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SUMMARY 
 
In the present paper, fluid-structure interactions between the 
blood and an atheromatous plaque are investigated for 
different geometries of plaque, with a Newtonian and a non 
Newtonian model of the fluid viscosity and with a flow scaled 
down. 
 
INTRODUCTION 
 
The fracture of vulnerable carotid plaques is the major cause 
of cerebrovascular thromboembolic events such as strokes and 
ischemic attacks. To prevent this issue, carotid endarterectomy 
is the closely treatment for pathological plaques. 
The vulnerability is believed to be related to mechanical 
forces, vessel surface condition, cell activities and chemical 
environment. Several authors developped computational 
model to perform mechanical analysis for atherosclerotic 
plaques and identify critical mechanical descriptors as stresses 
or strains related to plaque fracture [1]. 
 
We recently presented [2] a fluid-structure interaction model 
questioning how the mechanical action of the blood flow onto 
the atheromatous plaque is affected by the geometrical and 
mechanical properties of the plaque. Results showed that the 
effects of shear loads applied by blood are amplified if the 
plaque is short and severe (for example a stenosis severity of 
70% and a length 10mm) and if the fibrous cap is compliant, 
thin and homogeneous. In these conditions, a plaque pinching 
occurs, resulting in increasing stress concentration. 
In the present paper, a similar study is performed with a more 
sophisticated model. 
 
METHODS 
 
A 2D axisymmetric model of a stenosed artery is developed 
(Fig.1-A). It comprises the healthy arterial wall and the plaque 
composed of the lipid core and the fibrous cap (Figure 1-A). 
These components are modelled as a hyperelastic anisotropic 
solid with the Holzapfel model. The model’s parameters of the 
model come from [3]. 
 
The radius of the healthy artery is set mmR 10 =  (Figure 1-B). 

The arterial remodelling radius is set to mmRm 1= . The fibrous 

cap thickness is set homogeneous to e=0.1mm. 
 

There is a large variability of plaque shape which is generally 
more complicated than a simple stenosis. A long plaque 
(L=15mm) is considered with shape’s irregularities. Stroud et 
al. carried out a fluid-only study with such geometries [4]. The 
irregularities are modelled as a wave of n bumps, (for example 
3 bumps in the Figure 1). Parameters are the number of bumps 
(n), the severity of the bump i (Figure 1-B), noted 

iS , the 

severity and the length between two successive bumps i and 
i+1, respectively noted 

1, +iiS  and 
1, +iiL . The influence of all 

these parameters on the fluid-structure interaction is analysed. 
 
Blood is modelled as an incompressible viscous fluid. The 
blood is not a Newtonian fluid because red cells influence the 
blood viscosity. If the shear rate is high, the red cells are 
broken up, deformed and oriented and the viscosity is low and 
can be considered constant. This case is chosen in our models, 
with 005.0=fη Pa.s. 

Nevertheless in the recirculation zone as downstream stenosis, 
the red cells are trapped in a zone of low shear rate, (less than 
1 Pa), and can aggregate together, increasing the viscosity. 
This case is analysed further. Figure 1-C shows the behaviour 
chosen for the viscosity depending on the arterial radius. 
Boundary conditions for the fluid are a physiological 
Womersley velocity profile at the inlet, and a physiological 
pressure prescribed at the outlet [2], both deduced from 
measures in the common carotid artery (CCA). Scaling factors 
on the average flow at the inlet are also considered, for 
accounting possible reduction of the average flow due to the 
stenosis. 
Simulations and analyses are performed using the COMSOL 
software (COMSOL MULTIPHYSICS 3.4). 
 

  
Figure 1:  Material and structural parameter of the Holzapfel 

model describing the involved atheromatous plaque. 



RESULTS AND DISCUSSION 
 
Plaque with shapes irregularities 
Results show that a long plaque (L=15mm) with shape 
irregularities can be pinched whereas it is not without shape 
irregularities. The pinching effect comes from the coupled 
action of depression and shear. For instance, Figure 2 
illustrates the mechanical interaction between the blood and 
the plaque with two bumps. 
The pressure drop is localized at the top of the first bump as 
shown in Figure 2-C. Then the first bump is the more pinched 
because of the depression (Figure 2-A).  
The cavity between two successive bumps can be a 
recirculation zone as shown in Figure 2-B. Investigations 
show that the presence and the importance of a recirculation 
between two bumps depends on the number of bump (n), the 
bumps (i,i+1) indexing the cavity extremities, the area of the 
cavity defined by parameters 1, +iiL  and the differential 

stenosis 
1, +− iii SS . 

 
 

 
Figure 2: (A) Distribution of the von Mises equivalent stress 

in the fibrous cap at systole. The shape at diastole is 
represented in grey. (B) Streamline and wall shear stress 

distribution over the fibrous cap at systole. (C) Pressure in the 
fluid at systole. 

 
 
Blood with non Newtonian viscosity 
The fluid-structure interactions are compared with Newtonian 
or non Newtonian viscosity for a single bump with a stenosis 
severity of 70% and a plaque length of 10mm. 

Modelled by the non Newtonian viscosity, the aggregation of 
the red cells acts on the length of the recirculation zone 
downstream stenosis, by decreasing it, but do not have a 
significant influence on the pinching effect of the plaque itself. 
 
Effect of scaling factors on the average flow at the inlet 
In practice, the flow may be reduced when the severity of the 
stenosis increases because the blood may find alternative path 
ways for flowing. This is the case for instance with the carotid 
artery. If there is a severe stenosis in the internal carotid artery 
(ICA), the flow may decrease in the ICA and increase in the 
external carotid artery (ECA). According to Agarwal et al. [5], 
if the radius of the ICA and the CCA are approximately equal, 
the volumetric flow of ICA is 70% of the CCA. 
This redistribution is modelled with reduced average flow at 
the inlet, in the model with a single bump with a stenosis 
severity of 70% and a plaque length of 10mm. A scaling factor 
of 70% is applied. Results show that the pinching effect still 
occurs but at larger stenosis severities (10% larger) than 
without scaling the average inlet flow. 
 
CONCLUSIONS 
 
This numerical study confirms the existence of a pinching 
effect in atheromatous plaque, especially for long with shapes 
irregularities. For plaques localized in the carotid bifurcation, 
an accurate knowledge of the inlet flow is required in practice 
to evaluate in which conditions the pinching effect occurs. 3D 
models will be developed in the future for investigating further 
this effect. 
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