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Abstract 

Atherosclerosis creating a constriction can significantly alter the local blood flow 
dynamics. From a biological aspect, the changes that take place in the flow have 
a profound effect on the structure and function of the arterial wall and the 
development of the disease. The purpose of this paper was to non-invasively 
assess hemodynamic parameters such as wall shear stress, wall pressure and 
particle depositions with computational fluid dynamics (CFD) in coronary artery 
serial stenoses. A 3-D model of a serial stenosed RCA was reconstructed based 
on multislice computerized tomography images. Energy loss associated with 
such flow expansion after each constriction will be large and consequently the 
pressure drop will be higher. Pressure drop across the stenoses ST1 and ST3 is 
lower (4.62 mmHg and 4.81 mmHg respectively) during the time T2 = 0.79s, but 
is significant during the peak systole T1 = 0.26s. The maximum WSS in the 
proximal stenosis ST1 is about 254 Pa, and in the distal stenosis ST3 are 232 Pa. 
One diameter downstream of the each stenosis, the WSS is low because of the 
formation of the recirculation zone. 
Keywords: blood flow, coronary artery diseases, hemodynamics, pressure drop, 
wall shear stress. 

1 Introduction 

The flow phenomena in the stenotic arteries include asymmetric flow, 
instabilities and laminar-to-turbulent transition [1–3]. The unsteady flow in a 
stenotic artery also is characterized by high pressure and wall shear stress (WSS) 
in the throat and distal to the stenosis [4–7]. 
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     Significant stenosis produces loss of pressure perfusion and flow to the distal 
(poststenotic) vascular bed. Energy loss at the stenosis produce a pressure 
gradient between proximal and distal artery regions [8–11].  
     The endothelial cell and its interaction with the fluid-induced wall shear stress 
play a key role in the adaptive response of vessels. The endothelial cell is 
capable of sensing the level and the direction of the wall shear stress induced by 
the blood flow, and the biomechanical properties of endothelial cell are partially 
regulated by the wall shear stress [2, 11–13].  
     Noninvasive imaging techniques coupled with CFD simulations are important 
tools for studying the flow field in individual human arterial models, and these 
numerical models are a convenient platform for evaluating the influence of 
vessel geometry on pathophysiologically relevant biomechanical properties [3, 5, 
14]. 

2 Materials and method 

A computer aided design (CAD) model of a human RCA lumen was 
reconstructed from computed tomographic (CT) scans of a patient (Somatom 
Sensation 64 Scanner, Siemens Medical Systems, Erlangen, Germany). The 
patient was a 44-year-old male who had a clinically identified stenosis in his 
RCA (Figure 1). The RCA geometry was reconstructed based on CT images. 
Images were then segmented in cross sections perpendicular to the RCA 
centerline. Figure 2 shows the reconstructed lumen geometry of the RCA viewed 
from the epicardial. The RCA is modelled to be 52 mm in length with variable 
diameters, depending of the stenosis severity. Data corresponding to the 
reconstructed RCA is presented in Table 1. Good agreement has been 
demonstrated between coronary artery diameter measurements in the present 
case and the measurements done by transthoracic echocardiography (TTE) and 
quantitative coronary angiography (QCA) presented by Kiviniemi et al. [15]. 

Table 1:  RCA stenosis severity (corresponding to the Figure 2). 

Stenosis Stenosis minimal 
diameter [mm] 

Stenosis length 
[mm] 

Diameter reduction 
percentage [%] 

ST1 1.76 12 54 
ST2 2.6 7 28 
ST3 1.68 7 53 

2.1 Vascular model 

Figures 2(b) shows the reconstructed lumen geometry of the RCA viewed from 
the epicardial side. The lumen inlet diameter (at the ostium) of the RCA was 
3.8 mm. The percentage diameter reduction for a circular stenosis is 1-d/D where 
d is the diameter of the lumen and D is the diameter of the unoccluded artery (for 
the present case diameter of section D3). 
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Figure 1: Invasive  coronary  angiography (CA)  image shows the multiple 
stenosis on the right coronary artery (RCA). 

 

Figure 2: Axial tomographic image which indicates a multiple coronary 
stenosis at the RCA (arrows); (64-slice CT image). 
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2.2 Numerical model 

Four different meshes with boundary layer mesh were investigated. The number 
of cells varied between 600,000 and 1,600,000. A high mesh resolution near the 
walls was needed for accurate values of pressure drop and WSS. Thus the mesh 
was refined in the near-wall region. A boundary layer consisting of ten rows with 
a growth factor of 1.15 (ratio between two consecutive layers near the wall) was 
generated. To model the flow close to the wall, standard wall-function approach 
was used; then the enhanced wall functions approach has been used to model the 
near-wall region. 
 

(a) (b) 

Figure 3: Patient-specific right coronary artery (RCA) geometry 
reconstruction (a), computational domain discretization and 
boundary layer; Physiologically realistic boundary conditions (b), 
based on flow waveform acquired with an intravascular ultrasound 
Doppler probe in the RCA [16]. 

     The governing equations are solved iteratively until convergence of all flow 
variables is achieved. The convergence criterion was set to 10-5 for the residuals 
of the continuity equation and of X, Y and Z momentum equations. 
     Note that recent simulation study of arterial flows presented in the literature 
[16, 17], it shown that about 600,000 grid nodes are required to achieve grid 
independence in the WSS field. Since our objective is to qualitatively study the 
unstable flow, the grid containing 1,598,752 cells (Figure 3(a)) can be 
considered as a good compromise between accuracy and computational cost. 
     Computational assumptions and boundary conditions are the following: the 
blood is assumed incompressible having dynamic viscosity (μ) of 0.00408 Pa 
and a density (ρ) of 1050 kg/m3. The artery walls are considered rigid and 
impermeable. Johnston et al. [18] compared the effects of different blood 
viscosity models on the velocity and WSS distributions in the RCA during the 
cardiac cycle. They concluded that the Newtonian blood model is a reasonably 
good approximation for transient blood flow simulation. 
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     The k–ε model is used to solve the time dependent Navier-Stokes equations 
for an incompressible blood flow. The numerical simulation is perform using the 
commercial CFD FLUENT 6.3 package [19], parallelized across eight 3.2 GHz 
Intel processors of a TYANPSC T-650 Rx (Tyan Computer Corporation, 
Taiwan, parallel computing machine). The velocity profile at the inlet section is 
identical to the real coronary ostium velocity profile [16] (Figure 3(b)). 
     In this model vessel walls are assumed rigid. Zeng et al. [20] have 
incorporated the effects of physiologically realistic arterial motion into a 
simulation of blood flow patterns in the RCA. They concluded that arterial 
motion had little effect on the WSS distribution within the RCA, and that flow in 
the moving artery followed the instantaneous dynamic geometry quite closely. 
These results agree with the findings of other groups [21, 22]. 

3 Results 

The results of the numerical simulation showed the hemodynamic parameters 
(pressure distribution and wall shear stress distribution) of the blood flow in the 
real serial stenosed coronary artery. Our results provide data regarding to the 
hemodynamic parameters for the blood flow in the stenosed RCA under 
physiological conditions.  

3.1 Pressure distribution 

The pressure distributions along the axial direction with time for the stenosed 
RCA are shown in Figure 4. The pressure drop increases with the increase of 
percentage stenosis. In stenosis ST1 and ST3, the pressure drop is significant 
during the systolic phase (time T2) 32.84 mmHg respectively 36.78 mmHg, 
while during the diastolic phase at the time T2 the pressure drop across the 
stenoses ST1 and ST3 is lower (4.62 mmHg and 4.81 mmHg). For the stenosis 
ST2, the pressure drop across the stenosis is lower during the peak systolic phase 
(1.46 mmHg) and practically is negligible during the diastolic phase 
(0.03mmHg) (Table 2). 

Table 2:  Hydrodynamic parameters according to the stenotic flow. 

Stenosis Time Q [l/min] ΔP [mmHg] WSSmax WSSmin 

ST1 
T1 0.351 32.84 210 10 
T2 0.113 4.62 45 20 

ST2 
T1 0.37 1.46 110 10 
T2 0.118 0.03 20 10 

ST3 
T1 0.35 36.78 250 10 
T2 0.112 4.81 50 10 
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Figure 4: Pressure drop across the investigated serial stenosed RCA. 

 

 

Figure 5: Pressure drop for time step T1 in the investigated stenosis (T1 
correspond to the time steps indicated in Figure 3(b)). 
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3.2 Wall shear stress distribution 

Figure 6 shown the wall shear stress patterns at the peak systole (T=0.26s). As 
presented in in Figure 6 the maximum shear stresses occur in the vicinity of the 
curvature. Wall shear stress variation during the cardiac cycle is correlated to 
blood velocity variation. Pressure distribution and wall shear stress are the 
relevant parameters from the fluid mechanics point of view. According to the 
Law of Bernoulli as blood velocity increased the pressure is dropped. Energy 
loss is associated with disturbed flow after each constriction. The greater energy 
loss induce greater pressure drop associated with large re-circulation zones distal 
to the each narrowed section. 
 

 

              (a)                                     (b)                                            (c) 

Figure 6: Disturbed flow indicators at the peak systole T1=0.26 s. 
(a) temporal WSS magnitude contours around to the cross section 
D3 (WSS value are in [PA]; (b) cross-sectional transient velocity 
vector fields; (c) particle deposition patterns. 

     In Figure 6, the wall shear stress distribution shows a close reflection of the 
outline of the stenoses. The point where the maximum shear stress occurs lies at 
the narrowest cross-section D4 for stenosis ST2 and section D6 for stenosis ST3 
(Figures 6(a) and 7(a)). There is a rapid increase in wall shear stress upstream of 
the first stenosis, then after the critical height of stenosis (section D2 and D4), 
the wall shear stress decreases until separation occurs. The maximum value of 
wall shear stress is at the critical height of the distal stenosis ST3 (Figure 7(a)). 
A large separation zone is observed also downstream to the stenosis ST3 
(characterized by low WSS region). The peak of wall shear stress is at the critical 
height of both stenoses, approximately with the same value. 
     Figure 6 shows wall shear stress (WSS) distributions at the time T1=0.26s, 
the time where the flow is at a maximum (peak systole). The range of WSS in 
this figure varies from 7 to 262 Pa. Three intense regions of low WSS appear 
downstream at the each stenosis (Figures 6 and 7). For each of these regions the 
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WSS is approximately 7 Pa. The maximum WSS in the stenosis ST1 is about 
254 Pa, rise to 110 Pa for the stenosis ST2 and 232 Pa in ST3. One diameter 
downstream of the each stenosis, the WSS is low because of the formation of the 
recirculation zone. 
 

 
                         (a)                                               (b)                                 (c) 

Figure 7: Disturbed flow indicators sistal to the stenosis ST3 at the peak 
systole T1=0.26 s. (a) temporal WSS magnitude contours around 
to the cross section D7 (WSS value are in [PA]; (b) cross-sectional 
transient velocity vector fields; (c) particle deposition patterns. 

Table 3:  Minimum/maximum wall shear stress (Pa) in the cross-sections of 
the stenosed artery. 

Section Time T1=0.26s Time T2=0.79s 
  WSS min [Pa] WSS max [Pa] WSS min [Pa] WSS max [Pa] 

D0 7 14.00 4 5.00 
D1 140 168.00 88 100.00 
D2 63 133.00 36 124.00 
D3 7 49.00 4 28.00 
D4 21 91.00 24 52.00 
D5 7 9.00 4 8.00 
D6 154 238.00 100 148.00 
D7 7 56.00 4 32.00 
D8 196 231.00 132 140.00 
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Figure 8: Particles pattline and particles deposition during the investigated 
time T2 = 0.79s. 

     The particle behaviour shows that the distal region near the stenosis wall is a 
susceptible place for extended particle entrainment, aggregation, and possibly for 
particle deposition where particle residence time is prolonged (Figures 6(c), 7(c) 
and 8). At time level T2 the jet washes a high concentration of particles from the 
area behind the stenosis. The vortex downstream to each stenosis pushes this 
elevated particle suspension to the core region of the flow where it is then 
convected downstream. 
     Figure 8 represents the paths of fluid particles released in the inlet region at 
the beginning of the cardiac cycle, and the particle depositions at the time T2 = 
0.79 s. Figures 6–8 show that the particle residence time and particle deposition 
increase significantly due to the severe occlusion. 

3.3 Study limitations 

Some limitations of our study should be pointed out. First, the heart movement 
and the movement of the coronary arteries due to muscle tension cannot be 
simulated yet, therefore, not included in the present calculations. Second, we 
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modelled only the trunk of the RCA by ignoring all of its branches. Third, in this 
model vessel walls are assumed rigid. 

4 Conclusion 

In patients with multiple stenoses within the same coronary artery, coronary 
pressure investigation can uniquely determine the separate hemodynamic effects 
of the individual stenoses in sequence [24]. For clinical practice, pressure 
recording provides important information, which can help objectively select 
which of several stenoses is most appropriate for PTCA. 
     The influence of a distal stenosis on the hemodynamic appearance of a 
proximal stenosis is generally larger than that of a proximal stenosis on a distal 
one (Table 2 and 3). 
     The fluid dynamic interaction of multiple serial stenoses in coronary arteries 
is complex and cannot be adequately assessed by visual interpretation on the 
coronary angiogram. Assessment of shear stress, along with percent stenosis, in 
arterial lesions might prove to be a valuable diagnostic tool to identify patients at 
risk of developing platelet formation in stenosed arteries. Results in different 
degrees of stenoses show that severe stenosis caused considerably large pressure 
drop across the throat. Computer flow models can be utilized in conjunction with 
human coronary angiography to study flow characteristics for plaques of 
different sizes and shapes in patients with stable and unstable angina. 
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