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plasia occurs preferentially in regions of low
time-averaged shear stress and rapid temporal
change i wall shear stress (Ohja et al 1990)

The representative investigations of these phe-
nomena are of two types {l1) correlations be-
tween mtimal thickeming and local flow pattern
and (2) correlations between wall shear stress
and bypass geometry Recently, much research
has sought to examine the correlations between
local flow features, vessel wall contraction, and
pathogenests For example, Ohja et al (1993}
found that mumal hyperplasia tends to occur
in regions of low tme-averaged shear stress
Asakura (1990) 1dentified a strong correlation
between regrons of low wall shear and the loca-
tion of atherosclerotic plaques.

Moore et al (1999), Sherwin et al.(2000) and
Papaharilaou et al (2002) studied the associa-
tions of bypass geometry and flow The first of
these groups reported that removal of out-of-
plane curvature substantially changed the secon-
dary flow field and particle residence times, but
did not markedly alter the distribution of wall
shear stress Their investigations employed a
model with a hood, however, which expanded
graft cross—sectional area, 1educed mean velocity,
and thereby lessened the effect of out-of-plane
curvature on the flow field Sherwin et al (2000)
found that a simple modification in the geo-
metry of end-to-side anastomosis affected the
flow [ield and influenced the parucle residence
times Papaharilaou et al {2002} also examined
the influence of anastomosis geometry variations
on flow patterns and wall shear stress They con-
cluded that all flow features, including wall shear
stress and oscillatory shear index (OSI}, were
sigmificantly changed by variations n geometry
Furthermore, they showed that out-of-plane cur-
vature 1n the graft strongly influences perianas-
tomotic flow and would thus be expected to affect
localization of vessel wall dieses

The present study s concerned with the in-
fluences of bypass geometry on wall shear stress
1n a transient pulsatile flow environment We also
discuss here several geometric parameters of the
grafted bypass, mcluding spatial bending, anas-
tomotic angles, radius of curvature, and approach
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length, so as to better characterize flow features in
the coronary artery Finally, our results may
allow for chimical decisions leading to the most
profitable bypass geometry by way of analyses of
the velocity profile, time-averaged wall shear
stress, and magnitude of OSI

2. Numerical Technique

2.1 Numerical analysis

Numerical analysis of arterial blood flow pat-
terns 1s a powerful tool for studying the rela-
tionship between hemodynamics and arterial di-
sease pathogenesis In this study, we focused on
the variation 1in flow features due to changes n
geometry, Consequently, Newtonmian-fluid-beha-
vior as well as ngid-wall-assumed and transient
incompressible Navier-Stokes equations without
body force were solved using finite velume meth-
od The governing equations are represented by
Eqs (1) and (2)
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Average values for blood density (1050 kg/m®)
and viscosity (3 675¢-3 kg/ms) were assumed in
our flurd-flow models, shown i Figure 1 Re-
presenting a small artery, our host vessel had a
diameter of 10e-3m and length 12 times this
diameter The bypass was grafted 30 diameters
from the occlusion end In the planar model, the
length of the graft was fixed at 5 0 diameters For
the non-planar model, the radius of curvature
and approach length were variable

The governing equations were discretized by
Finite Volume Methods (FVM) 1n order to com-
pute numerically the velocity fields and pressure
profile The SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) algorithm was used
to satisfy the continuity We modified the research
code developed by Kim (1997)

At the outflow boundary shown in Figure 1,
the Neumann condition was imposed Likewise,
the no-ship condition was apphed to the walls
The actual pulsatile flow rate was extracted from
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has rotuted counterclockwise by almost 907 and
the weak secondary vortex has begun to disap-

pear.
In Figure 6, one sees a comparison ol the
numerically-computed wall shear streamlines

and OSI distributions on the unlolded artery
wall of the planar and non planar models at the
time ol secondary acceleration. The points of
convergence or divergence ol the streamlines in-
dicate stagnation or separation of stress. These
points coincide with the shape of the OSI
( >0.01) distribution and o minimal shear stress,
Accordingly. we defined the lower limit ol “high
OS1” 1o be 0.01.

High OSI localizes to the bedside [opposite
side of the conjunction hole) and tukes the form
of a symmetrical triangle with respect to the z-
uxis. For the non-plianar model, stagnation points
are found along a line oblique to the z-axis due
to the bulk fow rotation. The high-OSI zone
comprises a region of low time-averaged wull
shear stress and has an anti-symmetric form. In
our model, wall shear stress was reduced by more
than 22% in the region for which the OSI wus
greater than 0.01.

Ohja et al.(1990) report that intimal hyper-
plasia tends to occur in these regions of low
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Fig. 6 Shear stress stream lines and OS] contour
plots of planar and non-planar with 457
anastomotic angle
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time-averaged sheur stress and high OSI. Regions
of OSI greater than 0.01 in our model thus repre-
sent probable localizations ol vessel wall disease.

3.2 Influence of anastomotic angle

Computationally. we sought to determine the
angle of unastomosis that would reduce the phys-
ical size of the high-OSI zone while simulta-
neously increasing the wall shear stress on the
zone using end-to-side grafted non-planar by-
pass models with anastomotic angles of 60°, 90°,
and 120°,

Figure 7 shows contour plots of OS] and wall
sheur stress streamlines on the unfolded artery
witll the summarized resulis are presented in Ta-
ble 1. As illustrated, the OS] distributions for the
grafts with 60° and 45° of anastomosis were not
significantly different. and while the high-OSI
zone was lurger in the 60° model than in the 45°
model, the wall shear stress was also increased
by more than 8% in the former. Sixty degrees
ol unastomosis would thus be more effective in
suppressing intimual hyperplasia.
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Shear stress stream lines and OS] contour
plots of non-planar with 60°, 907 and 120" of

anastomotic angle














