUS submodeling technique to
focus on the fibrous cap with microcalcifications
for detailed stress analysis. For each modeling
level a mesh convergence study was performed
in order to create a finite element mesh that bal-
ances accuracy and computing resources. We
kept increasing the Mimics generated mesh den-
sity and reanalyzing the model until the difference
between results from two consecutive meshes was
negligible. The global model mesh corresponding
to the whole vessel (1C) consisted of 2.5 million
tetrahedral elements with the average length of



Micro-CT Based Analysis of a New Paradigm for Vulnerable Plaque Rupture 41

edges ≈80μm. Calculated stresses and displace-
ments were used to drive the first level submodel
shown in green in Fig. 1C. The submodel repre-
sents a 1.2 mm thick segment of the whole ves-
sel where the area of maximum circumferential
stress was observed. The submodel’s morpholog-
ical structure is shown in Fig. 2A. The lipid core
(red), fibrous cap and macrocalcifications (blue)
at plaque shoulders are included in the submodel
consisting of 1.5 million elements (average length
of edges ≈ 30μm). At the first level of submodel-
ing microcalcifications in the fibrous cap were not
considered due to the large size of the elements.
Only the second level submodel (Fig.2B) which
corresponds to a segment of the fibrous cap shown
in green in Fig. 2A has a finite element mesh re-
fined enough to include microcalcifications. The
average edge of its 1.4 million elements was≈ 0.3
μm (Fig. 2B).

Figure 3: Circumferential stress distribution
within the cross section. Maximum circumfer-
ential stress of 84 kPa without shoulder calcifica-
tions in 3B is reduced to 72 kPa in 3A in the pres-
ence of shoulder calcifications. Detailed stresses
in the inserts are shown in Fig. 4 A and C.

First, we calculated the 3D stress distribution due
to the mean physiological blood pressure of 110
mmHg in the entire segment without microcal-
cifications (Fig.1C). Analysis of the results re-
vealed that the global maximum of circumferen-
tial stress was observed in the fibrous cap area
where macrocalcifications at the plaque shoul-
ders and microcalcifications in the cap are located
(Fig.1B). Fig. 3A shows the stress distribution in
the plaque cross section. The maximum circum-
ferential stress is 72 kPa.

In order to analyze the effect of macrocalcifica-

tions at the plaque shoulders on the global stresses
in the lesion, we created a model with two cal-
cifications replaced by fibrotic tissue. All other
morphological features and load conditions were
the same. The results showed that the location of
the maximum stress didn’t change, but its magni-
tude increased to 84 kPa (Fig.3B). The observed
stress reduction in the cap due to plaque calcifi-
cation supports the idea that large calcifications
have a stabilizing effect on the plaque.

Figure 4: Local stress concentration around
shoulder calcifications.

The model without macrocalcifications at the
plaque shoulders in Fig. 3B allowed us to ana-
lyze the impact of the macrocalcific inclusions on
the local stresses in the vessel wall by providing
the background stresses. Figs. 4A,C show the de-
tailed stress concentration around the macrocal-
cifications in the two inserts in Fig. 3A. Figs.
4B,D show stress distribution in the two inserts
from Fig. 3B in the absence of the shoulder cal-
cifications. Stress concentration can be observed
around both calcifications in the direction of ap-
plied load at the poles of the inclusions (15 and
22 kPa in A and C compared to 8 and 17 kPa in B
and D). The calcification in A also shows stress
reduction at the equator from 25 kPa to 7 kPa,
while the calcification in C doesn’t have the area
of reduced stress, the stress is actually increased
from 30 to 36 kPa. In summary, the presence
of two macrocalcifications at the plaque shoul-
ders doesn’t change maximum local stress signif-
icantly, but rather causes stress redistribution. We
used the second level submodel to evaluate the
stress concentration around microcalcifications in
the fibrous cap proper. The results shown in Fig.
5 demonstrate that the PCS at the inclusions - cap
interface reach 96.2, 54.9 and 37.8 kPa. Since the
background circumferential stress in the cap with-
out inclusions was 42.6 kPa, 28 kPa and 18 kPa,
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Figure 5: Stress concentration around microcal-
cifications in the thick fibrous cap of the original
lesion circled in Fig. 1. Maximum local stress
concentration (96.2 kPa) is higher than the global
PCS in the same cap without microcalcifications.

stress concentration coefficients for the three cal-
cifications are 2.25, 1.96 and 2.1 which is very
close to the factor of two predicted by our analyt-
ical model of a spherical inclusion (6). Fig. 5A
demonstrates that stress concentration around one
of the inclusions located in a high stress area of
42.6 kPa reaches 96.2 kPa. This is higher than
the global maximum stress of 72 kPa in the cap
without microcalcifications shown in Fig. 3A.
These results show that the inclusion of cellular-
level microcalcifications resulted in a significant
(33%) increase of the PCS in the thick-capped fi-
broatheroma and a doubling of the local stress.
Another result of this analysis is that the location
of the maximum stress has shifted from the lumen
side of the cap to the interface between the inclu-
sion and soft tissue.

The goal of our next numerical simulation was to
investigate the effect of microcalcifications on the
PCS as a function of cap thickness. We applied
Mimics morphological operations to our baseline
geometry of a thick-capped fibroatheroma to sim-
ulate the cap thinning process. A series of 3D
models with cap thickness decreasing from the
original value of 300 μm to 40 μm were created
using fibrous cap erosion and lipid core dilation.
As a result of fibrous cap thinning lipid core vol-
ume increased from 1.44 mm3 corresponding to
the original lesion shown in Fig. 1 to 5.8 mm3

for the 40 μm cap model. For each of these mod-
els the global peak circumferential stress in the
fibrous cap and the maximum local stress around
microcalcifications were calculated and plotted as

a function of cap thickness in Fig. 6, lines 1 and
2 respectively. The graph shows that the presence
of microcalcifications in the fibrous cap results in
an additional area of high circumferential stress
in the cap. Both peak stresses increase exponen-
tially as a result of reducing fibrous cap thickness.
While our original thick-capped (300 μm) model
predicted a global PCS of 72 kPa and a maximum
local stress around calcifications of 96.2 kPa, the
40 μm thin-caped model predicted a PCS of 435
kPa and a maximum local stress around micro-
calcifications of 344 kPa. Although the global
PCS in the thin-caped models (cap thickness < 80
μm) is higher than the local stress concentration
around the microcalcifications, this local stress
also reaches the rupture threshold of 300 kPa for
cap thicknesses < 50 μm and, therefore, can in-
crease the vulnerability of the lesion. In order to
simulate the maximum destabilizing effect of mi-
crocalcifications, we also placed them in the area
of the global PCS, and recalculated the maximum
local stresses due to their presence. This result is
plotted in Fig.6, line 3. Note that PCS is nearly
doubled for all cap thicknesses, as previously pre-
dicted in (6) for a spherical micro-inclusion.

Figure 6: Global PCS in the fibrous cap (line 1)
and maximum local stress around the original mi-
crocalcifications in Figs. 2B,C (line 2) in the “cap
thinning” simulation. Line 3 corresponds to the
maximum stresses around spherical microcalcifi-
cations located within the region of global PCS.
Note PCS for curve 3 is approximately double that
for curve 1.

The present 3D FEM also allowed us to estimate
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the effect of calcification shape on the stability of
fibrous cap atheroma. Lines 2 and 3 in Fig. 7
show how the global PCS in the cap would in-
crease if an elliptical calcific inclusion with aspect
ratio λ = b/a = 2 and 4, respectively, was located
in the region of PCS with major axis b along the
tensile axis. The stresses indicated by line 1 are
the cap PCS with a spherical inclusion (λ = 1).
Results of the calculations presented in Fig. 7
show significant increase in stress concentration
with increase of the inclusion aspect ratio.

Figure 7: The effect of calcification shape at the
cap PCS. Local maximum stress concentration
around elliptical calcific inclusions located at the
area of global PCS. Lines 1 – 3 correspond to the
aspect ratios λ = b/a = 1, 2, 4. Note PCS for as-
pect ratio = 4 is nearly three times that for aspect
ratio = 1.

Finally, the effect of microcalcification proxim-
ity on biomechanical plaque stability was evalu-
ated by using confocal images of Alizarin Red S
- stained microcalcifications in a fibrous cap of a
human coronary lesion published in Vengrenyuk
et al. (6). Fig. 8A shows the 3D confocal im-
age reconstruction of these calcific inclusions, one
the size of a single cell (10 μm) and the other an
elongated calcification that is several times the di-
ameter of the single-cell inclusion. We created
an idealized 3D model of these inclusions based
on the confocal image reconstruction and calcu-
lated the stress distribution around them when a
uniform tension is applied in the direction of the
long axis of the larger inclusion. Results of the
calculations presented in Fig. 8B predict that the

maximum stress between calcifications near the
pole of the elongated inclusion can intensify the
cap circumferential stress about 6 times. The high
value of stress intensification can be explain by
the fact that 1) the elongated inclusion’s shape is
close to an elliptical inclusion with a high aspect
ratio, and 2) there is a superposition of local max-
imum stresses around inclusion poles due to their
close proximity.

Figure 8: Stress concentration in a fibrous cap
due to the presence of two adjacent calcifications
stained with Alizarin Red S (A). An area of high
circumferential stress is observed between the in-
clusions with a stress concentration of 6 at the
pole of the elongated inclusion (B).

4 Discussion

In this paper, we have developed a new micro-CT
based multi-scale FEM of atherosclerotic lesions
and have applied the technique to evaluate the im-
pact of calcifications of different size, shape and
location on biomechanical plaque stability under
a static load with a mean arterial pressure of 110
mmHg. Computational analysis of a thick-capped
fibroatheroma predicted that the large calcifica-
tion at the plaque shoulders and microscopic cal-
cific inclusions in the fibrous cap have an oppo-
site effect on the lesion stability. While the shoul-
der calcification have been shown to reduce the
PCS in the cap by 16%, Fig.3, the presence of the
micro-calcification in the cap increased the PCS
by 33%, Figs. 5 and 6. This modest increase oc-
curred because the micro-calicifications in Fig. 5
were not in a region where the background stress
in the absence of micro inclusions was a maxi-
mum. A much larger PCS would be obtained if
the micro-inclusion were located in region where
the background stress was close to a region of
PCS without the inclusion as shown by curve 3
in Fig. 6.



44 Copyright c© 2008 Tech Science Press MCB, vol.5, no.1, pp.37-47, 2008

It is known that the size of the lipid core and
fibrous cap thickness have the most significant
effect on the stress background level within a
TCFA. Fibrous cap thinning due to enzymatic
degradation (3) may lead to increase of stresses
and conversion of a stable plaque to a rupture
prone or vulnerable lesion. We used Mimics mor-
phological operations, namely, lipid pool dila-
tion and fibrous cap erosion and created a series
of fibroatheromas with cap thickness decreasing
from 300 μm to 40 μm to model the "cap thin-
ning" process in (3). The results showed the pres-
ence of an additional area of high circumferential
stress in the cap due to the local stress concen-
tration around microcalcifications in all generated
models for the microinclusions shown in Figs.
2B,C. Although this maximum local stress around
micro-inclusions was lower than the global PCS
for caps < 80 μm thickness, see Fig. 6, its value
for a cap thickness of 40 μm was 344 kPa, more
than the rupture threshold of 300 kPa. However,
the thickness of the fibrous cap and the size of
the lipid core are not sufficient to predict cap sta-
bility. The results in Fig. 6 indicate that the most
significant impact on plaque stability occurs when
microcalcifications are located in close proximity
to a region of PCS.

To our knowledge, this study represents the first
attempt to use high resolution micro-CT imaging
for an in-vitro 3D FE analysis of an atheroscle-
rotic lesion. Most existing FEMs of atheroscle-
rotic lesions are based on 2D geometries of the le-
sion cross-section obtained from histology, OCT,
IVUS or MRI (7, 9-11, 13, 14, 18). Currently,
histology is considered to be the “gold standard”
for determining plaque geometry and composi-
tion. Although it provides excellent resolution
and clear definition of plaque morphology, histo-
logical processing and sectioning introduces ar-
tifacts, especially in plaques with calcifications
present. In OCT, IVUS and MRI large calcifi-
cations are not clearly delineated and microcal-
cifications < 50-100 μm are invisible except for
OCT. We used high resolution (7 μm) micro-CT
imaging data to generate realistic 3D geometries
of a coronary lesion with several large mm size
calcifications and microcalcifications (10 – 20

μm) in the fibrous cap and combined this with a
multi-level submodeling technique in ABAQUS.
Our simulations strongly suggest that this ap-
proach is the best approach to analyze the role of
coronary calcium in plaque stability in-vitro. In
addition, it can be also used for analyzing the po-
tential impact of coronary calcification on the out-
come of balloon angioplasty, stenting procedures,
coronary artery bypass grafting and other surgical
procedures.

The calculated stress concentration coefficients
around macro- and microcalcifications in the le-
sion are very close to the values predicted by our
analytical model of an idealized spherical inclu-
sion in an elastic cap of uniform thickness un-
der tension (6). Both calcifications approximately
doubled the background stress due to the fact that
the inclusion shape is close to spherical and they
are located far from each other. In addition, our
results in Figs. 7 and 8 indicate that microcalcifi-
cation shape can have a dramatic effect on plaque
stability. The presence of an elliptical calcifica-
tion with an aspect ratio, λ = 4, in a fibrous cap
can intensify the PCS in the cap by a factor of
three beyond that for a spherical inclusion. The
most significant, a 6 - fold increase in stress, was
predicted in Fig. 8 for an elongated inclusion
in close proximity to a spherical one. The re-
sults suggest that microcalcification shape and po-
sitioning have a profound effect on plaque stabil-
ity. The concept of local stress induced interfacial
debonding is discussed more fully in (6). Basi-
cally, in any liquid filled material if a vacuum is
created at a tiny crevice along a solid interface, a
small cavitation bubble will form which expands
greatly with small further increases in interfacial
tension. This phenomenon is readily observed for
small solid inclusion in polymeric materials.

There is an extensive literature based on in vivo
IVUS, OCT and MRI imaging that attempts to
correlate plaque burden with the prediction of fu-
ture coronary events. This literature, which is in-
conclusive, is briefly summarized below since it
pervades current thinking. It is very difficult to
critically analyze this literature unless one is able
to identify a mechanism for cap instability. The
calculations in this paper and the hypothesis pro-
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posed by Vengrenyuk et al. (6) propose such a
mechanism. Unfortunately, the entire current lit-
erature, which is based on in vivo imaging, fails
to capture the cellular level microcalcifications in
the cap proper that are analyzed in the present pa-
per and in Vengrenyuk et al. (6). These cellular
level inclusions fall below the visibility of these
in vivo imaging techniques and their statistic fre-
quency in TCFA has not yet been established. In
addition, the term speckled or diffuse calcification
used in the literature can also apply to calcified
macrophages and smooth muscle cells that reside
in the lipid pool and, as such, can be considered
floating debris. These small calcifications have no
effect on plaque stability since they are imbedded
in tissue with small or no tensile stresses (these
tensile stresses vanish in the lipid pool).

With the foregoing caveats we briefly analyze
some of the better known papers that try to corre-
late calcified plaque burden with plaque stability.
In one series of studies of sudden coronary death
cases, over 50% of nonruptured TCFA showed a
lack of macrocalcification or only speckled calci-
fication on post-mortem radiographs of coronary
arteries (24). In contrast, 65% of ruptured lesions
demonstrated speckled calcification, with the re-
minder showing fragmented or diffuse calcifica-
tion. Furthermore, the mean calcification score
was significantly higher in ruptured than in non-
ruptured vulnerable plaques. The authors con-
cluded that these data demonstrate the lack of
specificity of calcium patterns in unstable coro-
nary plaques, but suggest that mildly to moder-
ately calcified segments are the most likely to rup-
ture. IVUS studies, on the other hand, have led to
an opposing view of the importance of calcifica-
tion. Rasheed et al. (25) showed that unstable
clinical symptoms are associated with quantita-
tively less calcium. Similarly, Beckman et al. (26)
observed that culprit lesions in patients with sta-
ble angina pectoris (SAP) were more extensively
calcified than those in unstable angina pectoris pa-
tients (UAP) and that patients who have had an
acute myocardial infarction (AMI) had the least
calcified culprit lesions. Subsequently, Ehara et
al. (27) recognized that there was a significant
difference in the pattern of coronary calcifications

between patients with AMI, UAP, and SAP. They
observed that small calcium deposits which sub-
tended an arc of <90◦(e.g. the macrocalcifications
at the shoulders seen in Fig.1 ) from the center of
the vessel and were described as “spotty” calci-
fication, were significantly more frequent in the
culprit lesions of AMI as opposed to SAP pa-
tients. The culprit lesions of AMI patients were
mostly characterized by small macroscopic cal-
cium deposits. These authors suggest that it is
not the identification of calcium per se that is
important, but rather the size, extent and loca-
tion of the deposits. This conclusion is supported
by an IVUS analysis by Fujii et al. (28), who
showed that ruptured plaques had quantitatively
less calcium, especially superficial calcification,
but a larger number of small calcium deposits, es-
pecially deep calcium deposits. Spotty calcifica-
tion was also associated with the culprit lesions in
acute coronary syndromes studied noninvasively
by multislice computed tomography (29). In con-
trast to the clinical observations that coronary
artery calcification is associated with worse prog-
nosis, several recent computational studies (10,
14, 30) demonstrated that macrocalcifications do
not affect the lesion stability significantly. Histol-
ogy based 2D finite Element Analysis in Huang
et. al. (10) showed that arterial calcifications are
actually stabilizing due to the fact that peak cir-
cumferential stresses are reduced when these cal-
cifications are present. Our present results also
support the stabilizing role of macrocalcifications,
even when they occur in regions of large curva-
ture, such as the cap shoulder.

In conclusion, we have attempted to define a
new paradigm for plaque stability, namely local
stress concentrations surrounding minute calci-
fications at the cellular level in the cap proper.
Currently, these micro inclusions are most eas-
ily seen in vitro by micro-CT. It is clear from the
present model calculations that cellular level cal-
cifications by themselves are not dangerous un-
less they lie in a region of high background stress.
This high level of background stress only occurs
in caps whose thickness is < approximately 80
μm. Whereas a spherical microcalcification will
increase PCS by a factor of two this can be in-
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creased several fold by elongated microcalcifica-
tions of the type depicted in Fig. 8. Even if a mi-
crocalcification does appear in a thin cap, if it is
spherical in shape there is a good chance that the
maximum stress surrounding the inclusion may
not exceed the rupture threshold of 300 kPa de-
fined by Cheng et al. (7), see Fig. 6. The most
dangerous situation is when a microinclusion ap-
pears in close proximity to a region where the
PCS is already high. Curve 3 in Fig. 6 shows
that a spherical inclusion will intensify the local
stress to 545 kPa, the average stress for rupture,
in a region of PCS when the cap thickness is <
65 μm in close agreement with the observation of
Virmani et al. (17). This stress will be substan-
tially increased if the inclusion is elongated.
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