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A numerical parametric study of the mechanical action of pulsatile blood flow onto axisymmetric stenosed arteries

I the first, fourth and sixth coordinate invariants c, 1 k and 2 k the parameters of the Holzapfel model  the angle between these two fibres family M and M' the direction's vectors of the two fiber's family in the cylindrical coordinate w the mesh velocity in the Arbitrary Lagrangian Eulerian scheme  the wall shear stress R  the average radial strain of the plaque  the average shear strain of the plaque r U the radial displacement component of the fibrous cap at the middle of the stenosis z U the longitudinal displacement of the fibrous cap at the middle of the stenosis 1 P the linear type of finite elements The fracture of vulnerable carotid atherosclerotic plaques is the major cause of cerebrovascular thromboembolic events such as strokes and ischemic attacks [START_REF] Rosamond | Heart Disease and Stroke Statistics -2007 Update. A Report From the American Heart Association Statistics Committee and Stroke Statistics Subcommittee[END_REF]. The vulnerability is believed to be related to mechanical forces, vessel surface condition, cell activities and chemical environment [START_REF] Virmani | Histopathology of Carotid Atherosclerotic Disease[END_REF][START_REF] Lipinsky | Advances in detection and characterization of atherosclerosis using contrast agent targeting the macrophage[END_REF][START_REF] Carr | Atherosclerotic plaque rupture in symptomatic carotid artery stenosis[END_REF].

In current clinical practice, carotid endarterectomy is the most frequently used treatment for pathological plaques. The decision leading to surgery is based on the degree of endoluminal stenosis [START_REF] Ecst | Interim results for symptomatic patients with severe (70%-99%) or with mild (0%-29%) carotid stenosis. European Carotid Surgery Trialists Collaborative Group[END_REF][START_REF] Nascet | Beneficial effect of carotid endarterectomy in symptomatic patients with high grade stenosis[END_REF]. But this criterion alone is insufficient to predict the plaque fracture and the necessity to identify other criteria is a major issue for public health [START_REF] Rosamond | Heart Disease and Stroke Statistics -2007 Update. A Report From the American Heart Association Statistics Committee and Stroke Statistics Subcommittee[END_REF]. Therefore, there is a strong medical and economical interest in developing new tools for a better understanding of this situation.

Histological studies have related plaque vulnerability with thin fibrous cap, large necrotic core [START_REF] Virmani | Histopathology of Carotid Atherosclerotic Disease[END_REF] and inflammation after macrophages or T-cells infiltration in the lipid core [START_REF] Lipinsky | Advances in detection and characterization of atherosclerosis using contrast agent targeting the macrophage[END_REF] or foam cells infiltration in the fibrous cap [START_REF] Carr | Atherosclerotic plaque rupture in symptomatic carotid artery stenosis[END_REF]. Advanced magnetic resonance imaging (MRI) allows in vivo virtual histology of plaques [START_REF] Toussaint | MR images of lipid, fibrous, calcified, hemorrhagic and thrombotic components of human atherosclerosis in vivo[END_REF][START_REF] Cai | Classification of human carotid atherosclerotic lesions with in vivo multicontrast magnetic resonance imaging[END_REF].

There has also been considerable effort using computational models to perform mechanical analysis for atherosclerotic plaques and identify critical mechanical descriptors as stresses or strains related to plaque rupture. There is no universal technique that can measure the strain/stress field in the plaque but it is widely believed that stress concentration in the fibrous cap of vulnerable plaques can cause the rupture [START_REF] Tang | Local Maximal Stress Hypothesis and Computational Plaque Vulnerability Index for Atherosclerotic Plaque Assessment[END_REF][START_REF] Tang | Sites of Rupture in Human Atherosclerotic Carotid Plaques Are Associated With High Structural Stresses. An In Vivo MRI-Based 3D Fluid-Structure Interaction Study[END_REF]. Large cyclic variations of strain/stress may also lead to artery fatigue [START_REF] Bank | Atherosclerotic plaque rupture: a fatigue process[END_REF][START_REF] Tang | Simulating cyclic artery compression using a 3D unsteady model with fluid-structure interactions[END_REF][START_REF] Versluis | Fatigue and plaque rupture in myocardial infarction[END_REF]. Several studies, for example, indicate that the critical strain/stress conditions are affected by the stenosis severity, the lipid pool size, the fibrous cap thickness and the stenosis eccentricity [START_REF] Ohayon | Necrotic core thickness and positive arterial remodeling index: emergent biomechanical factors for evaluating the risk of plaque rupture[END_REF][START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model. Simulation of the interaction between blood flow and atherosclerotic plaque[END_REF][START_REF] Li | Numerical Analysis of pulsatile blood flow and vessel wall mechanics in different degrees of stenoses[END_REF][START_REF] Tang | A 3-D thin wall model with fluid-structure interactions for blood flow in carotid arteries with symmetric and asymmetric stenoses[END_REF].

2-D and 3-D patient-specific finite-element (FE) models of diseased vessels are probably the best way to obtain stress distributions for specific plaques. The models are based on histology or pre-fracture medical imaging [START_REF] Tang | 3D Critical Plaque Wall Stress Is a Better Predictor of Carotid Plaque Rupture Sites Than Flow Shear Stress: An In Vivo MRI-Based 3D FSI Study[END_REF]. Their purpose is to associate the mechanical descriptors to the mechanical process of plaque rupture.

Nevertheless the sparsity of data regarding plaque rupture reveals the limitations of the predictive models. The models may be:

 fluid models [START_REF] Groen | Plaque fracture in carotid artery is localized at the high shear stress region: A case report[END_REF][START_REF] Cheng | Atherosclerotic lesion size and vulnerability are determined by patterns of fluid shear stress[END_REF][START_REF] Fukumoto | Localized elevation of shear stress is related to coronary plaque rupture: a 3-dimensional intravascular ultrasound study with in vivo color mapping of shear stress distribution[END_REF] with rigid plaques  2D solid models under pressure loads [START_REF] Ohayon | Necrotic core thickness and positive arterial remodeling index: emergent biomechanical factors for evaluating the risk of plaque rupture[END_REF][START_REF] Richardson | Influence of plaque configuration and stress distribution on fissuring coronary atherosclerotic plaques[END_REF][START_REF] Loree | Effects of Fibrous Cap Thickness on Peak Circumferential Stress in Model Atherosclerotic Vessels[END_REF][START_REF] Ohayon | In vivo prediction of human coronary plaque rupture location using intravascular ultrasound and the finite element method[END_REF][START_REF] Ohayon | A three-dimensional finite element analysis of stress distribution in a coronary atherosclerotic plaque: In-vivo location of plaque rupture location[END_REF][START_REF] Li | Stress analysis of carotid plaque fracture based on in vivo high resolution MRI[END_REF] considering cross sections of idealized plaques  or fluid structure interaction (FSI) models taking into account both the combination of shear and pressure loads [START_REF] Tang | Local Maximal Stress Hypothesis and Computational Plaque Vulnerability Index for Atherosclerotic Plaque Assessment[END_REF][START_REF] Tang | Sites of Rupture in Human Atherosclerotic Carotid Plaques Are Associated With High Structural Stresses. An In Vivo MRI-Based 3D Fluid-Structure Interaction Study[END_REF][START_REF] Tang | 3D Critical Plaque Wall Stress Is a Better Predictor of Carotid Plaque Rupture Sites Than Flow Shear Stress: An In Vivo MRI-Based 3D FSI Study[END_REF][START_REF] Gao | Effects of varied lipid core volume and fibrous cap thickness on stress distribution in carotid arterial plaques[END_REF][START_REF] Tang | 3D MRI-Based Multicomponent FSI Models for Atherosclerotic Plaques[END_REF][START_REF] Yang | In Vivo/Ex Vivo MRIbased 3D Non-Newtonian FSI Models for Human Ahterosclerotic Plaques Compared with Fluid/Wall-Only Models[END_REF][START_REF] Kock | Mechanical stresses in carotid plaques using MRI-based fluid-structure interaction models[END_REF][31][START_REF] Huang | Patient-specific artery shrinkage and 3D zero-stress state in multi-component 3D FSI models for carotid atherosclerotic plaques based on in vivo MRI data[END_REF][START_REF] Gao | Study of carotid arterial plaque stress for symptomatic and asymptomatic patients[END_REF].

FSI models are probably the most realistic models but their models are complex. The interaction between the blood flow and the plaque is not yet fully understood, especially due to the large variability of plaques [START_REF] Cai | Classification of human carotid atherosclerotic lesions with in vivo multicontrast magnetic resonance imaging[END_REF]. Using idealized models allows investigating how the mechanical action of the blood onto the plaque is affected by the geometry and the mechanical properties. For instance, Li Z.Y. et al. [START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model. Simulation of the interaction between blood flow and atherosclerotic plaque[END_REF] studied the influence of stenosis severity and fibrous cap thickness on stresses in plaques with 2D plane-strain models. Li M.X. et al. [START_REF] Li | Numerical Analysis of pulsatile blood flow and vessel wall mechanics in different degrees of stenoses[END_REF] investigated the stress distribution for different degrees of stenoses also with 2Daxisymmetric models. Valencia et al. [START_REF] Valencia | Numerical simulation of fluid-structure interaction in stenotic arteries considering two layer nonlinear anisotropic structural model[END_REF] investigated the influence of the severity of stenoses on stresses with 3D-axisymmetric models. Tang et al. performed many 3D FSI studies on idealized plaque models. They analysed wall stress and strain in symmetric and asymmetric plaque models with two different stenosis severities: 50% and 78% [START_REF] Tang | A 3-D thin wall model with fluid-structure interactions for blood flow in carotid arteries with symmetric and asymmetric stenoses[END_REF][START_REF] Tang | Wall stress and strain analysis using a threedimensional thick wall model with fluid structure interactions for blood flow in carotid arteries with stenoses[END_REF]. They analysed also the influence of pressure loads and stenosis severity on the cyclic compression of plaques [START_REF] Tang | Simulating cyclic artery compression using a 3D unsteady model with fluid-structure interactions[END_REF][START_REF] Tang | Effect of Stenosis Asymmetry on Blood Flow and Artery Compression: A There-Dimensional Fluid-Structure Interaction Model[END_REF].

The effect of plaque length has never been investigated in the literature. The present paper aims at addressing this lack. A FSI 2D axisymmetric model of the blood flow in a smooth pipe is considered, with a thick, deformable, heterogeneous and axisymmetric stenosis, mimicking an atherosclerotic plaque in a straight segment of artery. The model allows rapid modifications of the geometrical and constitutive parameters of the plaque for evaluating the influence of all these parameters.

Methods

Geometrical model

A schematic of the geometry in the reference configuration (i.e. in unloaded pressure-free conditions [START_REF] Huang | Patient-specific artery shrinkage and 3D zero-stress state in multi-component 3D FSI models for carotid atherosclerotic plaques based on in vivo MRI data[END_REF][START_REF] Konala | Influence of arterial wall compliance on the pressure drop across coronary artery stenoses under hyperemic flow condition[END_REF]) is provided in Fig. 1. The model of the plaque is axisymmetric (Fig. 1-D).

The initial stenosis shape starts from a sinus shape function along the longitudinal direction. It is composed of the healthy arterial wall outside and of a fibrous cap containing the lipid core inside (Fig. 1-B).

The healthy arterial lumen has an inner radius of 3 0  R mm and a wall thickness of 5 . 0 0  h mm (Fig. 1-C), which corresponds to average values for the wall of the carotid artery [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF].

Most of vulnerable carotid plaques present a positive remodelling [START_REF] Miura | Plaque Vulnerability in Internal Carotid Arteries with Positive Remodeling[END_REF] which is modelled as an external remodelling radius of the vessel. It is set here to

1  m R
mm [START_REF] Miura | Plaque Vulnerability in Internal Carotid Arteries with Positive Remodeling[END_REF].

The reference for the plaque length is set to L=10mm. This value corresponds to the average length of carotid plaques [START_REF] Douglas | Extracranial Carotid Plaque Length and Parent Vessel Diameter Significantly Affect Baseline Ipsilateral Intracranial Blood Flow[END_REF]. The stenosis height 0 H is related to the stenosis severity, denoted S. Eq. 1 gives the expression of the stenosis severity as the ratio between the stenosis height and the healthy radius [START_REF] Ecst | Interim results for symptomatic patients with severe (70%-99%) or with mild (0%-29%) carotid stenosis. European Carotid Surgery Trialists Collaborative Group[END_REF][START_REF] Nascet | Beneficial effect of carotid endarterectomy in symptomatic patients with high grade stenosis[END_REF]. In the present study as in [START_REF] Ecst | Interim results for symptomatic patients with severe (70%-99%) or with mild (0%-29%) carotid stenosis. European Carotid Surgery Trialists Collaborative Group[END_REF][START_REF] Nascet | Beneficial effect of carotid endarterectomy in symptomatic patients with high grade stenosis[END_REF], the radius severity is considered. Clinicians sometimes consider the stenosis severity in terms of cross-sectional area reduction (denoted area S ). Eq. 2 gives the conversion formula between the radius severity and the area severity.

0 0 0 1 R -e -H R S   (1) 2 ) 1 ( 1 S S area    (2) 
According to NASCET or ECST studies [START_REF] Ecst | Interim results for symptomatic patients with severe (70%-99%) or with mild (0%-29%) carotid stenosis. European Carotid Surgery Trialists Collaborative Group[END_REF][START_REF] Nascet | Beneficial effect of carotid endarterectomy in symptomatic patients with high grade stenosis[END_REF], a plaque is vulnerable if the stenosis radius severity is above 70%. However it is widely believed that this criterion alone is not sufficient to characterize the vulnerability of plaques [START_REF] Rosamond | Heart Disease and Stroke Statistics -2007 Update. A Report From the American Heart Association Statistics Committee and Stroke Statistics Subcommittee[END_REF]. The current study considers moderately severe plaques (reference value S=45%) and investigate the effect of other parameters on the vulnerability.

The fibrous cap thickness is a critical geometrical characteristic for plaque vulnerability because thrombo-embolic events result from the fibrous cap rupture. To place the study in a case of vulnerable plaque, a thin fibrous cap is considered (e=0.1mm) [START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model. Simulation of the interaction between blood flow and atherosclerotic plaque[END_REF]. To simplify the idealized plaque model, the fibrous cap thickness is homogeneous along the stenosis.

The arterial length upstream stenosis is set to 20 mm. This is necessary for establishing the flow without having the influence of inflow boundary conditions prescribed at the inlet. For the same reason, the arterial length downstream the stenosis is set to 50 mm ensuring the establishment of the eventual flow recirculation.

Fluid and structural equations

A pulsatile flow of a viscous Newtonian and incompressible fluid is considered in an axisymmetric pipe (Fig. 1-A), with a pulsation Lagrangian-Eulerian (ALE) formulation [START_REF] Formaggia | Cardiovascular Mathematics, Modelling and Simulation of the circulatory system[END_REF]:
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where w is the mesh velocity related to the ALE formulation, f σ the Cauchy stress tensor in the fluid and f  is the fluid domain depicted in Fig. 1-A.

The displacement vector, denoted s u , and the Cauchy stress tensor, denoted s σ , of the solid part, with respect to the reference configuration, satisfy the following equation [START_REF] Fung | Classical and computational solid mechanics[END_REF]:

s s s s in . t ρ Ω 2 2 0 σ u      , (4) 
where s  is depicted in Fig. 1-A and s  is the density of the constituents in the solid domain, which is assumed homogeneous.

Fluid and structural boundary conditions

At the inlet of the fluid domain, a Womersley velocity profile [START_REF] Uchida | The Pulsating Viscous Flow Superposed on the Steady Laminar Motion of Incompressible Fluid in a Circular Pipe[END_REF] is applied and at the outlet, a pressure is imposed implying no normal viscous stress (see Eq. 5). The time variations of the pressure and the velocity profiles are written using Fourier decomposition, with 18 and 6

terms respectively for ensuring agreement with experimental data. Fourier decomposition is applied to the temporal signals shown in Fig. 2. are respectively the inlet and the outlet boundaries of the fluid depicted in Fig. 1-A, z e is the longitudinal vector and 0 J is the zero order Bessel function of first kind, R is the radius of the pipe at the inlet and
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is the series of Womersley numbers. The axial velocity at the inlet is represented in Fig. 2-A and the pressure at the outlet is represented in Fig. 2-B [START_REF] Avril | In vivo measurements of blood viscosity and wall stiffness in the carotid using PC-MRI[END_REF].

The Fourier coefficients k c (Tab. 3) of the Womersley profile are computed from the axial velocity data measured non-invasively using PC-MRI in the common carotid artery of a volunteer [START_REF] Avril | In vivo measurements of blood viscosity and wall stiffness in the carotid using PC-MRI[END_REF]. Moreover the pressure Fourier coefficients k p (Tab. 3) are deduced from the variations over cardiac cycles of the pressure measured non-invasively using the applanation tonometry technique on the same volunteer [START_REF] Masson | Characterization of arterial wall mechanical behavior and stresses from human clinical data[END_REF].

At the boundaries of the elastic solid, the displacement vector s u and the Cauchy stress tensor s σ , with respect to the reference configuration, satisfy the following equations [43]: 
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where

s ext   , s in   , s out  
and the normal vector ext s, n are depicted in Fig. 1-A.

At the fluid-structure interface fs   (see Fig. 1-A), the kinematic and dynamic conditions apply, ensuring continuity of velocity fields and normal stresses:

fs f f s s s f t Ω on               0 n σ n σ w u v , (7) 
where fs   and the normal vectors f n and s n are depicted in Fig. 1-A. In the fluid domain, mesh velocity w is derived following a Laplace smoothing method from the interface conditions.

Fluid and structural properties

In a viscous Newtonian incompressible fluid, the expression of the Cauchy stress tensor depends linearly on the strain rate: , where F is the deformation gradient tensor [START_REF] Fung | Classical and computational solid mechanics[END_REF]. Thus
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and the associated Cauchy stress tensor is given by:
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is the volume change invariant. This formulation is valid for a solid without residual stresses. It was proposed in [START_REF] Holzapfel | A New Constitutive Framework for Arterial Wall Mechanics and a Comparative Study of Material Models[END_REF] to separate the isotropic and the anisotropic part of  . The anisotropy is defined by two preferred directions corresponding to two families of collagen fibres. The angle between these two families of fibres is denoted
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represent the directions of fibres in the local coordinate system.

Then, the strain energy density  is written such as: parameters. Arterial tissue is often assumed as nearly incompressible [START_REF] Carew | Compressibility of the arterial wall[END_REF]. The modulus of compressibility  is set to 500,000 kPa here in order to ensure this hypothesis. The density is set to 900  s ρ kg/m 3 . Reference values of parameters c, 1 k and 2 k are given in Tab. 1. They were taken from experimental data [START_REF] Gasser | Modelling Plaque Fissuring and Dissection during Balloon Angioplasty Intervention[END_REF].
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To simplify the model, average properties of the media and of the adventitia reported in [START_REF] Gasser | Modelling Plaque Fissuring and Dissection during Balloon Angioplasty Intervention[END_REF] are taken. For deducing the properties of the healthy artery reported in Tab. 1, a weighted average is derived, with a weight of 3 2 for the media and a weight of 3 1 for the adventitia [START_REF] Fung | Biomechanics: Mechanical Properties of Living Tissues[END_REF]. The equation used to derive parameter c is given Eq. 11. A similar equation is used for the other mechanical parameters ( 1 k , 2 k and  ). ), depending on the different model geometries considered in the parametric study. The coupled fluid-structure problem is discretized using a Galerkin-Least-Square method (GLS) and an implicit temporal discretization of order 5 using a Backward Differentiation Formula (BDF) with an adaptative time step. The non-linear problems are solved using a Newton-Raphson algorithm.

The mesh is refined close to the wall in order to take into account the viscous boundary layer:

the mesh size is prescribed 3 times finer near the wall than at the centre.

The minimum and the maximum Reynolds number (Eq. 12) are respectively min Re =300 and max Re =2000. The value of max Re justifies the use of a turbulence model [START_REF] Fung | Biomechanics, Circulation. Second Edition[END_REF]. The flow is modelled as being turbulent with the k- model [START_REF]COMSOL MULTIPHYSICS 3.4: Fluid-Structure Interaction Module[END_REF].
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where D is the inner diameter of the artery and V is the axial velocity: for min Re , D and V are taken at diastole in the healthy artery upstream the plaque and for max Re , D and V are taken at systole at the top of the stenosis.

The geometry described in section 2.1 is the unloaded pressure-free geometry corresponding to the initial condition of the numerical computation. The simulation is performed over four cardiac cycles. During the first cardiac cycle, the pressurization and the average blood flow are applied before considering pulsatile effects. During this stage, the fluid viscosity, the pressure at the outlet and the velocity at the inlet are set gradually in order to ensure numerical convergence:

 the axial velocity at the inlet is increased linearly from 0m/s to 0.3m/s (see z v (t=0) Fig. 2-A)

 the pressure at the outlet is increased linearly from 0mmHg to 91mmHg (see p(t=0)

Fig. 2-B)
 the fluid viscosity is decreased linearly from 0.05Pa.s to 0.005Pa.s Afterwards, three cycles of the actual pulsatile flow (see Fig. 2) are computed. The flow is fully established and periodic over the last cycle. Hence, the last cycle is used for the analysis.

Parametric study

In our model, different plaque parameters are set for reproducing the variability of real plaques:

 the fibrous cap thickness denoted e,  material parameter 1 k in the arterial wall and in the fibrous cap, respectively denoted wall k 1 and cap k 1 ,

 stenosis severity S defined in Eq. 1

 stenosis length L.
Each parameter is set independently of the other parameters (unidirectional parametric study).

The geometrical properties of the reference model are: mm. The reference values for 1 k are reported in Tab. 1. Simulations and analysis are performed for a wide range of these parameters using an interface between the COMSOL software and the MATLAB software [START_REF]COMSOL MULTIPHYSICS 3.4: Fluid-Structure Interaction Module[END_REF][START_REF] Matlab R | [END_REF].

The current study considers moderately severe plaques, between 20% and 70%. The current study is more focused on the effect of the stenosis length, as the effect of this parameter is not clearly understood and there exists a large range of plaque lengths. Plaques in the carotid artery may be short (L<10mm) [START_REF] Tang | 3D Critical Plaque Wall Stress Is a Better Predictor of Carotid Plaque Rupture Sites Than Flow Shear Stress: An In Vivo MRI-Based 3D FSI Study[END_REF][START_REF] Douglas | Extracranial Carotid Plaque Length and Parent Vessel Diameter Significantly Affect Baseline Ipsilateral Intracranial Blood Flow[END_REF]. Therefore, plaque lengths ranging between 5mm and 20mm are considered in this study (20 mm corresponds to a very long plaque [START_REF] Douglas | Extracranial Carotid Plaque Length and Parent Vessel Diameter Significantly Affect Baseline Ipsilateral Intracranial Blood Flow[END_REF]).

The fibrous cap thickness and the material parameters are taken into account for investigating the effect of the plaque stiffness.

Analysed criteria

The analysis is focused on the response at the systole. A special attention is paid to the four following criteria:

 the maximum von Mises equivalent stress in the fibrous cap defined as,

) ( ) ( 2 1 2 2 2 1 max           Max Max VM VM , ( 13 
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where 1

 and 2  are the principal stresses in the radial and longitudinal directions  the maximum wall shear stress (WSS),

) ( max f viscous f Max n σ   (14) 
 the average radial strain of the plaque,
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where R U is the radial displacement of the fibrous cap at the middle of the stenosis,  the global shear strain of the plaque,

m z R e h H U     0 0  , ( 16 
)
where z U is the longitudinal displacement of the fibrous cap at the middle of the stenosis.

The maximum von Mises equivalent stress, VM max  , defined in Eq. 13, is chosen to reflect the vulnerability of the plaque. The maximum WSS, max  , is mostly associated with the formation, growth and remodelling of the plaque [START_REF] Groen | Plaque fracture in carotid artery is localized at the high shear stress region: A case report[END_REF][START_REF] Cheng | Atherosclerotic lesion size and vulnerability are determined by patterns of fluid shear stress[END_REF][START_REF] Fukumoto | Localized elevation of shear stress is related to coronary plaque rupture: a 3-dimensional intravascular ultrasound study with in vivo color mapping of shear stress distribution[END_REF][START_REF] Yang | Advanced human carotid plaque progression correlates positively with flow shear stress using follow-up scan data: An in-vivo MRI multi-patient 3D FSI study[END_REF].

Criteria γ and ε R give an indication about the deformability of the plaque. The larger γ, the more deformable the plaque by shear. This mode of deformation is mostly induced by the drag force of the flow. The larger ε R , the more deformable the plaque in compression. This mode of deformation is mostly induced by the pressure variations.

Convergence study

The four criteria presented in section 2.7 are used for assessing the convergence of the numerical resolution.

Temporal convergence is obtained using an adaptative time step, with a maximal value of 0.001s. It was checked that the four criteria remain unchanged by decreasing the maximum value of the time step.

The spatial convergence is obtained using over 2680 P 2 P 1 elements for the fluid domain and over 3476 P 2 elements for the solid domain. It has been checked that increasing the degree of the shape functions to 3 P for the fluid velocity, 2 P for the fluid pressure and 3 P for the solid displacement has only a marginal influence on the analysed criteria (Tab. 2).

Results

Response of the stenosed artery

An example of results obtained from a FE analysis is shown in Fig. 3. Fig. 3-A shows the distribution of the von Mises equivalent stress in the plaque and in the healthy artery upstream and downstream the plaque, using a colour-coded representation plotted onto the deformed geometry at the systole. For visualizing the deformation between diastole and systole, the shape of the stenosed artery at diastole is represented in grey.

The percentage of diameter change between diastole and systole is about 5% in the healthy part of the artery (Fig. 3-A2), which corresponds to physiological conditions measured using MRI [START_REF] Avril | In vivo measurements of blood viscosity and wall stiffness in the carotid using PC-MRI[END_REF]. The percentage of diameter change is smaller in the stenosed region, due to the stiffening effect of the wall thickening (Fig. 3-A2).

The longitudinal component of the velocity

z f z v .e v 
is also represented at systole in Fig. 3-B using a colour-coded representation. Due to Venturi effect, the velocity increases from about 0.5m/s upstream the stenosis to about 1.7m/s downstream the stenosis. Recirculation occurs downstream the stenosis.

In the next sections, the results of the parametric study are presented. In Fig. 4 and5, the influence of parameters e, wall k 1 and cap k 1 , S, L, onto VM max  , max  , ε R and γ is displayed.

Influence of the fibrous cap thickness.

The influence of the fibrous cap thickness e onto the mechanical criteria is studied. For that, parameters (S,L) are set to (45%,10mm) and wall k 1 and cap k 1 are set to the values reported in Tab. 1. The increase of VM max  with respect to the decrease of the fibrous cap thickness e, shown in Fig. 4-A1, is in agreement with other studies stating that a thin fibrous cap is the parameter mostly associated with the plaque vulnerability [START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model. Simulation of the interaction between blood flow and atherosclerotic plaque[END_REF][START_REF] Loree | Effects of Fibrous Cap Thickness on Peak Circumferential Stress in Model Atherosclerotic Vessels[END_REF]. The increase of VM max  is more important from e=0.1mm to e=0.05mm. This result can be related to the result of Li et al. [START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model. Simulation of the interaction between blood flow and atherosclerotic plaque[END_REF]. They showed that mm e 1 . 0  could result in plaque rupture, even for a small stenosis severity.

The ratio between the volume of the lipid core and the fibrous cap thickness is sometimes used to characterise the plaque vulnerability: the greater this ratio, the more vulnerable the plaque [START_REF] Oppenheim | IRM Haute résolution de l'athérosclérose carotidienne: au-delà de la lumière artérielle[END_REF] but Gao and Long [START_REF] Gao | Effects of varied lipid core volume and fibrous cap thickness on stress distribution in carotid arterial plaques[END_REF] showed that the stress level in the fibrous cap is more sensitive to the fibrous cap thickness than to the lipid core volume.

Moreover as shown in Fig. 4, when e decreases, the average compression strain ε R decreases, whereas the average shear strain γ and the maximal WSS max  increases.

The stress criteria VM max  and max



and the deformation criteria ε R and γ will be analysed in the discussion considering a thin and homogenous fibrous cap (e=0.1mm).

Influence of the stiffness of the constituents.

The influence of the material parameters wall k 1 and cap k 1 onto the mechanical criteria are studied considering that the other parameters are set to (e,S,L)=(0.1mm,45%,10mm The variations of VM max  with respect to wall k 1 and cap k 1 (Fig. 4-A2,A3) shows that the plaque is more stable when each of these parameters increases. This result is in agreement with other studies reporting that a calcified plaque (stiffer) is more stable. Moreover Imoto et al [START_REF] Imoto | Longitudinal Structural Determinants of Atherosclerotic Plaque Vulnerability[END_REF] showed that a calcified inclusion in the fibrous cap can stabilize the plaque. However, Vengrenyuk et al. [START_REF] Vengrenyuk | A Hypothesis of Vulnerable Plaque Fracture due to Stress-Induced Debonding Around Cellular Microcalcifications in Thin Fibrous Cap[END_REF] showed that a fibrous cap with micro-calcification inclusions is related with high stress concentration and plaque fracture. This means that local and small inclusions may have the opposite effect of large calcifications.

The effect of wall k 1 and cap k 1 on the other parameters (compression strain ε R and average shear strain γ) is marginal within the range of tested values. Moreover, the mechanical properties of the healthy part of the artery affect only slightly the maximal WSS max  , whereas the mechanical properties of the fibre cap on the WSS is more pronounced. The decrease of max  with regard to an increase of cap k 1 is interesting; it shows that a compliant plaque is more prone to local erosion by wall shear stress. The behaviour of a compliant plaque, using the material parameters given in Tab. 1 [START_REF] Gasser | Modelling Plaque Fissuring and Dissection during Balloon Angioplasty Intervention[END_REF], onto the stress and deformation criteria will be detailed in the discussion.

Influence of the stenosis severity

The effects of the stenosis severity is investigated through the following range of values:

25%<S<70% with a constant plaque length L=10mm. The fibrous cap thickness is set to e=0.1mm and the values of wall k 1 and cap k 1 are reported in Tab. 1. In current clinical practice, when a vulnerable plaque is subjected to triggering events, the degree of severity of endoluminal stenosis (Eq. 1) is evaluated and the plaque is diagnosed as vulnerable if this criterion is beyond 70% [START_REF] Ecst | Interim results for symptomatic patients with severe (70%-99%) or with mild (0%-29%) carotid stenosis. European Carotid Surgery Trialists Collaborative Group[END_REF][START_REF] Nascet | Beneficial effect of carotid endarterectomy in symptomatic patients with high grade stenosis[END_REF]. With our model, the mechanical response is analyzed within a range of stenosis severities which are below the vulnerability threshold. Fig. 5-A which confirms that the degree of endoluminal stenosis affects the plaque vulnerability.

Influence of the stenosis length

Moreover, Fig. 5-A (right) shows that the plaque length is also strongly related to the plaque vulnerability even though this criterion is not taken into account in clinical practice. For instance, on one hand, the plaque with the parameters (S,L)=(55%,10mm) has a similar VM max  value as the plaque with the parameters (S,L)=(45%,5mm): VM max  (55%,10mm)=540.31kPa and VM max  (45%,5mm)=541.21kPa. On the other hand, for two plaques having the same severity S=45%, the maximum stress VM max  is 50% larger in the short plaque (L=5mm) than in a larger plaque (L=10mm), and the maximum WSS max  is increased of 100%.

In Fig. 5, it can be remarked that increasing the stenosis severity or decreasing the plaque length has similar effects on the mechanical criteria. The influence of both the stenosis severity and the plaque length on the fluid structure interaction and on the plaque vulnerability will be discussed in the next section.

Discussion

Compression or shear effects

In Fig. 5-C andD, the deformability of the plaque is investigated through its average compression strain ε R and its average shear strain γ. Considering that the stenosis length is set This transition is illustrated in Fig. 6-A which shows the stress distribution in the fibrous cap

( VM  ) for different severities and different lengths. It is noticeable that for ,10mm) % 35 ( ) , (  L S or for ) 15mm %, 45 ( ) , (  L S
the stress distribution is controlled by the blood pressure. In this case, high stresses are localized on the top of the stenosis. On the other hand, for (S,L)=(45%,10mm) or for (S,L)=(55%,10mm) or for (S,L)=(45%,5mm), the stress distribution is controlled shear which induces a localization of high stresses upstream stenosis.

In Fig. 7-B, the response of the plaque has been plotted by considering only the action of the blood pressure, without the action of blood flow. The results show that the mechanical response is completely different, without pinching effect.

The pinching effect appears for moderately thin fibrous cap (e=0.2mm) and increases when the fibrous cap thickness decreases. It is illustrated by the increase of the shear strain γ and the decrease of the compression strain ε R with respect to the decrease of the fibrous cap thickness e, respectively shown in Fig. 4-C1 and D1.

As shown in Fig. 6-A, the plaque pinching does not present an upstream-downstream symmetry. For instance, for L=5mm and for S=55% (Fig. 6-A), there is no symmetry because the global flow, the flow recirculation and the recirculation depression do not produce the same magnitude of force acting upstream and downstream the stenosis.

This puts in evidence that the action of blood flow is essential because it induces stress concentrations. Tang et al. evoked already that a local stress concentration is more closely related to plaque fracture [START_REF] Tang | Local Maximal Stress Hypothesis and Computational Plaque Vulnerability Index for Atherosclerotic Plaque Assessment[END_REF] but the pinching effect has never been referenced.

Localization of the WSS ( ) is also shown in Fig. 6-B, with high concentrations when the plaque is pinched. As WSS may be related with the plaque ulceration [START_REF] Groen | Plaque fracture in carotid artery is localized at the high shear stress region: A case report[END_REF][START_REF] Cheng | Atherosclerotic lesion size and vulnerability are determined by patterns of fluid shear stress[END_REF][START_REF] Fukumoto | Localized elevation of shear stress is related to coronary plaque rupture: a 3-dimensional intravascular ultrasound study with in vivo color mapping of shear stress distribution[END_REF], the results

show that when the pinching effect is strong, this may also induce plaque ulceration in real cases.

Main limitations

The mechanical properties of the artery. The Holzapfel material model was chosen because it is an appropriate model taking into account the nonlinear and anisotropic behaviour of arteries. Other material models could be used as Mooney-Rivlin models [START_REF] Tang | 3D MRI-Based Multicomponent FSI Models for Atherosclerotic Plaques[END_REF][START_REF] Chau | Mechanical Analysis of Atherosclerosclerotic Plaques Based on Optical Coherence Tomography[END_REF] and Ogden hyper-elastic models [START_REF] Versluis | Fatigue and plaque rupture in myocardial infarction[END_REF][START_REF] Li | How critical is fibrous cap thickness to carotid plaque stability? A flow-plaque interaction model. Simulation of the interaction between blood flow and atherosclerotic plaque[END_REF]. It has been verified that the pinching effect and the importance of plaque length are preserved even if these other material models are used. They are also preserved if different properties are considered for both layers of the healthy artery (media and adventitia, see section 2.4). Actually, as shown in Fig. 4-A2, B2, C2 and D2, the material properties of the healthy artery wall have a marginal influence on the pinching effect.

An important question is also the convexity of strain energy function defined in Eq. 10. As recommended by Holzapfel et al. [START_REF] Holzapfel | A new constitutive framework for arterial wall mechanics and a comparative study of material models[END_REF], if I 4 and/or I 6 are less than 1, their contribution is cancelled from the strain energy function. This guarantees the convexity of the strain energy function whatever the material parameters.

Another important question is the impact of the choice of the material parameters of the artery on the mechanical response. The results displayed in Fig. 4 tend to show that the impact of the material properties of the artery onto the response of the plaque is less important than the impact of geometrical parameters like the severity, the thickness and the length.

However, the material properties of the artery used in the parametric study are defined as averages of the properties of the media and of the adventitia. It has been verified that this simplification does not alter the form of the mechanical response of the artery. For this verification, the longitudinal and circumferential stress/stretch curves of the different models of artery used in this paper have been plotted in Fig. 8 and compared to the stress/stretch curves of the original models taken from Gasser et al. [START_REF] Gasser | Modelling Plaque Fissuring and Dissection during Balloon Angioplasty Intervention[END_REF]. It can be observed that the variety of parameters tested in our parametric study encompass the stress/stretch curves of the media and adventitia models reported in [START_REF] Gasser | Modelling Plaque Fissuring and Dissection during Balloon Angioplasty Intervention[END_REF]. Moreover, the different curves have similar shapes, which show that varying the parameters of the model results mainly in variations of the compliance of the artery itself.

The perivascular tissues. The vessel receives perivascular constraint from the surrounding tissues [START_REF] Tovar-Lopez | Structural ans hydrodynamic simulation of an acute stenosis-dependent thrombosis model in mice[END_REF]. Considering the stiffness of the surrounding tissue may increase the rigidity of the structure, similarly as playing with the stiffness of the artery wall itself. It has been observed that the material properties of the healthy artery wall have a marginal influence on the analysed mechanical criteria (Fig. 4-A2, B2, C2 and D2). Then the effect of the surrounding tissue may not be considered as prominent.

The blood viscosity.

Stenoses have an influence on the blood flow but can also have an impact on its viscosity. The blood is not a Newtonian fluid. The blood, composed of 80% plasma, may be assumed as a Newtonian fluid in healthy arteries with diameter larger than 5 mm. But the presence of red cells influences the blood viscosity when the hematocrite (ratio between the volume of red cells and the volume of plasma) increases. It is the case when the arterial lumen decreases or when the red cells aggregates [START_REF] Fung | Biomechanics, Circulation. Second Edition[END_REF][START_REF] Owens | A new microstructure-based constitutive model for human blood[END_REF]. This aggregation occurs in an area with many red cells and where the shear stress is less than 1 Pa [START_REF] Mazumdar | Biofluid Mechanics[END_REF]. Such a zone can be localized in a recirculation like downstream the stenosis. The red cells are trapped in a zone where they can aggregate. This case should be taken into account if one would like to refine the local shear stress just downstream the stenosis.

The boundary conditions. The effect of pressure and flow variability is not analysed. Such analysis may be interesting with regard to the pinching effect and it will be achieved in the future. Moreover, the existence of an axial pretension in the artery (tethering effect) is also an aspect that may be important, especially concerning the zero-stress state in real geometries [START_REF] Huang | Patient-specific artery shrinkage and 3D zero-stress state in multi-component 3D FSI models for carotid atherosclerotic plaques based on in vivo MRI data[END_REF][START_REF] Lu | Inverse elastostatic stress analysis in pre-deformed biological structures: Demonstration using abdominal aortic aneurysms[END_REF]. Given that our geometries were ideal, this aspect was not considered.

The geometry. This study offers an analysis of the influence of plaque shape on fluid structure interactions especially concerning the plaque length. Nevertheless there is no axisymmetric plaque in real case and the dimensions of the plaque used in our study are not representative of a given physiological scenario. The dimensions of the plaque were defined for encompassing a wide range of possible scenarii regarding plaque lengths, plaque severities, fibre cap thickness and material properties of the tissues. Other models are under development: asymmetric plaques, axisymmetric plaques with shape irregularities. The radius of the artery used in this study is based on the dimensions of the human common carotid artery [START_REF] Fung | Classical and computational solid mechanics[END_REF][START_REF] Krejza | Carotid Artery Diameter in Men and Women and the Relation to Body and Neck Size[END_REF]. It would also be interesting to evaluate the effect of the artery radius for mimicking for instance the plaque behaviour in the internal carotid artery which is smaller.

The unloaded state of the artery

The arterial radius for the unloaded (no pressure) condition was set at 3.00 mm and the average arterial radius for the pressurized condition (Fig. 3-A2) was 3.625 mm at diastole and 3.825 mm at systole. This indicates an expansion of artery. This expansion was not calibrated upon physiological data. It was applied because the hyperelastic constitutive equations are a model of the mechanical behaviour with regard to the unloaded (no pressure) state of the artery. However, we did not study how the choice of the unloaded geometry affects the mechanical response of the plaque. Moreover, the effect of the axial prestretch is also an aspect that still has to be evaluated.

Conclusion

This study shows that geometric and mechanical properties of atheromatous plaques affect significantly its mechanical response to the action of pulsatile blood flow. Notably for a short, severe and compliant stenosis, the blood pinches the plaque. In this case the stress localization and plaque vulnerability is emphasized.

These results may offer some new perspectives for understanding the vulnerability of short plaques. Unfortunately there are only few experimental papers available on this subject in the literature. Future work will consist in achieving such experimental investigations for characterizing the vulnerability of short plaques from clinical data. Moreover, more sophisticated models are under development in order to evaluate the effects of shape irregularities and asymmetry. 
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 10 , in Fig.5-C and D(left), it can be noted that the mode of deformation changes transition. On one hand, below the transition, the compression strains overwhelm the shear strains. On the other hand, beyond the transition severity, the opposite effect occurs.Increasing the stenosis severity or decreasing the plaque length has similar effects on the mechanical criteria. Considering that the stenosis severity is set to % the transition length, the compression strains overwhelm the shear strains, whereas the opposite effect occurs for short stenoses.
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If shear overwhelms compression, the plaque length has a significant effect onto the plaque vulnerability. The shorter the plaque, the more vulnerable.

If compression overwhelms shear, the study shows that a solid model without FSI, just considering pressure loads, is sufficient [START_REF] Loree | Effects of Fibrous Cap Thickness on Peak Circumferential Stress in Model Atherosclerotic Vessels[END_REF][START_REF] Ohayon | In vivo prediction of human coronary plaque rupture location using intravascular ultrasound and the finite element method[END_REF][START_REF] Ohayon | A three-dimensional finite element analysis of stress distribution in a coronary atherosclerotic plaque: In-vivo location of plaque rupture location[END_REF][START_REF] Li | Stress analysis of carotid plaque fracture based on in vivo high resolution MRI[END_REF]. However, a model with FSI is necessary when the shear effects become significant [START_REF] Tang | Local Maximal Stress Hypothesis and Computational Plaque Vulnerability Index for Atherosclerotic Plaque Assessment[END_REF][START_REF] Tang | Sites of Rupture in Human Atherosclerotic Carotid Plaques Are Associated With High Structural Stresses. An In Vivo MRI-Based 3D Fluid-Structure Interaction Study[END_REF][START_REF] Tang | 3D Critical Plaque Wall Stress Is a Better Predictor of Carotid Plaque Rupture Sites Than Flow Shear Stress: An In Vivo MRI-Based 3D FSI Study[END_REF][START_REF] Gao | Effects of varied lipid core volume and fibrous cap thickness on stress distribution in carotid arterial plaques[END_REF][START_REF] Tang | 3D MRI-Based Multicomponent FSI Models for Atherosclerotic Plaques[END_REF][START_REF] Yang | In Vivo/Ex Vivo MRIbased 3D Non-Newtonian FSI Models for Human Ahterosclerotic Plaques Compared with Fluid/Wall-Only Models[END_REF][START_REF] Kock | Mechanical stresses in carotid plaques using MRI-based fluid-structure interaction models[END_REF][31][START_REF] Huang | Patient-specific artery shrinkage and 3D zero-stress state in multi-component 3D FSI models for carotid atherosclerotic plaques based on in vivo MRI data[END_REF][START_REF] Gao | Study of carotid arterial plaque stress for symptomatic and asymptomatic patients[END_REF]. This remark is interesting for choosing appropriate patient-specific models.

Plaque pinching

If shear overwhelms compression, results shown in Fig. 6-A give an interesting explanation for the deformed shape of the fibrous cap. Indeed, it can be observed that the plaque is compressed from both sides of the stenosis, upstream and downstream, resulting in a pinching effect of the plaque. The pinching effect comes from the coupled action of two phenomena: Each flow compresses the stenosis on both sides, upstream and downstream. This phenomenon is schematized in Fig. 7-A. Due to the Venturi effect and flow recirculation, the pressure decreases [START_REF] Landau | Fluid Mechanics[END_REF], inducing outward tractions onto the plaque. These phenomena may also induce buckling in the fibrous cap.
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