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Numerical Studies of Flow Across End-to-Side Distal Vascular

Bypass Graft Anastomoses

Y. H. Kim', J. H. Kim? and J. W. Shin?

= Abstract—

A numerical simulation of the steady and pulsatile flow across the end-to-side anastomo-
sis was performed in order to understand the role of flow dynamics in the preferential devel-
opment of distal anastomotic intimal hyperplasia. The finite element technique was employed
to solve two-dimensional unsteady pulsatile flow in that region. The results of the steady
flow revealed that low shear stresses occur at the proximally occluded host artery and at the
recirculation region in the inner wall just distal to the toe region of the anastomosis. The nor-
malized wall shear rate was increased, as was the recirculation zone size in the host artery
of the by-pass graft anastomosis, with increased anastomotic junction angle. In order to min-
imize the size of the low wall shear region which might result in the intimal hyperplasia in
the by-pass graft anastomosis, a smaller anastomotic junction angle is recommended. The
pulsatile flow simulation revealed flow that regions of low and ascillating wall shear do exist
near the anastomosis as in the steady simulation. The shift of stagnation point depends on
the pulsation of the flow. As the flow was accelerated at systole, the stagnation point moved
downstream, disappered at early diastole and reappeared during late diastole. Low shear
stress was also found along both walls of the occluded proximal artery. However, the diastol-
ic flow behavior is quite different from the steady results. The vortex near the occluded
artery moved downstream and inwardly during late systole, and disappeared during diastole.
Recirculations proximal to the toe and heel regions were significant during diastole. Shear
stress oscillation was found along the opposite wall. The results of the present study revealed
that low shear occurs at the proximally occluded host artery and the recirculation region in
the inner wall just distal to the toe region of the anastomosis. The present study suggested
that the regions of fluctuated wall shear stress wit flow separation is correlated with the

preferential developing regions of anastomosis neointial fibrous hyperplasia.
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Failure in by-pass grafts replacements have
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past 30 years. The main sources of graft failure
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has been found to be intimal hyperplasia with a
primary site being the distal anastomosis.
Clowes et al.[1) reported that the anastomotic
neointimal hyperplasia results from endothelial
and smooth muscle cell proliferation. Numerous
studies have suggested an important interaction
between the hemodynamics and chronic devel-
opment of intimal hyperplasia. The wall shear
stress has been believed to be an important fac-
tor In maintaining the homeostasis of the
arterial wall and regulating its reaction with
blood components(2,3]. The anastomotic geome-
try and compliance of the graft material are
major determinants of the fluid dynamics across
the graft anastomosis. The presence of those
complex flow pattern along the arterial wall
produces a highly variable shear environment of
intimal hyperplasia(4].

Many investigators(3,5-9) revealed intimal
thickening or plaque developments in the region
of low and oscillating shéar, where have been a
particular interest of intimal hyperplasia. Clini-
cal results show that a preferred location for
the development of hyperplasia is near the toe
of the anastomosis and along the outer wall
where the inlet stream strikes the wall(4]. The
anastomosis also alters flow dynamics such that
the healing response of the artery produces
intimal hyperplasia. Bharadvaj et al.[10] and
Kim et al.(11,12) showed that the intimal
hyperplasia is greater in regions of flow separa-
tion and low shear stress. Studies by Rittgers et
al.[5] and Bassiouny et al.[9) have also sug-
gested an inverse correlation between shear
rate and intimal thickness.

In vitro flow visualization studies(13,14) on
models of end-to-side anastomosis such as dye
injection of aluminum particles have provided
useful informations on the flow dynamics 1n the
However, the limited

anastomotic  region.

resolution of such techniques made it difficult to
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obtain quantitative informations on detailed
flow dynamics. Keynton et al.[8] performed In
vitro experiments on the end-to-side anastomo-
s1s with various junction angle using Laser
Doppler anemometry measurements. Ojha et al.
{15) investigated the flow field within a rigid In
vitro model of end-to-side anastomosis using a
photochromic tracer technique and they also re-
ported the correlation hetween the region of low
wall shear or flow separation and preferential
sites for the development of intimal hyperplasia.
Kim[11) studied experimental and numerical
studies on fluid dynamics characteristics near
the compliant ena-to-end anastomosis region.
He employed the axisymmetric finite element
analysis to solve the two dimensional steady
Navier-Stokes equation numerically and used
the flush-mounted hot film anemometer to mea-
sure the wall stress near the anastomotic re-
gion. His study revealed the good correlation be-
tween the region of development of intimal
hyperplasia and the low shear region. Fluid par-
ticles resides in the recirculation zone for a rela-
tively long time, which might result in higher
potential for the mass transfer across the
intimal layer to created intimal hyperplasia.

The aims of the present study is to investi-
gate the pulsatile flow dynamic behavior near
the region of end-to-side anastomosis which
may provide valuable relationship with regions
of anastomotic intimal hyperplasia or plaque de-
velopment. Effects of the anastomotic junction
angle and the flow rates on the flow dynamic
characteristics near the anastomotic regions
were also investigated in the steady flow simu-

lation.
METHOD
The problem domain employed in the present

study 1s shown in Figure 1, which was similar
to the in vitro experimental study by Keynton
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et al.(8). Graft of the same diameter as the
host artery was anastomosed by the end-to-side
anastomosis with various anastomotic junction
angles of 30° , 45° and 60" for steady f{low
simulation, and the proximal end of the artery
was occluded. A total of 1386 nodes with 1268
quadrilateral elements were used for all anasto-
motic geometries. A finer elemental mesh was
used in the vicinity of vessel walls and near the
anastomotic region. The distance from the anas-
tomosis and velocity components in axial and
radial directions were non-dimensionalized by
the vessel diameter and the mean value of the
inlet velocity profile respectively.

With incompressible steady laminar flow con-
ditions, the continuity equation and momentum
equation can be expressed as:

Uii=0 (1)

au; h }
p[ﬁ +uy e up ) =-pt oo Luigtug (2)

where u; are the velocity components, p is the
pressure, i Is the dynamic viscosity and p is
the density of the fluid. To solve the governing
equations(1) and (2), the finite element method
was employed. Since an Eulerian viewpoint of
fluid motion is adopted in equation (1) and(2),
the elements are assumed to be fixed in space.
Within each element in the problem domain, the
dependent variable u; and p are interpolated by
a function of compatible order, in terms of val-
ues to be determined at a set of nodal points.
Within each element, the pressure and the ve-
locity fields are approximated by

u(x) = "U(t) (3)
p(x)=¥"P(t) (4)
where U; and P and the velocity and pressure
vectors of nodal pointsm, and ¢ and ¥ are the
interpolation functions. A parabolic velocity
profile was employed for inlet boundary condi-
tions and the fully developed condition was

given at the downstream with no-slip condition
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at the wall.
Substitutions of these approximations into the

governing and boundary equations yield a set of

equations:
Momentum f,(¢, ¥, U, P)=R, (5)
Continuity f2(e, U) =R, (6)

where R, and R; are residuals(errors) resulting
from the approximation of equations(3) and
(4).

In order to minimize the residuals or the er-
rors of each element, the Galerkin method of
the weighted residual was used by making the
residuals a to the interpolation functions of each
element. These orthogonalily equations are rep-

resented with inner product in the following

manner:
(f1, @) =(Ry, @) (7
(fo #)=(Rs ¥) (8)

Using the definition of Galerkin formulations
(5) and (6) and the finite element approxima-
tions (3) and (4) lor pressure and velocity
respectively, equations (1) and (2) can be re-
formulated:

], 3 evju=o
U PY§ ] { IR —‘ﬂdv}u,—[ I ST“"_W\/}P{L»%%%"jrdv}u;
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The above equations(9) and (10) can also be

represented as matrix equations.

Momentum: MU+ A(U) +K(U)U—-CP=F (11)
Continuity: CTU=0 (12)
A single matrix equation can be obtained by
combining the above equations and their coeffi-
clents matrices can be determined by comparing
equations(10) and(12).

For transient solution procedures, the forward
Euler method of time integration when applied
to equation (11) gives

Uy =U,+dtM™'[F,— A(U) —K(U..)Un—CF(’li]s)

Before equation (13) is used to advance the ve-



~EITReS  F 138, $ 4%, 10024 —

loeity, the pressure at time t, must be computed.
To obtaih the pressure at time t, the time dif-
ferential version of equation(12) is used:
CTU=0 (14)
Substituting the equation (13) into equation
(14), the pressure at time t. can be evaluated:
(C'M™'C)P,=C™M"!'[F.~K(U,U,] (15)
Therefore, the sequence of steps for advancing
the velocity and pressure from i, to ty+: is

(a) Form the acceleration vector(ignoring the
pressure gradient) :

A, =M"[F,~K(U,)U,] (16)
(b) Solve the linear algebraic system for com-
patible pressure:

(C'M™'C)P,=C"A, (17)
(c) Update the velocity, accunting for the pres-

sure gradient..

near wall

diggal

far wall

Fig. 1 Problem domain of the present study.
#=30" , 45° and 60°

45°  for unsteady flow

for the steady flow and
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Fig. 2 Sinusoidal flow waveform in the unsteady
pulsatile flow simulation. Points represent the
early systole, peak systole, near zero flow, early

diastole, and late diastole of the eardiac cycle.
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Upt1 =Un+dt (AU, —M"'CPy) (18)
The mean Reynolds numbers were chosen to be
100 and 205 for steady simulations, since they
are found to be in coronary and femoral
arteries, respectively. For the unsteady pulsatile
flow study, Reynolds number of 205 was em-
ployed with the sinusodial flow wave form, as

shown in Figure 2.

RESULTS

Steay Flow
Velocity vectors in the vicinity of the end-to—
side anastomoses are shown in Figures 3(a),

(b) and (¢), corresponding to various anasto-

Fig. 3. Velocity vectors near the end-to-side anasto-
mosis region.

(a) 30 deg. (b) 45 deg. (c) 60 deg.
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and 60° . A

stagnation point was found at the vessel outer

motic junction angles of 30° , 45°

wall, and at this point the flow stream splits
into two parts with one stream moving in the
direction of the outlet branch and the other
stream moving in the direction of the occluded
branch with a large clockwise vortex. Very
near the proximal occluded artery, a small
counter—clockwise vortex was also formed at
high Reynolds number. The axial velocity pro-
file at the distal positions of the host artery be-
came skewed toward the outer wall for all three

different geometries. Distal to the toe region of
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Fig. 4 Normalized wall shear rate along the ouler

wall of the artery.
(a) Re=100 (b) Re=205
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the anastomosis along the inner wall, a small
flow recirculation was also found for anasto-
motic junction of 45° and 60° . Generally, low
wall shear stress was calculated at the near
wall of the vessel, and high wall shear stress oc-
curred at the far wall. Figures 4(a) and (b)
show the normalized wall shear rate at the far
wall of the host artery for various anastomotic
junction angles. wall shear rates were norma-
lized by the value far downstream of the host
artery. Due to the large vorlex In the proximal

artery, the negative wall shear was calculated

along the far wall of ihe anastomotic junction

3
Re=100

Nomualized wall shear rate

Nondimensional distance
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{b)
Fig. 5 Normalized wall shear rate along the inner
wall of the artery.
(a) Re=100 (b) Re=205
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prior to the stagnation point. Since the vortex
moves proximally with increased anastomotic
angles, the vortex region proximal to the anas-
tomosis becomes smaller and thus the minimal
wall shear on the far wall of the artery is locat-
ed closer 1o the upstream at the occluded
branch. However, the magnitude of those nega-
tive wall shear stress has its largest value at
‘the anastomotic Junction angle of 45° . Distal
to the stagnation point, the wall stress is drasti-
cally increased as the flow hits the far wall of
the artery. The maximum wall shear rate on the
far wall of the host artery 1s evaluated at the lo-
cation closer to the anastomosis with increased
anastomotic junction angles.

Figures 5(a) and (b) represent the norma-
lized wall shear rate at the inner wall of the
host artery for various anastomotic junction an-
gles. Regions of low shear siress were calculat-
ed at the inner wall of the artery except at the
anastomotic junction. A flow recirculation was
observed at the toe region of the graft anasto-
mosis at 45°  and 60° . With increased anaslo-
motic junction angles, this counter-clockwise re-
circulation region becomes larger, the magni-
tude of the minimum wall shear becomes large

and the minimal wall shear on the inner wall is

[ Zonel 3 Zonel
B Zonel B Zonell

Nondimensional cecircutation zone

30 45 60 30 45 60
Anastomotic junction angle )
Fig. 6 Total recirculation zone near the end-to-side
anastomotic region. Zone | refers the region dis-
tal to the toe of the anastomosis and Zone II re-

fers the region near occluded artery.

WYL

Wy

Fig. 7 Velocily vectors in the unsteady pulsatile
{low.
(a) early systole (b) peak systole (c) late
systole

(d) mid-diaslole (e) late diastole
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located closer to the anastomotic junction. It is
noted that the maximal wall shear occurs at the
far wall of the host artery, while the minimum
wall shear occurs at the same axial location
near the wall.

Figure 6 shows the total recirculation zone
size with respect to the anastomitic junction an-
gles for different flow rates. It was non-
dimensionalized with respect to the width of the
cannel. The size of the recirculation zone distal
to the toe region of the anastomosis was in-
creased, but the size of the vortex near the oc-
cluded artery was decreased. It is noted that the
total recirculation zore size was decreased with
decreased anastomotic junction angles. With in-
creased Reynolds number, the stagnation point
moved further downstream and the recircula-
tion zone size was increased. As the anastomot-
ic junction angle is increased, the total recircu-
lation zone size becomes larger, thus the loca-
tion of the minimal wall shear moved proximal
to the occluded branch and the magnitude of

the maximal wall shear was increased.

Unsteady Pulsatile Flow

The pulsatile flow simulation revealed that a
low and oscillating wall shear stress exists near
the anastomotic region. Figures 7(a)-(d) show
velocity vector at early systole, peak systole,
late systole, early diastole, and late diastole.
Flow behavior during systole is relatively simi-
lar to the results for the steady state. However,
the diastolic flow characteristic is quite different
from the steady state results. The recirculation
near the heel region is more significant at the
late systole than that in the steady state simula-
tion and it moves toward downstream. This vor-
tex moved toward the inner wall at early diasto-
le and disappeared during the remaining part of
diastole. Instead, the recirculation just proximal
to toe and heel regions are remarkable during
diastole.

Similarly to the steady state results, the low
shear was calculatgd during the entire cardiac
cycle near the occluded artery, However, during
late diastole, high shear stress was calculated
very near the heel region. Very complicated
wall shear stress patterns were found along the
inner and outher walls distal to the anastomosis.
During systole, low wall shear was calculated
distal to the toe reglon and high shear was
found at regions where the flow stream strikes
the far wall of the host artery, which is in good
agreement with the results of the steady flow.
However, during diastole, relatively high wall
shear was calculated at both locations.

In early systole, low shear was calculated on
the inner wall of proximal artery and a tiny
vortex occurred near the heel regions of the
proximal artery, as seen in Figure 7(a). Due to
the accelerating flow, the increased wall shear
stress was calculated along the far wall across
the anastomotic region. The oscillation of wall
shear stress occurs as the core flow reaches the
stagnation point on the far wall of the host
artery during the systolic acceleration. At the
maximum flow rate, the recirculation near the
proximal occluded artery became stronger and
maximal wall shear stress was seen at the far
wall.

In the deceleration phase, the recirculation
near the proximal occluded artery moved to-
and was n

ward downstream increasing

_strength. The wall shear stress at the far wall
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was decreased distal to the anastomosis and the
velocity profiles were skewed toward the far
wall of the host artery. A small counter-rotat-
ing vortex close to the occlusion was found at
the proximal end. A small recirculation was
also found at the toe region of the anastomosis.
As the flow rates were decreased, the strong
vortex near the proximal occluded artery moved

downstream and the recirculation at the toe re-
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gion became stronger. It is noted that the recir-
culation was found along the graft wall during
diastole. At zero flow phase, only the core re-
gion of the graft maintained forward flow and
the vortex at the toe region became stronger. It
18 noted that the strong vortex at the proximal
artery moved towards the inner wall.

The stagnation point where the flow stream
hits the far wall of the host artery disappeared
during the diastole. During early diastole, the
vortex at the proximal artery moved to the near
wall of the host artery and high wall shear was
found at both the heel and toe region. At late
diastole, high shear was found at the toe and
heel region. The vortex at the proximal artery
was getting weaker and flow separation was oc-
curred at the toe and heel region.

At any phase in the cycle, a very small wall
shear was calculated near the proximal occlud-
ed artery and there is counter-clockwise vortex
near the proximal end. Due to the counter-
clockwise vortex near the proximal end, low
positive wall shear stress was found at the near
wall of the artery and negative wall shear at
the far wall of the distal end. This wall shear
stress becomes larger at the heel location(0.
95D, D=Diameter).

Figure 8(a) shows the non-dimensional wall
shear rate along the near wall of the artery.
Similarly, low shear was calculated in the re-
gion close to the occlusion and the wall shear
was increase as the flow moves toward the heel
region. At maximum flow phase, a flow separa-
tion was found near the toe region and laminar
reattachment was found at 0.5 D{(Diameter)
from the toe. At diastole, the wall shear along
the near wall experienced negative values. It is
noted that the wall shear had large fluctuations
in magnitudes at the toe region. Figure 8(b)
shows the non-dimensional wall shear rate

along the far wall of the artery. Low shear
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stress was found in the region close to the oc-
clusion during the entire cardiac eycle. A very
complicated wall shear pattern was found at the
far wall just across the anastomosis region
where the flow stream hits the outer wall. Dur-
ing systole, the stagnation point on the far wall
moved distal to the artery and disappeared at
early diastole because fluid moved towards the
graft. During this phase, the strong cloclwise ro-
tating vortex moved upward to the anastomosis
region and the flow across the toe region of the
anastomosis were affected by this vorfex and
thus profile was skewed Lowards the far wall.

At the location where the flow stream hits the
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Fig. 8 Wall shear rates along the host artery.
(a) Near wall (b) Far wall
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far wall of the artery, the maximum (negative)
wall shear rate in the pulsatile flow was approx-
imately five times larger that in the steady
flow. The movement of stagnation point on the
far wall of the artery depended on the pulsation
of the flow. Figure 9 shows the shift of the stag-
nation point according to the cardiac cycle. As
flow was accelerated during systole, the stagna-
tion point moved downstream, disappeared at
early diastole and reappeared at late diastole.

Figures 10(a) and (b) show the wall shear
rale along near and far wall of the graft
respectively. Wall shear stress was increased
during the early systole, as flow moved closer to
anastomotic junction along the near wall. How-
ever, during diastole, the small positive wall
shear stress was found due to the flow separa-
tion at the heel. The fluctuation of wall shear
stress is significant in the vicinity of ihe heel of
the graft. Similarly, wall shear siress along the
far wall in the graft was increased as flow
moves closer to the toe region. The fluctuation
in the wall shear stress is also significant near
toe region.

Figure 11(a) shows the wall shear rate along
the near of the host artery with respect to the
fractional time of the cardiac cycle. As already
mentioned, wall shear was low with positive
value near the occluded artery. However, at the
toe region of the near wall of the artery, the
wall shear present has its maximum value dur-
ing the early systole, and minimal at diastolic
peak. The wall shear stress downstream of the
artery corresponds to the sinusoidal change of
the flow characteristics. On the other hand, wall
shear rate along the far wall of the host artery
15 shown in Figure 11(b). Small negative wall
shear 1s noted near wall of the occluded artery.
The wall shear downstream along the far wall
becomes maximal with time lag equal to approx-

imately 1/9 of a cardiac cycle. The maximal
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wall shear along the far wall of the host artery
is found at the peak systole just proximal to the
stagnation point.

Non-dimensional wall shear rates along both
walls of the graft are shown in Figure 12(a)
and (b). It is noted that the fluctuation of wall
shear is significant near the anastomotic region
close to the toe as well as the heel region. The
maximal wall shear were found at the toe and
the heel regions during the peak systole. Wall
shear stress changes its direction corresponding
to the flow, and it is generally decreased during

the late systole as the time goes on.
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DISCUSSION

To date, the exact etiology of the anastomotic
neoinitimal hyperplasia and thrombosis are un-
known. Numerous researchers have postulated
that the wall shear plays an important role in
this vascular diseases. Low shear stress was ob-
served at distal locations of the toe region and
upstream of the stagnation point near the oc-
cluded artery. Several investigators(4,5,89]
have revealed that low wall shear inversely cor-

relates with intimal thickening and suggested



—Y.H. Kim et al ; Numerical Studies of Flow Across End-to-Side Distal Vascular Bypass Graft Anastomoses —

that the most probable sites for the intimal
hyperplasia would be these low shear regions.
Some researchers have correlated intimal thick-
ening with low mean shears in combination with
high variations in shear stress(22,24). Fry[(2]
also suggested that deformation, swelling, and
eventual erosion of the endothelium might occur
at sites where the local shear stress is relatively
high. Thus, it may indicate that there are opti-
mal range of wall shear stress variations to
maintain a normal functioning of the arterial
wall.

Even though this study does not incorporate
clinical situations, the low shear occurs at the
recirculation regions in the host artery up-
stream of the by-pass graft anastomosis, the
stagnation points on the far wall and the recir-
culation region on the inner wall distal to the
toe region of the anastomosis. In the canine
studies, Sottiurai et al.(4) found that the great-
est amount of intimal thickening i a distal
graft anastomosis occurred at the near wall or
toe region of the graft junction and along the
wall where the inlet stream strikes the far wall.
Many vascular surgeons have found that throm-
botic filling occurs in the occluded branched up-
stream of the anastomosis, which corresponds
to the region of large recirculation zones in the
present numerical study. Their findings corre-
late well with the recirculation zone or low wall
shear distal to the toe from the present study.
Fluid particles reside in the recirculation zone
for a relatively long time, which might result in
the intimal hyperplasia. Asakura and Karino
(19) also pointed out that increased particle
residence time with intimal thickening. Platelets
in the stagnation region of blood are prone to
aggregate and release chemicals that promote
aggregation and adhesion(20). Platelet adheres
and aggregates in an area where platelets

might already be activated by exposed
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collageneous layers of vessel wall at surgery or
by the artificial vascular graft material.

From the present numerical studies, a spiral-
ing metion in the distal artery can be suggested
from the fact that t}le high velocity exists along
the outer wall and low velocity occurred along
the inner wall. The secondary flow caused by
the centrifugal force is expected to be strongly
dependent on the angle of the anastomosis, and
this geometric factor will influence the spatial
and temboral variations of the fluid dynamics
field. Researchers also have found that the
intimal hyperplasia develops at the anastomotic
junctions of vascular by-pass grafts.

Combining all the above information, the
results of this study suggest that intimal
hyperplasia would be expected to occur at the
near wall of the anastomotic junction and at the
far wall around the stagnation points. However,
the stresses in the high shear regions may also
induce the primary intimal hyperplasia in the
low shear regions by causing endothelial cells to
secrets growth factor that accumulates in the
low flow regions. Recently, Giddens et al.[16)
reported that the determining factor of the
intimal hyperplasia may be the maxmum wall
shear experienced during the cycle regardless of
directions and not simply the mean shear value.

Rittgers et al(5) and Bassiouny et al.[9] im-
plied that an anastomotic junction angle of 45°
would be recommended in order to produce min-
imal intimal thickening with given Reynolds
number. However, the present steady flow
results revealed that with increased anastomotic
junction angle, the absolute value of normalized
wall shear on both near and far wall just distal
to the anastomotic junction was increased and
the recirculation zone size in the host artery up-
stream of the by-pass graft anastomosis was in-
creased. However, the size of recirculation zone

was increased with increased anastomotic angle
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is recommended for minimizing regions of low
shear.

The flow dynamics in the vicinity of the anas-
tomosis may also depend on the compliance of
the graft, suture technique and exercising condi-
tion of patients[11,12). Binns et al.(18] also
supported the importance of the graft diameter
with the fact that an optimal graft diameter
may contribute to the prevention of neointimal
hyperplasia and pseudointimal thickening by op-
timizing shear stress to near normal levels. Fur-
thermore, it is now recognized that the arterial
diameter in variety of mammalian species, in-
cluding humans, responds to long term changs
in flow conditions such that the mean wall
shear stress is maintained in a range from 10 to
20 dyne/cm?(17,21), leading to the conclusion
that arteries adapt to fluid dynamic wall shear
stress In a very sensitive manner.

The present numerical study does not incor-
porate all of the physiological conditions of the
human body, such as two-dimensional channel
flow and Newtonian fluid. A simple sinusoidal
flow waveform was also used for pulsatile flow
simulation. In addition, the compliance mis-
match between the host artery and the graft
was not been considered in the simulation. In
spite of all these limitations, the present study
suggested that the regions of fluctuating wall
shear stress with low wall shear or flow separa-
tion near an end-to-side anastomosis may be
correlated with the preferential developing re-
of
hyperplasia.

gions anastomotic neointimal fibrous
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