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Abstract

In the present study a computational model for the blood flow in stenosed artery
with complete bypass graft is proposed. The laminar, incompressible, fully de-
veloped, non-Newtonian flow of blood in a stenotic artery having bypass graft is
numerically studied. The fluid dynamics simulations are performed by using a
control-volume based technique, implanted in the Computational Fluid Dynamics
(CFD) code Fluent. The influence of stenosis severity and bypass angle on the
various flow features in stenosed arteries with complete bypass graft is discussed
with the help of graph. The important flow features, which are correlated with the
intimal hyperplasia in arteries, are found to be influenced by the stenosis severity
and angle of bypass significantly.

1. Introduction
Cardiovascular disease is one of the major causes of death in all over the world. It is
well known that atherosclerosis (narrowing of the artery) would cause partial or total

blockage of artery and could result in the heart attack, stroke, or even death.
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Atherosclerosis mostly occurs around curvatures, junctions and bifurcation of artery
[4]. For the cases of serious blockage in the coronary artery, bypass surgery is the most
reliable treatment to restore blood flow. This surgery is not without complications.
Restenosis is a major problem occurred one or more years after the surgery leading to
the failure of bypass surgery. Initial hyperplasia has been found as a major cause for
the developing the restenosis and subsequent failure of bypass surgery. Steele et al.
[28] found that the ability to predict changes in blood flow would enable a surgeon to
evaluate the efficiency of a treatment strategy after bypass surgery. Numerical models
are commonly used in understanding the effects of blood flow and heat transfer in
arterial system [14, 33]. Previously, it has been found that Intimal hyperplasia is most
frequently seen in the distal part of the bypass anastomosis. Which is thought to be
promoted by hemodynamic effects, specially ‘abnormal’ wall shear stress patterns [7,
11].

Researchers have shown that the local flow dynamics and wall mechanical conditions
play a major role in the developments of intimal hyperplasia in bypass graft with sub-
sequent graft failure. The development of intimal hyperplasia is related to different
hemodynamic factors including low and high or unidirectional wall shear stress [12,16,
22].

Furthermore geometric factors such as bypass angle [10], curvature of the artery wall [32,
35|, Flow rate ratio, and Waveform [7] have been proved to influence the development
of stenosis. Previously some authors have investigated the effect of Newtonian and non-
Newtonian representation of blood and the wall shear stress distribution in the bypass

graft anstomosis [1, 2, 13, 19, 21].

Chua et al. [6] clearly indicated in his study that non-Newtonian effects on any vessel
only leads to a maximum of 10% difference in the magnitude of wall shear stress. A
lot of studies [1, 7, 12, 15,19, 23] have discussed the flow behaviour in the end to side
model of bypass anastomosis. They adopted a simple model to simulate the blood flow
in occluded host artery and only a part of bypass graft. Since only the subsection
of bypass graft is included in computational domain, the inlet velocity distribution at
bypass entrance is usually assumed to be uniform or parabolic. However, as the bypass
graft in vivo is with curvature, the velocity of fluids when entering the host artery from

bypass graft is accompanied with secondary vortices and therefore the flow fields become
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neither uniform nor parabolic. Since the inlet condition will influence the resultant flow
features in arteries, the resolution and relevant inference from hemodynamic viewpoint
to clinical applications based on the resultant flow fields will be affected.

The proximal region is also affected by the diversion of flow in the graft since the
entrance and exit junctions of the bypass are the two critical locations, where the flow
is complicated [15].

Most of the previous studies using end to side model assumed the host artery as fully
occluded and simplified the flow field into flow in bypassed artery with one closed end-
side.

Only very few studies [15, 23] considered the cases with partially occluded host artery.
However, in the case of bypass surgery, the stenosis in patients arteries is not fully
occluded. The residual blood is still allowed to flow through the blocked region of
the host artery as well as flow through the bypass graft even after weeks of surgery.
As pointed out in the researches of Lu et. al. [19] and Qiao et al. [23], the residual
blood flow through the stenosis is not negligible at least until after 2 weeks after grafting,
therefore the flow fields in a stenosed artery with 75%-area lumen axisymmetric stenosis
was analyzed by them through numerical and experimental methods. Nonetheless, since
the End-To-Side model was adopted, the flow rate ratio between the graft and host
artery entrance was assumed and imposed as a parameter in their studies.

From the point of view of fluid dynamics, the flow field in stenosed artery with bypass
graft can be treated as the flow issuing from the entrance of host artery bifurcates at the
junction of host artery and bypass graft, and then develops toward downstream after
merging at the anastomosis. Accordingly, the percentage of flow rate partitioning from
host artery into bypass graft should be deterministic as soon as the flow configuration
is specified and the complete bypass graft is included in the computational domain.
Some authors [3,6, 8, 9, 15, 25 , 26, 27,28] have investigated the complexity of blood
flow in the complete model of arterial bypass. In these studies, the bifurcating flow rate
into bypass graft is not a major concern since the fully occluded host artery is assumed
in the study and 100% flow issuing from the host artery entrance bifurcates into the
bypass graft.

As a matter of fact, the important flow features, including recirculation flow, secondary

vortices and shear stress on arterial walls are very sensitive to the severity of stenosis
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in stenosed arteries. Since these flow features are closely related to intimal thickening
which induces the failure of bypass graft surgery, the understanding of the influences of
stenosis severity on the flow fields in arteries should be worthwhile for further attacking
the exact factors to cause the restenosis in bypass graft.

The anastomotic angle, i.e. the angle between the host artery and implanted bypass
graft, is a very important factor responsible for intimal hyperplasia. Various hemody-
namic studies [1,8,9, 20, 34, 24) pointed out that the best anastomotic angle for an
end-toside or side-to-end reconstruction is between 30° and 45°.

Many authors [5, 29, 30) have studied the problem of blood flow through stenosed tube
by considering blood as a Newtonian fluid.

D. Liepsch et al. [18] experimentally investigated the changes in fluid flow through elastic
models of arterial bypass under pulsatile flow conditions. They observed that under
normal circumstance the flow through the straight section of vessel is high than that of
the bypass section, which is attributed to increase in flow resistance and placement
of graft in fully occluded arterial segment with minimum angle, minimize the flow
disturbances.

Similarly Wang et al. [35] have proved that curvature, in general, lowers the resistance
of a tube, but increases the shear stress near the inside wall. Lee et al. 2005 found that
substantial area reduction leads to flow recirculation in both upstream and downstream
of the stenosis and in the host artery near the toe, while diminishes the recirculation
zone in bypass graft near the bifurcation junction.

Recently Qiao et al. [23] proposed a novel geometric configuration with two symmet-
rically implanted grafts for the purpose of improving the hemodynamics, but the new
technique needs a large number of animal experiments to verify its practical viability.
Recently Sun et al. [31] suggests that by intentionally introducing swirl flows into the
bypassed arteries, the adverse effects along the host artery floor can be suppressed.
However above studies are very important in order to predict the development of intimal
hyperplasia but the problem of restenosis and Intimal hyperplasia is still not fully solved.
A lot of investigations are still going on to reduce the problem of early graft failure. It
has been found that computational fluid dynamics plays a major role in the study of
blood flow complexities in different arterial models.

The present paper intends to carry out numerical analysis on the flow fields in a partially
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stenosed artery with a complete bypass graft implanted on it. The detailed comparison
between the cases with different severity stenosis, including 60%, 75% and 100% area
occluded and different bypass angles, including 30, 45 and 60 degree cases are consid-
ered. The aim of this study is to discuss the influence of stenosis severity and bypass

angle on the flow features in stenosed arteries with complete bypass graft.

2. Problem Description

The diameters of the host artery and bypass graft are assumed as the same equals to
1.6 mm for coronary artery. The Reynolds number based on the host artery diameter
and the mean velocity at the host artery entrance is 250.

The distance between the heel and toe is 2.24 mm. The axial distance from the nar-
rowest location in the stenosed host artery to heel is 2.88 mm. The axial distance
from entrance of host artery and the bifurcating location is 19.2 mm. The host artery
extended 40 mm. distally from toe, which is specially set as long enough for setting
suitable boundary condition at host artery exit. The location of X=0 is set at the lo-
cation where the height of stenosis is maximum in the host artery. The arterial wall is

assumed to be rigid and solid.

3. Mathematical Model

3.1 Governing Equation

The mathematical description for the current problem applies three-dimensional, steady,
laminar, incompressible continuity and Navier-Stokes equations. These equations are

expressed as follows,
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Blood is assumed to be non-Newtonian fluid.

3.2 Initial and Boundary Conditions
(i) At the entrance of host artery, uniform velocity distributions are located.

(ii) The fully developed conditions are applied at arterial outlet.
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(iii) On arterial walls, no-slip conditions are applied.

3.3 Numerical Solution

(i) The fluid dynamics simulations are performed by using a control-volume based
technique, implanted in the CFD code Fluent. The computation procedure of the

commercial code consists of Construction of the geometry using a pre-processor,
Gambit

(ii) Meshing the computation domain

(iii) Assigning boundary conditions in terms of velocities and pressure.
(iv) Assigning fluid properties and

(v) The solution algorithm.

The geometry is constructed in Gambit, using the dimensions provided in literature
(6; 10; 18 and 36). The elements employed to mesh computational domain consisted
primarily of regular hexahedral elements. In order to carry out the mesh sensitivity
analysis, numerical simulations are carried out by varying the number of mesh elements
in the computational domain. Two cases for meshed domain are shown in figure 1.

Several iterations of the solution have been performed for converging solution due to the
non-linearity in the governing equations. The governing equations are solved iteratively
until convergence of all flow variables is achieved. The solutions of all the flow variables
are deemed to have converged once their residuals computed from two successive itera-

tions are below the set desired convergence criteria of 107°.

4. Result and Discussion

The velocity distribution on the symmetric plane of the three cases with different stenosis
severities, including 60%, 75% and 100% occluded cases, are shown in figure 2. It is
found that the velocity in bypass graft is larger in the more severely occluded cases.
Near the inlet of bypass graft, the velocity in the outer side is slower than that in
the inner side. But the velocity distribution changes gradually as the fluid flows along
the middle of bypass graft. Near outlet region of the bypass graft, the velocity in the

outer becomes faster than that in the inner side. Such changes are found because of
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the centrifugal force caused by the curvature effect of the bypass graft. The blood is
accelerated to be largest in the constrict region for all partially occluded cases in host

artery.

Figure 1 : Grid layout of computational domain

It is found that four low-velocity regions occur in the partially occluded cases. One of
them is in the bypass graft and appears in the outer side near the bypass graft entrance.
The other three appear in the host artery and distribute in the lower corner upstream of
the constrict region and upper and lower corners downstream adjacent to the constrict
region, respectively. The low velocity regions of blood in the bypass graft are found to
be narrower in the more severely occluded cases. In the 60%-area occluded case, the
low velocity zone in the bypass graft extends to the middle of the bypass inlet, but in
the 100%-area occluded case, the low velocity region in the bypass graft becomes very
minor. The distributing area of the low velocity region increases obviously with increase
of the stenosis severity in the host artery.

The axial recirculation flow feature is believed to have close connection with the inti-
mal hyperplasia. In the bypass graft, a large recirculation zone can be seen near the
bypass entrance in 60%-occluded case. The recirculation zone reduces slowly as the
stenosed degree increases. In the case with fully occluded case, the recirculation in the
bypass graft becomes almost disappears. The recirculating velocity in the bypass graft
is strongest in 60%-occluded case and also decreases as the stenosis degree increases. In
host artery, recirculations can be found for all of the occluded cases. They exist in the

three low-velocity regions as mentioned above.
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Figure 2 : Velocity Contours in Bypass models with 60, 75 and 100% blocked Artery

The recirculation zone occurring in the lower corner region upstream of the stenosis can
be seen to become wider in the more severe stenosed cases. The recirculation zones
downstream of the stenosis also exhibit different distributions in fully occluded and

partially occluded cases. In the fully occluded case, the recirculation zones are separated
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into two distinct zones. One locates on the upper corner adjacent to the stenosis and
the other is on the impinging bed with some distance to the stenosis. In the partially
occluded cases, the recirculation zones downstream of the stenosis distribute on the
inner wall and outer wall adjacent to the stenosis. The one distributing on the inner
wall even extends to the position of heel, which is very different from the distributions
in the fully occluded case. It is noted that there is a very minor recirculation in the
region near toe in the fully occluded case, whereas the recirculation does not appear
in all partially occluded cases. Through these comparisons, it can be seen that the
distributing area of the recirculations in host artery increases as the stenosed severity

increases, which shows the opposite trend for the recirculation in bypass graft.
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Figure 3 : Velocity contour in bypass models with the angles 30, 45 and 60 degree.

The velocity distribution on the symmetric planes of the three cases with o = 309, 45°
and 60° respectively, are shown in figure 3. In the host artery, it can be seen that
the velocity magnitude generally increases ac increases, indicating the larger bypass
bifurcating degree with larger « impedes the fluid to flow into the bypass graft and
pushes fluids to flow toward the stenosed host artery. In all the three cases with different
bypass angles, the flow is accelerated to be largest in the constrict region. Three low-
velocity regions can be seen in the host artery. They distribute at the upper and lower
corners near arterial walls upstream and downstream adjacent to the constrict region.
In the bypass graft, the velocities in the smaller case are larger, revealing that the
smaller anastomotic angle is beneficial for conducting the fluid flow through the bypass
graft. In addition, some common flow features can be found in different angle cases.
Near the bypass-graft entrance, the velocity is larger in the inner region, whereas a
very low-velocity region appears in the outer region. Along the curved bypass graft, the
curvature effect makes the larger-velocity fluid transfer toward the outer region. As the
flow develops to the outlet of bypass graft, the velocity in the inner side becomes slower
than that in the outer side, which is just opposite to the distribution at the bypass-
graft inlet. These flow patterns are reliable with the previous discussion for stenosis
severity, indicating the principal flow patterns in the bypass graft are not influenced by
the variation of anastomotic angles. In the host artery, three recirculation structures
can be seen in the three low-velocity zones which were mentioned previously. At the
lower corner upstream of the constrict region, both of the strength and distribution
area of the recirculation are larger in the smaller angle case, whereas the recirculation

occurring at the upper and lower corners downstream of the constrict area can be found
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as stronger and wider in the larger angle cases. It is noted the recirculation at the upper
corner downstream of the constrict region even extends almost to the heel where the
flow structures are very influential to cause intimal hyperplasia. In the bypass graft, the
recirculation also occurs in the low-velocity region locating adjacent to the outer wall

near the bypass-graft entrance as mentioned previously.

Figure 4 : WSS in Bypass models with 60 ,75 and 100% blocked Artery

The different angles do not change the distribution zone of recirculation in the bypass
graft significantly, but it is found that the recirculation strength increases as bypass

angle increases.
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Figure 5 : WSS in Bypass models with the angles 30, 45 and 60 degree

Figure 4 and 6 shows the distributions of magnitudes of shear stress on arterial walls for
the cases with different stenosis degrees. For all cases, the shear stresses in the junctions
of the host artery and bypass graft are relatively larger and the magnitudes are affected
by the stenosis. The highest shear stress for all of the partially occluded cases occurs
in the constricted region of the host artery and its value can be seen to increase as the
stenosis becomes more severe. It is noted that the shear stress near the occlusion is
almost zero in the fully occluded case, which is very different from that in the partially

occluded cases.
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The wall shear stresses on the arterial wall for the three cases with different anastomotic
angles are shown in figure 5. In the figures, it can be seen that the wall shear stress
distributions for the three cases are very similar. The most evident influences of bypass
angle on the shear stress distributions occur near the inlet of bypass, the narrowest
region and the region between heel and toe. The largest shear stress concentrates in the
constrict region, whilst near the junction between the bypass graft and host artery the

shear stresses are also relatively high.

a.0z

Position (m)

Figure 6 : WSS in Bypass models with 60 ,75 and 100% blocked Artery

5. Conclusion
The effects of stenosis degree on the flow fields in a partially occluded artery with

complete bypass graft have been investigated in detail by numerical methods. The
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important flow features, which are suspicious to relate with the intimal hyperplasia in
arteries, including the recirculation and the shear stress distributions in host artery as
well as bypass graft, are verified to be influenced by the stenosis severity and angle
of bypass significantly. It is concluded that the axial recirculation takes place in less
severely occluded cases in bypass model. In all the three anastomotic-angle cases, there
are four low-velocity regions in the artery. One of the regions is in the bypass-graft
entrance and the other three are in the lower corner upstream of the constricted area
and the upper and lower corners downstream of the constricted area. The bypass angle
only slightly influences the distribution area of the recirculation. In the bypass-graft
inlet region, the velocity is larger in the inner region and as the flow develops toward
downstream, the higher velocity region transfers to the outer region. It is concluded
that the velocity in the bypass graft becomes smaller as the anastomotic angle becomes
larger. The influences of bypass angle on the shear stress distributions is found to
occurs near the bypass-graft inlet, the narrowest region of the stenosed host artery and
the region between heel and toe.

This study will provide a better understanding of the blood flow in the artery after
bypass surgery. The information provided in the present study will be useful for further
investigation of the exact factors to cause the restenosis in the artery with bypass graft.
The data provided by this study would allow healthcare professionals to make more
accurate prognoses for their patients after bypass surgery and reduce the problem of

restenosis.
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