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ABSTRACT

Numerical simulations of blood flow through a partially-blocked axisymmetric artery are performed to
investigate the stress distributions in the plaque. We show that the combined effect of stenosis severity
and the stiffness of the lipid core can drastically change the axial stress distribution, strongly affecting
the potential sites of plaque rupture. The core stiffness is also an important factor when assessing plaque
vulnerability, where a mild stenosis with a lipid-filled core presents higher stress levels than a severe
stenosis with a calcified plaque. A shorter lipid core gives rise to an increase in the stress levels. How-
ever, the fibrous cap stiffness does not influence the stress distributions for the range of values considered
in this work. Based on these mechanical analyses, we identify potential sites of rupture in the axial di-
rection for each case: the midpoints of the upstream and downstream regions of the stenosis (for severe,
lipid-filled plaques), the ends of the lipid core (for short cores), and the middle of the stenosis (for mild
stenoses with positive remodelling of the arterial wall).

© 2019 Published by Elsevier Ltd on behalf of IPEM.

1. Introduction

Atherosclerosis is a cardiovascular disease that remains the
most common cause of death in Western countries [1]. It consists
of the narrowing of an artery due to the accumulation of fatty sub-
stances in the inner layer [2,3]. This accumulation is known as a
plaque. The rupture of the covering of the plaque is a dangerous
condition, which may finally lead to a stroke, or a myocardial in-
farction [4]. Hence, it is important to identify the plaques that are
most likely to rupture and why. While the mechanisms behind dis-
ease initiation, progression and rupture are diverse [1,5], here we
aim to perform a study to analyse the mechanical aspects of the
plaque rupture process. In particular, some geometrical features
such as the severity of the stenosis or the length of the lipid core
will be studied, along with other parameters such as the stiffness
of the lipid core.

Early studies such as the one performed by Richardson et al. in-
vestigated the locations of plaque rupture in coronary arteries [6].
Using 71 cross-sectional samples of atherosclerotic arteries with a
lipid core, they found that in 59% of the cases the rupture took
place at the shoulders of the fibrous cap of the plaque (i.e., at
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the junctions of the cap with the adjacent layer of the artery).
Other authors have analysed this configuration and found similar
results, usually considering two-dimensional cross-sections of the
plaque [7-9]. However, there are only a few studies that look at
the location of the rupture in the axial direction of the plaque,
as it is more complex to measure in samples. Falk [10] reported
that the stenotic plaque could rupture upstream, downstream or
at the middle of the constriction, but that the precise location had
not been properly analysed in coronary arteries. Later on, it was
suggested that the cell composition was different between the up-
stream and downstream regions of the stenosis [11]. Specifically, a
larger macrophage presence was observed in the upstream region
and it was related to a higher vulnerability of the plaque in the up-
stream part. Other authors have used computational modelling to
analyse the plaque stresses in the axial direction. Imoto et al. per-
formed a finite-element analysis of an axisymmetric plaque, con-
sidering a uniform pressure at the wall [12]. The thickness of the
fibrous cap impacted the location of the maximum stresses, which
were usually found where the cap was thinnest. On the other hand,
if the fibrous cap thickness was kept constant, the stress was not
affected by a larger lipid core. Gao et al. performed a numerical
analysis of three-dimensional patient-specific geometries, and re-
ported that the maximum stress was more likely to occur in the
upstream region for severe plaques [13]. In 2012, Belzacq et al.
studied the influence of the plaque length or stenosis severity,
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among other features [14]. They reported a change of the stress
distribution for shorter plaques, which made them more vulnera-
ble than longer plaques.

Other studies using fluid-structure interaction (FSI) models,
including plaque modelling, analysed the influence of different
factors on the maximum stresses on the wall. For example, Tang
et al. studied the effect of several parameters, such as the lipid
core size and the cap thickness, and reported higher stresses
for thinner fibrous caps [15]. They also introduced the analysis
of patient-specific geometries and found similar results, relating
plaque vulnerability to large lipid cores and thin fibrous caps [16].
Other works have also linked an increase of the maximum stress
levels to a decrease of the cap thickness [17,18]. By modelling the
lipid core as a material with low stiffness, two-dimensional FSI
simulations using a patient-specific geometry were performed by
Kock et al, and observed the highest first-principal stresses at
the inlet and outlet of the stenosis region [19]. A similar study
by Thrysee et al. [20] showed that the peak principal stress was
located in the region proximal to the stenosis in 50% of their
patients, and that the maximum stress usually occurred where the
cap was thinnest. From another point of view, Yuan et al. found
that the effect of material properties on the stress values was
greatly dependent on cap thickness as well as location [21].

Tang et al. also published a study linking sites of plaque rupture
with high plaque stresses in carotid arteries [22]. Similar results
have been reported in other studies for carotid arteries [23,24], as
well as for coronary arteries [25,26]. Continuing along these lines,
we hypothesise that the most likely axial location of plaque rup-
ture in a carotid artery, which may be indicated by the location of
maximum stress, as suggested by the aforementioned studies [22-
26], is strongly influenced by changes of the lipid core stiffness and
the geometry. In the present work, we have used an FSI model and
performed a systematic variation of the following features: stenosis
severity, Young's modulus of the lipid core of the plaque, positive
remodelling, lipid core length, and fibrous cap stiffness. We adopt
an axisymmetric blood flow geometry to solve the Navier-Stokes
equations, while the artery wall and the lipid core of the plaque
are modelled as hyperelastic and linear elastic materials respec-
tively. This simplified configuration makes it possible to identify
the critical parameters affecting the stress distributions.

2. Methods
2.1. Geometry

The geometry considered is an axisymmetric stenosis adapted
from previous studies [27-30]. The use of this idealised model
of carotid artery rather than a patient-specific geometry allows a
parametric analysis where we can study the influence of different
features on the solid stresses. We justify the use of this model as
we are aiming to capture general patterns and distribution changes
rather than specific peak values. The plaque is located in the con-
striction, as shown in Fig. 1. The origin of the coordinate system
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Fig. 1. Idealised axisymmetric stenosis geometry showing both the fluid and the
solid domains. The origin is located at the centre line of the throat. The thickness
of the artery wall is D/10, being D the diameter of the fluid domain.

is located at the intersection between the centre-line of the flow
domain and the section of maximum constriction. The two coor-
dinates required to define any given position are r, in the radial
direction, and z in the axial direction.

The inlet diameter D is used as the reference length unit. In
our simulations, we have used a diameter of D = 7mm based on
the typical dimensions of a human carotid artery [31,32]. The in-
let and outlet sections are located at z= —4D and z = 10D, respec-
tively. The wall thickness is equal to D/10 and constant along the
axial direction, outside the stenosis region.

The inner wall radius is constant and equal to D/2 for all z, ex-
cept for the stenotic region. For —D < z < D, the radius is defined
by

r(z):%{l—%[l+cos<¥)]} (1)

where L =2D is the length of the stenosis and y is the diameter
ratio. In the base model, the minimum diameter D,,;, is D/2 and
is located at z= 0, hence y = Dy;;;/D = 0.5. This 50% reduction in
diameter leads to a 75% area constriction (also known as steno-
sis severity, S), which is a typical value among previous stenotic
flow studies [27,28,33]. A 75% occlusion is also a medically rele-
vant value, when surgery is usually recommended [34].

The contour of the core of the plaque follows the shape of the
stenosis. The solid part between the core and the flow domain is
the fibrous cap. The thickness of this cap, t., is constant along the
plaque and equal to 100 pm, which is a typical value of plaques
with thin fibrous caps [17,35,36].

Smaller severity values than the 75% of the base model are
considered alongside a positive remodelling geometry. Positive re-
modelling consists on an expansion of the artery wall in the out-
ward direction [37]. In particular, simulations are performed for a
non-stenotic and a 25% stenotic case, and compared to the base
model. In both cases, the thickness of the artery wall around the
lipid core is kept constant and equal to the nominal wall thick-
ness, tw. In addition, the positive remodelling is assumed to keep
the same shape as the stenosis, but in the outward normal direc-
tion. The geometry of the considered cases is shown in Fig. 2. It
should be noted that, due to the previous assumptions, the size
of the lipid core for the 25% stenotic case (defined by its thickness,
hi, in the figure) is larger than the other two (defined by the thick-
ness hg).
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Fig. 2. Geometry of the cases in the positive remodelling analysis. (a) base model
(75% stenosis); (b) non-stenotic case with positive remodelling; (c) 25% severity
with positive remodelling. t,, denotes the wall thickness and it is equal in all cases.
ho and h; denote the thickness of the lipid core at z = 0.
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2.2. Governing equations and boundary conditions

2.2.1. Flow model

The blood is modelled as a Newtonian, incompressible fluid.
The flow field is described by the continuity and the Navier-Stokes
equations:

Vau=0, 2)
au Vp )
ﬁ-i-u Vu——T-i-vV u, (3)

where u is the fluid velocity vector, t the time, p the pressure, p
the fluid density and v the kinematic viscosity. The simulations are
performed using p = 1000kg/m3 and v = 4 x 10-m?/s, which are
average values used in previous works [24,38,39].

The Reynolds number is Re =300 and it is based on the in-
let diameter. It is defined as Re=UD/v, where U is the sec-
tional average inlet velocity. This value is physiologically repre-
sentative and used also in previous studies of carotid arteries
[5,31].

A parabolic velocity profile u;, = (u;,, 0) is prescribed at the in-
let cross-section of the flow domain: ui,(r) = 2U[1 - 4(r/D)*]. At
the outlet, an outflow pressure poyt equal to 160 mmHg (21.3 kPa,
as used in previous studies [19]) is prescribed via a normal stress
condition: [—pl +pv(Vu+ VuT)]n = —pourn. This condition
reduces to the standard stress-free outflow condition if poyc = 0 is
chosen [27,30]. In a flow-only analysis, this value would have had
no effect, since only pressure gradients affect the flow field, as
shown in Eq. (3). However, due to the solid mechanics included
here (i.e. we used an FSI model), it is necessary to set a specific
pressure value.

2.2.2. Solid model

The artery wall is considered as a non-linear hyperelastic solid.
In order to specify the different material properties, we use the
nearly incompressible neo-Hookean model, which considers the
following strain energy density function, W:

W= Sl -3)+ 3k~ 1 (4)
where © denotes the shear modulus, I is the first invariant of
the isochoric part of the elastic right Cauchy-Green deformation
tensor, « refers to the bulk modulus and J,; denotes the elas-
tic volume ratio. We use the same values as in previous stud-
ies [19]: w=6MPa and x« =600MPa. On the other hand, the
lipid core is described as a linear elastic material and charac-
terised by its Young’s modulus, E.. This value has been sug-
gested to be around 100 times smaller than the equivalent Young’s
modulus of the artery wall [16,40]. We use E.= 100kPa for
the base model, with a Poisson’s ratio v, =0.49 and a density
0c = 900kg/mS3.

We decided to use a simple neo-Hookean model, which has
been reported to be valid for small deformations [19]. Previous
works in the field have also considered other hyperelastic models
when defining the mechanical properties of the solid: the modi-
fied Mooney-Rivlin [16], the one proposed by Ogden [17] or the
anisotropic model presented by Holzapfel-Gasser-Ogden [14].

Regarding the boundary conditions, the displacement & of the
artery is constrained at the inlet (¢ = 0), and no axial displacement
is allowed at the outlet (&, = 0). Of the different conditions tested,
these were the ones which provided the most well-defined inflow
and outflow. The domain lengths were varied to ensure that the
stresses in the stenosis were not affected by the proximity to in-
flow and outflow boundaries.

2.2.3. Fluid-structure interaction coupling
Matching conditions are required at the interface between solid
and fluid, to close the coupled system: the velocity continuity,

_0¢

and the stress continuity, meaning that the stresses on the wall
and fluid along the interface are equal (but opposite in the out-
ward normal direction):

f_n. [P wt V) = 20(Veu
5= [ p/+v(V + VaT) sV )q? (6)

where n denotes the outward normal to the boundary.

2.3. Numerical methods

The simulations are performed with a finite element method
using the COMSOL Multiphysics software. The movement of the
elastic walls is achieved by using an arbitrary Lagrangian-Eulerian
(ALE) method, where the solid mechanics follow a Lagrangian de-
scription while the flow field is described by an Eulerian formula-
tion. COMSOL Multiphysics has been previously validated and used
in several studies to perform blood flow simulations [41] as well
as fluid-structure interaction studies of flow through elastic arter-
ies using idealised geometries [14,17,42| and patient-specific mod-
els [19,20].

The mesh was also generated using COMSOL Multiphysics. The
two-dimensional spatial domain is discretized using standard tri-
angular/quadratic finite elements of the second order for the flow
velocity and solid displacement fields, and of the first order for the
pressure field (P2-P2-P1). The numerical convergence of the solver
was tested with respect to grid and domain size. Specifically, a
mesh convergence analysis was performed until the stress mea-
surements were not affected by a change in the mesh resolution
of more than a 0.5%. For the straight pipes upstream and down-
stream the stenosis region, we use a structured mesh with 12,272
elements (maximum element size D/40). For the constriction, due
to the curved domain and complex fluid and solid mechanics, we
use a finer unstructured grid, with 30,599 elements, especially for
the fibrous cap, which is the region where the stress distributions
will be analysed. A picture of the mesh is shown in Fig. 3.

(a) Lipid core

Artery wall

Lipid core
o
lmﬁvm*
‘”#v'nv 'é"%‘% .
'v’gﬁ & vﬁwf.e A Fibrous cap
V AVA

6&1&6600‘#‘96

AVAVAVA‘VAVAVAVAVAVAVAVA A A ININININ
V%VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV’V

Fluid domain

Fig. 3. (a) Representation of the mesh. (b) Detail of the stenosis region, showing
the discretization of the fibrous cap.
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3. Results
3.1. Effect of severity and core stiffness

We first studied the influence of both stenosis severity and
plaque composition on the solid stress and wall displacements.
In order to simplify the modelling of the different plaque com-
positions, we varied the elasticity of the lipid core by means of
the Young's modulus, E.. This way, lipid-filled plaques were mod-
elled as linear elastic materials with a Young’s modulus that was
around 100 times smaller than the equivalent Young’s modulus of
the artery wall [16] (E; = 50-100 kPa). On the other hand, calci-
fied plaques were modelled by increasing the Young’s modulus of
the lipid core (up to 1000 kPa). Regarding the severity, both mild
(50% occlusion) and severe (75% occlusion) cases were considered.
Table 1 summarises the six different models analysed.

A general picture of the flow solution and stresses obtained
from our simulation is presented in Fig. 4(a). The colours of the
fluid domain denote blood velocity, u, and the colours of the solid
domain refer to the first principal stress, o1, on the artery wall. On
the other hand, the fluid pressure field is shown in Fig. 4(b).

Fig. 5(a) shows the axial distribution of the first principal stress,
o1, along the artery wall and the fibrous cap of the plaque. In all
cases, the stress outside the stenosis region was at the same level,
at around 120 kPa. This value effectively corresponds to the cir-
cumferential stress at the inner wall of a equivalent thick-walled
cylinder loaded by internal pressure. Near z = 4D, due to the in-
timal thickening of the artery at the beginning of the plaque, the
stress decreased reaching a minimum shortly afterwards. Then, the

Table 1
Stenosis severity and Young's modulus of the lipid core for each case considered.
Case E corresponds to the base model.
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Case Stenosis severity (%) Young's modulus of lipid core
A 50 50 kPa

B 50 100 kPa

C 50 1000 kPa

D 75 50 kPa

E 75 100 kPa

F 75 1000 kPa
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Fig. 4. (a) Flow velocity field, u, and first principal stress, o4, distribution on the
artery wall for a steady state simulation in the region around the stenosis. (b) Flow
pressure field, p, and first principal stress, o .
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Fig. 5. Influence of stenosis severity and plaque composition on the axial distribu-
tion of (a) first principal stress and (b) radial displacements. Magnitudes measured
at the interface boundary between the flow field and the wall. Results are shown
for the cases presented in Table 1.

largest differences in the stress distribution were observed due to
the lipid core, which was delimited to the region —0.6D < z < 0.6D.

The results can be divided into two groups: on the one hand,
the mild stenosis with the calcified core (E. = 100-1000 kPa) along
with the severe stenosis with the calcified core (E. = 1000 kPa). On
the other hand, the mild stenosis with the lipid-filled core (E. =
50kPa) and the severe stenosis with the lipid-filled core (E; = 50—
100 kPa). For the first group, the stress distribution was relatively
flat, with the maximum located in the middle region of the steno-
sis. For the second group, the stress level increased. The distribu-
tion also changed and presented two peaks, located in the mid-
dle of the upstream and downstream regions of the stenosis. The
maximum stress for the base model (S = 75%, E. = 100kPa) was
30% higher than the maximum for the calcified plaque model. The
variation was significant but it is important to note that the vari-
ation of the lipid core material properties was larger, since the
Young's modulus decreased by an order of magnitude. For the soft-
est core considered (E; = 50kPa) in the severe stenosis, the maxi-
mum stress was 280 kPa. This value got closer to the 300 kPa rup-
ture threshold usually mentioned in the literature [8].

The differences in stresses were reflected as well in the radial
displacement distribution (Fig. 5(b)). Indeed, the two-peak distri-
bution characteristic of the base case and the mild and lipid-filled
plaque were present. On the other hand, the cases with stiffer (cal-
cified) plaques showed a flatter curve.

In order to explain the stress distribution, we should take into
account the fluid pressure along the axial direction, as the pres-
sure is the main contributor to the loading of the wall. The pres-
sure did not depend on the lipid core elasticity and it was only
affected by the stenosis severity. Indeed, we found a pressure drop
of ~ 300 Pa (equivalent to a 1.4% of the total pressure) for the 75%
occlusion, while that value decreased to around 80 Pa for the 50%
severity stenosis. Taking a closer look at the stress plot in Fig. 5(a),
there was a slight difference in the peak stress before and after the
minimum lumen section for the severe stenosis cases. This small
change was approximately of 1.5%, which could be associated with
this pressure drop along the plaque, as shown in Fig. 4(b).
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Fig. 6. Axial and radial displacements of the wall for the baseline case.

The axial displacements of the wall for the base model are rel-
atively smaller than the radial displacements, as shown in Fig. 6.
In particular, the maximum of the radial component is around 2.6
times larger than the axial one. The shape of the axial displace-
ments curve is due to the deformation created by the fluid pres-
sure on the wall [14], which leads to a positive peak upstream
and a negative one downstream the constriction. In addition, the
maximum radial and axial displacements are found at the same
location. This kind of deformation is also in agreement with the
experimental results reported by Choi et al. [43], who studied a
pulsatile flow condition. It should be noted as well that these val-
ues are relatively small for the material properties considered in
this model, with a maximum axial displacement of 10> m, or
1.42103D.

In summary, we have identified three different locations in
the axial direction that could become sites of rupture. For the
most vulnerable plaques (S =50%, E. =50kPa, and S =75%,E. =
50- 100 kPa), the stress peaks were located approximately at
the middle of the upstream and downstream regions of the
stenosis respectively. For the other plaques (S =50%, E. = 100-
1000 kPa, and S = 75%, E. = 1000 kPa), the maximum of the stress
peak was close to the minimum lumen section. Finally, all cases
presented a local maximum at the beginning of the lipid core
region, which will be discussed further in the Discussion sec-
tion. Hence, depending on the lipid composition and the steno-
sis severity, the rupture site could be located at three different
positions.

3.2. Effect of the positive remodelling

The axial distribution of the first principal stress is presented in
Fig. 7(a). The first thing to note is a 15% increment of the maxi-
mum stress in the fibrous cap for the 25% stenotic case compared
to the non-stenotic one. On the other hand, the non-stenotic case
presented similar stress levels in relation to the base model. Hence,
the only effect of the stenosis severity seemed to be the change of
the stress distribution (presenting the two peaks rather than a flat
curve).

The radial displacements showed similar results (Fig. 7(b)). The
two curves of the positive remodelling cases kept the same shape,
showing a constant deformation along the fibrous cap. On the con-
trary, the base model reflected the shape of the stenosis, and the
radial displacements presented a distribution similar to that of the
first principal stress.
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Fig. 7. Influence of the positive remodelling on the axial distribution of (a) first
principal stress and (b) radial displacements. Magnitudes measured at the interface
boundary between the flow field and the wall.
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Fig. 8. Three configurations considered to analyse the influence of the lipid core
length: (a) L. = 0.5L, (b) L. = 0.6L (base model) and (c) L. = 0.7L.

3.3. Effect of the lipid core length

The lipid core length, L., was varied to analyse its influence
on the stress distribution. Three cases were considered: L, = 0.5L
(shorter lipid), L. = 0.6L (the base model), and L. = 0.7L (longer
lipid). The variation of the lipid length was carried out keeping
constant the stenosis length (L), the fibrous cap and outer wall
thickness, as well as the fillet radius of the core, in order to
perform a uniform parametric analysis with other variables un-
changed. The three cases are represented in Fig. 8.

As shown in Fig. 9(a), the axial stress distribution was remark-
ably different for each case. A shorter lipid core increased both the
local and absolute peaks, while also affecting the gradients. These
results suggest that shorter lipid cores could be more dangerous
than plaques with longer cores, for the same thickness of the fi-
brous cap.
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The radial displacements, as shown in Fig. 9(b), presented a
similar behaviour. Both the minima and maxima of the curves
were increased for the shortest lipid core.

3.4. Effect of the cap stiffening

We considered three different values for the bulk modulus of
the fibrous cap, «p: same as the wall (x = 600MPa), two times
larger (baseline model), and ten times larger. The axial stress dis-
tribution for different values of cap stiffness is shown in Fig. 10. As
it can be seen in the figure, decreasing the cap stiffness to half the
base value, or increasing it to 10 times the original value had no
visible effect on the stress. The same result was observed regarding
the radial displacement along the plaque.

In summary, each parametric analysis showed different effects
on the stress distribution. The plaque composition and the positive
remodelling of the artery were found to be the most important pa-
rameters, as they had the largest effect on the absolute peak val-
ues, while also changing the axial distribution along the fibrous
cap. On the other hand, the local stress peaks were especially af-
fected by the length of the lipid core, as those values increased
when the core length decreased. Finally, the stiffening of the fi-
brous cap did not impact the stress distribution for the range of
values considered in this work.

4. Discussion

Before proceeding with the analysis of the results, we would
like to justify the use of a steady flow instead of a pulsatile one.
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Fig. 10. Influence of the cap stiffening on the axial distribution of first principal
stresses. Magnitudes measured at the interface boundary between the flow field
and the wall.

When the heart beats, the contraction during the systole creates
a pressure wave that travels along the arterial tree. The velocity
of propagation of these pressure waves is the pulse wave velocity,
PWV [44]. According to Pereira et al., the pulse wave velocity in the
carotid artery is in the range of PWV = 3-12 my/s. Therefore, the
minimum wavelength is 3 m, considering that the heart typically
beats once a second. Since the pressure wavelength is more than
30 times larger than the domain length, the local non-stationary
effects on the wall could be neglected. We tested this assumption
by performing a simulation of a pulsatile inflow case, with a 1-
second period. The significant changes of the pressure values dur-
ing the period (up to a 40% from the average values) led to simi-
lar changes of the stress levels, but the distribution was essentially
the same. This pattern was constant over the following periods. In-
deed, the peak value of the stress distributions at the same time
for different periods did not change significantly, staying constant
and varying less than a 0.01%. Therefore, we have used a steady in-
flow with a systolic pressure value (maximum pressure during the
period), considering the most critical conditions during the period.

The combined analysis of the stenosis severity and plaque com-
position shows that both effects should be considered simultane-
ously. Significant differences in the stress levels are observed for
both severe and mild stenoses, depending on the stiffness of the
lipid core. Indeed, plaque rupture is considered to be more depen-
dent on the plaque composition rather than stenosis severity [10],
as the stress along the fibrous cap increases when the lipid stiff-
ness is lowered.

The novelty of our work is related to the effect of stenosis
severity and lipid core stiffness on the the stress curve, which
varies from a flat shape to a two-peak distribution. A similar
change was reported by Belzacq et al. [14], when varying the
plaque length (rather than the lipid composition), so they reported
it as a ‘pinching effect’. Since we used a constant plaque length,
the change in the stress distribution is related to the lipid core
stiffness, which was kept constant in their study. This result im-
plies that the change of the lipid composition may impact the
stress values significantly, but only when the change of stiffness is
large enough. Small increases of the Young's modulus do not pro-
duce a noticeable effect on the stress peaks, which is in agreement
with previously published results [16,45], but changing the Young’s
modulus by an order of magnitude has noticeable effects on the
stress.

It is worth mentioning about the local peaks of stress at the
beginning and at the end of the lipid core region (z=~ +0.6D,
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Fig. 11. Axial distribution of the components of the stress tensor for the base model
(75% stenosis, Ec = 100kPa). o, 04 and o, denote the radial, circumferential and
axial components respectively; o, the shear stress component; and o the first
principal stress.

Fig. 5(a)). These peaks are largely influenced by the chosen shape
of the lipid core ends. The sudden change of thickness of the wall
sustaining the loading (from the thickened wall to the fibrous cap
with a lipid core), leads to this local change of the stress. It has
been suggested that sometimes the rupture occurs at points of lo-
cal stress concentrations, but not at the absolute maximum stress
location [46]. These local maxima could indicate one of those
plaque rupture sites. The local maxima occur at the ends of the
plaque while the global maxima occur closer to the middle. This
could help to explain, from a mechanical point of view, why the
axial rupture location has not been precisely defined, as reported
by Falk [10].

In addition to the first principal stress, the shear stress was also
examined to check if it was a limiting factor in the plaque rup-
ture process. A graph showing all the non-zero components of the
stress tensor for the base model is given in Fig. 11. Several points
should be noted here: (1) the shear components of the stress ten-
sor 0,4 and o4, were equal to zero (due to the axisymmetry).
(2) The remaining component ¢, was zero outside the stenosis
region, but it presented two peaks of 70 kPa at z = #0.6D, cor-
responding to the ends of the lipid core. (3) The circumferential
component, o 4, matched the first principal stress distribution al-
most perfectly, except at the lipid core ends (z = +0.6D). At these
locations, the axial component, o, seemed to be as important as
the circumferential component stress. (4) According to the Tresca
criterion, the shear strength of an isotropic material is half the
tensile yield strength. Our results show that the shear stress mag-
nitude was always smaller than half the first principal stress. We
concluded that, although significant at z = 4+0.6D, the shear stress
seemed to not be the main contributor to the plaque rupture pro-
cess.

The positive remodelling study showed some interesting re-
sults. As shown in Fig. 7, the average stress levels in the stenosis
region are similar between the base model and the non-stenotic
positive remodelling case. There is, however, a change in the stress
distribution, which could eventually lead to different rupture sites.
This change in stress distribution is attributed to the difference in
the fluid pressure distribution. Indeed, the stenotic case presents
a sudden pressure drop due to the constriction, which affects the
stress distribution accordingly. A combination of a positive remod-
elling effect and a mild stenosis (the 25% case in the same analysis)

has a great effect on the overall stress in the fibrous cap. The peak
stress increases by 11% in the mild stenotic case compared to the
base model, reaching a maximum of 259 kPa. This magnitude
is also closer to the 300 kPa rupture threshold [8]. It should be
noted however that the mild stenotic case is the geometry with
the larger lipid core, greatly impacting the stress distribution.

It should be noted that although the 75% stenotic case and the
non-stenotic model with positive remodelling share similar stress
levels (with a different distribution), their radial displacement val-
ues are different (Fig. 7(b)). Two factors could explain this result:
on the one hand, due to the larger constriction at z =0, the fluid
pressure for the 75% stenotic case is lower than the models with
positive remodelling, therefore affecting the radial displacement;
on the other hand, the severe stenotic geometry may be less prone
to radial deformation. In particular, the 75% stenotic case is de-
formed in both the radial and axial directions due to the shape of
the wall, while the positive remodelling cases are mainly deformed
in the radial direction only.

The results from the analysis of the lipid core length showed
that, interestingly, the highest stress peaks are found for the short-
est core (Fig. 9). Since we varied the lipid length at constant thick-
ness of the fibrous cap and outer wall, the shortest plaque case is
subjected to the minimum stress outside the lipid region, where
the wall is thickest. This thickness change at the beginning of the
fibrous cap creates a sudden increase of the stress levels, and thus
the local maxima are also remarkably higher than in the other
cases (17-31%).

The axial distribution of stress resembles that of the plaque
composition analysis as shown in Fig. 5. Two peaks appear at the
middle of the upstream and downstream regions of the stenosis,
and smaller, local peaks at the beginning and end of the lipid core
region. Two possible sites of rupture are identified: the first one
related to the global maxima in the stress distribution, and others
at the beginning and end of the lipid region. The latter should be
especially important in longitudinally short plaques.

The influence of the lipid core size was studied by Tang et al.
[15], but we cannot make a direct comparison as in their study
the fibrous cap thickness was variable and that has a great im-
pact on the stress values. Indeed, the stress levels decreased for
a smaller lipid pool, but the cap thickness was larger than their
baseline model. On the other hand, it is interesting to compare our
results to the ones obtained by Cilla et al. [36]. They performed
a parametric variation of the lipid core length, and analysed the
peak stress at the minimum lumen section, where the cap thick-
ness was constant. They reported that the stress remained approx-
imately constant (varying less than 10 kPa). On our simulations,
we found a significant variation of stress distribution when vary-
ing the lipid core length, but at z=0 (minimum lumen section)
the value stayed relatively constant for the three cases considered,
within the 10 kPa range (Fig. 9). Hence, our results are in agree-
ment with those by Cilla et al. [36] at z = 0. However, here we have
analysed the whole axial distribution, and observed that the stress
maxima and distributions vary significantly with the core length.

It should be noted that the effect of the lipid length is less
than that due to the change of lipid stiffness and stenosis sever-
ity. Indeed, when varying the lipid stiffness, we observe a 20%
increase of the maximum stress value with respect to the base
model. When analysing the effect of the lipid length, the maxi-
mum stress increases only by a 4.3%. On the other hand, the local
maxima are more affected by the lipid core length: the shortest
lipid presents a local peak that is 34% larger than the longest one.

We observed no significant differences in the stress distribution
when varying the fibrous cap stiffness. Some authors have reported
that the fibrous cap stiffness is 2-5 times larger than that of the
healthy artery wall [47]. Our results imply that for the material
properties and geometry considered in this analysis, the stiffening
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of the fibrous cap does not influence the stress distribution notice-
ably. This behaviour could be explained by comparing the current
geometry with a thin-walled pressurised tube. In that case, the cir-
cumferential stress does not depend on the material properties of
the wall, so that could explain why the change of stiffness of the
fibrous cap does not change the stress levels. Therefore, the effect
of the plaque composition along with the stenosis severity as well
as the lipid core length are considered more crucial factors when
analysing possible sites of rupture.

Finally, it should be acknowledged the limitation of not consid-
ering the axial stretch of the artery. This may have an effect on
the results, but the stretch was not considered in this case due to
the idealised nature of the geometry and the parametric analysis
performed.

5. Conclusions

Simulations of incompressible, steady flow through an axisym-
metric stenosed artery have been performed to systematically vary
the mechanical parameters in the plaque and analyse the effects
of the axial distribution of stresses. In particular, we have inves-
tigated: the stenosis severity, the lipid core stiffness, the positive
remodelling of the artery, the lipid core length and the fibrous cap
stiffness. Our goal was to analyse the importance of these param-
eters on the axial distributions of stress, and to identify possible
rupture locations in the axial direction.

We found that the degree of stenosis and the lipid core stiff-
ness, along with the positive remodelling, had the largest effect on
the peak values. The stress distribution also changed significantly,
especially with the lipid core stiffness, from a one-peak curve (for
calcified cores) to a two-peak curve (for lipid-filled plaques). In ad-
dition, shorter lipid cores with a significant change of wall thick-
ness (larger than the equivalent for longer lipid cores) resulted in
higher maximum stresses, both absolute and local. On the contrary,
varying the stiffness of the fibrous cap did not influence the ax-
ial distributions. From these results, we have identified potential
sites of plaque rupture for each case: the midpoints of the up-
stream and downstream regions of the stenosis (for severe, lipid-
filled plaques), the ends of the lipid core (for longitudinally short
cores), and the middle of the stenosis (for mild stenoses with pos-
itive remodelling).

As future work, three-dimensional simulations would allow
to incorporate the effects of multi-directional flow and eccentric
plaques. Finally, if possible, it would be interesting to investigate
axial rupture locations in patient-specific geometries.
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