= o=
Ho QESIH T2y

Hemorheologic Mechanism

x|ty - o[ HA




Hemorheologic Mechanism

SLAME

Rheology += FH=rol& {RISY o]z} sto] fA|ehS v E2sto|ut 7]
A sAEAAE ol ‘—’1‘41‘?2 7Hdolal Qe AJ7E AE]o] ghow FhtoA®
frstslet st 1 712 9 387 EsHA o]FolAaL 9lt}, Rheo— =}
= Y] oS T840 Thein oA fFEistRA e current , flow £} Zo] G
O R FAE =, fA2 552 ugitt, 1A Eselils IAE ALst
WA 7)1 A 9] HE TS chEAch sHAYE A EE|stol| A= A4S okt nE
EA7F E5a vgo] 7hestttal A AA =9, oof tisf Atahe Aol
wgto|t}, AA 2 7l K= theket 883t A-80] 7hsal fA sk 7HL"°1 X
el BE ROk o] WolAA Hlet. Atafst, 3,

S AXNA fAGEto] Hagt Aol RE YIAIE, AE, ﬂ%*%, *ﬂ%@‘, 9
g}, oFs} 5 ulAlA] A 2sto] H a gk Foof| thekatA| A-go] 7hsst, o5t &
ofolAl= F2 FMT SF7A(F7))e] ol Tt A7} o] Fof XL k. =
£ oJd fAIES Foly 713, FiE F R0l ool 9IS E 4 JeEnE
%iﬂOﬂ O“'% S Hh= 7159 Wshe 1 tiie] ek 1 5 o] At

o
:ﬂ:l
eI
mlm
o
OID
. <t
%
1%
o
E
H
e
12
o
_0|L
I
1o
4 o
Y
Hu
I
g
m%
B

2 02i
=
S -lu:
2
101' rlo
I‘I(‘

X
O(;]—: :‘O
o
£
rEL Jol'

4
N o] 54| 8Kfluid dynamics)?] 47} Jee Ash= A
( omputational fluid dynamics), 8 AHA| 29| E2]4 EAS

Tohe FAfHste = tile 4= gk, SfgtA o 1] wol YA A]
F2 Ol OFA7HA] A 380l AA| §aL, A w2 Hirgo] Wol A A] oF
7] wzole}, Zrejul 2 AARSH dgwt 7 A7]e A Mo 1 oA o]
FssHAl = laL, o] AlarE]ar §loh, & oAM= 1 71£x4 Aaa 1 2k

FANE Fto] HT S M A7} o] § 7Hs S HuBHIIA G,

© ;0 g2 v
N Xorle

1o
F_E{



o] Ao} 34 W] Tk A7} % o
o] Lol Q= Fulol] FUshA REHWA B
7] gl B % B8l W Aol pe B
o 710 917 AARE Aua ol gt
HE W2 HAA fddx=e] 444 BgksE o)<
<E A Y ERFR O G 71, olH TUR= Hole
AESHA 2 9l(biomechanical-related factors)oll
(1Y 1)
FHAS e e et
= 231bo] Al X ANTERIOR CEREBRAL
Alell A =4we] O &l MIDDLE CEREBRAL
= = FS = = POSTERIOR CEREBRAL
EEEE ER T o
VERTEBRAL
T g Aof| o|27|7x] dH COMMON CAROTID
o WERAES s, e
St =Ho g A CORONARY ARTERIES —
o 2 4 qlek, BV 5
2 o] AtE= 1) & RENAL
) ) ABDOMINAL AORTA
A F(bifurcation area)tt COMMON LA |
T2 E (curved area)?] A Sl
& (shear forces)2] -3
of chat 4, L WBE
Sl A e
L FAFAF 3 B2
= 2dd ooﬂ EH“]- = POPLITEAL
e

S
N
E’.
r*°
& 4o
It
ﬂl
gt ﬁu =z

X]-‘T’*"ﬂ/ﬁi’—] 79 &4,
79| a-8=0] FA(vortex
formation), &9 A<=gt
9kl (recirculation) 5&
233 F5Aofof W3tk S
Ao sha] FAo] ek,

b B B |

Hemorheologic Mechanism

CIRCLE OF WILLIS

= 3l=0| sHt=HO
I3, ZYSUEE2 LR



Hemorheologic Mechanism

33814 Q12K hemorheologic factors)®] £ 84= AET S E(RBC
aggregation), A8+ HIERBC deformability), A8 HZ(whole blood
viscosity) @ 8% Hx=(plasma viscosity) 5°¢] Uct?, A FTshHoR
& A (Newtonian fluid) 2HaL sk T FA417F ofy e} @43} E4A4| L
7} 33t B8 34 (Non—Newtonian fluid) 2}l 31= 419 EAS A
doh, w8 fAe 258 ggo] I o 549 540 fAIEE A=A
oY AR 245 et d#dos = 3 7] AReE H 7|E, 8%
T Utk A2ollAe] 52 7Y FAIRE AEfe
o7 549 §4olgtal ot Aol YA, fAH 249 &
(viscosity) GAl YATE gk 7H-ITt, vide] Aol 147 S3HE| 3
OhE 549 B4l Aol A1 A9-E Hlwd FAlkAL sk, &
oM = dAT HEE 7HAA] QoL fedol et Hert Hak
71k, 2402 Hd8(whole blood), 78017} & = <Y

AL}, o2t 7AIY S4E ARl ST AR A7)

=

o

=

(plasma) &

(o

=
=

o
4

X
b = 2 g

o

A
K 3o
o

18
H oo g

£
)
° ox 12 HU

o)
=

¢
¢

i

Of

]_

> fr

e
B
i o
o,

A

N

_{
it

HFHHEHA QIA}e] o]fo] P o] M e (shear force)= HIFA|

Z 4= Qlo} E3 AR g i
o018 oFst &AM Hvulnerable plaque)?) #9S G4ts)
4 BeW 579 S v 5 ok 1B R T]skehy 9)A]of w)
=402 FFAshy QIxpet FAFHEA AL F3] sWAHIY 18 @
Utk @ UiRe dYshAel IR R
Ak (wall shear stress) 5°] =4, o]
7 =

12 919 <ol Z71219l 917 At 2

% (blood flow velosity), &
Aso] sWAE Y Eu 4

SIehs Zojc,

A b ow

ric
o

3.3, B Lo 2 ZHHAY J1=2918°

FAIG oA 71 7124} T A UEl= ATk (shear stress, 1)
ol2kal & 4= Q. AT ()2 AkE(shear rate, y) °l B3l W&o th

30



Hemorheologic Mechanism

T =y =dQar i Bk, Q RE r SEEG)

9] FA oA vlE 15 FAIY A AIS(viscosity)2FaL —t,'—E%Eﬂ
O] A2 EHT} ofF 48) o] & S Zeth AdE2 FAo] 3
2z o) R o 2ol D Bof A7 A gE S gl ‘5’331
o}, 5] o] mhak AgE 4o vlHsta 2%

o

y=V/d
s, BRdsol F7keka Aekgol St Bae] H7o] grast A
Theol 7RI, 2, BF £E7} MESE, Ex Ao} mARROR v}
Al A7 o] AR Mg S71eH "ot ofd o|fE 7o & ¢
S o] ATk AEL 2L Zhe 2 Rolt
o2 a3k del= ot 22 oy A] B9 219l Bernoulli®] 54
o] 7 2H o ALEWA FA2] e, &, 917 5ol BEE s =,

p +(V°)/2 +pgh = 2F

o] MHe A A3 Aol Ylehe 7Pgste] Zus Aolth 2§79 A
4 0oleka 7Pgeta AT B 52E §4) o o] Bt FAolch ujet
A A gl AFIA BAE Saias dote] st shle] Zatuolob
SHAlE 1 8A9 e B
st 71 Al Al grela S
o Aoz EAE LEAUA, 1

K zﬂj‘oﬂ 2 HZIOHLVH e | LR Ve

.ﬂ

A2

23 Bae) Hga a3 2

o —
2 S T 4 T | 2). a3 2, FREINS OJLix| BE.



Hemorheologic Mechanism

Ao HSkE Ao FAID w, F2F Ao A e gt 914

oMe] @7 £ F7IR o]ojAA ", 5, S| WSt Aol &
ORAA B AF EF &= Sk mhE A ol WET] AAshs Ao
Ok, 21 gl npEat Age Aesial, 21 B A, diuelA Y 149
ol Ut Y o2 S& Tt BHUFOIA | FEPEE Al
1 gkt 4= Sl

o o2l O] OHAHYIA GI=0] Al OO SHAM
3.4, AX| BEoM 2] FHHE PR Tt FHHAYH o
[e) 37 2N 0 =] - = o - =
T 12 U4 BEURgES Batel ol B YA Ao R myst
A VL
Ay Ef/
arr
-}— ) E i
- s . i v
Velocity profiles (cm/s) Velocity profiles (cm/s) & 55§ %
25000601 4 ._:J_) m 250000t 8 =0 E -.‘1 X
Woioso 8B % ) T aveteof D3 @D P
I ICCC7E g0l ® 3B é’ I 1.2786E-01 = E;: ¥
1.2500E-01 [ - 8.4906E-02 47
8.3333E-02 o 4.2453E-02 Moeer
4.1667E-02 W B 0.0000E00 i ]
0.0000E00 - by 27
10 (0] Il
= uter wal =
& 8- —— along the ¥» &
- -1 ) ==-- : along the Xo P
2 64 Innerwall 2
£ —— along the Xa =
@ 44 N mee- : along the Xo @
& ]
2 24 £ 2
& SO T @
3 01 3
= 5] =
A B CBOD E
—4 T ¥ T T T T T T
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25
Distance along the X and Xo (cm) Distance along the Xa and Xo (cm)
(A) acceleration phase (B) acceleration phase
3 3. AEFIol WE 714719t 247N BSHollMel R £=(flow velocity)2t HEEZ(wall shear

stress)2| 2,

32



(666} ‘e 10 XReN)Sin o Elvmih 211 {2f1 ol E ek ¥ BT

Hemorheologic Mechanism

Bnid uualy & 119D [9SNIN UJOOWS s
a]ebaIbbYy 19j9le|d o 91A00UON PoleAOY o
1S€|GOIT1S e 3INO3IOIN NYOA . aosu /no
dNO aos un
—491 303 2 1=X00
9SBUIUAS 219d/2IDd g9-49ad AIAIOY JUBPIXORUY OF YOIH
uljinpawousipy 30V dND
SON®/ON l-13 303 ujjnpawousIpy
91E]S OAIBIS)[0)d SULOBIE] ) |—13  eSeUUAS 219d/219d
aosu /no 30V SON®/ON
aos un g-490dd —491

9lelS 1uddsain  sulldBIRd

2 '1-X00
211G JUBPIXO0Id =

sisojdody
uonesalold
20UB0S8IN DT

g /" 1-dOW
Y_BMeIS dhoquioiyjold

vd ugn mwooo@\ t.
ON e 5 B
994 ~ = a1e]S olloquioIyIiuY
e— o e (wojeuAp y—0 S ) / vdl 1enBeoolUY (;wo/euApgL S )
3 - e \
uoleAloy $S09.1S Jeays ON $S8.1S Jeays

8JA00UOW [BLOUY MO 19d [eUaUY OlBojoIsAyd

33




Hemorheologic Mechanism

o)
1
re
2
2
e
1
rlr
[
il
1
flo
do
ﬁr‘

A 7)ol Wt Aolat gk 7He]
7He] el 92w ket by
%719 o]gb7] 747] uf AsAc,
ol 2 & v AHeko] o

¥y o
>

o 4

"

fh& 7HAIH, 53] olefet @

oL ox i
>
o3

(R oo rlo
o

ox
o

ABRz0] W] 218 SRR 3 4 ik, 53] AEL Au] fEeke
Ak eloAle] dho] X|210] 3zjo] wotxA] L chorst lEzko} vt

S2do] HHPORA PFUGL S Hrke BT 4] Ho] B
wf Akl MR Bae] uR el BA|ie] 93RS et Su4stEol

Velocity profiles (cm/s) Velocity profiles (cm/s)
in acceleration in deceleration
B 6.0000E-01
5.0000E-01
4.0000E-01
3.0000E-01
2.0000E-01
1.0000E-01
0.0000E00
2 2
Blood Blood
——  outer wall ~——— . outer wall
..... *inner wall =====inner wall
< Newtonian fluid 3 4 Newtonian fluid
a 1 —  outer wall o —  outer wall
o | A mmme= inner wall 13 ===== [ inner wall
? ]
A ——— N g
@ < @
5 : | e - N—
2 04 2 0 N\—
@ @
K] )
= =
B.P B.P.
-1 rt T -1 r T
5 10 15 20 5 10 15 20
Axial distance (cm) Axial distance (cm)
(A) acceleration phase (B) acceleration phase

J8 5. AEFT|0 ME 714719t AE7IAl tiSHoMe] 25 £=(flow velocity)2t BEXT=(wall shear
stress) 2,

34



Hemorheologic Mechanism

A = o,

[

259] 2}z20} ula

ojp
NS

)
%

SHA]

o

A9 2] A

=]

i}

HARE 1 Aol

SHA| Hals

[

—L

2904 T 3

1

fu.

o Eol

=

1o

il
)
H
i

of

Phase gngle

(B) Well shear stress (dyne/cm?)

@ [] Coronary artery (O [] Abdominal Aorta

35

Phase angle

= 2o]7] mZolot, mEbA A

o

(A) Well shear rate (1/sec)

800 |---f—---—t--
-200 | -—----—--L

278 4AlEol K|

tH2H 6).




Hemorheologic Mechanism

00
00

NORMAL BLOOD
(45 RBC)

TEMP. 37

¢

S S =4

(d9) ALISOOSIA INIHVAdY

107 10 1072 107
SHEAR RATE (sec™")

102

pSer)
, =

o] M

2 S04
= =27

a8 7, ™etgof o

8229 RO Y (viscosity), HET -5 HUE=(RBC aggregability), 22+

3|
S|
H

44

—_

Rl

%Z(RBC deformability) 5=

[¢)

Z
S|

bt dote] st g,

AR

=
=

P ELEREEE R n

|

7R AAE7 =

36



Hemorheologic Mechanism

X
il
;OT

)
)

%
&

>

A ool Az 2

O
3

Apo] et ol R 2 o 5ot WAL E & = A

HE 73]

78—

P A
F Qe

e

=

= O
=232
=717}

A7) S QAelA] ol g 91X

of
= ol
71 9]

A 23t

S

5
=

el

gt

s

A2 5

St o
=

AAl o8

Bl

al
of 22

o] 8754
7|l e et

3

%4

OB

X
“

]
S|

s

=
=

sfo] o} 48 4= 917

A7} ofwgt MBS 71A=A] %

SHAl o]
i B B S

et olo] et

3
=

SHHvulnerable plaque)ol gt A7}

NS
= 2
2 o
S Z
2 5
‘B .8
EES
To T
o)

o
o
N
R =
H o
q
— do
O —_—
7 ©
o ol
m >
& ¥
w2
J) @
> <
o
N B
< =
on =
)
<o NI
NN

Wall Shear

(Centeur 1)

6.691
5.987
5.281

Shear Stress Scale
(dynes/cm?)

1.756

(Pa)

Time Valve 0.4 (s)

O

(wall shear stress) £

2
=

37



Hemorheologic Mechanism

ultrasonography), @& 34 @529 (optical coherent tomography),

d
7 qg5 AlAeele ol AEEL Aol AEstaAt AlREAL e
FHolgtar & 4= Qlrk. off= o]¢F T2 WS of8sto] A A A9 |
e o B S A3l o] FAFoItHIH 8). o8 He Azl 3lo1A]
715keba YAjol WE ZEE He Ak ST AR e B =
oF st v wiize] AN FH | 33k A R|et 4TI whE
LS Wshes A0 sHkEofof gt

oot &2 FAlHSH Al4et We o 8oty 34 dEus St EAke] A
ol oA S e S| S = Aol obd, RS A
oF tEo] AT IAT R 2EA O R HI 5 Qs W0l st &
Atk

—

. Malek AM, Alper SL, lzumo S. Hemodynamic Shear Stress and its Role in Atherosclerosis. JAMA
1999;282:2035—42.

. Friedman MH, Deters OJ, Mark FF, Bargeron CB, Hutchins GM. Arterial geometry affects
hemodynamics. A potential risk factor for athersoclerosis. Atherosclerosis 1983;46:225—31.

. Cho YI, Yoo JY, Suh SH, Lee BK, Lee SJ, Kwon HM. Bio—Fluid Mechanics. 1st ed. Seoul: YAS
Media; 2006.p.1—-459.

. Cho VI, Kensey KR. Effects of the non—Newtonian viscosity of blood on hemodynamics of
diseased arterial flows. Biorheology 1991;28:241—-62.

. Lee BK, Kwon HM, Kim D, et al. Computed numerical analysis of the biomechanical effects on

n

w

~

[&)]

coronary atherogenesis using human hemodynamic and dimensional variables. Yonsei Med J
1998;39:166—74.

.Suh SH, Roh HW, Kwon HM, Lee BK. Hemodynamic Reviews for the Generation of
Atherosclerosis. J Mech Sci Technol 2005;19:835—44.

(o]

38



]

[ee)

«©

Hemorheologic Mechanism

. Lee BK, Kwon HM, Hong BK, et al. Hemodynamic effects on atherosclerosis—prone coronary

artery: wall shear stress/rate distribution and impedance phase angle in coronary and aortic
circulation. Yonsei Med J 2001;42:375—83.

. Baskurt OK, Meiselman HJ. Blood rheology and hemodynamics. Semin Thromb Hemost

2003;29:435—-50.

.Kensey KR. The mechanistic relationships between hemorheological characteristics and

cardiovascular disease. Curr Med Res Opin 2003;19:587—96.

. Meiselman HJ, Baskurt OK. Hemorheology and hemodynamics: Dove andare? Clin Hemorheol

Microcirc 2006;35:37—43.

. Lee BK, Durairaj A, Mehra A, Wenby RB, Meiselman HJ, Alexy T. Hemorheological abnormalities in

stable angina and acute coronary syndromes. Clin Hemorheol Microcirc 2008;39:43—51.

. Lee BK, Durairaj A, Mehra A, Wenby RB, Meiselman HJ, Alexy T. Microcirculatory Dysfunction in

Cardiac Syndrome X: Role of Abnormal Blood rheology. Microcirculation 2008;15:451—9.

39





