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ABSTRACT

Carotid artery stenosis is one of factors that caused morbidity and death. It is beneficial to
asymptomatic patients to be prevented if atherosclerosis can be detected or diagnosed.
Presently, the advanced engineering in computational modeling plays an important role
and has potential in medical applications including the diagnosis of carotid stenosis. The
aim of this study was to use two-dimensional computational fluid dynamic (CFD) model to
predict vascular stenosis size based on blood flow velocity measured by Doppler
ultrasound. The realistic carotid artery models were obtained and reconstructed from
magnetic resonance angiography image. This study assumed that blood was
incompressible Newtonian fluid and the artery wall was rigid. The analysis was performed
using CFD software. The results showed that velocity ratio increased when the progress of
stenosis increased from 30% to 70% in common carotid artery. The velocity ratio and wall
shear stress decreased at the internal carotid artery when the stenosis increased. Using the
simulated results of velocity ratio, the chart of the relationship between velocity ratio and
percentage of stenosis was created. Therefore, this chart would be a screening tool to
predict the percentage of stenosis in carotid artery by using the measured ultrasound

velocity.

Keywords: carotid artery stenosis, velocity ratio, wall shear stress, ultrasound
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1. adeguuuu2 dAvemaenidondislusunsunsuiamesainan MRA Yesenaialing Fegniiveylid

WUU DICOM agihuviinisenumelusinsunsuiiamed Computer-Aided Design (CAD) iielilanin
VaeARen 2 TRANIUIALALFUTINRT AeFUT 3



10.0 Emm L{

(@) (b)
SUN 3 MNAURUUA NS UNITAS 1IN INaDALEDALUU 2 T

Y

(@) NMWANLNE DICOM (b) MnsasALEanALUU 2 1R @51991nlUswnsy CAD

2. dlelagunin 2 Tfvewmasadenannlusinsursuiames CAD Beusesudiszinnisuidinmlagld
TUSWNTUABURLADIVILANUIUNIIAINTTY ANSYS Liayinn15A1uINaaly SNwLUaIn INIasnaen
dndglusunsumeuiiames ANSYS azilidnwardsuandlusui 4 wazvinisaiaedwuudsuamasuwuy

unstructured quadrilateral mesh Yungluguvaeniden sauandlugui 5

LLINES
TYPE NUM

JUN 4 nnlasesna 2 dRvemaendendiegnididlusunsunauiames ANSYS



STENOSIS
—

inlet

JUN 5 amilasesne 2 dfveswmenideniiegniniiglusunsumeuiiames ANSYS
lun1sasrauuudnassiagAMuINgImMIuN1sIATed aganiunisiegldiniasnauianesniissuy
™ 1 ° Y}
Uszanawawey Intel Core — i7-3770 (3.40 GHz, 8M Cache) wuwAIUMAN (SDRAM) ALY 16 GB

wagldlusunsupeniamesnsAuinnisiuadwiveesiva (Computational Fluid Dynamics: CFD)
ANSYS release 13

a Y

3. MyUAENYRFIY FuUswaziteuluinegiisrtouiieldlunsiunadieds cr el
1. mstvuaaranuganisinaseadensdn whiumanudfitalaansansienas wasiianu
ﬁwﬁwaamaam‘ﬂufjuﬁ (Non-slip condition)
2. manududenesnyiiu manusuiinldannnsesinanusy
3. vualidesdnuaniduvednawuudaladeu (Newtonian Fluid)
4. mvualidenduveslranuudamlils (Incompressible fluid)
5. msbavesdeadusuuiutau (Turbulent)
6. fntlasndondunwuuuds (Rigid)
7. MAnuniaveudenund windu 0.004 126U U ADAITIILAT

8. nishvavendaadunuutiuliu (Turbulent) Iasrvualimduluudiasspnududiuwile

[

Standard k-€ iBevlsioglugUanns muauns (1) wae (2) 1191 Tl

2 (pku,) =22 [u+?]ﬁ + Gy + G, — p& (1)
K

dx; dx; B
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Y v

warilonsIN1sanasveInasnuIativesaAutulu Weuls fall

a P> P> £
ax; =_“ o) 2 + -CEIE[GI-:-I_ CzaGb]]; _ﬂCEZE (2)
_ ror [94)])
Tag? Gk——p—puiuf =
U dp
Gp = —

TngnsanuASaL e iuaAAh

C, =0.09,C,, =144,C., =192, ¢,=1,0,=13

4. AnnginalagnisilSeuiisusenindeyanaiuisainlaaneaainsuazdeyanlaainnisasis

e‘do

WUUT1a99 lagazdnsy %WW??NLWESWﬂ’]ﬂﬁU Toun anasanisluavesdeon Anuduniglunasniien

o

ALAUTIANT LU AT aenidon Tnsamnsilnessinanasidunadnifimuinldanuuusiased
a5197umaz Il USHATUABURLADS ANSYS
lunsAuinazmeasasiaiuauslunsivavesdonfiiiniu & furdsnsfisuiuanuiinisivae
a %] a ) ] [ EEY) \ 2 a 9 v .
VoudeN 8 VNIVBIVADALEDNA (Vien ATUTUT 5 lokA Snsndiumnansy ar usvailndniadh (Proximal
point) UTIUMTIAINANS (Middle point) USHIAAN2INMIaILY (Distal point) UBdInaaALEeALAIATLIHA
594 (Common carotid artery: CCA) Ushianasadonuasalsiinauluy (Intemal carotid artery: ICA)

uaz Ushuraondenlkainlsiaauuen (External carotid artery: ECA)  faun1s19a19il
9518 WANUEY = AULST U Funtafiaula/ AUsa U ENURIIRBRLEan (3)

wonant ledmszimaudsuulamosinnuiuiiiatuuunimaonden ICA sandadiuly (nner
wall) uazkimaondanduuen (Outer wall) Tnanfuriaanduiiyn Bifurcation Julusuau 11 90 (30
7l 0 - 10) naeAANE 10 TaAIAT AWFUT 6

warMTlATzinansTIaeInIsRUTIsTAUNISAUT 30% 40% 50% 60% wag 70% feAnsfimes
msluavenden Moun Amdnaiuninunds (Velocity ratio) AAausiu (Pressure) wagaauduiinssviuy
Hifsvaenlden (Wall shear stress; WSS) Tuenanadinsitae $1uiu 3 518 lagTsnmsmuinmenuuinges
Aauiumes udnhSeuiteuiumdnaiumuisiineisnssanses uenanil maiuseiu
nsfuresaendontiin $19891nUisdnvarnsRuAnvestae ety anduiinafiurioan
guan1snenvesasulaiiy Tnelilsedunsiiuwiniu 30% 40% 50% 60% wag 70% ieAnwinanseny
aly
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JUT 6 mwduvisitind1nnuey 11 90 vurilavasniden Internal carotid artery (ICA)

NanaAuly (Inner wall) wagntasuuen (Outer wall)

5. agunamslangiielildunasuiaghluldlunmsviunsvuavesasuiiazasluvasadon lnenis
aaununneduRusvesmanusficnaldmnuuusiassnisirasieneufiames uasfisziunis
U7l 30% 40% 50% 60% waz 70% wiethlUldlunsssiunadeduissfuruanmsivresasndon
uwplsaadlerhnsiamauEiseisnsdansiena

o

waluladnazinanlslunisise

¥

myvetaviiertostumaluladnistuiinanvaendenmenauuldinanlnin (Magnetic Resonance
Angiography: MRA) wazwaluladnisinauilurasniiennigsansienag (Duplex ultrasound: DUS)
Tudiun1sas19uuudIassreIaniiontasn1sAvINns e luvasadenaglglusinsunauiaines

ANSYS® Faanansadnnanieafunamansuedivalé (Computational Fluid Dynamics: CFD)

7. Nan1538

Tuns@nefaztinauenanissedu 8 Usuidudas sail

1. oyanaluvesenanalag

= 1

Nndeyaeraadasinaiy nqueaadasiivasaisnuninlsinund wagnguetaiadasinuii

a1 oA

vaoaionuaeAlsinivu Tngnguiiivasaiienund 191uIu 10 518 wagengiade 47+10 U daavil

138N (Body Mass Index: BMI) 23.23+1.73 Alansu/m1514uns waznguiiivasadensu 91uiu 3

N1 o oa =

518 Tongade 6110 U dardvilutaniewie 24.64+0.27 AlanTu/msnauns Aansluniss
Usenaudl 1 nmsdnuseifilasiunuiinguetanadasinunisivveaviasnien siusyiin1iey
Anuiulaindugs seduiinaluifenas uasliszduludulubengs uenandfmuindinginssunis

auuns wariivsyRvesnadulsaumnu wuduy



M1919UsEnaul 1 Jeyailuvesenaadag

daya paaiasund | eranadasiitivasnideniiu

U (AL) 10 3
218 (@) 47+10 61+10
thvein Rlansw) 63.08+6.41 70.00+8.57
dugs (lwns) 1.65+0.08 1.68+0.11
AIUAUGIER
- - 126.4+13.46 148+13.32
(Hagunsusoan)
SR
. 83.4+11.53 80+17.62
(Hagwnsusan)
Atianie

. 23.23+1.73 24.64+0.27
(BMI: AlaNSu/MN519.U85)

p8wie TonatdualusUkuy Aeay + drudenuuunnsgiu (Standard deviation; SD)
g EY) Y el

2. foyanmviasaionluy 2 fiRanenaadiag

12

nnsiudeyanaendeneiaainsnguund 1w 10 518 wudndefiansanaingusnaves

waeniden aunsawuseandu 2 nqu Aenquiilinisdnvaimasniden (Curvature) fsunisaidings

wanAg (Bifurcation) veemasnldeanLAIATlsARIIU (Common carotid artery) Wisildsuwdunasn

FoaunsalsAngas (Internal carotid artery wag external carotid artery) 91w 6 518 (laun S1 52

S5 56 S7 uay S8) waznguitliinisiavesasaden d1uau 4 e (kA S3 54 S9 wa S10) ¢is

Fageiuansluguin 7

Internal carotid srtcrjr
(Ica) External carotid artery l'_\U
Bifurcation A—)\) \ tECH) \

|

Common carotid arte }
> |

|
|/
| -
(n) (1)

E‘Uﬁ 7 'Via’ejﬂLaE’Jﬂ@’]ﬁ’]ﬁllﬂiﬂallﬂﬂ@WIlIﬂ’]i‘UWU@\‘iWﬁ@@Laaﬂ LLﬁuvLiJllﬂ’]i‘UWllaﬂﬁﬁE]ﬂLﬁ@ﬂ

() memuwmmiLme (Bifurcation)
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3. M3finwnavesgusnavemasadensomdnaiuniusa
AMNMsUTeUgUAEREINAULS) TulkuUTIa0Iaaniden 2 1R anaatalasunfdiuiu 4

= 1

$18 TlANuUANAvesgUsIvaeniien fsgUn 8

51

Q‘x

/

S3 S4

|

10 | 1 ' 0 -

'\_ﬂ:\‘j-____,-—f& 5
S T
—

10 m,

U 8 Jayasusnvemaenifeneaalinsis 4 18 niinsUavewaeniden (Sluag S2)

warhidnsUnveseandan (S3 way SA4) NRLALY Bifurcation

nuAnusudenlunaenden Internal Carotid Artery (ICA) SiAnunnninanusidenluasn
Bam External Carotid artery (ECA) Tuananasiasita 4 s18 usiegnslsfiniu wutenanadasnguiiviaen
\Bomsinsdaiisums Bifurcation (S1 wag S2) Asgufl 8 vilreanauanssvesaniudenlunaon
om ICA uay ECA \fisnnniu sifevilfeanuiudoniiinldlunaenien ECA Tuthltugeniily
vaeadon ICA Ly

Mndeyamiuunnisvesdnunzuaenidonts 2 wuu dwadedinnuiinsinavendoniu
waendon ICA uay ECA usiagalsfinn 21ns189un1s@inyives Lee uazamz [20] wuitdnuwaeznis
Unv093U31904 Carotid bifurcation denaliin1snszatenisiva (Flow distribution) vesnseuaiion
Wasudwis Se¥nainan threshold vasAAIILAL (Normalized wall shear stress) uag f1daiin1g
N33 (Oscillatory index) finsgviuuntanasnidon uSias Carotid bifurcation Aannuwansaiuly
vaemLdonlsaz U uinsiAsuuUawesuiinieeend Carotid bifurcation ¥3on1sdavesnasa
Fendisumus Bifurcation lifinasenisivasunlawesnsnszaenisinasgnadifoddynisadn sl
aonpdasiumsinwilifesannuimdndiuauiiialdnneendesutaziuuiianuuandieiu
Tneilefinmsdavomasaidenyiliminuuanisvesnianiseninsluvasaidon ICA gsniiluvaen

\aen ECA
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! U U [

4. wan1swSeuiisudnsiaumnusnawnlaanuuuItassnsluanazA i inlaseissansiwe
Tusanasdnsund
NNITHAUAIANISINTA AN UUTBDIIATIZINT Iaveden kaza1NN1TYNdansIenIng

Auniadanandduzun 9 wanheilduuasduadndiuninugs lneardadiuanusaunaind

ANuSIgaNufisuiuaImusIiaendenuninlsfindiuiu (isunis Proximal  Common

a o 1

Carotid Artery) FsannuanisAnwUSeuliisua1AUsveLdena1nite 2 FoAfurdaiediu wui

[
[ g

Toyansaedliinnnuwandaiuedaivud AynsadiAnianutiodu 95% (Pvalue > 0.05) wazille
a ¢ 1 v o &, 2 v ] A Avy P & ax I
Anseiananduiug R) vesdeyaranudidendsldannsiarmanuiinisivaainiis 2 35 wuid
v g v o 2 A v o = Y ° =~ v
wildululumnadif (R'=0.76) nanafedeyaddndiuninuiadeniilaainnisiuindivualdululy

amadediuteyainlaanmyinmeisdansena duandusui 10

10.0 mm

a

SUT 9 fiumisiiinrnuidaluvasnaidionuasenlsiin (Proximal-CCA=Proximal Common Carotid Artery;
Middle-CCA=Middle Common Carotid Artery; Distal-CCA=Distal Common Carotid artery;
ICA = Internal Carotid Artery)
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1.40

1.20
y=1.0669x - 0.0946

1.00
R*=0.7575

0.80

0.60

Utrasoundresults

0.40

0.20

000 T I T T T T

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Simulation results

SUN 10 ANUFURUSTENINAERd1UALE T ALAA1NISTan 191 KAz AINAISATUINDIN

Y

nndueiiansmn A Juadnanaunsfiinléfisumis Middle Common Carotid Artery
B Juardnanusininlansiumis Distal Common Carotid Artery uay

@ Juadnanusininlansumus Internal Carotid Artery)

5. iansSaesEnEitvasndenunslsindudionurisveudeniiviuananzsesuimaly
\Hanga

IINNISANBINANTENUAINNISAUVIMaDadanuaznsiiuAauniavesden 1Ju 0.005
N=sec/m’ lupnanasinsiiduan 4 518 (U 11) legldiimsimuadouludu 4 wuu Weussidiuna
NIENUIINNTARIN9) Fesaluil

wUUfi 1 N: vaemdonund wazdidanumilawinfu 0.004 Nesec/m’

WUl 2 ST: waeadeniiufl 50% waziimArumiinwindu 0.004 Nesec/m’

WUl 3 HP: naeadenund wazildanuniawiiu 0.005 Nsec/m”

P & a A a N W 2
LUUN 4 HP+ST: iaaaaanfuy 50% agdaiaddnianinu 0.005 N=sec/m
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S4

=)

e

i —
.:-_—_:—,.
T

(o

S3
Normal ? @
50% stenosis ? @

UM 11 Jeyasusisvemaenidentaadinsia 4 518 (S1-SOMUUUUNG (Waauw)

li
li
TS = |
li

LAZLUUNTNISAUYDIMADRNLEBATN 50% (L0Ia14)

Velocity ratio

Subject 1.(31) Subject 2 (S2)
.94 0.9
.8 U.H[
0.7 ,ﬁ" _::,—#:a— 0.7k
g
0.6 f:,” ‘,‘3 b - S 0.6
A4 -
i - g | b
.54 g T E o5k
& L =
) &
i 2 L
0.4 A:;\‘: ‘\‘ i 0.4
i [\ =
.34 o k! 0.3k
I W :
;u' . NCA) ~ B~ N(ECAY \ —=— N (ICA) -B- N(ECA)
nad — & STOCA) - A~ ST(ECA) .2 —&— ST (ICA) —#&—= ST(ECA)
—4— [P (ICA) - HP (ECA) i —4—HP (ICA) =€~ HP (ECA)
0.14 —8— JIP+ST (ICA)  =8= HP+ST(ECA) 3 —8— HP+5T (ICA) -8 HP+S5T (ECA)
0.0 T T T T T T T \ £ T T T T T T T 1
00 075 450 635 000 D25 050 DS o -L00 075 050 -D25 000 025 050 035 1.00

Distance (r/R 3) Distance ("R )

U7 12 manswieuudasindndiunnuss luenanadasis 4 518 (S1-54) WerAuaufvesden

wWaeuld (N = Und ST = §n1sfiu 50% HP = fsgduiimaluionas uae

v
[y o

HP+ST = fimsfiu 50% uazdlszAutnaluidengs
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Suhject (S4)

.94 1.9=
e N
1.5 0.5+ ?‘J'— s ‘L“-}_._‘ T
' B,
0.7 0.7 " - T ~
L]
I .,
0.6 0.6 ! T g
*
£ £ ! L
P s M
= = ! £ “
E 44 ; 2 0.4 H ‘..\
| ! . - ¢ \‘-
034 . y (%5 I e \
Yy BONOCA) -3 N(ECA) \ / —=-N{CA)  -B- N(ECA) \‘
02d / ——ST(ICA) — & ST(ECA) b 0.2 ! —A— ST (ICA) ~A- ST(ECA) :\‘
) A T % =
/ —+—|§P{I(-\n; el []:l’_..\} ‘ H —+—HP (ICA) =€~ HP (ECA)
(RE 1 —8—HP+ST(ICA) -S5- HP+AT(FCA) u.1-l,' —#—HP+ST(ICA) -g- HP-51(K(A)
U T T T T T T T i 0.0 T T T T T T T \
-1 078 0&0 028 LRI .25 [E1]] 078 1.0 -1.00 -0.75 ~0.50 .25 0.00 025 050 075 1.00
Distance (r/R )

Distance (1T )

Wasulu (N = Un@ ST = finsiiu 50% HP = &5

U1 12 (o) mamsidsunlasendndiunnuds luoraadnsis 4 518 (51-54) Wernaanifvosden

v
o

gAudnaluifengs uay

o

HP+ST = 1n15AU 50% wazdlszAutinaluiionas

Subject 1 (51)

b

BN {ourer)
=d— 5T (vuler)
== HF [vuicr)

584
—&— HP+ST (outer)

"
7

s
i

s
I

Wall shear stress (N'mm )y

BN finner)

=& ¥T{inncry

=&~ I (inner)
&= HP-ST (inner)

Suhject 2 (52)

40
—&—N [puler) =B-N{inncr}
. —d— ST {vuler) —&— ST (iumer)
= —4— HPF {outer) =€~ HP {inncr)

—=— HP+ST {vuter) -&— HP+5T (inner)

1
3"*“

.u
1
T

Wall shear stress (N'mm xj
iy =
n 1
T

L
LS T T T
1 1 3 4+ 5 G 7 L]
Distance (mm.) Distanes {mm.)
Subject 4 (54) Subjeel 3 (83)
4 —— N (outer) —E- N (inncr) ““‘? —=— N (auter) == {inner)
—&— ST {uuter) =&~ 8T {inner) . ? —&— ST (outer) —&— 81 {inner)
as —4—HF {vuicr) & TIP {inner) 354 ‘\ H ‘t‘ —— HP (nuter) —&—HP {inner)
= S )
—#—IP+ST (outer) —S- HP+ST (inner) ‘-. ,f"R “‘+“P|ST‘.':’“(C” —&— [IP+5T(inner)
b b 3 b
S - -
R
15 \;}.“ ‘\_I

Wall shear stress (v/mm )

Wall shear siress (N 4

15
]
= .
T T T T 0 » T T T T T T T T
& 7 8 10 ] 1 2 3 4 5 3 7 8 L] 10
Distance (mm.)

Distance {mm.)

U7l 13 mansilSeuiiisudn Wss Tusranasingiis ¢ 518 (51-54)
(N = Unfi ST = fin1s#u 50% HP = i3

Welirmauaudivedoniuasuld

v
o A

3ﬁummal,aamqq ey

HP+ST = dn13AU 50% wariiszAutinialuiiionas)
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a

NNNsAnHaveINsiuAAviafensAsuLUasAdnduALE) faguil 12 wudndle
Aauniinvedeniiugedu Adndiunnuiiiitaldfdums IcA Rutudntes uazadadan
anuSzdiunntudefimsfivromeondeaunsalsiinfiatu uananiwuiiguisemasaidon
U dnwazn1slnveanasnidondidumis Bifurcation denaliimdadaunauiaft ICA Wasuwlas lng
wuudlefimsdafiutuinlirndndiuanudail IcA Suuliuanas udddndiuaudiiivasnien
ECA fediady

uan9Ind Tuguil 13 wuteanuidu (Wall Shear Stress, WSS) finsevhuuntsvaaniden ICA
frnfindudntosduiu Weddmuniinvesdenifindy wasnuiraanuduiinssvhuuniimaen

den ICA aulu (Inner wall) dAgendimasauiinlaniuunivaenaideasiuuen (Outer wall)

NEUNIT (4) uansArANFuiusSUIAIANnTauazAIALATER Tnaauntds (7)) wUsiu

ANUAIAINULAL (Shear stress) kazwUsHNRUAUSRSINSWABULUAIAINLLASEA (Shear rate)

Shear stress F/A

ALl (1) = =
I W Shear rate v/l (4)

' ' ' v
1 = a = o

waznsalfisnmnuevasmdon () wazAd Shear stress asil ArAuniaffinduvinlsian

ANUL57 (1) iAnanad ¥3ansaliiAn Shear rate AN IBAIANUNLALNLTY ViN19AY Shear stress %30

A1ALAUTINTEYIFENTIIARAIRENgTU danAdediuN1SANYITEY Box Uavauy [21]

6 NANNSAUYDINADALADALAIATLSTARDNAFARNSVDUADA MDNEAIASANUNITAUTDIVIA BALEDR

a =

nmsfnwlugiie 3 seifinisiuvesvaenidionunsnilsiin nuinAdndiuanmss u

¥ '
a1 = =)

funtsninisfiuvemaenidestuwiliufivglaigudedseiulasiduinisfiuanndu wasliananiy
USnudunlinunisivresmaeniion Han1sAnwdind 1aenadasiun1sinuives Henderson Uay
A o ° a A s @ ¢ a ' 9 ™ oA a
Ay [22] WevihnsinaeansAviiuesiduinisiunates fn (Rauandlugun 14) wudniledinsivues
waendeniiuturzyilidamdnaduanudufintuduandugui 15 uwilewoufisuiuainuiam

FAlAINITTANTNUINUUNUINLAIUBANAIIINNAINSALAIINNNTAIU I

v
=

1NNFINAT WSS USniliinn1sAvveviaaniion wudiAl WSS usiuiinnsauilangadu
nUTHNEY wavtzliigullossauiUasidudnsAuiiugy aun1sieseneunl 2 uenaind il

Y

AATITIAIANULAUNVIADALEDN ICA NINTINUUBNWALAUIUVDINADALADA NUITAIANULAUNNTEYIN

vuraenideamululimainiinuuen uazdlefiszAunsiuiiuaniu Aanuduiinladidianas

WesnAdndiuanusiitinlafivaenden ICA fidnanaslessAunsiuidiivduiuandlugud 16 v

v

Trflusanszyinfilsvriaandonanad kaIaINanaAIANLLAUNNATUUUNLIADAE BAAAAY
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MRA image 30% 40% 50% 60% 0%

P1: filaadisyAunishiuasei 70%

MRA Image 30% 40% 50% 60% T0%

P2: filaaifisyAunIsRLasai 40%

MRA Image 30% 40% 50% 60% 0%

P3: HilaeflszAunismuazai 30%

U7 14 JUsrvaendeniildsuainnisvih MRA e nenanadns 3 518 (P1, P2, P3) wanwnasiadunim

wou 2 8@ uanhawitlsunasslifissauesidudnisiunansgen
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v a]
5
2
a2
z 0
-
z N
-
: A
A 3
I:-) I i I ] ]
% 104 20535 ENES 4% 0%, 67 %% %
Percentage of stenosis

209%

& 1 Lar Al
W - sirctaletion)
A T2 ArTtion]
O =1 i azound)
O - jutraseund)

A 22 ulrrazonad)

20

U7 15 mamsilSeuidisuadadiuenuiiveadeniilianmsmuin uazannisinde 33danse1en

mumsiurevaeniion AneanadasiUle (P1, P2, P3)

A1519UsENBUTN 2 ArAIAUENAATINSEYINTUUNTIIARALEEA (Maximum Wall shear stress)

AAUIULANF AU NUNSTAUVD AL DA

Maximum Wall shear stress (N/m”)
Percent stenosis

P1 P2 P3
30% 0.0211 0.0159 0.0586
40% 0.0238 0.0171 0.0805
50% 0.0378 0.0209 0.1207
60% 0.0427 0.0261 0.1397
70% 0.0535 0.0373 0.1959




— Quter 30%

----- Inner 40%

e QUItET 40%

————— Inner 50%

— Outer 50%

‘Wall shear stress ratio

————— Inner 70%

Outer 70%

Distance (mm.)

0.60
P2 ----- Inner 30%

Outer 30%
----- Inner 40%

Outer 40%

————— Inner 50%

Outer 50%

----- Inner 60%

Wall shear stress rafio

Outer 60%

————— Inner 70%

Outer 70%

Distance (mm.)

0.80
0.70 - Inner 20%
Outer 20%
0.60
Inner 40%

0.50 - Cuter 40%

0.40 Inner 50%

0.30 - Cuter 50%

Wall shear stress ratio

Inner 60%

0.20
Quter 60%

Inner 70%

0.00 T 7 T . T . T T T } Outer 70%

Distance (mm.)

oy

SUT 16 Adnarumsdy (Wall shear stress; WSS) fintfasvianniaon ICA @1ulu (nner wall)

Y

wazeuuen (Outer wall) WiolAnnisauTisEaU 30% 40% 50% 60% wag 70%

1ne1@@1NAs 3 519 (P1, P2, P3) pasnmnuen (Distance) 10 Jadiuns

21
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7 Adndunnuiiifissiunmsiuuandsiunaonmiuevemasaidenlustanasinsinunisiues
vinenLion
Mnendadiuauiilunaendondiiens 3 918 naenrusvemanadon nuAdadau
anudwesdoslunaonienvesfihousarmefiualiudidgtu a dumisiifinisi uveaasnien
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wanani aanueinisussiliudUreniinnsfviuveaenideauslilauanieinis
(Asymptomatic patient) [23] wuitszAunisauduiidesnit 50% awnsadnladndiegluaniizund
et auusunluguil 20 Ardndiunnuiidsedludasnituszana 2.5 lieglunasivesnguides
= a Y 2 a = & v v ¢ 6 ) I A
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darauauuzdmuuIdelusunan
1. Asiwdwngthelunisiesgideya Weiuanuuieievesdoya wagiiieanesanis

d cu
ldldiunmessideuisnsata

2. mslwunmlunisdnnseadiined iifesiavesmislinu ndnie esndeyaiiléin
NFUIELEs 3 578 Lagamanisiinlsavaen ldenaued (Stroke) TNAinaINNTTARUYDS
foulusiu Emboli) Fetfuudn
uenaINMIUsEiusERUNMIAUR U IaDadenLasalsRauds asfiazTnseduluiuly
Fonmugiuse Tneszdulusiuiideuiisgsezdungudssdensifalsn Taefiawintu 100
mg/L

3. msveaesUiunuudiasdidunuy 3 I8 wazdinsfmussuauiivasadonlilndifss
ANAIENTY Wy Snssvualintieendeniduwuudanguls msluavendendu
wuuAdu (Pulsatile) Wudu ielviansfuimmisivaiigndesuasisusiia

4. msuudsusuuiaesuututou (Turbulence model) LfJuLLUUEdJIu"'] 19U k- Spalart-

Allmaras Large eddy simulation wag Detached eddy simulation
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Abstract— Computational fluid dynamic (CFD) model is used
to evaluate cardiovascular hemodynamics and the model is useful
to predict the blood flow pattern and the wall shear stress (WSS)
in various conditions. This study used the CFD model to
assessment the influence of varied blood conditions and
geometries on changing of velocity ratio at the internal carotid
artery (ICA) and the external carotid artery (ECA). The realistic
model of two-dimensional carotid artery was acquired from four
normal male subjects with a magnetic resonance angiography.
Then, the geometries were reconstructed and blood was assumed
to be incompressible and Newtonian fluid. The artery was
assumed to be a rigid wall. Four conditions simulated in this
study were mnormal, 50% stenosis, hyperglycemia and
hyperglycemia with 50% stenosis. The ICA velocity ratio was
calculated from ICA velocity to inlet velocity and the ECA
velocity ratio was calculated from ECA velocity to inlet velocity.
The WSS was determined at inner and outer walls of ICA. The
results showed that the trends of the velocity ratio increased in
stenosis condition. The results also indicated that the velocity in
ICA and ECA can be influenced by the geometries of carotid
artery such as curvature and vascular stenosis. Moreover, the
increase of velocity correlated with the WSS value.

Keywords—Computational fluid dynamic model; wall shear
stress; carotid abnormality; realistic model.

L INTRODUCTION

Atherosclerosis is a pathological condition in which an
accumulation of plaque at an artery wall and causes an
abnormal narrowing in blood vessel. Carotid stenosis is a
crucial cause of ischemic cerebrovascular accident or stroke
[1]. Furthermore, high blood sugar level or hyperglycemia
affects on an inflammation of blood vessel and cause
atherosclerosis plaque formation [2, 3]. However, patients are
usually detected such conditions in a sever situation. Recently,
computational fluid dynamic (CFD) model has been introduced
to study the cardiovascular system because CFD model plays a
crucial role in an assessment of blood flow pattern and vascular
wall shear stress (WSS) [4]. In addition, the advancement in
noninvasive medical imaging techniques, such as magnetic

This work was supported by Faculty of Medicine, Prince of Songkla
University grant no. EC: 56-113-25-2-3 and the funding from NSTDA grant
no. SCH-NR 2012/181
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resonance imaging (MRI) and computer tomography (CT), has
more powerful for geometry acquisition.

Therefore, the aim of this study was to investigate the
influence of vascular geometries and blood property on
changing of velocity ratio at the internal carotid artery (ICA)
and the external carotid artery (ECA) as well as wall shear
stress at ICA using CFD and MR images.

II. METHODOLOGY

A. Geometry

Four realistic carotid artery geometries were obtained from
four healthy male subjects ranging in age from 30 to 60 years
old and their necks were scanned with magnetic resonance
angiography (MRA) technique (Fig. /a.) by using a 3.0T
magnetic resonance imaging machine (Philips Achieva 3.0T x-
Series MRI).

v ECA

AY
\\L10 mm.

o AN ]
N 2} IBIFURCATION

STENOSIS
—

inlet

@

(©

Fig. . Example of MRA image (a) and 2D-geometry reconstruction for
normal (b) and 50% stenotic carotid artery with the quadrilateral
mesh (c). The chosen locations for velocity are at the internal carotid
artery (ICA) and the external carotid artery (ECA).



All participants were evidently informed the measurement
process and asked to sign the inform consent. Each geometry
was reconstructed into two-dimensional vascular model for
normal vessel and 50% stenosis was created on the same side
of ICA from MRA image as shown in Fig. /.

B. Simulation model

There were eight geometrical models to perform in our
study as shown in Fig. 2.

S1 52 S3 54

| |

50% stenosis

Fig. 2. The model geometries of (a) subject 1(S1), (b) subject 2 (S2), (c)
subject 3 (S3), and (d) subject 4 (S4) in normal and stenosis
conditions.

All of eight models were generated with the unstructured
quadrilateral mesh to perform simulation by computer aided
analysis software. We created the quadrilateral mesh with an
element length as 0.125 mm on normal wall and 0.1 mm on
stenosis wall. The quadrilateral mesh configurations for the
CFD model without stenosis and with 50% stenosis are shown
in Table I.

We assumed that blood was Newtonian and incompressible
fluid, blood flow was turbulent and artery wall was a rigid
body. The governing equations for incompressible Newtonian
fluid have been applied as in (1) and (2) [5].

V-v=0 (1)
p{(eviotytv -V v} =-Vp+nuViv )

where p is the density, p is the pressure, v is the velocity
vector and p is the dynamic viscosity.

TABLE L ELEMENT AND NODE NUMBER OF THE MODELS
Normal Stenosis
Subjects

Element Node Element Node
S1 35757 36677 36434 37376
S2 42955 43995 41604 42594
S3 46069 47096 44724 45777
S4 42805 43770 41604 42594

C. Data analysis

There were three pathological conditions: 50% stenosis,
hyperglycemia, and hyperglycemia with 50% stenosis. Blood
density and dynamic viscosity were assumed to be 1,050 kg/m’
and 0.004 N-sec/m’ for normal condition and the dynamic
viscosity was assumed to be 0.005 N-sec/m” for hyperglycemia
and hyperglycemia with 50% stenosis conditions [3, 6]. We
determined the ICA velocity ratio and the ECA velocity ratio
as in (3) and (4), respectively.

ICA velocity ratio = ICA velocity/ Inlet velocity 3)
ECA velocity ratio = ECA velocity/ Inlet velocity @)

The input velocity (Vine) Wwas obtained from Doppler
ultrasound and was assigned as the inlet velocity of carotid
artery. Then, the velocity ratios of each condition were
compared. Moreover, WSS at outer and inner of internal
carotid artery wall were also determined starting at bifurcation
and up to 10 mm along the inner wall surface.

III.  RESULTS AND DISCUSSION

All of the reconstructed geometries acquired from
volunteers are showed in Fig. 2. The characteristic of the
geometry could be classified into 2 groups. First group (S; and
S,) had greater curvature than another group (S; and S,).

A. Velocity and Geometry

Our simulation results showed that the velocities at ICA
and ECA were lower than the inlet velocity as the velocity
ratios were less than 1 as shown in Fig. 3. It is similar to the
results from Scheel et al.[7]. Furthermore, the velocity ratio at
ICA showed a left-skewed profile whereas the velocity ratio at
ECA became a right-skewed profile. The simulation results
showed that the trend of ICA velocity ratio had higher than the
ECA velocity ratio in normal and hyperglycemia conditions in
all subjects as displayed in Fig. 4. Especially, the trends of ICA
velocity ratio of S1 and S2 were higher than the trends of ECA
velocity ratio. Moreover, stenosis and hyperglycemia with
stenosis increased ECA velocity ratio in all subjects. Our study
was in agreement with Schulz and Rothwell’s work that no
stenosis had high ICA velocity while stenosis increased ECA
velocity [8].

Therefore, the anatomical variation is an important risk
factor for plaque development because the stenosis condition is
a crucial influence on the velocity ratio because there is a
notable difference of velocity ratio between group 1 (S1 and
S2) and group 2 (S3 and S4) as shown in Fig. 4.

B. Wall shear stress and Geometry

The wall shear stress values are showed in Fig. 5. The
trends of WSS value at inner wall were higher than that at outer
wall of all subjects. The most subject were found that WSS at
inner wall was not less than 6 N/mm? except Subject 2,
whereas the maximum of WSS at outer wall was up to 10
N/mm’. The higher of inner WSS was similar to the results
reported by Marshall ez al. [4]. The WSS at inner wall tended



normal condition. High WSS can damage endothelial cells
lining on the vessel wall [9]. However, high WSS has lower
risk of atherosclerosis than low WSS [10]. There is still a
contradiction for WSS effect. Brands and colleagues showed

to decrease when far away from bifurcation. On the other hand,
that there was the positive correlation between WSS and blood

the WSS at outer wall was slightly increased.

In the condition with hyperglycemia, WSS increased higher
condition without hyperglycemia because

flow velocity [11].

than the
hyperglycemia has higher blood viscosity compared with
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Fig. 3 The relationship between the velocity ratio and the radius ratio of four subjects (S1, S2, S3 and S4). The relationship
represents velocity profile in the internal carotid artery (ICA) and the external carotid artery (ECA). Four conditions
involved normal (N), 50% stenosis (ST), hyperglycemia (HP), and hyperglycemia with 50% stenosis (HP+ST).

The different value between ICA and ECA velocity ratios
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Fig. 4 The difference between ICA velocity ratio and ECA velocity ratio on the four various conditions: normal (N),
50% stenosis (ST), hyperglycemia (HP), and hyperglycemia with 50% stenosis (HP+ST) in four subjects

(S1, S2, S3 and S4).
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The relationship between wall shear stress and distance along the wall started at bifurcation for four subjects (S1, S2, S3 and S4).

Four conditions involved normal (N), 50% stenosis (ST), hyperglycemia (HP), and hyperglycemia with 50% stenosis (HP+ST).

IV. CONCLUSION

Our computational results indicated that the velocity in ICA
and ECA can be influenced by the geometries of carotid atery
such as curvature and vascular stenosis. Futhermore, changing
in blood properties such as blood viscosity in hyperglycemia
affects a vascular wall shear stress as well as velocity in ICA
and ECA. Therefore, using CFD analysis can provide more
information about the biofluid of subject-specific and vessel-
specific model.
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