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Introduction:-

Blood is a marvelous fluid which nurtures the life. Blood flow in artery has some important aspects due to
engineering as well as medical application point of view. For over a couple of centuries, the theoretical and
experimental studies of blood flow through the circulatory system of living mammals, has been the subject of
scientific research. Mathematical modeling of blood flow has been subject subject of modifications in order to
account for the new evidences uncovered through the improved initial experimental observation.

The frequently occurring cardiovascular disease, stenosis, is defined as a partial occlusion of the blood vessels due
to accumulation of cholesterol, fats and the abnormal growth of tissue. Once the constriction is formed, the blood
flow is significantly altered and fluid dynamical factor play important roles as stenosis continues to enlarge leading
to development of diseases such as heart attack and stroke. Young and Tsai (1973) discussed some characteristics of
flow of blood in stenosed arteries. Quite a good number of analytical studies pertaining to the blood flow through
stenosed arteries have been carried out by Young and Tsai (1973); By assuming the artery to be circulatory
cylindrical in shape, Mishra and Panda (2005) studied the flow of blood in stenosed artery for the Casson fluid;
Srivastava et al. (2010), Ponalagusamy (2011); Riahi et al (2012); Medhavi et al. (2012), Ledesma et al. (2013),
Venkatesan et al. (2013), Akbar et al.(2014), Srivastav at al. (20144, b); Hazarika et al. (2014); Srivastav RK (2014,
2015, 2017); and many others; in order to analyze the arterial constriction on the flow characteristics of blood. In
large vessels, which include large cavities such as the ventricles and atria inside the myocardium as well as the large
arteries and veins, the blood essentially behaves as a Newtonian fluid (Caro et al., 1978) and non-Newtonian effects
which are basically induced at low shear rates die out (Perktold et al., 1999). No single model, Newtonian or non-
Newtonian, can capture all the features of the blood complexities (Yilmaz et al., 2008) and hence different models
are used to represent different characteristics of the blood rheology.
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Catheters are of extensive use in modern medicine. Catheters are also being used in diagnostic technique, e.g. X-ray
angiography as well as in treatment procedures of various arterial diseases. An inserted catheter in an artery will
increase the impedance and will modify the pressure distribution and alter the flow field. A review of most of the
experimental and theoretical investigation on artery catheterization has been presented by Srivastava at al. (2008).
Dash et al. (1996) considered the steady and pulsatile flow of Casson fluid in a narrow artery when catheter is
inserted into it and estimated the increase in frictional resistance in the artery due to catheterization. In balloon-
catheter technique, a catheter with an inflatable balloon at its tip which is used during a catheterization procedure to
enlarge a narrow opening or passage within the artery. The catheter is carefully guided to the location at which
stenosis occurs in coronary arteries and then balloon is then inflated to fracture the fatty deposits and widen the
narrowed portion, McMahon et al. (1971), Gabe (1972). Gunj et al. (1985); Anderson et al. (1986) and Wilson et al.
(1988) have studied the measurement of translational pressure gradient during angioplasty.

With the above discussion in mind, the goal of this investigation is to study the effect of a balloon- catheter
technique on various physiologically important flow characteristics i.e. impedance, wall shear stress distribution in
stenotic region and shear stress at stenosis throat, as on flow patterns in artery with overlapping stenosis through a
mathematical model.

Formulation Of The Problem:-
Consider the axisymmetric flow of blood through the gap between an artery of circular cross section with an
overlapping stenosis specified at the position as shown in Figure-1 and a catheter having a balloon. The geometry of

arterial wall with the overlapping stenosis and balloon model are defined by functions R(z)and R (z) respectively
and described as
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Figure 1:- The geometry of overlapping stenosis in inserted catheterized artery having a balloon

where Ry are the radius of the tube without stenosis, L, is the stenosis length, d indicates stenosis location, & is the
critical height of the stenosis into the lumen, appears at the locations: z = d+Lo/6 and d+5L/6, z being the axial

coordinate. The maximum height attained by the balloon at z=d+L/2 is 60 and kR is the radius of the inner tube
which keeps the balloon in position, k<<1, and Z represents the axial displacement of balloon.
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Blood is assumed to be represented by a Newtonian fluid. Considering a steady, the axisymmetric, laminar, fully
developed one-dimensional flow of blood in an artery, the governing equation in a mild stenosis case, under the

conditions (Young, 1968; Srivastava et al. 2010): 8/R, <<1, R,(28/Ly)<<1 and 2R,/Ly ~ O(1), may be stated

as
d_ngg(rﬁjuy (3)
dz ror\ or

where (r, z) are cylindrical polar coordinates system with z measured along the tube axis and r measured normal to
the axis of the tube, R, is the tube Reynolds number, p is the pressure and (u, p) is the fluid (velocity, viscosity).
The boundary conditions are

u=0 at r=R, (4)

u=0 at r=R_, ©®)
Conditions (4) and (5) are the standard no slip conditions at the artery and balloon-catheter walls, respectively.
Analysis:-

The expression for the velocity obtained as the solution of equation (3) subject to the boundary conditions (4) and
(5), is given as
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The flow flux, Q is thus calculated as
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From equation (7), one now obtains
dp _8uQ
X , 8
Y ©(2) ®)

2 2 2 2 - 5
with o(z) =1/F(z), F(z):{(Ri] {%J H(REJ +(%j _{(R/R?c))g( R/(FF:C;RO) }]_
0 0 0 0 c

The pressure drop, Ap (=patz=0,-patz=L)across the stenosis in the tube of length, L is obtained as
L d
Ap = j(— —pjdz,
0 dz
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Using the definitions from the published literature, Srivastava et al. (2010), the expressions for the impedance (flow

resistance), A the wall shear stress in the stenotic region, 7w and the shear stress at stenosis throat, 75 are given as
- Ap - R(d

e ap

dz
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Following now the reports of Young (1968); the expressions for impedance, A , the wall shear stress, z,, , and shear
stress at stenosis throat, 7, in their non-dimensional form are derived as

(M-l /L) 19

A +E g [(@D)]rsR, from @), R, /R,fom @) 92 (10)
w 2 2 2 - R20) 2 2 ' (1)
R R. R R, R R, R
— | -] == e I 1 i R IRy R [ log—
R, Ry R, R, R, Ry R,
Ts = [TW]R/RO:L&l/RO ) 12)

where 7=(1-k?){L+k? +(1—-k?)/logk}, L =My, (t,,.7) = (Tw,Ts)/ty, and 4, and z, are the flow
resistance and shear stress, respectively for a Newtonian fluid in a normal artery (no stenosis), and are given by

8ulL 4uQ
hg=——317 = 3
Ry 7 Ry

Numerical Results And Discussion:-

Computer codes are developed to evaluate the analytic results in non-dimensional form obtained for the impedance
(resistance to flow), the wall shear stress distribution in stenotic region, shear stress at stenosis throat, in order
to be able to discuss the result obtained in Egs. (10), (11) and (12) quantitatively and , by using the following

experimental data: d(cm) =0; L=Ly =1cm; 8/R, (non-dimensional stenosis height)=0,0.05, 0.10, 0.15, 0.20; k
=0.001, 0.01, 0.1, 8,/R, (non-dimensional balloon height)=0, 0.05, 0.10, 0.15, 0.20; Z4=0, 0.10, 0.2, 0.4, 0.6 and
presented graphically.

The impedance is an important factor which may play a vital role in the diagnosis and treatment of heart attack and
stroke. The variations of impedance with different parameters have been discussed in Figures 2-4. The insertion of
balloon- catheter system in stenosed artery has significant effect on the flow characteristics, impedance in lumen of

artery. Figure-2 illustrate that resistance to flow (impedance), 4, increases with stenosis height, 6/ Ry, for given
height of balloon and for different catheter size. For stenosis height, 3/R;= 0.10, the resistance to flow increases

due to balloon of height, 8,/R, = 0.1 is about 32.44%, 24.77% and 20.48% approximately over that of stenosed
catheterized artery without balloon for k= 0.001, 0.01 and 0.1.
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Figure 2: Variation of impedance, A with stenosis height, 8/R_ for
different catheter size, k.
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Figure 3: Variation of impedance, A with stenosis height, 8/R  for
different height of balloon, SO/RO.

Figure-3 illustrate that resistance to flow, A, increases with stenosis height for given catheter size. For £ =0.01, the
resistance to flow, A, increases due to balloon of height, 8,/R, = 0.1, 0.15, 0.20 is about 24.77%, 37.51% and

52.22 % approximately over that of stenosed catheterized artery for stenosis height, 8/R =0.10.

It has been observed that for any given set of parameters, the flow resistance, A, decreases with the increasing
values of the axial displacement of balloon, Z; (Figure-4).
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Figure 4: Variation of impedance, A with stenosis height, 8/R for

different axial displacement of balloon, z.
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Figure 5: Wall shear stress distribution, ¢ _in stenotic region for

different height of balloon, §/R .

The wall shear stress is an important diagnostic factor to understand the development of arterial disease. The
variations of wall shear stress with different parameter have been discussed in Figures 5-7. It is noticed that as

height of stenosis increases wall shear stress also increases. The wall shear stress in the stenotic region, 7, rapidly
increases from its approached value at z = 0 to its peak value in the upstream of the first stenosis throat at z/L =
1/6, it then decreases steeply in the downstream of the first throat to its magnitude at the critical height (0.75 0/ Ry)

of the stenosis at z/Ly= 1/2. The flow characteristic, 7,, further increases steeply in the upstream of the second
stenosis throat and attains its peak magnitude (same as at the first throat of the stenosis) at the second throat of the
stenosis at Z/L,=5/6, it then decreases rapidly to the same magnitude as its approached value (at z = 0) at the end

point of the constriction profile at z/Ly= 1 (Figure-5, 6). The wall shear stress distributions show a close mirror
image of the outline of the stenosis.

The wall shear stress distribution, 7,, increases for some fixed value of 3/R and k in stenotic region at any axial
distance, z/L, (figure-5).

Shear stress affects endothelial cell (Glagov et al. 1988). The balloon helps to widen blood vessels and improve
blood flow. To inflate and deflate the balloon several times to push the blockage aside to restore blood flow in blood

vessel. The wall shear stress distribution, 7,, decreases with increasing value of z4 for some fixed value of 3/R,
and k in stenotic region at any axial distance, z/L,(figure-5).

For the analysis of blood flow characteristics through stenosed artery, wall shear stress near the throat of the stenosis
deserves special attention. It has significant role in the development of arterial diseases. The peak of the wall shear
stress is believed to cause severe damage to arterial lumen. The variation of shearing stress at stenosis throat with

stenosis size, 8/ Ry is shown in Figure-8 and 9. Figure-8 illustrate that the shear stress at stenosis throat, 7,

increases with stenosis size, /R , with increasing k, for fixed Z, , and balloon height, 3,/Ry .
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Figure 6: Wall shear stress distribution, ¢ in stenotic region for
different axial displacement of balloon, z.
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Figure 7: Wall shear stress distribution, = in stenotic region for
different catheter size, k.

Figure-9 illustrate that shear stress at stenosis throat, 7, increases with stenosis height for given catheter size. For

K =0.01, the shear stress at stenosis throat, T, increases due to balloon of height, SO/RO =0.1, 0.15, 0.20 is about

45.77%, 72.92% and 107.39% approximately over that of stenosed catheterized artery for stenosis height, 3/R,

=0.10.
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Figure 8: Shear stress at stenosis throat, t_ versus stenosis height,

SIR0 for different catheter size, k.
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Figure 9: Shear stress at stenosis throat, T with stenosis height, SIRO
for different height of balloon, 8 /R .

Conclusion:-
The effect on flow characteristics due to stenosis size, maximum height attained by the balloon, the radius of

catheter which keeps balloon in position and axial displacement of balloon studied. The conditions 6/R0 <«<1, very

early stages of vessel constriction and SO/RO <<1, balloon height, limits the usefulness of present study which

allows the use of fully developed flow equations and leads to a local poiseuille-like flow. Balloon based catheter
technique system that applies mechanical pressure to blood vessel walls has dramatically advanced the standard of
care for patients with vascular disease. The insertion of balloon with catheter into artery leads to considerable
increase in the magnitudes of fluid characteristics. Balloon inflation opens blocked arteries i.e. treatment of stenosis
and restores normal blood flow. Balloon based catheter technique system has emerged as the standard tool of care
for coronary arterial disease. The present analysis may be useful for medical purpose.
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