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Abstract: In order to find out the role of blood flow
in the localization of vascular  diseases,
computational studies based on various hypotheses
were carried out. The computational analysis of
mass transport of lipoproteins in blood flow in the
artery showed that the concentration of lipoproteins
islocally elevated on the vessel wall at low wall shear
region due to the permeable nature of the blood
vessel. From this simulation we derived a hypothesis
that the localization of atherosclerosis results from
the hyper cholesterolemic environment generated by
the flow-dependent concentration polarization of
lipoproteins.  The computer simulation of the
development of vascular diseases based on the high
or low wall shear stress hypothesis showed the
importance of the change in the geometry of the
blood vessdl to investigate the relationship between
the hemodynamics and the localization of the
vascular disease. These computational approaches
lead new speculation and provide usinsight into the
localization mechanism of vascular diseases.

Introduction

A lot of experimental observations indicate that
hemodynamic factors are involved in the localized
pathogenesis of vascular diseases such as intimal
hyperplasia, atherosclerosis and aneurysm in the arterial
system [1]. However, the precise mechanism has not
been elucidated yet. Blood flow induces mass transfer
between flowing blood and arterial wall [2] as well as
mechanical stimulation which causes various biological
responses of vascular cells [3]. Thus, it has been
speculated that the mechanical role of blood flow is
related to the localization of vascular diseases. In order
to verify this speculation, we have carried out computer
simulation of blood flow and mass transfer in arteries
based on various hypotheses. In this paper, recent
results obtained by our speculation-based analyses are
described.

Flow-Dependent Concentration Polarization of LDL

Due to particular semi-permeable nature of arterial
wal to plasma, the permeability coefficient to
macromolecule is one or two orders smaller than that of
the water. This difference could cause concentration
polarization of low density lipoprotein (LDL) on the

surface of arterial wall [4]. Since the elevation of the
LDL level promotes the accumulation of cholesterol
within the intima[5], it is suspected that flow-dependent
concentration polarization of LDL creates a favorable
condition for the genesis and development of
atherosclerosis and intimal hyperplasia.  In order to
evaluate the degree of concentration polarization of
LDL in arteries, we have calculated LDL transport from
flowing blood to arterial wall in various anatomical
models of the artery.

Mass Transport Model

Steady state mass transport of lipoproteins in the
flowing blood is described by

u-vC-DV2C=0 (1)

where C is the concentration of LDL, D is the
diffusivity of LDL. The velocity of blood flow, u, is
obtained by the governing equations of blood flow,
which is the continuity and Navier-Stokes equations;

V-u=0 2
p(U-V)u=-VP+ uv3u (3)

where P is blood pressure, p and p are the density and
viscosity of blood, respectively. The filtration property
of the arterial wall is expressed by the boundary
conditions at the wall of blood flow

u, =V, 4
and mass transport
C.V,-D o« _ KC (5)
ww 6” w

where V,, is the water filtration velocity, C, is the
surface concentration of LDL, n is a coordinate normal
to thewall, and K is the overall mass transfer coefficient
of LDL at the vessel wal. Eq. (4) shows the mass
balance among the amount of LDL being carried to the
wall by the filtration flow, diffusing back to the
mainstream, and passing through the wall.

Equations (1)-(3) were solved with a Galerkin-
finite element method with streamline upwind technique
[6]. The solution domain was divided into linear brick
elements in order for blood flow analysis. For the
calculation of mass transfer, to reduce the computational
cost and increase the accuracy of the calculation, the
solution domain was limited to near the wall where
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concentration polarization of LDL occurs, and the
selected region was sub-divided into smaller elements.

Case Study |: Multiple-Curved Artery

Firstly we investigated the mass transport of LDL
in the human right coronary artery with multiple bend
[7]. The geometry of the artery was obtained by tracing
the outline of the transparent artery which was
previously used in flow study [8]. To make the
calculation as simple as possible, it was assumed that
the vessel was structurally symmetric with respect to its
common median plane, and the cross-sections were
circular at any location along the entire vessel segment.

Figure 1 shows the distribution of wall shear stress
induced by blood flowing through the vessel model of a
human coronary artery with multiple bends. Reynolds
number at the inlet was assumed to be 500. It was
found that reverse flow occurs at the downstream of the
bend where the wall shear stress becomes relatively low.
Figure 2 shows the distribution of LDL concentration at
the lumina surface of the vessel. The calculation was
conducted by assuming the filtration velocity of water at
the vessdl wall, V,, = 4x10° cm/sec, the overall mass
transfer coefficient of LDL at the arteria wall, K =
2x10°® cm/sec, and the diffusivity of LDL, D = 5x10®
cm?sec. The surface concentration of LDL is locally
elevated by 35% at the inner wall of the curved segment
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Figure 1: Wall shear stress distribution of steady
blood flow in multiple bend artery at Re = 500.
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Figure 2: LDL concentration at the luminal surface of
the multiple bend artery.

where the wall shear stress is relatively low. This
corresponds to the location of wall thickening observed
in transparent artery [8].

Case Study I1: Anastomosed Artery

Next, to investigate the effect of locally disturbed
flows on the distribution of surface concentration of
LDL in end-to-end anastomosed arteries, we
constructed two anatomically realistic models from the
photographs of the transparent arteries with and without
a moderate stenosis and carried out computer
simulations of blood flow and LDL transport in these
arteries[9].

Figure 3 shows the flow pattern and the distribution
of surface LDL concentration in the anastomosed artery
containing a moderate stenosis. Due to the semi-
permeable nature of the arterial wall, concentration
polarization of LDL certainly occurs at the luminal
surface of the blood vessel, creating regions of high and
low surface concentration of LDL in the anastomosed
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Figure 3: Flow patterns and surface concentration of
LDL in the anastomosed artery with a moderate
stenosis
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Figure 4: Flow patterns and surface concentration of
LDL in the anastomosed artery without stenosis.
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artery depending on the degree of flow disturbances
caused by the presence of a stenosis. As evident from
this figure, surface concentration of LDL is localy
elevated by more than 10% in a restricted region distal
to the stenosis where recirculation zone is formed, while
in other regions it increased by only 5 % or less. The
highest value of C,/C, which is found just downstream
of the apex of the stenosisis 1.19, and the location well
corresponded well to the site where intimal thickening
develops preferentially.

Figure 4 shows the results for the anastomosed
artery without stenosis in which no recirculation zone is
formed. It is found that the surface concentration of
LDL increases dightly (2.5% from the value at the inlet)
in the region distal to the anastomotic junction, but there
is no particular region where surface concentration of
LDL islocaly elevated in this vessel.

These two case studies based on the anatomically
realistic model of coronary artery and anastomosed
artery indicate that flow-dependent concentration
polarization of LDL plays an important role in the
localized pathogenesis and  development  of
atherosclerosis and anastomotic intimal hyperplasia in
the human arterial system by locally €elevating the
surface concentration of LDL.

W SS-Dependent Progression of Vascular Diseases

To investigate the effects of wall shear stress (WSS)
on the localized development of various cardiovascular
diseases such as atherosclerosis, intimal hyperplasia and
aneurysm, we have carried out a computer simulation
which follows up the geometrical change of the vessel
accompanied with the progression of the diseases
induced by WSS,

Case Study I: Thickening of the Vessel Wall Induced
by Low WSS

Based on the fact that atherosclerosis is likely to
occur a alow wall shear stress region in the artery [10],
it was assumed that the vessel wall thickens inward at
the location where flow induced WSS is less than a
threshold value, ty,. In this simulation, the amount of
thickening of the wall during a certain period which
corresponds to a computational step is given by

:{ C(Tth_T)/Tth

0 for 7 > 7y,

for r <z,

(6)

where t is the wall shear stress obtained by the flow
calculation in the artery, and C is a coefficient.
Computer simulations were conducted by repeating
the calculation of blood flow, evaluation of wall shear
stress, and change in the geometry of the vessel by
thickening of the wall. A new geometry of the vessel
was obtained each step by moving the nodal points on
thewall by 6 in the direction normal to the lumen. Then
the solution domain was re-meshed for the new
geometry. This process was repeated until a stable
geometry of the vessel was obtained. The values of T,

Q =2.83x10® mmd/s

=0.28Pa

Figure 5: Time course of the thickening of vessel
wall and the change in the geometry of the arteria
model with a multiple bend induced by low wall
shear stress.

and C were chosen to be 1.2 Pa and 100 pm,
respectively [11].

Calculations were carried out for blood flowing at a
physiological flow rate of 2.83x10° mm¥sec in the
human coronary artery model shown in the previous
section. The Reynolds number defined at the entrance
was 250. A stable geometry of the vessel was obtained
in 40 steps.

Figure 5 shows the progress in the thickening of the
vessel wall from the initial state to the final stable state.
It isfound that wall thickness increases nonlinearly with
computational steps, indicating that change in geometry
affects the new development of the wall thickening.
The wall is most thickened around the common median
plane at the inner wall of the hind half of the bend (C),
wherethewall isrelatively low at the initial state.

Figure 6 shows the relationship between the wall
shear stress in the initia state and the thickness of the
wall in the final state at various locations in the artery.
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Figure 6: Relationship between WSS in the initia
state and the wall thicknessin the final sate.
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It is found that thickening occurs even at the sites where
wall shear stress is larger than the threshold value in the
initial state because change in the geometry of blood
vessel creates a new site of low wall shear stress. There
is a tendency that the wall thickens at the site of low
wall shear stress in the initial state. However, lower
wall shear stress in the initial state does not always
generate thicker wall. This indicates that the final
thickness of the wall is determined by not only the value
of wall shear stress in the initial state but also the flow
patterns affected by the change in geometry of the blood
vessel.

Case Study I1: Development of Aneurysm Induced
by High WSS

In contrast to the localized pathogenesis of
atherosclerosis, intracranial aneurysm is likely to occur
at sites where WSS are relatively high [12]. To express
the local expansion of blood vessel in the development
of aneurysm, we made a hypothesis that the high local
wall shear stress leads to degeneration of the arterial
wal [13] and the Young's modulus of the wall
decreases at a constant rate when the local WSS is
above athreshold value, Ty,

E'=E/k for z>7y (7)

where E' and E are the new and old Young’'s modulus
and k is the degeneration ratio. Under this hypothesis,
we have simulated the formation and development of
intracranial aneurysms in various artery models by
repeating blood flow analysis and structura analysis of
thevessal. That is, starting from an initial geometry and
material properties of the eastic artery, the following
procedure was repeated; calculate the deformation of
the artery at a physiological blood pressure, calculate
the blood flow in the deformed artery, and change the
local Young's modulus of the wall depending on the
WSS obtained from the flow calculation.

Figure 7 shows the change in the shape and WSS
distribution of a curved artery at simulation step 1, 5, 10,
15, 20 and 25. This simulation was carried out for
blood flow at Re = 165 in the artery curved at 90 degree
with an inner and outer diameter of 2.7 mm and 2.2 mm,
respectively. Theinitial Young’'s modulus of thewall is
uniformly 2.0 MPa. The threshold value of the WSS and
the degeneration ratio were chosen at ty, = 5.0 Paand k
= 1.5, respectively.

Initially, high WSS in the curved part leads to an
increase of the vessel diameter in a wide range. The
high WSS region is not observed at the same site in
each step. Small fluctuations of the shape occur inside
the bulged regions creating high and low WSS, and it
leads to further increase in the height of the bulge. With
progression of the aneurysm, the inside of the bleb is
dominated by low WSS and the development of
aneurysm gradually settles down. At step 25, the
maximum radius of the artery at the aneurysm increases
to about 2.1 times of the initial radius. This simulation
suggests a possible mechanism of the progression of
aneurysm that a small deformation in the arterial wall
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Figure 7: Progression of aneurysm of the curved
model. The color map indicates WSS vaue. The
aneurysm develops both in the height and width
direction.

can cause the re-distribution of the WSS, which in turn
causes the degeneration of the wall and leads to more
deformation of the wall. This process repeats and
finaly forms the aneurysm.

Conclusion

In this paper, the mechanical role of blood flow in
the localization of vascular diseases was investigated by
computer simulation. The mass transport analysis
revealed that the concentration polarization of
lipoproteins occurs at the lumina surface of the
permeable wall and that the blood flow affects the
surface concentration. The computer simulation led to a
speculation that the localization of atherosclerosis
results from the hypercholesterolemic environment
which is generated by the flow-dependent. The
developments of wall thickening and local expansion of
the artery were aso analyzed by including the
hypothesis of high and low wall shear stress into the
computer simulation. The computer simulation showed
the importance of the change in the geometry of blood
vessel in the relationship between the hemodynamics
and the progression of the vascular diseases. These
fact-based and speculation-based computer simulations
provide us with a new insight into the localization
mechanism of vascular diseases.
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