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Abstract 

Purpose: Coronary plaque has been shown to directly affect the blood parameters, 

however, hemodynamic variations based on the plaque configuration has not been 

studied.  In this study we investigate the hemodynamic effects of various types of plaque 

in the left coronary bifurcation. 

Methods: Eight types of plaque configurations were simulated and located in various 

positions in the left main stem, the left anterior descending and left circumflex to produce 

a >50% narrowing of the coronary lumen. We analyse and characterise hemodynamic 

effects caused by each type of plaque. Computational fluid dynamics was performed to 

simulate realistic physiological conditions that reveal the in vivo cardiac hemodynamics. 

Velocity, wall shear stress (WSS) and pressure gradient (PSG) in the left coronary artery 

were calculated and compared in all plaque configurations during cardiac cycles. 

Results: Our results showed that the highest velocity and PSG were found in the type of 

plaque configuration which involved all of the three left coronary branches. Plaques 

located in the left circumflex branch resulted in highly significant changes of the velocity, 

WSS and PSG (p<0.001) when compared to the other types of plaque configurations. 

Conclusion: Our analysis provides an insight into the distribution of plaque at the left 

bifurcation, and corresponding hemodynamic effects, thus, improving our understanding 

of atherosclerosis. 

 

Keywords: computational fluid dynamics, plaque, pressure gradient, hemodynamic, 

coronary bifurcation 
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Introduction 

The angulation of the left coronary bifurcation has an effect upon blood flow that might 

lead to the development of atherosclerotic plaque. A recent study has shown that wide 

angulations can significantly increase disturbances to the flow field that are associated 

with the progression of coronary plaque [1]. Plaques most commonly originate in the left 

coronary bifurcation [2]. Various types of bifurcation plaque lesions have been classified 

by Topol [3], with special attention paid to the important distinction between a true 

bifurcation (consisting of the main branch and the side branch) and a pseudo bifurcation 

(which includes all of the other lesions involving a bifurcation). These distinctions are a 

key element in the proper planning of treatment.  Cases with a lumen narrowing of >50% 

were considered hemodynamically significant [3], since this level of narrowing results in 

significant hemodynamic changes to the flow within the coronary artery [4]. Previous 

studies used computational fluid dynamics (CFD) to investigate the hemodynamic 

changes due to the severity of stenosis [5, 6]. The results of those studies confirmed that a 

stenosis of <50% coronary diameter due to plaque formation has a minimal effect on the 

flow-field inside the coronary artery. 

Recent studies on the effect of plaque distributed in the left coronary bifurcation have 

shown that there is a direct effect on the flow parameters at stenotic locations [7-9]. It is 

important for us to understand the hemodynamic patterns corresponding to the types of 

bifurcation plaque, since the different plaque positions may lead to various hemodynamic 

effects, although this has not been systematically studied. To the best of our knowledge, 

there are no publications related to the investigation of hemodynamic variations based on 

the classification of plaque configurations. Thus, this work aims to study the 
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hemodynamic changes due to the different types of bifurcation plaque (Fig. 1), based on 

realistic coronary models. It is expected that the research findings will provide potential 

value for improving our understanding of the flow field induced by these various 

bifurcation plaques, and contribute to our understanding of the pathogenesis of coronary 

artery disease. 

Material and Methods 

Patient information and left coronary artery geometry 

A 47-year-old male with suspected coronary artery disease (CAD) was selected in this 

study to provide the realistic left coronary geometry, including its side branches. The 

patient’s CT volume data was used to create left coronary artery (LCA) geometry. Image 

segmentation and post-processing techniques were performed using Analyze 7.0 

(Analyze Direct, Inc., Lexana, KS, USA). The CT scan was performed with a 64-slice 

scanner (GE Medical Systems, Lightspeed VCT, 64x0.625 mm) with the following 

protocols: beam collimation 0.625 mm, pitch 0.2-0.26, reconstruction interval of 0.4 mm, 

with tube voltage of 120 kVp and tube current ranging from 300 to 650 mAs.  Axial 

images were reconstructed with a slice thickness of 0.625 mm in 0.4 mm increments, 

resulting in isotropic volume data with a voxel size of 0.4 x 0.4 x 0.4 mm
3
. Scan-related 

artefacts and unwanted soft tissues were manually removed in 2D axial slices [10, 11]. 

Fig. 2 demonstrates the realistic LCA model and the rectangle box refers to the effective 

plaque locations (EPLs). EPL represents the flow changes in the LCA surrounding the 

plaque locations. LCA geometry was created for the various EPLs in the left main 

bifurcation, consisting of the left main stem (LMS), left anterior descending (LAD), left 

circumflex (LCx), and its side branches. Dimensions of the LCA geometry were 
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measured and shown in Table 1. The geometry of the arteries around the LMS, LAD and 

LCx was obtained from the sample patient with suspected CAD (plaque type F as shown 

in Fig. 1). LCA surface geometry, comprising of plaque and normal coronary arteries, 

were changed into solid models and saved in ‘STL format’ for the computational 

meshing procedure. 

Various plaque positions in the left coronary bifurcation 

Calcified plaque was generated at different anatomical locations in the left bifurcation, as 

shown in Fig. 1. This is based on the bifurcation lesions reported in previous studies [3, 

12]. There were eight plaque configurations simulated altogether, with a type F plaque 

being the first model, based directly upon the selected patient’s anatomical structures. 

The other seven types were subsequently adapted from this configuration. Fig. 3 shows 

the eight different configurations of realistic plaques were generated to study the flow 

effects. The geometry of the type F plaques at the LCx shows that the dimensions of each 

section were 1.14 mm in height, a mean width of 3.76 mm and a thickness of 1.46 mm 

and 1.53 mm (from left to right in Fig. 3). In addition, the geometry of other types of 

plaques at the LAD branches comprised of two sections, 1.17 mm in height, a mean 

width of 3.59 mm and a thickness of 1.38 mm and 1.56 mm (from left to right in Fig. 3). 

Although plaques contain different components depending on the concentration of 

calcium and lipid materials [13], only hard plaque (calcified plaque) was simulated in this 

study since this type of plaque is commonly seen in patients with coronary artery disease, 

and calcified plaque indicates the atherosclerotic changes to the coronary wall, leading to 

significant stenosis. The simulation of hard plaque is suitable for demonstrating the 

hemodynamic changes at the EPL in this study. Finally, the diseased condition was 
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simulated with the generation of eight models with various types of bifurcation plaques, 

and one baseline model without the presence of plaque is also simulated. There were nine 

LCA geometries in total. 

Computational flow and solution 

The STL models were divided into LCA geometry and plaque sections, and plaque 

models were merged with the LCA models in the various location combinations. These 

combined STLs were then used to create a volume mesh using the ANSYS ICEM CFD 

hexahedral meshing tool with details having been described in previous studies [1, 14, 

15]. Mesh resolution for the various models ranged from 9×10
5
 to 9.8×10

5
 cells. The 

baseline LCA geometry model (without plaques) was created using the same process, 

yielding 9.5×10
5
 cells. A mesh independence case was produced and solved for this 

baseline model at approximately twice the resolution; this demonstrated agreement with 

the lower resolution mesh applied in this study.  Mesh convergence was established by 

re-running a test simulation at double the quoted grid resolution, and looking for 

discrepancies in the solution.  It was found that mesh convergence had been achieved, 

and the fairly fine meshes described above were acceptable for the purposes of this study. 

The pulsatile flow rates and pressure at the aorta and LCA were reconstructed using a 

Fourier series in Matlab (MathWorks, Inc. Natick, MA, USA) [16, 17]. The transient 

simulation was performed using accurate hemodynamic rheological and material 

properties, as described in a previous study [18].  Pulsatile velocity (Fig. 4a) was applied 

as an inflow boundary condition at the left main stem [5, 19]. The Reynolds number of 

inlet blood flow was found to match for the experiments. 
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The outflow boundary condition was applied with the flow ratio through the six side-

branches (Fig. 2) at the LAD (SB1, 2 and 3) and LCx (SB4, 5 and 6) according to side-

branches diameters (Table 1) [20, 21]. The outflow relationship is also known as 

Murray's law and the summation of outflow conditions through the side-branches is equal 

to the flow at the inlet [22]. Rheological parameters were applied with a blood density of 

1060 kg/m
3
, blood viscosity of 0.0035 Pa s [23, 24]. Plaques and blood-vessels were 

assumed to be rigid [25]. Blood flow was assumed to be laminar. A no-slip condition was 

applied at the walls [26]. The blood was assumed to be Newtonian and incompressible 

[27, 28]. The Navier-Stokes equations were solved using the ANSYS CFX CFD package 

(version 12 - ANSYS, Inc.), on a Microsoft Windows 7 32-bit machine, 6 GB of RAM 

with a Xeon W3505 2.53 GHz CPU. The CFD simulation was run for 64 time-steps, 

representing 0.8s of phasic coronary blood flow rate (0.0125s per time-step). The CFD 

simulation was converged to a residual target of less than 1×10
-4

 per time-step in each 

LCA model. ANSYS CFD-Post version 12 (ANSYS, Inc.) was used to calculate and 

visualise flow velocity, pressure gradient (PSG) and wall shear stress (WSS). 

The PSG is calculated from the local static pressure, to characterise the high amplitude 

pressure changes at the EPL. The static pressure at stenotic locations is similar to the 

pressure at the coronary inlet and is poorly suited to the classification of the pressure 

effects [29]. The PSG is defined as: 

                                                             (1) 
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where  is local static pressure in the area of interest u, v, and w and  are points in the 

Cartesian x, y, and z coordinates. PSG has been shown to be a significant indicator of 

coronary disease [29, 30].  

The WSS is a commonly used parameter in hemodynamic analysis; endothelial cells have 

been shown to align themselves with the flow direction that corresponds to the local 

WSS. The coordinates of the wall surface elucidate the interaction of instantaneous WSS 

vectors and endothelial cells [31]. 

                                                 (2)                                                                                                                        

where  is blood viscosity,  is velocity vector near wall perpendicular to surface and   

is distance to the wall surface,  is pulsatile period,  is the time derivative of the local 

shear stress. The quantitative parameters used to characterise the impact of plaques on 

coronary side branches is local WSS magnitude, and this has been demonstrated in our 

previous study [8]. 

Statistical analysis of hemodynamic parameters  

Hemodynamic parameters were exported in “CSV format” from ANSYS CFD-Post 

version 12 (ANSYS, Inc.). The WSS, PSG and velocity were entered into SPSS 17.0 

(SPSS, Inc., Chicago, IL, USA) for statistical analysis. A p-value of <0.05 was 

considered to indicate statistically significant differences. A one way Analysis of 

Variance (ANOVA) between groups with post-hoc comparisons was used for analysis of 

hemodynamic factors to determine the differences among the eight types of bifurcation 

plaque.     
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Results 

Comparison of hemodynamic parameters 

There were significant differences in the majority of hemodynamic factors (WSS, PSG 

and velocity) between comparisons of the eight different bifurcation plaques as tested 

with one way ANOVA (p<0.05). However, there was no significant difference in WSS 

and PSG parameters between type A and type B and type C (p>0.05). Similarly, no 

significant differences were found in WSS and PSG between type F, and types A, B and 

C (p>0.05). For the comparisons between the remaining types, most of them 

demonstrated significant differences. 

Comparison of cross-sectional velocity 

Fifteen cross-sections were defined, as shown in Fig. 4b, with the type D plaque shown as 

an example. Contours of axial velocities have been plotted on 15 equally spaced lines 

normal to the flow direction.  The contour plots of axial velocities and streamlines traces 

in the coronary models were presented after extraction of the flow information within the 

anatomical geometry.  These cross-sections were applied to the other seven plaque 

configurations and to the baseline as well. The cross-sections were divided into three 

groups, with each group having five sectional-planes: sections A-E at the LMS, sections 

F-J at the LAD and sections K-O at the LCx respectively. Table 2 shows the comparisons 

of cross-sectional averaged velocity at the EPL for the eight bifurcation plaques. In the 

systolic phase, type A has the two sections of plaque-intersection (PIN) () at sections C 

and E, and one section of the exclusive plaque-intersection (EPIN) () at section D. In 

addition, a high average velocity in section D was reached, from 11.04 mm s
-1

 to 11.77 

mm s
-1

 as shown in types A, C, D and F, and there is a minimal velocity change when 
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compared to the normal velocity, which reached 8.90 mm s
-1

. Section G in the types B, 

D, E, F and H was the EPIN with velocity ranging from 11.43 mm s
-1

 to 13.61 mm s
-1

, 

showing extremely high average velocity when compared to the normal velocity, which 

is 4.13 mm s
-1

. Furthermore, section L in the types B, C, D and G was also the EPIN with 

velocity ranging from 17.84 mm s
-1

 to 19.82 mm s
-1

, demonstrating extremely high 

average velocity when compared to the normal velocity, which is 5.18 mm s
-1

. The type 

H configuration was found to have very similar average cross-sectional velocity values in 

both systolic and diastolic phases, to those observed during the normal flow condition. 

Similar results were noticed in the diastolic phase for the comparisons of average cross-

sectional velocity, except for type G, which shows apparently high average velocity in all 

sections when compared to other types of plaque configurations. 

Velocity inside the left coronary artery 

To characterise the hemodynamic variations of different types of plaques at the left 

coronary artery, velocity patterns were calculated and compared in all eight types of 

bifurcation plaque and the baseline, as shown in Fig. 5 and 6. The plots were chosen to 

reveal the flow effects at the EPL. The velocity patterns were calculated and visualised at 

a systolic phase of 0.2 s (Fig. 5) and the diastolic phase of 0.7 (Fig. 6). The velocity 

values ranged from 0 mm s
-1

 to 30.50 mm s
-1

, corresponding to fifteen contour levels, 

approximately 2.03 mm s
-1

 at per level. Fig. 5 shows high velocity in the red and yellow 

contour levels, which ranged from 28.23 mm s
-1

 to 30.50 mm s
-1

 at the stenotic locations 

(specifically in types A, C and G, as these types had plaques at the LMS and LCx 

branches). In addition, the bifurcation plaques involving the LMS and LAD branches 

(especially for types E, F and H) show high velocity regions at LMS branch and the LAD 
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branch (stenotic positions), ranging from 21.79 mm s
-1

 to 23.98 mm s
-1

. Type B had the 

bifurcation plaques located in the LAD and LCx branches, and high velocity was 

observed at the LCx, and the LAD around the stenotic regions. Type D has the 

bifurcation plaque positioned in LMS, LAD and LCx branches, and it generated similar 

flow effects to the other types, with the high velocity regions near plaque locations at the 

LMS and LCx branches, and the LAD branch. Fig. 6 shows the flow in the systolic phase, 

however, there are more regions of high velocity in the stenotic locations at LMS, LAD 

and LCx branches. Thus, the recirculation regions were found downstream of plaque 

locations in all types of bifurcation plaques and in both systolic and diastolic phases. 

Pressure gradient in the left coronary artery 

PSG was calculated at the systolic phase of 0.2 s and diastolic phase of 0.7 s, and was 

displayed within the coronary artery at EPL in order to compare the PSG changes for all 

eight models. PSG values ranged from -15 kg/m
2
 s

2
 to 500 kg/m

2
 s

2
, corresponding to 15 

contour levels. Fig. 7 reveals PSG variations with the bifurcation plaques and normal 

condition during the diastolic phase (0.7 s). The high PSG was found in all types of 

bifurcation plaques at the stenotic locations, with values ranging from 463.21 kg/m
2
 s

2 
to 

500.00 kg/m
2
 s

2
. Large distribution of high PSG was found in the type D configuration. 

The high PSG was also found at post-plaque locations, and this was particularly apparent 

in types A, C, D and F. The type G was found to be different from the other types in 

terms of PSG changes due to only the involvement of the LCx, and this is consistent with 

the statistical comparisons (type G had significantly different PSG changes when 

compared to the other types). Fig. 8 reveals the comparison of PSG in all types of 

bifurcation plaque configurations with the baseline, during the systolic phase (0.2 s). The 



12 

 

high PSG at stenotic locations ranged 352.86 kg/m
2
 s

2 
to 389.64 kg/m

2
 s

2
. Thus, PSG 

variations were distributed in the same pattern as that observed in the diastolic phase 

(Fig. 7). 

Discussion 

This study reveals that the various types of bifurcation plaques influence the subsequent 

hemodynamic parameters in the left coronary bifurcation, resulting in flow changes. This 

finding provides additional information about the hemodynamic effect of coronary 

plaque; hence, it improves our understanding of the atherosclerotic changes due to the 

presence of plaques at different coronary locations. 

The classification system was considered to be a practical way of dealing with the various 

bifurcation lesions, allowing us to make distinctions between the various bifurcation 

geometries [3]. In this study, we investigated the hemodynamic effects of these plaques, 

and determined whether there exists a statistically significant difference in variable 

parameters.  To the best of our knowledge, this is the first study to present information on 

different types of plaques in the left coronary artery with investigation of corresponding 

hemodynamic effect. Our results showed that types A, G and H (plaque located in each 

LMS, LCx and LAD branches) lead to less severe hemodynamic variations around the 

bifurcation than the other types (B, C, D, E and F). In addition, type D produces more 

significant flow variations at the coronary bifurcation than the other seven types of 

bifurcation plaque. These findings provide an insight into the effect of plaque position 

upon subsequent hemodynamics in the left coronary artery. 
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Coronary plaque generally originates in the bifurcation region due to the angulations. The 

angulations cause a region of low WSS, as confirmed by our study and previous reports 

[1-4, 32-34]. Medical imaging modality such as intravascular ultrasound and mutislice 

CT coronary angiography has been commonly used to detect plaque locations in the left 

main coronary artery [14, 35-37]. These imaging techniques provide valuable diagnostic 

information, such as assessment of plaque components and corresponding coronary 

lumen changes, however, they offer no tangible insight into the resultant hemodynamics. 

Computational fluid dynamics provides an opportunity to predict the hemodynamic 

behaviour [1, 31, 38]. Thus, the characterisation of hemodynamic variations due to the 

various types of bifurcation plaque in the configurations can be further explored with 

flow visualisations; this exceeds the classical anatomical analysis of coronary stenosis or 

occlusion. 

This study visualised the wall shear stress, velocity and pressure gradient inside the left 

coronary bifurcations, and compared the hemodynamic parameters between different 

bifurcation plaques statistically. We found that plaque type G was very different from the 

other types. Types D and H were found to produce different velocity, WSS and PSG 

distributions compared to the other types. Types A, B, C and F were very similar in 

velocity, WSS and PSG, compared to the plaque types D, E, F and H. Type E was found 

to have PSG similar to that observed in other types. Our results indicate that different 

types of plaque demonstrate various hemodynamic effects, although most of the types are 

statistically significantly different from the other types, as shown in table 2. Some types 

of plaques caused unique effects, for example, type D resulting in huge velocity 

variations. Type A showed limited velocity variations compared to the baseline. Thus, it 
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is clinically important to understand the different types of plaques and their 

corresponding hemodynamic effects. 

Wall shear stress has been confirmed to be closely associated with the development of 

atherosclerosis.  It has been revealed that atherogenesis preferentially involves the outer 

walls of vessel bifurcations, side branches and regions of high curvature in the arterial 

tree [32, 39].  In these geometrically predisposed locations where circulating atherogenic 

blood particles tend to increase, WSS is significantly lower in magnitude and 

demonstrates directional changes and flow separation.  On the other hand, these blood 

particles are washed away from regions due to high WSS caused by severe stenosis, and 

decreases intercecullar permeability, consequently increases the vulnerability of these 

regions leading to plaque rupture.  Our results showed that WSS was significantly 

increased in the presence of different types of plaques, with disturbances in the 

physiological pattern of blood flow noted in the post-stenotic regions.  This in turn results 

in WSS alterations [40, 41].  Thus, our analysis provides insight into the complex 

hemodynamic effects caused by different types of plaques at the coronary artery 

branches. 

In the clinical situation, the PSG magnitude has been used to assess the severity of 

plaques and characterise the impacts of plaque in the left main coronary bifurcation [42, 

43]. The highest PSG region may indicate the location of a potential coronary plaque 

rupture. The type D configuration shows the largest distribution of high PSG at the 

bifurcation, thus, this type is potentially more dangerous than the other types during the 

diastolic phase (Fig. 7). The hemodynamic factors were shown as velocity patterns and 

PSG, for the analysis of changes inside the coronary artery at the main bifurcation. WSS 
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was analysed in this study, however it was not shown visually and was only used for the 

statistical analysis. 

There are some limitations in this study that should be addressed.  Firstly, the blood 

model was assumed to have a Newtonian viscosity. Our study focused on the 

hemodynamic visualisation of the coronary artery and this assumption has been shown to 

be reasonable by previous studies [27, 44]. Secondly, realistic LCA geometries were 

assumed to have a rigid wall rather than an elastic wall; hence, the simulation does not 

completely reflect the realistic physiological behaviour, as the coronary wall is moving 

during cardiac cycles. Thirdly, the same inlet flow waveform was applied to all types of 

plaque configurations, which could affect the results to some extent.  Due to different 

locations of simulated plaques at the left coronary artery branches, it is likely that 

hemodynamic changes could be affected by various plaque configurations or plaque 

severity leading to the pressure difference and pressure drop.  Thus, application of 

different flow waveforms corresponding to the different anatomical regions of coronary 

artery is suggested with aim of generating more realistic results.  Finally, a single patient 

has been selected for the generation of various bifurcation plaques and coronary models.  

Only the left main, LAD and LCx branches were included in the models, while side 

branches were removed.  Although this study focused on the hemodynamic effects of 

bifurcation plaques, removal of secondary flows and other important flow structures 

could change the hemodynamic quantities such as WSS [45].  Despite this limitation, the 

simulated models represent realistic coronary geometry, and accordingly, our results are 

still valid for clinical applications. Future studies will analyse realistic plaque at the 
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bifurcation based on different patients’ data and different configurations (concentric 

versus eccentric plaques). 

In conclusion, this study investigates the different types of bifurcation plaques in the 

realistic left coronary artery and visualises the velocity patterns and PSG variations 

within left coronary bifurcation.  Statistical analysis has been performed to compare the 

hemodynamic factors for characterisation of various plaques at bifurcation regions.  

Significant differences are noticed in the hemodynamic parameters among these type 

configurations. Velocity and PSG are increased when the left coronary bifurcation 

contains more plaques, and this is especially apparent with type of simulation involving 

all of the left coronary branches. The research findings of this study indicate that extra 

plaque located in left coronary bifurcation may increase the risk of plaque rupture. 
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Figure legends 

 

Figure 1. Diagram showing characterization of the eight types of bifurcation plaques in 

the left coronary artery. LMS-left main stem, LCD-left anterior descending, LCx-left 

circumflex. 

 

Figure 2.  Realistic coronary model showing left coronary artery and its side-branches. 

The rectangle shows the effective plaque locations where eight types of bifurcation 

plaques are simulated to demonstrate hemodynamic variations. 
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Figure 3. The realistic bifurcation plaques were simulated at different anatomical 

locations according to the diagram in Fig. 1. 

  

 

Figure 4. Pulsatile flow cycle into the left coronary artery (a). The fifteen cross-sections 

were defined to calculate the average velocity inside coronary bifurcation at 

effective plaque locations (b). 
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Figure 5. The velocity patterns inside left bifurcation at effective plaque locations with 

eight types of bifurcation plaques and normal condition during the systolic phase 

(0.2 s).   
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Figure 6. The velocity patterns inside left bifurcation at effective plaque locations with 

eight types of bifurcation plaques and normal condition during the diastolic phase 

(0.7 s).   



28 

 

 

Figure 7. The pressure gradient patterns inside left bifurcation at effective plaque 

locations with eight types of bifurcation plaques and normal condition during the 

diastolic phase (0.7 s). 
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Figure 8. The pressure gradient patterns inside left bifurcation at effective plaque 

locations with eight types of bifurcation plaques and normal condition during the 

systolic phase (0.2 s). 


