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Abstract

There are many evidences that coronary plaque is not only dependent on the for-

mation and progression of atherosclerosis, but also on the vascular remodelling re-

sponse. If the local wall shear stress is low, a proliferative plaque may develop. Local

inflammatory response will stimulate the formation of a plaque prone to rupture

with superimposed thrombus formation (vulnerable plaque). Furthermore, the role

of the wall shear stress in the genesis and the development of atherosclerotic dis-

eases has been recently intensively investigated, examining its relationship with the

presence of lesions and the intima media thickness. Due to the important role of pul-

sating blood flow, pressure and hemodynamics factors in atheroma growth, a Fluid

Structure Interaction (FSI) parametric study of a 3D atherosclerotic artery has been

carried out, with aim of studying the main geometrical risk factors in terms of plaque

vulnerability.
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1 Introduction

Cardiovascular diseases related to atherosclerosis are nowadays recognized as one

of the principal causes of death worldwide. Atherosclerosis is a pathological pro-

cess in which plaques, consisting of deposits of cholesterol and other lipids, calcium

and large inflammatory cells called macrophages, connective tissue and other sub-

stances, are built up in the inner lining of the arterial walls of the arteries [1]. This

fatty tissue, known as atheroma, cause narrowing or stenosis of the lumen, rupture

or erosion of the arterial wall, hardening of the arteries and loss of their elasticity,

which leads to an eventual or complete reduction in the blood flow through the

vessels. Nevertheless, the most serious damage occurs when the plaque becomes

fragile and ruptures (vulnerable plaque). Plaque rupture causes the formation of

blood clots that can block blood flow or break off and travel to another part of the

circulatory system producing heart attacks and strokes among other pathologies.

Plaque disruption tends to occur at points where the plaque surface is the weakest

and most vulnerable. These locations coincide with points where stresses, which

are affected mainly by tissue properties and plaque geometry, are concentrated [2].

Traditionally, coronary atheroma plaques with a thin fibrous cap thickness and high

stenosis ratio have been considered as prone to rupture. However, several pathologi-

cal and biomechanical studies [3–6] have provided morphological descriptions of the

vulnerable risk, and it can be concluded that the fibrous cap thickness alone is not

a sufficiently accurate predictor for plaque stability. The lipid core length and width

are also very important parameters on vulnerability [4,6,7]. Nevertheless, apart from

plaque morphology, there are other factors which could play a key role in the initi-

ation of failure such as the presence of microcalcifications [8–11] or hemodynamic

features such as blood flow separation and circulation. Within this context, the com-
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plex blood flow dynamics in the arterial system has been also recognized to have

a key role in the initiation and development of plaques [12,13]. In particular, low

endothelial shear stress of the plaque is recognized to be prone to develop plaque

while the high shear stress region is indicated as responsible of destabilization of the

cap covering the plaque [13]. Weakening of the cap will eventually result in plaque

rupture. Computational Fluid Dynamics (CFD) has been applied in diseased and

non-diseased arteries. Until now, a variety of factors related to hemodynamics in

plaque region have been proposed to quantify flow disturbances as potential predic-

tors for arterial wall dysfunction, including the Time Averaged Wall Shear Stress

(TAWSS) [14–16], the Oscillatory Shear Index (OSI), the Relative Residence Time

(RRT), the WSS Spatial Gradient (WSSG) or the WSS Angle Gradient (WSSAG)

[17]. Within the atherosclerosis on coronary arteries, studies on these diseased ar-

teries are normally focused on hemodynamic aspects, neglecting the interaction

between blood flow and arterial walls, evaluating the WSS at the rigid walls and

connecting it with atheromatous pathologies [18,14,19–21]. While several FSI simu-

lations has been performed in 2D models [22,23],3D models have also been utilized

to predict wall shear stress and wall stress patterns in healthy subjects [24]. Tang

and coworkers [25–31] extensively work on FSI approach of atheromatous plaque

using patient specific-based models and performing statistical analysis for carotid

and coronary arteries. Li et al. [32] constructed an idealized 3D atheroma plaque

model with varying stenosis degree of 30%, 50% and 70%, to study the wall motion

in plaque throat. The results suggested that severe stenosis may inhibit wall motion.

Ohayon et al. [33] quantified the WSS and the stiffness in coronary bifurcations and

investigated the correlations with atheroma plaque sites.

In this study, we carried out a 3D FSI parametric study of an idealized coronary

vessel with aim to quantify and investigate the biomechanical interaction between

the most influential geometrical factors of the vessel in the plaque rupture: (i) the

fibrous cap thickness; (ii) the stenosis ratio; (iii) the lipid core width and (iv) the

lipid core length. Both distributions on the solid part model such as the maximum

principal stress (MPS) or the blood vessel deformations, and on the fluid part such
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as the wall shear stress (WSS), time average wall shear stress (TAWSS), residual

resident time (RRT), oscillatory shear index (OSI) and average wall shear stress

gradient (AWSSG) have been obtained. Furthermore, the influence of including the

fluid effects has been shown by comparing the results of a 3D parametric study

published by the same authors [6] with the obtained results on this FSI analysis.

2 Materials and Methods

2.1 Model Geometry

An idealized model of artery with an eccentric stenosis was used to carry out an FSI

3D parametric study in order to investigate the influence of the essential geomet-

rical factors related to the plaque rupture such as lipid core locations and plaque

morphology. Atherosclerotic vessel morphology and its dimensions were obtained

from Versluis et al. [34] and Bluestein et al. [8]. The selected dimensions represent

a standard coronary artery. In particular, for the considered model, the vessel ex-

ternal diameter was 4 mm, the wall thickness was 0.5 mm and the vessel length

was 20 mm. The plaque consists of a lipid pool, which is enveloped with a thin

fibrous cap and located in the inner surface of the vessel. The healthy vessel wall is

composed of two layers; media and adventitia, however the media was considered

as fibrotic layer in those areas with atheroma plaque. Therefore, the solid model

was divided in 4 parts: adventitia, media, plaque and lipid core, and the fluid part

corresponds to the volume inside of the solid model part (Fig. 1). The parametric

study evaluates a series of idealized plaque morphology models representing differ-

ent stages and variations of the atherosclerotic lesion growth. The most influential

geometric parameters were extracted from previous works [3,5,6]. These are: the fi-

brous cap thickness, (fc), the stenosis ratio in the central cross-section (sr) - which

is obtained by dividing the lumen radius by the lumen radius of a normal artery

(R = 1.5 mm), sr(%) = r(mm)
R(mm)100 -, the lipid core length (l) and the lipid core
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Table 1

Geometrical parameter values used to generate the 17 parametric 3D models (the

values for the reference case are written in bold

Parameters 1 2 Cb 4 5

fc (mm) 0.025 0.035 0.05 0.1 0.15

sr (mm) 46.7 53.3 56.7 60 66.7

l (mm) 1 2 4 6 8

w (%) 30 45 60 75 90

width (w). The lipid core width (w) was defined as the ratio between the percent-

age of the atheroma plaque width (w1) and the distance from the inner point of the

lipid core to the outer point of the fibrotic plaque (w2), a(%) = w1(mm)
w2(mm)100 (see Fig.

1). Five realistic morphological data were considered of each parameter: the fibrous

cap thickness (0.025 ≤ e ≤ 0.15, in mm), the lumen radio (0.7 ≤ r ≤ 1, in mm),

the lipid core length (1 ≤ l ≤ 8, in mm) and the lipid core width (30 ≤ a ≤ 90, in

%). Combining these five values for each parameter, a total of 17 idealized models

of artery with atherosclerotic plaque were obtained. It has to be noted that, consid-

ering the intermediate value of each geometrical parameter, the reference model or

base case (Cb) is defined. The remaining 16 models were obtained changing only

one parameter each time, from the range described above keeping unchanged the

another three parameters (see Tab. 1). Grid size for solid and fluid part are ap-

proximately 125000 and 800000 tetrahedral elements, with 25000 and 140000 nodes

respectively. Figure 2 shows both the solid and the fluid mesh and geometry artery

model. Figures 2.a and 2.b, respectively, correspond to one of the 17 computed

models.
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Table 2

Material parameters of the SEF developed by Holzapfel et al. [35] used for the

adventitia (A), the media (M), the atheroma plaque (P) and the lipid core (L)

µ(kPa) k1(kPa) k2(−) ρ(−) β (◦) ε(−)

A 1.99 89.97 97.30 0.77 ± 36 0.036

M 1.02 25.11 8.58 0.32 ± 30.28 0.019

P 10.99 950.88 5.00 0 - 0.054

L 0.01 66.24 4.99 0 - 0.031

2.2 Material properties

2.2.1 Arterial wall

The material properties of the solid part were based on the experimental data of

Holzapfel et al. [35] for the media and adventitia layers and Versluis et al. [34] for

the lipid core and the fibrotic plaque. The material constants were fitted by the

strain energy function (SEF) proposed by Holzapfel et al. [35] (see Tab. 2):

Ψ = µ[I1 − 3] +
k1
2k2

∑
i=4,6

[exp
(
k2
[
[1 − ρ][I1 − 3]2 + ρ[Ii − 1]2

])
−1] (1)

where µ > 0 and k1 > 0 are stress-like parameters and k2 > 0 and 0 ≤ ρ ≤ 1 are

dimensionless parameters (when ρ=1 the fibres are perfectly aligned and when ρ=0

the fibres are randomly distributed and the material is considered as isotropic), I1 is

the first invariant, and I4 and I6 are invariants which depend on the direction of the

family of fibres at a material point [35]. Healthy wall was modelled as an anisotropic

material with two families of fibres, oriented at ±36◦ and ±30.28◦, with respect to

the circumferential direction, for the adventitia and media layer, respectively.
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2.3 Boundary conditions

The blood flow was modeled as laminar, incompressible (density, ρf=1050 Kg
m3 ) and

non-Newtonian, using the Carreau constitutive law. The Carreau model assumes

that the viscosity of blood, µ, varies according to the following equation:

µ = µ∞ + (µ0 − µ∞) · (1 +Acγ̇
2
ij)

mc (2)

where µ0 and µ∞ are low and high shear rate asymptotic values, while the param-

eters Ac and m control the transition region size [36]. The Carreau blood model

predicts decreasing viscosity at high strain. For this study we used the experimen-

tal values provided in [36] and used also by other authors [37,38]: µ0 = 0.056 N ·s
m2 ,

µ∞ = 0.00345 N ·s
m2 Ac=10.975 and mc=-0.3216. As usual for FSI analyses, mixed

velocity-pressure boundary conditions are required in order to correctly compute

flow features and structural stresses, strains and displacements. Therefore, for this

study, physiological coronary flow and pressure waveforms are necessary. These con-

ditions, imposed at the inlet and at the outlet of the model respectively were ex-

tracted from the experimental data of Davies et al. [39]. Furthermore, for the solid

model, in order to avoid the rigid body movement of the arterial model, the dis-

placements were constrained at the ends of the blood vessel [16]. Finally, in order to

dump the influence of the boundary conditions imposition, five diameter inlet and

outlet extensions were added to the models.

3 Results

3.1 Stresses distribution in the arterial wall

The MPS distribution occurring on each of the considered 17 models were studied.

Figure 3 shows the obtained 17 MPS contour maps in the cross central section of each

model at the instant of time corrsponding to the peak pressure (t = 0.36 s). These

contour maps show that the maximum MPS is produced in the fibrous cap region

in all models. Furthermore, it should be noted that any of the 17 studied models
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exceeds the threshold stress of 247 kPa which has been suggested in the literature

to define atheroma plaque vulnerability [6,40]. For the sake of clarity, Fig. 4 shows

the maximum MPS at peak flow during diastole (t = 0.36 s) in order to compare the

variation of this stress versus each of the geometrical parameters considered in this

3D FSI parametric study. Thereby, the tendency of the maximum MPS versus each

geometrical parameter can be observed. Figure 4.a shows the MPS evolution with

fibrous cap variation, showing a dramatically increase of MPS as this parameter

decreases. Comparing the models with 0.15, 0.1 and 0.05 mm of cap thickness, the

maximum MPS values obtained are 64.3, 73.98 and 139.11 kPa, respectively. For the

stenosis ratio and lipid core parameters, Fig. 4.b and 4.d, respectively, the maximum

MPS increases slightly as these parameters increase. Finally, for the lipid core length,

Fig.4.c, the maximum MPS increases as the lipid core length increases until 4 mm,

and after that, the maximum MPS remains practically constant. Furthermore, as

aforementioned, any conclusion about vulnerability limits could be obtained from

these results since any model exceed the vulnerability threshold stress value of

247 kPa [6,40]. Figures 3 and 4 show the MPS contour maps and the maximum

MPS, respectively, of each studied model at t = 0.36 s, which corresponds to the

maximum pressure instant. However, since the applied pressure varies with the

time, the maximum MPS also varies along the imposed physiological cardiac cycle.

Therefore, Fig. 5 illustrates the tendency of the maximum MPS along this cycle

(∆t = 0.9 s). The trend observed in the maximum MPS variation along the time is

similar to the applied time varying pressure cycle, being the maximum MPS reached

at 0.36 s which corresponds to the moment of maximum pressure applied.

3.2 Arterial deformation

A previous study from the same authors [6] provided some guidelines to assess the

atheroma plaque vulnerability according to four of the most influential geometri-

cal parameters on the risk of plaque rupture by means of FE structural analysis,

and assuming constant internal pressure. The geometry and general dimensions, the

boundary conditions and the material parameters used in that study where the same

8



than those defined in this study. Thus, in order to assess the influence of including

the blood flow effects in the model, the results of both studies have been compared.

It should be noted that the maximum pressure reached in the application of the

physiological coronary cycle for the FSI study is equivalent to that used as internal

constant pressure (140 mmHg or 18.3 kPa) for the FE study so that the comparison

has been performed at this at peak diastole (t = 0.36 s). The results, looking at the

MPS contour maps in the cross central section of the reference case model, showed

similar distributions. In addition, maximum MPS value was analogous and located

at the same location of the fibrous cap for both models. This clearly demonstrates

that the fluid-structure interaction approach provides for this study very similar

results in term of MPS, even taking into account the effect of the fluid, neglected

in [6].

Plaque rupture may occur when the plaque structure cannot resist the hemody-

namic blood pressure and shear stress [3,5]. Hemodynamic blood flow acts in fact

as an extrinsic factor exerting pressure and shear stress on the plaque. The deforma-

tion of the plaque in turn will affect blood flow. Figure 6 shows the undeformed and

maximum deformed model geometries for one of the 17 studied models (base case) in

order to observe the differences between both states. Furthermore, the contour map

of the maximal principal strain, which corresponds to the circumferential direction,

(in logarithmic scale) for the instant of maximum pressure applied (t = 0.36 s) are

also shown. Observing this contour map, it is visible how the maximum maximal

principal strain occurs in the artery wall close to the ends of the artery. As expected,

this fact is related to the great stiffness of the central zone of the model due to the

presence of the atheroma plaque, allowing more radial expansion in zones without

atherosclerotic lesions. However, in order to predict atheroma plaque rupture, the

maximal principal strain should be observed in the critical zones of the model, i.e, in

the internal surface of the atheroma plaque. Figure 7 depicts the maximum percent-

age deformation of the 17 studied models. Furthermore, the maximum deformation

of the atheroma plaque is around 15% and it is quite similar for all the considered

models, ranging from 11.6 to 16%, being these deformations allowable for an artery
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[41,5]. The high maximum principal strain presented in these models and the differ-

ence between original and deformed configurations (Fig. 6) supports the use of FSI

analysis to get more accurate measures of structural and hemodynamic results. A

trend is observed between the parameters and the maximum principal deformation

since it increases as the lipid core width and length and the stenosis ratio increase,

but on the contrary, it decreases as the fibrous cap thickness increases. Addition-

ally, since the deformations are directly related to the stresses, this observed trend

is analogous than that found for the case of the maximum MPS. Furthermore, the

maximum deformation of the atheroma plaque is quite similar for all the consid-

ered models, varying around a 6% for the extreme cases, being these deformations

allowable as an artery deformation. Notwithstanding, the maximum maximal prin-

cipal strain varies from one to another parameter, reaching deformation variations

of 4.5% and 5%, for the fibrous cap thickness and for the lipid core length respec-

tively, which are slightly higher than for the other two studied parameters (3%).

3.3 Hemodynamic Factors

Due to the importance of diverse hemodynamic factors in the atherosclerosis devel-

opment, the study of several hemodynamic variables such as wall shear stress (WSS),

time average wall shear stress (TAWSS), oscillatory shear index (OSI), relative res-

ident time (RRT) and average wall shear stress gradient (AWSSG) has been carried

out. These quantities, well known in the literature of the field, are computed in this

study according to [42]. Since the WSS distribution in the studied artery model

mostly depends on the stenosis severity, similar WSS contour maps have been ob-

tained for models with the same value of stenosis ratio (see Fig. 6), although the

other three parameters, which modify the geometry of the atheroma plaque but not

the internal geometry of the blood vessel, slightly varies from one to another model.

Therefore, only 5 WSS patterns have been found in this study, corresponding to the

reference case and the four variations of the stenosis ratio respect to the base case.

Concerning the WSS as expected we found a region characterized by a high WSS

value around the stenosis zone (atheroma plaque area) caused by the blood flow

impacting against the arterial wall, founding greater WSS values as the stenosis
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ratio decreases. This WSS difference rises from 45.8 Pa to 28.9 Pa (Fig. 8), for the

most and less stenosis ratio considered (sr = 46.7% and sr = 66.7%), respectively.

Although a direct link between the plaque rupture and high shear stress has not

been established, as suggested in literature, this high WSS could induce thinning of

the fibrous cap and may destabilize the plaque [43]. However, the minimum WSS

occurs in the pre and post stenotic areas, corresponding to the zones where blood

recirculation areas are found. The minimum WSS remains practically constant de-

spite of the stenosis ratio variation, since the minimum WSS varies from 0.78 Pa

to 0.1 Pa, for the most and less severe atherosclerotic lesion considered, respec-

tively. This small variations are related to the inverse flow where the recirculation

intensity decreases as the stenosis ratio increases, and thus the WSS decreases too.

Not only the WSS represents a valid variable to study atherosclerosis progression,

it is also important to analyze the variation of this parameter along the cardiac

cycle or its spatial variation. Figure 9 shows the maximum TAWSS varying for the

four different geometrical parameters considered in this work. The only parameter

that really influences TAWSS is the stenosis ratio (Fig. 9.b), where a clear negative

linear correlation appears between TAWSS and sr (r = −0.988, p = 0.002), varying

from 22.3Pa to 9.28Pa for sr = 46.7% and sr = 66.7%, respectively. The TAWSS

increases with a decreasing sr parameter. The TAWSS presents a non-symmetric

distribution respect the central plane, reaching higher values in the post-stenotic

zone. The other three parameters, cap thickness, lipic core length or lipic core width,

do not show any significant correlation with TAWSS, with slight variations of 5-

10% due to small changes in the location of the maximum TAWSS point. Other

hemodynamical parameters usually referred in the literature as related with plaque

apparition or progressions, OSI, RRT and AWSSG were also studied. The depen-

dence of these parameters with the morphological variables was analyzed. Almost

any correlation was found among any of these hemodynamical parameters and any

geometrical factor. The better correlation appeared between the stenosis ratio and

the hemodynamical parameters and it is depicted in Figure 10, where the maximum

value of the OSI, RRT and AWSSG is represented. The correlation coefficient for
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RRT and AWSSG was r = −0.457, r = −0.584. The other three morphological

parameters do not significantly affect the hemodynamics of the vessel.

4 Discussion

Plaque stress has been studied for several decades as a 2D structure. Fully coupled

3D plaque stress in both structure dynamics and hemodynamics are only recently

explored, demonstrating better performance than 2D models [41]. The extremely

high stress locations in the fibrous cap and shoulders regions have been mostly

considered to be main factors responsible for plaque rupture. Collapse of severe

but compliant stenoses due to negative transmural pressures may produce highly

concentrated compressive stresses from buckling of the wall with bending deforma-

tion, preferentially involving plaque edges, and theoretically, this could contribute

to plaque disruption [44]. Furthermore, the propagating pulse wave causes cyclic

changes in lumen size and shape with deformation and bending of plaques, particu-

larly the soft ones, and therefore, the repetitive deformations caused by the cardiac

cycle may play an important role in lesion stability [45]. Other features such as great

arterial deformations, high wall shear stress values at the arterial wall or blood flow

vorticity could also contribute to the atheroma plaque instability [44,45]. Moreover,

some variables, which can be obtained by FSI analysis, such as the low WSS and/or

time dependent vorticity has been linked to the initiation of atherosclerotic lesions

[12,13]. Consequently, the importance of cardiovascular FSI modeling can be demon-

strated since this kind of analysis allows an accurate prediction of not only potential

sites of vulnerable plaque rupture through the stress distribution of the atheroscle-

rotic artery model but also the initiation and progression of the lesions related to

the WSS pattern. Additionally, the effect of complex arterial loading experienced

under pulsatile flow conditions has been shown neglectable for the accurately pre-

diction of the MPS, as we have found similar MPS contour maps obtained by the

FSI and pure structural analysis, respectively. This means that regarding the MPS

distribution along the vessel model, the FSI analysis leads to similar conclusions

than those obtained for the pure structural models [6]. The fibrous cap thickness is

12



the most influential parameter in terms of plaque vulnerability, increasing the MPS

as this parameter decreases. The lipid core length and width are less influential pa-

rameters on plaque stability, however, they should be taken into account to assess

atheroma plaque vulnerability risk. MPS increases as these parameters increase.

Finally, the stenosis degree may not be a good predictor for plaque rupture risk,

occurring a slight increase of MPS as this parameter increases. Furthermore, any

of the 17 simulated models by FSI analysis has been predicted as vulnerable (MPS

higher than the vulnerability threshold of 247 kPa) since the considered geometric

models are built from combination of parameter values out of the vulnerability lim-

its defined in Cilla et al. [6]. Moreover, as expected, the MPS distribution follows

a tendency similar to the applied cardiac cycle. Maximal arterial deformation can

be found in the non-stenotic zones of the model. However, the maximal principal

strains should be observed at the critical zones (stenotic areas) in order to extract

conclusions about atheroma plaque vulnerability. Then, the maximum deformation

at these sites remains around 15% for all studied model. Furthermore, as for the

maximum MPS, the maximum deformation increases as the stenosis ratio and lipid

core width and length increase, and it decreases with the fibrous cap thickness. As

mentioned in the introduction section, the WSS is believed to play an important

role in the plaque initiation and development. Low WSS or highly oscillatory WSS

on vessel segments appear to be at the highest risk for development of atherosclero-

sis, since these phenomena modulate the endothelial expression. This fact is due to

complex mechanoreception and mechanotransduction processes, inducing an athero-

genic endothelial phenotype and formation of an early atherosclerotic plaque [46].

Furthermore, some authors such as Groen et al. [47,43] proposed that the high WSS

in the fibrous cap could produce the rupture of vulnerable plaques. Additionally,

because WSS is affected by luminal dimensions, some authors have argued that the

local WSS can be estimated from purely anatomic measures such as angiography

or intravascular ultrasound [12]. In this study, high WSS values have been found in

the central part of the stenosis, which could exacerbate the atheroma plaque unsta-

bility. On the contrary, low WSS values are identified in the post stenotic region,
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zones of flow recirculation, providing an indication of possible areas of atheroma

plaque initiation. As expected, the distribution of this variable varies just with the

stenosis degree. Therefore, the stenosis ratio which was defined as not influential

in term of plaque stability, plays an important role in the appearance and pro-

gression of atheroma plaque. TAWSS is mainly affected by stenosis ratio, while the

other hemodynamics factors, OSI, RRT and AWSSG do not show a clear correlation

with and morphological parameter. As stated in literature non-stenotic vulnerable

plaques are associated with low shear stress values, which can promote inflamma-

tion and influence plaque stability. This contrasts with stenotic high-risk plaques

that are typically exposed to high shear stress. For this reason, co-localization of

high stresses at the lumen wall and low plaque strength may be considered as a

novel future marker for identification of vulnerable plaques [48].

5 Conclusion

A FSI model of an idealized straight coronary artery was created and analyzed un-

der several parametric geometrical variations in order to find which parameters are

more relevant in terms of plaque initiation, progression and rupture. Several hemo-

dynamic and mechanical indexes were computed. The simulations results show that

hemodynamics and mechanical factors are not directly coupled and mutually influ-

enced. Due to the increased stiffness of the artery at the stenosis, the hemodynamics

of the artery resulted not affected by the compliance. The fluid dynamics parame-

ters seemed to be dependent only on the stenosis ratio. On other hand, we found

that the mechanical variables such as maximum principal stress and strain were

dependent on the geometry of the artery. Furthermore, a comparison between FE

and FSI results shows no influence of these variable on the arterial hemodynamics.

Therefore, the results of the present study suggest the possibility to perform FE and

CFD separately in the future, rather using FSI for idealized models of a straight

coronary artery. However, as discussed, co-localization of high tensile wall stresses

and low plaque strength associated to endothelial shear stress may be important in

the future for identifying vulnerable plaques.
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Fig. 1. Idealized geometry of theatherosclerotic artery (Transversal (A) and central

cross section (B).

Fig. 2. Computational mesh.
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Fig. 3. Contour maps of the MPS at the central cross section of each of the 17

models studied.
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Fig. 4. Maximum MPS for each of the 17 models at peak pressure (t = 0.36 s).

Fig. 5. MPS variation along a physiological coronary flow waveform in the central

section of each of the 17 models.
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Fig. 6. Deformed and undeformed configuration belonging to the reference case and

its corresponding contour maps of the maximal principal strain in logarithmic scale

at peak pressure (t = 0.36 s), wall shear stress and velocity field at peak flow

(t = 0.56 s).

Fig. 7. Maximum Maximal Principal Strain (measured in percentage) of each studied

model in the internal surface of the atheroma plaque.
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Fig. 8. Maximum WSS along a cardiac cycle for the 17 simulated models.

Fig. 9. Maximum TAWSS for the 17 simulated models.

Fig. 10. Maximum OSI, RRT and AWSSG for the different stenosis ratio models.
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