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Coronary Artery Numerical Flow Analysis for Determination
of Bypass Graft Geometric Parameters
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A computational investigation of blood flow in a coronary artery grafted by artificial bypass
was performed to determine such geometric parameters as the curvature of radius, approach
length, and angle of end-to-side anastomosis. Transient flow features in the host artery were
computed using FVM and SIMPLE algorithms. We compared flow distributions and wall shear
stresses in two simple models, planar and non-planar, and confirmed that the non-planar bypass
model was more conducive to suppressing intimal hyperplasia. Our non-planar model with
60° of anastomosis and a 1.0 diameter approach length and radius of curvature predicts a
relatively small, spatially-extended high-OSI (>0.01) zone, as well as an increased average wall
shear stress on this zone.
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Nomenclature
an, by . Fourier cosine and sine coefficient

D . Diameter of host artery [m]
#im . Mean shear direction vector
@ . Flow rate [m/s]

b . Pressure [Pa]

T . Period [rad]

t : Time [s]

vi . Velocity vectors [m/s]

X . Coordinate [m]

a . Angle between 7 and #in

0 . Density [kg/m?]

7 . Shear stress vector [N/m?]
Twa . Average wall shear stress [N/m?]
v . Viscosity [m?/s]
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Q2 . Frequency [1/s]
w . Weighting factor

1. Introduction

Arteriosclerosis is a chronic disease in which
thickening, hardening, and loss of elasticity of
the arterial walls result in impaired blood circu-
lation. Over time, arteriosclerosis causes the inte-
rior of the blood vessel to narrow and, ultimately,
to stenose. For coronary arteries, this contrac-
tion is termed “critical” when the diameter of the
artery has been reduced by at least 50%. Curative
means are in practice, including angioplasty, stent
surgery, and most recently, coronary bypass sur-
gery. Of the many arterial bypass grafts implanted
annually to relieve arterial occlusion, however,
the failure rates are 25% within one year and 50%
within 10 years. Failure is generally caused by
stenosis secondary to intimal hyperplasia, and
while the cause of the intimal hyperplasia is not
fully understood, it is known that intimal hyper-
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plasia occurs preferentially in regions of low
time-averaged shear stress and rapid temporal
change in wall shear stress (Ohja et al. 1990).

The representative investigations of these phe-
nomena are of two types: (1) correlations be-
tween intimal thickening 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
pathogenesis. For example, Ohja et al.(1993)
found that intimal hyperplasia tends to occur
in regions of low time-averaged shear stress.
Asakura (1990) identified a strong correlation
between regions 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, reduced 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 field and influenced the particle 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
significantly changed by variations in geometry.
Furthermore, they showed that out-of-plane cur-
vature in the graft strongly influences perianas-
tomotic flow and would thus be expected to affect
localization of vessel wall dieses.

The present study is concerned with the in-
fluences of bypass geometry on wall shear stress
in a transient pulsatile flow environment. We also
discuss here several geometric parameters of the
grafted bypass, including spatial bending, anas-
tomotic angles, radius of curvature, and approach

length, so as to better characterize flow features in
the coronary artery. Finally, our results may
allow for clinical decisions leading to the most
profitable bypass geometry by way of analyses of
the velocity profile, time-averaged wall shear
stress, and magnitude of OSL

2. Numerical Technique

2.1 Numerical analysis

Numerical analysis of arterial blood flow pat-
terns is a powerful tool for studying the rela-
tionship between hemodynamics and arterial di-
sease pathogenesis. In this study, we focused on
the variation in flow features due to changes in
geometry. Consequently, Newtonian-fluid-beha-
vior as well as rigid-wall-assumed and transient
incompressible Navier-Stokes equations without
body force were solved using finite volume meth-
od. The governing equations are represented by
Egs. (1) and (2).
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Average values for blood density (1050 kg/m®)
and viscosity (3.675e-3 kg/ ms) were assumed in
our fluid-flow models, shown in Figure 1. Re-
presenting a small artery, our host vessel had a
diameter of 1.0e-3m and length 12 times this
diameter. The bypass was grafted 3.0 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) in 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-slip condition was applied to the walls.
The actual pulsatile flow rate was extracted from
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a previous study by Choi et al.(1999) in which
the flow was measured by clinical cardiac exami-
nation.

Figure 2 charts the physiological inlet flow
rate at the coronary artery. Time points at t=
0.0s and t=0.24s represent the initiation of
systole and diastole, respectively. The flow rate
curve of the coronary artery has two maxima,
1.6e-6 m*/s and 3.5e-6 m®/s. The first peak occurs
in the contraction period, the second in relaxa-
tion. The flow rate in the coronary artery never

1
|
)

Quiflow

-

(@) Planar
Outflow
VY™ s
 ["Approaching
Anastomisis ' [ engh

Age
Fig. 1 Basic model geometries of planar and non
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Fig. 2 Physiological flow rate at the inflow boun-
dary (extracted from Choi (1999))

drops below zero during a complete pulsation
cycle. For an abdominal aortic aneurysm, on the
other hand, the flow rate has negative magnitude
during relaxation. We used the inflow boundary
conditions to calculate a physiological volume
flow rate. The Reynolds and Womersley num-
bers are 1250 and 0.3, respectively. Fourier-series
expansion for the period T=0.75 s yields Eq. (3).

Qunter = Qmean +§1 [an cos(nQt) +basin(n@t)] (3)

where 2(=27/T) and t are the natural fre-
quency and time, Qmean is the time-averaged flow
rate passing though the blood vessel, and @, and
b, are the Fourier cosine and sine coefficients.

2.2 Shear stress and oscillatory shear index
(0SI)

Following computation of the flow field, shear
stress on the host artery wall could be calculated
in the cylindrical coordinate system shown in
Figure 3. Shear stress on the wall is defined as

tmp (Gl D)., @)

Oscillatory shear index represents the oscillatory
motion of the wall shear stress vector and the
directional change with time in a continuous
fashion. OSI was calculated by modifying the
definition of Ku et al.(1985) with the formulation
introduced by Moore et al. (1999).

wall shear stress at time t4

a

Mean Shear Direction

wall shear stress at time t,

Fig. 3 Mean shear direction and the coordinate
systems
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where 7 is the instantaneous wall shear stress,
7im the mean shear direction, T the period of
the flow waveform, and a weighting factor de-
fined by w=0.5(1—cos @). As shown in Figure
3, a is the angle between the initial wall shear
stress and the mean shear stress vector. This
definition of OSI allows for inclusion in the
calculation of a continuous range of instantan-
eous shear vector angles with respect to the mean
shear direction. The modified index ranged from
0 to 0.5, where the former corresponds to uni-
directional shear flow and the latter to purely
oscillatory shear.

3. Results

3.1 Comparison of planar and non-planar

Our comparison of the flow features of planar
and non-planar models (shown in Figure 1) was
based on the planar and non-planar models
with 45° of end-to-side anastomosis considered
by Papaharilaou et al.(2002). While that group
employed the single harmonic sinusoidal flow
waveform, however, our study saw application
of the physiological flow rate inlet condition.

Figure 4 compares the spatial distribution of
the axial velocity component at a secondary acc-

Fig. 4 Axial velocity contour plots extracted at
z/D=0.5, 1.0 and 3.0

eleration time (t=0.25s) in three locations along
the host artery. One observes that the non-planar
geometry breaks flow symmetry and establishes
a counterclockwise bulk rotation of the z-direc-
tion velocity. Time-dependent migration in the
low axial velocity region could cause the observ-
ed velocity stagnation. This rotation is evident
in the host artery and is dependent on the axial
downstream distance from the origin. Both mo-
dels exhibit regions of flow stagnation, with
their temporal and spatial evolution dependent
on the downstream distance.

The computed cross-flow streamlines for two
geometries are shown in Figure 5. Although it
is not explicitly prescribed in the solution, flow
symmetry is preserved in the planar model. Two
symmetric counter-rotating vortices are also evi-
dent in the transverse plane. These vortices ac-
count, respectively, for the clockwise and coun-
terclockwise motion of fluid particles in the up-
per and lower recirculation regions. The figure
also illustrates breaking of the flow symmetry in
the non-planar model due to an increased cross-
flow magnitude as compared to the planar model.
Although two counter-rotating cells can still be
identified at z/D=0.5 in the non-planar plot, the
lower cell is significantly stronger than the upper.
As a result of the dominant counterclockwise
vortex, which has its core at the bottom of the
cross section, the weaker secondary clockwise
vortex at the upper side of the cross section is
spatially constrained. By z/D=3.0 downstream
from the origin, the core of the dominant vortex

Planar

ZD=10 o5

Fig. 5 Streamlines plot of the secondary flow at
z/D=0.5, 1.0 and 3.0 from the origin
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has rotated counterclockwise by almost 90° and
the weak secondary vortex has begun to disap-
pear.

In Figure 6, one sees a comparison of the
streamlines
and OSI distributions on the unfolded artery
wall of the planar and non-planar models at the

numerically-computed wall shear

time of secondary acceleration. The points of
convergence or divergence of the streamlines in-
dicate stagnation or separation of stress. These
points coincide with the shape of the OSI
(>0.01) distribution and of minimal shear stress.
Accordingly, we defined the lower limit of “high
OSI” to be 0.01.

High OSI localizes to the bedside (opposite
side of the conjunction hole) and takes the form
of a symmetrical triangle with respect to the z-
axis. For the non-planar model, stagnation points
are found along a line oblique to the z-axis due
to the bulk flow rotation. The high-OSI zone
comprises a region of low time-averaged wall
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 was
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 OSI contour
plots of planar and non-planar with 45°
anastomotic angle

time-averaged shear stress and high OSI. Regions
of OSI greater than 0.01 in our model thus repre-
sent probable localizations of vessel wall disease.

3.2 Influence of anastomotic angle

Computationally, we sought to determine the
angle of anastomosis 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 OSI and wall
shear stress streamlines on the unfolded artery
wall the summarized results are presented in Ta-
ble 1. As illustrated, the OSI distributions for the
grafts with 60° and 45° of anastomosis were not
significantly different, and while the high-OSI
zone was larger 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
of anastomosis would thus be more effective in
suppressing intimal hyperplasia.

Non-Planar 60°

6 [rad]

0 [rad]

9 [rad]

Fig. 7 Shear stress stream lines and OSI contour
plots of non-planar with 60°, 90° and 120° of
anastomotic angle
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Table 1 Comparison of computed results for anas-
tomotic angle variations (*denote refer-

Table 2 Comparison of computed results for ap-
proach length and curvature variations (*

ence) denote reference)
. %
Model Anastomosis Azrza;:f TMT# Approach |Curvature | Area of Zone Twa{#
e length/D dius/D | (OSI> 0.01 ve
Angle | 651>001) | (0s1>0.01) ength/D | radius/D | { ) |(os1>001)
Planar* 45° 2.430 - 2.0 1.0 2.033 0.086
Non-Planar 45° 1.973 0.55 2.0% 2.0* 2.110 —
Non-Planar 60° 2.110 0.63 2.0 3.0 2.270 0.010
Non-Planar 90° 3114 0.92 1.0 2.0 2.121 0.332
Non-Planar 120° 3.723 1.35 3.0 2.0 2.819 0.238

In the 90° and 120° models, the high-OSI zone
takes the form of a “y,” as seen in Figure 7. The
average shear stress is increased, but its area of the
high-OSI zone is increased much more. The
results from all four models suggest that 60° of
anastomosis in the non-planar model would give
a relatively small high-OSI zone, high wall shear
stress, and the greatest efficiency in suppressing
the development of intimal hyperplasia.

3.3 Influence of bypass curvature and ap-

proaching length

Four new models were designed to shed light
on the influences of bypass curvature radius
and bypass approach length these are shown in
Figure 1. Each model located the graft end-to-
side with 60° of anastomosis and 1.0, 2.0, and
3.0 diameters of curvature radius and approach
length. The findings from the previous section
on anastomotic angle (section 3.2) allowed us
to select 60° of anastomosis for these models.
The boundary conditions from the previous study
were applied here also.

Figure 8 shows the wall shear stress stream-
lines superimposed on the OSI contour plots of
the unfolded artery wall for the cases of 1.0, 2.0,
and 3.0 diameters of bypass curvature radius and
approach length. The areas of the high-OSI zone
and the rates of change of the wall shear stress
(OSI>0.01) are listed in Table 2. The high-OSI
distribution for 3.0 diameters of curvature ra-
dius is similar to that for the typical non-planar
model. In the region near the conjunction hole,
however, the area of the high-OSI zone is in-

Curvature radius : 2.0
Approach lentgh : 1.0
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Curvature radius : 3.0
Approach lentgh : 2.0

6 frad)

Curvature radius : 1.0
Approach lentgh : 2.0

6 [rad]

Fig. 8 Shear stress streamlines and OSI contour
~ plots of various graft geometries with 60° of
anastomosis angle
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creased by 7.5% as compared to the model with
2.0 diameters of curvature radius. The area of
the high-OSI zone is decreased by 3.6% for
the model with a 1.0-diameter curvature radius.
While wall shear stress is increased by 8.6% for
the 1.0-diameter-curvature-radius model, there
is no significant difference between the 2.0- and
3.0-diameter-curvature-radius models (less than
1% difference) .

OSI distribution obtains a “y” shape for the
model with 3.0 diameters of approach length
and 90° of anastomosis (Figure 7). The area of
the high-OSI zone is increased by 27.3% in this
model when compared to that with 2.0 diameters
of approach length. While no significant differ-
ence is seen in the area of the high-OSI zone
between the 1.0- and 2.0-diameter-approach-
length models, there is 30% greater shear stress
in the first case. Clearly, the longer approach
length leads to the weaker non-planar effect.
The shorter approach length, then, would be the
more effective in suppressing the development of
intimal hyperplasia.

4. Conclusions

Failure of coronary bypass surgery is often at-
tributable to stenosis secondary to intimal hyper-
plasia. Furthermore, intimal hyperplasia occurs
preferentially in regions of low time-averaged
shear stress and rapid temporal changes in wall
shear stress. It may thus be possible to suppress
the development of intimal hyperplasia by si-
multaneously reducing the area of the high-OSI
zone and increasing the average wall shear stress
on the host artery wall.

Area of the high-OSI zone and shear stress are
closely associated with flow features in the host
artery. The aim of our investigation was to dem-
onstrate the fundamental effects of non-planar
bypass geometric configurations on the flow field.
As discussed previously, the flow conditions were
somewhat idealized in our models. We further
assumed the geometric configurations of the
non-planar bypass model to be defined exclu-
sively by anastomosis angle, curvature radius,
and approach length.

While anastomotic angle did not cause major
changes in flow features, we found that the shear
stress on the high-OSI zone was greater by 8%
in our 60° model than in our 45° model. Simi-
larly, curvature radius did not significantly affect
the magnitude of wall shear stress in the high-
OSI zone. Nevertheless, the smallest high-OSI
zone was formed with 1.0 diameter of curvature
radius. In terms of approach length, the area of
the high-OSI zone was roughly the same in the
1.0- and 2.0-diameter-approach-length models,
but the magnitude of the average wall shear stress
on this zone was increased by more than 30%
for the shorter approach length. Although our
graft models were not exhaustive of all geome-
tries, we conclude that the non-planar bypass
model with a 60° anastomotic angle, 1.0 diame-
ter approach length, and 1.0 diameter radius of
curvature would be more efficient in suppressing
the development of intimal hyperplasia.

Gross geometric features are generally consi-
dered the most influential factors in vascular
hemodynamics. All results in this study were
based on theories of dynamics and subsequent
numerical computations. We did not consider
physiological complications of surgery. It would
be of significant interest to extend this investiga-
tion such that bypass geometry and flow features
were analyzed under real conditions.

References

Asakura, T. and Karino, T., 1990., “Flow Pat-
terns and Spatial Distribution of Atherosclerotic
Lesions in Human Coronary Arteries,” Circula-
tion Reasearch, Vol. 66, pp. 1045~1066

Choi Ju Hwan, Chong Sun Lee and Charn
Jung Kim, 1999, “Wall Shear Stress Between
Compliant Plates Under Oscillatory Flow Con-
ditions : Influence of wall Motion, Impedance
Phase Angle and Non-Newtonian Fluid,”
KSME, Vol. 25, pp. 18~28.

Kim, H. M. and Hwang, C. C., 1997, “A Tur-
bulent Buoyant Jet in a Cross Flow,” ASME-
FEDSM.

Ku, D. N., Giddens, D.P., Zarins, C. K. and
Glagov, S., 1985, “Pulsatile Flow and Atheros-



912 Hyung Min Kim and Woong Kim

clerosis in the Human Carotid Bifurcation,”
Arteriosclerosis, Vol. 5, pp. 293~302.

Moore, J. A., Steinman, D. A., Prakash, S.,
Johnston, K. W. and Ethier, C. R., 1999, “A Nu-
merical Study of Blood Flow Patterns in Anato-
mically Realistic and Simplified End-to-Side
Anastomoses,” J. of Biomechanical Engineering,
Vol. 121, pp. 265~272.

Ohja, M., 1993, “Spatial and Temporal Varia-
tions of wall Shear Stress Within an End-to-Side
Arterial Anastomosis Model,” J. of Biomec-
hanics, Vol. 26, pp. 1377~ 1388.

Papaharilaou, Y., Doorly, D.J. and Sherwin,
S.J., 2002, “The Influence of Out-of-Plane
Geromery on Pulsatile Flow Eithin a Distal
End-to-Side Anastomosis,” J. of Biomechanics,
Vol. 35, pp. 1225~1239.

Sherwin, S., Shah, O., Doorly, D.]., Peiro,
J., Papaharilaou, Y., Watkins, N., Caro, C. G,
Dumoulin, C. L., 2000, “The Influence of Out-
of-Plane Geometry on the Flow Within a Distal
End-to-Side Anastomosis,” J. of Biomechanical
Engineering, Vol. 122, pp. 86~95.



