3D computational parametric analysis of eccentric atheroma
plaque: influence of axial and circumferential residual stresses
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Abstract Plaquerupture plays arole in the majority of acute
coronary syndromes. Rupture has usually been associated
with stress concentrations, which are mainly affected by the
plaque geometry and the tissue properties. The aim of this
study is to evaluate the influence of morphology on the risk
of plaque rupture, including the main geometrical factors,
and to assess the role of circumferential and axial residual
stresses by means of a parametric 3D finite element model.
For this purpose, a 3D parametric finite element model of the
coronary artery with eccentric atheroma plaque was devel-
oped. Healthy (adventitia and media in areas without ather-
oma plaque) and diseased (fibrotic and lipidic) tissues were
considered in the model. The geometrical parameters used
to define and design the idealized coronary plaque anatomy
were the lipid core length, the stenosis ratio, the fibrous cap
thickness, and the lipid core ratio. Finally, residual stresses
in longitudinal and circumferential directions were incorpo-
rated into the model to analyse the influence of the important
mechanical factors in the vulnerability of the plaque. View-
ing the results, we conclude that residual stresses should be
considered in the modelling of this kind of problems since
they cause a significant alteration of the vulnerable plaque
region limits. The obtained results show that the fibrous cap
thickness and the lipid core length, in combination with the
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lipid core width, appear to be the key morphological param-
eters that play a determinant role in the maximal principal
stress (MPS). However, the stenosis ratio is found to not play
a significant role in vulnerability related to the MPS. Plaque
rupture should therefore be observed as a consequence, not
only of the cap thickness, but as a combination of the stenosis
ratio, the fibrous cap thickness and the lipid core dimensions.
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1 Introduction

Cardiovascular diseases related to atherosclerosis are now-
adays primary causes of mortality in the developed world,
and it has been calculated that they will become the first
cause of death worldwide in 2020 (Lloyd-Jones et al. 2009).
Atherosclerosis is the process in which plaques—consist-
ing of deposits of cholesterol and other lipids, calcium and
large inflammatory cells called macrophages—are built up
in the walls of the arteries causing narrowing (stenosis of the
lumen), hardening of the arteries and loss of their elastic-
ity, which leads to a reduction in the blood flow through the
vessels. Nevertheless, the most serious damage occurs when
the plaque becomes fragile and ruptures (vulnerable plaque).
Plaque rupture causes the formation of blood clots that can
block blood flow or break off and travel to another part of the
circular system, thus producing heart attacks, strokes, diffi-
culty in walking, and eventually gangrene (Kyriacou et al.
1996; Hanke and Lenz 2001; Thubrikar 2007).

Until now, several methods have been used to evaluate
the extent and location of atherosclerotic lesions: invasive
methods such as IVUS (intravascular ultrasound) or X-ray



angiography and non-invasive methods, which detect indi-
cators of atherosclerosis such as classical risk factors (Lee
et al. 1993; Fayad and Fuster 2001; Kips et al. 2008). Identi-
fying vulnerable patients before plaque rupture occurs would
help clinicians to provide early treatment as well as to take
preventive measures. Many strategies have been proposed to
achieve this goal, though available screening and diagnostic
methods seem to be insufficient.

The characteristics of vulnerable plaque have been well
defined in several pathological studies (Salunke et al. 2001;
Naghavi et al. 2003; Fuster et al. 2005; Virmani et al.
2006; VanEpps and Vorp 2007) amongst others. Plaque
rupture is believed to be related to plaque morphology,
mechanical forces, vessel remodelling, blood conditions
(levels of cholesterol, sugar, etc.), chemical environment
and lumen surface conditions (inflammation) (Van der Wal
and Becker 1999). Regarding the mechanical forces, some
authors (Ohayon et al. 2005; Versluis et al. 2006) consider
the peak circumferential stress (PCS) as the most important
biomechanical factor in the mechanisms leading to rupture of
the atherosclerotic plaque and have often used it as a predic-
tor of atherosclerotic plaque rupture location. Previous works
have shown that reduced fibrous cap thickness increases the
maximal value of the PCS exponentially and leads the cap
stress to exceed the rupture threshold of 300kPa (Lendon
et al. 1991; Cheng et al. 1993; Ohayon et al. 2005) when the
cap thickness becomes lower than 65w m (Virmani et al. 2006;
Moreno etal. 2002; Finet etal. 2004; Vengrenyuk et al. 2006).

The fibrous cap thickness has typically been identified as
the key predictor of vulnerability and likelihood of rupture,
but some clinical and biomechanical studies have shown that
this single parameter is not a reliable predictor of plaque sta-
bility (Virmani et al. 2000; Krishna Kumar and Balakrishnan
2005), since plaque stability also depends on other intrinsic
properties of the plaque, such as the size and the consis-
tency of the soft atheroma core (Finet et al. 2004; Gao and
Long 2008), the cap and the core inflammation levels (Arroyo
and Lee 1999; Lee 2000) and the arterial remodelling index,
which is defined as the external elastic membrane area at
plaque divided by the external elastic membrane area at a
nearest segment judged to be free of plaque (Smedby 1998;
Varnava et al. 2002; Ohayon et al. 2008).

Several parametric studies have been carried out with two-
dimensional models (2D) assuming a plane strain hypothesis
in order to study the mechanical risk factor for vulnerable
plaque (Ohayon et al. 2005; Cheng et al. 1993; Finet et al.
2004; Lee 2000; Krishna Kumar and Balakrishnan 2005;
Ohayon et al. 2008). Nevertheless, other studies show that 2D
structural analyses tend to overestimate the maximal value of
the PCS (Ohayon et al. 2005). In addition, longitudinal resid-
ual stress effects and other features such as the anisotropy or
the longitudinal length of the plaque cannot be considered in
2D models.

Several studies have shown the importance of including
residual stresses (RS) on arterial models to get an accu-
rate calculation of the stress distribution across the arte-
rial wall (Jaroslav et al. 1999; Peterson and Okamoto 2000;
Jaroslav et al. 2002; Raghavan et al. 2004; Ohayon et al. 2007,
Alastrué etal. 2007). However, the influence of RS on the wall
stress distribution in pathological coronaries remains unclear
since the relationship between RS and atheroma plaque con-
figuration is very complex. Longitudinal and axial RS present
in a vulnerable coronary plaque dramatically influences the
spatial stress distribution and could cause new sites of stress
concentration. RS could play a major role in the biomechan-
ical stability of vulnerable coronary plaque and in the growth
process of the lipid core. This study shows that plaque rupture
is to be viewed as a consequence not only of external pres-
sure but rather of a subtle combination of external loading,
geometrical configuration, and intraplaque RS.

Even though the performance and importance of 3D mod-
els have been demonstrated to identify vulnerable plaques
(Ohayon et al. 2005; Chun et al. 2010), to the best of the
authors knowledge, no idealized and parametric 3D studies
have attempted to analyse the influence of residual stresses on
the biomechanical stability of vulnerable coronary plaques.
The performed 3D studies related to the atheroma plaque are
usually carried out on geometries obtained from IVUS or
MRI (Magnetic Resonance Imaging) (Ohayon et al. 2005;
Auer et al. 2006; Briley-Saebo et al. 2007) and residual
stresses are neglected. For this reason, the goal of this study is
to present a 3D parametric study of the geometric risk factors
in anidealized coronary vessel to quantify and investigate the
biomechanical interaction between the most influential val-
ues of the geometry of the vessel in the plaque rupture: (i) the
fibrous cap thickness; (ii) the stenosis ratio; (iii) the lipid core
width; and (iv) the lipid core length. Furthermore, the influ-
ence of residual stresses on the risk of atheroma plaque has
been shown by comparing three set of idealized 3D geome-
tries incorporating residual stresses (one set taking account
just the longitudinal RS and other with the longitudinal and
the circumferential RS included) and without them.

2 Materials and methods
2.1 Idealized geometry

An idealized geometry corresponding to a coronary vessel
with atheroma plaque was modelled. The plaques were char-
acterized by a large lipid pool with a thin fibrous cap (Davies
1996; Ohayon et al. 2001; Finet et al. 2004). Atherosclerotic
vessel morphology and average dimensions were obtained
from Versluis et al. (2006) and Bluestein et al. (2008).
A vessel length of 20 mm, an external radius of 2mm, and
a vessel wall thickness of 0.5 mm were considered to create
the basic geometry.



A 3D parametric study of the influence of the geomet-
ric factors was performed to check the vulnerability of the
atherosclerotic plaque. For this purpose, a 3D finite element
model was developed in the commercial finite element code
ABAQUS 6.9, taking into account both the composition and
the dimensions of the different layers of the tissue (media
and adventitia), the fibrous plaque and the lipid core.

The arterial wall was assumed as a hollow cylinder, and
the lumen was consider circular. The atherosclerotic plaque,
which is located inside the vessel, was assumed to be sym-
metric with respect to the central cross-section. Finally, the
lipid core was approximated as a blunt volume (see Fig. 1).
In areas with atheroma plaque, the whole media layer was
considered as fibrotic, whereas only the adventitia was con-
sidered to be a healthy layer.

The parametric model consists of a series of idealized
plaque morphology models, mimicking different stages and
variations of the atherosclerotic lesion growth. Following
previous works (Cheng et al. 1993; Williamson et al. 2003;
Finet et al. 2004; Ohayon et al. 2008), the most influential
geometric parameters considered were the fibrous cap thick-
ness ( f'¢), the stenosis ratio (sr)—which is obtained by divid-
ing the lumen radius by the lumen radius of a normal artery
(R = 1.5mm), sr(%) = ;((';“[;1)) 100—the lipid core length
(/) and the lipid core width (w). The lipid core width (w) was
defined as the ratio between the percentage of the atheroma
plaque width (w1) and the distance from the inner point of
the lipid core to the outer point of the fibrotic plaque (w>),
w(%) = ng—m 100. The central section of the 3D model is
shown in Fig. 1b, where the lipid core length was measured
along the longitudinal direction (Fig. la).

Five values for each parameter were considered and com-
bined which makes a total of 625 idealized eccentric vessel

(a)

Table 1 Geometrical parameters used to generate the parametric 3D
models

Level [ (mm) sr (%) fe (mm) w (%)
1 1 46.7 0.025 30
2 2 53.3 0.05 45
3 4 56.7 0.1 60
4 6 60 0.15 73
5 8 66.7 025 90

models with atherosclerotic lesions. Realistic morphologi-
cal data were investigated by varying the lipid core length
(1 <1<8, in mm), the stenosis ratio (46.7 <sr<66.7, in
%), the fibrous cap thickness (0.025 < fc <0.25, in mm)
and the lipid core width (30 <w <90, in %) (Fujii et al.
2005). The values of the geometrical parameters used to
define the idealized coronary plaque models are shown in
Table 1.

In order to demonstrate the important influence of the
longitudinal and circumferential residual stresses in the
vulnerability of the plaque, the 625 models were simulated
under three different hypothesis: (i) without RS, (ii) just
considering axial RS and (iii) taking account both circum-
ferential and axial RS. In total, 1875 analyses have been
performed.

A fine mesh was created in the various regions of the
model, and the fibrous cap region was meshed with an adap-
tive mesh. Previous sensitivity analyses were performed on
the mesh to choose the definitive one. Due to the symmetry of
the problem, only a quarter of the model with approximately
150.000 linear and hybrid tetrahedral elements and 30.000
nodes was considered.

Atheroma plaque

Fig. 1 aldealized geometry of an atherosclerotic arterial model. Transversal section. b Geometrical parameters shown on the cross central section

of the atherosclerotic vessel



2.2 Material model and boundary conditions

All tissues were modelled as nonlinear, hyperelastic and
incompressible materials (Carew et al. 1968; Holzapfel et al.
2005). The lipid core and the atherosclerotic plaque were
modelled as isotropic materials, while healthy wall was con-
sidered as an anisotropic material with two families of fibres,
oriented at 61.8° and +28.35° with respect to the circum-
ferential direction in the adventitia and the media layers,
respectively. Both families of fibres were assumed to have
the same mechanical properties (Holzapfel et al. 2005). The
behaviour of the tissue was modelled by using the Gasser,
Ogden and Holzapfel (GOH) strain energy function (SEF)
(Gasser et al. 2006)

v = ulh -3
k
+ i[[exp(kz[x[h — 3]+ [1 = 3«1 — 1]]2)—1}

+ [eXp(k:z[K[h — 3]+ [1 = 3kl — 1]]2)—1”
(1)

where 1 > 0 and k; > O are stress-like parameters and
k) >0and0 < « < % are dimensionless parameters (when
k = 0 the fibres are perfectly aligned (no dispersion), and
whenk = % the fibres are randomly distributed and the mate-
rial becomes isotropic), I is the first invariant of C = FI'F
with F the deformation gradient tensor, /4 = mg - Cmg and
Is = ng - Cng are invariants which depend on the direction
of the family of fibres at a material point X that is defined by
the unit vectors field mg and ng (Spencer 1971).

To obtain the material parameters for the constitutive law
of the tissue, experimental data presented in previous works
[the adventitia and the media properties from Holzapfel et al.
(2005) and the plaque and the lipid core properties from
Versluis et al. (2006)] were fitted using the Levenberg—
Marquardt minimization algorithm (Marquardt 1963).
Table 2 shows the results of the parameter identification for
each tissue.

The normalized mean square root error (¢) which is
defined as

Table 2 Material parameters used in the finite element analysis for the
adventitia, the healthy media, the atheroma plaque and the lipid core

w(kPa) ky(kPa) k(=) k(=) &(-)
Adventitia 8.44 547.67 568.01 0.26  0.041
Healthy media 1.4 206.16  58.55 0.29  0.014
Atheroma plaque  9.58 17654.91 0.51 0.33 0.056

Lipid core 0.052 965.76 70 0.33 0.03

g=——2 2)

was used to check the goodness of the fit. Where g is the
number of parameters of the (SEF), n is the number of data
points, n — g is the number of degrees of freedom, and p is
the mean stress.

Regarding the boundary conditions, the longitudinal dis-
placements were constrained at the end of the vessel, whereas
the radial displacement was allowed. Symmetry conditions
were imposed in the corresponding symmetry planes. In
order to introduce the circumferential residual stress, a cut
with an opening angle of 23.5° was performed in the oppo-
site side of plaque location according to the experimental data
of severe atherosclerosis obtained by Jaroslav et al. (1999).
The opened model was closed such that we finally obtain
the configuration shown in Fig. 1. To introduce the longi-
tudinal residual stress, the model was stretched a 4.4 % of
the vessel length in the longitudinal direction, representing
in vivo conditions (Holzapfel et al. 2005). Then, a constant
internal pressure of 140 mmHg (18.7kPa) was imposed in
the inner surface of the lumen, simulating the blood flow
pressure (Ohayon et al. 2008).

Maximal principal stresses (MPS) were considered as the
mechanical factor for the purposes of comparison in this
study.

3 Results

It is important to remark that the maximum MPS was
measured at the critical zones and always appeared in the
circumferential direction. Some authors have shown that the
maximum MPS sometimes appears at healthy areas, where
the rupture is unlikely (Tang et al. 2005, 2008, 2009). Healthy
areas where rupture is not probable, even if a local stress max-
imum occurred there, have been excluded from the analysis
of the results.

3.1 Statistical analysis

To assess the influence of the geometrical parameters on the
MPS, a statistical analysis was performed. The Lilliefors test
(checking the normality of the distribution), the Student’s ¢
Tests and the analysis of variance (ANOVA) were used. The
ANOVA test and the Student’s ¢ Test were performed at 1
and 5% significance level, respectively. Figure 2 shows the
statistical analysis performed on the maximum MPS value
in the critical region with respect to the distinct geometri-
cal parameters for the three different studied cases (see Sect.
2.1). Each subfigure represents the results grouped for the
different levels of each geometrical parameter, and the var-
iation of this parameter becomes influential if the MPS is
modified significantly as this parameter varies.



In the first row of Fig. 2, the median for each variation
of the lipid core length increases slightly with the lipid core
length for all the cases, especially in the axial and circum-
ferential RS case. For the cases with axial RS and without
RS, considering all the two-sample comparisons (paired ¢
test), some significant differences are found, between the sec-
ond group (/=2mm) and the groups marked with *® and
between the fifth group (/=8 mm) and the groups marked
with % (p < 0.01, see Fig. 2). However, when the cir-
cumferential and the axial RS are considered, the lipid core
length becomes more influential since the means are always
significantly different for all the two-sample lipid core length
comparisons considered (p < 107).

The stenosis ratio statistical analysis is shown in the sec-
ond row of the Fig. 2. The medians and the dispersion are sim-
ilar, and very few significant differences between the means
of the groups for the three cases considered are found.

The statistical analysis of the fibrous cap thickness is
shown in the third row of Fig. 2 and proves the influence of
this parameter on the MPS for the three analysed cases (Sect.
2.1). A noteworthy remark is that the median, and the disper-
sion of each variation of the fibrous cap thickness decreases
dramatically as the fibrous cap thickness increases. Consid-
ering all the two-sample fibrous cap thickness combinations,
the means are always significantly different (p < 1079),
reflecting the huge influence of this parameter on the MPS
values, even if the RS are not considered.

Finally, the lipid core width statistical analyses shown
in the fourth row of Fig. 2, shows that both medians and
dispersions increase with the lipid core width. In a similar
way than in the case of the fibrous cap thickness, for all
the two-sample lipid core width considered comparisons, the
means are always significantly different (p < 107>) for the
three studied cases, showing again a high dependence on this
parameter.

The general trend is that the maximum MPS increases
if axial RS are considered, whereas the MPS decreases and
the dispersion is reduced if circumferential and axial RS are
included.

3.2 Vulnerability study

Regarding the vulnerability of the plaque, different thresh-
old stress values have been proposed by different authors
(Lendon et al. 1991; Cheng et al. 1993; Loree et al. 1994;
Ohayon et al. 2005). In this study, a threshold value of
247kPa has been used according to the set of experimen-
tal data obtained by Loree et al. (1994), assuming a normal
distribution of the data. This threshold value indicates that
the probability of having plaque rupture is 0.95 for the cases
whose combination of parameters have a maximum MPS
equal or higher than 247 kPa, according to the data by Loree
et al. (1994).

The maximum MPS for each combination of parameters
is shown in Figs. 3 and 4. The two most influential parame-
ters, the fibrous cap thickness and the lipid core width (fc and
w), were chosen as the variable represented by the surfaces.
In each subfigure, five surfaces are presented, one for each sr
variation. The safety threshold plane at 247 kPa is presented.
The results obtained for the three cases (with axial RS, with
circumferential and axial RS and without them) have been
compared in both Figs. 3 and 4.

For the save of clarity, the contour maps of the maximum
MPS that are higher than the safety threshold plane (the inter-
sections between each surface of Fig. 3 and the safety thresh-
old of 247 kPa plane for a lipid core length given) are shown
in Fig. 4. According to the literature, the fibrous cap thick-
ness has been considered to be the most important risk factor
for the plaque rupture, but it is not the only one.

Interestingly, the obtained contour maps change for the
different studied cases. For the case without RS, similar con-
tour maps are obtained for / =4, [ = 6 and [ = 8 mm, show-
ing that the MPS has a strong dependency on the lipid core
width (vulnerability limit of w > 60%). Despite the fact that
the lines corresponding to each variation of sr intersect in
some cases, the vulnerability area increases as the stenosis
ratio decreases. In every case, the vulnerable threshold of the
fibrous cap thickness is between 0.025 and 0.01 mm.

However, the obtained contour maps can be classified into
two groups according to the value of the lipid core length if
axial RS are included, showing the high dependency on that
parameter of the MPS. The first group includes the small
atheroma plaques (/! < 2mm), the lipid core width, and
the stenosis ratio have an important influence on the MPS
(atheroma plaque becomes vulnerable for w > 50%). The
second group includes the long ones (I > 4 mm), the influ-
ence of w is less important, being more vulnerable for high
values of w. A linear trendline is observed, being the vul-
nerable fibrous cap thickness threshold around 0.05 mm for
low w values and 0.075 mm for high w values. Again, despite
the fact that the lines corresponding to each variation of sr
intersect in some cases, the vulnerability area increases as
the stenosis ratio decreases.

Finally, if circumferential and axial RS are included, the
obtained contour maps can also be classified into two groups
as a function of the lipid core length, showing a strong
dependency on that parameter of the MPS: first group for
the small atheroma plaques (! < 2 mm), where there is not
vulnerable geometries, and second group for the long ones
(I > 4mm), where the influence of w is important (ather-
oma plaque become vulnerable for w > 55%). In every
case, the vulnerable fibrous cap thickness threshold is around
0.05 mm.

It can be seen that the axial residual stresses reduce the
dependency between the MPS and the lipid core width except
for the smallest lipid core length (! = 1 mm). Interestingly,
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Fig. 3 Maximum MPS surfaces for a given lipid core length for the three cases studied; Without RS, with the axial RS included and with the

circumferential and the axial RS included

the axial residual stresses dramatically increase the vulnera-
ble area showing MPS values higher than 247 kPa for small
values of the lipid core width. However, the circumferen-
tial and the axial residual stresses together produce again
a strong dependency between the MPS and the lipid core
width, and the vulnerable area highly decreases due to the

effects of compression stress in the inner layer of the vessel
fibrous cap zone, produced by the circumferential RS. This
fact shows the relevance of considering the residual stresses
in the vulnerability computational analysis of the plaque.
Figure 5 illustrates the difference between the results
obtained in an idealized 3D model with the longitudinal RS
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Fig. 4 Contours of the intersection between the safety threshold plane (247kPa) and the maximum MPS surfaces for all / studied and for the
results without RS, with the axial RS included and with the circumferential and the axial RS included

included (Fig. 5a), a 3D model with the circumferential and
the longitudinal RS included (Fig. 5b) and the equivalent
3D model without residual stresses (Fig. 5¢). The dimen-
sions of the presented case are 4 mm long lipid core, 53.3%
of stenosis ratio, 0.025 mm thick of fibrous cap, and 60% of
lipid core width. The maximum MPS is located at the fibrous
cap in every case; however, it value varies from 451.7kPa in
the model with the axial RS included, to 254.4 in the with

circumferential and the axial RS included and to 385.7kPa
in the model without residual stress effects. The maximum
MPS decreases with the incorporation of circumferential and
axial RS, but increases when just the longitudinal RS are con-
sidered. However, although this trend is observed in a great
number of cases, it could not be completely generalized. It
also highly depends on the geometrical factors, as it is shown
in Fig. 4.
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Fig. 5 Contour maps of MPS. Comparison between a model with the
longitudinal RS included (a), a model with the longitudinal and the
circumferential RS included (b) and without them (c)

3.3 Vulnerability factor

In order to quantify the vulnerability risk, a vulnerability
factor (VF) was used. This factor is defined as

B Maximum MPS (kPa)

VF= —— , 3)
Critical MPS (kPa)

where the critical MPS value is assumed to be 247 kPa.

For the 625 cases in which circumferential and axial RS
were included, the values of the VF for the main combina-
tions of parameters which produce a maximum MPS higher
than 247 kPa (Fig. 4) are shown in Tables 3, 4 and 5. In each
table, the lipid core width is considered constant, the fibrous
cap thicknesses are 0.025mm (left sides of the tables) and
0.05 mm (right sides of the tables) and the lipid core length
and the lumen radius vary.

Table 3 Vulnerability factors for fc = 0.025,0.05 mm and w = 60%

Generally, the VF values in Tables 4 and 5 are higher
than in Table 3 for the same values of / and sr, showing
the dependency on w of MPS. It can be observed that the
VFs increase with w. Most of the VFs are lower than 1 for
the small values of / (! < 2mm) and higher than 1 for the
long ones (! > 4 mm), which show the dependence on / of
MPS. A positive relation was observed between the increase
in fc and the VF since the values of the VFs are significantly
higher in the left sides of the tables (fc¢ = 0.025 mm) than
in the right sides ( fc¢ = 0.05 mm). The highest vulnerability
factor is 2.98 (I = 8 mm, sr = 66.6%, fc = 0.025 mm and
w = 90%), exceeding the safety threshold value of 247 kPa
by a factor of three, Table 5.

4 Discussion

Quantifying the mechanical stress in the wall of an athero-
sclerotic vessel and, more specifically, in the fibrous cap, is
a vital step in predicting the risk of plaque rupture based on
biomechanical features, especially in 3D geometries (Creane
et al. 2010). For this reason, the mechanical behaviour of a
3D parametric atheroma plaque in a coronary vessel with ath-
erosclerosis disease has been studied in this work by varying
the four most influential geometrical parameters, that is, /,
sr, fc and w, and including RS effects. Static finite element
analyses were performed in order to study a group of ideal-
ized plaque morphologies and to try to predict the vulnerable
plaque rupture.

Historically, fibrous cap thickness has been considered the
most important and almost the exclusive factor determining
plaque vulnerability (Arroyo and Lee 1999; Briley-Saebo
et al. 2007). To date, very few 3D computational studies
have been carried out specifically to investigate the effect of
the lipid core size on plaque stress distribution. Loree et al.
(1994) and Tang et al. (2004) used a finite element model to
study the influence of the lipid core width on plaque stress
distribution in a small number of distinct models (n = 6 and
n = 3, respectively). Imoto et al. (2005) came to the conclu-
sion that the size of the lipid core had no influence on the peak
circumferential stress, but as their models are particularized

sr(%)/1(mm) fec =0.025mm fe=0.05mm

1 2 4 6 8 1 2 4 6 8
46.6 0.08 0.16 0.73 0.44 0.51 0.09 0.10 0.52 0.41 0.47
56.3 0.66 0.20 0.75 0.52 1.66 0.09 0.20 0.25 0.39 0.41
56.6 0.11 0.27 1.02 1.02 1.12 0.11 0.19 0.72 0.59 0.68
60 0.14 0.19 0.98 1.00 0.79 0.10 0.20 0.68 0.41 0.44
66.6 0.28 0.51 0.80 1.10 1.70 0.23 0.38 0.63 075 0.89




Table 4 Vulnerability factors for fc = 0.025,0.05 mm and w = 75%

sr(%)/1(mm) fec =0.025mm fe=0.05mm

1 2 4 6 8 1 2 4 6 8
46.6 0.08 0.18 0.86 0.71 0.79 0.08 0.11 0.61 0.52 0.63
56.3 0.59 0.44 1.04 1.52 1.82 0.35 0.39 0.67 0.65 1.09
56.6 0.11 0.32 1.16 1.31 2.14 0.10 0.25 0.81 0.72 0.85
60 0.55 0.22 1.10 1.64 1.70 0.11 0.23 0.77 0:52 0.59
66.6 0.32 0.59 1.05 1.34 1.94 0.25 0.47 0.71 0.88 1.16
Table 5 Vulnerability factors for fc = 0.025,0.05 mm and w = 90%
sr(%)/1(mm) fc=0.025mm fc=0.05mm

1 2 4 6 8 1 2 -+ 6 8
46.6 0.08 0.23 1.00 0.93 1.25 0.08 0.14 0.67 0.71 0.85
56.3 0.48 0.79 1.05 1.69 2.67 0.45 0.36 0.82 0.89 1.12
56.6 0.13 0.76 1.33 1.70 1.80 0.10 0.30 0.93 0.91 0.98
60 0.30 1.02 1.25 1.95 2.64 0.36 0.45 0.92 1.07 1.19
66.6 0.33 1.08 1.21 1.61 2.98 0.27 0.47 0.86 1.00 1.25

to concentric plaques, their conclusions are not generalizable
to eccentric coronary lesions. Finet et al. (2004) carried out
a 2D parametric study which showed that a combination of
measures including the arterial remodelling index, the cap
thickness, and the necrotic core area or thickness is neces-
sary for prediction. Ohayon et al. (2005) compared the in
vivo performance of 2D and 3D finite element models and
concluded that 2D analysis tends to overestimate the ampli-
tude of the maximum MPS; however, residual stresses are not
considered. The distribution of RS and its effects on the stress
field in 3D parametric atherosclerotic coronary plaques have
never been studied in detail. Owing to the difficulty of esti-
mation stresses and strains in real geometries, the influence
of residual stresses is usually ignored in structural analyses
intended to predict plaque rupture location. Ohayon et al.
(2007) assessed RS and its impact on the in vivo stress distri-
bution in human vulnerable coronary plaques, studying six
real pathological epicardial coronary artery samples.
Regarding the importance of RS, many authors have stud-
ied the role of circumferential RS, but mainly in non-stenotic
arteries. Holzapfel et al. (2005) performed statistical analysis
to test for significant correlations between age and axial in
situ stretch, and there were significant negative correlations
between both. This suggests that axial in situ stretches of
the human LAD coronary artery decrease with age. Varnava
etal. (2002) simulated the effects of tissue ageing on residual
strain in the main right and left (ramus circumflexus) human
coronary arteries, based on experimental data, and they found
that experimental opening angle scatters considerably with
age. The factors affecting the opening angle are age, sex, and

the degree of atherosclerosis. Besides, their study showed
the effect of including the circumferential RS in the final
stress distribution. The vessel artery wall is under tension in
the inner layers and under compressive stress in the outer
layers, for positive opening angles. The difference between
both layers increases as the opening angle increases. This
fact tends to make the circumferential stress more uniform
in the arterial wall under the constant internal pressure.

The findings in the present study show a high dependency
on some purely 3D parameters and factors on the MPS distri-
bution, such as the lipid core length and the axial RS, affecting
the vulnerability risk of the plaques. Figures 4 and 5 clearly
show the influence of residual stresses since the vulnerable
unsafe areas change when residual stresses are considered.
The predominant trend is that the incorporation of axial RS
increases the maximum MPS. However, the incorporation of
axial and circumferential RS reduces the maximum MPS.
Therefore, 3D plaque models red could produce more accu-
rate predictions, and plane strain plaque models could not
be enough to calculate a sufficiently accurate MPS distri-
bution. Plane strain models not only overestimate the maxi-
mum MPS, as it is shown in the literature by Ohayon et al.
(2005), Krishna Kumar and Balakrishnan (2005), Ohayon
et al. (2007), but they also miss RS effects and other features
as fibre orientation, which cannot be consider in 2D models
(Holzapfel et al. 2005).

The general trend observed in this study is that the max-
imum MPS increases with the lipid core length, the lumen
radius and the lipid core width, and also when the fibrous cap
thickness decreases. Figures 3, 4 and Tables 3, 4 and 5 show



Table 6 Summary of vulnerable limits of fc and w for each different / independently of the sr parameter

With axial RS With circumferential and axial RS Without RS
fc (mm) w (%) fc (mm) w (%) fc (mm) w (%)
I=1 fec <0.088 w > 50 No vulnerable zone fe =0.077 w > 50
=2 fec <0.085 No limit fc <0.025 w >95 fc <0.050 w > 58
=4 fc <0.080 No limit fc <0.052 w > 62 fc <0.079 w >52
=6 fec <0.081 No limit fc <0.055 w > 64 fc <0.079 w > 50
l= fc <0.082 No limit fc <0.080 w > 38 fc <0.080 w > 50

that the most of the parameter combinations have MPS values
lower than 247kPa (VF < 1); however, an important vulner-
able plaque region, where the maximum MPS value is higher
than the safety threshold (VF > 1), was found. This region is
generally formed by low fibrous cap thickness values. More-
over, this unsafe region changes from the analysis in which
axial RS are considered to the analysis in which RS effects
are neglected (Fig. 4) since when just axial RS are included
(without internal pressure), the circumferential stresses are
positive. Thus, if axial RS and internal pressure are imposed,
the circumferential stresses are higher than without consid-
ering axial RS. To summarize, the vulnerable plaque region
corresponds to a combination of the following parameters:
w > 50%, fc < 0.088 mm for any lumen radius and lipid
core length. Table 6 shows the fc and w vulnerable limits for
each [ and for all values of the lumen.

The fibrous cap thickness and the lipid core width and
length have been shown in this study to be critical geomet-
ric parameters to the overall plaque stability, whereas it has
been shown that the lumen radius influence is lower, but non-
negligible. The influence of these parameters on plaque rup-
ture is shown in Fig. 2.

Similar results were previously obtained by other authors.
Ohayon et al. (2008) obtained slight higher limits of these
parameters, probably because they performed a 2D study.
However, the global trends were similar. The remodelling
index (a parameter equivalent to the stenosis ratio) and the
lipid core width had a positive correlation with the maximum
MPS, while the fibrous cap thickness had a negative correla-
tion with the maximum MPS. Similar trends were found by
Virmani et al. (2000) where they suggested that atheroscle-
rotic lesions with a fibrous cap thickness of less than 65 i
are most likely to rupture. Several studies in the literature
shown that plaques containing a highly thrombogenic lipid-
rich core are more at risk of rupture if the size of the lipid
core is large and is less consistent. Several investigators have
reported on the relation of the amount of extracellular gruel
and plaque fissuring (Gertz and Roberts 1990; Davies et al.
1993; Pasterkamp et al. 2000; Douglas et al. 2011). Davies
et al. (1993) estimated that when at least 40% of the plaque
consists of lipid, an atheroma is at risk of rupture.

Some limitations of this study should be mentioned. First,
an idealized straight geometry has been used to perform
the parametric analysis. Second, the material model was
assumed to be isotropic and incompressible for the fibrous
plaque and the lipid core and anisotropic and incompress-
ible for the wall vessel. However, these assumptions have
been widely accepted as allowable for the assessment of the
biomechanical properties of atherosclerotic lesions (Cheng
et al. 1993; Loree et al. 1992). Third, the material proper-
ties and residual stresses have been taken from experimental
data in the literature (Jaroslav et al. 1999; Holzapfel et al.
2005; Versluis et al. 2006).To the best of the authors’ knowl-
edge, there are no data of axial RS for isolated plaques in the
literature, so the axial RS used corresponds to a non-stenotic
artery. The opening angle was assumed to be constant for all
of the geometries though it is known that it depends on the
plaque geometry. Fourth, viscoelastic effects were not con-
sidered (Armentano et al. 1995, 2006; Penia et al. 2010). Fifth,
the analysis does not reproduce the pulsatile nature of physi-
ological blood pressure. Also, the fluid-structure interaction
effects resulting from such cyclic loading were not consid-
ered (Kock et al. 2008). It was assumed that there were no
shear stresses, torques, time-varying forces or flow-related
forces. Only static blood pressure was considered to be act-
ing on the lesion in the models. Nevertheless, it has been
documented that the effect of fluid shear stress is insignif-
icant when compared to the effect of tensile wall stresses
as a direct component in plaque fracture dynamics (Huang
et al. 2001; Himburg et al. 2004), although it is considered
essential in plaque formation and growth. The estimation of
stresses induced by the static pressure load has been proved
to be valid to identify stress concentrations in atheroscle-
rotic lesions (Cheng et al. 1993) since the location of stress
concentration does not significantly differ between models
including static pressure and models with complex dynamic
pressure profiles. Sixth, although similar studies in the liter-
ature include other parameters such as the lipid core angle or
the remodelling index which is related to the lumen radius,
the present study takes into account four of the most influ-
ential parameters (Versluis et al. 2006; Ohayon et al. 2008).
Several preliminary tests were performed to exclude the lipid



core angle as an influential parameter, see Supplementary
data. Seventh, calcifications were not considered in order to
simplify the study (Bluestein et al. 2008). Different prop-
erties of the atheroma plaque were not taken into account
in this parametric study. Properties of calcified, cellular and
hypocellular plaques have been identified by other authors
(Loree et al. 1994). Finally, the 3D parametric study only
could be validated qualitatively. To the best of the author’s
knowledge, it is not possible to measure the stress concentra-
tion in real atheroma plaques and to correlate with the main
geometrical risk factors in vivo conditions and later verify
the plaque rupture. Actually, in the literature, the only way
to extract stress information is by performing computational
simulations reproducing geometry and in vivo conditions,
and validating the model qualitatively, measuring the geo-
metrical risk factors, but not measuring directly the stresses.

Despite these limitations, this parametric study can be con-
sidered as an additional step towards the development of a
tool to assist clinicians in the identification of vulnerable ath-
eroma plaques. The large-scale computational analysis aids
the clinical staff to identify the critical morphological param-
eters that indicate plaque vulnerability and the likelihood of
rupture.
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