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ABSTRACT

Mathematical modelling of Newtonian blood flow in a catheterized stenosed 

artery is considered. A catheter which is a long, and hollow thin tube is a clinical 

device to diagnose and treat certain diseases. However, the insertion of a catheter 

into the blood vessel will alter and disturb the hemodynamic characteristics of blood 

flow. In this research, the effect of physical parameters of the catheter in an 

eccentric position is investigated in a tapered artery with multiple stenoses taking the 

cosine shape varying with time. The governing equations which consist of a system 

of non-linear partial differential equations are analytically solved using the 

perturbation technique under the assumption of axisymmetric, unsteady, fully 

developed laminar flow. A Mathematica software package is developed to assist in 

the solution procedure which is complicated and tedious. The results for axial 

velocity have been compared and validated in the case of a single stenosis. In a 

multiple stenosed artery, it is found that with the increase of eccentricity parameter 

and radius of catheter, the axial velocities across the three stenoses decrease 

drastically. If the velocity of catheter is increased, the wall shear stress has the 

highest value in the case of diverging tapered multiple stenosed artery. The increase 

of catheter radius has significant effect on the impedance at the location of the first 

and third stenosis. In both single and multiple stenosed artery, the streamline 

patterns show that the trapping bolus is formed near the wall of stenosis and in 

between stenosis when the physical parameters of eccentric catheter increases. It is 

found that the ratio of the catheter’s size to the artery should be less than 0 . 2  and 

must be placed at an eccentric position of 0 . 1  to avoid artery’s rupture.
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ABSTRAK

Permodelan matematik bagi aliran darah Newtonan di dalam arteri yang 

berkateter dipertimbangkan. Kateter adalah peranti klinikal yang merupakan suatu 

tiub panjang, nipis dan berongga digunakan untuk mendiagnosis atau merawat 

penyakit tertentu. Walau bagaimanapun, sisipan kateter ke dalam saluran darah akan 

mengubah dan mengganggu ciri hemodinamik aliran darah. Kajian ini adalah 

mengenai kesan parameter fizikal kateter pada kedudukan eksentrik di dalam arteri 

tirus dengan beberapa stenosis berbentuk kosinus yang berubah terhadap masa. 

Persamaan menakluk terdiri daripada suatu sistem persamaan terbitan separa tak 

linear telah diselesaikan secara analisis menggunakan kaedah usikan dengan andaian 

bahawa aliran lamina terbentuk penuh, simetri sepaksi dan tak mantap. Pakej 

perisian Matematica dibina untuk membantu prosedur penyelesaian yang rumit dan 

memerlukan ketelitian. Keputusan berkaitan dengan halaju aksial telah 

dibandingkan dan disahkan bagi kes stenosis tunggal. Bagi arteri stenosis berganda, 

didapati peningkatan parameter eksentrik dan radius kateter menurun dengan drastik 

bagi halaju aksial untuk ketiga-tiga stenosis. Sekiranya halaju kateter meningkat, 

tegasan ricih dinding arteri mencapai nilai maksimum bagi kes arteri stenosis 

berganda tirus mencapah. Peningkatan radius kateter memberi kesan ketara terhadap 

rintangan di lokasi stenosis pertama dan ketiga. Bagi kedua-dua arteri stenosis 

tunggal dan berganda, corak garis arus menunjukkan bahawa bolus pemerangkap 

terbentuk berhampiran dengan dinding stenosis serta di antara dua stenosis apabila 

parameter fizikal kateter eksentrik meningkat. Kajian mendapati nisbah saiz kateter 

kepada arteri perlu kurang daripada 0 . 2  dan diletak pada kedudukan eksentrik 0 . 1  

untuk mengelakkan kemungkinan arteri mengalami ruptur.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

According to the statistics published by Ministry of Health Malaysia (2017), 

the principal cause of death in government and private hospital is the disease of 

circulatory system, which is 24.38% of the overall cause of death. Besides that, 

according to Department of Statistics Malaysia (2017), the principal cause of death 

in 2016 is coronary heart diseases, which stand for 13.2% of the overall cause of 

death in Malaysia. Coronary heart disease or coronary artery disease, is a disease 

which the blood flow is restricted or reduced when the arteries are narrowed, less 

blood and oxygen reaches the heart muscles thus ultimately leads to heart attack. 

Most coronary heart diseases are caused by atherosclerosis or stenosis, which is the 

coronary arteries become narrowed by a gradually build up fatty material within the 

artery lumen (Philip et a l, 2013).

There are several ways to treat patients who are at high risk of developing 

coronary heart disease such as injection of an anticoagulant, thrombolysis, 

embolectomy, amputation or revascularization. All such treatment requires the use 

of catheter to direct the drug or treatment towards targeted location. A catheter is 

made of a long, skinny, flexible plastic tube that generally inserted or injected into a 

body cavity, duct or vessel, which allow drainage or injection of fluids or to treat 

diseases and perform a surgical procedure under X-ray guidance. The procedure of
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inserting a catheter is called catheterization. According to Arman et al. (2011), 

Percutaneous Coronary Intervention (PCI), also known as coronary angioplasty, first 

used in 1977, is a procedure where a guiding catheter is introduced via femoral, 

brachial or radial artery, and is positioned near the target stenosis or atherosclerosis. 

A balloon catheter is then advanced over and then inflated at the site of the stenosis 

to increase the luminal diameter as referred as Figure 1.1.

Percutaneous Coronary 
Intervention (PCI)

Figure 1.1 Percutaneous Coronary Intervention (PCI) 

(https://speciality.medicaldialogues.in/does-robotically-assisted-pci-in-complex-

cases-work-study-finds-out/)

Furthermore, cardiac catheterization is a general term of the insertion of a 

catheter into a chamber or vessel of the heart for a group of procedures such as 

coronary angioplasty, balloon septostomy, electrophysiology study, catheter ablation 

or Fractional Flow Reserve (FFR). Due to the evolution of coronary balloon 

angioplasty, there has been extensive increase in the use of catheter of various sizes. 

These includes the guiding catheter mentioned above, whose tip is positioned in the 

coronary ostium. Other than that, doppler catheter is used in the procedure with the 

tip positioned proximal to the coronary lesion. Thus, catheter is a very important 

medical device used for medical diagnosis and it has many clinical applications.

2
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Moreover, in catheterization laboratory, the extensive usage of FFR has 

become nowadays gold standard for invasive assessment of physiological stenosis 

significance and is an indispensable tool for decision making in coronary 

revascularization as compared with coronary angiography due to its accuracy and 

lesion-specific index to indicate whether a particular stenosis or coronary segment 

can be held responsible for ischemia (Pijls et a l, 1993; De Bruyne et al., 1994). FFR 

value is defined as the ratio of maximal blood flow achievable in a stenotic coronary 

artery relative to the maximal blood flow in the same vessel if it were normal. The 

measurement of the two flows requires the usage of a guiding catheter and a pressure 

wire. A pressure sensory tipped coronary angioplasty guide catheter is introduced 

through the neck artery into coronary artery to measure the coronary pressure within 

the artery. It has been observed that due to the injection of catheter into the blood 

vessel or artery, the blood flow is altered results in the formation of annular region 

between the wall of the catheter and artery. Hence, the presence of catheter disturbs 

the hemodynamic factors such as pressure distribution, wall shear stress and 

resistance in the artery. Any size of the guiding catheter can be used yet it is 

important to realize that, depending on the relative size of guiding catheter and the 

coronary ostium, the presence of the catheter can impede coronary flow (Gabor et 

a l, 2016).

In many cases of previous study, most of the assumptions made neglected the 

importance of physiological effects such as the flexible vessel wall of artery, the flow 

is time dependent and the geometry of the stenosis. In reality, artery is tapered. 

Additionally, when the arteries become severely diseased, the arterial lumen become 

locally restricted by the stenosis that builds up. Thus and so, it is importance to 

define the geometry of stenosis according to time variant.

No attempts have been made yet to discuss the effect of eccentric catheter 

characteristics on blood flow through an artery with time variant multiple cosine 

stenoses. Thus, an appropriate model of blood flow is designed to discuss the 

mathematical representation for the effect of eccentric catheter characteristics on 

blood flow through a catheterized stenosed artery.
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1.2 Problem Statement and Research Questions

When performing cardiac catheterization procedure, the catheter that inserted 

into a blood vessel would cause blood clots at the tips of the arterial guiding catheter 

and thus blood flow is blocked. Aside from that, the insertion of a guiding catheter 

into a blood vessel would also alter the flow field in the blood vessel and disturbs the 

hemodynamic conditions. The presence of time variant stenosis with different 

geometry could also affects the flow of blood through the catheterized artery.

Hence, the research questions are:

i. How does the insertion of an eccentric catheter affect the blood flow 

characteristics in the presence of time variant single cosine stenosis?

ii. How does the eccentric catheter affect the hemodynamic condition such 

as axial velocity, wall shear stress, impedance of blood flow through 

time variant multiple cosine stenosed artery?

1.3 Objectives of the Study

The objectives of this research are
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i. To determine the effect of physical parameters of an eccentric catheter 

on the characteristics of Newtonian blood flow through a time variant 

single cosine stenosed artery

ii. To determine the effect of specific physical parameter of an eccentric 

catheter on blood flow characteristics through a time variant multiple 

cosine stenosed artery

iii. To develop a Mathematica package based on the mathematical model 

that can simulate the behavior of the blood flow characteristics through 

time variant cosine single stenosis and multiple stenoses

1.4 Scope of the Study

The scope of the study is limited to a mathematical modeling of blood flow 

through two different time variant geometry of stenosed arteries in the presence of an 

eccentric catheter. The geometry of the stenosis is a time variant single cosine 

stenosis, which is considered by Zaman et al. (2015). The geometry of stenosis for 

multiple stenoses is modified from single cosine stenosis of Zaman et al. (2015) to 

become time variant multiple cosine stenoses. The blood flow is assumed to be 

incompressible, Newtonian, axisymmetric and laminar. The arterial wall is 

considered as a cylindrical tube with cosine stenosis developed in its lumen. The 

Newtonian model of blood viscosity is considered.
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1.5 Research Methodology

The flow of research methodology undertaken in this study is

i. Literature review of blood flow in catheterized artery, the geometry of 

stenosis, the usage of catheter in clinical technologies and Newtonian 

rheology of blood flow

ii. Identify the problem statement

iii. Development of a mathematical model governing the physical 

situation of a catheterized artery with time variant multiple stenoses

iv. Non-dimensionalization of the governing equations and solved using 

perturbation method to find the analytical solution

v. Develop a Mathematica package that help in obtaining the analytical 

solution

vi. Analysis and interpretation of results obtained for axial velocity, wall 

shear stress, impedance and streamline

1.6 Significance of the Study

The significance of the study is the behaviour of blood flow through a 

catheterized artery with time variant multiple stenoses can be determined. Besides 

that, the understanding of the flow through blood vessel with the presence of single 

and multiple stenoses can provide the possibility of diagnosing the effect of the 

eccentric catheter towards blood flow and hence an early treatment can be provided.
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In addition, the presence of stenosis that builds up on the arterial lumen can cause 

turbulence and reduce flows. Very high shear stresses near the throat of the stenosis 

can activate platelet and thereby induce thrombosis, which can totally block blood 

flow to the heart muscle. Thus, detection and quantification of stenosis while 

performing catheterization in FFR serves as the basis for surgical intervention. 

Moreover, knowledge about the domain of biomechanics associated with the blood 

flow through catheterized artery with time variant multiple stenoses is achieved. 

This configuration and the related results could be very useful in the development of 

various clinical related technologies and equipment especially in the usage of FFR.

1.7 Outline of Thesis

This thesis is divided into seven chapters including this introductory chapter. 

Chapter 1 presents the general introduction, research background, the research 

questions and objectives, the scope of the study, research methodology and the 

significance of the study. In this research, the effect of different physical parameters 

of eccentric catheter on unsteady Newtonian blood flow through time variant 

multiple stenosed artery is investigated.

In Chapter 2, the literature review is presented. This chapter begins by 

discussing the previous works on the blood flow through a catheterized artery. There 

will be a brief discussion of the study of the geometry of the stenosis in the next 

section. The practical usage of guiding catheter in various clinical related 

technologies is also studied. In addition, the literature on the boundary conditions 

and the Newtonian rheology of blood flow properties is included.

Chapter 3 disclosed the derivation of governing equations for the 

mathematical model. Mathematical model for unsteady blood flow through
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catheterized artery with two different geometry of stenosis associated with boundary 

conditions is presented. Besides that, the solution procedure in solving the unsteady 

blood flow through catheterized stenosed artery is discussed. The solution procedure 

begins with the conversion of the governing equations into non-dimensional 

governing equations. The process is then continued with the determination of the 

analytical solution of the non-dimensionalized governing equations using 

perturbation method. A Mathematica package is developed and attached in 

Appendix B.

Chapter 4 accounts for the unsteady blood flow through a time variant single 

cosine stenosed artery under the effect of eccentric catheter. The effect of physical 

parameter of eccentric catheter on blood flow characteristics such as axial velocity, 

wall shear stress, streamlines and impedance are studied and discussed.

In Chapter 5, the mathematical model of blood flow through time variant 

multiple cosine stenosed artery with specific physical parameter of eccentric catheter 

obtained from Chapter 4 is considered. The effects of specific values of catheter 

radius, catheter’s velocity and eccentricity parameter on axial velocity, impedances 

and streamline are discussed. The consideration of angle of tapering of the stenosed 

artery is studied along with the effects of specific values of catheter radius, catheter’s 

velocity and eccentricity parameter on variation of wall shear stress distribution.

Finally, in Chapter 6 , the summary of the work on blood flow through 

catheterized artery with time variant multiple stenoses is presented and conclusion is 

addressed. Some useful recommendations to overcome this study and the 

suggestions on possible extension of this research are also given.

8



REFERENCES

Abbas, Z., Shabbir, M. S. and Ali, N. (2017). Analysis of Rheological Properties of 

Herschel-Bulkley Fluid for Pulsating Flow of Blood in ^-Shaped Stenosed Artery. 

American Institute o f Physics. 7, 1-12.

Ahmed, A. and Nadeem, S. (2017). Biomathematical Study of Time-Dependent 

Flow of a Carreau Nanofluid through Inclined Catheterizated Arteries with 

Overlapping Stenosis. J. Cent. South Univ. 24, 2725-2744.

Akbar, N. S. (2016). Non-Newtonian Model Study for Blood Flow through a 

Tapered Artery with a Stenosis. Alexandria Engineering Journal. 55, 321-329.

Ali, R., Gupta, M., Singh, M. P. and Katiyar, V. K. (2014). Mathematical Modeling 

of Unsteady Flow through a Tube with Time Dependent Stenosis in Hemodynamics. 

Advances in Applied Mathematical Biosciences. 5(2), 103-113. International 

Research Publications House.

Ali, N., Zaman, A., Sajid, M., Nieto, J. J. and Torres, A. (2015). Unsteady Non- 

Newtonian Blood Flow through a Tapered Overlapping Stenosed Catheterized 

Vessel. Mathematical Biosciences. 269, 94-103.

Anderson, H. V., Roubin, G. S. Leimgruber, P.P., Cox, W. R., Douglas, J. S., Jr., 

King, S. B., and Gruentzig, A. R. (1986). Measurement of Transstenotic Pressure 

Gradient During Percutaneous Transluminal Coronary Angioplasty. Circulation. 73, 

1223-1230.

Anderson, H. I., Halden, R. and Glomsaker, T. (2000). Effects of Surface 

Irregularities on Flow Resistance in Different Shaped Arterial Stenoses. J. Biomech. 

33, 1257-1262.

101



Arman, T. A., Mehdi, H. S., Adrian, W. M. and Ronnier, J. A. (2011). Introductory 

Guide to Cardiac Catheterization. Philadelphia, PA: Lippincott Williams & Wilkins.

Back, L. H., Cho, Y. I., Crawford, D. W. and Cuffel, R. F. (1984). Effect of Mild 

Atherosclerosis on Flow Resistance in a Coronary Artery Casting of Man. ASME J. 

Biomech. Eng. 106, 48-53.

Back, L. H., and Denton, T. A. (1992). Some Arterial Wall Shear Stress Estimates in 

Coronary Angioplasty. Advances in Bioengineering. ASME BED 22, 337-340.

Back, L. H. (1994). Estimated Mean Flow Resistance Increase during Coronary 

Artery Catheterization. Journal o f Biomechanics. 27, 169-175.

Back, L. H., Kwack E. Y. and Back, M. R. (1996). Flow Rate-Pressure Drop 

Relation in Coroanary Angioplasty: Catheter Obstruction Effect. ASME Journal o f 

Biomechanical Engineering. 118, 83-89.

Biswas, D. and Bhatacharjee, A. (2003). Blood Flow in Annular Region of a 

Catheterized Stenosed Artery. NC-FMFP. Proc 30, 104-110

Biswas, D. and Chakraborty, U. S. (2009). Steady Flow of Blood through a 

Catheterized Tapered Artery with Stenosis: A Theoretical Model. Assam University 

Journal o f Science & Technology: Physical Sciences and Technology. 4(2), 7-16.

Biswas, D. and Chakraborty, U. S. (2010). Pulsatile Blood Flow through a 

Catheterized Artery with an Axially Nonsymmetrical Stenosis. Applied 

Mathematical Sciences. 4(58), 2865-2880.

Biswas, D. and Paul, M. (2015). Suspension Model forBlood Flow through a 

Tapering Catheterized Inclined Artery with Asymmetric Stenosis. Applications and 

Applied Mathematics. 10(1), 474-495.

102



Changdar, S. and De, S. (2015). Numerical Simulation of Nonlinear Pulsatile 

Newtonian Blood Flow through a Multiple Stenosed Artery. International Scholarly 

Research Notices. 1-10. Hindawi Publishing Corporation.

Chakravarty, S. and Datta, A. (1989). Effects of Stenosis on Arterial Rheology 

through a Mathematical Model. Mathl. Comput. Modelling. 12(12), 1601-1612.

Chakravarty, S. and Datta, A. (1990). Dynamics Response of Arterial Blood Flow in 

the presence of Muti-Stenoses. Math. Comput. Modelling. 13(11), 37-55.

Chakravarty, S. and Mandal, P. K. (1994). Mathematical Modeling of Blood Flow 

through an Overlapping Arterial Stenosis. Mathl. Comput. Modelling. 19(1), 59-70.

Chakravarty, S. and Mandal, P. K. (1995). A Nonlinear Two-Dimensional Model of 

Blood Flow in an Overlapping Arterial Stenosis Subjected to Body Acceleration. 

Mathl. Comput. Modelling. 24(1), 43-58.

Chakravarty, S. and Sannigrahi, A. K. (1998). An Analytical Estimate of the Flow- 

Field in a Porous Stenotic Artery Subject to Body Acceleration. Int. J. Eng. Sci. 36, 

1083-1102.

Chakravarty, S. and Mandal, P. (2000). Two-dimensional Blood Flow through 

Tapered Arteries under Stenotic Conditions. International Journal o f Non-Linear 

Mechanics. 35, 779-793

Chakravarty, S., Mandal, P. K. and Mandal, A. (2000). Mathematical Model of 

Pulsatile Blood Flow in a Distensible Aortic Bifurcation subject to Body 

Acceleration. Int. J. Non-Linear Mech. 40, 1268-1281.

Chakravarty, S. and Sen, S. (2009). A Mathematical Model of Blood Flow in a 

Catheterized Artery with a Stenosis. Journal o f Mechanics in Medicine and Biology. 

9(3), 377-410. World Scientific Publishing Company.

103



Daripa, P. and Dash, R. K. (2002). A Numerical Study of Pulsatile Blood Flow in an 

Eccentric Catheterized Artery using a Fast Algorithm. Journal o f Engineering 

Mathematics. 42, 1-22.

Das, K. and Saha, G. C. (2009). Arterial MHD Pulsatile Flow of Blood Under 

Periodic Body Acceleration. Bull. Soc. Math. Banja Luka. 16, 21-42.

Das, K. and Saha, G. C. (2010). Mathematical Analysis on MHD Pulsatile Flow of 

Blood through a Rough Thin-Walled Elastic Tube. Applied Mathematical Sciences. 

4(50), 2463-2473.

Dasgupta, K., Chanda, A., Choudhury, A. R. and Nag, D. (2010). Geometry & 

Hemodynamics of Arterial Stenosis: a Clinical and Computational Study. 

International Conference on Systems in Medicine and Biology. 349-354.

Dash, R. K., Jayaraman, G. and Mehta, K. N. (1996). Estimation of Increased Flow 

Resistance in a Narrow Catheterized Artery: A Theoretical Model. Journal o f 

Biomechanics. 29(7), 917-930.

Dash, R. K., Jayaraman, G. and Mehta, K. N. (1999). Flow in a Catheterized Curved 

Artery with Stenosis. Journal o f Biomechanics. 32, 49-61.

De Bruyne, B., Baudhuin, T., Melin, J. A., Pijls N. H., Sys, S. U., Bol, A., Paulus, 

W. J., Heyndrickx, G. R., Wijlns, W. (1994). Coronary Flow Reserve calculated 

from Pressure Measurements in Humans. Validation with Positron Emission 

Tomography. Circulation. 89(3): 1013-1022.

De Bruyne, B., Pijls, N. H. J., Kalesan, B., Barbato, E., Tonino, P. A. L., Piroth, Z., 

Jagic, N., Mo bius-Winkler, S., Mobius-Winckler, S., Rioufol, G., Witt, N., Kala, P., 

MacCarthy, P., Engstro m, T., Oldroyd, K. G., Mavromatis, K., Manoharan, G., 

Verlee, P., Frobert, O., Curzen, N., Johnson, J. B., Ju ni, P., Fearon, W. F. and et al. 

(2012). Fractional Flow Reserve-Guided PCI versus Medical Therapy in Stable 

Coronary Disease. The New England Journal o f Medicine. 367, 991-1001.

104



Department of Statistics Malaysia, Statistics on Causes o f Death, Malaysia, 2017, 

Government of Malaysia. Available from: < https://www.dosm.gov.my/v1/index.php 

>. [31 October 2017].

Doffin, J. and Chagneau, F. (1981). Oscillating Flow between a Clot Model and a 

Stenosis. Journal o f Biomechanics. 14, 143-148.

Donald, B. (2005). Grossman’s Cardiac Catehterization, Angiopraphy, and 

Intervention. Lippincott Williams & Wilkins.

Elnaqeeb, T., Mekheimer, Kh. S. and Alghamdi, F. (2016). Cu-Blood Flow Model 

through a Catheterized Mild Stenotic Artery with a Thrombosis. Mathematical 

Biosciences. 282, 135-146.

Fukushima, T., Azuma, T. and Matsuzawa, T. (1982). Numerical Analysis of Blood 

Flow in the Vertebral Artery. J. Biomech. Eng. 104, 143-147.

Gabor, G. T., Nils, P. J., Allen, J., Mariano, P., Pascal, V., William, F. F., Emanuele, 

B., Morton, J. K., Nico, H. J. and De Bruyne, B. (2016). Standardization of Fractioal 

Flow Reserve Measurements. Journal o f The American College o f Cardiology. 

68(7), 742-753.

Ganz, P., Harrington, D. P., Gaspar, J., and Barry, W. H. (1983). Phasic Pressure 

Gradients Across Coronary and Renal Artery Stenoses in Humans. American Heart 

J. 106, 1399-1406.

Gruentzig, A. R., Senning, A., and Siegenthaler, W. E. (1979). Nonoperative 

Dilation of Coronary Artery Stenosis: Percutaneous Transluminal Coronary 

Angioplasty. New England J. Medicine. 301, 61-68.

Gunj, P., Abben, R., Friedman, P. L., Garnic, J. D., Barry, W. H., and Levin, D. C. 

(1985). Usefulness of Transstenotic Coronary Pressure Gradient Measurements 

During Diagnostic Catheterization. American J. Cardiology. 55, 910-914.

105

https://www.dosm.gov.my/v1/index.php


Haldar, K. (1987). Oscillatory Flow of Blood in a Stenosed Artery. Bulletin o f 

Mathematical Biology. 49(3), 279-287.

Ikpakyegh, L. N., Okedayo, G. T., Aboiyar, T. and Onah, E. S. (2018). Analysis of 

Pulsatile Magnetohydrodynamic (MHD) Third Grade Blood Flow in a Stenosed 

Artery. American Journal o f Computational Mathematics. 8 , 78-95.

Ismail, Z., Abdullah, I., Mustapha, N. and Amin, N. (2008). A Power-Law Model of 

Blood Flow through a Tapered Overlapping Stenosed Artery. Applied Mathematics 

and Computation. 195, 669-680.

Jamil, D. F., Roslan, R., Abdulhameed, M., Che-Him, N., Sufahani, S., Mohamad, 

M. and Kamardan, M. G. (2017). Unsteady Blood Flow with Nanoparticles through 

Stenosed Arteries in the Presence of Periodic Body Acceleration. Jounral o f Physics. 

995, 1-9.

Jayaraman, G. and Tewari, K. (1995). Flow in a Catheterized Curved Artery. 

Medical & Biological Engineering & Computing. 33, 720-724.

Johnston, P. R. and Kilpatrick, D. (1990). Mathematical Modelling of Paired Arterial 

Stenoses. Proceeding Computers in Cardiology. 229-232.

Joshi, P., Pathak, A. and Joshi, B. K. (2010). Modelling of Arterial Stenosis and its 

Effect on flow of Blood. International Journal o f Applied Mathematics and 

Computation. 2(4), 23-31.

Kamangar, S., Kalimuthu, G., Badruddin, I. A., Badarudin, A., Ahmed, N. J. S. and 

Khan, T. M. Y. (2014). Numerical Investigation of the Effect of Stenosis Geometry 

on the Coronary Diagnostic Parameters. The Scientific World Journal. 1-7. Hindawi 

Publishing Corporation.

Kamangar, S. Badruddin, I. A., Ahamad, N. A., Govindaraju, K., Nik-Ghazali, N., 

Ahmed, N. J. S., Badarudin, A. and Khan, T. M. Y. (2017). Influence of Geometrical

106



Shapes of Stenosis on Blood Flow in Stenosed Artery. Sains Malaysiana. 46(10), 

1923-1933.

Kanai, H., Iizuka, M. and Sakamoto, K. (1970). One of the Problems in the 

Measurement of Blood Pressure by Catheter-Insertion: Wave Reflection at the Tip of 

the Catheter. Med.& Biol. Engin. 8 , 483-496.

Karahalios, G. T. (1990). Some Possible Effects of a Catheter on the Arterial Wall. 

Medical Physics. 17, 925-992.

Kumar, H., Chandel, R. S., Kumar, S. and Kumar, S. (2013). A Mathematical Model 

for Blood Flow through a Narrow Catheterized Artery. International Journal o f 

Theoretical & Applied Sciences. 5(2), 101-108.

Kumar, K. and Yadav, S. S. (2012). Bingham Plastic Characteristic of Blood Flow 

through a Generalized Atherosclerotic Artery with Multiple Stenoses. Advances in 

Applied Science Research. 3(6), 3551-3557.

Lee, J. and Fung, Y. (1970). Flow in Locally Constricted Tube at Low Reynolds 

Number. Journal o f Applied Mechanics. 379-16.

Leimgruber P. P., Roubin, G. S., Anderson, H. V., Bredlau, C. E., Whitworth, H. B., 

Douglas, J. S., Jr. King, S. B. III, and Gruentzig, A. R. (1985). Influence of Intimal 

Dissection on Restenosis after Successful Coronary Angioplasty. Circulation. 72, 

530-535.

Liou, R. J., Clark, M. E., Robersto, J. M. and Cheng, L. C. (1981). Three

Dimensional Simulation of Steady Past a Partial Stenosis. Journal o f Biomechanics. 

14, 325-338.

MacDonald, D. A. (1982). Fully Developed Incompressible Flow Between Non

Coaxial Circular Cylinders. Journal o f Applied Mathematics and Physics. 33, 737

751.

107



MacDonald, D. A. (1986). Pulsatile flow in a catheterized artery. Journal o f 

Biomechanics. 19, 239-249.

Maiti, A. K. (2016). Role of Arterial Stenosis o Non-Newtonian Flow of Blood in 

Presence of Slip Velocity. American Journal o f Engineering Research. 5(12), 326

333.

Maiti, A. K. (2016). Unusual Flow of Blood through a Stenosed Artery: A 

Theoretical Investigation. International Journal o f Research in Engineering and 

Applied Sciences. 6(3), 383-391.

Malek, A., Haque, A. and Mohiuddin, Md. (2015). Effect of Hematocrit on the 

Blood Flow through Stenosed Artery: A Theoretical Study. Engineering 

International. 3(2), 87-96.

Mandal, D. K., Manna, N. K. and Chakrabarti, S. (2011). Influence of Different Bell

Shaped Stenoses on the Progression of the Disease, Atherosclerosis. Journal o f 

Mechanical Science and Technology. 25(8), 1933-1947.

Mandal, M. S., Mukhopadhyay, S. and Layek, G. C. (2012). Pulsatile Flow of Shear- 

Dependent Fluid in a Stenoses Artery. Theoretical Applied Mechanics. 39(3), 209

231.

Mandal, P. K. (2005). An Unsteady Analysis of Non-Newtonian Blood Flow through 

Tapered Arteries with a Stenosis. International Journal o f Non-Linear Mechanics. 

40, 151-164.

Mates, R. E., Gupta, R. L., Bell, A. C. and Klocke, F. J. (1978). Fluid Dynamics of 

Coronary Artery Stenosis. Circulation Research. 42, 152-162.

Mathur, P. and Jain, S. (2013). Mathematical Modeling of Non-Newtonian Blood 

Flow through Artery in the Presence of Stenosis. Advances in Applied Mathematical 

Biosciences. 4(1), 1-12.

108



Matunobu, Y. (1988). Pressure-Flow Relationships for Steady Flow through an 

Ecentric Double Circular Tube. Journal o f Japan Society o f Fluid Mechanics. 5, 158

166.

Medhavi, A. (2012). Suspension Two-Layered Blood Flow through a Bell-Shaped 

Stenosis in Arteries. Applied Bionics and Biomechanics. 10, 11-18.

Mekheimer, Kh. S. and ElKot, M. A. (2008). The Micropolar Fluid Model for Blood 

Flow through a Tapered Artery with a Stenosis. ActaMech. Sin. 24, 637-644.

Mekheimer, Kh. S. and ElKot, M. A. (2010). Suspension Model for Blood Flow 

through Arterial Catheterization. Chem. Eng. Comm. 197, 1195-1214.

Mekheimer, Kh. S., Haroun, M. H. and ElKot, M. A. (2012). Influence of Heat and 

Chemical Reactions on Blood Flow through an Anisotropically Tapered Elastic 

Arteries with Overlapping Stenosis. Applied Mathematics & Information Sciences. 

6(2), 281-292.

Mekheimer, Kh. S. and ElKot, M. A. (2012a). Mathematical Modeling of Axial Flow 

between Two Eccentric Cylinders: Application on the Injection of Eccentric Catheter 

through Stenotic Arteries. International Journal o f Non-Linear Mechanics. 47, 927

937.

Mekheimer, Kh. S. and ElKot, M. A. (2012b). Mathematical Modelling of Unsteady 

Flow of a Sisko Fluid through an Anisotropically Tapered Elastic Arteries with 

Time-Variant Overlapping Stenosis. Applied Mathematical Modelling. 36, 5393

5407.

Mekheimer, Kh. S. and ElKot, M. A. (2013). Peristalstic transport through eccentric 

cylinders: Mathematical model. Applied Bionics and Biomechanics. 10, 19-27.

Mekheimer, Kh. S. and ElKot, M. A. (2015). Suspension Model for Blood Flow 

through Catheterized Curved Artery with Time-Variant Overlapping Stenosis. 

Enginnering Science and Technology. 18, 452-462.

109



Mekheimer, Kh. S., Salama, F. and ElKot, M. A. (2014). The Unsteady Flow of a 

Carreau Fluid through Inclined Catheterized Arteries having a Balloon with Time- 

Variant Overlapping Stenosis. Walailak Journal o f Science & Technology. 12(10), 

863-883.

Merrill, E. W. (1965). Rheology of Human Blood and Some Speculations on its Role 

in Vascular Homeostasis Biomechanical Mechanisms in Vascular Homeostasis and 

Intravascular Thrombosis. P. N. Sawyer (ed.) Appleton Century Crofts, New York, 

127-137.

Ministry of Health Malaysia 2017, Health Facts 2017. Available from: 

<http://www.moh.gov.my/images/gallery/publications/ >

Mishra, S., Siddiqui, S. U. and Medhavi, A. (2011). Blood Flow through a 

Composite Stenosis in an Artery with Permeable Wall. Applications and Applied 

Mathematics. 6(11), 1798-1813.

Misra, J. C. and Shit, G. C. (2006). Blood Flow through Arteries in a Pathological 

State: A Theoretical Study. International Journal o f Engineering Science. 44, 662

671.

Morgan, D. A. (1974). An Integral Method for the Analysis of flow in Arterial 

Stenosis. Bulletin Mathematical Biology. 36, 39-53.

Mustapha, N., Chakravarty, S., Mandal, P. K. and Amin, N. (2008). Unsteady 

Response of Blood Flow through a Couple of Irregular Arterial Constrictions to 

Body Acceleration. J. Mech. Med. Biol. 8 , 395-420.

Mustapha, N., Mandal, P. K., Abdullah, I., Amin, N. and Hayat, T. (2009). 

Numerical Simulation of Generalized Newtonian Blood Flow Past a Couple of 

Irregular Arterial Stenoses. Numerical Methods for Partial Differential Equations. 

960-981.

110

http://www.moh.gov.my/images/gallery/publications/


Mustapha, N., Mandal, P. K., Johnston, P. R. and Amin, N. A. (2010). Numerical 

Simulation of Unsteady Blood Flow through Multi-Irregular Arterial Stenoses. 

Applied Mathematical Modelling. 34, 1559-1573.

Muthu, P., Kumar, B. V. R. and Chandra, P. (2008). A Study of Micropolar Fluid in 

an Annular Tube with Application to Blood Flow. Journal o f Mechanics in Medicine 

and Biology. 8(4), 561-576.

Nadeem, S., Akhbar, N. S., Hayat, T. and Hendi, A. A. (2012). Influence of Heat and 

Mass Transfer on Newtonian Biomagnetic Fluid of Blood Flow through a Tapered 

Porous Arteries with a Stenosis. Transp. Porous Med. 91, 81-100.

Parmar, L., Kulshreshtha, S. B. and Singh, D. P. (2013). Effects of Stenoses on 

Casson Flow of Blood through Arteries. International Journal o f Advanced 

Computer and Mathematical Sciences. 4(4), 257-268.

Paterson, A. R. (1983). A first course in fluid dynamics: Press Syndicate of the 

University of Cambridge.

Philip, I. A., Jeremy, P. T. W., and Michelle, J. C. (2013). The Cardiovascular 

System at a Glance. London: Wiley-Blackwell.

Pijls N. H., van Son, J. A., Kirkeeide, R. L., De Bruyne, B., Gould, K.L. (1993). 

Experimental basis of determining maximum coronary, myocardial, and collateral 

blood flow by pressure measurements for assessing functional stenosis severity 

before and after percutaneous transluminal coronary angioplasty. Circulation. 87, 

1354-1367.

Pollard, A. (1981). A Contribution on the Effects of Inlet Conditions when Modeling 

Stenosis using Sudden Expansions. Journal o f Biomechanics. 12, 185-196.

Ponalagusamy, R. (2007). Blood Flow through an Artery with Mild Stenosis: A 

Two-Layered Model, Different Shapes of Stenoses and Slip Velocity at the Wall. 

Journal o f Applied Sciences. 7(7), 1071-1077.

111



Ponalagusamy, R., Selvi, R. T. and Banerjee, A. K. (2012). Mathematical Model of 

Pulsatile Flow of Non-Newtonian Fluid in Tubes of Varying Cross-Sections and its 

Implications to Blood Flow. Journal o f the Franklin Institute. 349, 1681-1698.

Prasad, K. M., Bhuvanavijaya, R. and Devi, C. U. (2015). Effect of Magnetic Field 

on Herschel-Bulkley Fluid through Multiple Stenoses. Malaya Journal o f 

Mathematik. 3(1), 335-345.

Prasad, K. M., Sudha, T. and Phanikumari, M. V. (2017). Investigation of Blood 

Flow through an Artery in the Presence of Overlapping Stenosis. Journal o f Naval 

Architecture and Marina Engineering. 14, 39-46.

Prashant, P. U. (2014). Current and Emerging Catheter Technologies for 

Percutaneous Transluminal Coronary Angioplasty. Research Reports in Clinical 

Cardiology. 2014(5), 213-226.

Priyadharshini, S. and Ponalagusamy, R. (2017). Computational Model on Pulsatile 

Flow of Blood through a Tapered Arterial Stenosis with Radially Variable Viscosity 

and Magnetic Field. Sadhana. 42(11), 1901-1913.

Rabby, M. G., Razak, A. and Molla, Md. M. (2013). Pulsatile Non-Newtonian Blood 

Flow through a Model of Arterial Stenosis. Procedia Engineering, 56, 225-231.

Ramana, J. V. R. and Srikanth, D. (2015). The Polar Fluid Model for Blood Flow 

through a Tapered Artery with Overlapping Stenosis: Effects of Catheter and 

Velocity Slip. Applied Bionics and Biomechanics. 1-12.

Redd, D. C. B., Roubin, G. S., Leimgruber, P. P., Abi-Mansour, P., Douglas, J. S., 

Jr., and King , S. B. III. (1987). The Transstenotic Pressure Gradient Trens as a 

Predictor of Acute Complcations After Percutaneous Transluminal Coronary 

Angioplasty. Circulation. 76, 792-801.

112



Sankar, D. S. (2011). Two-Phase Non-Linear Model for Blood Flow in Asymmetric 

and Axisymmetric Stenosed Arteries. International Journal o f Non-Linear 

Mechanics. 46, 296-305.

Sankar, D. S. and Hemalatha, K. (2006). Pulsatile Flow of Herschel-Bulkley Fluid 

through Stenosed Arteries: A Mathematical Model. International Journal o f Non

Linear Mechanics. 41, 979-990.

Sankar, D. S. and Hemalatha, K. (2007). A Non-Newtonian Fluid Flow Model for 

Blood Flow through a Catheterized Artery: Steady Flow. Applied Mathematical 

Modelling. 31, 1847-1864.

Sankar, D. S. and Hemalatha, K. (2007). Pulsatile Flow of Herschel-Bulkley Fluid 

through Catheterized Arteries: A Mathematical Model. Applied Mathematical 

Modelling. 31, 1497-1517.

Sankar, D. S. and Lee, U. (2008). Two-Fluid Herschel-Bulkley Model for Blood 

Flow in Catheterized Arteries. Journal o f Mechanical Science and Technology. 22, 

1008-1018.

Sankar, D. S. and Lee, U. (2009). Mathematical Modeling of Pulsatile Flow of Non- 

Newtonian Fluid in Stenosed Arteries. Commun. Nonlinear Sci. Numer. Simulat. 14, 

2971-2981.

Sankar, D. S. and Lee, U. (2010a). Pulsatile Flow of Two-Fluid Nonlinear Models 

for Blood Flow through Catheterized Arteries: A Comparative Study. Mathematical 

Problems in Engineering. 1-21.

Sankar, D. S. and Lee, U. (2010b). Two-Fluid Casson Model for Pulsatile Blood 

Flow through Stenosed Arteries: A Theoretical Model. Commun. Nonlinear Numer 

Simulat. 15, 2086-2097.

Sapna, S. (2009). Analysis of Non-Newtonian Fluid Flow in a Stenosed Artery. 

International Journal o f Physical Sciences. 4(11), 663-671.

113



Sarkar, A. and Jayaraman, G. (1998). Correction to Flow Rate-Pressure Drop 

Relation in Coronary Angioplasty: Steady Streaming Effect. Journal o f

Biomechanics. 31, 781-791.

Sarojamma, G., Vishali, B. and Ramana, B. (2012). Flow of Blood through a 

Stenosed Catheterized Artery under the Influence of a Body Acceleration Modeling 

Blood as a Casson Fluid. International Journal o f Applied Mathematics and 

Mechanics. 8(11), 1-17.

Segal, J., Kern, M. J., Scott, N. A., King, S. B. III, Doucette, J. W., Heuser, R. R., 

Ofili, E., and Siegel, R. (1992). Alterations of Phasic Coronary Artery Flow Velocity 

in Human During Percuatneous Coronary Angioplasty. J. Am. Coll. Cardio. 20, 276

286.

Siddiqui, S. U. and Awasthi, C. (2017). Mathematical Analysis on Pulsatile Flow 

through a Catheterized Stenoses Artery. Journal o f Applied Mathematics and 

Physics. 5, 1874-1886. Scientific Research Publishing.

Siddiqui, S. U. and Geeta, S. (2013). Mathematical Modelling of Blood Flow 

through a Catheterized Artery under the Influence of Body Acceleration with Slip 

Velocity. Applications and Applied Mathematics. 8(2), 481-494.

Siddiqui, S. U., Awasthi, C. and Geeta (2017). Mathematical Modelling on Blood 

Flow through Stenosed Artery under the Influence of Magnetic Field. International 

Journal o f Mathematics Trends and Technology. 49, 236-242.

Singh, A, K. (2012). Effects of Shape Parameter and Length of Stenosis on Blood 

Flow through Improved Generalized Artery with Multiple Stenoses. Advances in 

Applied Mathematical Biosciences. 3(1), 41-48.

Singh, B., Joshi, P. and Joshi, B. K. (2010). Blood Flow through an Artery having 

Radially Non-Symmetric Mild Stenosis. Applied Mathematical Sciences. 4(22), 

1065-1072.

114



Singh, P., Singh, A. and Singh, S. P. (2016). Effect of Radial Viscosity Variation on 

Non-Newtonian Flow of Blood in an Overlapping Stenosed Artery. International 

Journal o f Current Engineering and Scientific Research. 3(1), 76-81.

Srinivasacharya, D. and Srikanth, D. (2008). Effect of Couple Stresses on the Flow 

in a Constricted Annulus. Arch. Appl. Mech. 78, 251-257.

Srivastav, R. K., Agnihotri, A. K. and Gupta, M. (2016). A Mathematical Model for 

Analysis of Blood Flow in a Stenosed Artery with Permeable Wall. Asian Journal o f 

Science and Technology. 7(1), 2230-2236.

Srivastava, V. P. (1996). Two-Phase Model of Blood Flow through Stenosed Tubes 

in the Presence of a Peripheral Layer: Applications. Journal o f Biomechanics. 29, 

1377-1382.

Srivastava, V. P. and Rastogi, R. (2009). Effect of Hematocrit on Impedance and 

Shear Stress During Stenosed Artery Catheterization. Application and Applied 

Mathematics. 4, 98-113.

Srivastava, V. P. and Rastogi, R. (2010). Blood Flow through Stenosed Catheterized 

Artery: Effect of Hematocrit and Stenosis Shape. Computers Mathematics with 

Application. 59, 1377-1385.

Srivastava, V. P., Rastogi, R. and Visnoi, R. (2010). A Two-Layered Suspension 

Blood Flow through an Overlapping Stenosis. Computers and Mathematics with 

Applications. 60, 432-441.

Srivastava, V. P. and Srivastava, R. (2009). Particulate Suspension Blood Flow 

through a Narrow Catheterized Artery. Computers and Mathematics with 

Applications. 58, 227-238.

115



Srivastava, V. P., Tandon, M. and Srivastav, R. K. (2012). A Macroscopic Two- 

Phase Blood Flow through a Bell Shaped Stenosis in an Artery with Permeable Wall. 

Applications and Applied Mathematics. 7(1), 37-51.

Srivastava, V. P. and Visnoi, R. (2010). Particulate Suspension Blood Flow through 

a Stenosed Catheterized Artery. Applications and Applied Mathematics. 5(10), 1352

1368.

Srivastava, V. P., Visnoi, R., Mishra, S. and Sinha, P. (2010). Blood Flow through a 

Composite Stenosis in Catheterized Arteries. e-Journal o f Science & Technology. 55

64.

Sriyab, S. (2014). Mathematical Analaysis of Non-Newtonian Blood Flow in 

Stenosis Narrow Arteries. Computational and Mathematical Methods in Medicine. 1

10. Hindawi Publishing Corporation.

Sud, V. K. and Sekhon, G. S. (1985). Arterial Flow under Periodic Body 

Acceleration, Bulletin o f Mathematical Biology. 47, 35-72.

Tandon, P. N. and Katiyar, V. K. (1976). Flow through a Tube with Time Dependent 

Stenosis. Med. Life. Sci. Eng. 2(3), 39-47.

Tang, D., Yang, C., Kobayashi, S., Zheng, J. and Vito, R. P. (2003). Effect of 

Stenosis Asymmetry on Blood Flow and Artery Compression: A Three-Dimensional 

Fluid Structure Interaction Model. Annals o f Biomedical Engineering. 31, 1182

1193.

Taylor, M. G. (1959). The Influence of Anomalous Viscosity of Blood upon its 

Oscillatory Flow. Physics in Medicine and Biology. 3, 273-290.

Texan, M. (1963). The Role of Vascular Dynamics in the Development of 

Atherosclerosis. Atherosclerosis and its origins. 167-195.

116



Tonino, P. A. L., De Bruyne, B., Pijls, N. H. J., Siebert, U., Ikeno, F., Van’t Veer, 

M., Klauss, V., Manoharan, G., Engstrom, T., Oldroyd, K. G., Lee, P. N. V., 

MacCarthy, P. A. and et al. (2009). Fractional Flow Reserve versus Angioplasty for 

Guiding PCI in patients with Mutlivessel Coronary Disease. The New England 

Journal o f Medicine. 360, 213-224.

Toth, G. G., Johnson, N. P., Jeremias, A., Pellicano, M., Vranckx, P., Fearon, W. F., 

Barbato, E., Kern, M. J., Pijls, N. H. J. and De Bruyne, B. (2016). Standardization of 

Fractional Flow Reserve Measurements. Journal o f The American College o f 

Cardiology. 68(7), 742-753.

Tripathi, B. and Sharma, B. K. (2017). MHD Flow and Heat Transfer through an 

Inclined Porous Stenosed Artery with Variable Viscosity. Fluid Dynamics. 1-15.

Tu, C. and Deville, M. (1996). Pulsatile Flow of Non-Newtonian Fluids through 

Arterial Stenoses. Journal o f Biomechanics. 29(1), 899-908.

Umezu, M., Murayama, Y., Nogawa, A. and Kijima, T. (1992). The Effects of Inner 

Shapes of Plastic Connectors on Blood in an Extracorporeal Circulation. 7th 

International Conference on Biomedical Engineering, Singapore.

Varshney, G., Katiyar, V. K. and Kumar, S. (2010). Effect of Magnetic Field on the 

Blood Flow in Artery having Multiple Stenosis: A Numerical Study. International 

Journal o f Engineering, Science and Technology. 2(2), 67-82.

Verma, N. K., Mishra, S., Siddiqui, S. U., and Gupta, R. S. (2011a). Study of Blood 

Flow through A Catheterized Artery. Advances in Applied Science Research. 2(6), 

114-122.

Verma, N. K., Mishra, S., Siddiqui, S. U., Gupta, R. S. (2011b). Effect of Slip 

Velocity on Blood Flow through a Catheterized Artery. Applied Mathematics. 2, 

764-770.

117



Verma, V. K. and Saraswat, P. (2013). Effect of a Multiple Stenosis on Blood Flow 

through a Tube. International Journal o f Biomedical and Biological Engineering. 

7(11), 753-756.

Wilson, R. F., Johnson, M. R., Marcus, M. L., Aylward, P. E. G., Skorton, D., 

Collins, S. and White, C. W. (1988). The effect of Coronary Angioplasty on 

Coronary Flow Reserve. Circulation. 77, 873-885.

Wong, K., Tu, J., Mazumdar, J. and Abbott, D. (2010). Modelling of Blood Flow 

Resistance for an Atherosclerotic Artery with Multiple Stenoses and Poststenotic 

Dilatations. ANZIAM. J . 51, 66-82.

Yadav, S. S. and Kumar, K. (2012). Bingham Plastic Characteristic of Blood Flow 

through a Generalized Atherosclerotic Artery with Multiple Stenoses. Advances in 

Applied Science Research. 3(6), 3551-3557.

Yakhot, A., Grinberg, L. and Nikitin, N. (2005). Modelling Rough Stenoses by an 

Immersed-Boundary Method. J. Biomech. 38, 1115-1127.

Young, D. F. (1968). Effect of a Time-Dependent Stenosis on Flow through a Tube. 

Journal o f Engineering for Industry. 90, 248-254.

Young, D. F., Cholvin, N. R., Richard, L. K. and Roth, A. C. (1977). Hemodynamics 

of Arterial Stenosis at Elevated Flow Rate. Circulation Research. 41, 99-107.

Young, W. and Young, D. F. (1979). Initiation of Turbulence in Models of Arterial 

Stenosis. Journal o f Biomechanics. 12, 185-196.

Zaman, A., Ali, N., Sajid, M. and Hayat T. (2015). Effects of Unsteadiness and Non- 

Newtonian Rheology on Blood Flow through a Tapered Time-Variant Stenotic 

Artery. American Institute o f Physics. 5, 1-13.

118



Zaman, A., Ali, N. and Sajid, M. (2016). Slip Effects on Unsteady Non-Newtonian 

Blood Flow through an Inclined Catheterized Overlapping Stenotic Artery. American 

Institute o f Physics. 6 , 1-10.

Zaman, A., Ali, N., Sajid, M. and Hayat T. (2016). Numerical and Analytical Study 

of Two-Layered Unsteady Blood Flow through Catheterized Artery. PLoS One. 

11(8), 1-19.

119




