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ABSTRACT 
 
    Atherosclerotic plaques within coronary arteries result in coronary stenosis which compromises blood flow to the 
distal myocardium and result in local physiological perturbances such as recirculation and shear stress [1]. Coronary 
lesion severity is often graded by the amount of lumen encroachment or stenosis it causes, and most clinical decisions 
are made based on lesion stenosis severity [2]. However, other lesion characteristics, such as eccentricity are 
determinants of both shear rate and the extent of flow recirculation in in-vitro and in computational fluid dynamics 
(CFD) analysis of the arteries. It has been shown that 81% of the coronary lesions studied by intravascular sonography 
were eccentric and the eccentric lesions are more likely to be seen in patients with cardiovascular symptoms [3].  
    In this study, a particle image velocimetry (PIV) method was used to analyse the effect of the eccentricity on blood 
flow dynamics during a transient flow cycle and also to investigate how the eccentricity impact on the flow behaviour 
changes as the Reynolds number changes.  
    Two eccentric and concentric stenosis models were manufactured from silicone (R'Tech Co., Ltd, Japan). All models 
were a box-type with an inner diameter of 4 mm (Fig. 1). The model sizes were based on the values of the human left 
main artery (LMA) and left anterior descending (LAD) [4]. The resultant models had a 70% diameter stenosis based on 
NASCET (North American Symptomatic Endarterectomy). The models were connected to a particle image velocimetry 
(PIV) circuit and an Nd:YAG solid laser (BWN-532-100E, B&W TEK Inc., USA) of wavelength 532 nm and output 
power 100 mW was used to produce a light sheet of 1 mm thickness in the desired area of visualization. The desired 
thickness and width of the light sheet were achieved by aligning a micro lens with 105 mm focal length and 2.8 F ratio 
(Micro-Nikkor, Nikon Co. Ltd., Japan). A pulsatile flow waveform was generated using a screw pump (NBL30PU, 
R’Tech Co. Ltd., Japan). At different times corresponding to different Reynolds numbers (Re = DU/v, D is the diameter 
of the parent artery, U is the velocity at the centre of the parent artery and v is the kinematic viscosity), the maximum 
axial velocity, shear strain rate and the recirculation length were measured for both eccentric and concentric models and 
compared with each other.  

 

1. Introduction 
    Atherosclerotic plaques within coronary arteries result in coronary stenosis, compromising blood flow to the distal 
myocardium and resulting in local physiological perturbances such as recirculation and shear stress [1]. Coronary lesion 
severity is often graded by the amount of lumen encroachment or stenosis it causes, and most clinical decisions are 
based on lesion stenosis severity [2]. However, other lesion characteristics such as eccentricity [3,4] are determinants of 
both shear rate and the extent of flow recirculation in in-vitro and in computational fluid dynamics (CFD) analysis of 
the arteries [5]. It has been shown that 81% of the coronary lesions studied by intravascular sonography were eccentric, 
and eccentric lesions are more likely to occur in patients with cardiovascular symptoms [6-8]. Many studies have been 
performed numerically and experimentally to clarify the importance of stenosis asymmetry in different arteries. Young 
and Tsai [9] studied experimentally the flow through a stenosis using in-vitro models with symmetric and asymmetric 
stenosis. They noted that flow characteristics such as recirculation zone length and pressure losses are strongly 
dependent on the shape of the stenosis, such that models with asymmetric stenosis have a higher pressure drop and a 



 

longer recirculation zone. Einav et al. [10] investigated platelet activation and aggregation level in eccentric and 
concentric stenosis models by CFD simulation and digital particle image velocimetry (DPIV). They demonstrated that 
the recirculation zone provides an optimal environment for procoagulant factor mixing and promoting activation of the 
coagulation system. They also indicated that eccentric stenosis induced more platelet aggregation than did the 
concentric stenosis model. Tambasco et al. [11] simulated carotid bifurcation models with eccentric and concentric 
stenosis. They found that eccentric stenosis is more prone to platelet activation and aggregation due to attenuated 
platelet deposition and plaque growth. They also concluded that eccentric stenosis may have a high potential for 
thrombus formation. Steinman et al. [12] investigated the effect of lesion geometry on post-stenotic recirculating flow 
and wall shear stress using CFD and digital particle image (DPI) methods. They identified that recirculation zone length 
and location and also wall shear stress are key parameters that differ between eccentric and concentric stenosis models. 
In our previous study [13], the effect of the lesion eccentricity on the flow behaviour was investigated numerically in a 
group of diseased human coronary arteries. It was shown that the effect of the stenosis severity is important than the 
lesion eccentricity effect on the blood flow behaviour; however, in a group of a patients with same stenosis severity, the 
lesion eccentricity could affect the flow recirculation and shear rate to a great extent.  
    In this study, a particle image velocimetry (PIV) method was implemented to analyse the effect of lesion eccentricity 
on the transient flow behaviour in coronary artery models and also to investigate the correlation between the Reynolds 
number (Re) and the eccentricity effect on flow behaviour.  
 

2. Methods 
2.1. Experimental technique 
2.1.1. Stenosis artery models 
    Two eccentric and concentric stenosis models were manufactured from silicone (R'Tech Co. Ltd, Japan) (Fig. 1). All 
models were box-type with an inner diameter of 4 mm. The model sizes were based on the values of the human left 
main artery (LMA) and left anterior descending (LAD) [14]. The resultant models had a 70% diameter stenosis (DS) as 
defined by NASCET and calculated by equation (1).  

DS ൌ 1 െ	
Dୱ
D

 (1) 

where Dୱ is the diameter of the stenosis and D is the diameter of the parent artery. The refractive index of the silicone 
models was 1.41, measured by using a refractometer (ATAGO, R5000, Japan).  
 

 
Fig 1. The silicone stenosis models 

 
2.1.2. Flow circuit 
    The silicone stenosis models were connected to a particle image velocimetry (PIV) circuit as illustrated in Fig. 2. To 
achieve a fully-developed flow at the inlet of the models, 1.5 m of rigid pipe with the same internal diameter as the 



 

silicone models was directly connected to the entrance of the models. An Nd:YAG solid laser (BWN-532-100E, B&W 
TEK Inc., USA) of wavelength 532 nm was used to produce a light sheet in the desired area of visualisation. The 
desired thickness and width of the light sheet were achieved by aligning a micro lens with 105 mm focal length and 2.8 
F ratio (Micro-Nikkor, Nikon Co. Ltd., Japan). 
    The pulsatile flow waveform depicted in Fig. 3 was generated using a screw pump (NBL30PU, R’Tech Co. Ltd., 
Japan). To minimise the distortion of the laser beam and camera images, the refractive index of the working fluid 
should match the refractive index of the silicone models. To achieve this, a solution of glycerol aqueous (75 wt%) and 
NaI aqueous (25 wt%) with a viscosity of 4.665 mPas and density of 1.194 g/ml was chosen as the working fluid, the 
flow properties of which are comparable with previously reported blood properties [15]. The fluid was seeded with 
17.41 micron cross-linked polystyrene particles with density of 1.2 g/ml. The settling velocity [16] was calculated to 
ensure that the difference between the density of the working fluid and the seeding particles was small enough to avoid 
falling or rising of the particles. A high-speed digital camera (Fastcam SA3, Photron Limited Co. Ltd., Japan) with a 
maximum of 10,000 frames per second (fps) was used to capture the motion of the particles and a total of 100 images 
were analysed for each PIV run.  
 

 
Fig 2. Diagram of PIV circuit

 
2.1.3. PIV measurement 
    The volumetric flow rate shown in Fig. 3 was measured and monitored by a Coriolis flowmeter (FD-SS2, Keyence 
Co. Ltd., Japan). In the PIV experiment, the displacements of the seeding particles were used to calculate the velocity 
gradient, shear strain rate and also to identify the recirculation zone. The geometry and the flow rate changes can result 
in great variations in the displacement of individual particles in regions of high velocity gradient. Therefore, using the 
same camera settings including frame per second (fps) rate, shutter speed and resolution at different locations and flow 
rates may fail to capture all fast and slow moving particles inside the interrogation area. To resolve this problem, as 
seen in Fig. 4, the data was collected at three different locations: 0-3 diameters upstream of the stenosis (Region (I)), at 
the stenosis (Region (II)), and 0-7 diameters downstream of the stenosis (Region (III)). At each location, several 
combinations of fps, shutter speed and resolution were tested to find the best camera settings.  
The Reynolds number (Re) was calculated using equation (2), from the diameter of the parent artery (D).  

Re ൌ 	
DUୱ
υ

 (2) 

where υ is the kinematic viscosity and Us is the velocity at the centre of the parent artery.  



 

    The recordings were analysed using Davis software (Davis 7.2, La Vision Inc., Germany) with interrogation areas of 
32×32 pixels and overlapped by 50%. The results for each time phase t were calculated as the average of the 
corresponding recorded images in the time interval of t ± Δt with Δt = 0.005 s.  
 

Fig 3. Flow waveform in the PIV experiment. 
 

 
Fig 4. Flow and geometry of the artery model with a stenotic region.

 
2.2. Computational fluid dynamics  
    Computational fluid dynamics (CFD) analysis was performed using a slightly modified method from one that we 
have previously published [13]. In brief, the unsteady simulations were conducted using ANSYS CFX (ANSYS-Fluent 
Inc., Lebanon, NH, USA), employing a hexahedric grid with a nodal distance between 0.01 and 0.02 mm. A boundary 
layer mesh consisting of 4 rows with a growth factor of 1.2 was generated in accordance with current standards [17,18]. 
The flow for the simulation was assumed to be 3D, laminar and transient. The walls were considered solid and a 
stationary no-slip boundary condition was adopted at the walls. The flowing fluid was modelled as an incompressible 
Newtonian fluid with the same properties as the PIV working fluid. The flow rate waveform at the inlet and pressure 
waveform at the outlet recorded during the PIV experiment were set as the inlet and outlet boundary conditions, 
respectively. To achieve a periodic solution, the model was initially configured with the flow data from steady state 
simulation and then the model was run with a constant time step of 0.001 s over at least three cycles to satisfy the 
condition of the periodic solution.  
 
 
 



 

3. Results 
3.1. Comparison of PIV results for eccentric and concentric models 
    In Fig. 5(a) and (b), the impact of the eccentricity on the velocity contours is investigated at the time corresponding to 
Re = 85. As depicted, the eccentric model results in a higher velocity with stronger jetting behaviour passing the 
stenosis than in the concentric model. The streamline patterns downstream of the stenosis (Region (III), see Fig. 4) in 
both models are presented in Fig. 5(c) and (d). As shown, in the post-stenotic region, the eccentric stenosis causes the 
formation of a larger recirculation zone located on one side of the vessel, in contrast to the concentric stenosis, which 
produces a toroidal recirculation zone located along the circumference of the wall. 
    Fig. 6 compares (a) maximum axial velocity, (b) shear strain rate and (c) recirculation zone length of the eccentric 
and concentric models. The results are obtained during the flow cycle at nine different times corresponding to nine 
different Reynolds numbers. As expected, for both eccentric and concentric models, an increase in the Reynolds number 
results in an increase in the maximum axial velocity, shear strain rate and recirculation zone length. At all Re numbers, 
the eccentric model is associated with greater velocity, shear strain rate and recirculation zone length. Direct 
comparison of the eccentric and concentric models results reveals that the highest and lowest impact of the eccentricity 
are on the recirculation zone length and maximum shear strain rate, respectively.  
 
 

Fig. 5. (a) PIV velocity contours for eccentric model, (b) PIV velocity contours for concentric model, (c) PIV 
streamlines for eccentric model, and (d) PIV streamlines for concentric model. 

 



 

Fig. 6. Eccentric and concentric models comparison at different Re numbers (a) maximum 
velocity, (b) maximum shear strain rate, and (c) recirculation length. 

 
    To clarify the effect of the eccentricity, the parameters Φୈ୚, Φୈୗ and Φୈୖ are defined showing the difference 
percentage of the maximum axial velocity, shear strain rate and recirculation zone length between eccentric and 
concentric models, respectively (Eqs. 3-5).  

Φୈ୚ ൌ 	
MaxVel୉ୡୡୣ୬୲୰୧ୡ	 െ 	MaxVelେ୭୬ୡୣ୬୲୰୧ୡ

MaxVel୉ୡୡୣ୬୲୰୧ୡ	
ൈ 100 (3) 

Φୈୗ ൌ 	
MaxShear୉ୡୡୣ୬୲୰୧ୡ	 െ MaxShearେ୭୬ୡୣ୬୲୰୧ୡ

MaxShear୉ୡୡୣ୬୲୰୧ୡ	
ൈ 100 (4) 

Φୈୖ ൌ 	
Recirculation୉ୡୡୣ୬୲୰୧ୡ െ	Recirculationେ୭୬ୡୣ୬୲୰୧ୡ

Recirculation୉ୡୡୣ୬୲୰୧ୡ	
ൈ 100 (5) 

    In Table 1, the values of the above parameters at different Reynolds numbers are summarised. As seen in Table 
1,	Φୈ୚, Φୈୗ and Φୈୖ vary from 30.95 to 32.33, 8.47 to 17.22 and 35.08 to 56.21, respectively. The following 
conclusions can be drawn through analysis of these values: 

 The highest and lowest impacts of eccentricity are on the recirculation zone length and the 
maximum shear strain rate, respectively.  

 During the flow cycle, the Φୈ୚ varies by only %1.38; however, the Φୈୗ varies by %21.13. Thus 
the transient nature of the flow has a negligible effect on the difference between the maximum 
axial velocities of the eccentric and concentric models; however, the difference between the 
recirculation zone lengths of the eccentric and concentric models is markedly affected by the 
transient nature of the flow.  

Table 1 
Difference percentage parameters at different Re numbers 

Re 70 75 85 95 120 130 140 145 150 

Φୈ୚ 32.24 32.29 32.33 31.69 31.03 30.95 31.17 31.04 31.02 

Φୈୗ 15.16 14.77 17.22 9.06 13.73 8.47 8.76 10.96 10.02 

Φୈୖ 49 54.97 56.21 54.79 52.53 45.54 39.71 36.98 35.08 

 
    In Fig. 7, the above defined parameters Φୈ୚,Φୈୗ,	Φୈୖ are presented as a function of Re number varying from 70 to 
150. As depicted, as the Re number increasesΦୈ୚,	Φୈୗ,	Φୈୖ decreases, indicating a negative correlation between Re 
number and Φୈ୚,	Φୈୗ,	Φୈୖ. This means that at higher Re number, the difference between eccentric and concentric 
stenoses decreases and both eccentric and concentric stenoses tend to have same effect on the blood flow behaviour.  
 
 



 

Fig. 7. Correlation between difference percentage parameters and Re number  
(a) Φୈ୚, (b) Φୈୱ, and (c) Φୈୖ.  

 
3.2. CFD and PIV results comparison 
    At the time corresponding to Re = 85, the PIV and CFD velocity contours downstream of the stenosis in the eccentric 
model are compared in Fig. 8(a) and (b). As shown, there is a good agreement between the PIV and CFD predicted 
velocity contours, with slightly higher predictions for the PIV values. In Fig. 8(c) and (d), at t = 0.2 s, the recirculating 
flow regions captured by the PIV and CFD methods are shown for the eccentric model. Deceleration and reversal of 
flow are observed downstream of the stenosis, with the presence of a recirculation zone leading to greater residence 
times. Both methods predict a recirculating flow of roughly the same length; however, the recirculating flow height 
predicted from the CFD simulation is slightly greater than that from the PIV. The CFD and PIV computed maximum 
axial velocities and shear strain rates for the eccentric model are compared throughout the flow cycle in Fig. 9(a) and 
(b). As seen, the PIV predicted maximum velocity and maximum shear strain rate agree well with the CFD results and 
the behaviour is reasonably similar throughout the flow cycle. However, better agreement is evident for the maximum 
velocity than the shear strain rate. The correlation values of CFD and PIV computed maximum velocity and shear strain 
rate are 0.91 and 0.75 respectively.  

Fig. 8. Eccentric model downstream at time corresponding to Re = 85 (a) PIV velocity contours, (b) CFD 
velocity contours, (c) PIV streamlines, and (d) CFD streamlines. 



 

Fig. 9. Comparison between the PIV and CFD throughout the flow cycle (a) maximum velocity and (b) 
maximum shear strain rate. 

 

4. Discussion and conclusions 
    In this study, a transient PIV experiment was conducted with two coronary artery models with eccentric and 
concentric stenosis configurations to examine the effect of the eccentricity on the length of the recirculation zone, the 
maximum shear strain rate and the maximum velocity at different times of the flow cycle corresponding to different 
Reynolds numbers.  
 
4.1. Stenosis eccentricity effects  
    The PIV results showed that during the flow cycle, the eccentric model was always associated with greater 
recirculation zone length, maximum shear strain rate and maximum axial velocity than the values for the concentric 
lesion, a finding that is in a good agreement with previous studies [5, 13]. The analysis of the results revealed that at 
high Reynolds numbers the difference between the eccentric and concentric models decreased. This can be examined by 
comparing the velocity profiles downstream of the stenosis for the eccentric and concentric models at low and high 
Reynolds numbers (Fig. 10). As seen, at higher Reynolds numbers, the gradient between the velocity profiles of the 
eccentric and concentric models (αଶሻ is less than that of the low Reynolds numbers (αଵሻ. This means that the similarity 
between the velocity profiles of the eccentric and concentric models increases as the Reynolds number increases. The 
shear strain rate depends on the velocity profile and the recirculation length is also dependent on the shear strain of the 
flow. Therefore, the velocity profile analysis verified that the difference between the flow behaviour of the eccentric 
and concentric models decreases as the Reynolds number increases.  



 

 
Fig. 10. Velocity profiles downstream of the stenosis for the eccentric and concentric models at low and high Re 

numbers. 
 
4.2. CFD validation 
    A transient CFD simulation was performed and compared with the PIV measurements conducted in the eccentric 
coronary artery model. Good agreement was found between the PIV and CFD predicted maximum axial velocities, 
maximum shear strain rates and recirculation zone lengths. However, the greatest and least discrepancies between the 
results were observed for maximum shear strain rate and maximum axial velocity, respectively. The quantitative 
difference between the maximum shear strain rates was attributed to the inability of the PIV method to capture near-
wall velocities; however, the qualitative behaviour of the PIV predicted maximum shear strain rate was reasonably 
similar to that of the CFD result.  
 

5. Limitations  
    The main limitation of this study relates to the geometrical properties of the experimental models. The coronary 
arteries have complex vessel characteristics such as curvature and branching. Our PIV model assumes laminar flow 
with Newtonian fluid properties and non-deformable vessel wall. However, previous studies have shown that these 
assumptions are acceptable for simulations involving human arteries [19, 20]. Other vessel characteristics such as 
curvature, bifurcations and vessel size will also likely affect the flow parameters measured. This study attempted to 
control for these confounding effects by using simple models of eccentric and concentric arteries. Because the study 
was restricted to only simple artery models, the absolute values derived cannot be generalized to the human arteries. 
However, we believe that the general concepts will still be applicable to the all human arteries. In addition, the PIV 
facility used in this study was not capable of capturing near-wall velocities which might affect the shear strain results. 
The natural coronary flow profile in the coronary arteries is different from the flow rate produced by the PIV pump.  
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