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Abstract 

It is of great physiological significance to 

simulate the behavior of diseased human arteries using 

computational methods, as it will help the clinicians in 

the early diagnoses of the disease. This paper reviews 

the comparison between the flow in a regular and a 

stenosed artery. It also reviews the application of 

Computational Fluid Dynamics (CFD), for simulating 

blood flow phenomenon in human arteries. The usage 

of the CFD in simulating and analyzing the 
anatomically realistic models are discussed. Various 

methodologies applied for assessing the effectiveness in 

predicting the behavior of blood flow in arteries is 

presented. The pressure gradient and flow velocities in 

the left coronary artery were measured and compared 

in the left coronary models with and without presence 

of plaques during cardiac cycle. Our results showed 

that the highest pressure gradient was observed in 

stenotic regions caused by the plaques. Low flow 

velocity areas were found at postplaque locations in the 

left circumflex andthe left anterior descending. There 

are direct correlations between coronary plaques and 
subsequent hemodynamic changes, based on the 

simulation of plaques in the realistic coronary models. 

Keywords – Blood, Coronary Artery, Stenosis, CFD, 

Hemodynamic, Wall Shear Stress. 

 

 

I. INTRODUCTION 

Blood acts as the transmitter in the human 

body, while blood vessels act like little (one way) paths. 

Coronary Artery Disease (CAD) is the leading cause of 

death in advanced countries. The most common cause 

of CAD is atherosclerosis which is caused by the 

presence of plaques on the artery wall, resulting in the 

lumen stenosis. Plaques have been particularly related 

with blood clots and compromise blood flow to the my 

ocardium.This occurs when the coronary plaques 
suddenly rupture; if apla que cannot be treated in time, 

then the heart muscle will be impaired due to ischemic 

changes, leading to myocardial ischemia or infarction 

or, more severely, necrosis [1]. Therefore, an early 

detection and diagnosis of CAD is very important for 

reductionofthemortalityandsubsequentcomplications[1]. 

The natural history of coronary plaque is not only 

dependent on the formation and progression of 

atherosclerosis, but also on the vascular remodelling 

response. If the local wall shear stress is low, a plaque 

will form. Local inflammatory response will stimulate 

the formation of so-called “vulnerable plaque” which is 
prone to rupture with thrombus formation. The majority 

of these inflamed high-risk plaques cannot be detected 

by anatomic and myocardial perfusion imaging. Since 

the progression and development of vulnerable plaque 

is associated with low wall shear stress and the 

presence of expansive remodeling of arteries, 

measurement of these characteristics in vivo will enable 

risk stratification for the entire coronary circulation [2].
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Fig 1:Visualization of a normal left coronary artery with side branches in a patient with suspected coronary artery 

disease. 

 

The Wall Shear Stress (WSS), wall pressure, 

and blood flow changes in the human body cannot be 

determined directly on blood vessels, whereas CFD can 

provide alternative ways to diagnose CAD [3]. The 

WSS factor in the coronary artery plays a significant 

role in the early formation of CAD [4]. In addition, the 

WSS at the local vessel wall can demonstrate a 

predisposition for atherosclerosis development for 

various 

anatomicalsections,thusenablingthepredictionofcoronar

y diseases [5]. 

 

Fig2:   Cardiac pulsatile velocity at left main stem is applied for CFD simulation at the left coronary artery. 

CFD allows for efficient and accurate 

computations of hemodynamic features of both normal 
and abnormal situations in the cardiovascular system, in 

vivo simulation of coronary artery flow changes [6]. 

CFD is diffeerent from medicalimaging visualization 

asmedicalimagingtechniques such as coronary 

angiography or Computed Tomography (CT) 

angiography provide anatomic alterations of the 

coronary artery wall due to the presence of plaques, 

thus allowing only assessment of the degree of lumen 

changes such as stenosis [7]. In contrast, CFD analysis 

enables the identification of hemodynamic changes in 

the coronary artery, even before the plaques are actually 

formed at the artery wall. Therefore, CFD allows early 

detection of coronary artery disease and improves the 
understanding of the progression of plaques, which are 

considered of paramount importance to clinical 

treatment. The purpose of this study was to investigate 

the hemodynamic effect of plaques (stenosis) in the left 

coronary artery by using CFD analysis. Simulated 

plaques were inserted into the Left Main Stem (LMS) 

and Left Anterior Descending (LAD) coronary arteries 

(taken from a selected patient’s data), and 

hemodynamicanalysiswasperformedtocorrelate the 

effect of presence of plaques with subsequent flow 

changes to the coronary. 
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 II.   MATERIALS AND METHODS 

A. Patient Data Selection for the Generation of Artery 

Model 

A sample patient suspected of CAD who 

underwent multislice CT angiography was selected, and 

the patient’svolumeCTdatawasusedtogeneratea 

2Dcoronary model. The original CT data was saved in 

Digital Imaging and Communication in Medicine 

(DICOM)format and then transferred to a work statione 

quipped with Analyze7.0forimageafter-processing and 

segmentation.Two-dimensional(2D)volume data was 

post-processed and segment edusinga semi-automatic 

method with a CT number thresholding technique [8], 

and manual editing was performed in some slices to 

remove soft tissues and artefacts. The segmented model 

was produced with a special focus on the Left Coronary 

Artery (LCA). The 2D LCA model was saved in “STL 

format” for further reconstruction purposes. 

B.  Modeling Realistic Plaques: 

The present domain of interest is a portion of 

artery selected from a patient based LCA. The actual 

plaques and degree of lumen stenosis on coronary 

artery wall were simulated at the LMS and the LAD), 

as these artery branches are the common locations 

where plaques tend to form and induce myocardial 

ischemic changes.  

 

Fig 3:Geometry of computational domain of a section of Left Coronary Artery (LCA) 

Figure 3 represents the area of interest at the 

left coronary bifurcation and shows measurement 

positions of cross-sections of the models with and 

without plaques. The plaques produced a lumen 

narrowing of approximately 60% diameter at the LMS 

and LAD, since more than 50%l umenstenosisleadsto 

significant hemodynamic changes to flow within the 

LCA [9]. 

C. Generation of Computational Models: 

A gentle B-spline smoothing technique was applied 

between the left main trunk to reduce any potential 

nonphysical behavior induced by sharp edges [10]. The 

surface models consisting of plaques and normal 

coronary arteries were converted into solid models and 

saved in “STL format” for the additional creation of 

meshing elements. Both models were used to create 

free triangular meshes to perform the CFD simulations. 

 

Fig 4:Unstructured free triangular mesh of the selected portion of the artery 
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The free triangular mesh configuration, Figure 4, 

for the LCA model without plaques was 49,289 

elements and 1,062,280 nodes, while the mesh 

configuration for the LCA model with plaques was 

28,311 elements and 1,41,936 nodes. The meshes were 

generated using COMSOL Multiphysics 4.3. Finally, 
both mesh models were saved in “GTM format” for 

CFD computation. 

D. Application of Physiological Parameters: 

In order to ensure that our analysis reflects the 

realistic simulation of in vivo conditions, realistic 

physiological boundary conditions were applied for 2D 

numerical analysis. The transient simulation was 

performed using accurate hemodynamic rheological 
and material properties. Figure 3 shows the pulsatile 

flow rates [11] at the aorta, reconstructed using a 

Fourier series [12] in MATLAB. Pulsatile velocity was 

applied as an inlet boundary condition at the left main 

stem, and a zero pressure gradient was applied at the 

left anterior descending and left circumflex outlet 

boundaries [13]. Appropriate rheological parameters 

were applied with a blood density of 1060kg/m3 and 

blood viscosity of 0.0035𝑃𝑎. 𝑠 [14]. The blood flow 

was assumed to be laminar and a no-slip condition was 

applied at the walls. Blood was assumed to be a 
Newtonian and incompressible fluid [4, 15]. In addition, 

the comparison of WSS between Newtonian and non-

Newtonian models has been considered, especially at 

the stenotic locations [16]. A non-Newtonian blood 

flow model has been simulated using the generalized 

power-law [4, 17] which is defined as  

𝜇 = 𝜆(𝛾 ) 𝛾  𝑛 𝛾  −1 

𝜆 𝛾  = 𝜇∞ + ∆𝜇 𝑒𝑥𝑝[− 1 +
 𝛾  

𝑎
 𝑒𝑥𝑝  

−𝑏

 𝛾  
 ] 

𝑛 𝛾  = 𝑛∞ + ∆𝑛 𝑒𝑥𝑝[− 1 +
 𝛾  

𝑐
 𝑒𝑥𝑝  

−𝑑

 𝛾  
 ] 

where 𝜇∞ = 0.035, 𝑛∞ = 1, ∆𝜇 = 𝜇0 − 𝜇∞ =
0.25,∆𝑛 = 𝑛0 − 𝑛∞ = 0.45, 𝑎 = 50, 𝑏 = 3, 

𝑐 = 50 and 𝑑 = 4. Here 𝛾  is the strain rate and 𝜇 is the 

dynamic viscosity for the blood. 

E. Performance of Computational Hemodynamic 

Analysis: 

 

The fluid flow module simulated fluid flow 

through the pipe using the mass and momentum 

conservation equations: 

∇. 𝑢 = 0 

and  𝜌𝑢∇𝑢 = −∇𝑝 + 𝜇∇2𝑢 + 𝐹 
 

where, 𝑢 is velocity vector, 𝑝 is pressure, 𝜌 is density 

and 𝜇 is dynamic viscosity. Laminar flow was 

considered in the analysis. 𝐹represents the force acted 

upon the fluid by the structure. 

The Navier-Stokes equations were solved using the 

CFD package (COMSOL Multiphysics version 4.3). 

The CFD simulation was run for 80 timesteps, 
representing 1.0 second of pulsatile flow, (0.0125 

seconds per timestep), with each timestep converged to 

a residual target of less than 1 × 10−4 by approximately 

100 iterations. The CFD solution was fully converged 

by approximately 8,000 time iterations per LCA model. 

The calculation time for each LCA model was 

approximately 0.25hours. Flow velocity, cross-sections 

of velocity pattern, and pressure gradient were 

calculated and visualised using COMSOL Multiphysics 

4.3. 

 
 

III.   RESULTS AND DISCUSSIONS 

This work focuses on analyzing the CFD 

results of flow patterns, velocity fields, stream functions 
and pressure drops distributions, which have the 

profound influence on the progression and diagnosis of 

artery stenosis in clinical settings. 

A. Flow Pattern and Velocity Field: 

Blood flow patterns have been considered to be specific 

indicators of vulnerable plaques [4]. Once stenosis 

happens in the artery, flow patterns can change greatly. 

A very important phenomenon is that there will be flow 
separation vortexes in the post-stenotic regions of 

severe stenosis cases, which is validated by the present 

CFD results. 
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Fig 5:  Visualization of the velocity fields 

Figure 5 demonstrates that when the stenosis 

degree relieves to 0.25, the vortex disappears 

completely. Another notable phenomenon 
inFigure5isthat forall cases, thereisapoststenotic slow 

velocity region and this region enlarges as the stenosis 

becomes severe. In this region, the 

masstransportationisweakandtheWSSisalsosmall,where 

thrombosis is most likely to happen in clinical settings. 

Figure 6 plots the vortex lengths non-dimensionalized 

by the vessel radius 𝑅 for cases of diff erent stenosis 

degrees. Therefore, the use of the Newtonian model for 

blood flow simulation should be cautious. 

B.Pressure and Stream Function 

 

 

Fig 6:Streamlines of the flowing blood 

In the Figure 6 some streamlines are taken for 

the simulation of laminar blood flow through the 

regular and the stenosed arteries. 
Figure7showstheaxialwallpressure(WP)distributions of 

all cases from 𝑥 = −3𝑅 to 𝑥 = 9𝑅 predicted, 

respectively, by the Newtonian and Carreau models. 

The zero pressure point is set at 𝑥 = 9𝑅. For both 

models, the axial WP reduces linearly without stenosis, 

while it varies tortuously around the stenosis. The trend 

can be elucidated with the variation of the blood flow 

velocity. For the normal case (𝜂 = 0), the blood flow is 
fully developed with the unchanged velocity profile and 

the pressure gradient only needs to balance with the 

constant WSS along the axis. Therefore, the axial 

pressure reduces linearly. Once the stenosis happens, 

thevelocityincreasesandthepressuredecreaseswiththeste

nosis severity by the Bernoulli’s theorem. 
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Fig 7:  Pressure gradient observed in coronary models with and without plaques during systolic peak of 𝟎.𝟒𝒔and mid-

diastolic phase of 𝟎.𝟕𝒔. 

 

 

Fig 8:Iso-pressure contours 

Figure 8 illustrates that for both models, the 

pressure drop of 𝜂 = 075 case is nearly 10 times that of 

the normal case. Therefore, arterial stenosis can cause 

high blood pressure. For the Newtonian flow, when the 

radius decreases, the pressure drop necessarily rises. 

The present CFD results validate the same for the non-

Newtonian blood flow. 

IV. CONCLUSION 

 

This work is a useful guide for medical 

practitioners, interested in measurement of blood flow 

rate and the researchers as well, who are interested in 

biofluid dynamics. Further detailed investigations can 

be performed in this direction, accounting for real 
conditions like pulsatile blood flow and variations in 

vessel properties and location within the body. Though 

the model makes many simplistic assumptions like 

steady state blood flow, it highlights capability of 

COMSOL Multiphysics, in analyzing interaction of 

diverse physical phenomena like fluid dynamics, 

structural mechanics and electromagnetics, important 

for such complex processes. 
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