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SUMMARY 

 

ANALYSIS OF CORONARY STENT IMPLANTATION 

EFFECTS ON BLOOD FLOW IN STEADY AND PULSATILE 

FLOW CONDITIONS BY USING LASER DOPPLER 

ANEMOMETRY 

Kiyoumars ASHOUROUN 

 

Biomedical Engineering Programme 

MSc Thesis 

 

Advisor: Assoc.Prof. Dr.Nurullah ARSLAN 

 

In this research flow velocity profile in both Steady and Pulsatile flow produced by 

peristaltic pump inside a silicon rubber tube that imitating the coronary artery has 

observed by using Laser Doppler Anemometry before and after implementation of stent 

in both laminar and turbulant flow and comparing the velocity datas and profiles 

achieved in 10 cm starting from outlet of the stent and continue down stream of flow 

between two flow conditions in stented and stent free models is done. 

 

Key words: Flow, Steady, Pulsatile, Stent, Laser Doppler. 
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ÖZET 

 

KORONER STENT İMPLANTASYONUNUN SÜREKLİ VE 

PULSATİL AKIŞ ŞARTLARINDA KAN AKIŞINA ETKİSİNİN 

LAZER DOPPLER İLE İNCELENMESİ 

 

Kiyoumars ASHOUROUN 

 

Biyomedikal Mühendisliği Programı 

Yüksek Lisans Tezi 

 

Danışman: Doç.Dr. Nurullah ARSLAN 

Bu araştırmada koroner atar damarını temsil eden silikon tüpün içerisindeki stentin 

Peristaltik pompa vasıtasıyla sağlanan sürekli ve pulsatil akışlarına etkisi Lazer Doppler 

ile stent implantasyonundan önce ve sonra incelenmiştir ve her iki akış şartlarındakı hız 

dataları ve profilleri stentin çıkış noktasından itibaren 10 cm boyunca çıkartılıp ve 

grafikler elde edildikten sonra kıyaslanmıştır.  

 

 

 

Anahtar Kelimeler: Akış, Sürekli, Pulsatil, Stent, Lazer dopler 
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CHAPTER 1 

INTRODUCTION 

Cardiovascular disease (CVD) is sometimescogitated to be a problem of modern 

countries. 

Actually, major cause of death in whole world is known as CVD. In all developed 

nations and low and middle income countries, it reports for almost 30 percent of all 

deaths. The prevalence risk factors for CardioVascular Deseases and associated chronic 

diseases in modernizing countries, including tobacco, unhealthy dietary changes, , 

increasing blood fatty acids, reduced physical activity and hypertension, reflects 

significant worldwidel changes in characteristics and life model[1]. 

From adolescent, cholesterolplaque would begin to lay in the blood vessel inner walls. 

As we get older, the plaque makes up, provoke the blood vessel iner walls and 

increasing the risk of blood clots formation and heart attack. The deposited plaques 

release chemicals that start the process of curing but make the inner walls of the blood 

vessel viscid. Then, other materials, such as lipoproteins, inflammatory cells and 

calcium that moving in our bloodstream start gumming to the inside of the vessel inner 

walls.  

Finally, a narrowed artery may make new blood vessels that find a new way to get 

blood to the heart. Also, during times of increased effort or stress, the new arteries may 

not be able to provide enough oxygenated blood to the cardiac muscle [2]. 

An interventional operation is a non-surgical curing used to open narrowed coronary 

arteries to enhance blood flow to the heart. An interventional procedure can be 

implemented during an identification cardiac catheterization when congestion is 

determined, or it may be set after a catheterization has approved the availability of 

coronary artery disease. 
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An interventional method begins out the same way as a cardiac catheterization. When 

the catheter is in position, one of these interventional procedures is implemented to 

open the artery: stent placement, balloon angioplasty, rotablation or cutting balloon. 

Stenting: In almost all cases, balloon angioplasty is implemented in integration with the 

stenting method. Stent is a small, metal mesh tube that roles as a wharf to ensure 

support inside the coronary artery. A balloon catheter, put on a guide wire, is used to 

insert the stent into the narrowed artery. When in place, the balloon is blown up and the 

stent enlarges to the size of the artery and keeps it open. The balloon is deflated and 

took away, and the stent remains in place permanently. During a period of several 

weeks, the artery recovers around the stent. Thence, restenosis is alittle diminished [3]. 

The sudy of blood flow profile by using laser doppler anemometry in Steady and 

Pulsatile characteristics of flow before and after implementation of a stent inside the 

coronary artery is done in this research, so the velocity profile and turbulances at the 

outlet of the stented region can be observed and compare with the stent free region of 

the artery and the effect of stent implementation on blood flow profile is examined.    

Blood flow velocity profile is one of the most important parameters in promoting 

cardiovascular diseases such as restenosis, red blood cell deformation and 

malfunctioning of endothelial cells. One of the reasons of these problems is stent 

implementation. In a healthy person in various parts of the cardiovascular system there 

is different blood velocity profile in various arteries such as Carotid arteris, Coronary 

arteries and etc. and this is because of the blood flow presure and structure of the artery 

at that region and this is also related to the anatomical place of the artery and its 

function. 
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1.1 Literature Review 

Stenting influences coronary flow types that have been incorporated with stent 

thrombosis and restenosis rates [4]. Actually, changed geometry and incorporated blood 

flow deformities induced by stenting can effects restenosis [5]. Deformed flow may also 

simplify the aggregation of other blood thrombogenic factors and platelets close to the 

wall. 

Presentation of stents struts into the coronary artery with endemicbulge into the lumen, 

which change the original flow condition. Stent struts change flow conditions in both 

inside the vessel lumen and near to the vessel wall [6]. 

Coronary artery stents are being studied in severalclinical research organizations, with 

the aim of avoidingcoronary artery restenosis consequent balloon angioplasty [7]. In 

this method, a coronary stentis positioned over the angioplasty balloon and applyedto 

the region of the lesion. The stent enlarges with theballoon and remains in place after 

the balloon isdeflated and removed, so working as a mechanicalwharf to prevent 

renarrowing orrestenosis ofthe vessel lumen. 

In the latest results indicate that coronary artery stents stimulate flow unsteadinesses 

that are detected 1 cm downstream under induced mild exercise conditions. We did not 

detect anyunsteadinesses 5 cm downstream. These unsteadinesses are therefore best 

explained as flow unsteadinesses, since the definition of complete turbulence 

implements only to unsteadinesses which do not decease as they propagate downstream 

[8]. 

Stent implantationin the carotid artery bifurcation stimulatechanges of the physiologic 

flow behavior. Depending on the stent structural design the flow changes are positioned 

in different regions [9]. 

The fluid flow interaction between stent mesh and blood flow changes the WSS [10]. 

Flow unsteadinesses and reduced blood flow have been incorporated with higher 

restenosis rates and contrary events after coronary interventions. We searched to 

investigate flow changes that happend after stent implantation in a coronary model, 

within and near to the stented part. A stentwasapplied in the left anterior descending 

artery (LAD) of a real scaled silicon coronary model design. The model was 

assembledinto an artificial circulation and showed stretchability and rheologic 

http://circinterventions.ahajournals.org/content/5/4/530.full#ref-6
http://circinterventions.ahajournals.org/content/5/4/530.full#ref-7
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characteristics comparable to human coronaries. Flow profiles were achieved using 

laser-Doppler anemometry. Stentstimulated a transitional flow within the stents, in the 

meshed branch as well as in the nearparts. This study reveals accurately that stent 

implantation stimulates flow unsteadinesses in parts known to be prone for restenosis. 

Examinations using laser-Doppler measurements may brighten rheologic stimulating 

inducing restenosis and makes it easier to optimizing stent design and opening 

techniques[11].Turbulence is one of the hydraulic unsteadinesses mingled in thrombus 

formation, even if absolute proof of itsassistance effect is lacking [12].The mechanism 

of thrombus creation stimulated by turbulence is probably related to the effectsof 

turbulence on created elements in the bloodSuch effects could have been caused by [13] 

shear,[14] collision with the walls of the tubing, or [15]prolonged contact with the 

foreign surface. Bothagitated random flow and high shear are intrinsicbehavios of 

turbulence [16]. 

The probabilitythat high rates of shear lend to the activationof platelets has been 

aforethought [17]. 

Collision of builed elements with the walls of thetubing does happen, since turbulence 

causes eddiesof flow perpendicular to the wall. Deformationof theblood cells due to 

collisions could have lended to the deposition of thrombi.  

 

Sloshed random movement of the blood within theturbulent region can cause the blood 

cellsto be in touch with the walls of the for a long time in the turbulent system in 

contrast with the laminar flowsystem. This condiition can lended tothe observed 

increase in thrombus formation in theturbulent system. Such a mechanism, could apply 
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To the mechanism of thrombus creation in some clinical conditions such as thrombosis 

in the environs of intravascular prostheses [12]. 

Laser Doppler anemometers are inherently precise, linear, and non-invasive. Calibration 

generally is not necessary; frequency measurements andlengt cover to build velocity at 

a spatial point. Measurements could made at points in the cross-sections of channels 

containing fluid flow [18]. 

 

Coronary flow velocity changes immediately after stent implantation arterial restenosis 

after stent delatation may be stimulated by the local flow condition within and around 

the stent [19]. 

 

Simulations have showed the presence of flow recirculation andseparation immediately 

downstream of stents. In steady flow within straight vessels, the prolong of flow 

unsteadinesses downstream of the stent increases with both stent wire thickness 

andReynolds number but is relatively insensible to stent struts. In semi circular vessels, 

flow disturbance downstream of the stent happens along both the inner and outer vessel 

walls with the prolong of disturbance linked on the angle of vessel curvature. In 

pulsatile flow, the segments of flow disturbance time dependantly increase and decrease 

in size. Non-Newtonian fluid properties lead to a small reduction in flow disturbance 

downstream of the stent [20]. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Coronary Artery 

Coronary circulation is the circulation of blood in the blood vessels of the heart muscle 

(myocardium). The vessels that carry oxygenated blood to the myocardium are known 

as coronary arteries.  

We know that right and left coronary arteries position on the surface of the heart, they 

can be called epicardial coronary arteries. Coronary arteriesare capable of 

autoregulation to protect coronary blood flow at levels suitable to the needs of the heart 

muscle. These relatively narrow vessels are mostlyinfluenced by atherosclerosis and can 

become blocked, causing angina or a heart attack.  

 

Figure 2.1 Carotid arteries of Heart [21] 

http://en.wikipedia.org/wiki/Blood_vessel
http://en.wikipedia.org/wiki/Heart
http://en.wikipedia.org/wiki/Myocardium
http://en.wikipedia.org/wiki/Myocardium
http://en.wikipedia.org/wiki/Myocardium
http://en.wikipedia.org/wiki/Atherosclerosis
http://en.wikipedia.org/wiki/Angina_pectoris
http://en.wikipedia.org/wiki/Myocardial_infarction
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2.1.1 Coronary Stenosis 

Coronary stenosis is a situation in which a coronary artery becomes coned and blocked 

with materials like cholesterol  or fat. A coronary artery is a blood vessel located in the 

heart that is incharge of supplying the heart with blood. If the artery becomes blocked, it 

can severely affect the heart’s functioning and may eventually become fatal. 

If the coronary artery gets wounded, it can result in coronary stenosis. Cholesterol is a 

solid material that can bind to the inside of blood vessels wall and affect their 

performance to carry blood to the heart. Containing high levels of cholesterol in the 

blood can damage the coronary artery, as can cause hypertention. 

 

 

Figure 2.2Proces of stenosis and stent implantation [22] 

http://www.wisegeek.com/what-is-a-coronary-artery.htm
http://www.wisegeek.com/what-is-cholesterol.htm
http://www.wisegeek.com/what-are-blood-vessels.htm
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2.1.2Coronary Stent 

A coronary stent is a tube like metal positioned in the injured coronary arteries that 

supply the heart, to maintain the arteries open in the treatment of coronary heart disease. 

It is used in a operation called percutaneous coronary intervention (PCI). Stents 

decrease chest pain and have been observed to advance life time in the case of an acute 

myocardial infarction[23].Stents generally are made of metal mesh, but sometimes 

they're made of drape. Drape stents, also called stent grafts, are employed in larger 

arteries. 

 

Figure 2.3 Typical Stent Schematic[24] 

In this research a stainless steal spring with outer diameter of 7,8 mm was used insteed 

of using stent, beause there is not any real stent with the outer diameter of 7,8 mm that 

used in stent implementation, also in the used spring there was grooves that could 

imitate as struts of the stent. 

 

Figure 2.4 Stainless Steel Spring 

http://en.wikipedia.org/wiki/Stent
http://en.wikipedia.org/wiki/Coronary_artery
http://en.wikipedia.org/wiki/Heart
http://en.wikipedia.org/wiki/Coronary_heart_disease
http://en.wikipedia.org/wiki/Percutaneous_coronary_intervention
http://en.wikipedia.org/wiki/Myocardial_infarction
http://en.wikipedia.org/wiki/Myocardial_infarction
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2.2Flow through Coronary Artery 

2.2.1 Steady Flow 

Pressure, Velocity and other properties of fluid flow can be functions of time separate 

from being functions of space. If a flow that the properties at every point in the flow is 

independant upon time, it is called a steady flow. Mathematically formulafor steady 

flows:  

  

  
                                                                                                                         (2.1) 

Where P is any property like density, velocity or pressure [25]. 

In other word when all the time involutions of a flow field disappear, the flow is 

concieved to be a steady flow. Steady-state flow refers to the situation where the fluid 

characteristics at a point in the system do not change over time.  

 Laminar flow over a sphere is steady in the frame of reference that is constant with 

respect to the sphere 

Laminar flow is the normal situation for blood flow throughout most of the circulatory 

system. Its properties are concentric layers of blood moving in parallel down the length 

of a blood vessel. The highest velocity in laminar flow (Vmax) is found in the center of 

the vessel. The lowest velocity (V=0) is found along the vessel wall. If the flow is fully 

developed, so the flow profile is parabolic.  This occurs in straight, long blood vessels, 

under steady flow conditions. 

 

Figure 2.5Steady Laminar Flow Velocity Profile [26] 

http://en.wikipedia.org/wiki/Sphere
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Largely in the body, blood flow is laminar. However, in conditions of high flow, 

especially in the ascending aorta, laminar flow can be dispersed and become turbulent. 

When this occurs, blood does not flow smoothly and linearly in near layers, but in 

return the flow can be characterised as chaotic. Turbulent flow also happens in large 

arteries at bifurcation regions, in diseased and narrowed (stenotic) arteries (see figure 

below), and across calcificated heart valves. 

 

Figure 2.6 Steady vs Turbulent Flow Schematics [27] 

2.2.1 Pulsatile Flow 

 In a reference frame that is constant with respect to a background flow, the flow is 

unsteady. Turbulent flows are unsteady by definition turbulence does not happen until it 

reach high velocity that the flow lamina break apart. Therefore, when blood flow 

velocity increases in a across a heart valve or blood vessel, the step by step increase in 

turbulance is not common. Instead, when a critical Reynolds number (Re) is exceeded 

turbulance occures. Reynolds number is a formula to calculate under ideal conditions 

whenturbulence will occur [28].  

The equation for Reynolds number is: 

Basic Reynold number formula:        
     

 
                                                             (2.2) 

 

Under resting conditions, wave form of coronary flow remained laminar, even after 

stent placement. However, unsteadinesses were found downstream from a stent placed 

in the proximal LAD under light exercise conditions. These disturbances were found 5 

mm distal to the stent, in the LAD [29]. 

 

http://www.cvphysiology.com/Hemodynamics/H006.htm
http://www.cvphysiology.com/Hemodynamics/H008.htm
http://www.cvphysiology.com/Heart%20Disease/HD004.htm
http://en.wikipedia.org/wiki/Turbulence
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2.3Modeling and Setup the System 

2.3.1 General Schematic of the System 

The system includes parts that are listed below: 

 LDA signal processing unit 

 Laser doppler probe 

 Blood like fluid 

 Peristaltic pump 

 Humusoft DAQ card 

 Motor driver 

 Stent implanted tube 

 Matlab installed pc 

 

 

Figure 2.7General Schematic of the System 
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2.3.2 Silicone Rubber Tube 

A sillicon rubber tube selected to be imitate the coronary artery because it‘s compliance 

is similar in compare with the artery and also it has fully peneterance with inside 

diameter of 7.9 mm. So calculations made by dynamic similarity to get the original 

Reynold number at LDA coronary artery constant and find the other parameters 

coresponding to the diameter of the tube(7.9mm)[equation 2.2.]. Thein vivo and in vitro 

parameters are written in section 2.3.10. 

 

Figure2.8 Silicone Rubber Tube 

2.3.3 Index of Refraction 

The index of refraction of silicone rubber is 1,44 and for air is 1. So for correcting the 

bending of laser beam in the wall of the silicone tube we prepare some water (n=1,333) 

and oil mixture to make the index of refraction of medium equal to index of refraction 

of silicone. 

 

Figure2.9Index of Refraction of the Medium 
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2.3.4 Peristaltic Pump 

Natural system of pumping materials in the case of most physiological fluids is 

peristaltic transport. Separate from physiological fluids, some other fluids also show 

peristaltic behaviour. When the flow is influenced by a advancing wave of segment 

contraction/relaxation along the length of the border of a fluid-filled stretchable tube 

peristalsis occures [30, 31]. 

A peristaltic pump (Master flex inc.) used to produce flow with the flow rate of 132 

ml/min that calculated with dynamic similarity formulas in both laminar and pulsatile 

flow.  

 

 

Figure 2.10 Peristaltic pump (Master flex Inc.) 
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2.3.5 Laser Doppler Anemometry 

Laser Doppler anemometry (LDA), is the technique of using the Doppler shift in 

a laser beam to measure the velocity in semi-transparent or transparent fluid flows, or 

the linear or vibratory motion of opaque, reflecting, surfaces. 

By using laser doppler anemometry with wavelenght of the 512nm the velocity profile 

and mean velocity inside the tube can be achieved by getting the information of the 

back scattered laser beam from the flowing PSPs inside the tube. LDA is connected to 

the BSA flow software [32], so the information collected in the system and the data 

calculated by the software.  

 

 

Figure 2.11 Laser Doppler Probe 

 

Figure 2.12 Working Principle of LDA 

 

 

http://en.wikipedia.org/wiki/Doppler_effect
http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Velocity
http://en.wikipedia.org/wiki/Fluid
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2.3.6 Polyamide Seeding Particles (PSP) 

This is a tracer that is small enough to follow (trace) fluid motion and does not alter 

fluid or flow properties. 

These are produced by polymerisation processes and therefore have a round but not 

exactly spherical shape. 

 They are microporous and strongly recommended for water flow applications [33]. 

1 liter of water mixed with 2 grams of PSP for preparing the blood like fluid mixture for 

using inside the tube. 

 

 

Figure 2.13 Polyamide Seeding Particles (PSP) 
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2.3.7 Traverse System 

Traverse system used to move the laser light probe in vertical direction from top to 

down of the inner cross section area of the tube with predefind transition time for each 

point and positions by step size of the 1mm. After completing one cross section the 

traverse system moves 10mm toward the direction of the flow and BSA flow software 

starts to calculate the same process in new cross section. The system will continue to 

calculate the mean velocity till it reaches to the 10cm away from the beginning position. 

So we can get 10 velocity profiles in horizontal direction starting from the outlet 

position of the stent. 

 

Figure 2.14 Traverse System Schematic 
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2.3.8 Dynamic Similarity Equations 

Basic Reynold number formula:        
     

 
 

We keep the Reynold number constant for both the in vivo and in vitro conditions and 

make dynamic similarity: 
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Average velocity of flow in the tube in laminar flow conditions: 

 

          
 

 
(2.3) 

U = 0,0244 
 

 
(2.5) 
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CHAPTER 3 

RESULTS AND DISCUSSIONS 

3.1 Steady Flow 

In laminar flow the prestaltic pump itself produces a flow inside the tube and it sustain 

the produced flow rate at a constant magnitude by it’s closed loop property, so by 

getting the back scattered information from the probe, the BSA flow software gives the 

mean velocity at each predefind vertical 5 point. By exporting the data to the Excel 

program, the graph of the flow at a specific cross section can be achieved and this 

process continue till measure mean velocity in each point in 10 cross section in 

downstream of the tube. 

3.1.1 Velocity Profiles before Stent Implementation 

By getting the datas from laser Doppler, the tables and graphs of velovity profiles inside 

the tube obtained by using the MS Offic Excel program. Starting from the position of 

x,y(0,0) in the tube by step sizes of 10mm and finished at the position of x,y(100,5), so 

10 graphs and tables is obtained. 

Unit of length in this research is in millimeters. In this section all the graphs are similar 

and datas on the tables are nearly same because there is not any obstacle inside the tube 

and flow is steady and the flow velocity profile in laminar flow could be seen. Due to 

the definition of the laminar flow, the velocity is maximum at the center of the tube and 

it decreasesas the flow approaches to the inner wall of the tube untill it reaches to zero 

at the walls. 
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Because of the similarity between graphs, here there is datas of flow obtained in 

beginning and end of the tube.  

 

 

 

Figure 3.1 Stent Free Velocity Profile in Steady Flow at x=0mm 

 

Table 3.1 Stent Free Velocity Datas in Steady Flow at x=0mm 
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Figure 3.2 Stent Free Velocity Profile in Steady Flow at x=100mm 

 

 

Table 3.2 Stent Free Velocity Datas in Steady Flow at x=100mm 
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The velocity at the center of the tube in the beginning position is 0,0269048[m/s] (see 

table 1) and in the end of the tube is 0,0257649[m/s]. By comparing these datas with the 

velocity achieved by the formula Eq. (2.5) for the tube that is 0,0244 [m/s], the accuracy 

of the system will appear. 

The tube inside the system is not totally straight and it has curvature on it, so the 

velocity profiles near the wall contain some semi-Eddies flows because of the curvature. 

An eddy is the swirling of a fluid and the reverse current created when the fluid flows in 

a curvature or past an obstacle. 

This phenomena is the same in the human vessel and in the human arteries the eddies 

could be seen at the places near the wall of the artery. 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Fluid
http://en.wikipedia.org/wiki/Current_(water)
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3.1.2 Velocity Profiles after Stent Implementation 

After implementation of stent datas obtained by using laser doppler starting from the 

outlet position of the stent x,y(0,0) in the tube by step sizes of 10mm and finished at the 

position of x,y(100,5).  

10 graphs and tables achieved at this step. The flow disturbances started from first 

position and continue down stream of flow. 

 

 

 

 

 

 

Figure 3.3 Stent Implanted Velocity Profile in Steady Flow at x=0mm 

 

 

 

 

 

 

 

Figure 3.4 Stent Implanted Velocity Profile in Steady Flow at x=10mm 
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Figure  

 

 

 

Figure 3.5 Stent Implanted Velocity Profile in Steady Flow at x=20mm 

 

 

 

 

 

 

 

 

Figure 3.6 Stent Implanted Velocity Profile in Steady Flow at x=30mm 
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Figure 3.7 Stent Implanted Velocity Profile in Steady Flow at x=40mm 

 

 

 

 

 

 

 

 

 

Figure 3.8 Stent Implanted Velocity Profile in Steady Flow at x=50mm 
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The effect of the stent is obvious in these figures. In laminar flow at the first position 

there is a increase in velocity in one point but rest are decreased and turbulances starts. 

At second position the eddies are obvious and there is a negative velocity at some points 

that shows the turbulances and reverse direction of flow. This condition continues till 

the position 6.  

The magnitude of the negative velocities are very small because the flow rate of the 

system is 132 ml/min and this magnitude is not enough to produce big turbulances also 

the flow is steady and it does not change by time and the pump pushes the flow at the 

same range. 

 Once the flow profile is constant and steady, the effect of stent on this flow with a 

small flow rate is not significant. 

At the position 6 the velocity profile returns to its original situation and the effect of 

stent on blood flow disappears.  

Whole figures and tables are included in appendix A.      
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3.2 Pulsatile Flow 

After implantation of stent datas obtained by using laser doppler starting from the outlet 

position of the stent x,y(0,0) in the tube by step sizes of 10mm and finished at the 

position of x,y(100,5). 

Because of the time dependant nature of the pulsatile flow, in the velocity calculation 

step, the generated signal from matlab transfer to the pump by the aid of humusoft DAQ 

card to command it to work as pulsatile. 

Pulsatile flow produced by using Matlab program. Matlab takes real raw datas from 

cardiograghy and translate it to the codes and formulate it by using fourier transform 

series and find the coefficient of sines and cosines figure (see Figure 3.9.) then by using 

the simulink toolbox it generate the signals and with DAQ card and motor driver it 

sends the pulsatile signals to the pump and run it. 

 

 

Figure 3.9 Matlab Generated Coronary Artery Signal 

For each check point we measure the velocity profile in 5 vertical positions and by 

exporting the datas we obtain the velocity profile in a specific cross section for each 

check points. By continuing the process finally we will get five different velocity 

profiles for each cross section. 

We measure 10 cross sections spaced 10mm to each other started from the outlet of the 

stent and continue down stream of the tube.  
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Finally we will get 10 different velocity profiles in 100 mm length of the tube and by 

the achieved datas we can compare the flow condition and profile in both stent 

implanted and stent free tube. 

In the BSA flows software, the laser Doppler measures the particles velocity in each 

point in 200 second time domain, so 20 profiles is achieved. By comparing the profiles 

of the same point, the average data at each point at specific time of the period of the 

signal is achieved.   

 

 

Figure 3.10 Measurement Procedures by LDA and Traverse System 

By knowing this fact that the pulsatile flow is a time dependant flow and the magnitude 

of the velocity at each second is changing in a period time domain, so we set the period 

of the signal to be 10 second and we divide the period to 5 time intervals or 5 check 

points.  
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Figure 3.11 First Check point on Period of the Signal 

 

Figure 3.12 Second Check point on Period of the Signal 

 

 

Figure 3.13 Third Check point on Period of the Signal 
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Figure 3.14 Forth Check point on Period of the Signal 

 

 

 

Figure 3.15 Fifth Check point on Period of the Signal 
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3.2.1 Velocity Profiles before Stent Implantation 

The range of the pumping flow rate is between 0-132 ml/min that adjusted by the 

matlab software. The flow velocity profiles are shown below and because of the 

absence of stent in this step, the velocity profiles are nearly same at all 10 cross section 

areas on the tube. There is five different velocity profiles on these graphs. Each one is 

belong to a specific time of the period of the signal.  

 

Figure 3.16 Stent Free Velocity Profile in Pulsatile Flow at x=0mm 

Table 3.3 Stent Free Velocity Datas in Pulsatile Flow at x=0mm 
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Figure 3.17 Stent Free Velocity Profile in Pulsatile Flow at x=100mm 

Table 3.4 Stent Free Velocity Datas in Pulsatile Flow at x=100mm 

The maximum velocity profile is related to the 2nd second of the period that is peak 

systolic pressure. Again the max. Velocity is related to the point at the center of the 

tube. In this step just the profiles at the beginning and the end of the tube are shown, 

because the rest are nearly same.  

Whole figuress and tables are included in appendix B.      
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3.2.2 Velocity Profiles after Stent Implementation 

The range of the pumping flow rate is between 0-132 ml/min that adjusted by the 

matlab software. 

The stent implanted into the tube and laser doppler starting measurement from the outlet 

position of the stent x,y(0,0) in the tube by step sizes of 10mm and finished at the 

position of x,y(100,5).  

10 graphs and tables achieved at this step. The flow disturbances started from first 

position and continue down stream of flow. 

 

 

Figure 3.18 Stent Implanted Velocity Profile in Pulsatile Flow at x=0mm 

 

 

Figure 3.19 Stent Implanted Velocity Profile in Pulsatile Flow at x=10mm 
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Figure 3.20 Stent Implanted Velocity Profile in Pulsatile Flow at x=20mm 

 

 

Figure 3.21 Stent Implanted Velocity Profile in Pulsatile Flow at x=30mm 
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Figure 3.22 Stent Implanted Velocity Profile in Pulsatile Flow at x=40mm 

 

 

Figure 3.23 Stent Implanted Velocity Profile in Pulsatile Flow at x=50mm 
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The effect of the stent is obvious in these figures. Turbulences started from first 

position, velocity partially increase at the center but at the other points decreases, 

turbulences and eddies are increasing as the laser Doppler progress down stream.  

Turbulences generally are at the positions near the wall and negativ velocity magnitudes 

are present near the wall that shows the turbulences. 

Deformation of the velocity profile continues till the 5th cross section, at the 6th cross 

section the velocity profile returns to it normal profile and the effect of stent on flow 

disappears.Since turbulence causes eddies of flow perpendicular to the wall of the tube 

(see figure 3.23. ), collision of the particles will increases at the positions near the wall.  

Whole figuress and tables are included in appendix B.      
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CHAPTER 4  

CONCLUSION 

The main aim of this work was understanding the effect of stent implantation on blood 

flow velocity in LDA coronary artery of cardiovascular system. 

To achieve the effects of stent implantation to blood flow velocity in steady and 

pulsatile conditions, firstly the simple model of the coronary artery was decided to be a 

silicone rubber tube because of it’s properties. By using a stainless steel spring insteed 

of using stent the the artery with implemented stent prepared. Spring is used because for 

getting  accurate datas from laser doppler, number of analysed points have to be at least 

5 and it needed at least 7 or greater inner diameter of tube. by knowing this fact that any 

stent can not expand more than 4mm in coronary arteries [34], the spring has choosed. 

Using the laser doppler anemometry the result obtained. Laser doppler is a appropreate 

and well established device for measuring and calculating velocity at each point. 

The LDA results in the chapter 3 revealed significant differences in the flow velocity 

profiles before and after stent implantation. 

The velocity profiles disturbed at the outlet position of the stent and increasing and 

decreasing of velocity in points on cross section areas has observed. Regarding to the 

curvature structure of tube, the profiles were not symmetrically disturbed.  

The profile near the crest of the tube became disturbed but in positive direction on the 

other hand profiles near the bottom became turbulant in negative direction, it means 

there is eddies of flow and circulatory flow at that points. 

The velocity change in artery caused adhesion of thrombies, the lawer turbulant velocity 

or eddies make adhesion faster in respect to the normal condition. 

This is important that the geometry of stents effects blood flow and the major results of  

its mechanical and chemical actions. The number and design of the struts inside the 

stent can change the effects on blood flow. By optimizing the designs and biomaterials 

that used, the side effect of stent implantation could be reduce.  
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The effect of stent in both laminar and turbulant flow in a tube analysed in vitro to show 

and compare the great effect of any obstacle in human coronary artery. 

In the future studies the effect of different stent designs can be analyse and the optimum 

design of stent meshes that reduce restenosis risk and thrombosis formation could be 

analysed also by passing flow through the flow kits the effect of the flow on the cell 

containing kits and finally the analysis in animal arteries could be done by diagnosing 

the post effects of different design of the stent. 
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APPENDICES 

APPENDIXA 

Velocity profile figures and tables after stent implantation in steady flow 
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APPENDIX B 

Velocity profile figures and tables after stent implantation in turbulent flow 

At x=0mm. 
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At x= 10mm. 
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At x= 20mm. 
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At x= 30mm. 
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At x=40mm. 
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At x= 50mm. 
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APPENDIXC 

 Matlab Codes for Generating Pulsatile Flow 

% clear all 

% close all 

% clc 

 

delt=0.01;          % <= set sampling time interval 

T=10;               % <= set signal period              

fs=1/T;             % <= set frequency (sampling frequency) 

t=[0:delt:T]';    

% f = column vector of measured values 

Qraw = dlmread('coronaryraw1.txt','\t'); 

f = Qraw(:,2); 

 

N=length(f); 

dt=T/N; 

tv=[0:N-1]'*dt; 

 

% remove negative values 

%f=max(f,0); 

 

c0=sum(f)*dt/T-1.55; 

 

for k=1:14 

    A(k)=2*sum(f.*cos(tv*k*2*pi/T)*dt)/T; 

    B(k)=2*sum(f.*sin(tv*k*2*pi/T)*dt)/T;     

end 

 

%============================== 
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%Sinyal Genliğinin Değiştirilmesi 

%=============================== 

singen=1*0.09;  %<= katsayıyı değiştirerek ayarla 

A=singen*A; 

B=singen*B; 

%============================== 

%============================== 

% Raw datadan elde edilen katsayılar ile sinyal oluştur 

for i=1:14  

sc(i,:)=A(i)*cos(2*pi*fs*t*i); 

ss(i,:)=B(i)*sin(2*pi*fs*t*i); 

end 

stt=c0+sum(sc)+sum(ss); 

%=================================================== 

%grafiğinin çizilmesi 

%===================== 

figure  

plot(stt); 

grid  

% xlabel('time (s)')   % label x-axis 

% ylabel('Q (mL/s) ') %  

axis([0 length(stt) 0 1])  

%========================== 

%simulink için arraylar workspace  

A=A'; 

B=B'; 

 

 



53 

 

REFERENCES 

[1] Committee on Preventing the Global Epidemic of Cardiovascular Disease: 

 Meeting the Challenges in Developing Countries Board on Global Health 

 Valentín Fuster and Bridget B. Kelly, Editors. 

[2] Reviewed by Michael F. Richman, MD, FCCP, FACS on March 01, 2012 

 © 2012 WebMD, LLC. All rights reserved. 

[3 ] © Copyright 2014 Cleveland Clinic. All rights reserved. 

[4 ] Williams AR, Koo BK, Gundert TJ, Fitzgerald PJ, Ladisa J Jr. 

 Local hemodynamic changes caused by main branch stent implantation and 

virtual side branch balloon angioplasty in a representative coronary 

bifurcation. J Appl Physiol. 2010; 109:532–540. 

[ 5] Garasic JM, Edelman ER, Squire JC, Seifert P, Williams MS, Rogers C 

 Stent and artery geometry determine intimal thickening independent of arterial 

injury. Circulation. 2000; 101:812–818. 

[6 ] Flow Patterns at Stented Coronary BifurcationsComputational Fluid Dynamics 

Analysis 

 Demosthenes G. Katritsis, MD, PhD, FRCP, Andreas Theodorakakos, 

PhD, Ioannis Pantos, MSc, Manolis Gavaises, PhD, Nicos Karcanias, PhD, 

DSc and Efstathios P. Efstathopoulos, PhD 

[ 7] (H, aude et al., 1991; Levine et al., 1990; Schatz et al., 1990) 

[8 ] Flow instabilities inducedby coronary artery stents: Assessments with an in 

vitro pulse duplicator. 

 Jon Peacock, Shelly Hankins, Travis Jones and Robert Lutz NIH, Bethesda, 

Maryland, U.S.A.1995 (Yellin, 1966). 

[9 ] Flow velocities after carotid artery stenting: impact of stent design. A fluid 

dynamics study in a carotid artery model with laser Doppler anemometry. 

 Greil O
1
, Kleinschmidt T, Weiss W, Wolf O, Heider P, Schaffner S, Gianotti 

M, Schmid T, Liepsch D, Berger H. 

[10]  J Biomech. 2003 Jul; 36(7):991-8.Experimental study of laminar blood flow 

through an artery treated by a stent implantation: characterisation of intra-stent 

wall shear stress. 

 Benard N
1
, Coisne D, Donal E, Perrault R. 

[11 ] Coronary stents cause high velocity fluctuation with a flow acceleration and 

flow reduction in jailed branches: an in vitro study using laser-Doppler 

anemometry. 

 Dörler J
1
, Frick M, Hilber M, Breitfuss H, Abdel-Hadi MN, Pachinger O, 

Liepsch D, Schwarzacher SP. 

[12]  Measured Turbulence and Its Effect on Thrombus Formation 

http://www.webmd.com/richman-michael-f
http://circinterventions.ahajournals.org/search?author1=Demosthenes+G.+Katritsis&sortspec=date&submit=Submit
http://circinterventions.ahajournals.org/search?author1=Andreas+Theodorakakos&sortspec=date&submit=Submit
http://circinterventions.ahajournals.org/search?author1=Ioannis+Pantos&sortspec=date&submit=Submit
http://circinterventions.ahajournals.org/search?author1=Manolis+Gavaises&sortspec=date&submit=Submit
http://circinterventions.ahajournals.org/search?author1=Nicos+Karcanias&sortspec=date&submit=Submit
http://circinterventions.ahajournals.org/search?author1=Efstathios+P.+Efstathopoulos&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=Greil%20O%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Kleinschmidt%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Weiss%20W%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Wolf%20O%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Heider%20P%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Schaffner%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Gianotti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Gianotti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmid%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Liepsch%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed?term=Berger%20H%5BAuthor%5D&cauthor=true&cauthor_uid=15602638
http://www.ncbi.nlm.nih.gov/pubmed/12757808
http://www.ncbi.nlm.nih.gov/pubmed?term=Benard%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12757808
http://www.ncbi.nlm.nih.gov/pubmed?term=Coisne%20D%5BAuthor%5D&cauthor=true&cauthor_uid=12757808
http://www.ncbi.nlm.nih.gov/pubmed?term=Donal%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12757808
http://www.ncbi.nlm.nih.gov/pubmed?term=Perrault%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12757808
http://www.ncbi.nlm.nih.gov/pubmed?term=D%C3%B6rler%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Frick%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Hilber%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Breitfuss%20H%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Abdel-Hadi%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Pachinger%20O%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Liepsch%20D%5BAuthor%5D&cauthor=true&cauthor_uid=23380899
http://www.ncbi.nlm.nih.gov/pubmed?term=Schwarzacher%20SP%5BAuthor%5D&cauthor=true&cauthor_uid=23380899


54 

 

 By Paul D. Stein and Hani N. Sabbah 

[13]  MCDONALD DA: Occurrence of turbulent flow in the rabbit 

 Aorta. J. Physiol (Lond) 118:340-347, 1952 

[14]  OHLSSON NM: Left heart and aortic blood flow in the dog. 

 Acta Radiol [Suppl] 213:1-80, 1962 

[15]  LING SC, ATABEK HB, FRY DL, PATEL DJ, JANICKI JS: 

 Application of heated-film velocity and shear probes to 

 Hemodynamic studies. Circ Res 23:789-801, 1968 

[16] PARKER JD, BOGGS JH, BUCK EF: Introduction to Fluid172-202 

 Mechanics and Heat Transfer. Reading, Massachusetts, 

Addison-Wesley Publishing Company, 1969, pp 224-225 

[17]  GOLDSMITH HL: Flow of model particles and blood cells and its relation to 

thrombogenesis. In Progress in Hemostasis 

 And Thrombosis, vol 1, edited by TH Spaet. New York, 

 Grune & Stratum, 1972, pp 97-172 

[18 ] National Bureau of Standards Special Publication 484 t Proceedings of the 

Symposium on Flow in Open Channels and Closed Conduits held at NBS, 

Gaithersburg t MDt February 23-25, 1977. (Issued October 1977)  

 Laser doppler anemometry for flow measurements 

 William W. Durgin, Alden Research Laboratories, Worcester Polytechnic 

Institute, Holden, Massachusetts 

[ 19] Coronary flow velocity immediately after primary coronary stenting as a 

predictor of ventricular wall motion recovery in acute myocardial 

infarctionTetsuzo Wakatsuki, MD
*
; Masato Nakamura, MD

b
; Taro Tsunoda, 

MD
*
; Hiroko Toma, MD

*
; Toshiyuki Degawa, MD

*
; Takashi Oki, MD

b
; Tetsu 

Yamaguchi, MD 

[ 20] Computational study of fluid mechanical disturbance induced by endovascular 

stents. 

 Seo T, Schachter LG, Barakat AI.b Author information 

 Department of Mechanical and Aeronautical Engineering, University of 

California, Davis, CA 95616, USA. 

 Heart J 27 (10): 1530–1538.
)
 

[21] http://www.daviddarling.info/encyclopedia/C/coronary_artery.html 

[22] http://www.nhlbi.nih.gov/health/dci/Diseases/Angioplasty/ 

Angioplasty_WhatIs.html |Date=January 2006 |Author=en: National Institutes 

of Health. 

 

 

http://content.onlinejacc.org/article.aspx?articleid=1126470
http://content.onlinejacc.org/article.aspx?articleid=1126470
http://content.onlinejacc.org/article.aspx?articleid=1126470
http://content.onlinejacc.org/article.aspx?articleid=1126470
http://content.onlinejacc.org/article.aspx?articleid=1126470
http://content.onlinejacc.org/article.aspx?articleid=1126470
http://www.ncbi.nlm.nih.gov/pubmed?term=Seo%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15909650
http://www.ncbi.nlm.nih.gov/pubmed?term=Schachter%20LG%5BAuthor%5D&cauthor=true&cauthor_uid=15909650
http://www.ncbi.nlm.nih.gov/pubmed?term=Barakat%20AI%5BAuthor%5D&cauthor=true&cauthor_uid=15909650
http://www.ncbi.nlm.nih.gov/pubmed/15909650
http://www.daviddarling.info/encyclopedia/C/coronary_artery.html
http://en.wikipedia.org/wiki/National_Institutes_of_Health
http://en.wikipedia.org/wiki/National_Institutes_of_Health


55 

 

[23]  Armstrong P, WEST Steering Committee (2006).  

  "A comparison of pharmacologic therapy with/without timely coronary 

intervention vs. primary percutaneous intervention early after ST-elevation 

myocardial infarction: the WEST (Which Early ST-elevation myocardial 

infarction Therapy) study". Eur 

[24] http://www.theatlantic.com/health/archive/2011/12/hospital-readmission-rates-

after-stent-procedures-disturbingly-high/250466/ 

[25]  Maiti S. and Misra J. C. 2011. Peristaltic Flow of a Fluid in a Porous Channel: 

a Study Having Relevance to Flow of Bile. International Journal of 

Engineering Science, 49, 950-966 

[26]  (http://www.cvphysiology.com/Hemodynamics/H006.htm) 

[27] http://precisionmeters.co.za/laminar-flow-air-2/ 

[28]  (Cardiovascular Physiology Concepts, Lippincott, Williams & Wilkins in 2004 

and 2011 (second edition).) 

[29]   (J Biomech. 1995 Jan;28(1):17-26.Flow instabilities induced by coronary 

artery stents: assessment with an in vitro pulse duplicator.Peacock J
1
, Hankins 

S, Jones T, Lutz R.) 

[30]  Maiti S. and Misra J. C. 2012. Peristaltic Transport of a Couple Stress Fluid: 

Some Applications to Hemodynamic. Journal of Mechanics in Medicine and 

Biology, 12(1), 1-21. 

[31] DANTEC Dynamics laser optical measurement systems ans sensors. 

[32]  Commercial seeding particles - Dantec (http://www.dantecmt.com) 

[33]  Predictors and outcomes of stent thrombosis an intravascular ultrasound 

registry. 

 N. G. Uren, S. P. Schwarzacher, J. A. Metz, D. P. Lee, Y. Honda, 

 A. C. Yeung, P. J. Fitzgerald and P. G. Yock, on behalf of the POST Registry 

investigators 

[34] Division of Cardiovascular Medicine, Stanford University School of Medicine, 

Stanford, California, U.S.A. 

http://www.theatlantic.com/health/archive/2011/12/hospital-readmission-rates-after-stent-procedures-disturbingly-high/250466/
http://www.theatlantic.com/health/archive/2011/12/hospital-readmission-rates-after-stent-procedures-disturbingly-high/250466/
http://www.cvphysiology.com/Hemodynamics/H006.htm
http://precisionmeters.co.za/laminar-flow-air-2/
http://www.ncbi.nlm.nih.gov/pubmed/7852438
http://www.ncbi.nlm.nih.gov/pubmed?term=Peacock%20J%5BAuthor%5D&cauthor=true&cauthor_uid=7852438
http://www.ncbi.nlm.nih.gov/pubmed?term=Hankins%20S%5BAuthor%5D&cauthor=true&cauthor_uid=7852438
http://www.ncbi.nlm.nih.gov/pubmed?term=Hankins%20S%5BAuthor%5D&cauthor=true&cauthor_uid=7852438
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20T%5BAuthor%5D&cauthor=true&cauthor_uid=7852438
http://www.ncbi.nlm.nih.gov/pubmed?term=Lutz%20R%5BAuthor%5D&cauthor=true&cauthor_uid=7852438
http://www.dantecmt.com/

