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Abstract. Low-density Lipoprotein (LDL) transportation from blood to arterial walls is the main factor for 
inducing plaque progression and was taken into account in our models using computational fluid dynamics. 
The main pathway of LDL, which is quantified by the local fraction of leaky junctions, was calculated based 
on the spatial wall shear stress distribution at the endothelium. This parameter was generated using unsteady 
and non-Newtonian blood flow modeling of three main case studies—the healthy, moderate and severely 
stenosed carotid bifurcations based on idealistic geometries. Our results showed that the peak value where the 
LDL transportation is most active occurs at the sinus of the non-divider wall for its healthy branch, and is 
concentrated at the shoulder of the plaque for its stenosed branch. The cardiac diastole reflects the highest 
level of LDL leakage when comparing with the other time events. 

Keywords: Carotid bifurcation, plaque progression, low-density lipoprotein, wall shear stress, local 
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1. Introduction  
Cardiovascular diseases are the major causes of death in the world. Particularly, atherosclerosis has 

received considerable interest in its study by medical experts for decades [1]. Clinical and postmortem 
anatomical studies indicated that the localization of atherosclerotic lesions develops at certain sites in the 
arterial system such as the carotid bifurcation, which is one of the regions that is vulnerable to 
atherosclerosis formation [2].  

Based on previous investigations, it is known that atherosclerosis usually occurs at low averaged wall 
shear stress (WSS) or high oscillatory shear stress regions where these flow patterns are mainly affected by 
the complex carotid bifurcation geometry and the pulsatile flow condition [3, 4]. It is also reported that the 
locally elevated concentration of Low-density Lipoprotein (LDL) in the arterial wall are considered to be the 
initiator of atherosclerotic plaque formation [5-7]. Endothelial cells exposed to low steady or high oscillatory 
shear stress are roundly shaped and show a high proliferation rate for LDL from blood to vessel wall, which 
is also known as the leaky junctions of LDL. However, for those endothelial cells that are exposed to high 
steady shear stress, they are elongated in the flow direction with a lower rate of mitosis, which leads to a 
smaller number of leaky junctions [8-11]. 

As was well known, the accumulation of LDL plays an important role in plaque formation and its 
progression whereby local hemodynamics is believed to have a crucial influence on this mechanism. In order 
to understand the intravascular flow patterns within the carotid bifurcation and to establish the correlation 
between the blood flow patterns and plaque formation, numerical modeling was carried out. 

2. Method 
The blood was assumed to be an incompressible and isothermal fluid, and the blood flow was governed 

by the Navier-Stokes equation and continuity equation as follows: 
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where ρ is blood density of 1,050 kg m-3, u is velocity, P is pressure, g is gravity constant, and µ is dynamic 
viscosity of the blood. 

The assumption of Newtonian behavior of blood is acceptable for high shear rate flow and has also been 
validated by several numerical studies, which indicated that the influence of shear thinning properties of 
blood are not significant [12, 13]. However, it is not valid for low shear rate regions where the value of shear 
rate is less than 100 s-1 [14]. In this paper, the shear thinning behavior of the blood flow incorporated the 
Carreau-Yasuda model to predict the flow patterns in the low shear rate region more accurately. And the 
correlation between the blood viscosity and the shear rate variation is governed by Equation (3) as follows: 
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where low shear viscosity 0µ is 0.056 PaȚs, high shear viscosity ∞µ is 0.00345 PaȚs, time constant λ  is 3.313 
s, Power law index  n  is 0.3568, and Yasuda exponent a  is 2 [15]. 

As mentioned previously, because the mechanism for the leaky junctions of LDL is affected by the 
spatial distribution of endothelial shear stress that dominates the transport of LDL from blood into arterial 
wall (accounting for over 90% of the overall quantity of LDL transport [16]). The numerical simulation of 
intravascular flow pattern of carotid bifurcation will provide a good prediction of the leaky junctions status 
that pertains to LDL where the plaque formation will occur most easily. 

As a function of local WSS, the local fraction of leaky junctionsφ , which is defined as the ratio of area 
that pertains to leaky cells to the overall cells area [17], was calculated based on the WSS value generated by 
the numerical simulation model as will be described in Section III. The correlations between local WSS and 
local fraction of leaky junctions [8-11, 18] are shown by the following equations: 
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where Ŭ is the shape index of cells (1 for a circular cell and closes to 0 for a highly elongated cell [9, 11]), Nm 
stands for the number of mitotic cells, Nl represents for the number of leaky cells. Here, Rc is the radius of a 
single endothelial cell, which is set as 15 ɛm [17], and the cell unit area is set as A=0.64 mm2 [8]. 

3. Numerical Model 

3.1. Geometrical Configuration 

Tab. 1: Geometrical configuration of an idealistic carotid bifurcation 
Location Value 

Diameter of CCA 8.00 mm 

Diameter of ICA 5.60 mm 

Diameter of ECA 4.60 mm 

Diameter of Sinus 8.90 mm 

Bifurcation Angle 53£ 

Numerical investigation was implemented based on an ideal geometry (Fig. 1), which is a three-
dimensional reconstruction of Bhardvaj et al.’s experimental model [19, 20]. It is based on measurements of 
biplanar angiograms of 57 case study subjects. The average bifurcation geometry was adapted to extract the 
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common features of hemodynamics despite the fact that carotid bifurcation anatomy varies significantly 
among individuals. The geometrical details of the idealistic carotid bifurcation are shown in Tab. 1. In order 
to examine atherosclerotic carotid bifurcation, two stenosed case studies were generated by narrowing the 
sinus of the Interior Carotid Artery (ICA) branch at two different levels of severity. Its Common Carotid 
Artery (CCA) and Exterior Carotid Artery (ECA) branches retain their original geometries.  

 
Fig. 1: Idealistic geometries and the inlet flow profile of the carotid bifurcation. 

3.2. Downstream Resistance Model 
In order to take into account of the effect of downstream flow resistance on the flow division between 

the ICA and ECA branches, modification was made to the carotid artery geometry to introduce a downstream 
resistance model. As shown in Fig. 2, four identical mock vascular extensions were connected at the ends of 
the ICA and ECA branches—three for the ICA branch and one for the ECA branch. The geometrical 
configuration of the vascular extension is based on diameter 1 mm and length 55 mm.  

 

 

Fig. 2: Geometrical of downstream resistance model.  Fig. 3:  CCA inlet flow profile. 

3.3. Numerical Settings 
A blood flow waveform based on flow rate Q for the inlet boundary condition of the CCA is shown in 

Fig. 3. This was adopted from a group mean result based on a previous clinical statistic study[21]. The 
generated mesh files were imported into a widely adopted CFD package—ANSYS-CFX. In general, flow 
governing equations based on mass, momentum and energy conservation are discretized using a finite 
volume method, and solved numerically via iterative procedures. In the present study, three-dimensional 
unsteady incompressible Navier-Stokes equations were solved by a Second Order Backward Euler method. 
All vessel walls were treated as rigid, and this will not affect physiological accuracy significantly because 
previous research has shown that the effect of blood wave propagation on vessel compliance can generally 
be regarded as secondary [22]. The outlet pressure was set at 20 mmHg, which represents the capillary 
pressure, and the SST model was applied in the simulation. The convergence criterion for the relative 
residual of all dependent variables was set to 1×10ī4 to ensure the convergence of each time step, which is 
fixed at 0.004s.  

In order to minimize the influence of initial flow conditions due to the zero-velocity initial settings, all 
simulations were carried out for four cardiac cycles based on a time period T of 4s, and the results presented 
were extracted from the third cycle onwards. Having a parabolic inlet flow setting according to the Hagen-

64



Poiseuille’s law eliminates the need to add an extra fluid domain to generate a fully developed flow at the 
inlet of the carotid artery, which can reduce computational mesh element and expenses. 

4. Results and Discussion 
As shown in Fig. 4, the local fraction of leaky junction for LDL transportation over three time events 

during one cardiac cycle was calculated for healthy and stenosed case studies. Generally, all the case studies 
experienced the largest area with high fraction value of the leaky junction for LDL transportation at the 
diastole event (t=0.8T), a middle level of area with relatively low fraction value for leaky junction at the 
systole event (t=0.1T), and the smallest area with high fraction of leaky junction occurred at the peak event 
(t=0.2T). 

 
Fig. 4: The distribution of local fraction for leaky junction. 

 

For the healthy case study 1, the sinus of the non-divider wall that pertains to the ICA and ECA branches 
shows a high fraction of surface area for leaky junction, which means that the LDL transportation is very 
active here. As a result, these sites are very vulnerable to plaque formation [23]. The reason for this fraction 
distribution is that the expansion of the arterial lumen at the carotid bifurcation leads to blood flow 
separations near the wall region, which deduct the WSS value and improve the LDL leak junction 
mechanism.   

In order to examine the effect of the plaque on the leaky junction for LDL transportation, two levels of 
stenotic severity were incorporated onto the sinus of the ICA branch. For case study 2 with a moderate 
stenosis, the high fraction value concentrates at the edge of the plaque, which can contribute to its growth in 
size along this edge. This type of plaque is in its rapidly developing stage. For case study 3 that is based on a 
severe stenosis, the fraction of leaky junction is decreased, and only the upstream side of the plaque edge is 
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still experiencing a high fraction value. That means the progression of this kind of plaque is being suppressed 
at this stage.  

5. Conclusion 
In this study, the main factor for the LDL transportation—local fraction of leaky junction was 

investigated numerically based on three types of carotid bifurcation. The local fraction of leaky junction 
shows that the sinus of the ICA and ECA branches experience a higher level of LDL leakage and thus 
become extremely vulnerable to the development of atherosclerosis. When the plaque is relatively of a 
smaller size, the leaky junction mechanism is still very active around the shoulder of the plaque, which 
contributes to the progression of plaque growth continuously. After the plaque has reached its maximum size, 
the leaky junction of LDL transportation was suppressed and the plaque progression gradually becomes 
slower and more stable. 
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