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ABSTRACT 

Peripheral artery disease (PAD) is further complicated by co-morbidities like diabetes, 

hypertension and anemia. Previous studies on coronary and carotid arteries indicate that 

bifurcation at the arteries has an effect in the blood flow. When plaque develops at the 

bifurcation, it affects the velocity, blood pressure, shear stresses and flow rates of blood. Femoral 

artery flow is modeled with blockage at different bifurcation angles (30°,45° and 60°) and it is 

analyzed at different conditions. A review of stents shows that there are several limitations 

associated with stents in co-morbid PAD patients. A blocked bifurcated femoral artery is inserted 

with self expanding stent model and the blockage is modeled downstream of the stented region. 

Flow characteristics like velocity and wall shear stress in stented and blocked femoral artery are 

compared with plane artery (no stenosis) to study the effect of stent placements.  Postural 

positions are found to affect the systolic and diastolic blood pressures in an artery. The study 

shows velocities and wall shear stresses in anterior and posterior tibial artery at different 

bifurcation angles and postures, and determined  specific postures affect diabetic patients in 

different ways. Existing in-vitro studies indicate that plaque most commonly develops 

downstream of the knee region such as in a popliteal artery. Popliteal artery is modeled at 

various lower extremity angles and analyzed at varying co-morbidities. The analysis shows a 

highly affected bifurcation angle in a diseased artery, posture and knee curvature affects 

peripheral arteries to worse. The wall shear stress values from the analysis may be used for 

developing therapeutic drugs using nano particles.  
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CHAPTER  1  

FLOW THROUGH COATED AND NON-COATED CORONARY STENTED 

ARTERIES AN OVERVIEW 

1.1 OVERVIEW 

This chapter reviews the recent literature (2005-2014) on stent applications and their 

advancement since recent controversies. The flow characteristics under various arterial 

conditions are compared in this chapter. It also includes a comparison of stent geometries to 

determine hemodynamically favorable stents. In spite of the many advantages, bare metal 

stents are found to be unfavorable due to revascularization. Several studies on stents based on 

flow and design, recommend coatings of the stent. In comparison with bare metal stents, 

coated stents proved to be more effective, resulting in a low hyperemic trans-stent gradient of 

about 1.2 to 8.1mmHg. Most of the metal coatings have less fluoroscopic visibility and low 

tensile strengths which led to the review of drug-eluting stents(DES). The drug-eluting stents 

control restenosis and target vessel revascularization by 83 to 91%, but are limited by co-

morbidities. More recent advancements in polymer and carbon coatings showed better 

performance in achieving target vessel revascularization compared to DES. Biodegradable 

stents, on the other hand, inhibit smooth muscle cell proliferation and a decrease in 

neointimal proliferation. Their long term implications are still unknown and hence further 

research is recommended. At present, research on polymer, carbon and biodegradable stents 

are actively pursued in improving stent therapy through better design. 
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1.2 INTRODUCTION 

Cardiovascular diseases are mainly related to either the heart or arterial system and 

the most common disease is atherosclerosis, where in the plaque builds up in the arteries or 

veins resulting in the hardening of arteries. The plaque consists of lipoprotein with low 

densities, which decays muscle cells and fibrous tissue. It also forms clumps of blood 

platelets, and cholesterol [1]. A vascular stent is an artificial device which prevents or 

counteracts such plaque build up. It is placed inside the artery using a deflated balloon 

mounted at the tip of a catheter by opening the artery and restoring blood flow. Stents are 

used in several clinical applications such as renal stents, stent grafts, carotid stents and high 

pressure balloon expandable stents [2]. Drug eluting stents contain time released drug, and on 

slow release it keeps the stent from restenosis or clogging. Performance of stents were mostly 

analyzed based on the stent geometry, design and the materials used during manufacturing. 

Pressure, flow and thermal analysis were conducted by using clinical, experimental or 

numerical methods to check the efficiency of blood flow in stented human artery. Stainless 

steel stents cause restenosis (reblocking of stented artery), hence other materials like 

polymer, carbon, gold, fluorocarbon, zotarolimus etc. are chosen as an alternative. Much of 

the reviews are based on work performed during last five years. A vast literature exists on the 

problem of atherosclerosis, and earlier reviews were on the same subject [3]. Flowchart 

(Figure 1.1) shows the various aspects of atherosclerosis that are discussed in this chapter. 
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Figure 1.1 Flow Chart For Stents And Its Advancement 

 

1.3 BACKGROUND 

1.3.1 Variables to Predict Renal Artery Stenosis 

Flow rates and pressure drops are used in predicting the renal artery stenosis. Steele 

B.N, [4] evaluated a simple one dimensional model to identify the significance of renal 

artery stenosis using a steady, as well as, a pulsatile flow. Impedance is the obstruction to 

passage or flow according to some forms of energy like electricity. In the analysis 

impedance as a boundary condition plays a significant role, since the reduction in renal 

impedance draws an additional flow, which results an increase in the pressure gradient 
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through a renal artery. The study compared the results of mean flow rate and differential 

pressure with in -vitro experiments for verification (Figure 1.2).  

 

 

Figure 1.2 Differential Pressure In Blocked Artery [4] 

 

1.3.2 Stented Flow Analysis 

Based on Flow: 

A one dimensional, the large systemic artery was modeled to determine the blood 

flow and pressure in the human artery as a function of time and axial distance. Duraiswamy 

et al [5] conducted a computational analysis with a model stent in stenosed artery. In this 

study, blood flow was considered as incompressible Newtonian fluid and the flow 

calculations were conducted using on non-linear Navier-Stokes equation. Figure 1.3 shows 

that with a gradual decrease in percentage of stenosis from 90 to 30%, pressure is restored 

to that expected in normal arteries.  
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Figure 1.3 Comparison For Normal And Stenosed Artery [5] 

 

Stents are used in arteries with an aneurysm, and a simple two dimensional 

aneurysm was modeled by Kadir at.al. When the blood flowed across an unstinted artery, 

recirculating vortices were formed at the center of the aneurysm sac. The model resulted in 

a higher pressure in the vessel wall and a reduction in pressure ensued as the flow 

approached the neck, which reduced the strength of the vortices abruptly at the neck. When 

the vessel was stunted with a rectangular slot, the bulk of vortices was formed while the 

flow was surrounding the stent. In the case of coiled stent, there was a significant drop in 

pressure at the proximal end of the neck. The pressure increases as the flow reached the 

mid region of the aneurysm and decreases as the flow approached the distal neck. This 

reduction in stented aneurysm is one of the various long term successes in endovascular 

aneurysm repair when compared to open surgery.  
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In a similar study using an aneurysm model Appanaboina et al [7] considered 

aneurysm stent, but the difference between them was later modified as a patient specific 

anatomical model. The study investigated the treatment of surfaces that are embedded in 

large flow field and they enforced kinematic boundary conditions in the vicinity of the 

embedded objects. Vascular model was employed in body fitted grid by merging surface 

triangulations of the parent vessel represented as cylinder and aneurysm represented as a 

sphere. In the embedded technique geometrical model of stent was created with 

independent triangulations along individual helical wires and then fused them with surface-

merging algorithm (Figure 1.4). The results from both the models showed that the velocity 

contours before and after stenting for both the techniques were similar. The flow analysis 

conducted using vascular and stent models were similar to the analysis conducted by Kadir 

et.al and both the models showed consistent results for in-vitro analysis. For further 

comparison velocity magnitudes were plotted inside the aneurysm at different depths 

(Figure 1.5). These results were also in good agreement with the two approaches and the 

level of refinement increases.  
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Figure 1.4 Geometrical Model of Stent Along Helical Wire [7] 

 

Figure 1.5 Velocity Magnitude In Aneurysm [7] 
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Placement of a stent in diseased artery may sometimes lead to platelet deposition on 

the wall of stent strut. The study [8] presents both in-vitro flow analysis as well as 

computational analysis to visualize particular vulnerable points at which platelets were 

deposited. As part of an in - vitro system, a parallel plate the flow chamber was used to 

study the flow of blood over a two dimensional stent. The top and bottom plates of the flow 

chamber were made of Lexan, middle sheet made with silicone and hydrophilized in 70% 

sulphuric acid. The flow condition for analysis was considered pulsatile, and blood 

platelets were fluorescently labeled. The stent was manufactured using electropolished 302 

stainless steel, to observe the effect of blood flow while the struts are placed in the parallel 

direction.  

 

A peristaltic pump connected to a function generator simulated the sinusoidal flow 

conditions. The fluorescently labeled platelets are pumped from the reservoir to capacitor 

and flow rate was detected using an inverted microscope. A three dimensional flow model 

of rectangular plate along with stent was used, and the platelet deposition pattern along 

with flow pattern is illustrated. A plot of the normalized platelet deposition at the inlet with 

respect to first strut was obtained. It was noted that location B was 28.6% higher than D 

and 26.4% higher than location A. The point of separation C has 50.5% lower platelet 

deposition than B and 14.6% lower than D. A similar analysis was conducted between the 

struts of smallest strut spacing, struts of large spacing, strut of intermediate spacing and 

outlet to last strut (Figure 1.6 (a, b, c, d)). From the analysis, the recirculation point, 

reattachment point and separation point can be determined, and it illustrates the exact 

points for greater as well as lower deposition.  
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(a) Struts of Smallest Spacing 

 
(b) Struts of Large Spacing 

Figure 1.6 Different Strut Spacings [8] 
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(c) Struts of Intermediate Spacing 

 
(d) Outlet To Last Strut 

Figure 1.6 (continued) 
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There is a similar problem with the flow interaction along with compliance 

mismatch in a stented artery. Thrombogenic effect occurs due to the insertion of 

endovascular prosthesis and also due to consequence of interaction between flowing blood 

and stented arterial segment. The prosthesis is responsible for compliance mismatch and a 

small expansion along the vessel giving rise to anomalous distribution of wall shear 

stresses. A numerical study was conducted [9] using a perturbative approach which 

transforms coupled fluid tissue problem into uncoupled. The accuracy of this approach was 

first verified by employing a simple one dimensional model of stented artery. The obtained 

results were compared with those of approximate method, and they were accurate until the 

perturbative parameter is small enough. A local deformation along with a bump was 

noticed at prosthesis edges when there is a variation of elasticity with vessel diameter. The 

Axisymmetric perturbative formulation was also conducted, and it shows that the flow was 

not qualitatively influenced by this bump. The elastic vessel absorbs a part of the incoming 

fluid flow during systole and releases it during diastole. Thus, due to the compliance 

mismatch a relative displacement was produced between an artery and stented segment. 

Finally, during diastole, the artery shrinks more than the stent causing an increased 

expansion in association with the prosthesis. 

 

As it is known that the flow rate has relation with pressure, analysis was performed 

to check the pressure levels in the stenosed artery. The study [10] included a parametric 

analysis to investigate the hemodynamic behavior with respect to different stenosed shapes. 

In order to evaluate the performance of individual geometry, a metric called pressure 

variation factor (PVF) was introduced. Hicks-Henne function was used to demonstrate the 
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difference in pressure along the percentage of stenosis with respect to location of the 

maximum point of bump (t). PVF quantifies global increment in pressure. Any positive and 

negative changes in local pressure affect the PVF equally. 

 

Restenosis remained a significant problem in treating atherosclerotic coronary 

arteries with stents. The author [11] modeled coronary artery, plaque, balloon and stent to 

determine the stent Endflare and flow pattern in a stenotic artery. The balloon was modeled 

in its unfolded state and it is assumed to be in contact with a three dimensional stent model. 

Endflare was defined as the ratio of stent diameter at distal ends of the diameter at stent 

centerline. From their study, it is observed that there is a significant decrease from endflare 

at peak to endflare at the end of expansion corresponding to no plaque region. When the 

plaque prevails in an artery, endflare will be significantly higher due to lack of contact 

between distal ends of stents and the plaque. Thus, effective diameter in opposition to 

which stent was expanding resulted to be high, decreasing the expansion resistance. 

However, stents may lead to long term thrombosis and hence other advancements in stents 

are required for further use. 

 

Stent Design: 

The stent implantation technique was widely used for the treatment of unbranched 

stenosed arteries. However, stent bifurcation remains a challenge, as it ended up with a 

lower success rate from the clinical studies. There are two different stent techniques, crush 

technique and culotte stenting. In culotte stenting, a stent is deployed in the side branch 

(SB), whereas in crush technique it stays in the main branch (MB). During the deployment 
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of SB stent, MB stent is expanded followed by a crush against MB vessel wall. In culotte 

stenting, the stent is implanted within the SB, and MB followed by MB insertion in a cell. 

The draw backs behind these approaches led to the implantation of a stent in the main 

branch followed by subsequent inflation of a balloon through the side of the stent (Figure 

1.7) [12]. The proposed model allows the contact of balloon size and stent design on 

balloon dilations through the side of the stent. 

 

 

Figure 1.7 Stent Inflated on Side Branch [12] 

 

To compare the flow characteristics of different stent designs, computational fluid 

dynamic analysis was used. As part of the analysis, four commercially available stent 

designs were considered, out of which two are balloon expandable (Bx Velocity and NIR) 

and two are self expanding designs (Wallstent and Aurora) [5]. Three dimensional models 

were simulated to study the blood flow patterns in stented arteries under pulsatile flow 
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conditions. At the mean flow rate of the flow cycle, flow stagnations occurred mainly at the 

stent struts (Figure 1.8). Flow recirculates mostly at the proximal and distal ends of 

concave and convex portions of the struts. The Aurora stent struts were oriented parallel to 

the flow, and thus less flow stagnations were observed. From the analysis, the most 

hemodynamically favorable stents were Bx velocity and NIR stents. They were proved to 

have low restenosis rates when compared to other stent designs. 

 

 

Figure 1.8 Flow Stagnations In Stents [8] 

 

In the similar way to compare the hemodynamic effects of stent design properties 

on restenosis, phase shift between pressure and flow waveform were created [13]. In their 

study different stent geometries were included along with a flow divider. The phase shift 

between pressure and flow waveform of rectangular, elliptical and hexagonal struts were 
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noted at artery inlet, proximal, middle and distal portions. However, from Table.1.1 it can 

be concluded that phase shift at the proximal portion equals artery inlet, considerable for 

the middle portion and decreases at the distal portion. When geometry is considered as a 

significant parameter, a maximum phase shift occurs for rectangular struts and a minimum 

for elliptical struts. There will be a lot of effect with the presence of the flow divider and 

thus phase shift alterations are more by 50% in proximal portions as well as 80% in the 

middle of stents (Table.1.2). Therefore, it can be concluded that stent strut with elliptical 

geometry is more appropriate than hexagonal and rectangular geometry. 

 

Table 1.1 Phase Shift at Various Stent Geometries [14] 

Stent Geometry 
Artery 
Inlet 

Proximal of 
Stent Middle of stent Distal of stent 

Elliptical struts -12.56 -12.68 -14.56 -14.16 

Hexagonal struts -12.56 -12.74 -14.72 -14.24 

Rectangular struts -12.56 -12.82 -15 -14.5 

 

Table 1.2 Phase Shift Alterations Due To Flow Divider In Various Stent Geometries [14] 

Stent Geometry Artery Inlet Proximal of 
Stent Middle of stent Distal of stent 

Elliptical struts -12.56 -12.75 -16.5 -16 

Hexagonal struts -12.56 -12.84 -17.2 -16.5 

Rectangular struts -12.56 -12.95 -17.8 -17 
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From the Design and flow analysis we can observe both advantages and 

disadvantages of stent implantation in the blocked arteries. Hence a combination of 

mathematical and computer modeling of stents is an optimum way of improving the design 

and performance of such devices [14]. One such study included a comparative analysis of 

Palmaz-like stent, express-like stent, cypher like stent and Xience-like stent with respect to 

their mechanical properties. Computer analysis related to mechanical properties of 

endovascular stents helps physicians to decide an optimum stent for treating lesions. A 

comparative study was conducted between stent, different invasive and non-invasive 

techniques. The details of their advantages and disadvantages are discussed as we go 

further. 

 

1.3.3 Stent vs Other Invasive and Non-Invasive Techniques 

Apart from the stent implantation thermal treatments like cryoplasty, laser 

angioplasty and Digital B-mode renal sonography are used for treating as well as detecting 

flow in blocked arteries. Thermal detection (non-invasive) was conducted based on 

ultrasound velocity changes in tissue matter. This method can also be used for 

revascularization therapy in renal tissues after renal arterial occlusion. A comparative study 

was conducted between motion estimation techniques out of which, adaptive Rood pattern 

search (ARPS) and multiresolution Horn-Schunck were the best block-matching and 

gradient based methods. The ARPS was proved to be optimum because of its adaptive 

strategy and its higher ability to adjust consecutive motion vectors. The multiresolution 

approaches can extract different thermal changes and achieves more reliable outputs. Thus, 

this is an optimum technique for revascularization therapy and follow up based on digital 
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B-mode sonographic methods. Myocardial temperatures cannot be detected during 

streptokinase based revascularization because of myocardial contraction and relaxation. 

Some of these limitations led this work to a further study which includes cryoplasty and 

laser angioplasty [15]. Although, the three dimensional ultrasound B-mode techniques can 

be used to detect in-stent restenosis accurately [16].  

 

The study [17] showed long term results for cryoplasty and conventional balloon 

angioplasty in the femoropopliteal artery of diabetic patients. Cryoplasty therapy has over-

the wire, double-lumen dilation balloon catheter and an inflation system. The balloon is 

inflated by a specific apparatus that releases liquid nitrous oxide. Fifty diabetic patients 

were treated using cryoplasty and balloon angioplasty methods, out of which cryoplasty 

proved to be more optimal [18]. Patients undergoing cryoplasty between 2004 and 2008 

were assessed, out of which 88 different cryoplasty procedures were performed in 71 

patients. Along with this 35 procedures were performed for in-stent restenosis and 37 for 

native vessel disease. The success rate for cryoplasty was 68%, whereas it was 71% for in-

stent procedures. This shows that in-stent procedures are more efficient than cryoplasty. It 

also provided poor patency rates and poor relief from claudication for 1 year in all these 

patients. Thus, it can be concluded that in-stent procedures have better results than 

cryoplasty. However, cryoplasty can be used as a post dilation method in diabetic patients 

after implanting Nitinol self-expanding stent [19]. This post dilation technique reduces 

binary restenosis when compared to other conventional techniques. Cryoplasty is also a 

safe technique in femoropopliteal lesions that can expand most lesions with low morbities 

[20]. 
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In addition to this, acute myocardial infarction can be treated using laser 

angioplasty. Excimer laser light is an effective and safe revascularization method to treat 

acute myocardial infarction (AMI). When there is maximal thrombus dissolution and 

extensive thrombus in lesions, there is a significant increase in minimal luminal diameter. 

Specific techniques to treat co-morbid patients are a point of concern in the present report.  

 

1.4 STENTED MATERIALS (COATED & NON COATED) 

1.4.1 Non-Coated Stent Limitations 

In spite of many advantages of inserting stents in blocked arteries, there are problems 

that cause restenosis during a period of 3-6 months after insertion [21]. A case study was 

conducted on one patient who was diagnosed with myocardial infarction and treated with 

hybrid-revascularization [22]. The patient underwent stent insertion followed by bypass 

surgery but, in due course died on the 12th day after surgery. Materials and surface 

characteristics are sometimes responsible for the stent disadvantage. Therefore, more 

effective stents are required to avoid surgery after its implantation.  

 

1.4.2 Coated Stents Advantages & Disadvantages 

Nitinol was used as stent material and to determine its efficiency they were compared 

to Balloon angioplasty. As part of their study, 206 patients who were suffering from 

obstructive lesions of femoral and popliteal artery were kept under observation. The success 

rate for acute lesion was high for the stent group when compared to angioplasty group. After 

a period of twelve months, lesion revascularization was 87% for stent group, which is totally 

in contrast with 45% of angioplasty group. Hence Nitinol stents can be used for moderate 
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length lesions in the femoral and popliteal artery. They also have improved patency rates 

when compared to balloon angioplasty. Along with advantages there are some limitations 

which should be noted while using them in arteries.  

 

Compliance mismatch limits the use of Nitinol stents, and hence particle image 

velocimetry is employed to determine the hemodynamic performance of Nitinol stent [23]. 

Specific phases were prone to disturbances and they were investigated using time-resolved 

DPIV system. The results revealed that flow induced disturbances and vortical structures 

depend on compliance mismatch. Thus, compliance mismatch affects the resident time of 

blood, promotes platelet attachment that could lead to failure of stents. In addition, 

compliance mismatch makes the flow in a vessel to depart from the paradigm of 

axisymmetric Womersley flow. Hence, other types of stents can be chosen like the covered 

micro stents. 

 

Neuroendovascular devices are inadequate for effective treatment of wide neck, 

fusiform intracranial aneurysm and intracranial carotid-cavernous fistulae in present days. So 

placing covered micro stents across intracranial aneurysm neck and CCF rent will restore 

normal vessel morphology. Hence, covered microstents prevents blood flow into CCF rent. 

As part of the research, highly flexible ultra thin silicone coverings were captured onto 

commercially available metal stents without stitching. In vivo studies were conducted on the 

carotid arteries of rabbits. The obtained results show that the cover on stent causes 

deployment in pressure, leading to stent failure. 

 



 

20 

 

In addition to in vivo studies, finite element analysis is used to determine the 

mechanical properties and effects of the covered micro stents [24]. The results obtained from 

the analysis shows that the contact between the stent and the covering influences pressure 

required to inflate covered stent. In addition, the covered stents have large longitudinal 

shortening when compared to bare stent longitudinal shortening. However, a thin covering 

might cause a rupture during expansion. Thus, while designing it should be ensured that 

covered micro stents can expand to desired diameter (without rupture). Various materials 

have been used in stents, and their advantages and disadvantages are mentioned in Table 1.3. 

 

Materials play a vital role during the stent implantation according to the recent 

studies. There are various disadvantages of using 316 stainless steel stents; hence further 

research was recommended to obtain biocompatible materials. The materials include gold, 

titanium [25], cobalt-chromium, tantalum, Nitinol, magnesium and various other polymers 

[26-27]. The author mainly focused on tantalum and Nitinol stents as well as biodegradable 

and shape memory polymers. To control the in-stent restenosis drug eluting stents has been a 

pioneering combination in understanding the biology of reste nosis. The study included a 

review on drug eluting stents and concluded that its discovery was a multidisciplinary 

success story [28]. When the drug eluting stents are implanted into the blood vessel, it 

releases single or multiple bioactive agents in a controlled manner. Hence there are a lot of 

advantages in using drug eluting stents. In order to evaluate the hemodynamic characteristics 

of drug eluting stents [29] investigated the physiological parameters, fractional flow reserve 

(FFR) and hyperemic trans-stent gradient (HTG). As part of their study, twenty patients were 

treated out of which, few of them were treated with sirolimus eluting stents and others with 
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bare metal stents. For about 6 months, patients were kept under observation. It was proved 

that the FFR and HTG are higher for patients with sirolimus stents than the one with bare 

metal stents.  

 
Table 1.3 Advantages and Disadvantages of Materials Applied For Stents 

Material Advantage Disadvantage 

Stainless Steel • Corrosion resistance 
• Low density and High Fe 
• Non MRI compatible 
• Limits fluoroscopic visibility 

Cobalt-Chrome 
Alloy 

• Highly elastic 
• Greater strength to strut 

thickness ratio 
• Better MRI compatible 

• Low tensile strength 
• High probability to fracture 

Tantalum Alloy 
• Excellent corrosion resistant 
• Prevents electron exchange 
• Enhance fluoroscopic visibility 

• Poor mechanical properties 
• Low yield strength 
• Low pressure decreasing 

stent diameter 

Titanium Alloy • Highly stable surface oxide 
layer 

• Low tensile strength than 
Co-Cr 

• High probability to fracture 
Platinum and 

Iridium 
Composite 

• Excellent radio-opacity 
• Excellent MRI compatibile 
• Resistance to corrosion 

• Poor mechanical property 

Nickel-Titanium 
Alloy 

• Self expanding due to shaped 
memory 

• Smaller diameter at lower 
temperature 

• Expand when exposed to body 
temperature 

• Excellent corrosion resistance 
• Acceptable biocompatibility 

• Limited fluoroscopic 
visibility 

Biodegradable 
Iron 

• Inhibit smooth muscle cell 
proliferation 

• Decrease neointimal 
proliferation 

• Slow degradation with 
endothelialization 

Biodegradable 
Magnesium 

Alloys 
• Increased strut thickness 

• Poor radial strength 
• Poor visibility under 

fluoroscopy 
• Minimal ductility 
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Similarly, a comparative study conducted on the long term safety and efficiency of 

drug eluting stents and bare metal stent implantation in saphenous vein grafts. The study 

includes the outcomes of 127 patients treated with DES and compared with 131 patients 

treated with bare metal stents (BMS) [30]. After 36 months of observation and study, there 

were no defects in patients with DES inserted in their saphenous vein grafts. DES maintained 

their efficiency in reducing revascularization rates in diseased saphenous vein grafts[70].  

 

In contrast, there are some complications regarding the usage of drug eluting stents, 

one year from its implantation period. So in order to observe the level of thrombosis after its 

implantation, clinical trials were conducted on DES versus BMS. Comparative study of DES 

and BMS, resulted in no difference in mortality, no difference in the overall incidence of 

myocardial infarction, no difference in the overall incidence of stent thrombus until 4 years. 

In contrast, a substantial difference in the incidence of target vessel revascularization was 

observed which favors DES [31]. In spite of these advantages, patients with DES suffer from 

thrombosis after one year from their implantation. The ongoing risks were about 0.2% per 

year. Hence, it is necessary to know if bypass surgery would be alternative for DES. 

 

While assessing the best method in treating percutaneous coronary intervention 

patients, [32] more focus is required in reducing mortality, improving angina and capacity to 

prevent myocardial infarction. Coronary artery bypass graft surgery (CABG) was chosen as 

an alternative for patients with old age, diabetes, mulitivessel disease, complex left main 

disease and inability to perform PCI. As per global perspective, there are a wide number of 

choices available for revascularization. Some patients may be suitable for DES rather than 
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CABG and vice versa. So the patient can make his choice depending upon his withstanding 

ability to DES or CABG [33].  

 

Along with clinical analysis computational fluid dynamic analysis also helps in 

determining drug deposition, retention and distribution. Balakrishnan et.al [34] created a 

model to examine the drug deposition rates, retention and transient drug diffusion-

convection. The predictions obtained from modeling were validated using empiric data of 

stented artery. As months passed the efficiency of the drug release rate continued, but when 

the deposition was slow, it limited arterial drug uptake. In order to uptake the drug release 

rate, absorption should be matched which took long hours. (Figure 1.9A) represents 

inefficiency because of drug dilution prior to arterial uptake and (Figure 1.9B) represents 

inefficiency in local drug concentration. (Figure 1.9C) indicates drug deposition 

asymmetrically downstream the stent strut than upstream of the artery wall within two 

minutes. Thus, CFD models are valuable and convenient tools for understanding the impact 

of drug delivery and its concentration that suggests the patient's ability to withstand DES. 
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(a)Average Coating Drug Concentration 

 

(b)Drug Release From Stent 

Figure 1.9 Impact of Increased Coating Thickness With Drug Diffusivity Of 10-5um2/S 

[34] 
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(c) Average Arterial Drug Concentration 

Figure 1.9 Continued [34] 

 

Along with drug deposition it is also necessary to know the strut position and blood 

flow of DES. Hence to achieve this, a coupled computational fluid dynamics and mass 

transfer model were used, to determine drug deposition for single and overlapping DES [35]. 

During their analysis, drug deposition appeared not only beneath the regions of strut, but also 

beneath drug pools created by the strut disruption flow. These flow regions correlated with 

drug induced fibrin that surround DES strut in coronary arteries. Stent struts lying adjacent to 

each other or overlap with each other has less drug deposition than the sum of combined drug 

load. The simulation obtained from the CFD analysis that couples strut configuration with 

flow dynamics correlated with vivo effects. This shows that drug deposition is less when 

there is contact between drug coating and artery wall via flow-mediated deposition of blood-

solubalized drug. 
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There are three main second generation DES, Sirolimus eluting stents, Zotarolimus 

eluting stents, Paclitaxel eluting stents for analysis. To compare sirolimus eluting stents 

(SES) and Paclitaxel eluting stents (PES) [36], a clinical analysis was conducted in patients 

for about 6months and 1 year. In the study, analysis was conducted on SES and PES patients 

to treat acute ST elevation myocardial infarction (STEMI). 244 acute STEMI patients were 

analyzed for 6months, out of which half of them were treated with SES and the rest with 

PES. After 1 year, again angiographic results were taken for both categories of patients and 

SES showed a lower rate loss compared to PES. 

 

In order to compare the efficiencies between two different second generation DES, a 

clinical analysis was conducted on patients in southern turkey [37]. 204 patients were treated 

with either sirolimus eluting stents (n=103) or paclitaxel eluting stents (n=101). After 

24months, paclitaxel eluting stents showed lower efficiency rates than sirolimus eluting 

stents. 

 

In addition to comparison for arterial diseases, it is also necessary to check the 

diabetic patients with arterial disease. Hence safety and efficiency of sirolimus eluting stents 

and paclitaxel eluting stents among diabetic patients are compared [38]. The outcomes of 

diabetic patients undergoing percutaneous coronary interventions (2 years) through SES and 

PES were evaluated. After a follow up of two years, no significant difference was observed 

in the diabetic patients. In addition, similar results of death rate, myocardial infarction, 

revascularization and stent thrombosis were observed. So PES and SES are equally efficient 

and safe in diabetic patients suffering from percutaneous coronary interventions. 
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In similarity to previous analysis [38], clinical analysis was conducted on drug eluting 

stents for both diabetic and non-diabetic patients with drug eluting stents.  

 

The results indicate high risk of myocardial infarction, death, thrombotic in diabetic 

patients. The number patients analyzed were about 1659 diabetic patients and 3559 non 

diabetic patients. After one year follow up of patients treated with DES, the diabetic patients 

suffered with high death rate, myocardial infarction, possibility of stroke, stent thrombosis 

and target vessel revascularization. Hence there are a lot of controversies in using DES in 

diabetic patients. It is also necessary to know the efficiency of all the second generation DES. 

 

A review was conducted on the use of drug eluting stents during coronary artery 

diseases, [40-41]. In extension, a detailed report of drug events in hypersensitivity cases were 

studied [42]. A mini review was presented on the drug eluting stent technology for the 

development of stents. The review also includes the recent progress of stents using 

degradable polymeric material which can be used as an alternative to BMS and DES. The 

author also included some work based on degradable stents and their coatings [43]. During 

CTO(chronic total occlusion), inadvertent subintimal space stenting will be conducted and 

thereby PCI(percutaneous coronary intervention) can be salvaged using polymer jacketed 

guidewire. This type of preventive strategies will minimize the consequences of CTO 

PCI(percutaneous coronary intervention)[72]. 

 

A clinical study was used to compare the effectiveness of Bare Metal Stents (BMS) 

and Drug-Eluting Stents in the large coronary arteries which are above 3.5mm. As part of the 
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study, 233 patients treated with single vessel angioplasty were compared to 233 patients 

treated with BMS. Though certain studies show better efficiency in DES, the author [44] 

found no additional benefits in DES when compared to BMS. 

  

DES inhibits neointimal growth and it may delay healing after vascular injury 

followed by a risk of coronary artery aneurysm formation. The author reviewed and 

published literature related to coronary artery aneurysm relating to DES [45]. Drug eluting 

stents had been a prime cause of coronary artery aneurysm over recent studies. In order to 

solve this aneurysm problem, various treatment methods were opted. From the case reports it 

was observed that lesions were successfully treated with a poly tetra fluoro ethylene covered 

stent [46]. 

 

Neointimal hyperplasia leads to in-stent restenosis in percutaneous coronary 

intervention. Thus, drug eluting stents are the great solution for the intervention cardiology. 

DES shows an incredible reduction of restenosis and target vessel revascularization. Thus, a 

review was conducted on the recent developments of DES and it compares the results of 

clinical trials [47]. Similarly, a more detailed study was done on sirolimus-eluting and 

paclitaxel-eluting stents since they are considered as the advanced drug delivery methods. A 

study of clinical trials using various pharmaceutical coatings on coronary stents was 

reviewed to know the benefits associated with these stents [48]. 

  

From the recent analysis, it was necessary to know the reasons behind increased stent 

thrombosis, myocardial infarction and death in patients with drug-eluting stents. Thus, 
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clinical analysis was conducted on 1748 patients with sirolimus eluting stents and 3513 

patients with paclitaxel eluting stents. From the results, the rates of death or myocardial 

infarction did not differ in bare metal stents, and drug eluting stents [49]. A more detailed 

study by researchers determined that patients with STEMI require sirolimus-eluting and 

paclitaxel-eluting stents as they show a reduction in TVR on a long term basis [50]. 

  

As it was discussed before, regarding the curved coronary artery and their methods to 

position the artery. A comparison was conducted between three different second generation 

DES implanted in the curved main branch of coronary bifurcation [51]. The 3D model was 

taken from patient specific angiographic data that deliver the in vivo curvature of vessel 

segment. Fiber orientation was defined along the structure of artery wall using a novel 

algorithm. With the help of a folded balloon catheter over a guiding wire, stent should be 

positioned properly within the curved vessel. Out of the three designs (Sirolimus eluting 

stents, Zotarolimus eluting stents, Paclitaxel eluting stents) two design modifications were 

observed to be efficient. Zotarolimus and paclitaxel eluting stents being more efficient were 

considered for straightening the curved vessels after their implantation. The compliance 

mismatch is high for sirolimus stents that made it less efficient than the remaining two. These 

designs created by parametric modeling technique were proposed as an illustration of the 

virtual design methodology. 

 

The coronary artery disease patient is treated with DES but it causes late thrombosis. 

Thus DES should pocess sufficient biocompatibility and non thrombogenicity, with 

controlled drug release rate. Hence a new DES composed of biocompatible polymers was 
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proposed which are coated with antithrombogenic diamond like carbon (DLC) coating [52]. 

The polymer materials selected for their study are hydrophilic 2-methacryloyloxyethyl 

phosphorylcholine (MPC), hydrophobic poly ethylene-co-vinyl acetate (EVA), and less 

amount of hydrophobic polyurethane (PU). The lattice like patterned DLC was coated with 

MPC and PU polymers since they are already proving efficient. After this, they are soaked in 

2ml of medium phosphate buffered saline with 10% ethanol. The drug release rate was 

measured by spectrometer and the rate at which DLC was coated on polymers varied from 

zero to fully covered DLC. The obtained results show that drug eluting profiles could be 

effectively controlled by changing cover area of DLC coatings on polymers. This process can 

be applied to the next generation DES system.  

 

From Table 1.3 it is observed that apart from Drug eluting stents more recent 

advancements were determined and research is being done on the latest developments of 

polymer, degradable and absorbable devices. A study was conducted in the process of 

polymeric endoluminal paving. Polymer free biolimus a-9 coated stent exhibits optimum 

results in intimal inhibition, improved healing and reduction in inflammation when compared 

to polymer coated sirolimus eluting cipher stent[28]. From an experimental study, it was 

observed that biodegradable polymer DES has high efficiency when compared to polymer 

SES upon long term usage [53]. In contrast, Clinical out of patients with BES and EES 

showed low rate of target lesion revascularization and stent thrombosis[73]. 

 

The sustainability of different biomaterials as coronary stents was described by the 

author [54]. Some of the main concepts in the review included different materials used for 



 

31 

 

stents, surface characteristics that are responsible for stent-biology interactions, insertion of 

polymers in stents and drug eluting stents. A detailed report of drug therapy in coronary 

artery stents was given [55]. The review included barrier stent coatings and active stent 

coatings to prevent thrombosis. It also included some of the successful drug eluting stents 

along with a detailed report of clinical analysis. All possible stents were reported which can 

prevent restenosis and it also incorporated some of the other conditions like diabetes. 

 

Recently a review was done on the development of coronary stents with polymer 

coatings on the taxus coronary stent. The influence of molecular weight on drug release 

profiles was demonstrated [56]. Purpose of drug delivery into arteries led to polymer coatings 

on stent surfaces. During stent deployment, high levels of deformations were observed in the 

plastic hinge which remained a significant challenge [57]. Just like polymer coated stents, 

diamond like carbon stents also plays a vital role to clear the lesions in coronary arteries. 

Apart from advantages, there are also problems associated with DLC. Some of them include 

reduced wear, corrosion and debris formation. Further review discusses details of various 

controversies associated with diamond like carbon coatings [58]. Iron was considered as a 

suitable material for biodegradable metallic stents from the various tests conducted on 

animals. However, it is necessary to have a material which can degrade faster which lead to a 

further study on the ability of remaining alloys. 

  

There were challenges associated with biodegradable stents like the material 

weakness causing insufficient strength to prop open the artery. The author presented a review 

of the efforts made to implement biodegradable stents. It also includes recent developments 
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made in the biodegradable materials [59-60]. Biodegradable stents require an optimum metal 

for proper functioning. Hence, iron-based and magnesium based alloys were considered as 

alloys for biodegradable stents. The author reviewed some of the recent developments in the 

design and evaluation of metallic materials. In addition to these new metallurgical processes 

were introduced for the production of metallic biodegradable stents and their effects on 

producing materials. 

  

Biodegradable magnesium alloy stents are capable of solving long term adverse 

effects caused by DES. Magnesium alloys are advanced solution to in-stent restenosis 

[61,74]. However, they still show a severe lumen loss, low mechanical strength and faster 

degradation rate after a few months [61-62]. Thus, the author proposed a new design using 

shape optimization method. The magnesium alloys were varied in the analysis out of which 

WE43 showed optimum results in improving scaffolding ability[62]. Bioabsorbable stents 

are playing a key role as an alternative to bare metal stents [63]. Thus, clinical trials were 

reported on bioabsorbable magnesium stents. From the study, it was concluded that 

biodegradable magnesium stents can give an immediate angiographic result, and they can be 

degraded after four months [64-65]. Echogenecity is a fundamental measurement tool that 

shows encouraging results during the absorption process of bioabsorbable coronary stents 

made of semi-crystalline polymers [66]. Further research led to the comparative study of 

Drug coated balloons with drug eluting stents and they showed improvement in angiographic 

outcome, reducing target lesion revascularization and myocardial infarction[71]. 

Polypropylene coated with titanium possesses superior adhesion rate when compared to bare 

titanium; hence, this combination can be a used for further study in stents [75]. 
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CHAPTER  2  

FLOW DYNAMICS IN BIFURCATED FEMORAL ARTERY  

2.1 OVERVIEW 

This chapter presents peak wall shear stresses and velocities in a bifurcated femoral artery. 

This artery is modeled along with blockage downstream of bifurcation, blockage at 

bifurcation, blockage downstream of stented femoral artery. The femoral artery is subjected 

to peripheral artery disease.  A two dimensional computational fluid dynamic analysis is 

conducted in all the models, assuming steady blood flow and seventy percent plaque. 

However, the blood viscosity and blood pressure vary in the femoral artery models as they 

are subjected to other medical conditions. Femoral artery bifurcates into profunda femoris 

and the bifurcation angles are assumed to vary at 30, 45 and 60 degrees. The blocked 

bifurcated artery is replaced with a wall stent and in many cases, a blockage develops 

downstream of the bifurcated stented artery as a consequence of stent implantation. The wall 

shear stresses and velocities results from the bifurcated and blocked femoral arterial models 

are compared to a normal artery characteristic. Further, a comparative study has been 

conducted along the blocked bifurcated artery with and without the stent.  

 

2.2 INTRODUCTION 

Bilateral common iliac arteries are bifurcated from abdominal aorta. Iliac arteries are 

further branched into internal and external iliac arteries. Femoral arteries are part of external 

iliac arteries and extend to the lower extremities after passing under inguinal ligament. 

Further downstream, the common femoral artery branches off as profunda femoris [76], 

which are prone to atherosclerosis. Atherosclerosis commonly begins when plaque starts 
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building up in the artery and atherosclerosis in the lower extremity it is called Peripheral 

Artery Disease (PAD). Peripheral artery disease is divided into asymptomatic and 

symptomatic disease [76]. 

 

PAD affects more than 12 million people in the United States and it increases with 

age [79].  Globally, 27 million people are affected by PAD and other atherosclerotic diseases 

[81]. Among the existing PAD patients, 20% of the patients suffer with intermittent 

claudication anually[77]. The number of discharges recorded per year based on chronic 

PAD are 413000 and 88000 patients get admitted in hospital who suffer with low 

extremity arteriography [78]. 

 

Studies have recognized an overlap between cerebral, coronary and peripheral artery 

disease. For instance, among patients with peripheral artery disease, there is sixty percent 

possibility of having coronary artery disease (CAD) and 35% percent possibility of having 

severe triple-vessel CAD with depressed ventricular function. Additional risk factors like 

smoking, diabetes, hypertension add to the existing problem [76]. Approximately 14 to 90% 

of the patients suffer with CAD and PAD. Cerebrovascular disease (CBVD) occurs in PAD 

patients and it is observed that 30% stenosis occurs in the carotid arteries [78]. However, 

some of the above mentioned problems like smoking, diabetes and hypertension are defined 

as inflammatory triggers. These triggers promote stress and enhance inflammatory paths 

either directly or indirectly. PAD is also observed commonly in 33% of monozygotic twin 

pair’s and31% of dizygotic twin pairs due to heritability [81]. 
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Lower Extremity PAD patients can be tested using noninvasive vascular 

laboratory tests and they are represented in Table 2.1. 

 

Table 2.1 Non-Invasive Vascular Tests For Several Clinical Problems [80] 

CLINICAL PROBLEMS NONINVASIVE VASCULAR TEST 

Asymptomatic Lower Extremity PAD ABI 

Claudication ABI, PVR, Segmental Pressures, Duplex 
Ultrasound, Exercise Test with ABI 

Possible Pseudo claudication Exercise test with ABI 

Postoperative vein graft follow up Duplex ultrasound 

Femoral pseudo aneurysm, iliac or popliteal 
aneurysm Duplex Ultrasound 

Suspected Aortic Aneurysm, AAA follow up Abdominal Ultrasound 

Revascularization Duplex Ultrasound, MRA, CTA 

. 

2.3 BACKGROUND 

Femoral artery at bifurcated points are affected by wall shear stress in the presence 

of varying intima and media thickness. This issue is more effective in muscular arteries than 

elastic arteries hence an investigation was conducted non-invasively to observe the 

difference in wall shear stress with varying intima media thickness. Patients with age 

groups 21 to 74 were considered for the study in common (FC) and superficial femoral (FS) 

arteries. The maximum change in shear stress observed around the posterior wall did not 

have much effect on age groups. However, the intima media thickness increases with age 

[83]. Profunda femoris, medial and lateral femoral circumflex are the bifurcated arteries from 
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the femoral artery. The origins of these bifurcations were studied using a case study and it 

suggests that lateral femoral and medial arteries are originated from femoral artery at low 

level of separation of profunda femoris [84]. A similar work was directed to examine the 

differences in the origin of circumflex and profunda femoris along with the measurement of 

the diameter of femoral artery [85]. In addition to this, the diameter of the femoral artery in 

children needs to be determined for cardiac catherization. From the study, the diameter could 

be determined based on the child’s age, body mass index (BMI) and height [86]. 

 

Femoropopliteal artery could deform during a knee flexion and hence a 

computational analysis was conducted to observe the mechanical behavior of a 

femoropopliteal intersection during knee bending. The study suggests the importance of 

material properties in tissue while determining the displacements of the femoropopliteal 

artery during knee flexion. Though, the study provided the approximation of stress levels 

in the femoropopliteal region, there are challenges associated with the models like the 

mechanical properties of materials and the loads applied [87]. The shape of the femoral 

artery also has an effect on the flow simulations. Hence, a three dimensional computational 

analysis was conducted to examine the wall shear stresses, pressure drop and velocity profile 

in an S shaped double curved femoral artery [88]. Superficial femoral artery (SFA) is 

affected by plaque that causes a decrease in the lumen area. A clinical analysis was 

conducted using magnetic resonance imaging that demonstrates a greater plaque area and 

smaller plaque lumen in PAD patients [89]. In rare situations, aneurysms occur in the 

common femoral artery. They sometimes cause thrombotic and embolic complications 
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along with other connected aneurysms. The CFA aneurysms need screening and this can be 

achieved using duplex scan and post-operative follow up [90]. 

 

There are several ways to treat peripheral artery disease, out of which bare metal 

stents, balloon angioplasty and drug eluting stents play a major role. Besides their 

advantages, they also exhibit limitations which are analyzed using clinical, experimental and 

computational analysis. Protégé EverFlex stent (Nitinol stent) is placed in the superficial 

femoral artery with peripheral artery disease. However, their long term efficiency needs to be 

evaluated. Hence, a clinical study was conducted which shows that the Protégé EverFlex 

stent has low fracture rate and less restenosis after 12 months from its implantation [91]. In 

contrast, self-expanding Nitinol stents cause fractures when they are placed in SFA and 

popliteal artery. The fractures cause disruption in the drug delivery system and may cause 

vessel injury. Hence, attempts are made to provide an optimum stent design and it is still 

in the ongoing process [92]. Similarly, a finite element analysis was conducted to 

determine the preexisting crack in a self-expanding Nitinol stent. The study reports that, if 

the crack propagates 50µm, it is a critical situation even if it does not fracture [93]. On 

the other hand, material properties of Nitinol stents are evaluated to observe if that could 

increase the mechanical performance. As part of the study, two different materials are tested 

and it shows that, high temperatures show better clinical behavior due to high radial strength 

and low outward force. When stents have high super elastic behavior, they exhibit better 

mechanical performance [94]. 
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As bare metal stents suffer with limitations like restenosis in PAD patients, drug 

eluting stents (DES) are suggested. However, clinical studies show that DES has no 

additional benefits than bare metal stents in SFA. In contrast, the drug eluting stents are 

beneficial in popliteal artery because they show low restenosis rates after one year following 

from their implantation. In addition to this, the study also suggests that DES does not 

provide any additional benefits for balloon expandable stents in renal interventions [95]. As 

an alternative, drug eluting balloons can be used to prevent in stent restenosis. The clinical 

study indicates that it is a secure and effective surgical method to treat restenosis in SFA. 

However, this led to cardiac failure in some cases and hence more studies may be necessary 

on patients with comorbidities [96]. In succession to angioplasty, stent implantation and 

bypass graft, other examination techniques can be used to follow up the patients’ health 

condition. One such method is ultrasound technique in which femoral and popliteal arteries 

were studied. This method can afford a fuller sight of rare arterial variations, alterations in 

vessel morphology, information on atherosclerosis, lesion types and severity. However, there 

are limitations associated with this technique. The involuntary leg movements in patients, 

wall calcifications, color imaging and degree of arterial narrowing cannot be determined 

using this technique. If the examiner is not experienced there could be possibilities of error 

in velocity scale, the volume of the sample, Doppler angle and wall filters [97]. 

 

Considering the limitations associated with several techniques employed in 

treating PAD in superficial femoral artery, a review was conducted on the treatment 

methods for SFA lesions. The review explains the current challenges associated with 

endovascular revascularization in long term patency rates [98]. Similarly, a recent review 
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suggests that endovascular treatment methods are secure and efficacious in treating lower 

extremity PAD. The study suggests latest technologies like local drug delivery, bio 

absorbable stents in order to avoid open surgeries [99]. 

 

2.3.1 Analysis of Bifurcated Femoral Artery 

Statistics show that patients with PAD are more likely to suffer from CAD, CBVD, 

cardiac and cerebrovascular disease (CCVD). In addition to these arterial diseases, many 

PAD patients are also affected by diabetes, hypertension and anemia [76]. These 

comorbidities needs further analysis. Risk factors associated with these conditions are 

predicted and clinical studies were conducted using the threshold of ankle brachial index. 

There are 50 to 400% chances of having CCVD in PAD patients when they are associated 

with hypertension. Adding to this, bifurcated arteries have blockages at the bifurcation and 

most of the studies are based on coronary and carotid arteries. Besides, the major risk is 

associated with a combination of PAD, diabetes and further complication. Common femoral 

artery has small diameter vessels in diabetic patients and women. So punctures around the 

femoral head are described as the ideal puncture site [100]. As smoking adds more issues to 

the existing problems in the femoral artery, flow-mediated vasodilation method can be 

induced into the artery through exercise. Hence smoking could be neglected in the present 

study [101]. Furthermore, anemia is another serious problem in patients with acute 

myocardial infarction that causes an increase in mortality [102]. Pre and post stent analysis 

was conducted at the bifurcation of intracranial artery. The velocity variations and the wall 

shear stresses are studied and compared to observe the effect of stent placement on flow 

dynamics at the bifurcation [82]. Hence, various medical conditions play a major role in 
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atherosclerosis affected arteries. Thus in the present work, peak wall shear stresses and 

velocities are computed from the PAD & co-morbid affected bifurcated blocked femoral 

artery models.  

 
2.4 METHODOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Overview of Step By Step Analysis  
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Figure 2.2 Method of Approach For Normal & Blocked Femoral Arteries  
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Figure 2.3 Method of Approach For Multiple Blocked Stented Femoral Artery 
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2.5 COMPUTATIONAL ANALYSIS 

A two dimensional femoral artery is modeled with seventy percent blockage at the 

bifurcation [Figure 2.4]. Another model is designed is assumed with a stent at the bifurcated 

artery and a blockage downstream of the stented artery [Figure 2.5]. To compare the stented 

and blocked arteries, a two dimensional artery is modeled with no blockage in artery and 

blockage downstream the bifurcated region. To obtain more precise values during 

computational analysis, the model is meshed with uniform interval size and high mesh 

density in ANSYS FLUENT 12.1 version. Blood is usually a non-Newtonian fluid flowing 

through the artery. However, blood behaves as Newtonian fluid at high strain rate [161] and 

the density of blood is assumed 1050kg/m3. The cell zone inside the artery is selected as 

blood and a steady state blood flow is assumed in the analysis. Pressure inlet boundary 

condition is defined with mean arterial pressure values obtained from the systolic and 

diastolic blood pressures [Table 2.4]. The blood flow in the artery is assumed to be 

affected by prehypertension, hypertension stage 1 and 2. 

 

 

Figure 2.4 Blocked Bifurcated Femoral Artery 
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Figure 2.5 Stented Femoral Artery With Seventy Percent Blockage Downstream 

 

  In addition to hypertension, analysis is conducted in artery with diabetes mellitus 

and anemia affected blood. A clinical study has determined the blood viscosity range of 

diabetic patients with and without hypertension [Table 2.2]. The present analysis is 

conducted using the data range provided in Table 2.3 with comorbidities. Diabetes and 

anemia can also be defined using hematocrit count (Hct) [Table 2.4]. 

Table 2.2 Experimental Data [103] 

Viscosity Factor 
Blood Viscosity (cP) 

Diabetic with Hypertension 
Viscosity Factor 

Blood Viscosity (cP) 

Diabetic without 
Hypertension Viscosity 

Factor Blood Viscosity (cP) 

Men 9.2±4.8 5.5±0.9 

Women 6.1±1.9 5.9±1.3 

ST Artery 

CR Artery 
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Table 2.3 Material Properties In Present Work  

Hypertension 
(MAP) Inlet 

Normal Artery 
(Viscosity) Pa.s 

Material Property 

Anemia 
(Viscosity) Pa.s 

Material Property 

Diabetes Mellitus 
(viscosity) Pa.s 

Material Property 

93 0.0035 0.00257 0.00802 

100 0.0035 0.00257 0.00802 

110 0.0035 0.00257 0.00802 

120 0.0035 0.00257 0.00802 

130 0.0035 0.00257 0.00802 

 

Table 2.4 Relation Between Viscosity and Hemotocrit Count [157]  

Health Condition Hemotocrit counts (Hct) Viscosity (Pa.s) 

Anemia 25% 0.00257 

Normal 45% 0.00345 

Diabetes Mellitus 65% 0.00802 

 

Table 2.5 Geometry of Femoral Artery [162]  

Artery Length (mm) Radius (mm) 

Femoral Artery 130 6 

Profunda Femoris 100 6 
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2.5.1 Governing Equations 

The flow inside the femoral artery is considered to be incompressible and blood is a 

non-Newtonian fluid with constant fluid properties. The continuity and Navier-Stokes 

equation for a two dimensional cylindrical coordinates (r, z) can be written in a differential 

conservation form which is shown below. 

 

Continuity Equation for three dimensional arterial flow is given by: 
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   ------Equation 2.3 

 

Where u is the velocity with which blood flows, t is the time taken, ρ is the density of the 

blood, (r, φ and z) are direction of blood flow and p is the pressure. 

 

Applying equations 1, 2 and 3 to a two dimensional arterial flow with blockage 

downstream of stented region the equation is reduced to 
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0/))/)((*/1( =∂∂+∂∂ zurrur zr             ------Equation 2.4 

 

In the above equations 1, 2 and 3, for axisymmetric flow there is no tangential velocity 

(uφ=0) and gravity effects are neglected.  

 

Momentum equation in r-direction is given by 

)]//)(/1(/[///1/// 22 zurrurrrppzuuruutu rrzzrrr ∂∂+∂∂∂∂+∂∂−=∂∂+∂∂+∂∂ rµ
 

------Equation 2.5  

 

Similarly momentum equation in z-direction is given by 

)]//(//1[///1/// 22 zururrrzppzuuruutu zzzzzzz ∂∂+∂∂∂∂+∂∂−=∂∂+∂∂+∂∂ rµ
 ------Equation 2.6  

 

2.5.2 Boundary Conditions 

The boundary conditions used in the present analysis are 

Steady flow Condition: 

At inlet to the artery, blood flows at a constant pressure and its equation is given by  

=∂∂ zpr / Constant               -----Equation 2.7 

Where p is the mean arterial pressure at different hypertension stages 

 

At the outlet of the artery, the pressure with which blood flows is given by: 

 0// =∂∂=∂∂ zpzp zr               -----Equation 2.8 
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At the wall surface of the artery: 

No slip flow condition is assumed: uz=0 

 

2.6 RESULTS AND DISCUSSION 

A two dimensional femoral artery is analyzed when subjected to comorbidities with 

blockage at the bifurcation. A steady state mean arterial pressure inlet boundary condition is 

defined to obtain the velocity and wall shear stress at the blockage. Mean arterial 

pressure is defined as the average arterial pressure during a single cardiac cycle. It can be 

determined from the measurements of systolic and diastolic pressures at various heart rates 

[104]. 

MAP=Pdias+1/3 (Psys-Pdias) 

 

Mean arterial pressure varies with respect to prehypertension, hypertension stage 1 and 

hypertension stage 2 [Table 2.6]. 

 

Table 2.6 Mean Arterial Pressure Inlet At Femoral Artery 

Blood Pressure Stages 
Systolic Pressure 

(mm of Hg) 
Diastolic Pressure 

(mm of Hg) 

Mean Arterial 
Pressure 

(mm of Hg) 

Normal Blood Pressure 120 80 93 

Pre-Hypertension 130 85 100 

High blood pressure stage1 140 95 110 

High blood pressure stage1 150 105 120 

High blood pressure stage2 160 115 130 
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At several hypertension stages, maximum stress at profunda femoris blockage is 

observed at 45 degree angle. The peak wall shear stresses in a bifurcated coronary artery at 

different angles ranged between 2 to 2.5Pa at peak systole and peak diastole blood pressures 

[105,106]. However, this chapter presents wall shear stresses ranged between 300 to 420Pa 

due to blockage present at the bifurcation.  

 

 

Figure 2.6 Contours of Stented Femoral Artery With Blockage Downstream 
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Figure 2.7 Effect of Hypertension on Stress In Blocked Bifurcated Femoral Artery At 
Different Bifurcation Angles 

 

Similarly, peak stress is noted in a 45 degree bifurcated femoral artery when the 

blood is subjected to anemia. With an increase in blood pressure, the peak stress increases in 

seventy percent blocked bifurcated femoral artery. At 45 degrees bifurcated femoral artery, 

the peak stress observed is 330Pa and in 30 degree and 60 degree bifurcated femoral artery, 

it is 270 and 250 Pa respectively [Figure 2.8]. 
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Figure 2.8 Effect of Anemia And Hypertension on Stress In Blocked Bifurcated 
Femoral Artery At Different Bifurcation Angles  

 

In contrast to anemia affected blood, peak stress is seen in a 60 degree bifurcated 

femoral artery when subjected to diabetes. The peak stress values in a diabetic artery at 60, 

45 and 30 degree bifurcated arteries are 650Pa, 550Pa and 420Pa respectively [Figure 2.9]. 

Stress in a blocked bifurcated artery with diabetes and high blood pressure is sixty percent 

higher than artery with high blood pressure and anemia. 
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Figure 2.9 Effect of Diabetes And Hypertension on Stress In Blocked Bifurcated 
Femoral Artery At Different Bifurcation Angles  

 

In a blocked artery with high blood pressure, the velocity is obtained at 60 degrees 

bifurcated artery. As it is a seventy percent blocked artery, the velocity range from 

prehypertension to hypertension stage 2 is 6.5m/s to 8m/s [Figure 2.10]. The velocity 

range in a 30 degree bifurcated artery showed lower results when compared to 45 degree 

bifurcation at varying blood pressures. Fistula also has bifurcated angles and Iordache et 

al conducted an analysis where retrograde blood flow is high in 60° [107]. The variation in 

the velocities in these two studies is due to the blockage at the bifurcation and effect of 

comorbidities are considered in this chapter. 
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Figure 2.10 Effect of Hypertension on Velocity In Blocked Bifurcated Femoral Artery 
at Different Bifurcation Angles 

 

Similarly, the velocity is high for a 60 degree bifurcated artery when blood is 

affected by anemia. The peak velocity in a 60, 45 and 30 degree bifurcated arteries are 8.3, 

7.2, 6.3m/s respectively. The velocity at the blockage in an anemia and high blood 

pressure affected artery is higher than the femoral artery with a high blood pressure artery 

[Figure 2.11].The variation is between 3 to 5% and it is due to the blood viscosity. 
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Figure 2.11 Effect of Anemia and Hypertension on Velocity In Blocked Bifurcated 
Femoral Artery at Different Bifurcation Angles 

 

In contrast to the stress analysis, the velocity in the blocked artery with high blood 

pressure and diabetes is lower than the artery with high blood pressure and anemia. The 

peak velocity at the profunda femoris is observed to be 2.8m/s in a 60 degree bifurcated 

artery. In addition, 45 degree bifurcated artery is relatively exhibiting very close results to 60 

degrees [Figure 2.12]. 
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Figure 2.12 Effect of Diabetes and Hypertension on Velocity In Blocked Bifurcated 
Femoral Artery at Different Bifurcation Angles  

 

 

Figure 2.13 Effect of Co-Morbidities In A Blocked 60° Bifurcated Femoral Artery In 
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Figure 2.13 differentiates several combinations of comorbidities in seventy percent 

blocked femoral artery. Eventhough, the analysis was conducted for 30, 45, 60 degree 

b locked  bifurcated femoral arteries at several comorbidities, more detailed study is 

required for 60 degree bifurcated artery. Fig 2.9, Fig 2.12 indicates that in a diabetic affected 

artery peak velocities and stresses are noted in 60 degree bifurcated artery. It is observed that 

the maximum velocity in a blocked artery is high in artery with high blood pressure and 

anemia when compared to diabetic blood. In contrast, the stress in a blocked artery is low 

in artery with anemia and high blood pressure when compared to diabetic artery with high 

blood pressure (Figure 2.14). 

 

Figure 2.14 Effect of Co-Morbidities In A Blocked 60° Bifurcated Femoral Artery In 
Terms of Stress 

 

A self-expanding stent is modeled into the blocked femoral artery at the bifurcation. 

A few months after the stent implantation, blockage occurs downstream of the stented artery. 
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Hence, blockage downstream of the stented region is modeld and analyzed. The blocked 

stented artery is subjected to several comorbidities like the high blood pressure, anemia 

and diabetes. To compare the wall shear stresses of the blocked stented femoral artery when 

subjected to comorbidities, a normal artery is modeled and analyzed with same 

comorbidities. In a 30 degree bifurcated femoral artery, the peak stress is seen in a diabetic 

artery [Figure 2.15]. 

 

Figure 2.15 Effect of Comorbidities on Stress At ST Normal Artery In A 30° Bifurcated 
Artery 

 

Similarly, in a stented femoral artery, maximum stress at the stented region is 

observed in a diabetic artery. As the stent is self-expandable, it is implanted in the straight 

artery as well as at the bifurcation. Figure 2.16 indicates the stress at the straight stented 

artery with 30 degree bifurcation and it is 28% higher than the normal artery with diabetes. 
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Figure 2.16 Effect of Comorbidities on Stress In Partially Blocked Stented Femoral 
Artery At 30° Bifurcation Angle 

 

In similarity to Figure 2.15, maximum stress on the straight femoral artery is obtained 

from an analysis in which the artery is affected by anemia, high blood pressure and diabetes. 

Among the comorbidities, diabetic affected artery is subjected to high stress when compared 

to anemia and hypertension [Figure 2.17] affected artery. 
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Figure 2.17 Effect of Comorbidities on Stress At ST Normal Artery In A 45° Bifurcated 
Artery  

 

45 degrees bifurcated femoral artery is analyzed when the artery has a blockage 

downstream of stented region. From the analysis, peak stress at the stented femoral artery 

is noted in diabetic affected artery. These results are same as the results of 30 degree 

bifurcated arteries. This is because the analyzed region is straight artery where bifurcation is 

not included. The bifurcation begins at the profunda femoris and hence the effect of angle 

can be observed only in the bifurcated stented region. In Figure 2.16 and Figure 2.18, the 

stented artery is affected with blockage downstream of the bifurcated stented region. 
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Figure 2.18 Effect of Comorbidities on Stress In Partially Blocked Stented Femoral 
Artery At 45° Bifurcation Angle  

 

Figure 2.19 and Figure 2.20 indicate the maximum stress in the 45 degrees 

partially blocked bifurcated artery without and with stent implantation. The maximum stress 

is seen in diabetic artery in both the cases. However, the bifurcated artery with stent shows 

low wall shear stress when compared to the bifurcated artery with blockage downstream. 

This indicates that the stent implantation has reduced the wall shear stresses. In a previous 

study a stented coronary artery was analyzed and the maximum stress observed at the 

stented region is recorded to be greater than 2.3Pa [108]. But, the present study exhibited 

a maximum shear stress of 12Pa in the bifurcated stented region of femoral artery. An 

increase in the stress values at the stented region is perceived in this chapter because the 

artery is affected with high blood pressure, anemia and diabetes. 
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Figure 2.19 Effect of Comorbidities on  Stress In 45° Bifurcated Artery With Blockage 
Downstream Of Bifurcation(No Stent At Bifurcation)  

 

 

Figure 2.20 Effect of Comorbidities on  Stress In 45° Bifurcated Stented Artery With 
Blockage Downstream of Bifurcation 
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Similarly, in a 60 degree bifurcated artery, maximum stress is obtained at the 

bifurcation with and without stent implantation [Figure 2.21 & Figure 2.22]. The stress is 

high in a diabetic patient in both the cases. However, the stress in stented artery is lower than 

the bifurcated artery with partial blockage downstream. 

 

Figure 2.21 Effect of Comorbidities on Stress In 60° Bifurcated Artery With Blockage 
Downstream Of Bifurcation (No Stent At Bifurcation)  
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Figure 2.22 Effect of Comorbidities on Stress In 60° Bifurcated Stented Artery With 
Blockage Downstream of Bifurcation 

 

Peak stress is recorded in the blockage downstream of bifurcated artery with and 

without stent implantation. Figure 2.23 indicates that the stress at the blockage in an artery 

without stent is high at a 30 degree bifurcation. In contrast, 60 degrees bifurcated arteries 

showed peak stress in the blockage in stented femoral artery [Figure 2 . 24]. The 

comorbidity existing in both stented and unstented artery is diabetes. In comparison, a 

two dimensional straight coronary artery was modeled with seventy percent blockage. The 

maximum stress noted in the analysis is 32Pa and the m a x i m u m  stress observed in this 

chapter is 42Pa at normal blood pressure [109]. Variation in the two studies is due to the 

bifurcation angles and the analysis is conducted in this chapter is in femoral arteries with a 

different geometry. 
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Figure 2.23 Effect of Angles on Stress In A Diabetic Femoral Artery With Blockage 
Downstream of Bifurcation(Without Stent) 

 

 

Figure 2.24 Effect of Angles on Stress In A Diabetic Stented Femoral Artery With 
Blockage Downstream of Bifurcation  
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Figure 2.25 Contours of Velocity In Comorbid Affected Femoral Artery 

 

2.7 CLINICAL ASPECTS 

Table 2 . 7 indicates the percentage difference between different combinations of 

angles at the bifurcation. The maximum percentage difference in terms of stress is noted 

between 45 and 60 degree bifurcation in a hypertension effected femoral artery. The 

percentage difference between angles that exhibits low stresses is observed between 60 and 

30 degree bifurcation. 
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Table 2.7 Stress and Angle Effects In Hypertension Effected Bifurcated Femoral Artery 

MAP 
Maximum 
Stress at 
60° (Pa) 

Maximum 
Stress at 
45° (Pa) 

Maximum 
Stress at 
30° (Pa) 

% difference 
between 

stresses for 
45°&60° 

% difference 
between 

stresses for 
30°&45° 

% difference 
between 

stresses for 
30°&60° 

93 303 328 305 7.62 7.01 0.66 

100 314 345 314 8.99 8.99 0 

110 329 369 331 10.84 10.30 0.60 

120 345 393 349 12.21 11.20 1.15 

130 359 415 365 13.49 12.05 1.64 

 
In case of conditions with hypertension and anemia, the maximum difference in stress 

values is recorded between 45 and 60 degree bifurcation [Table 2.8]. In contrast, least 

difference in stress values is observed between 60 and 30 degree. In Table 2.7 and 2.8, least 

differences in stresses are noted in normal blood pressure and high stresses in stage 2 high 

blood pressure.  

 
Table 2.8 Stress and Angle Effects In Hypertension and Anemia Effected Artery 

MAP 
Maximum 
Stress at 
60° (Pa) 

Maximum 
Stress at 
45° (Pa) 

Maximum 
Stress at 
30° (Pa) 

% difference 
between 

stresses for 
45°&60° 

% difference 
between 

stresses for 
30°&45° 

% difference 
between 

stresses for 
30°&60° 

93 224 267 241 16.10 9.74 7.05 

100 232 282 251 17.73 10.99 7.57 

110 244 298 273 18.12 8.39 10.62 

120 255 311 277 18.00 10.93 7.94 

130 265 328 285 19.20 13.11 7.017 



 

67 

 

In contrast to the previous tables [Table 2.7& 2.8], 60 and 30 degree bifurcated 

femoral arteries when subjected to high blood pressure and diabetes show a maximum 

difference in stress values. Whereas the least difference in stress values are observed 

between 45 and 60 degree bifurcation [Table 2.9]. 

 

Table 2.9 Stress and Angle Effects In Hypertension and Diabetes Effected Artery 

MAP 
Maximum 
Stress at 
60° (Pa) 

Maximum 
Stress at 
45° (Pa) 

Maximum 
Stress at 
30° (Pa) 

% difference 
between 

stresses for 
45°&60° 

% difference 
between 

stresses for 
30°&45° 

% difference 
between 

stresses for 
30°&60° 

93 539 506 320 6.12 36.75 40.63 

100 568 523 345 7.92 34.033 39.26 

110 593 555 357 6.40 35.67 39.792 

120 634 576 386 9.14 32.98 39.11 

130 683 599 444 12.29 25.87 34.99 

 

On the other hand, the maximum difference in velocity in high blood pressure 

affected femoral artery is noted between 60 and 30 degree bifurcation [Table 2.10]. A 

similar effect of maximum difference in velocity is noted between 60 and 30 degree 

bifurcation artery with high blood pressure & anemia and high blood pressure & diabetes 

[Table 2.11 and Table 2.12]. The least percentage difference in velocities in high blood 

pressure, anemia and high blood pressure affected femoral arteries are recorded between 45 

and 30 degree bifurcation. In contrast, in diabetic and high blood pressure affected femoral 

artery, the least percentage difference in velocity is observed between 45 and 60 degree 

bifurcation. 



 

68 

 

Table 2.10 Velocity & Angle Effects in Hypertension Effected Bifurcated Femoral 

Artery 

MAP 
Maximum 
Velocity at 
60° (m/s) 

Maximum 
Velocity at 
45° (m/s) 

Maximum 
Velocity at 
30° (m/s) 

% difference 
between 

velocities for 
45°&60° 

% difference 
between 

velocities for 
30°&45° 

% difference 
between 

velocities for 
30°&60° 

93 6.69 5.58 5.23 16.59 6.27 21.82 

100 6.97 5.81 5.58 16.64 3.95 19.94 

110 7.35 6.19 5.83 15.78 5.81 20.68 

120 7.71 6.42 6.09 16.73 5.14 21.01 

130 8.07 6.78 6.33 15.98 6.63 21.56 

 

Table 2.11 Velocity and Angle Effects In Hypertension and Anemia Effected Artery 

MAP 
Maximum 
Velocity at 
60° (m/s) 

Maximum 
Velocity at 
45° (m/s) 

Maximum 
Velocity at 
30° (m/s) 

% difference 
between 

velocities for 
45°&60° 

% difference 
between 

velocities for 
30°&45° 

% difference 
between 

velocities for 
30°&60° 

93 6.91 5.72 5.49 17.22 4.02 20.54 

100 7.2 5.99 5.69 16.80 5.00 20.97 

110 7.58 6.72 6.07 11.34 9.67 19.92 

120 7.94 7 6.17 11.83 11.85 22.29 

130 8.29 7.34 6.38 11.45 13.07 23.03 
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Table 2.12 Velocity and Angle Effects In Hypertension and Diabetes Effected Artery 

MAP 
Maximum 
Velocity at 
60° (m/s) 

Maximum 
Velocity at 
45° (m/s) 

Maximum 
Velocity at 
30° (m/s) 

% 
difference 
between 

velocities for 
45°&60° 

% 
difference 
between 

velocities for 
30°&45° 

% 
difference 
between 

velocities for 
30°&60° 

93 2.33 2.31 1.43 0.85 38.09 38.62 

100 2.41 2.39 1.47 0.82 38.49 39.00 

110 2.52 2.43 1.52 3.57 37.44 39.68 

120 2.65 2.59 1.58 2.26 38.99 40.37 

130 2.77 2.65 1.61 4.33 39.24 41.87 

 

Analysis conducted in chapter 2 could reduce the patient’s effort in clinical studies. 

Previous studies indicate the patient’s difficulty levels during exercise rehabilitation 

programs, especially when they are suffering with comorbidity. Patients with low ankle 

brachial index and insulin required diabetic patients are not eligible for research exercise 

programs [110]. 
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CHAPTER  3  

FLOW DYNAMICS IN PARTIALLY BLOCKED TIBIAL ARTERY  

3.1 OVERVIEW 

Tibial artery comprises of two branches, anterior and posterior sides of the subject. These 

arteries are often obstructed due to plaque formation. They are also affected by several 

other conditions like hypertension, diabetes, smoking, drinking. In chapter 3, wall shear 

stresses and velocities are computed for seventy percent blocked bifurcated tibial artery at 

varying postures. Three postures sitting, erect and supine positions are considered for the 

analysis and on the other hand, the artery is assumed to be affected by diabetes and 

hypertension. In normal arterial flow, the maximum velocity is noticed at supine posture. In 

contrast, the maximum wall shear stress is seen in a diabetic affected artery when 

compared to a normal arterial flow. In anterior and posterior tibial arteries, the maximum 

velocities in normal and diabetic arteries are observed at 45 degree bifurcation. In contrast, 

maximum stresses in normal and diabetic affected arteries at the anterior and posterior 

tibial arteries are noted at 60 degree bifurcation. The study presents the effect of artery 

bifurcation when subjected to comorbidities at various postural changes. 

 

3.2 INTRODUCTION 

Peripheral artery disease (PAD) is a circulatory disease, in which blood flow in 

the limbs is restricted due to narrowing. This problem is most common among senior 

people and records show that 14 to 29% of them are above 70 years of age. Comorbidities 

like smoking, age, diabetes, high blood pressure is the leading problem that is associated 

with PAD. It is observed that 50% of the PAD patient’s exhibit pain in the lower 
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extremities and 40% of them suffer with asymptomatic symptoms [111]. PAD could increase 

the risk of death in patients by 25%. From the studies, it is observed that 80-90% of CVD 

(cardio vascular disease) are due to the involvement of diabetes, hypertension, smoking and 

hyperlipidemia [112]. PAD is observed more commonly in men than women [112]. 

However, PAD affects women more severely. Approximately 3 to 29% of the adult females 

between the age groups 45 to 93 suffer with PAD [114]. PAD can be evaluated using an 

ankle brachial index and based on the specific ranges, the severity of disease can be 

determined. 

 

PAD and tobacco abuse have a stronger association than ischemic heart disease and 

tobacco abuse. Thus, the risk for PAD is sixteen times greater in smokers and seven times 

greater in ex-smokers. Even though hypertension is a risk factor for PAD to occur, diabetes 

and smoking affect PAD more than hypertension [112]. The other risk factors include the 

raised levels of C-reactive protein (CRP), homocysteine, fibrinogen, lipoprotein and plasma 

viscosity [113]. 

 

Symptoms of PAD include intermittent claudication which is otherwise pain, 

cramping, aching in the calves and thighs. In addition to this, extremity PAD indicates critical 

limb ischemia, which includes tissue loss, rest pain and limb-threatening manifestations 

[113]. Lower limb amputation occurs mainly due to diabetes and PAD. In addition, diabetic 

PAD increases the risk of morbidity and mortality from cardiovascular diseases [115]. 
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A tibial artery in the lower extremity is subjected to peripheral ischemias and it is 

important to treat them by revascularization [116]. It is subjected to most of the above 

indicated problems associated with peripheral artery disease. Hence the present work is 

based on peripheral artery disease in tibial artery when subjected several comorbidities. 

 

3.3 BACKGROUND 

Tibial arteries play a major role in supplying the right amount of blood flow to the 

feet. If one of the tibial arteries is comprimised, the other tibial artery can compensate the 

total blood flow velocity to the feet [117]. Vascular diseases occur due to insufficient blood 

supply and the extent of insufficiency can be determined using noninvasive investigations 

[118]. The noninvasive investigation method is more dependable than physical tests. It is 

very difficult to determine the systolic blood pressures in lower limbs if the blood is affected 

bydiabetes. However, an alternate testing method called pole test is suggested [118]. 

Occlusive disease observed below the knee can be treated with endovascular techniques. 

Besides the treatment methods, they require post procedural follow up to obtain the preferred 

clinical outcome [119]. PAD patients also require cardio protective medications based on 

socioeconomic status. Subherwaal et al suggests that, efforts should be made in future to 

reduce disparities in treatment methods [120]. In addition to socioeconomic status, 

exercise intensity and body postures during resistance exercise affect the cardiovascular 

variables. The author Wilborn et al suggests an investigation to determine the blood profiles, 

consumption of oxygen, varying intensities and repetitive changes during resistance training 

[121]. 
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Patients with PAD suffer with intermittent claudication and this is observed in lower 

extremities that causes pain during walking. Hence, a biomechanical analysis was 

conducted to determine the alterations in the ankle joint that exist prior to the beginning 

of claudication pain. Further study is necessary to assess the impact of proximal disease and 

revascularization in PAD patients on joint kinematics [122]. In addition, 70 to 80% PAD 

patients suffer with claudication over a 10 year cycle. To improve the quality of life and 

decrease stroke and cardiovascular death, exercise programs and revascularization techniques 

should be performed [123]. Diabetes on the other hand causes atherosclerotic occlusive 

disease in the lower extremities. A clinical study was conducted on patients to observe the 

occlusion lesions in different arteries when blood flow is affected by diabetes. The study 

shows more than 10cm occlusion lesions in anterior and posterior tibial arteries than in iliac 

artery [124]. Diabetes patients could also cause coronary artery disease. This can be 

identified from a quantitative clinical study on stiffness and impaired blood flow in lower 

arteries of the leg [125]. 

 

3.3.1 Analysis of Tibial Artery 

The volume of blood flow, average velocity and peak systolic velocity decreases in 

the lower limb arteries when they are subjected to postural changes. These variations are 

observed in patients with intermittent claudication when posture changes from recumbency 

to sitting [126]. Postures also affect the systolic blood pressures in middle aged adults. A 

change in magnitude and direction of posture affects the social demographics, 

cardiovascular comorbidities and cigarette smoking. Clinical studies were conducted with 

men and women from several countries to observe the effect of comorbidities along with 
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postural changes [127]. Similarly, clinical study was conducted on men and women to 

compare their effects of postural changes in the femoral artery. Physical activity is part of 

the test program in both men and women. The study indicates that there is no change in 

blood flow in healthy older men and women [128]. On the other hand, mathematical 

modeling was presented to predict dynamic changes in arterial blood pressure, compliance, 

blood flow rate and resistance in heart during postural changes. The empirical model 

suggested in the study determines the vascular resistance. These mechanisms can regulate 

blood flow velocity and blood pressure to compensate the hypotension occurred during 

postural changes [129]. In tibial arteries, bifurcation angle affects the blood flow in age 

groups above 60. In a 45 degree left anterior oblique artery, embolic filling is observed 

along the tibial artery and tibioperoneal trunk in a 62 year old patient [130]. Clinical 

studies show that arterial lesions are most common at the lower extremities of diabetic 

patients. The vascular environment is diffuse in crural arteries of diabetic patients when 

they are subjected to lower limb artery ischemia [124]. 
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3.4 METHODOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Overview of Step By Step Analysis  

  

BLOCKAGES AT THE BRANCHES OF 
ANTERIOR AND POSTERIOR TIBIAL 

ARTERIES 

Effect of Arterial 
Blood Flow 

Effect of Postures 

Hemodynamic 
Analysis 

Effect of Bifurcation Angle 



76 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Method of Approach For Blocked Anterior & Posterior Tibial Arteries 
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3.5 COMPUTATIONAL ANALYSIS  

A two dimensional tibial artery is modeled with seventy percent blockage at the 

bifurcation (Figures 3.3). Tibial artery is divided into anterior tibial artery and posterior 

tibial artery (Figure 3.4) In the present analysis both the segments are modeled with seventy 

percent blockage at the bifurcation. Computational fluid dynamic analysis is conducted by 

meshing the model at high density with uniform interval size. Blood flow in the arteries is 

defined with mean pressure inlet and it leaves the artery as pressure outlet. Relativity of 

viscosity and hematocrit counts are described in chapter 2 (Section 2.5).  

 

Figure 3.3 Contours of Stress For Anterior Tibial Artery 
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Figure 3.4 Anterior and Posterior Tibial Artery Model 

 

The present analysis compares healthy blood flow conditions with diabetic blood. 

Thus the properties vary with respect to both the blood flow conditions which are indicated 

in the Table 3.1. Blood is assumed to flow in the cell zone. Eventhough, blood is a non-

newtonian fluid it behaves as Newtonian at high shear rates [161]. The density of blood is 

1050kg/m3 and an unsteady blood flow is defined using a C-program.  

 
Table 3.1 Viscosities of Normal and Diabetic Artery With Varying Mean Arterial 

Pressure Inlets 

Normal Artery (Viscosity) Pa.s 
Material Property 

Diabetes Mellitus (viscosity) Pa.s 
Material Property 

0.0035 0.00802 

0.0035 0.00802 

0.0035 0.00802 

0.0035 0.00802 

0.0035 0.00802 
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The blood flow in the artery is affected with diabetes and in this chapter, anterior and 

posterior tibial arteries are analyzed at three different postures. A clinical study has 

determined the systolic and diastolic pressures at sitting, supine and erects position of the 

human body [Table 3.2]. The mean arterial pressures inlets of the tibial arteries at three 

different postures are defined based on the systolic and diastolic blood pressures [Table 3.2]. 

 

Table 3.2 Diastolic and Systolic Pressures At Varying Postures [131] 

Position Systolic Pressure 
(mm of Hg) 

Diastolic Pressure 
(mm of Hg) 

Mean Arterial Pressure 
(mm of Hg) 

Erect 140 112 121.33 

Sitting 160 115 130 

Supine 170 120 136.66 

 

Table 3.3 Geometry of Tibial Artery [162] 

Artery Length (mm) Radius (mm) 

Peroneal Artery 159 1.3 

Anterior Tibial 25 1.3 

Posterior Tibial 161 1.8 

 

3.5.1 Governing Equations 

The flow inside the femoral artery is considered to be incompressible and blood is a non-

Newtonian fluid with constant fluid properties. The continuity and Navier-Stokes equation 
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for a two dimensional cylindrical coordinates (r, z) can be written in a differential 

conservation form which is shown below. 

 

Continuity Equation for three dimensional arterial flow is given by: 
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------Equation 3.3 

 

Where u is the velocity with which blood flows, t is the time taken, ρ is the density of the 

blood, (r, φ and z) are direction of blood flow and p is the pressure. 

 

Applying equations 1, 2 and 3 to a two dimensional arterial flow with blockage 

downstream of stented region the equation is reduced to 

0/))/)((*/1( =∂∂+∂∂ zurrur zr             ------Equation 3.4 
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In the above equations 1, 2 and 3, for axisymmetric flow there is no tangential velocity 

(uφ=0) and gravity effects are neglected.  

 

Momentum equation in r-direction is given by 

)]//)(/1(/[///1/// 22 zurrurrrppzuuruutu rrzzrrr ∂∂+∂∂∂∂+∂∂−=∂∂+∂∂+∂∂ rµ
------Equation 3.5 

 

Similarly momentum equation in z-direction is given by 

)]//(//1[///1/// 22 zururrrzppzuuruutu zzzzzzz ∂∂+∂∂∂∂+∂∂−=∂∂+∂∂+∂∂ rµ
 ------Equation 3.6 

 

3.5.2 Boundary Conditions 

The boundary conditions used in the present analysis are 

 

For Unsteady Flow Condition: 

A periodic velocity boundary condition can be applied to the inlet of the artery using User 

Defined Function (UDF). The general equation obtained from FLUENT is given by 

Pz=P0+Asinωt [132]               ------Equation 3.7 

 

Applying the above equation to the stented artery with blockage downstream 

At the inlet of the artery, blood flows with a pressure given by the equation below 

Pz=P0+Pavgsinωt               ------Equation 3.8 

 

Where P0 is the intial pressure, Pavg is the average systolic and diastolic pressure 
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At the outlet of the artery, the pressure with which blood exits is given by:  

0// =∂∂=∂∂ zpzp zr                          ------Equation 3.9 

 

At the wall surface of the artery: 

No slip flow condition is assumed: uz=0 

 

3.6 RESULTS AND DISCUSSIONS 

In this chapter, two branches (anterior and posterior) of tibial artery are modeled and 

analyzed. When the anterior and posterior tibial arteries are seventy percent blocked, the 

maximum wall shear stress and velocities at the blockage are analyzed at three different 

postures. In addition to this, the bifurcation angles of the anterior and posterior tibial arteries 

are varied in a healthy and diabetic artery. 

 

In a blood vessel, when viscosity increases, the velocity in the blood vessel decreases. In 

anterior tibial artery, the maximum velocity in a blocked bifurcated artery is observed in 

a 45 degree bifurcated artery [Figure 3.5]. Maximum velocity in a 45 degree anterior tibial 

artery bifurcation is exhibited at the supine position in healthy arteries. In both healthy and 

diabetic arteries, the supine position exhibits higher velocity than the sitting and erect 

positions. In a 60 degree bifurcated artery, the maximum velocity in a healthy artery at 

supine posture is 6.43, whereas the maximum velocity in a diabetic artery at supine posture is 

6.3. 
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Figure 3.5 Effect of Posture & Angle on Velocity In Blocked AT Artery With Normal 
Arterial Flow 

 

In posterior tibial artery, the velocity in a blocked bifurcated artery is high in a 

45 degree bifurcated artery [Figure 3.6]. Similarly, peak velocity in a 60 degree posterior 

tibial artery bifurcation is observed at supine position. The analysis shows that erect position 

has a lower velocity when compared to sitting position. At 60 degrees bifurcated arteries, the 

velocity is observed in a posterior tibial artery, when compared to the anterior tibial artery. In 

contrast, velocities in Anterior and Posterior tibial arteries in a 45 degree bifurcated artery 

are 9.82m/s at all the three postures and under the same health condition. Similar results are 

observed in an elastic stenosed arterial tube with a velocity of 10m/s [23]. In both the 

arteries (AT and PT) velocity is at supine position. 
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Figure 3.6 Effect of Posture & Angle on Velocity In Blocked PT Artery With Normal 

Arterial Flow 
 

When blood flow in a blocked bifurcated anterior tibial artery is affected with 

diabetes, the maximum velocity is observed in a 45 degree bifurcated artery at supine 

position [Figure 3.7]. Similarly, under the same blood flow conditions in a posterior tibial 

artery, velocity is high at the 45 degree blocked region [Figure 3.8]. 
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Figure 3.8 Effect of Angle & Posture In Diabetic Effected Blocked Bifurcated PT Artery 

 

In addition, velocities in an anterior tibial artery are same as the velocities in 

posterior tibial artery in a 30 degree bifurcated artery at all the three postures. However, the 

velocity among the three different bifurcations is observed at the supine position in a 45 

degree bifurcated artery. Similar results are observed in angiographic results of an anterior 

tibial artery. The velocity in a post stenotic 50% blocked artery is 1.45m/s [134]. The 

results from this analysis varied with the earlier angiographic results. This is mainly due to 

the change in postures and bifurcated angles. The minimum velocity among the three 

different bifurcation is observed at 60 degrees bifurcated anterior tibial artery at erect 

position. Stress, on the other hand plays an important role when the viscosity changes in 

healthy and diabetic effected arteries. In an anterior tibial artery the stress is higher in a 60 

degree bifurcated artery than 30 and 45 degrees [Figure 3.9]. Among the three postures, 

supine posture exhibits high stress values with normal arterial blood flow [Figure 3.10]. 
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Similar results are exhibited in a posterior tibial artery; however, the stress in anterior tibial 

artery is higher than posterior tibial artery by 5% due to the change in stenosis locations at the 

bifurcation. 

 

Figure 3.9 Effect of Posture & Angle on Stress In AT Bifurcated Artery With Normal 
Arterial Flow 

 

 

Figure 3.10 Effect of Posture & Angle on Stress In PT Bifurcated Artery With Normal 
Arterial Flow 
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Figure 3 . 1 1  and Figure 3.12, indicates graph for diabetic effected anterior and 

posterior tibial arteries at three different postures. The bifurcated blocked anterior and 

posterior tibial arteries indicate that the stress is high at 60 degree bifurcation. At supine 

position, maximum stress value is observed in a diabetic affected anterior tibial artery 

compared to diabetic affected posterior tibial artery. 

 

 

Figure 3.11 Effect of Angle & Posture on Stress In Diabetic Effected Bifurcated AT 
Artery  
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Figure 3.12 Effect of Angle & Posture on Stress In Diabetic Effected Bifurcated PT 
Artery 

 

In a 60 degree bifurcated anterior and posterior tibial arteries, the maximum stress is 

observed at the supine posture of the anterior tibial artery. In a bifurcated carotid artery the 

maximum stress is also observed at the bifurcation. However, the difference in the stress 

values is due to the seventy percent blockage and postural changes [135]. The diabetic 

affected artery has high stress effects than the normal arterial flow. In a blood vessel, 

when the viscosity increases, shear stress value increases as well. When diabetic affected 

anterior and posterior tibial arteries are bifurcated at 45 degrees, maximum stress is exhibited 

in supine posture. Similarly, at supine position, maximum stress occurs in a diabetic effected 

artery at 30 degree bifurcation. In addition, the low stresses are noticed in a 45 degree 

bifurcated artery at erect posture with the normal arterial flow. 
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3.7 CLINICAL ASPECTS 

Furthermore, two set of angles are compared with respect to their stress effects in a 

healthy and diabetic affected arteries. In Table 3.4, the maximum stress difference is 

observed between 45 and 60 degrees bifurcated anterior tibial artery followed by 60 and 

30 degree. In both the cases the posture of the body is supine. 

 

Table 3.4 Percentage Difference Between Angles In Terms of Stress In A Normal AT 
Artery At Varying Postures 

Normal 
Max Stress 

at AT 
branch-60 

Max Stress 
at AT 

branch-45 

Max Stress 
at AT 

branch-30 

% diff btw 
45&60 

% diff btw 
45 & 30 

% diff btw 
60 & 30 

sitting 528 480 497 9.09 3.42 5.87 

erect 505 465 474 7.92 1.89 6.13 

supine 608 495 516 18.58 4.06 15.13 

 

In addition, the minimum percentage stress difference is observed between 45 and 30 

degree bifurcated arteries at erect posture. When the blood flow in the anterior tibial artery 

is diabetic, the maximum stress difference is observed at 45 and 60 degree bifurcation. The 

postures with high stress difference are exhibited in sitting and supine positions in a 

diabetic artery [Table 3 .5]. The minimum stress difference is observed at 45 and 30 degree 

bifurcation at erect position. 
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Table 3.5 Percentage Difference Between Angles In Terms of Stress In A Diabetic AT 
Artery At Varying Postures 

Diabetic 
Max Stress 

at AT 
branch-60 

Max Stress 
at AT 

branch-45 

Max Stress 
at AT 

branch-30 

% diff btw 
45 & 60 

% diff btw 
45 & 30 

% diff btw 
60 & 30 

sitting 1040 739 785 28.94 5.85 24.51 

errect 1000 707 744 29.3 4.97 25.6 

supine 1080 767 815 28.98 5.88 24.53 

 

Table 3.6 and Table 3.7 show that, the maximum difference in velocity between 45 

and 60 degree bifurcation is high at erect posture. Consequently, in a healthy anterior 

tibial artery minimum difference in velocity between 45 and 30 degree bifurcation is 

observed at supine posture. In contrast, in a diabetic anterior tibial artery minimum 

difference in velocity between 45 and 30 degree bifurcation is observed at erect posture. 

 
Table 3.6 Percentage Difference Between Angles In Terms of Velocity In A Normal AT 

Artery at Varying Postures 

Normal 

Max 
Velocity at 
AT branch- 

60 

Max 
Velocity at 
AT branch- 

45 

Max 
Velocity at 
AT branch- 

30 

% diff btw 
45 & 60 

% diff btw 
45 & 30 

% diff btw 
60 & 30 

sitting 6.22 9.7 7.92 35.87 18.35 21.46 

erect 5.55 9.51 7.6 41.64 20.08 26.97 

supine 6.43 9.82 8.16 34.52 16.90 21.20 
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Table 3.7 Percentage Difference Between Angles In Terms of Velocity In A Diabetic AT 
Artery at Varying Postures 

Diabetic 

Max 
Velocity at 
AT branch- 

60 

Max 
Velocity at 
AT branch- 

45 

Max 
Velocity at 
AT branch- 

30 

% diff btw 
45 & 60 

% diff btw 
45 & 30 

% diff btw 
60 & 30 

sitting 5.77 7.5 6.87 23.06 8.4 16.01 

erect 5.49 7.18 6.58 23.53 8.35 16.56 

supine 6.34 7.72 7.07 17.87 8.41 10.32 

 

On the other hand, posterior tibial artery with normal arterial flow exhibits a higher 

percentage difference in stress at 60 and 30 degree bifurcation. Besides this, the minimum 

percentage difference in stress between angles is observed in 45 and 60 degree bifurcation at 

supine posture. However, the maximum percentage difference in stress is exhibited at erect 

posture [Table 3.8]. In diabetic affected posterior tibial artery, the maximum stress 

difference is high in 60 and 30 degree bifurcation at sitting posture. Likewise, low stress 

difference is observed between 45 and 60 degree bifurcation at erect posture [Table 3.9]. 

 
Table 3.8 Percentage Difference Between Angles In Terms of Stress In A Healthy PT 

Artery at Varying Postures 

Healthy 
Max Stress 

at PT 
branch-60 

Max Stress 
at PT 

branch-45 

Max Stress 
at PT 

branch-30 

% diff btw 
45 

& 60 

% diff btw 
45 

& 30 

% diff btw 
60 

& 30 

sitting 570 480 348 15.78 27.5 38.94 

errect 561 465 332 17.11 28.60 40.81 

supine 578 495 361 14.35 27.07 37.54 
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Table 3.9 Percentage Difference Between Angles In Terms of Stress In A Diabetic PT 
Artery at Varying Postures 

Diabetic 
Max Stress 

at PT 
branch-60 

Max Stress 
at PT 

branch-45 

Max Stress 
at PT 

branch-30 

% diff btw 
45 & 60 

% diff btw 
45 & 30 

% diff btw 
60 & 30 

sitting 940 739 550 21.38 25.57 41.48 

errect 836 707 521 15.43 26.30 37.67 

supine 970 767 571 20.92 25.55 41.13 

 

Finally, the maximum percentage difference in velocity in a posterior tibial artery is 

exhibited between 45 and 30 degree bifurcation at sitting posture. In contrast, in a diabetic 

affected artery, the maximum percentage difference is observed between the 45 and 30 

degrees of bifurcation at supine posture. However, in a healthy and diabetic affected 

posterior tibial artery, the minimum percentage difference in velocity is observed between 

45 and 60 degrees bifurcated artery at supine posture [Table 3.10, Table 3.11]. 

 
Table 3.10 Percentage Difference Between Angles In Terms of Velocity In A Healthy PT 

Artery at Varying Postures 

Healthy 

Max 
Velocity at 
PT branch- 

60 

Max 
Velocity at 
PT branch- 

45 

Max 
Velocity at 
PT branch- 

30 

% diff btw 
45 & 60 

% diff btw 
45 & 30 

% diff btw 
60 & 30 

sitting 8.89 9.7 7.92 8.35 18.35 10.91 

errect 8.54 9.51 7.6 10.19 20.08 11.00 

supine 9.18 9.82 8.16 6.51 16.90 11.11 
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Table 3.11 Percentage Difference Between Angles In Terms of Velocity In A Diabetic 
PT Artery at Varying Postures 

Diabetic 

Max 
Velocity at 
PT branch- 

60 

Max 
Velocity at 
PT branch- 

45 

Max 
Velocity at 
PT branch- 

30 

% diff btw 
45 

& 60 

% diff btw 
45 

& 30 

% diff btw 
60 

& 30 

sitting 7.21 7.5 6.87 3.86 8.4 4.71 

errect 6.86 7.18 6.58 4.45 8.35 4.08 

supine 7.46 7.72 7.07 3.36 8.41 5.23 

 

 

(a) Previous Study Intracranial stenosed artery [136](b) Tibial Artery Present Study 

Figure 3.13 Comparision of Arterial Pressure Drop From Intracranial Stenosed Artery 
& Tibial Artery 

 

A bifurcated intracranial stenosed artery [Figure.3.13a] is compared to the bifurcated tibial 

artery (Chapter 3)[Figure 3.13b]. Fluid structure interaction is applied to the bifurcated 

stenosed artery, which results in wall shear stress interaction, pressure drop and velocity of 
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the artery. The pressure drop of the blocked tibial artery is higher in tiial artery due to the 

high percentage stenosis and postural changes.  

 

 

(a) Coronary Artery (Previous Study) [137]  (b)Tibial Artery (Present Study) 

Figure 3.14 Comparision of Arterial Velocities From Coronary & Tibial Arteries 

 

A bifurcated left coronary artery is modeled with a plaque at coronary bifurcations [Figure 

3.14a]. Plaque develops most commonly at the bifurcations due to the angulations. The flow 

velocities in the blocked coronary artery are lower than the velocities in the the blocked tibial 

artery[Figure 3.14b].  The variation in the results is due to the geometry, different plaque 

developed regions and different arterial blood flow conditions. 
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(a) Carotid Artery(Previous Study) [138]   (b) Tibial Artery (Present Study) 

Figure 3.15 Comparision of Arterial Velocities From Carotid & Tibial Arteries 

 

 

(a) Carotid Artery Previous Study [138]   (b) Tibial Artery Present Study 

Figure 3.16 Comparision of Arterial Shear Stress From Carotid & Tibial Arteries 
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A carotid artery is modeled with seventy percent blockage in the artery. A computational 

fluid dynamic analysis was conducted to obtain the velocity and wall shear stresses in the 

carotid artery. The velocity and wall shear stresses obtained from the study [Figure 3.15a 

&Figure 3.16a] are different from the velocity and wall shear stresses of the tibial artery 

(chapter 3)[Figure 3.15b &Figure 3.16b]. The slight difference in the results existed the 

dimensions of the artery, the plaque at the bifurcation and different arterial blood flow 

conditions. 

 

A superficial femoral artery is investigated at varying postures to observe the effect of 

postures on the artery [Figure 3.17a]. A Doppler ultrasound technique is used to study the 

femoral artery hypothesis. The results show that maximum blood flow velocity is observed in 

supine posture, followed by sitting and erect posture. The present work also resulted a 

maximum blood flow velocity in supine posture [Figure 3.17b]. However, the obtained 

velocities are higher in tibial artery (chapter 3) due to the high stenosis and comorbid arterial 

blood flow conditions.  
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(a) Arterial Velocities at Different Postures in Femoral Artery (Previous Study) [139]  

 

(b) Arterial Velocities at Different Postures in Tibial Artery (Present Study)  

Figure 3.17 Comparision of Arterial Velocities From Femoral & Tibial Arteries 
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CHAPTER  4  

FLOW DYNAMICS IN POPLITEAL ARTERY  

4.1 OVERVIEW 

In chapter 4, a computational fluid dynamic analysis is conducted to compare the velocities 

and wall shear stresses in PAD affected popliteal artery with varying knee postures and 

comorbidities. The popliteal artery is assumed to be seventy percent blocked due to plaque. A 

steady state blood flow is assumed in the popliteal artery. Three different knee postures are 

modeled including small, large and bent knee curvatures.  The analysis is also conducted 

under varying conditions that include arterial blood flow with high blood pressures, anemia 

and diabetes. Percentage difference in shear stresses and velocities are calculated at different 

knee curvatures.  

 

4.2 INTRODUCTION 

Peripheral arterial disease (PAD) occurs due to intermittent claudication, loss of 

tissue integrity in the limbs and pain while walking. Risk factors associated with PAD are 

similar to those of coronary artery disease. Some of the risk factors include smoking, 

increasing age, diabetes mellitus and hypertension. Critical limb ischemia (CLI) is a 

consequence of peripheral artery disease and it can be treated by increasing the blood flow to 

the affected limb [140]. PAD decreases the measure of life and increases the risk for 

every ten year increase in age. This is more common in men than in women. The regions 

in which PAD is most common are recognized as femoral, tibial, iliac and aortic artery. PAD 

can be measured using Ankle brachial Index (ABI) and low ABI is mainly due to femoral, 

tibial and popliteal vessels. Low ABI in these vessels could cause coronary heart disease 
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[141]. Despite of advanced manufacturing techniques to develop and design stents, they still 

cause long term consequences in patients. Hence, a complete research on the biomechanics 

of peripheral arteries is required along with in- vivo, clinical and computational studies 

[Figure 4.1] [142]. 

 

Figure 4.1 Peripheral Arteries [142] 

 

Improvements in the treatment of PAD can be made by designing PAD focused 

therapies and by developing limb-specific therapies. However, these techniques could not 

reduce the risk of cardiovascular disease. Clinical studies which are conducted on patients 

through randomized trials suggest claudication therapies to treat CLI [143]. Peripheral artery 

bypass graft can be used as a treatment method for peripheral artery disease. However, 

stenosis develops 16months after the surgery and flow start recirculating downstream, which 

is otherwise called restenosis [144]. Measurement of peripheral artery disease in popliteal 

artery is difficult to analyze. However, among two different techniques (ABI and arterial 



 

100 

peak flow (APK)) APK is convenient to measure among PAD patients [Table 4.1-

4.2][145]. In addition, it is always necessary to conduct clinical studies or surveys in 

patients with PAD. 

 
Table 4.1 APF and ABI Success Rates For Intermittent Claudication [145] 

 
Successful 

APF APF Successful 
ABI ABI 

Diabetes 95% 5.7±3.5 79% 0.72±0.22 

Non Diabetes 96% 5.9±2.9 84% 0.75±0.22 

 

Table 4.2 APF and ABI Success Rates For Critical Ischemia [145] 

 
Successful 

APF APF Successful 
ABI ABI 

Diabetes 95% 4.6±3.0 61% 0.57±0.21 

Non Diabetes 83% 3.7±2.6 61% 0.51±0.27 

 

4.3 BACKGROUND 

Small popliteal arteries can be affected by the increase in aneurysm, higher 

prevalence of thrombosis, distal occlusive disease and severe ischemia. A clinical study was 

conducted to observe the effect of artery size on thrombosis and the study shows that 

there was not much difference in them. The study also shows that thrombosis is more 

commonly observed in popliteal artery when compared to iliac and aortic arteries [146]. 

Popliteal artery aneurysms can be treated using a surgical procedure and a study was 

conducted on operated patients. The study shows high risk patient’s, who are affected 

with multiple comorbidities can go through the surgical process. The study suggests that 
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these surgical patients should have more attention on minimizing blood loss. However, 

during this study few patients died within 30days after the surgery [147]. The diameter of 

popliteal artery could affect the risk of popliteal aneurysms. To treat these popliteal 

aneurysms though endovascular treatment, it is necessary to size the artery. When a popliteal 

artery is at a risk of having a popliteal aneurysm, the popliteal proximal artery was 2mm 

larger. Similarly, in the popliteal affected artery, the proximal popliteal artery is 5mm 

larger [148]. Popliteal arteries with peripheral artery disease can also cause significant 

deformations during flexed leg positions (knee joint). The curvature of the artery, twist 

angle and the length are effectively changing during leg flexion. Increase in calcification 

can increase artery curvature which shows that they are directly proportional [149].  

 

Similarly, a computational analysis was conducted using volunteer patient specific 

models to observe the deformation of the femoropopliteal artery during knee flexion. The 

study suggests that the displacement of the segment can be studied in detail using material 

properties of tissue [Figure 4.2] [150]. 
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Figure 4.2 Clinical Study of Femoral Artery [150] 

 

A Popliteal artery aneurysm can be treated using stents and computational fluid 

dynamic analysis can predict the blood flow pattern in the treated arteries. The analysis can 

determine the blood flow rate and wall shear stresses under relaxed and exercised conditions. 

The consequences observed from the analysis shows that if the stents are opened 

imperfectly, they can lead to increase in velocity and wall shear stresses [151]. A similar 

computational analysis was conducted in femoropopliteal artery with and without stenting. 

The analysis shows that mechanical behavior of the vessel changes due to the presence of 

stents. The stress and strain of the vessel are altered in the stented arteries when compared to 

those of unstented arteries [Figure 4.3] [152]. 
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Figure 4.3 Stress And Strain Rates In Stented And Unstented Arteries [152] 

 

Peripheral stents behave differently while bending at knee joint flexion. Stent requires 

improvement in terms of material, design or drug intervention in the popliteal artery. Several 

studies were conducted to show various stent designs and their effects due to their 

placement in popliteal arteries [153]. Superficial femoral artery had similar issues with 

respect to stent placement. The geometry of muscle and arterial branching vary with 

varying population and their health concerns. If knee flexion occurs in a patient, a possible 

suggestion for the patient is to undergo functional angiography. After the angiography, the 

patient should be excluded from stent placement if the angiography shows extensive kinking 

[Figure 4.4][154]. 
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Figure 4.4 Angiographic Results [154] 

 

In contrast, self-expanding Nitinol stents shows better patency rates in stenosed 

popliteal arteries. A clinical study was conducted using several patients and they showed 

high durability in a 12month period. However, these patients are not subjected to any other 

comorbidities. Hence the results could vary considering other factors and thereby self-

expanding stent implication requires more detailed study [155]. 

 

4.3.1 Analysis of Popliteal Artery 

Postural changes based on exercise affect the wall shear stress in superficial artery. 

A study was conducted among different people at different postures. Wall shear stresses in 

females are high when compared to males at supine posture. Similarly, in sitting posture, 

wall shear stresses are higher in females than males. The blood viscosities, hematocrit and 
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hemoglobin levels are low in women when compared to men. However, the results are in 

contrast to the previous analysis after the exercise [Figure 4.5] [156]. 

 

 

Figure 4.5 Wall Shear Stresses In Different Studies [156] 

 

 

Figure 4.6 Multiple Blockages in Popliteal Artery [158] 
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A computational fluid dynamic analysis was conducted to obtain wall shear stresses 

in femoral and popliteal arteries in stented and stenosed arteries. The artery is also 

affected with diabetes and anemia. In addition to wall shear stresses, the study also 

determines the mass flow rate and pressure drop. The stent curvatures are also 

responsible for increase in wall shear stresses on stent struts [157]. The figure below 

indicates a blockage downstream of the popliteal artery bent knee. There are other 

blockages downstream of the stenosed popliteal artery, which show that with varying 

comorbidities there could be more changes in flow dynamics [Figure 4.6] [158]. 

 

 

Figure 4.7 Aneurysm at Knee curvature [159] 

 

Figure 4.7 indicates aneurysm of the popliteal artery and it is observed downstream 

of the knee curvature. Previous clinical data show that stenosis and aneurysm in popliteal 

arteries are common at the curvature of the knee. Hence, more research is required in the 
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varying curvatures and comorbidities. In addition to this, the postural changes in popliteal 

arteries also affect different patients. These varying parameters have motivated the current 

study to be on peripheral artery disease in comorbid patients with varying knee curvatures 

[159]. 

 

4.4 METHODOLOGY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Overview of Step By Step Analysis  
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Figure 4.9 Method of Approach For Popliteal Artery at Different Knee Curvatures  
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4.5 COMPUTATIONAL ANALYSIS 

Popliteal artery is modeled with seventy percent blockage downstream of knee 

curvature. Three different knee curvatures are modeled using ANSYS and analysis is 

conducted to determine the velocities and wall shear stresses. A computational fluid dynamic 

analysis is conducted assuming a seventy percent blockage downstream of the three knee 

curvatures [Table 4.5]. The model requires a uniform mesh density and interval size to 

obtain precise results of the analysis. The inlet and outlet boundary conditions of the three 

models are defined as mean arterial pressure inlet and mean arterial pressure outlet. The 

properties of the fluid in the models vary due to the other medical conditions. The relativity 

between viscosity and hematocrit count is discussed in chapter 2.  

 

A steady state blood flow is assumed in the artery and blood density is 1050kg/m3. 

Blood in general is a non-newtonian fluid, however, it behaves as Newtonian at high shear 

rates [161]. Three different inlets with blood flowing in the artery is assumed as 

prehypertension, hypertension stages 1 and 2. The analysis is conducted assuming diabetic 

and anemic blood flow in addition to hypertension. A clinical study determined the blood 

viscosity range of diabetic patients with and without hypertension [Table 4.3]. These ranges 

are used to define the diabetic and anemic blood flow [Table 4.4]. 
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Table 4.3 Clinical Data For Viscosity Range [160] 

Viscosity Factor 
Blood Viscosity (cP) 

Diabetic with 
Hypertension Viscosity 

Factor Blood Viscosity (cP) 

Diabetic without 
Hypertension Viscosity 

Factor Blood Viscosity (cP) 

Men 9.2±4.8 5.5±0.9 

Women 6.1±1.9 5.9±1.3 

 

Table 4.4 Material Properties for Present Study 

Hypertension 
(MAP) Inlet 

Normal Artery 
(Viscosity) Pa.s 

Material Property 

Anemia 
(Viscosity) Pa.s 

Material Property 

Diabetes Mellitus 
(viscosity) Pa.s 

Material Property 

93 0.0035 0.00257 0.00802 

100 0.0035 0.00257 0.00802 

110 0.0035 0.00257 0.00802 

120 0.0035 0.00257 0.00802 

130 0.0035 0.00257 0.00802 

 

Table 4.5 Geometry of Popliteal Artery [162] 

Artery Diameter of 
Curvature (mm) Radius (mm) 

Small Curvature 13.2 6.9 

Large Curvature 45 6.9 

90 Degree bent Knee 13.2 6.9 
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4.5.1 Governing Equations 

The flow inside the femoral artery is considered to be incompressible and blood is a non-

Newtonian fluid with constant fluid properties. The continuity and Navier-Stokes equation 

for a two dimensional cylindrical coordinates (r, z) can be written in a differential 

conservation form which is shown below. 

 

Continuity Equation for three dimensional arterial flow is given by: 
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------Equation 4.3  

 

Where u is the velocity with which blood flows, t is the time taken, ρ is the density of the 

blood, (r, φ and z) are direction of blood flow and p is the pressure. 

 

Applying equations 1, 2 and 3 to a two dimensional arterial flow with blockage 

downstream of stented region the equation is reduced to 



 

112 

0/)/)(*/1( =∂∂+∂∂ zurrur zr             ------Equation 4.4 

 

In the above equations 1, 2 and 3, for axisymmetric flow there is no tangential velocity 

(uφ=0) and gravity effects are neglected.  

 

Momentum equation in r-direction is given by 

)]//)(/1(/[///1/// 22 zurrurrrppzuuruutu rrzzrrr ∂∂+∂∂∂∂+∂∂−=∂∂+∂∂+∂∂ rµ
------Equation 4.5 

 

Similarly momentum equation in z-direction is given by 

)]//(//1[///1/// 22 zururrrzppzuuruutu zzzzzzz ∂∂+∂∂∂∂+∂∂−=∂∂+∂∂+∂∂ rµ
 ------Equation 4.6 

 

4.5.2 Boundary Conditions 

The boundary conditions used in the present analysis are 

 

Steady flow Condition: 

At inlet of the artery, blood flows with a constant pressure and its equation is given by  

=∂∂ zpr / Constant              ------Equation 4.7 

Where p is the mean arterial pressure at different hypertension stages 

 

At the outlet of the artery, the pressure with which blood flows is given by: 

 0// =∂∂=∂∂ zpzp zr               -----Equation 4.8 
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At the wall surface of the artery: 

No slip flow condition is assumed: uz=0 

 

4.6 RESULTS AND DISCUSIONS 

Popliteal artery is modeled in different knee curvatures and the present analysis is 

conducted by considering small, large and 90 degree bent knee curvatures. The Figures 

(4.10-4.12) below indicate the blood flow in a small curvature popliteal artery with varying 

blood pressures and comorbid conditions. In this model, plaque is assumed to have 

developed downstream of the curvature and it blocks the artery up to seventy percent. 

 

Figure 4.10 110mm of Hg Normal Arterial Flow 

 

 

Figure 4.11 120mm of Hg Diabetic Arterial Flow 
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Figure 4.12 130mm of Hg Anemic Arterial Flow 

 

Figures (4.13-4.14) indicate the maximum velocity and wall shear stresses of 

popliteal artery downstream of the small curvature where the artery is blocked by plaque. 

The three different types of affected arteries indicated in the figures are normal, diabetic and 

anemic blood flow. At the blockage, the maximum velocity is observed in the anemia 

affected artery. In contrast, the maximum wall shear stress is seen in a diabetes affected 

artery. The variation in the analysis is due to the blood viscosities in anemia and diabetes 

affected arteries. The blood viscosity is high in diabetic blood, whereas the blood viscosity is 

lower in anemic blood. 
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Figure 4.13 Effect of Comorbidity on Velocity In Blocked Small Knee Curvature 
Popliteal Artery  

 

 

Figure 4.14 Effect of Comorbidity on Stress In Blocked Small Knee Curvature Popliteal 
Artery  
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Similar results are observed for the maximum velocity and stresses in a large 

curvature popliteal artery. The velocity at blockage downstream of the curvature is 

recorded in anemia affected artery and maximum stress is noted in diabetic affected artery. 

However, figures (4.18-4.19) indicate the velocities are higher in small curvature than large 

curvature at all the comorbid conditions (high blood pressure, anemia and diabetes). Blood 

will have time to flow through large curvature when compared to small curvature. 

 

 

Figure 4.15 Normal Arterial Flow 100mm of Hg 

 

 

Figure 4.16 Diabetic Arterial Flow 130mm of Hg 

 

 

Figure 4.17 Anemic Arterial Flow 110mm of Hg 
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Figure 4.18 Effect of Comorbidity on Velocity In Blocked Large Knee Curvature 
Popliteal Artery  

 

 

Figure 4.19 Effect of Comorbidity on Stress In Blocked Large Knee Curvature 
Popliteal Artery 
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In a 90 degree bent knee, plaque is formed downstream of the knee curvature and it 

blocks seventy percent of the artery. The figure [4.20] below shows the contours of velocity 

in a popliteal artery with high mean arterial blood pressure. Similarly figures [4.21-4.22] 

display contours of velocity in diabetes and anemia affected arteries along with high mean 

arterial blood pressures. 

 

Figure 4.20 130 mm of Hg Normal Arterial Flow 

 

 

Figure 4.21 130mm of Hg Diabetic Arterial Flow 
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Figure 4.22 130mm of Hg Anemic Arterial Flow 

 

In the sitting posture, the knee is bent 90 degrees and plaque is assumed to 

obstruct arterial blood flow up to seventy percent of the popliteal artery. The obtained 

maximum velocities at the blockage are similar to velocities at small and large curvature 

popliteal artery [Figure 4.23]. Anemia affected artery has the maximum velocity due to high 

low viscosity. Whereas, the wall shear stresses are high in diabetic affected popliteal artery 

due its high viscosity [Figure 4.24]. 
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Figure 4.23 Effect of Comorbidity on Velocity In Blocked 90 Degree Bent Knee 
Popliteal Artery 

 

 

Figure 4.24 Effect of Comorbidity on Stress In Blocked Popliteal Artery 
 At 90 Degree Bent Knee 
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In this chapter, it is observed that the stresses are high in a diabetic affected popliteal 

artery at all the three curvatures (small, large and 90 degree bent knee). However, the 

maximum velocities and wall shear stresses are compared among the three curvatures in the 

diabetic affected artery. The 90 degrees bent knee exhibited maximum velocities and wall 

shear stresses in the blocked artery at varying mean arterial blood pressures. Comparatively, 

the large curvature popliteal artery has lower velocities and wall shear stresses. The larger 

curvature has enough time for the blood to flow through the artery. 

 

 

Figure 4.25 Effect of Knee Curvatures on Velocity In Diabetis Effected Blocked 
Popliteal Artery 
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Figure 4.26 Effect of Knee Curvatures on Stress In Diabetis Effected Blocked Popliteal 
Artery 

 
4.7 CLINICAL ASPECTS 

In diabetic affected popliteal artery, the percentage difference between different 

curvature arteries is obtained. At higher mean arterial pressure, elevated percentage 

difference in the blocked arteries is seen between large curvature and 90 degree bent knee. In 

contrast, the least percentage difference in the blocked arteries based on the velocity is noted 

between large curvature and small curvature popliteal artery Tables [4.6-4.8]. This indicates 

that patients with high blood pressures suffer problems in the sitting posture. 
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Table 4.6 Percentage Difference In Velocities Between Small And Large Curvature 

Blood Pr 
velocity at blockage 

(large curvature) 
velocity at blockage 
(small curvature) % Diff 

93 4.37 4.99 12.42 

100 4.63 5.56 16.72 

110 4.76 5.92 19.59 

120 4.98 6.26 20.44 

130 5.19 6.6 21.36 

 

Table 4.7 Percentage Difference In Velocities Between Small And °90 Bent Curvature 

Blood Pr 
Velocity at blockage 

(small curvature) 
velocity at blockage (90 

Degree Bent Knee) %Diff 

93 4.99 6.16 18.99 

100 5.56 6.45 13.79 

110 5.92 6.84 13.45 

120 6.26 7.32 14.48 

130 6.6 7.64 13.61 

 

Table 4.8 Percentage Difference In Velocities Between Large and 90° Bent Curvature 

Blood 
Pr 

velocity at blockage 
(large curvature) 

velocity at blockage (90 
Degree Bent Knee) %Diff 

93 4.37 6.16 29.05 

100 4.63 6.45 28.21 

110 4.76 6.84 30.40 

120 4.98 7.32 31.96 

130 5.19 7.64 32.06 
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Similarly, in a diabetic affected artery, the percentage difference in wall shear 

stresses at the blockage is observed between small, large and 90 degree bent knee curvatures. 

The difference is high between large curvature and 90degree bent knee [Tables 4.9-4.11]. 

This indicates that diabetic patients are expected to have variations in pressure during 

sitting posture and folded knee posture. Patients with comorbidities should be diagnosed at 

an early stage to avoid serious consequences. However, blood flow could be better in a 

straight posture rather than sitting posture. 

 
Table 4.9 Percentage Difference In Stress Between Small and Large Curvature  

Blood Pr 
Wall shear Stress @ 

blockage (large curvature) 
Wall shear Stress @ 

blockage (small curvature) % Diff 

93 287 439 34.62 

100 296 486 39.09 

110 322 529 39.13 

120 326 571 42.90 

130 400 611 34.53 

 

Table 4.10 Percentage Difference In Stress Between Small and °90 Bent Curvature 

Blood 
Pr 

Wall shear Stress @ 
blockage (small curvature) 

Wall shear Stress @ blockage 
(90 Degree Bent Knee) %Diff 

93 439 584 24.82 

100 486 617 21.23 

110 529 660 19.84 

120 571 716 20.25 

130 611 751 18.64 

Table 4.11 Percentage Difference In Stress Between Large and 90° Bent Curvature 
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Blood Pr 
Wall shear Stress @ 

blockage (large curvature) 
Wall shear Stress @ blockage 

(90 Degree Bent Knee) %Diff 

93 287 584 50.85 

100 296 617 52.02 

110 322 660 51.21 

120 326 716 54.46 

130 400 751 46.73 
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CHAPTER  5  

CONCLUSIONS & RECOMMENDATIONS 

CONCLUSIONS: 

In summary, the current work analyzed the recent applications of stent, their 

advantages and disadvantages. The study of flow and design based numerical analysis is the 

primary focus for the present study. From the design based analysis, it is observed that flow 

regions around the stent will be affected by the design. It is necessary to combine 

mathematical and computer modeling of stents to improve design and performance. The 

comparative study of invasive and non-invasive techniques shows that a three dimensional 

ultrasound B-mode technique can be used to detect stent restenosis accurately. However, the 

study also suggests cryoplasty as a safe technique to expand femoropoliteal lesions with low 

morbidities. The study also included stent coatings, which showed lower revascularization 

rate when compared to bare metal stents. The metal coatings have less fluoroscopic visibility 

and low tensile strengths for most of the metals. A review of drug eluting stents shows that 

they have higher efficiency rates of about 83 to 91% in reducing target revascularization and 

restenosis. Patients with STEMI require SES and PES as they reduce TVR on a long term 

basis. In contrast, they are not suitable for diabetic patients, multivessel patients and any 

other co-morbid patients. Polymer and carbon coatings were studied and they showed better 

results when compared to ordinary drug eluting stents. However, polymer coated 

biodegradable DES showed late stent thrombosis of about 95%CI when compared to polymer 

SES. Adding to this iron is also a suitable metal that can be coated on biodegradable stents. 

More research studies on bioabsorbable, metal coated and ordinary biodegradable 

components are required, to determine an optimum material for co-morbid patients. Diabetic 
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and comorbid patients required further research in bifurcated arteries. Hence femoral arteries 

are studied with stenosis under comorbid conditions.  

 

Femoral artery is bifurcated as profunda femoris at the upper segment of the leg. This 

is most commonly affected in patients with peripheral artery disease, diabetes, anemia and 

hypertension. The present study analyses the femoral artery with PAD, diabetes, anemia 

and hypertension under varying angles and blockage at the bifurcation. The blocked arteries 

downstream of the bifurcation are compared with and without stent in the bifurcated region. 

The hemodynamic analysis shows that the wall shear stresses affect the femoral artery when 

it is subjected to diabetes and PAD. At 60 degree bifurcation, maximum stress is 

observed in artery with and without stent when compared to other angles. However, 

stress is low at the blockage downstream of the stented region than the stress at the blockage 

without the stent. A similar analysis was conducted using bifurcated coronary arteries except 

the stented region at the bifurcation. The results are in close match to the present analysis and 

the variation noted is due to the comorbidities and the stent application. A detailed study on 

the difference between every two angles with respect to stress and velocity are analyzed 

in the study. These results can reduce the patient’s time and effort in analyzing their flow 

dynamics with multiple problems. Patients with diabetes cannot participate in the clinical 

studies to check the long term effects of stents in femoral arteries. Hence the present study 

provides the details of the effect of varying angles and comorbidities in a stented and non-

stented bifurcated femoral arteries. 
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Tibial arteries are most commonly affected by peripheral artery disease due to 

associated diseases. However, the postural changes also increase the severity in the blood 

flow rates and wall shear stress at the arterial wall. The purpose of the study is to reduce 

patient’s effort in the clinical studies. PAD patients when subjected to comorbidities suffer 

severe pain and imbalance in the blood flows. The clinical studies involve more wait time 

and effort of the patients. It’s also difficult to conduct clinical research on patients with 

specific comorbidities along with PAD. The blockage in the present study is limited to a 

specific region. In addition, the percentage of blockage at the bifurcation is seventy percent. 

The extent of blockage and the region could be a limitation of the present study. However, 

the wall shear stress and velocity at the bifurcation are obtained from the study. Among the 

normal and diabetic arterial flow, shear stresses are found to be high in a diabetic artery and 

the affected posture is supine. The effect of angle at the bifurcation also plays a major role. 

Hence, clinical studies can be conducted only using advised postures, bifurcated angles 

and comorbidities.Further, research is conducted to compare the effect of varying knee 

postures and comorbidities in popliteal artery. In small curvature popliteal artery maximum 

velocity is observed in anemia affected patients, whereas maximum wall shear stress is 

observed in diabetes patients. The viscosity of blood flow is high in diabetes patients hence 

wall shear stresses are also higher in those patients. Similar results are obtained in large 

curvature and 90 degree bent knee postures as well. However, when the comparison is 

between knee postures, small curvature knee posture has maximum velocity and wall shear 

stresses. The wall shear stress values obtained from femoral, popliteal and tibial arteries can 

be used in developing SANTS (shear-activated nanotherapeutics).  
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RECOMMENDATIONS: 

Femoral Artery: 

 In the present study, plaque is assumed to block seventy percent of the artery at the 

bifurcation. The blockage downstream of the stented region is also assumed to be 

seventy percent. For further analysis, the blockage rates can be varied at the bifurcation 

 The bifurcation angles are limited to 30°, 45° and 60° in the present study. These angles 

can be varied for future studies. 

 The comorbidities are restricted to hypertension, diabetes mellitus and anemia, which 

can be extended with other comorbidities like age, alcohol, smoking. 

 Hemodynamic analysis conducted in the present study included only velocity and wall 

shear stresses. Pressure drop, volumetric flow and mass flow rates may also be 

analyzed in the future. 

 The present work only analyzed results for one self expanding stents. There are several 

other models and this work can be extended using other stents 

 Stent used in the study is a self expanding stent and this can be modified with 

biodegradable and bioabsorbable stents.  

 

Tibial Artery: 

 Similar to femoral artery, bifurcation angles in this study can also be varied.  

 Stents can be replaced at the bifurcation and plaque downstream of the stented region 

can be modeled and analyzed 

 Effect of postures can be analyzed in hypertension and anemia effected patients 

 Plaque development levels can be varied at different postures 
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 Anterior and posterior arteries can be analyzed separately to get more detailed results. 

 

Popliteal Artery  

   In chapter 4, the plaque location is assumed downstream of the knee curvature. Plaque 

development locations can vary in different patients. 

 Stenosed artery can be replaced with different stents (such as biodegradable) and 

further research can be conducted on the effects of restenosis. 

 Percentage rate of stenosis at the knee curvatures can be varied between 30 to 80%. 
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