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Abstract : Coronary arteries are sujected to very different flow conditions compared to other arteries in systemic blood
csirculation. We performed a computatioal fluid dynamic research to investigate influence of such flow conditions in coronary
arteries on development and progress of atherosclerosis in the same. The results showed big differences in the flow field of the
coronary artery compared to the abdominal and femoral arteries. The coronary artery showed higher wall shear stresses due to
the small vessel diameter. On the otherhand, it showed only one vortex distal to the stenosis throat during a whole pulse
cycle. However, several vortices were observed in the abdominal and femoral arteries in both proximal and distal sides of the
stenosis throat. The wall shear stresses and extent of recirculation area were increased with impedance phase angle increasing
toward more negative values. Therefore, cardiac contraction and the negative impedance phase angle as large as -110° may
induce a flow field that accelerates atherosclerosis.

Key words : coronary artery(Z3%™), atherosclerosis(£978H) ., stenosis(B#E 2}, impedance phase angle(d3d A HolzPF),
wall shear stress(HRHde¢8), oscillatory shear index (¥ AHA] )
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Table 1. Comparison of physiological flow conditions between left coronary artery, abdominal aorta, and femoral artery
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Fig. 1. Comparison of blood flow waveform between coronary artery, abdominal aorta, and femoral artery

e oo w3 & rx) o waE 2(3), 4R ZdsH
o % 30 1 Aol EAEACh
r(x)=R~-S(x) (3)
s 2 ’
S(x) = O R 1—003[—”—()C—:x—')] , X £x<x,
=y 4 (x, —x))
0 otherwise 4
A7A, S FF 4 FolH Sg(~T Tt)/R =
qagne WARE J1Foe @ ¥R Aoy % RE
Aol gl Wwel WAE RE ?aa%thmau PR e
GeRE, i o B39 A%ES S U133
010
—— Non-Newtonian Fluid
-------- Newtonian Fluid
0.08}
0.06|
g
=
& 004
.‘;:
8
8
g 002t
000 s aa00ul ol st aannl PEFETETTTY SRR ETIT EEErE R TTT G )
1E 3 0.01 0.1 1 10 100 1(00 10(()(
(1/s)
a3 2. 3 Powell-Eyriing HIFS AT ng

Fig. 2. Comparison of blood flow waveform between
soronary artery, abdominal aorta, and femoral artery

B2). ol AE YUk WARE P A5 P 8%

51_77}2]4 710]“ 15D(D+= %-\47\]% @4- -‘?—E{ X,,7]].;(]‘4 2

ol 15D Rdy ssivl e HLE el 9% 4
AE2A Q& Fore WA 74hg HAEE A3y

3. € ZHo| AHEA £ HOIZ Y2 20

a7 300A, g2 3 AAd
9l e ed BE
ol HAAFALE
%i]g’._k] & = }\]z}z-] Xl_il"f—

ox %o
(ol o
L ok o

IR

71Ed

(5)

\ 4

a3 3. g& yuzng
Fig. 3. Model for the straight axisymmetric stenotic artery

J. Biomed. Eng. Res: Vol. 23, No. 6, 2002



440 AW - ol EA -

A71NA, Qmean® AZH BIFFOIH, Qumpis 9
ojtt. et Ast 7lETH B Abolel] FHREWZ
sl T AdlAe #3& Tebd 4 (6), (N} 2ol
gl 4 AAzde] Hh W, & & Cele tiy)sa
TUT dHow gy AARAE FASFAT

ro
o2

10
0n0=210 10 =20k, r (1) 3 n]-c,sin(non) + d,cos(aan] 0., 1) ©
n-1

_ Qi)
7ri (1) 7

inlet (

10

r(x,t) =R~ S(x)+r,,, > |c, cos(nar) + d, sin(net)]

i ®
Azl e WAEe WsE ushii: A8 A%
o 9B ABe At 9Y s FASIh: HHe
wel Pasch of W gAML FRUEHAN Y do]
HE Agsidt 4 @9 8Bes Tds 4 N

t=034s

50%

75%

a8 4. HEE(50%, 75%)0 ME st £7| ol AMSO pool QEX
Fig. 4. Variation of stream lines of the stenosed coronary artery model during one pulse period depending on stenosed

area reduction ratio(50% and 75%)

o] F53) A 1 423, A6E, 2002



239 FEEEH BHEY Rse) AP BB Bae FA7s A dAE 99 441

Fagond Juus Hozyde) Pl aels U A, FHEo] He gl nus g9o] ofF ok
b e7HoR f&o] gaE BT 4%
Ressle wUpgy 2

a9 5& ﬂ-rEHE"“Oﬂ/‘i 3 F7)15qE A7he] W3l up2

1. 1. 788 &4 $549) Wals Uehith t=009s= BasdabE g A%
19 4% WH ZAago] 50%, 5% BAFARD A § FEA fFo] F AHEE RHold iy e neExv
F7)5e Ajzke] Wl wE fEge] WakE bl t= A7 ) waold AAGE7] AFE, 1 g9 AgdAE
0.10s% A8 #5719 FHozA %%91 uba] o} wjAlgh B 2 e REAZ Z= P—’é}tﬂ e FEAE vela 3l
*(Vortex 7} FER sudoN FAH t=021se AR t} Bold AL gahgo]l ¥E Woll(50%), fEdel H B3
Z7194 g7z HEAHoR %4?0] wropA| | Hzhgol o HEAygg Hlve *V“Ol"% t=0.18s91x+= T4 AE
‘7%3 A$6G0%) e FEol AFRHHE Aol FTEdHth Babel Alsgd e Abejol A ZFek AdE(Shear layer)ol ¥4
t=024s 56 t=052s9] A% o1¢7] EFdelE F&o] HuHd gk t=0.23s, t=026sM = A% oldv]o wEt f-59 W
olgrirl #asTd B 9] A, B, Ml 7o o] npAHA wWm Foo REXFo] FYMOZT o]FEHH,

(a) 50%

(b) 75%

a8 5. HEE(50%, 756%)0 e o F7| sote| SLsY zEe| FEF
Fig. 5. Variation of stream lines of the stenosed abdominal aorta model during one pulse period depending on stenosed
area reduction ratio(60% and 75%)

J. Biomed. Eng. Res: Vol. 23, No. 6, 2002



442 v

o
A
o

ougtt t=0.18soMe ERiERR} v E FYAES
B Fo Aed I Aol B dido] gAY, t=
023sAME 54 ko] nho] AR dFaM 2A o

=032l BAP APpoz olf wHsst 9
04050 FE0) UA PO oA 14

5 mago

=)
[0
n
o g
>
t
i
I
ol
S,
BL’
ox xb
p
__’FL
7
& i
J
7%

O AE G5 BYel G EAFOL AT AT A G S w2 e 02t 3519 ol
e Resge) 4T BAFANE ALBIGe) T2 9 A8 Ao BB FAANA el melzrp 2a) 3
9% TR B4R wed] BIAEUIAL QIR A YL uolm FEAL A¥Fel AR SYBudly
APANE AeBISe] WAL o= §5 ZAGGo] Aok 040l HEO) B BAd olzn fEe
FEASA 2ol ol2 A% FABH Aol BAY A A RAY Ne|F Holm, =056s, =0TEsAN: §F 9 W
F2 1% 8 b4 onwh of T MO vHIEA WA Awe) F9d nys

2 68 ZEIN T FI5L AL Wil dle A g4an Angos nEdwe BAkUn Brogsus

ECI LR R B EEREE R T
oz 2x It Ae @ S aw?} RS

t=0s(0.75)9] H W) FAo] B mElzT} $59
ol ¢gos wahda @Ay ;m HHoR od

gl o rfr & o

(b) 75%

I8 6. HAB(B0%, 75%)M we gt £7| Z¢e| 1Yy g REH
Fig. 6. Variation of stream lines of the stenosed femoral artery model during one puise period depending on stenosed
area reduction ratio(50% and 75%)

9383 A A239, A6E, 2002



AnzE O & = Py Y <.
NS ¢EEED B45Y BRI BAED dnel U UgHel BxE 9% 443
500 500 05 .
i
— WSSmean 0% —— WSS amp 0 3 oSl 0%
400} - WSS mean 25% . WSS amp25: — OS! 25%
WSS mean 50% 4001 WSS amp 5 0% 04t 081 504
—-WSSmean7s%| | | O | WSSamp75% | | 0 E o F oy 08l 75%
é g a0 03t
c v
> — i
2 2001 he2 8 \
7] [ \
w
z 20 02t .
= ool
100f 4L
oF 0
100! L L . L 0 L L L L 00 7 f
3 [ 3 ] ) 12 3 [ 3 © 9 12 3 5 9 12
XD XD

(a) Mean wall shear stress

(b) Amplitude of wall shear stress

a8 7. &80 wE UAMFMo WHANCIEY Y DHFMe|FL| £
Fig. 7. Wall shear stress(WSS) and OSI distribution of rigid stenosed coronary artery along the vessel s axis depending
on stenosed area reduction ratio(0%, 25%, 50% and 75%)

(c) Oscillatory shear indes

150 600 05
—— WSS amp 0%)
w2 | e mean2S | sl 4 WSS amp 259 )
----- WSS amp 509 0.4k o et
[ ------- WSS amp 75%
€ w ‘ o v
@ 03} e -
g —_
& 60| 5
@ 8
7] 02}
T
ost 0%
- 08l 259
oF 0.1+ OSl 50%
S 08l 759
30 1 1 0.0 ' L L '
-3 6 9 12 -3 0 3 6 9 12
XD
(a) Mean wall shear stress (b) Amplitude of wall shear stress (¢} Oscillatory shear indes
O8 8. HEgd ME ER0ISMe| HHANCSY U DHACHK|R Bx

Fig. 8. Wall shear stress(WSS) and OS! distribution of rigid stenosed abdominal aorta along the vessel s axis depending
on stenosed area reduction ratio(0%, 25%, 50% and 75%)

osl

6800 2500
so0[ i
2000
€ a0 €
3 8
g £ 1500
5 wo 5
a2 b )
42} -
z X0 = 1000
100
| s00[
0
1 1 1 1 <
-100 0
- 0 3 6 2 12 -3 0 3 6 9 12

v

(a) Mean wall shear stress

a2 9. gilgo oE nFaol

75%)l wHERA
P73} A% 2
ol 39l Hol ARY

FAsHA F71ste WSSe| Haa 3

HAd

_10:17(1::}0

el we Wsse
R A0SDe] BE
) 58 A,

(b) Amplitude of wall shear stress

9 DHFPckx|fo| R
Fig. 9. Wall shear stress(WSS) and OS] distribution of rigid stenosed femoral artery along the vessel s axis depending
on stenosed area reduction ratio(0%,25%, 50% and 75%)

(c) Oscillatory shear indes

R AT 2(WSS)2) AR WSS7H €9 #ow "oiAtrt oAl HNEE 2o
2 Ygdt XD & & Yepdch Anmes @R Awy 2 2wl wwe] 4%
LEEBIEEEERR g Jlapl 53 822 AuwEs §5 AAQdede] auy
Zo] BANE PARE AN S4Ro2A FUASY WA A&BY PYAYE

J. Biomed. Eng. Res: Vol. 23, No. 6, 2002



N,
g,
“ %
o
ofN
2
o
=0
ol
&,
gk
Ha

444 A .
35 15
[=—wsd)| - . o [agwss)
30} — w
{ r 10+
250
< ool & 51
g 2 E
o + L
D K]
o 15 *— 8
s 0 s °
10} »
g 2
5| S
1] 8 10l 1
_5 " 1 " 1 " L " 1 1 n 1 " 1 : 1
-120 90 60 -30 0 90 60 30 0
IPA (Degree) IPA Degree)

a7 10. g&o| gl MY Y =82 W oM Alioh mHA Ho|=AZ(IPA)O mWE YIS (WSS)2| Hant TF vl

Fig. 10. Comparision of mean and amplitude of wall shear stress on the coronary artery and abdominal aorta models
with no stenosis depending on sinusoidal IPA

120
1201 —— WSS mean 0 -
100+
£ sop €
@ - o
[ 7]
5 60} g
= 5
2wl 5
=z »
L =2
20}
ol T
_20 1 " 1 n L " 1 " 1 " 1 L 1 L 1 "
25 20 15 10 5 0 5 10 15 _
X XD
(a) Mean wall shear stress (b) Section A
16.0
—— WSS mean 0 —— WSSmean 0
------ WSS mean -3
------ WSS mean -€0§
155}F | —--WSSmean -0
B 7]
()]
g S
T 150} k=J
»
] 7]
= =
15—
140 i 1 1 1 2 1 " 1 " i 1 1 i 1 n
-2.1 -1.8 15 42 -0.9 -06 03 06 09 12 15

XD

XD
(d) Section C

(a) Section B
a3 11. 50% &g Ze AasYy odojA AlRlnt YuHA Ho]=WZ(IPA) ME HA HHMHSE (MWSS)e 2%
Fig. 11. Distribution of mean wall shear stress on the coronary artery model with 50% stenosis depending on sinusoidal IPA

9| FE3) A 4237, A6ZE, 2002



o]

445
Hojr}
A

[e]

=

=

=

P DI E]

7k 04 RS gol $8€ @k 08Izl Yol gl

=+

ra

=

o 3

.

T2

A

Av e g

L

[
B

o] MWSS(Hd WSS)gk
zgy

e}

9§

Hyte] MWSS #7H4]

£y

%%

i

@, ¥

Nl
EA43

s
A

/2)1-

A
e

B
i)

ol A
o3

!
SEE

%9

WEA uEa} £ %

4
==

gko] A

e

B

R LIEE
A%o] 2

e

3

4(a)$} ¥

2
$uet AREE AR, F A9 92

r

3]

A

2

1A 2

#%5 2, FHAY FaE AR

&+

3

B

el
=

M5

A
Q

L

L

o

[¢)
0T

1
1o

9,]

I
B

A

W

o=

, A&} OSI9) #

1

o,

o
a

B ose gAY wssel By

%
o gol AW A, o As

ol e 4ugez a7 o

o WSS

e

"
[
ol

0.00

——WsSamp Q
- —-- WBSamp -3
- WWER D - 80
WESamp -90°

20

-010

XD
(b) Section A
(d) Section C

018

/

J. Biomed. Eng. Res: Vol. 23, No. 6, 2002

WSS amp 3°

- WSS amp A0°

wEgemp 80°
-0

T wesamp 0
10 ¢
-0.25

118 +
12

b

Z
&

i
ZEiA Ho|=YS(PA)O mE &

o)

T

ol
=

Holt. OSIgt

of ZHE FqolA 03 054019 goz
-5

Zdofia Alolx}
12. Distribution of amplitude of wall shear stress on the coronary artery model with 50% stenosis depending on

sinusoidal IPA

N

T

& wol
-10

-15
I;I_I-|I

-15
(a) Section B

(a) Mean wall shear stress
-2

[ |
R N

&y

20

- Y mrp -30°
= VS P 50°
oo WSS @M -6
- WWEE amp 9P

HAy v gk
—¥r33amp O

—WSSamp @

e e SWEE BT -3
=ZEs

25

-25

140}
120 L

185

18D}
185}

150 -

{puomeuip) SoAA

a3 12. 50%

Fig.



446

034=l, 2

_l:[L
OJJr 0.5%}o] 9} gho

237, 833 % F 2 9% 2}
& Bou} BR piFde) Aexd EPdsA # P
2. HUREg = 2 - OEHA HO|IZW2Q ¥t
1. M - Afol wakm)

2 dqoide dde ¥ueEe aysie dvds
= 9PZ(IPA; impedance phase angle)o] W& Blddut
(WSS; wall shear stress)94 Wg g RASIET o] o,
% r(x, U} F e e #Holz AFS JER
sl7] $13} *‘(84 01]"1 n=l% H3UHZ He g
FAHFA) FERAL X119 A F52ATF 2ol
o FZFIAoel A el FAR IAFHAX = F
WNEZz He HE 1002 FUL HEFosH &
Mol F43 YL m3ld 2002 FUh

05} -
A
\,/
04l
03+
8 02}
01
15
.'._;
_nmz i i i
45 1.0 05 D0 05
X0

(a) Section B

v & oo &
Jmﬁmvmam_@

ok ot N ]

He A8 E

aY 108 #Fo] gle HA darddA JPAY wE #
Agaz Brogsde WSS @iy HZe ¥iE 77
Edth TPA7ZY 0°~-111°2 &9 o olede] wet #
Fdel WSS HZEo| F7kslm, WSS & IPAVE -111°
-90°, -60°, 0°, -30°9 &AMz Atk BEdFUs [PAV}
0°~-90°2 Ztastel WSS AZ o] F7iatAet WSS Hr&

H}Uﬁi 7L}\zﬂ.q ,,}/\Liuu,]
EUH_,]

T IPA7} 0°9lA
31 AEL

T T

flo 0*‘

sl

-45°

S

2.2. gand - A2l

Ol
a9 11, 12, 138 HEeso] e F S 50% & #dF
e B

B mgo) sel Al

44% F7FeFAth (5

A Zo

A9 PAZE (ool q - 111°(84
A PAZS -11192 #W3hH WSS9 ﬁé&g
5.1% Z7keta

NZ 8 194% Z7)ekgch BEgEwe] A

-90°2 WEW WSSe #Hite

Fram

o}e}al

2.8
=

IPA(-90° ~

91%
BojEulo] 43 [PAF

0

15
D030 -
A
i ~D3 D
s |y R
3 i . s
0020 | b o3 af
o “a—
» b
D15 - 3
I b ..
N ‘\"\-_
000 - Y e
L N ————
0.005 - Lo
L :\\ e i
ncoo - T S
0005 1 1 L : 1 i
1.0 15 20 25 a0 35 40

(d) Section C

a8 13. 50% HES 2= BAEY DM Alela YmEA FHo|=HZ(IPA) of mE IHAFCHX|=(0S) e &
Fig. 13. Distribution of oscillatory shear index on the coronary artery model with 50% stenosis depending on sinusoidal IPA

92832 #2374, A6Z, 2002



Uge) $HLFD BAEY BHoke) At wREN Qe SU4s Ngel HAE g 447

600
- Flexible
<
o g 400+
I3 i
g H
E & 300f .
g {2 o
rt K
§ < 200f
=
100}
0
-5
(a) Mean wall shear stress (b) Amplitude of wall shear stress (c) Oscillatory shear indes

a3 14. 50% HE HHSY DM ARSE2ES] ¥ YHLE0| gl ot REY WHMRS0| 4% AT M2 |PA7E -120 ¢ {9
Bt mdlof vl

Fig. 14. Influence of cardiac contraction on 50% stenosed coronary artery: Comparison of a rigid model and a compliant
model with 4% wall motion and physiologcal IPA of -120°

500 800 05
—— IPA -120] — IPA-12(] ——IPA-124
40} - IPA45 IPA 45 0.4)- IPA 45
- - IPA 0 _ pao I IPA 0
. NE w00k
=2
3 2 03l
5 s
g ) @
8 3 S
L 02tk
% <§( 200
0.1
ok
[
100 A 1 1 1 0.0
-5 0 5 10 -5 0 5 10 -5
XD X/D
(a) Mean wall shear stress (b) Amplitude of wall shear stress (¢) Oscillatory shear indes

8 15. 4% YHRES 2= 50% HE A4S ndojse Mela oA Ho|=YZe A
Fig. 15. Influecne of physiological impedance phase angle on 50% stenosed coronary artery model with 4% wall motio

3° Aoz WaAl Agel = UYL WE WSSHT, e 4o ATl Bl g SuseAe A 2]
WSS A, 0Sle 2IE vehud, Y Soer)

2% 1AM A o HEehs BRE SusE a811b)o) 5. Am ~BSsol ds - Ma Sa
m, WSS He& [PAVF -90°, -60°, -30°, 0° &A= =d,
Bol sigel: ie Ss 29 1loold, WSS 328014 MHEES 2t wdd] Y8 Yo o] =o
IPAZF -90°, -60°, 0°, -30° &Auisolm AR Aol o ABL w o, ARG FTIHE TP B Ao
AR Cof AFehs FES IY 11@olF, WSSHEE  AE a9l 2o AYA FFINE HPeEe 2 @
IPAZ} -90°, -60°, -30°, 0° #Atl2 &9 2 gksh & w2 BabEy mdd H4slch 1Y 14 5% WE d3e
dolg ez AeBdde]l 1 AU Atk 1Y 2@ ¢ 2= BAEUd ety 4 §3ITNS Aade] un
o4 A, B, Coll agshe 2Re 22 78 120), (©), (@] $Fo] g BU 227 HueEo) 4% 9w IPAY} -120°
th ¥ 12(b)olA WSS ZZe TPAZE -90°, -60°, -30°, 0° ¢l frddk mde dig) WSset OSIE mlustgirl, ¥wes
FAUE ol 17 12ANHE FUT MU o), o= o gl A9 U= A%l v o 2 WSS NAE we)
uude daeh dA 29 12ADNNE FAT S ok 0SIY A%, WHLFol Qb el T WA HI o]
ualg, $202 oFehe Aol BANEY o= ALBYLe) T2

a8 13)E &AM #Easbd OSIel ExsF IPA -90° ofulgtt}, 1 159+ IPA7ZF 0°, -45°, -120°0 i3] v s}
60° -30° 0° MR FUge oExow A$H AL Utk PAgel Lo 2 g RSE WSS B AZo]
g 5 A o= AeBYeld 2717 o] wANE YL o) Aol 2 Hag o)Fn 0818 F WA YA oExow
o 28 13, (@A U2 OSIgE A olFslel Aiew 999 1% BHUe @ 4 A o
IPAZF -00°, -60°, -30°, 0° &M tlZ Zm, AN 2o oz me A HHIME Als siuolMsh SAsAE PA

J. Biomed. Eng. Res: Vol. 23, No. 6, 2002



- 1208k ol 2 &9 ghe 2w wHeHel i B9
WHsE FAANE FEBE 2L ¢ & Ao

)
)
ox
offl
2
dr
e
=
offt
2
=
oftt
=
lo
2l
i
ol
o
2
v
Lo e

91

2§
P
2
&
1
)
o,
ol
N
_O‘L
pats
~N
£
P
o
Y

oX 0%
o
ot &2
2 e
o
ok
=

PE—EHE
Bl org

s h

e

g

% T 4
ot I
[oF

X oo
[«i0
ot
S
2
a2
i)
=
O

oy [

_O'lld
8
e Ir
10
I
f

o
ox & r
Ju e
2

2
2
el
e M

=
o

-
o
Yl
lo |n

ox by Jy 4

>

B g
N
e
o>
oft
=2
=2,
o

i

rir

[

=

|>

i<

ot ol
2 o2 18
of 1g &

B g
4z o
Bl
e
o
=2
>
offt
>
2
e
o rlo
>

Su/N.-)
©

>
ot oy 1o oft
: i)
B
AR LA

o
=2
2

OSIgtel ZA Frvatdeh ohat, B
A& el OSIgtel 0o 7HH9-BE
3 ge @ FAAM OSIghol ZA Z718kA
@ MOSIY Feeld AuAe} Fris =2
ojom, T A Alol9] Ae Ae@dge 2
gl ARFAH At E ofulgct

AXgdgdel 24$, WSSHTS IPAZE -90°,
-30° MR, WSSHZL [PAZF -90°, -60°,
-30°, 0° ¢=AMUE Ak BR disde B9, WSS Bt
2JPAZ} 0°, -30°, -60°, -90° £ATE, WSS FL
IPA7} -90°, -60°, -30°, 0° &A= Atk J2 #LF
ol Z$, TPA7F -90°% o WSS #¥d, WSS
OSlgh, Axsadde) 7|7t 74 Ao ol 54
o] &9 & & zh= IPAFo] s9AsE o #we s
Z &9 IPAS YEliE Hog 43

o
N
[<S

=1
oft —
-

3}

g o

N _g‘ 5
:10 fuc)

ofl i rklﬂ
£ o

N
—

)
JH

[e)

uf
o

2

B 2
(65) 9% He5Uel HRgEe melstel PAZ 1208 2
= kel

e Z9sh Hlmstel MANGLA A7)} F78
o 4% Acsddel 2t 2Hee 2 4 Aok 2

-120°9) Aol wjal ¥
o A7I7h Agd. 1HE
ARl a4 At whabt

g IPA7F -45°, 0°¢] 3
AR o] B A&

Uo7

2 AAHA A fHA

r
o o
g rir

W

A7 PAZ} - 1209 2ol 2 &9 @& 23 W Fol
Y= Aol FUARS FANINE fERAE 2NYS
% % gk

F33] A A237, A63, 2002

10.

11.

.C.-S. Lee and JM. Tarbell,

. JP. Merillon, G.]J. Fontenier,

. RM. Nerem and J. F. Cornhill, “The role of fluid

mechanics in atherogenesis”, ASME Journal of
Biomechanical Engineering, Vol.102, pp.181-189, 1980

. Z. Lou and W.]. Yang, “Biofluid dynamics of arterial

bifurcations”, Critical Reviews in Biomedical Engi-
neering, Vol.19, pp.455-493, 1992

. DN. Ku, DP. Giddens, CK. Zarins, and S. Glagov,

“Pulsatile flow and atherosclerosis in the human caro-
tid bifurcation: positive correlation between plaque
location and low and oscillating shear stress”, Arterio-
sclerosis, Vol.5, pp.293-302, 1985

“Wall shear stress
distribution in an abdominal aortic bifurcation model:
effects of vessel compliance and phase angle between
pressure and flow waveforms”, ASME Journal of
Biomechanical Engineering, Vol. 119, pp. 333-342, 1997

. C.-S. Lee and JM. Tarbell, “Influence of vasoactive

drugs on wall shear stress distribution in a com-
pliant model of abdominal aortic bifurcation”, Annals
of Biomedical Engineering, Vol. 26, pp.125-134, 1998

. JH. Choi, CS. Lee and C.J. Kim “Influence of wall

motion and impedance phase angle on the wall shear
stress in an elastic blood vessel under oscillatory
flow conditions” ]. Korean Biomedical Research, Vol.
21, pp.363-372, 2000

. “Human Physiology and Mechanisms of Disease”

4th ed.,, A.C. Guyton, Sanders Co., 1987

. “Cardiovascular Biomechanics” K.B. Chandran, New

York Press, 1993

J.F. Lerallut, M.Y.
Jaffrin, G.A. Motte, C.P. Genain and R.R. Gourgon,
“Aortic input impedance in normal man and arterial
hypertension, its modifications during changes in
aortic pressure’, Cardiovascular Research, Vol.16,
pPp.646-656, 1982.

M.C. Kim, CS. Lee and C.J. Kim “Flow Comparison
between stenosed coronary and abdominal arteries”
KSME annual fall conference, 2001 Nov., Korea

B.K. Lee, HM. Kwon, D. Kim, Y.W. Yoon, J.K. Seo,
IJ. Kim, etal. “Computed numerical analysis of the

biomechanical effects on coronary atherogenesis using



A3 FEEEN e gRoy 4t @Ew dael FHAs nkgde] Ay 4% 449
human  hemodynamic and dimensional variables” 57-267, 1989
Yonsei Medical Journal, Vol.39, pp. 166-174, 1998 13. D. Tang, C. Yang, S. Kobayashi, D.N. Ku experimen-
12. Y.I. Cho, K.R. Hensey “Effect of the non-Newtonian tal-based numerical simulation of unsteady viscous
viscosity of blood on hemodynamics of diseased arte- flow in stenotic collapsible tubes Applied Numerical
rial flows” Advances in Bioengineeering, Vol.107, pp. Mathematics, Vol.36, pp.299-320, 2001

J. Biomed. Eng. Res: Vol. 23, No. 6, 2002



