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Abstract—High mechanical stress in atherosclerotic plaques
at vulnerable sites, called critical stress, contributes to plaque
rupture. The site of minimum fibrous cap (FC) thickness
(FCMIN) and plaque shoulder are well-documented vulner-
able sites. The inherent weakness of the FC material at the
thinnest point increases the stress, making it vulnerable, and
it is the big curvature of the lumen contour over FC which
may result in increased plaque stress. We aimed to assess
critical stresses at FCMIN and the maximum lumen curvature
over FC (LCMAX) and quantify the difference to see which
vulnerable site had the highest critical stress and was,
therefore, at highest risk of rupture. One hundred patients
underwent high resolution carotid magnetic resonance (MR)
imaging. We used 352 MR slices with delineated atheroscle-
rotic components for the simulation study. Stresses at all the
integral nodes along the lumen surface were calculated using
the finite-element method. FCMIN and LCMAX were identi-
fied, and critical stresses at these sites were assessed and
compared. Critical stress at FCMIN was significantly lower
than that at LCMAX (median: 121.55 kPa; inter quartile
range (IQR) = [60.70–180.32] kPa vs. 150.80 kPa; IQR =
[91.39–235.75] kPa, p< 0.0001). If critical stress at FCMIN

was only used, then the stress condition of 238 of 352 MR
slices would be underestimated, while if the critical stress at
LCMAX only was used, then 112 out of 352 would be
underestimated. Stress analysis at FCMIN and LCMAX should
be used for a refined mechanical risk assessment of athero-
sclerotic plaques, since material failure at either site may
result in rupture.

Keywords—Curvature, Atherosclerosis, Stress, Plaque rupture,

MRI.

INTRODUCTION

Atherosclerotic plaques may rupture without
warning and cause acute thromboembolic events, such
as myocardial infarction and ischemic strokes. Angi-
ography usually identifies atheromatous lesions that
encroach significantly into the lumen. There is a poor
correlation between the angiographic appearance and
subsequent risk of clinic event in carotid artery16 with
more than 80% of ischemic events occurring in lesions
that cause less than 70% stenosis in coronary arteries.7

There is, therefore, a need of a diagnostic technique
that reflects plaque morphology, underlying inflam-
matory activity and structural stability rather than
luminal stenosis alone. Magnetic resonance imaging
(MRI) is able to quantify carotid plaque composition
with good accuracy and reproducibility.4 Plaque
morphology studies indicate that a large atheromatous
lipid-rich core, a thin fibrous cap (FC) with or without
erosions/disruptions and the presence of plaque
haemorrhage have a strong association with plaque
rupture.2,3,5,14,18,26 Results of MRI- and histology-
based finite element method studies reveal higher
mechanical stresses at the rupture site.12,15,20 The
mechanical assessment of plaques should therefore be
considered in an integrated way with their morphology
for a refined plaque vulnerability assessment.

Plaque rupture usually occurs at the site of mini-
mum FC thickness (FCMIN) or at the plaque shoulder
where the curvature is locally large (i.e. acute angula-
tion is present). FCMIN becomes a vulnerable site as it
becomes thin from underlying inflammation. Plaque
shoulders also show features of high underlying
inflammation15,19 making them vulnerable. From a
biomechanical point view, it is the acute angulation of
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the lumen contour that may enhance the plaque
stresses at that site. We decided to assess the
mechanical stresses at FCMIN and at the site of maxi-
mum lumen curvature over the diseased region
(LCMAX) i.e. maximum acute angulation. This was
done to see whether there was any significant difference
between the stresses at these vulnerable sites (i.e.
‘‘critical stresses’’) and whether either of them alone
was reliable enough to provide information about
critical plaque stresses and, therefore, act as a risk
assessment tool. This is because the extra loading
exceeding the material strength of FC at either site will
possibly lead to plaque rupture.

MATERIALS AND METHODS

MRI Acquisition

One hundred (100) patients (Age: 70.8 ± 11.2; 77
males) with atherosclerotic carotid artery disease
underwent high-resolution black-blood MRI of their
symptomatic carotid artery. Axial T1, T2, and short tau
inversion recovery (STIR) weighted images covering
the entire carotid plaque were acquired (Fig. 1a) using
these MR parameters: T1 weighted (repetition time/
echo time: 1 * RR/7.8 ms) with fat saturation; T2

weighted (repetition time/echo time: 2 * RR/100 ms)
with fat saturation; and STIR (repetition time/echo
time/inversion time: 2 * RR/46 ms/150 ms).25 The
field of view was 10 9 10 cm and matrix size
256 9 256. The in plane spatial resolution achieved
was of the order of 0.39 9 0.39 mm2. Manual seg-
mentation of plaque components was performed using
previously published criteria, to identify FC, lipid pool
(Lip), calcification (Ca), and plaque haemorrhage
(PH)23 (Fig. 1b). All the segmented contours were
interpolated with 200–400 equidistant points using
cubic spline function to avoid segmentation distortion.
In total, 352 slices with atherosclerotic components
were used for the computational study.

Curvature and Thickness of Fibrous Cap

As shown in Fig. 1c, the local curvature at point a
was computed using the radius of the circle, deter-
mined by point a and the adjacent points (white dots in
the figure) on both sides. The distance was measured
between point a and the intersection (b) of the com-
ponent contour and the line connecting the center of
the circle and a. Local curvature depends on the
spacing of the points along the boundary. However,
when the distance between two points is small enough,
the curvature is point number independent. In this
study, when the point number is larger than 200,

the difference in computing the curvature is not
observable.

Finite Element Simulation

As the in vivo MR-images were obtained at the
diastolic cardiac point, a pre-shrink process is neces-
sary to obtain the zero pressurized shape which has
been discussed in detail previously.6,9,17,20,21 In this
study, for each patient, the shrinkage was determined
by choosing the most round slice which would recover
its in vivo shape best when diastolic pressure was
imposed. The shrinkage rates of lumen contour and
outer wall were numerically determined following an
iterative procedure so that: (1) the vessel cross-sectional
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FIGURE 1. (a) Multi-sequence high resolution in vivo
MR-image showing plaque components (haemorrhage
marked by white arrow), lumen (marked by red asterisk) and
wall boundaries; (b) Segmented plaque contour (red arrow
points to local maximum fibrous cap (FC) curvature, and black
arrow points to the location with local minimum FC thick-
ness); (c) Schematic drawing showing the definitions of local
FC thickness and curvature; (d) Band plot of Stress-P1 (unit:
kPa) distribution at systole. Stress-P1 is very different at
locations with local maximum FC curvature (LCMAX) and
minimum FC thickness (FCMIN).
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area was conserved (conservation of mass); and (2) the
pressurized morphology and the original in vivo mor-
phology had the best match. The determined lumen
shrinkage was applied to all the slices of this patient.
The lumen shrinkage rate was 9.61 ± 2.04% for the
100 patients in this study.

The plaque components were assumed to be hyper-
elastic as described by modified Mooney-Rivlin strain
energy density function,

W ¼ c1 I1 � 3ð Þ þD1 exp D2 I1 � 3ð Þ � 1½ �; I1 ¼ RCii

where I1 is the first strain invariants, C = F
T
F is the

right Cauchy-Green deformation tensor, F = [Fij] =

[¶xi/¶aj], [xi] is current position, [ai] is original position,
c1, D1, and D2 are material parameters which are
adopted from earlier studies.1,20 The blood pressure for
each patient, measured before MRI, was used as the
loading condition to perform the patient-specific sim-
ulation. Maximum principle stress (Stress-P1) was
generated using finite element method and solved in
ADINA8.6 (ADINA, Inc.) (Fig. 1d). A finer mesh was
used for slices with larger lumen curvature or thin FC
by increasing the interpolation point number.

Definition and Calculation of Critical Stress

The maximum value of Stress-P1 at all vulnerable
sites with local minimum FC thickness of each slice
was used as the thickness-related critical stress
(T-CStress) of that MR slice. The maximum value of
Stress-P1 at all locations with local largest lumen cur-
vature was adopted as the curvature-related critical
stress (C-CStress) for that slice. In order to be assessed
for lumen curvature analysis, the curvature sites had to
overlie an underlying plaque component. Healthy sites,
where no plaque component was present and rupture
was unlikely, were excluded from the analysis.

Statistical Analysis

The normality of data was assessed using Shapiro–
Wilk test. Mann–Whitney test was used for the sta-
tistical analysis. A significant difference was considered
only if p< 0.05. GraphPad Instat 3.06 was used for
analysis.

RESULTS

As shown in Fig. 1b, the locations of local large
curvature (marked by red arrow) and minimum local
FC thickness (marked by black arrow) are not identi-
cal, and Stress-P1 at each location (Fig. 1d) is different.
For all the 352 slices, the median value of T-CStress
was 121.55 kPa (Inter Quartile Range, IQR = [69.70,

180.32] kPa). It was significantly lower than C-CStress
(150.80 kPa, IQR = [91.39, 235.75] kPa), (p< 0.0001).
The visualized comparison is shown in Fig. 2. It implies
that adopting the stress from FCMIN will underestimate
the critical condition by approximately 20%. Com-
pared with the thickness concept, the local maximum
curvature concept will give a better plaque risk assess-
ment.

Further analysis indicated that critical stress from
location with either minimum FC thickness or the
largest lumen curvature alone cannot provide accurate
mechanics-based plaque risk assessment. Because these
two geometric features are often located at different
locations and the corresponding stress levels are very
different (Fig. 3). Of the 352 slices, 67.6% (238 slices)
will be underestimated using the thickness concept;
however, 31.8% (112 slices) will be underestimated
using the curvature concept only. Only two slices had
identical locations of FCMIN and LCMAX. In
mechanical terms, failure at either site will lead to the
plaque rupture and cause a fatal event. Thus, the
maximum of the T-CStress and C-CStress (M-CStress)
may be a better indictor than either T-CStress or
C-CStress alone for stress-based plaque vulnerability
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FIGURE 2. Comparisons among Stress-P1 from the loca-
tions with local minimum FC thickness (T-CStress), local
maximum FC curvature (C-CStress) and their maximum value
(M-CStress).
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assessment. As shown in Fig. 2, M-CStress (median:
165.54 kPa, IQR = [105.76, 252.24] kPa) is signifi-
cantly higher than T-CStress (p< 0.0001). Although
no significant difference is found between M-CStress
and C-CStress (p = 0.0721), the median value is about
10% higher when M-CStress is adopted for risk
assessment.

DISCUSSION

A detailed analysis of the plaque vulnerable sites and
themechanical conditions therein is essential for a better
understanding of the pathomechanics of plaque rupture.
Numerous efforts have been made in this regard. By
using 3D fluid–structure interaction models, Tang
et al.20 showed that the rupture location in the carotid
plaquewas at the site ofminimumFC thickness. A ‘local
maximal stress hypothesis’ was introduced to identify
the vulnerable site for both coronary22 and carotid21

plaque, and the stress condition at the minimum FC
thickness site was proposed to be an indicator for plaque
vulnerability assessment. Richardson et al.15 found that
in the 67 patients with eccentric lipid pool, who had died
from coronary thrombosis, 63% of coronary plaques
fissured in the shoulder area, and both stress and foam
cell concentrations were found at the tear site. Li et al.13

used idealized geometric models to represent that stress
contraction appeared at the site with large lumen cur-
vature, and further analysis indicated that lumen cur-
vature of the carotid plaque of symptomatic patients
was much larger than that of asymptomatic patients.

Tang et al.19 discovered that the high stress at the thin
FC and the shoulder area was associated with plaque
inflammation in the carotid plaque using USPIO-
enhanced (ultra small super-paramagnetic iron oxide)
MRI.However, highmechanical stress linking to plaque
rupture still remains a hypothesis. A large scale follow-
up study is needed to validate this hypothesis.

This is the first study to our knowledge in which the
efficacy of lumen curvature for the biomechanical
stress analysis of plaque vulnerable site assessment has
been demonstrated and the difference between the
mechanical conditions at different vulnerable sites has
been investigated. As atheroma enlarges, it may pro-
trude into the lumen resulting in an irregular lumen
shape with varying lumen curvature. The most com-
mon site of the acute angulation of lumen curvature is
the plaque shoulder area which is considered as a
vulnerable site for plaque rupture. Histological analy-
sis has revealed a high concentration of macrophages
and mast cells in this area.15 The release of various
proteolytic agents by these inflammatory cells weakens
the plaque structure thereby significantly reducing the
material strength.10,11 Although the shoulder region
has a relatively thick FC thickness, there is high bio-
mechanical stress which most likely results from the
increased lumen curvature (acute angulation) making
it a vulnerable site. The other well-documented vul-
nerable site is the location of minimum FC thickness.
It is, however, a naturally vulnerable site because of
the inherent weakness of thin FC resulting from the
high underlying inflammation. Failure at either of
minimum FC thickness or large curvature, therefore,
may lead to plaque rupture. It is therefore logical to
evaluate these vulnerable sites by using biomechanical
simulations. Although high stresses are present at both
FCMIN and LCMAX, by using one of them alone,
critical stress levels would have been underestimated as
observed in this study. Maximum Stress-P1 at FCMIN

and LCMAX may, therefore, be a better indicator for
plaque vulnerability assessment.

We were also successful in assessing the affect of
plaque components on stress distribution; computing
the mechanical force involves information about pla-
que morphology and material properties of its com-
ponents. Although each of these significantly governs
the stress distribution nonlinearly, we were able to
quantify some important features: the critical stress is
usually found in the region covering soft components
such as lipid core and haemorrhage. In this study,
M-CStress was identified at the region covering lipid
core or haemorrhage in 69.3% (244 out of 352) of
slices. M-CStress appeared at the region of fibrous
tissue in only 29.3% of slices (n = 103) and only 1.4%
of slices (n = 5), M-CStress was located in the region
covering hard component, such as calcification.
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FIGURE 3. Critical stresses at different vulnerable sites
(Unit: kPa). (a) T-CStress is higher than C-CStress; (b)
T-CStress is lower than C-CStress; (c) T-CStress and
C-CStress are located at an identical vulnerable site.
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This study has a few limitations such as (1) histo-
logical analysis of atheromas was not done for corre-
lation with MR images. However, this validation has
already been done by our group.23,24 (2) The FC
thickness measurement was critical in this study.
However, due to MR spatial resolution being limited
to 0.39 mm, there is a possibility that thinner FCs
below this resolution have been underestimated. With
possible improvement in MRI techniques in future,
this limitation may be overcome. (3) The lumen
shrinkage of each plaque was determined using a rel-
atively round artery contour. It might not be true for
slices with heavy plaque burden, and, therefore, for a
refined simulation, slice-specific shrinkage should be
determined. (4) Because this was not a 3D fluid
structure interaction model, it was not possible to
simulate the effect of turbulent flow and a pressure
drop across a stenosis, which of course will affect the
applied load. (5) Moreover, the residual stress was not
considered since it is not measurable with current MR
technique,8 and the plaque was treated as a piecewise
homogenous material and the patient-specific material
properties were not considered.
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