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Abstract—Bifurcation lesions account for approximately       15-

20% of all percutaneous coronary interventions. Coronary 

artery bifurcation lesions have always represented a major 

challenge for interventional cardiologists. A part of this 

challenge is related to the variety of coronary lesions located at 

bifurcations. Hemodynamics factors and biomechanical forces 

play key roles in atherosclerosis initiation and progression. Wall 

Shear Stress (WSS) is the most important flow related factor in 

the initiation and development of lesions. In this paper a 

numerical analysis of pulsatile blood flow in stenosed 

(constricted) coronary artery bifurcation is performed. Two-

dimensional models of moderate stenoses of 50% in coronary 

bifurcations are reconstructed to represent the seven possible 

situations that the Medina lesion classification can assess. Our 

computational results provided with detailed numerical analysis 

on the blood flow pattern and WSS distribution that may be 

involved in a better understanding of the regions of lesion 

initiation and progression. It was shown that the worst 

bifurcation diseases as assessed by the Medina anatomical 

classification are not the worst lesions based on the 

hemodynamical parameters. 

 

I. INTRODUCTION 

From clinical practice, it is known that coronary artery 

bifurcations are regions where the flow is strongly perturbed, 

and is prone to the development of atherosclerotic lesions. 

As a definition, bifurcation lesion is a coronary artery 

narrowing that may involve the proximal main vessel, the 

distal main vessel, and the side branch [1]. Bifurcation 

lesions have always represented a major challenge for 

percutaneous treatment [2-5]. Part of this challenge is related 

to the variety of coronary lesions located at a bifurcation 

which present wide range of anatomical morphologies. 

Currently, there are seven different coronary bifurcation 

lesion classifications in the literature [6-13].  
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These classifications characterize bifurcation lesions 

based on the presence or absence of stenosis within the three 

vessels of the bifurcation.  

In all these classifications, different lesion types are 

named using numbers or letters. Most of the classifications 

are difficult to remember [6-11]. The first attempt to 

overcome some of the limitations of previous classifications 

and simplify these classifications was successfully made by 

Medina et al. [12]. In this classification, the bifurcation is 

divided into three segments: the Main Branch Proximal 

(MBP), the Main Branch Distal (MBD), and the Side Branch 

(SB). Any narrowing with critical stenosis of 50% and above 

in any segment receives the binary value 1; otherwise a 

binary value 0 is assigned starting from left to right. The 

three suffixes are separated by commas. In that context, the 

Medina classification is essentially an anatomical 

classification. 

From clinical practice, it is known that atherosclerosis 

lesions initiate at the regions where the flow is strongly 

perturbed. Bifurcations, curvatures and junctions are the 

regions which are more prone to the initiation and 

progression of atherosclerotic lesions [13-16]. Hemodynamic 

factors play a major role in the initiation and progression of 

atherosclerosis [17-19]. Studies show that arterial regions 

exposed to low and non-uniform shear stress are more prone 

to atherosclerotic lesions development [20-22]. To date, 

there has been no report studying flow conditions in 

bifurcation lesions associated with the Medina lesion 

classification. Using computational fluid dynamics (CFD) 

analysis we studied flow conditions and wall shear stress 

(WSS) distributions in bifurcations types associated with the 

Medina lesion classification. 

 

II. MATERIAL AND METHODS 

A comprehensive hemodynamic analysis was carried out 

to obtain the velocity field and associated WSS distribution 

in a coronary artery bifurcation. The simulation was 

conducted using COMSOL which is dedicated for various 

physics and engineering applications amongst CFD analysis. 

The computational domain was also meshed in this software. 

The combination of both momentum and continuity 

equations for transient and Newtonian model of the blood 

flow were analyzed using the same software. A geometrical 

model of coronary artery bifurcation was considered to 

simulate the bifurcation between Left Main Coronary Artery 
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(LMCA) and Left Anterior Descending artery (LAD). Fig. 1 

shows the geometrical model of two dimensional 

angiographic projections of the bifurcation (Main Branch 

Proximal (MBP), Main Branch Distal (MBD) and Side 

Branch (SB)) as well as the lesion locations associated with 

the Medina lesion classification [12]. 

 

 

 

                                            

                                                                                

 

 

 

 

 

 

 

Figure 1. Geometrical model and Medina lesion classification of coronary 

artery bifurcation. 

 

The parent vessel diameter was 4 mm and daughter 

vessels diameters were 3.4 mm and 2.7 mm respectively [23]. 

The lesions length is 6 mm. The angle between the centerline 

LMCA and LAD as well as the angle between the centerline 

MBD and SB (75˚) corresponds to physiological anatomical 

range [24]. For the study of blood flow in the arteries, we 

assumed that blood can be represented by an incompressible 

fluid which is governed by the momentum equation: 
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and the continuity equation: 
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where, ρ denotes the density of the fluid (kg m
-3

), u the 

velocity vector (m s
-1

), p the pressure (Pa) and τ the stress 

tensor which is dependent on the viscosity and shear rate. 

Wall shear stress was determined as the product of 

viscosity (µ) and the shear rate (
.

 ). The shear rate , in two 

dimensions is defined according to “(3)”: 
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where u, v  are the velocity vectors, respectively. 

To solve the governing equations, a set of boundary 

conditions is required.  In this analysis, the maximum 

velocity (Vmax) varies between 15 cm/s and 25 cm/s for a 

coronary artery of 4 mm in diameter.  The flow was 

considered laminar and fully developed throughout the study 

section.  Fig. 2 shows the variation of the blood flow rate in 

the left coronary artery during the cardiac cycle [25]. 

 

  

 

 

 

 

 

 
 
Figure 2. Normalized flow rate waveform for the left main coronary artery. 

 

Pulsatile flow was considered, where the inflow velocity 

was based on a time-dependent flow rate obtained from 

Figure 2. The waveform has a period T =0.7 s, where          0 

<t (sec) <0.2 is systolic and 0.2 <t (sec) <0.7 is diastolic 

phase. At the walls, the velocity obeyed the no-slip 

condition. At the outlet of the daughter vessels, a traction-

free condition was assumed as the boundary conditions.  The 

Newtonian blood properties in this model are blood viscosity 

η=0.0035 Pa.s, and blood density ρ =1060 Kg/m
3
 

respectively [26]. 

 

III. RESULTS 

Numerical analysis of pulsatile blood flow in stenosed 

coronary artery bifurcation was carried out. Transient 

simulations were performed and the corresponding velocity 

field and shear stress distributions were investigated. In Fig. 

3, the seven representative snapshots of the magnitude of the 

velocity field for 50% stenoses are shown at peak diastole 

(t=0.27 s) for bifurcation types (1, 1, 1), (0, 1, 1), (1, 0, 1), 

(1, 1, 0), (1, 0, 0) (0, 1, 0) and (0, 0, 1) associated with the 

Medina lesion classification. 
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Figure 3. Maps of the velocity fields in 50% stenosed bifurcations at peak 

diastole. 

 

The simulation results presented in Fig. 3 shows a 

considerably different velocity profile of the blood flow in 

the downstream of stenotic bifurcations and demonstrated a 

significant influence of the bifurcation types on the blood 

flow pattern, such as flow separation and recirculation zones. 

The flow pattern in SB is directly affected by flow alterations 

in MBP and MBD. 

Wall shear stress is recognized one of the most 

important factors in developing of atherosclerosis and 

arterial branches are found more prone in formation of 

arterial plaques. Although atherosclerosis affects the entire 

vascular system, it creates different flow and WSS 

distributions in SB and MBD in different bifurcation types. 

Therefore, the WSS distribution is studied for bifurcation 

types (1, 1, 1), (0, 1, 1), (1, 0, 1), (1, 1, 0), (1, 0, 0), (0, 1, 0) 

and (0, 0, 1) associated with the Medina lesion classification.  

At peak diastolic point of a cardiac cycle, the WSS 

fields for bifurcation lesions are presented in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 4. Wall Shear Stress fields in 50% stenosed bifurcations at peak 

diastole. 

 

The distribution pattern shows that, at the MBP and upstream 

the flow divider, WSS is uniform along the arterial wall.  The 

peak values of the WSS are at the top of stenosis and at the 

carina of bifurcations. The WSS value at the inner and outer 

walls peaks at the center of stenosis and reaches the 

minimum in the post-stenosis region. The WSS values 

recover gradually and then remain constant downstream 

stenosis along the arterial wall. To assess mean WSS along 

the entire walls at peak diastolic point of a cardiac cycle, the 

average WSS values along the inner and outer walls of SB 

and downstream the lesions are computed and the results are 

represented in Fig. 5. 
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Figure 5. Mean WSS on the outer and inner walls of SB at peak diastole. 

 
From mean WSS values presented in Figure 5, it can be 

observed that the lowest magnitude of WSS in the outer wall 

of SB is related to lesion types (1, 0, 1) and (1, 0, 0). 

Amongst bifurcation types with lesion in their SB, the lowest 

mean WSS value on the outer wall is related to bifurcation 

type (1, 0, 1). The larger value of the WSS at peak diastole 

occurs on the SB inner wall downstream the carina which 

results in higher mean value of WSS along the entire inner 

wall in bifurcations with no lesion in their SB ((1, 1, 0) (1, 0, 

0) (0, 1, 0)). 

IV. CONCLUSION 

The current work on two-dimensional axisymmetric 

stenosis models of a stenotic coronary bifurcation has 

demonstrated detailed numerical results for time dependent 

velocity and WSS distributions. Accurate predictions of 

WSS distribution on the arterial walls and downstream the 

stenosis is particularly useful in the understanding of the 

effects of disturbed flow on endothelial cells and blood 

elements near the wall which may be involved in lesion 

initiation and progression. In the present study, variations of 

WSS were studied and shown for seven bifurcation lesion 

types. Examination of the WSS distribution in bifurcation 

lesions showed that on the outer walls of SB, the lowest 

WSS magnitudes are related to the (1, 0, 1) and (1, 0, 0) 

types of Medina lesion classification. The larger value of the 

WSS at peak diastole occurs on the SB inner wall 

downstream the carina. The results indicate that bifurcation 

types with no lesion in their SB ((1, 1, 0) (1, 0, 0) (0, 1, 0)), 

exhibit lower WSS values on the outer walls compare to 

inner walls of the SB. 
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