Theoretical study of the effect of local
flow disturbances on the concentration
of low-density lipoproteins at the
luminal surface of end-to-end
anastomosed vessels

S. Wada' T. Karino'

'Research Institute for Electronic Science, Hokkaido University, Sapporo, Japan
2R&D Center, Nikkiso Co., Ltd, Shizuoka, Japan

M. Koujiya®

Abstract—To elucidate the mechanisms of localisation of intimal hyperplasia in
anastomosed arteries, the effects of flow disturbances on the transport of low-
density lipoproteins (LDLs) from the flowing blood to the wall of end-to-end
anastomosed arteries, with and without a moderate stenosis, were studied theore-
tically by means of a computer simulation under the condition of steady flow. In an
artery with moderate stenosis at the anastomotic junction and intimal thickening
distal to it, we found that, owing to the water-permeable nature of the arterial wall,
the surface concentration of LDL was elevated up to 20% higher than that of the bulk
flow distal to the stenosis, where a recirculation zone was formed and wall shear
stresses were low. In contrast to this, no significant elevation of surface concentra-
tion of LDLs occurred in another anastomosed vessel in which no stenosis was
formed and no intimal thickening was observed. These results suggest that flow-
dependent concentration polarisation of LDLs plays a causative role in the localisa-
tion of anastomotic intimal hyperplasia in the human arterial system by locally
elevating the surface concentration of LDLs, thus augmenting their uptake by
endothelial cells.
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1 Introduction

INTIMAL HYPERPLASIA at the anastomotic junction of a host
artery and a synthetic or an autologous vein graft is a major cause
of late failure in vascular reconstruction (IMPARATO et al., 1972).
Despite the development of several biocompatible synthetic
grafts, such as polytetrafluoroethylene grafts (GUIDOIN et at.,
1988), and improvement of operative techniques by incorpor-
ating a vein cuff or a patch in end-to-side anastomosis (MILLER
et al., 1984; TYRRELL and WOLFE, 1991; TAYLOR et al., 1992),
long-term patency of small-diameter grafts is still poor. One of
the reasons for that is that the precise mechanisms for the
pathogenesis and localisation of intimal hyperplasia have not
been elucidated yet.

Anastomotic intimal hyperplasia is caused by invasion and
proliferation of smooth muscle cells, fibroblasts and matrix
materials derived from the cut end of the host artery (CLOWES
et al., 1985). It has been shown that local disturbance of blood
flow, which creates a region of low wall shear stress at the
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anastomotic junction, is related to the localised genesis and
development of intimal hyperplasia (SOTTIURAI et al., 1989;
BASSIOUNY ef al., 1992; ISHIBASHI ef al., 1995), and an increase
in plasma cholesterol concentration accelerates the disease
(KLYACHKIN ef al., 1993; BAUMANN ef al., 1994).

The process and the appearance of late-stage anastomotic
intimal hyperplasia well resemble those of atherosclerosis, in
which atherogenic lipoproteins, namely low-density lipopro-
teins (LDLs), play an important role (ROSS and HARKER,
1976; HOFF and WAGNER, 1986; STARY ef al., 1994). In fact,
it has been shown that, after coronary artery bypass surgery,
atherosclerosis progresses both in the native circulation and the
implanted saphenous vein bypass graft, and lowering the
lipoprotein level prevents the progression of atherosclerosis
(HUNNINGHAKE, 1998; CAMPEAU, 2000).

This suggests that fluid mechanical factors are playing an
important role in the pathogenesis and localisation of the
vascular diseases by affecting the transport of lipoproteins
from flowing blood to the vessel wall. Therefore we have been
carrying out theoretical (DENG ef al., 1995; WADA and KARINO,
1999; 2002a;b) and experimental (NAIKI ef al., 1999; WADA
et al., 2001a;b) studies on the transport of lipoproteins in blood
flowing through arteries of various shapes to their vessel wall,
where a monolayer of endothelial cells acts as a barrier to stop
macromolecules, such as LDLs, infiltrating the subendothelial
space.

Medical & Biological Engineering & Computing 2002, Vol. 40



The results obtained so far for the cases of a straight portion
(WADA and KARINO, 1999) and a curved segment (WADA and
KARINO, 2002¢) of an artery showed that, owing to the
semipermeable nature of an arterial wall to plasma, accumula-
tion of lipoproteins occurs at a blood—endothelium boundary,
and the concentration of lipoproteins at the luminal surface of the
vessel wall varies from place to place as a function of wall shear
rate, water filtration velocity at the vessel wall and diffusivity of
lipoproteins, resulting in an uneven distribution of LDL concen-
tration at the luminal surface of the vessel wall, which may
determine the number of LDLs to be transported from blood to
the vessel wall.

The present study was designed to investigate the effect of
locally disturbed flows on the distribution of surface concentra-
tion of LDLs in end-to-end anastomosed vessels that were used
previously by ISHIBASHI e al. (1995) to investigate the relation-
ship between flow patterns and precise locations of intimal
thickening. To do that, we constructed two anatomically realistic
models from the photographs of transparent anastomosed arteries,
with and without a moderate stenosis, and carried out computer
simulations of blood flow and LDL transport in these arteries.

2 Theoretical modelling and analyses
2.1 Anatomical model for computation

The shapes of the blood vessel used in the present study were
obtained from tracings of dog femoral arteries containing an end-
to-end anastomosis that were harvested 3 months after an
operation and rendered transparent using a technique developed
by KARINO and MOTOMIYA (1983). We prepared two computa-
tional models from the arteries that were cut and anastomosed at
a 45° angle and were used in flow studies by ISHIBASHI ef al.
(1995). Fig. 1 shows the shape and thickness of the wall of the
anastomosed vessels and detailed flow patterns observed in them
in steady flow. It has been shown that, in one of the arteries that
contained a moderate stenosis on the inferior wall, a recircula-
tion zone was formed distal to the stenosis, and intimal
thickening occurred there (Fig. la). In the other artery, which
was anastomosed smoothly without a stenosis being created, no
recirculation zone was formed, and no intimal thickening
developed in it (Fig. 15).

Fig. 2 shows the process of constructing an anatomically
realistic model for computer simulation. Owing to the lack of
detailed data on the geometry of the cross-section of the
anastomosed vessel, it was assumed that the vessel was
symmetric with respect to its bisector plane, so that the geometry
of the cross-section could be expressed by the combination of a
semicircle for the upper half of the vessel, where no intimal
thickening occurred, and a semi-ellipse for the lower half of the
vessel, where intimal thickening occurred.

First of all, the outlines of the vessel, obtained by tracing the
outlines of both the inner and outer walls of the transparent artery
(see Fig. 2a), were smoothed by means of a moving average
method. Next, the central axis of the vessel was determined by
the drawing of 130 lines, at certain intervals along the whole
length of the vessel, each of which gave the shortest distance
between the two outlines of the outer wall of the vessel, and
the drawing of a curved line that connected the midpoint C; of
each of the lines P;Q; (see Fig. 2b). Furthermore, through each
midpoint, a line normal to the central axis of the vessel was
drawn between the two outlines of the inner wall of the vessel,
and it was defined as the diameter of the vessel at that axial
location (see Fig. 2¢).

The distances from the midpoint to the upper wall (segment
Cyq;) and to the lower wall (segment C;p;) were, respectively,
assigned to the radius of the semicircle 7, and a half of the short
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Fig. 1 Tracings of 45° cut and end-to-end anastomosed dog femoral
arteries from which computational models of anastomosed
vessels used in present study were constructed, showing shape
and thickness of vessel walls and detailed flow patterns
observed in vessel under condition of steady flow (adopted
and modified from ISHIBASHI et al. (1995) by permission). (a)
Anastomosed artery containing moderate stenosis and intimal
thickening on inferior wall. (b) Anastomosed artery contain-
ing neither stenosis nor intimal thickening

axis of the semi-ellipse r; forming the cross-section of the
anastomosed vessel. The segment Cy; was also assigned to a
half of the long axis of the semi-ellipse ., which was equal to r,, .
The axial lengths of the vessel obtained from the diagram shown in
Figs la and » were 17.7 and 16.7 mm, and the diameters at the inlet
do, where r; =r, =d,/2, were 3.97 and 4.21 mm, respectively.

To construct a computational mesh model of the blood vessel,
a Cartesian co-ordinate (x, y, z) was laid down at the very inlet of
the vessel, with its origin located at the centre of the cross-
section and the x-, y- and z-axes lying, respectively, on the
central axis of the vessel, the bisector plane and the diametrical
plane normal to the bisector plane. In each cross-section, an
independent local co-ordinate system (3/, z') was laid with its
origin located at the midpoint C; and the /- and z-axes lying
along the segment Cyq; in the bisector plane and in a plane
normal to the bisector plane, respectively.

Then, a circle having a unit length of radius, the centre of
which was located at the origin of the local co-ordinate system,
was prepared (see Fig. 2d). In the circumferential direction, the
region greater than 0.5R (R = radius of the vessel) was divided
into 120 uniform-sized segments. In the radial direction, the
region between 0.5R and 0.7R was divided into five uniform-
sized segments, and the region greater than 0.7R was divided
into 15 segments of gradually diminishing size, which ranged
from 0.0497R to 0.00497R (approximately 10 um). The region
smaller than 0.5R was automatically divided into 748 rectan-
gular clements using a mesh-generator in flow-simulation
software®*. After that, all the positions of the nodal points

*Ansys-Flotran version 5.5, distributed by Cybernet System Co.,
Japan

577



outer wall

upper

L)

*e, suture line
inner wall e,

|

Fig. 2

Schematic representation of process of constructing anatomically realistic model for computer simulation from tracing of arterial wall, as

observed from direction normal to its bisector plane. (a) shape of arterial segment obtained by tracing outlines of both inner and outer
walls of transparent artery. (b) Central axis of vessel determined from outer walls. (c) Definition of vessel diameter, radius of upper
semicircle r, and half of short axis of semi-ellipse r; forming cross-section of vessel. (d) Unit circle that was divided into finite elements
and put on each cross-section. (e) Three-dimensional mesh model of vessel used in computational analyses

(¥4, zJ), constituting the elements within the unit circle, were
moved to new nodal positions (v,, z,), using the following
formulas, so that the outline of the unit circle coincided with that
of the cross-section of the vessel:

P s rys foryg=0
Zn = FeEso y”_{rlys’ for y/ <0

(D

Finally, a mesh model for computations was obtained by
arranging the cross-sections divided into finite elements along
the vessel and creating hexahedral elements with eight nodes in
sequence (see Fig. 2¢). At this time, the local co-ordinate (/, z')
was converted to the global co-ordinate (x, y, z) using the
following formulas:

X =ysinf + x,

y=ycosl+y, 2

z=7+z,
where (x,, y, z.) denotes the location of the midpoint C;, and 6 is
the angle between the y-axis and the y/-axis, respectively. To
eliminate the end-effect of the boundary at the distal portion of
the vessel, the blood vessel was extended distally by adding a
straight cylindrical tube with a length of 1.5 d,,. The total number

of nodes and elements used for the mesh model were 391919
and 377 760, respectively.

2.2 Analysis of blood flow

It was assumed that an arterial wall is rigid and blood is an
incompressible Newtonian fluid with a viscosity u=3.5mPa-s
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and a density p = 1.05 x 10° kgm ™. Under these assumptions, a
steady flow of blood can be described by the continuity and
Navier-Stokes equations, as follows:

V-v=0 3)
p(v-V)y = —VP + uV?y 4)

where v is a velocity vector consisting of three components,
namely u, v, w for the x-, y- and z-directions, P is blood pressure,
and p and y are the density and the viscosity of blood, respectively.

Boundary conditions applied were: a parabolic velocity
profile at the inlet that was determined from the Reynolds
number given at the inlet of the artery Re,; constant pressures
at the outlet; axisymmetric conditions for all the variables on the
bisector plane; and a non-slip condition at the vessel wall. In the
calculation of blood flow, it was assumed that the filtration flow
of water at the vessel wall does not affect the flow field.

2.3 Analysis of mass transport

Under the assumption that LDL molecules in flowing blood
are transported by both diffusion and convection, steady-state
mass transport of LDLs can be described by

v-VC —DV?C =0 (5)

where C is the concentration of LDLs, and D is the diffusivity of
LDLs. Using a Stokes—Einstein equation, the diffusivity of
LDLs was estimated to be 5.0 x 10"*mm?s™" in blood at a
body temperature of 37°C. The velocity vector v was obtained
by solving (3) and (4), which govern blood flow.
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Boundary conditions applied were a uniform and constant
concentration of LDLs at the inlet, zero gradient of LDL
concentration in the longitudinal direction at the outlet, an
axisymmetric condition with respect to LDL concentration on
the bisector plane, and conservation of mass for the LDLs
entering the vessel wall, moving towards the vessel wall by a
filtration flow and diffusing back to the mainstream, at the vessel
wall, as described by

aC

v,.C,—D—| =KC,
on

(6)
wall

where V,, is the filtration velocity of water at the vessel wall, C,,,
is the concentration of LDLs at the luminal surface of the vessel
(surface concentration), d/dn denotes the differential in the
direction normal to the vessel wall, and K is the overall mass
transfer coefficient of LDLs at the vessel wall.

In the actual calculations, the values generally reported in the
literature as a filtration velocity of water and an overall mass
transfer coefficient of LDLs at an arterial wall, 4 x 10 mms™!
(TEDGUI and LEVER, 1984) and 2 x 107’ mms™" (BRATZLER
et al., 1977, TRUSKEY et al., 1992), respectively, were used
as representative values for V,, and K under physiological
conditions.

2.4 Procedures for computation

Numerical solutions for blood pressure and velocity were
obtained from (3) and (4) using heat and flow simulation
software”, and then various haemodynamic properties, such as
velocity profiles, paths of fluid elements and wall shear stresses,
were evaluated as follows.

The trajectories of fluid elements in the arterial segment were
obtained by integration of the velocity of fluid elements with
respect to time, that is, by evaluation of the position vector of a
target fluid element r(¢), at each time #0<t<7), using the
following formula:

H(t + Ab) = r(f) + v(r)AL 7

where At denotes the time step of the evaluation. To ensure the
accuracy of the results, calculations were carried out under the
following constraint conditions:

|Ar| = |r(t + Af) — r(1)] < 0.0017, (8)
and
At < 0.0017, )
u

o

Wall shear stress was evaluated at each node on the vessel wall
by calculation of the velocity gradient in the direction normal to
the vessel wall, from velocity vectors parallel to the wall at the
nodes that constituted the element closest to the vessel wall and
by multiplication of it by the viscosity of blood.

Using the fluid velocities obtained at all the nodal points, the
governing equation of LDL transport in flowing blood was also
numerically solved by employing an in-house program code
based on the Galerkin finite element method with a streamline-
upwind technique (BROOKS and HUGHES, 1982). In the calcula-
tion of mass transfer, the solution domain was limited to the
region greater than 0.7R at all locations, as concentration
polarisation of lipoproteins was expected to occur only within
a thin fluid layer adjacent to the vessel wall whose thickness was
less than 0.05R. A constant concentration C,, which was the
same value as that given at the inlet, was applied to the inner
boundary of the selected region. Furthermore, to obtain a stable
numerical solution with the desired accuracy, the element in the

TStar LT version 2.1, distributed by CD Adapco, Japan

Medical & Biological Engineering & Computing 2002, Vol. 40

selected region was divided into two sub-clements in the radial
directions. The fluid velocity at the newly created node was
obtained by carrying out a linear interpolation.

3 Results

3.1 Characteristics of the flow through
anastomosed arteries

Fig. 3 shows the detailed flow pattern and distributions of fluid
velocity that were obtained by carrying out calculations of blood
flow based on a computational model that was constructed from
the shape of an anastomosed artery containing a moderate
stenosis, shown in Fig. la. In this calculation, the Reynolds
number at the inlet Re, was assumed to be 318, which was the
same as that used in the flow experiments carried out by
ISHIBASHI ef al. (1995).

The detailed flow pattern shown in Fig. 3a¢ was obtained by
tracing the paths of fluid elements that were chosen to depict the
characteristics of the flow in this vessel. The paths were
described using several different types of line, depending on
the magnitude of velocity at each location. It was found that
owing to the presence of a moderate stenosis on the inferior wall
of the vessel, flow separation occurred at location S, around the
apex of the stenosis, and then peripheral secondary flows from
the anterior and posterior walls entered the region of separated
flow from both sides. The fluid elements forming part of the
secondary flows slowly moved backwards along the inferior
wall on approaching the bisector plane, and then they suddenly
changed their directions and were drawn along by the rapid
mainstream in and very close to the bisector plane, after
describing a single orbit. By comparing the results with the
experimentally obtained ones shown in Fig. 14, it was found that
the flow pattern obtained by the present computation was
qualitatively the same as that found experimentally, although
the length of the recirculation zone in the bisector plane (the
distance from the separation point S to the stagnation point P)
obtained by the simulation was shorter than that obtained
experimentally (5.2 mm against 6.7 mm).

Fig. 3b shows the distributions of fluid velocity in the bisector
plane of the anastomosed artery. Numbers outside the vessel and
along the velocity distributions indicate the value of wall shear
stress calculated at the location in the bisector plane and the
maximum values in the velocity distribution, respectively.
Vector plots of a flow pattern and a contour map of the fluid
axial velocity in the cross-section of the vessel are also shown in
the Figure, respectively, in the right and left halves of the cross-
section at each location where a velocity distribution is shown. It
was found that the direction of the secondary flow changed at the
apex of the stenosis, and then the peripheral flow headed to
the inferior wall at sites distal to the stenosis. It was also found
that the distribution of axial velocity was largely affected by the
presence of the stenosis, which created regions of high wall shear
stress around the apex of the stenosis and low wall shear stress at
the inferior wall of the vessel distal to the stenosis, where
anastomotic intimal thickening developed.

Figs 4a and b show the results of the calculation of blood flow
at Re, =408 for the anastomosed artery containing no stenosis
shown in Fig. 15. As shown in these Figures, it was found that
the fluid elements in the main flow passed through the artery
almost parallel to the vessel wall, as shown by the solid lines
in Fig. 4a, and velocity profiles remained quasi-parabolic
throughout the entire arterial segment, as shown in Fig. 45.
Because of a slight constriction of the vessel at the site of
anastomosis, the slow peripheral flows adjacent to the anterior
and posterior walls were slightly disturbed at the anastomotic
junction, as can be seen by the wavy paths of fluid elements
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Re,=318
d,=3.97 mm
V,,=4x10°mms™'
K =2x10"7 mm s~1
D =5x108%mm2 s
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Fig. 3 (a) Detailed flow pattern in anastomosed artery containing moderate stenosis at inflow Reynolds number Re, = 318, obtained by tracing
paths of fluid elements chosen to depict characteristics of flow in this vessel. Velocity range, mms™': (-) 0=5; (- - =) 50-100; (---)
100-200; (——) >200. (b) Distributions of fluid velocity and wall shear stress in bisector plane. Vector plots of flow pattern and contour
map of fluid axial velocity in cross-section of vessel are also shown respectively, in right and left halves of cross-section at each location
where velocity distribution is shown. S and P indicate separation and stagnation points, respectively. Numbers outside vessel indicate

values of wall shear stress evaluated at each location

indicated by the broken lines, and wall shear stress was locally
elevated on both the inferior and superior walls in the region of
the anastomotic junction. However, no recirculation flow was
formed distal to the anastomotic junction, and there was no
region where wall shear stress was lower than that found in an
undisturbed region proximal to the anastomotic junction. These
characteristics of the flow in the anastomosed vessel without
a stenosis were also qualitatively the same as those found
experimentally.

3.2 Distribution of surface concentration of LDLs

Using the fluid velocities obtained for each computational
model of the anastomosed artery, calculations of mass transport
of LDLs were carried out, assuming that the water filtration
velocity at the vessel wall ¥, =4 x 10~> mms ™" (TEDGUI et al.,
1984), the overall mass transfer coefficient of LDLs at the vessel
wall K=2x10""mms~!. BRATZLER ef al., 1977; TRUSKEY
et al, 1992) and the diffusivity of LDLs in blood D=
5%107 mm*s™ .
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Fig. 5 shows a contour map of LDL concentration at the
luminal surface of the anastomosed artery containing a moderate
stenosis. The velocity distributions for this vessel are shown in
Fig. 3. In this Figure, the surface concentrations of LDLs C,, are
normalised by the value at the inlet C,, and their magnitudes are
expressed by colours and contour lines, as shown in the upper
and lower panels, respectively. A colour scale for the colour map
is shown in the upper right corner of this Figure, and the contour
lines in the lower panel are drawn at intervals ofa 2.5% change in
normalised concentration of LDLs. Owing to the difficulty often
encountered in the calculation of mass transport of a substance
with low diffusivity, which results in mass transport with a high
Peclet number, the shapes of the colour map and the contour
lines of the surface concentration of LDLs obtained were spiny,
making the Figure ugly. However, it was found that owing to the
semipermeable nature of the arterial wall, concentration polari-
sation of LDLs certainly occurred at the luminal surface of the
blood vessel, creating some regions of high and low surface
concentration of LDLs in the anastomosed artery, depending on
the degree of flow disturbances caused by the presence of a

Medical & Biological Engineering & Computing 2002, Vol. 40
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d,=4.21 mm
V,,=4x105 mm s
K =2x107 mm s~!
D =5x108mm2 s
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Fig. 4 (a) Detailed flow pattern in anastomosed artery without stenosis at inflow Reynolds number Re, = 408, obtained by tracing paths of fluid

elements that were chosen to depict characteristics of flow in this vessel. Velocity range, mms™

() 0-50; (- - -) 50-100; (---)

100-200; (—) >200. (b) Distributions of fluid velocity and wall shear stress in bisector plane. Vector plots of flow pattern and contour
map of fluid axial velocity in cross-section of vessel are also shown, respectively, in vight and left halves of cross-section at each location
where velocity distribution is shown. Numbers outside vessel indicate values of wall shear stress evaluated at that location

stenosis. As evident from this Figure, the surface concentration
of LDLs was locally elevated by more than 10% in a restricted
region distal to the stenosis, where a recirculation zone was
formed, whereas, in other regions, it increased by only 5% or
less. The highest value of C,,/C,, which was found just down-
stream of the apex of the stenosis, was 1.19, and the location
corresponded well to the site where intimal thickening devel-
oped preferentially.

Fig. 6 shows a contour map of the surface concentration of
LDLs in the anastomosed artery containing no stenosis, in which
no recirculation zone was formed. Velocity distributions for this
vessel are shown in Fig. 4. It was found that the surface
concentration of LDLs increased slightly (2.5% from the value
at the inlet) in the region distal to the anastomotic junction, but
there was no particular region where the surface concentration of
LDLs was locally elevated in this vessel.

3.3 Relationship between near-wall flow pattern,
wall shear stress and surface concentration of
LDLs in region of recirculation flow

Fig. 7 shows a detailed near-wall flow pattern expressed with
velocity vectors at locations 5 pm (corresponding to the size of
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one mesh) away from the vessel wall, a contour map of wall
shear stress (Fig. 7a) and a contour map of the surface concen-
tration of LDLs (Fig. 7b) in the anastomosed artery containing a
moderate stenosis, as observed normal to the inferior wall distal
to the apex of the stenosis where a recirculation zone was
formed. The contour lines were drawn at intervals of a 0.1 Pa
change in wall shear stress 7,, and a 2.5% change in normalised
surface concentration of LDLs C,,/C,.

As shown in the near-wall flow pattern, flow separation
occurred not only at one point S in the bisector plane of the
vessel just distal to the apex of the stenosis, but also along an
arched line that extended from the point S to both sides of the
bisector plane, and the fluid elements forming part of the thin-
layered peripheral secondary flows, which came from the lateral
walls in a paired structure, entered the region of separated flow
from both sides. Then, some of the fluid elements that entered
from points very close to both edges of the separation line
changed their directions and travelled backwards towards the
separation point S, and then they suddenly changed direction and
were drawn along by the mainstream in and very close to the
bisector plane of the vessel. Others that entered from points far
from the edges of the separation line moved towards the bisector
plane and encountered the fluid elements from the other side, and
then just flowed straight down.
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Re,=318
d,=3.97 mm
V=410 5 mms™!
K =207 mms
D =5:108mm2 s’

C,/C,
1.0 1.1 1.2

1.05

C,/C,=1.05
w/Co 1.025

Fig. 5 Contour map of LDL concentration at luminal surface of anastomosed artery containing moderate stenosis at Re,= 318, as observed
normal to bisector plane of vessel. Colour scale is shown in upper right. Contour lines were drawn at intervals of 2.5% change in

normalised surface concentration of LDLs C,,/C,

In this way, a standing recirculation (adverse flow) zone,
which occupied an elliptical area on the lower wall between the
separation line and the stagnation point P, was formed just distal
to the apex of the stenosis created at the site of an anastomotic
junction, as shown in Fig. 7. In the recirculation zone, near-wall
velocity of the fluid element was highest in the bisector plane,
and it increased from zero at the stagnation point P, reaching a

Re,=408
d,=4.21 mm
V,, =410 mm s
K =207 mm s
D =5:x108 mmZs!

maximum at a location a little closer from the midpoint to the
separation point S, and then decreased to zero at the separation
point S. Therefore the region of very low wall shear stress was
located at the periphery of the elliptical recirculation zone, where
fluid elements in the vicinity of the vessel wall encountered the
fluid elements from their opposite directions and formed stagna-
tion points, as shown in the upper half of Fig. 7a.

Fig. 6 Contour map of LDL concentration at luminal surface of anastomosed artery without stenosis at Re,= 408, as observed normal to
bisector plane of vessel. Colour scale for colour map is shown in upper right. Contour lines were drawn at intervals of 2.5% change in

normalised surface concentration of LDLs C,,/C,
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Fig. 7 (a) Detailed near-wall flow pattern expressed with velocity
vectors at locations 5 um away from vessel wall, contour map
of wall shear stress and contour map of surface concentration
of LDLs at inferior wall distal to stenosis, where recirculation
zone was formed (see Fig. 3) and surface concentration of
LDLs was locally elevated (see Fig. 5)

In the present case, there were four distinct regions where fluid
velocity and wall shear stress were very low. Out of these, two
were the regions that included the points of flow separation S and
flow stagnation P, located in the bisector plane of the vessel. The
other two regions were located close to the separation point S,
but on both sides of the bisector plane just distal to the arched
separation line. These two regions were the very spots where the
fluid elements in the thin-layered peripheral secondary flows
that came from the lateral wall encountered the fluid elements
in the adverse flow and formed a stagnation point. The point of
the highest surface concentration of LDLs was located within
these two regions, as shown by a contour map in the lower half
of Fig. 7b. The surface concentration of LDLs at these two
stagnation points was approximately 20% higher than that at the
entrance and the bulk flow.

3.4 Effect of locally varying water filtration velocity on
surface concentration of LDLs

We have shown in this study that a local flow disturbance
created by the presence of a stenosis in an anastomosed artery
affects the transport of LDLs to the artery, resulting in the
formation of regions of high and low LDL concentration at the
luminal surface of the arterial wall. This concentration polarisa-
tion of LDLs is caused by the presence of a water filtration flow
at the vessel wall. Hence, to find ways of reducing intimal
thickening at the anastomotic junction, we tested the effect of
water filtration velocity on LDL concentration at the luminal
surface of the anastomosed artery, by locally varying the value of
the water filtration velocity at the wall in the receding portion
of the stenosis where blood flow was locally disturbed.
Calculations were carried out for blood flowing at Re, =318
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through the anastomosed artery containing a moderate stenosis.
It was assumed that, as shown in Fig. §, the water filtration
velocity at the vessel wall varied only in the segment distal to
the stenosis surrounded by broken lines, where a recirculation
zone was formed. The values of the water filtration velocity at
the wall proximal and distal to the segment were set to be
Vy=4x10"mms™', and the value at the segment was
varied in the three steps, namely, ¥V, = 8 x107%, 4 x 107 and
4x10"°mms™".

Fig. 8 shows the distribution of LDL concentration at the
luminal surface of the anastomosed artery. The regions of high
and low LDL concentrations are expressed by red and blue
respectively. As shown in Fig. 8b, it was found that the
concentration polarisation of LDLs was augmented by
increasing the water filtration velocity at the vessel wall, and
the surface concentration of LDLs was elevated up to 30% from
the value at the inlet at the receding portion of the stenosis by
raising the water filtration velocity to a value two times higher
than that in the proximal and distal segments of the anastomosed
artery. In contrast to this, as shown in Fig. 8c, there was no area
where the surface concentration of LDLs was locally elevated in
the anastomosed artery when the water filtration velocity in the
segment containing the anastomotic junction was decreased to a
value one order lower than that in the proximal and distal
segments. These results suggested that elevation of the surface
concentration of LDLs at the receding portion of the stenosis,
which was caused by a disturbance of blood flow, could be
reduced by locally decreasing the water filtration velocity at the
vessel wall.

4 Discussion
4.1 Validity of the present calculations

Using the same anastomosed arteries as those adopted in the
present study to construct anatomically realistic models for
computational analyses of blood flow and LDL transport,
ISHIBASHI ef al. (1995) have carried out flow studies and
histological examinations of arterial walls. They showed that,
in the case of the anastomosed artery with a stenosis shown in
Fig. 1a, flow separation occurred around the apex of the stenosis,
resulting in the formation of a region of slow recirculation flow
with low wall shear stress distal to it. They also showed that a
moderate intimal thickening occurred adjacent to the recircula-
tion zone, with the point of maximum thickness located around
the point of flow separation. In contrast to this, in the case of the
anastomosed artery without a stenosis shown in Fig. 15, neither
formation of a recirculation zone nor development of an intimal
thickening was observed. The difference in flow patterns
between these two anastomosed arteries were well represented
by our calculations, as shown in Figs 3 and 4. As we assumed in
the calculation that the distribution of fluid velocity at the inlet of
the artery was parabolic and the geometry of the vessel was
symmetric with respect to the bisector plane of the vessel, the
flow paths calculated for the artery with a moderate stenosis
(Fig. 3) were slightly different from those obtained experimen-
tally (Fig. la).

To be more specific, the recirculation zone obtained experi-
mentally occupied a slightly wider area distal to the stenosis than
that obtained by our calculation. Therefore we may be under-
estimating the effect of local flow disturbance on the occurrence
of intimal thickening and LDL transport in the anastomosed
artery. However, the results obtained by our computational
analyses are consistent with the experimental finding that there
was a strong positive correlation between the preferred sites of
intimal thickening and the regions of slow recirculation flows
with low wall shear stresses in end-to-end anastomosed arteries.
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Re,=318
d,=3.97 mm
V,,=4:105 mm s
K =210 mms1
D =508 mm2s1

— 105 -1
V=410 mm s

- O

— w106 -1
V,=4:10"°mm s

Fig. 8 Effect of water filtration velocity at vessel wall on distribution of LDL concentration at luminal surface of anastomosed artery containing
moderate stenosis. Note that locally elevated surface concentration of LDLs distal to apex of stenosis was further increased or decreased

by locally increasing and decreasing water filtration velocity

As the diffusivity of LDLs used for the calculations of LDL
transport was very small, the Peclet number became extremely
large, making it difficult to solve the governing equation
numerically. To overcome this, the solution domain for LDL
transport was limited to a region near the vessel wall, where
fluid velocity was low, because the concentration of LDLs
changes only in the vicinity of the wall (WADA and KARINO,
1999; 2002a). Furthermore, we adopted smaller-sized elements
for the calculation of LDL transport by dividing the elements
used for the calculation of blood flow into two sub-elements in
the radial direction. Concerning the convergence of the solution
with the element size, we have examined this by carrying out
calculations of LDL transport using various element sizes. As a
result, it was confirmed that the value of the maximum surface
concentration of LDLs converges as the number of re-division
of each clement in the radial direction increases, and an
adequate value was obtained in the present calculation.
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Although numerical fluctuation remained in the contour map
of LDL surface concentration shown in Figs 5 and 6, the value
of LDL concentration falls into a physical range (0.996 < C/C,
< 1.19). Therefore we considered that the numerical solution
for LDL concentration obtained by our calculation was accurate
enough and acceptable.

4.2 Relationship between intimal thickening and
surface concentration of LDLs

Our new finding in the present study was that, owing to the
semipermeable nature of the vessel wall, concentration polari-
sation of LDLs occurred at the luminal surface of the anasto-
mosed artery, and the surface concentration of LDLs was
locally elevated at a site where flow was locally disturbed and
wall shear stress was relatively low. Moreover, the site of high
LDL concentration corresponded well with the site where
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intimal thickening was observed (ISHIBASHI et al., 1995). In
contrast to this, no significant elevation of surface concentration
of LDLs occurred in the anastomosed artery in which no
stenosis was formed and no intimal thickening was observed.
These results suggested that the number of LDLs accumulated
on the luminal surface of the arterial wall (surface concentration
of LDLs) was directly reflected in the number of LDLs taken up
by the arterial wall, leading to thickening of the vessel wall.
With respect to this, there have been several articles that
reported that clevation of the lipoprotein level in blood
promoted the uptake and internalisation of LDLs (VASILE
et al., 1983) and accumulation of cholesterol and its ester
within the intima of arteries (ROSS and HARKER, 1976; HOFF
and WAGNER, 1986), leading to the development of athero-
sclerotic lesions and intimal hyperplasia both in humans and
experimental animals (KLYACHKIN ef al., 1993; STARY ef al.,
1994; BAUMANN et al., 1994, HUNNINGHAKE, 1998; CAMPEAU,
2000). What we have shown in our present work is that local
flow dynamics affects, not only the distribution of wall shear
stress, but also the transport of LDLs from flowing blood to an
arterial wall, creating preferred sites of intimal thickening in
anastomosed arteries. The fact that the surface concentration of
LDLs is still elevated at the very site where intimal thickening
has already occurred suggests that there is a possibility that
thickening of the intima further progresses at this site.

4.3 Our viewpoint on the role of haemodynamics in
the localisation of vascular diseases

It has been considered that localised pathogenesis and deve-
lopment of anastomotic intimal hyperplasia and atherosclerosis
occur as summations of various biological responses to mechani-
cal stimulations given to the endothelium of arterial walls by
wall shear stress. Thus most researchers investigating the
mechanisms of the localisation of these diseases have concen-
trated their efforts on finding the value of wall shear stress in
various arteries and its spatial and temporal variations (ZARINS
etal., 1983; KU ef al., 1985; SOTTIURAI ef al., 1989; ASAKURA
and KARINO, 1990; BASSIOUNY ef al., 1992; PEDERSEN ef al.,
1999; KLEINSTREUER ef al., 2001).

Certainly, the results of the experimental study by ISHIBASHI
etal., (1995) and our calculations showed that intimal thickening
occurred at sites of low wall shear stress in the anastomosed
artery with a stenosis. However, the region of low wall shear
stress, which extended from the point of flow separation to the
stagnation point covering the whole area occupied by recircula-
tion flows, contained a wide area where no intimal thickening
occurred (Fig. 7). Therefore it was suggested that there are
several factors relating to local flow dynamics that distinguish
the particular region of low wall shear stress from other regions
and that lead to localised genesis and development of intimal
thickening.

As shown in Fig. 7, in the recirculation zone, the surface
concentration of LDLs was significantly elevated only at the
receding portion of the stenosis close to the point of flow
separation, where intimal thickening developed. Despite the
low wall shear stress, the surface concentration of LDLs was
not clevated as much around the stagnation point in the
recirculation zone. Therefore it was considered that the differ-
ence in surface concentration of LDLs reflected the difference in
local flow pattern that created the region of low wall shear stress.

Our previous studies on LDL transport through a straight
artery (WADA and KARINO, 1999) showed that the surface
concentration of LDLs increases with decreasing flow rate,
hence wall shear stress, and increasing the distance from the
entrance of the artery, indicating that the concentration polarisa-
tion of LDLs is augmented by elongating the period during
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which LDL molecules travel along the vessel wall in contact
with the wall, as water content in blood decreases by the
presence of a filtration flow at the vessel wall.

If we consider the same mechanism for the case of the
anastomosed artery with a moderate stenosis used in the
present study, it is expected that the highest surface concentra-
tion of LDLs appears, not at the point of flow separation, as the
concentration boundary layer is destroyed at that point, but at
sites somewhere in the recirculation zone, where fluid elements
and LDL molecules arrive after travelling a long distance along
the anterior and posterior walls and stay for a long time before
leaving the region of separated flow by being drawn along by the
fast mainflow. This is exactly what we found in our present study
(see Figs 3 and 7).

Therefore it was confirmed that the surface concentration of
LDLs is determined, not only by the value of wall shear stress at
a location, but by near-wall flow patterns that determine the
paths and the velocities of fluid elements and LDL molecules
taken to reach a particular site and the duration of their
interactions and contact with the vessel wall, which could be
important for the uptake of LDLs by endothelial cells. This is our
novel viewpoint on local flow dynamics creating a low shear
region based on mass transport, and it consistently explains the
experimental finding that there exists a strong and positive
correlation between the preferred sites of intimal thickening
and the regions of slow recirculation flows with low wall shear
stresses in the end-to-end anastomosed artery.

4.4 Concentration polarisation of LDLs under
in vivo conditions

It should be noted that our calculations of LDL transport in
flowing blood were carried out under the assumption that the
flow was steady and the permeability of the endothelium to water
and LDL was uniform in the artery. Under the in vivo condition,
the concentration polarisation of LDLs would be impaired by
flow disturbances created by the pulsatility of the blood flow,
especially in the region where a recirculation zone forms and
vanishes periodically. It would also be affected by a regional
difference in permeability of the endothelium (CHUANG, ef al.,
1990), especially where there are leaky spots (WEINBAUM et al.,
1985) and by its dependency on wall shear stress (Joeral., 1991;
FRIEDMAN ef al., 2000).

Regarding the effect of the pulsatility of the flow on the
concentration polarisation of LDLs, we previously carried out
calculations of surface concentration of LDLs in an artery with a
multiple bend by varying the Reynolds number periodically
(WADA and KARINO, 2002a). We found that, although the
degree of concentration polarisation was diminished by the
pulsatility of the flow, the location of the specific region of
high surface concentration of LDLs remained almost the same
as that found under the condition of a steady flow.

Regarding the effect of the regional difference in perme-
ability of the endothelium to water and LDLs, we calculated the
distribution of LDL concentration at the bumpy luminal surface
of the endothelium, where filtration of water is confined to
junctions of endothelial cells, and confirmed that the concentra-
tion polarisation of LDLs certainly occurs even in this case
(WAaDA and KARINO, 20025). It has also been shown that the
intima of an arterial wall, where atherosclerotic changes and
intimal thickening occurred or tend to occur, is easily stained
with dyes such as Evans blue (FRY, 1977), indicating that the
permeability of the vessel wall to plasma proteins is increased
there. However, the permeability of the endothelium to LDLs
must be much smaller than that to water, even at such a leaky
spot, as the molecular size of LDL is much larger than that of
water. Therefore we considered that the concentration of
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polarization of LDLs occurs even irn vivo at such sites, although
the degree of concentration polarisation will be affected by flow
disturbances created by the pulsatile flow prevailing there.

4.5 Application of the results obtained to
a clinical problem

As an application of the results obtained by the present
computational studies to a clinical problem, we showed that,
by reducing the water filtration velocity at the vessel wall
around the anastomotic junction, including the preferred sites
of intimal thickening, we can lower the surface concentration of
LDLs there. This suggests that the development of anastomotic
intimal hyperplasia could be prevented by lowering the perme-
ability of the endothelium by either topically applying a drug to
the vessel wall or externally coating the portion of the vessel
with a water-impermeable material. In connection with this,
there have been several interesting reports that, in bypass
grafting, interposition of a short segment of a vein (a vein
cuff) between an expanded polytetrafluoroethylene (¢PTFE)
graft and an artery at a distal anastomotic site diminished
intimal hyperplasia and improved long-term patency rate
(MILLER ef al., 1984; TYRRELL and WOLFE, 1991; TAYLOR
etal, 1992).

It is very likely that, as the permeability of the wall of a vein to
plasma is much lower than that of the ePTFE graft, even after its
implantation in the arterial system, the presence of the interposed
vein cuff reduces the degree of concentration polarisation of
LDLs at the luminal surface of both the graft and host artery in
the region of the anastomotic junction, resulting in a lower
uptake of LDLs by the endothelial cells there. Reduction of flow
disturbances in the anastomosed vessel, by attenuation of the
compliance mismatch between the graft and the artery through
adaptive changes of the geometric structure of the walls of both
the interposed vein and the host artery at the anastomotic
junction, would help reduce the regions where concentration
polarisation of LDLs occurs.

Although there is no evidence directly to support our
speculation, it has been shown that an increase in the perme-
ability of a vessel wall to plasma leads to the development of
intimal thickening (MII et al., 1990), even if the luminal
surface of the vessel is completely covered with endothelial
cells (WADA et al., 2001a). Judging from the above result, it is
also foreseeable that, in contrast to the above case, a decrease
in the water permeability of a vessel wall leads to the
mitigation of intimal hyperplasia. To confirm our prediction,
it is necessary further to investigate experimentally the effects
of the water permeability of a vessel wall on the uptake of
LDLs by endothelial cells and the development of intimal
hyperplasia.
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