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NUMERICAL SIMULATION OF BLOOD FLOW AND CHOLESTEROL DISTRIBUTION
FOR MIDDLE CEREBRAL ARTERY WITH COARCTATION
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Abstract:

In order to understand of coarctation growth mecha-
nism in a blood tube, numerical analysis for blood flow and
cholesterol distribution in a blood tube was carried out.
Numerical results showed that back flow existed behind
the coarctation, and it was found that high blood pressure
(HBP), and nonelastic conditions increased the cholesterol
concentration behind the coarctation.
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1. Introduction

Because of the recent development of medical equip-
ments, early detection of vessel disease in a brain and cu-
re can be realized. However, judgment of disease condi-
tion strongly depends on doctor’s skill and experience,
and an objective criterion for treatment is strongly de-
manded. Therefore, it is required to investigate causes
and prevention of the disease from engineering view
points such as fluid dymanics and mass transfer. How-
ever, it is difficult to model the property of vessel expe-
rimentally. Therefore, numerical simulatrion by using
high performance computers must be a useful tool for it.

A coarctation, which is inflamed vessel wall, is a ves-
sel disease. This phenomenon blocks the blood flow, and
the growth of coarctation causes other diseases. In ge-
neral, it is well known that cholesterol distribution plays
animportant role in the growth of coarctation.

Torii et al. [1] have reported the effect of blood
pressure on aneurysm. Their model included the effect of
vessel wall movement on normal blood pressure (NBP)
and HBP. Kim and Ley [2] considered the cooling effect of
blood overinflamed atherosclerotic plaque. However, the
blood pressure effect and cholesterol distribution were
not considered in their analysis. Sugawara et al. [3] inve-
stigated the relation between the intravascular pressure
and the diameter of the carotid artery in six patients.
These results showed the relationship between pressure
and diameter was relatively linear throughout the cardiac
cycle. Therefore, it was found that movement of vessel
wall was expressed by a mathematical equation.

The final goal of this study is the development of si-
mulation code for understanding of coarctation growth,
which can be used for protection of blood tube desease.
As the first step, the two-dimensional simulation code
that can analyze the effect of blood flow and cholesterol
distribution on a coarctation has been developed.
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2. Model description and numerical
procedure

2.1. Model description

Figures 1 and 2 show an analysis area and schematic
model, respectively. In this study, the middle cerebral
artery (MCA) that had a coarctation with ratio of 30 %
was simulated under different vessel conditions; (a) is
NBP and elastic, (b) is NBP and nonelastic and (c) is HBP
and elastic.
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Fig. 1. Analysis area and coarctation point.
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Fig. 2. Schematic model of MCA with coarctation.

2.2. Govering equations

The governing equations for the flow in the blood tu-
be are the following continuity (1), Navier-Stokes (2),
(3) and diffusion (4) equations;
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These equations were transformed into a dimension-

less form as follows:
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Dimensionless numeber are as follows:

(8)

v X Y:l

U=u/1 v=v/L x=X
L L L L

L /pvz
T=t — P=
/v 14 p L2 ’

They were discretized by the finite difference method,
and solved by HSMAC method. Physical properties of blo-
od were used for the calculation and Schmidt number was
assumed to be 1000. Because vessel diameter was rela-
tively large and flow rate was high, blood was assumed
to be Newtonian fluid [1]. Mesh number and time step
were set to be (x,y) = (200,50) and 1.0x10° second, res-
pectively.

c
C=— Sc=—
c, p- (9

2.3. Boundary condition

Velocity in the inflow boundary was given by Fourier
series expansion by using the flow rate obtained by ultra-
sound Doppler [4]. Fourier series expansion of inflow bo-
undary can be written as follows:

N
a .
ui(t)z 7”+ ,,E:,, (ancosnt + bnsmnt) (10)

where g, is the modification coefficient; a, and b, are the
Fourier cosine coefficient and Fourier sine coefficient of
then-th term; tis the time. a,, a, and b, are expreseed as

a, =0.257, (11)

a, =[-0.27sin (0.1nm)+ 0.17sin (0.3n7 )+
+0.15sin (0.5nm ) —0.1sin (0.7n 70 )+
+0.08sin (I.Inm )+ 0.07sin 2nm )| /mn,  (12)

b, =[0.1+0.27cos (0.1nm)- 0.17cos (0.3n 7 )~
—0.15cos (0.5n71:) +0.1cos (0. 7nm)-
—0.08cos (I. Inm)-0.07cos 2n Tt)]/nn . (13)
Figure 3(a) shows inlet timedependent blood flow.

In this case Reynolds numeber changes between 80 and
380.
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2.4. Movement of vessel wall

For the movement of vessel wall, the following three
steps were considered. Firstly, stress at the vessel wall
was calculated by using the following equation:

G:r-AP (14)

h
where AP is expressed as AP = P, ;= Ppue- Prioog 15 time
dependent blood pressure value, which was determined
by the inlet flow. Therefore, the blood pressure is expres-
sed by using Fourier series equation (Eq. (10)). a,, a, and
b, are expreseed as

follows:

NBP (Normal blood pressure)
a, =174.5, (15)

a, = [-35sin (0.1nm)+ 20sin (0.3n7)+
+ 30sin (0.5nm ) —20sin (0.7nm )+
+ 10sin (I.Inm )+ 80sin (2n7)]/nm,  (16)

b, = [85 + 35cos (0.1n 70 ) 20cos (0.3nT)-
— 30cos (0.5n n)+ 20cos (0. nT )—
— 10cos (I.Inn )— 80cos (Zn i )]/n . (17)

HBP (High blood pressure)
a, =233.3, (18)

a, = [-62sin (0.1n )+ 35sin (0.3n7)+
+ 40sin (0.5n7) —25sin (0.7n7 )+
+ I5sin (I.Inm )+ 105sin (2n7)|mm, (19)

b, = [85 + 35cos (0.1nm)- 20cos (0.3n T )-
— 30cos (0.5n i ) + 20cos (0. nm )—
— 10cos (I.Inn )— 80cos (Zn T )]/n m.  (20)

In this study, the physiological ranges for NBP and
HBP are assumed to be 70-120 mmHg and 100-180
mmHg, respectively. P, was set to be 100 mmHg. This
value shows radius of standard vessel. Figure 3 (b) shows
the pressure waveforms for the HBP and NBP conditions.
Secondary, strain can be obtained as folows:

E=— 21
£ (21)
E denotes a Young's modulus which was assumed to
be 10°. Thirdly, deformation value of vessel wall is calcu-
lated by using radius of vessel and strain as follows:

L =re€ (22)

movement

Figure 4 shows time dependent deformation value of
vessel. The Maximum deformation value of vessel is 0.424
mm (HBP) and 0.228 mm (NBP).
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Fig. 3. Inlet timedependent blood flow (a) and blood pres-
sure wave form (b).
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3. Results and discussion

Figure 5 shows the effect of vessel condition on velo-
city distribution at peak systole.

The inlet maximum velocity is called as “peak systole”
(t=0.15). The results show fast velocity area appears on
the top of the coarctation and reverse flow appears be-
hind the coarctation. When the vessel diameter expands
at peak systole, distance between the coarctation and
vessel wall becomes wider. However, the vessel diameter
in the case (b) keeps constant value. In (b), distance bet-
ween the coarctation and vessel wall becomes narrow and
the fastest velocity appears above the coarctation.

Figure 6 illustrates the effect of vessel condition on
cholesterol distribution at peak systole.

Mostly cholesterol is transported by blood flow beca-
use of high Schmidt number system. Figure 5 shows that
reverse flow appears behind coarctation area. Therefore,
cholesterol is transported by the reverse flow and choles-
treol accumulated these area. Also, (c) has the highest
cholesterol concentration.

Figure 7 shows the effect of vessel condition on velo-
city distribution at peak diastole.

The inlet minimum velocity is called as “peak diasto-
le”. When the vessel diameter decreases at peak diastole,
distance between the coarctation and vessel wall becomes
narrow. Fast velocity area appears on the top of the coarc-
tation and the reverse flow appears behind the coarc-
tation, same as the case of peak systole as shown in
Figure 5.

Figure 8 indicates the effect of vessel condition on
cholesterol distribution at the peak diastole.

Cholesterol is transported by the reverse flow similar
to the case of peak systole, and this phenomenon enhan-
ces growth of coarctation. Also, cholesterol concentration
was increased under HBP and nonelastic conditions.

Effect of vessel condition on cholesterol distribution
in one cycle is shown in Figure 9.
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Fig. 5. Effect of vessel condition on velocity distribution (left) and its enlarged view in “behind coarctation area” shown in
Fig. 2 at peak systole (right). (a) NBP and elastic vessel, (b) NBP and nonelastic vessel and (c) HBP and elastic vessel.
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Fig. 6. Effect of vessel condition on cholesterol distribution in the blood tube (left) and in “beh ind coarctation area”
shown in Fig. 2 at peak systole (right). (a) NBP and elastic vessel, (b) NBP and nonelastic vessel, and (c) HBP and elastic
vessel.
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Fig. 7. Effect of vessel condition on velocity distribution (left) and its enlarged view in “behind coarctation area” shown in
Fig. 2 at peak diastole (right). (a) NBP and elastic vessel, (b) NBP and nonelastic vessel and (c) HBP and elastic vessel.
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Fig. 8. Effect of vessel condition on cholesterol distribution in the blood tube (left) and in “behind coarctation area”
shown in Fig. 2 at peak diastole (right). (a) NBP and elastic vessel, (b) NBP and nonelastic vessel, and (c) HBP and elastic
vessel.
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This result shows that cholesterol concentration chan-
ges between the peak systole (1.1 s) and the peak diastole
(1.3 s) in the cases of (a) and (c). Because the blood flow
suppresses the coarctation, cholesterol concentration be-
comes high value between peak systole. However, the co-
arctation expands at the peak diastole to decrease blood
flow rate. Therefore, dead space appears behind the co-
arctation area and cholesterol concentration decreases in
this area. Vessel diameter and back flow velocity of (b) re-
mained constant values and they were larger than those
of (a) (Figures 5 and 7). Therefore, cholesterol concentra-
tion of (c) is higher than that of (a).

4. Conclusions.

A simulation code for calculating velocity distribu-
tion and cholesterol distribution in a blood tube with co-
arctation under various vessel conditions has been deve-
loped. The numerical results showed the followings:

(1) Reverse flow appeared behind the coarctation.

(2) Cholesterol was transported to behind of the co-
arctation area by the reverse flow.

(3) HBP and noelastic vessel wall had a significant
effect on the blood flow and cholesterol distri-
bution.
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Nomenclature
a, : modification coeffcients [-]
a, Fourier cosine coefficient [-]
b, Fourier sine coefficient [-]
¢ : cholesterol concentration [mg/dL]
¢, : basecholesterol concentration (140) [mg/dL]
C : dimensionless cholesterol concentration [-]
D : diffusion coefficient [m?/s]
E :  Young's modulus [Pa]
h thickness of vessel wall [m]
L, omew: movement of vessel wall [m]
n : termnumber of fourier series [-]
p : pressure [Pa]
P. : timedependentblood pressure [mmHg]
P,.. baseline blood pressure value [ mmHg ]
P,.. : bloodpressurevalue [mmHg]
r @ radiusof vessel [m]
t @ time [s]
u : velocityin horizontal direction [m/s]
u, : inletvelocity of blood flow [m/s]
U : dimensionless velocity in horizontal direction [-]
vt velocityinvertical direction [m/s]
V' :  dimensionless velocity in vertical direction [ -]
Xx : coordinatein horizontal direction [-]
X : coordinatein horizontal direction [-]
y @ coordinatein vertical direction [-]
Y : coordinatein vertical direction [-]
€ : strain [-]
AP:  difference of blood pressure [N/m?]
At :  timestep [s]
v : kinematic viscosity [m?/s]
G : stress [N]
S. ¢ Schmidt number [-]
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