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Influence of Inlet Secondary Curvature on Hemodynamics in
Subject-Specific Model of Carotid Bifurcations
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Abstract In image-based CFD modeling of carotid bifurcation hemodynamics, it is often not possible (or at least
not convenient) to impose measured velocity profiles at the common carotid artery inlet. Instead, fully-developed
velocity profiles are usually imposed based on measured flow rates. However, some studies reported a pronounced
influence of inflow boundary conditions that were based on actual velocity profiles measured by magnetic
resonance imaging which showing the unusual presence of a high velocity band in the middle of the vessel
during early diastole inconsistent with a Dean-type velocity profile. We demonstrated that those velocity profiles
were induced by the presence of modest secondary curvature of the inlet and set about to test whether such more
“realistic” velocity profiles might indeed have a more pronounced influence on the carotid bifurcation
hemodynamics. We found that inlet boundary condition with axisymmetric fully-developed velocity
profile(Womersley flow) is reasonable as long as sufficient CCA inlet length of realistic geometry is applied.

Keywords: Hemodynamics, Carotid Bifurcation, Secondary Curvature, Inlet Boundary Condition, Wall Shear Stress,
Computational Fluid Dynamics, Magnetic Resonance Imaging

1. M2 sUAsh) SR 53 2e oy du A9
27 94 R Aol FLH 9L FATE A
a5 A5l @ FAGNE 54 v gL onl 2 FA gdow, 53 FUAse

(A4 2011. 8. 1, R Y: 2011. 9. 26, AAMNZFAZL: 2011. 10. 7] A3t 7] A F 3, Corresponding Author:
School of Mechanical Engineering, University of Ulsan, Ulsan 680-749, Korea (E-mail: leesw@ulsan.ac.kr)



480 oS
73 dadol Ao wvte @S (wall shear 7FA 7bg ol AEHa glen, olgg F8 HY
stress, WSS)# WSS ¥WE Y =2 At WHFE, o2& wH fAI(Newtonian fluid) 7}, = &

= =& AR S (oscillatory shear index, OSI)
o RAHZ FAAATE EATS Hole B2
T A7t EEEH ATH-3].

HE#Aow 4L T3 7o g4 F 3
vl AdeHe & ZA A W75 (internal

carotid artery, ICA)¥ 745

artery, ECA)2. 2 % 7](bifurcation)™+= EF3s &
T A4S AW, getHo s A E W E (carotid
sinus)d Gl A =F /- (recirculation flow)

IHY F542 FYB oleF BEY

& (external  carotid

r

AA W EF F%5 ASES A 93 FH (non-
invasive) HOZE =Z¢] Z-5I(Doppler ultrasound)
713} 1A A71EE
resonance imaging, PC-MRI) 7]Ho] FZ Z &5
Ao}, o3 AZVHES BE ¢ A E=
22 ol A ¢ %ﬂ%?r 2 A
_(H

=k

L

=
3’3 (phase-contrast magnetic

al

%

e cﬂom 2 A4 ool

(image-based CFD) 3l4] ]mol 7} 3l &L THe6,7].
o]# 3 9894 7|¥ CFD ¥ 32 53
g9 I % NF EFF AAxdS FdF CFD
Mol HEgFoaM, e i Hok FAF
ol AP A A I F A5 FHEY AFS
7V stA a At
ayy obF7A &
A g AN HE Zé_%.

5

Q

FD
=

1

lo to

[e]
B

4

f

o :Wi

)
B

}_

ol
e

V2R AA 27
& (axisymmetric fully-de-

9t}

9 (rigid vessel wall) 7178 H
o2 g% gAYY 4%
veloped flow) 7}4 S°] ¢
7% CFD 3149 73
A M= }é]?(ﬂ
carotid artery, CCA)o]

}J-x-]] ‘rr—’— oS

N

IZE=E

.I_EZ:}

i

o B >
y 9
+

Ry

i)

0%

=
-

Moo o (o M £

(

to
i\ﬁ
m{N
32
rir
Jo o 2

2

-

2o gy

oo M Hr v

bz
B[O )
L =

e wg o

o
ki)
e

033

LRSS

N
™
o

I
[ i
=

. o

)

rr 1o o o
i

of fob 34 oy ox e
Mo 3@ o O ot X @ Jz [

RS

ruﬂ

J(crescent shape
+ Dean flowE FA3Th
. I8y Wake[9]ol A H

o A%, A 557
P o2l @

2 =

>~1 oy

1

19171 Aol

Z 2] Dean flow

B o3 31

do gt Jo ¥



v g7 A ALEE S A A31E A5E (20119 109) 481

g ojxt FEo 93 & BEXE F7I8
7] Slsted Flg o] Bl AAY 4T F 9
3749 AFQ1E4>(sinusoidal shape)E &4 4] (center

W R = 0.6 cm9] 4P (curved

x= asin(2rz/A) (D

Aq71A ARIESG] ZZ(amplitude) a9 I3
(wave length) A2, ¥kl AA W AAT A
TS 1HY o U¥kd(generality)S A Z=
M9 bl A Myers 5 [11]914 Bag #dE
(coronary artery)®] IEWHE (R,=20R) < H}
0% a=08R 2 A=25R o2 Ak

Eg JE & BA 219 9% A4S
EH  E71% CFD &4l

[12]9] ATolA MR F4& ©l8,
29 A4S Al Z(reconstruction) g, G2
Zrgk dd dF% SA7F 8lel
Al 7N Al (subject) ] AE
ola3l g}y, o9} A MR HA}F 27
°§’E} 2] 27 (image processing)oll A BHA
otz A3k @ FAF W H(variability) ]
Hlw B7tstr] fete], T3 2Rt
BAew A M wHE 2703
= °%, 4% AH9 CFD
R A=

/1‘:%/\
/M

a = 0.8R

oL

N lo,

1=
1= N

1
=

%—Vioﬁ‘l0¥i°"
oo O o Oh o o o o, ff o

(3

l

=
a5

B4

o e H
Tongt 2

A0

-1T=

4 ot 2 o r1r i o o
il
o

Fig. 1 Geometry of constant radius turbe mode with
the modest secondary curvature

2.2, CFD M & A =2

B AT FAHAE 95t Ve vdd
Aol HE&Hol TR HFo| o]Folx 2i}91
APHA 84 (quadratic tetrahedral element) ~7
FIQAL(FEM) 4 Z=Z O]ﬁo}ﬁit}[B,M]
FH AAAE A 2714 wE Y F
AS B3to] oF 025 mme HlwF FI
o] AbEA AARE AR eH, o] W FE3I
o] Ax 594ds AT F

CFD &iA 9] A =&
2 Fig. 20 HQl nie} o] s7fe] Fatol A
5 PC-MRIZ o] &3t A =
SATH12]. Zzte] A4, B #ol=s=SF Re
278, 325 % 3412, ¥]GA4 =

solution)9] g & A7

F "tE AlolFel tigh AAHE 3

ity 4, t5 & 4 t t

900
800 { (|- |- 4 {4 f b
"‘| -~ — Subject A
700 - =A< | | [ | ==+ subjects B
\ .
600 + {1 AC| W h -] = SubjectC |
g '/\J‘:"‘\ '\
£ 500 [ e e e S
‘_\ \
. \
E 00 | {2 O B B
O 30 |4 e o e e o e
1 "l \ -
2oo—ﬂ,~~~ G e T
|/ - -
w FI T T e
0 t t t t
0.0 0.2 0.4 0.6 0.8 1.0
T
Fig. 2 Flowrate waveforms at the common carotid
artery



3 24 WA o WA AolFA ol

482

2

maximum local curvature of a constant radius
tube having the modest secondary curvature

00 ®
09I

c
Fig. 3 Pulsatile velocity profiles from the location of

OF KET T T 3 FTI ®WHKSFEVUTT TN ® O_E@ﬁmm%ﬂwma
T . T S SR . <0 o T B — =2 T
i ° 2 g JMR_Rouﬂ u.ﬂm,mwov%?%o.wow7i w%.mwoéﬁguu
il ToH % fgoxg MEwps 2§24y mpEo o> 8y
L %o Yo S T 2w oT R o mwP a4 T o8 Wl T W
ol 0 0 — I ) Zz Ay o o o — T % B o iy =n
or gl ® JnW.z,ﬁEﬂazﬁﬂ%]ﬂmlﬂ.?viud M om M T
= 4Rl T NS ST AR TR A Zw T a T g e G
2 BTG d R g T Hp e P HELT U ey ey
6 TR, LD 3 ElTsTeek pegFiefeto i raPRal
o it 8 oy Fe T FaNm e WH T < g Ar
Rk o o B B W MR o o AR o ol T s =N N T oo §
m Y T eIl CL0B R TetlrLgale tEningadr
. [ ® PrseEe BT R et e B i B S T A i )
% M = ,ol‘._d-.ﬂoﬁ.o ,U_lﬂmo i /LtHOzT.ﬂ,._E_E.m,_le__.ei,Nwlxmxmmo_i]yli_v@_ué_uil_wlwguw.s miﬂrﬂrm
oK o = 4 B D - 2 K — @ s 3o X < Nr O Ar 80
‘m.M o o__._._ =] =o B ME OT Q o “m_v o < _ni < O_I N & Eo OW _.E _L OT - OW ov
Ty w3 om T pRRE _Hosg el RE TodyemnzaTe L@
N I EoeN 2 T RRFEIYS KO sl Fteer o ixT AR
= L = o %0 © T o gy N — o g A o) e <0 1 T 0w T i
7 Xl A% sl e sl s T Eag ok P T Sdd
mj = o gq,hf;o@HL T Mﬂw_i_-wovw_mo &_.e_edldo.uoﬁunﬁl W Eﬁew,q} o o
) - Do o S oo w3 E R oM N g §oTHETRT Noo TR
[ Ao M T TR TR RN SRR AR T N AW T R R



483

o]2] AA in vivo CCA o]

vl 33 AALE 3] A A31E A5E (20113 10€)

N
i

oW
el
w
I

0
W

o

ol
ol

[e)

.

(18]

t}. RRT

A4 (oscillatory

shear index)9] ZFoZ HHM, Lee

=

o

el

¥ AN B Azl

}7] Al in vivo CCA

o]

2 34

3o
23t A 7R 4> (relative  residence time, RRT)ol

EECR )

@ o

HAME HA

9l

[e=]
ATH11,17]. 2HEZ o]

E
7|20l M

=]
=

o

=
T

A7 Wad Aow Azt

om[15,16], T

3}

£49)

7+ 7=

o
=

N
i

dr

o

o

1:(1

i

27(%

i
2 127h)9] AV

ks]
pd

Fo

stef, 44

3
kS

‘CH
=
T

<

=

+ WSS9

(disturbed flow)

o

Bt
2 Aol o

Al

=

ofell h

R

pi

1 AA3E F& EE(Fig. 3)

[$)
o] CFD s 4ol #-&sttt. Fig. 4

ojz} FE| 9
Mol AE ©YE in vivo

h

B
BN

——
o

j
E]

o

—

KO
=
N

o/
"

1%

=
=

(straight pipe inlet) 7}4,

Ay
3t

WSS9
}od Table 19 U+

i

k<]
pad

0|

o
A

=

71%F =g

% 8}

Z}(root mean square)

Q

S

FTh.(Fig. 4(a)) ©1AF&0l

o]

2 5<% Womersley
4& 17

iy

Z
Ll

)
o)

i

ksl
pd

Foll <]

s

NEe L

[e]
Hop goiFe s Ao, CCA
2 £ Z$(CCA3), WSS #9 2271 =A

i

SRER

6:)}:

E

7 AR oE A fARE At

Ay A
X

9} wss &

[e)

F

=
(<)

i

il

™ (bifurcation

I
(<)

s

N
h
o
oF
el
ey

e

Bo

o] of 3 ol

wjr

70

o
X

[9,10]¢f 2}

pud

3 Wake

==

=

Jol
Z F2 ZolY in vivo CCA

o Hgonuy WEH Jo §

s

i

o
pal

WY £E RN fAHE oA

(week2, week3)el] <

)\O}.

[§]

o]

2 Yol N A

ka1
=

=]

CCA ®t7F9] oF 3u] HX(CCA3)7}

=

=

a2y olsh @ E71%F THLEFES CCA

3 el

(¢}

o
o

oy

)



484

ox
Ho

Reference
straight

Subject B Subject A

Subject C

Secondary curvature
0 deg.

90 deg.

Truncated
CCA3

'y

.

(d)

Geometric variation

Week 2

(e)

week 3

¥
A
Y

%W%

Time-averaged WSS distributions based on Week 1 geometry with inlet of (a) reference, straight pipe (b)

secondary curvature in bifurcation plane (c) secondary curvature out of boundary plane (d) truncated CCA
at the 1.5D proximal to the flare of bifurcation () week 2 and (f) week3 models with straight pipe inlet

Reference
straight

Subject B Subject A

Subject C

0 deg.

_(&

k‘.

i
<

\\
| l

\ /7

%/\\}r ?

Secondary curvature

{

/ f'

//

(b)

90 deg.

Truncated
CCA3

e
i/

X\ 4
( j rr

(d)

Geometric variation
Week 2

(e)

week 3

\\ \\

Fig. 5 Relative residence time (RRT) distributions based on Week 1 geometry with inlet of (a) reference, straight
pipe (b) secondary curvature in bifurcation plane (c) secondary curvature out of boundary plane (d)
truncated CCA at the 1.5D proximal to the flare of bifurcation (e) week 2 and () week 3 models with
straight pipe inlet



H 3 2 AALEES) 2] A31d A5E (2011 10Y)

485

Table 1 RMS differences in time—averaged wall shear stress(dyne/ch), relative to the reference(Week 1 model with

a straight inlet pipe)

Secondary Curvature Inlet Condition

Geometric Variation

WSS(dynes/cmz) Bifurcation Plane 90° rotation Truncated CCA3 Week 2 Week 3

Subject A 1.88 1.97 8.87 2.92 3.04
Subject B 237 2.62 8.61 8.04 5.49
Subject C 4.94 435 18.0 13.3 11.1
WSS(%)

Subject A 16.8 17.6 79.4 26.2 27.2
Subject B 12.4 13.7 45.1 42.1 28.7
Subject C 16.9 14.9 61.7 46.3 38.6
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