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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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Atherosclerotic
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(Stroke) [2] 91nseumsfnwUassunnvasnidonauetlulssndlvelaaifiudeyasin
fraefidnuniuuinisituganiwlulsmenunalul 2569 wudnduiaediise Hvoslsa
vinoALiaAANaIINBY LagnuIdangunannsiinnAeaLesuIaaen (Ischemic stroke)
wnfign @ewdu 729%) (3] wonand wuinsuduiisiums Intemal carotid artrey (ICA)
flomaviiliinisiin Stroke AnLdu 62% vositheMAnannznsvduvemasnidendad

ammuanNnsHenuvesasuluiy (4]



NIIPNUNIANWI@NMANITAUVRINARALGoARAIALTARtUUSEINAlNeY
2553 wuinannaneaws laefitadeidesnannsiissiuluiuludongs (Dyslipidemia)
Nsilan1IzANUAUERAEY (Hypertension) ﬂﬂiﬁizé’uﬁwmaiuﬁamqw%aL“‘f]uiimmmm
(Diabetes) waznsguyws (Smoking) L¥usiu [5] wazgUhodmlngjinnsianuluszesi
sERUNTAUATUSS nFoluszozfiuaniennts wu fe1nnsuvuriseunsaniedn Iym
Aenfunisusadiu noliidn usaunalala wieflonnsTuasaunseriovunad (6] fesen
Bealudosanadline vlfaueminden fufunisnsiamnnsiveemaendenteutioy
wansonsaziduuselovdinnludinedidslitanienisvedlsn (Asymptomatic patient)

JagtuladinisihanuiniemuiainssuanimuiiazUssgnaldlunig
3w wu nmslduuusiaesreufinnesifietislunsiieszinmuniuaranuRauni
9911579t Triznglusenie [7] TunsdlvesnisAnwinisivuesvaonldonianinils
Andinslguuudnassnisivia (Computational Fluid Dynamics; CFD) antieusyiliudnuy
mslnavesdenlunneiifiinaenideniuluseiusiieg [8] avudmtmanaluladnianig
wnng vilsifiedeadiemnensumsvaneafinfithuldlunsasnifedenisfivuesmaenden
U nInsraserseenaissreufianmes (Computed Tomography (CT) Scan) A1591573
dudensendestiinauiuudidnlniin (Magnetic resonance Angiography; MRA) uae
nsvhdansie (Doppler Ultrasound; DUS) Wusulaeusazisarinnulilunisnevauss
(Sensitivity) kazaMUTUNILLI1Z99 (Specificity) iwansnaiu [9, 10] Tnevhluunmesnld
n1591 DUS  ilensaadfindenisiuidesdu esandaldangliganiionissu ud
AMuELNalunsaTIaviaullun1Inevau Az ANTUNIZIIET TuTEAUUIUNAIS
[11] fadunstharmdnadiuimnssuaszgndldlunisussfivanngnisfivresvaon
Fon aeilusslevtidmiunsihuldsuussiusesuresrnudsiwarenusunsefionnas

adule

1.2 IaguszaAn1sin
1.2.1 @¥euvusiassroufinnes uwuu 2 37 edwiunisivavesdonly
waoadenuaslsin wazilSeuiisunaniswasunlasmesrinisifines laud A1nnuss
AanusuLazAALAuTindasnden Welinsuasuulassedunsauiulunasaden
1.2.2 Ussifiusansznuainmsiasundasnuandivendentazguineves

aa

YAALEEN MELUUINADIABUNAABS 2 TR



1.2.3 @319 uN AL FuRUSTa9ANNLSINs Iave L denfusEAUNITAU
s iveldlunsaanisalseaunisivsuluvassdentninilsdn Tagldaiaausiainnisin

AELASDIDANTIVIIN

1.3 NUNIUITTUNSTTY

1.3.1 A15l9uuua1a99n193aInIsuIas1zin1sluavesfonlussuy
naisuaen

AUNIIAUINNAIUIAINTTUABURILA DS MALT1UITUNUINTINAUAS
Aadelsa nsuinsAwanaimnssuanlelussuulvallsuiden inlwaiunsadnass
aounsaliieUszifiunanseny wionanisSnuile

Chaichana wazAuy [12] ALASILRRANTENUIBINITIMavedenlnald
WUUS1a89 3 R wdIiAsisiaaumeinisine wazA1nuduiingsuuNiTaran
\don (Wall shear stress; WsS) Tunséifisiuazldfinisinizvesasiulusiu aneglunasnden
unslAlsur3augny (Left coronary artery) LLazLU%sfuLﬁf-rumaiéfﬁlauimmmauﬁamm
doauuudalaeu (Newtonian) warlaiuilalailon (Non-Newtonian) Han15ENWINUT
nsdfifimsinzveslusi agilranuiu wazauisiveadengafianiidunsiilusiuniz
wazmanuiInsinaszanasiisuntsiundvesudnafidnsinzeesleiu wazle
Wisuiisuneldtoulunuaiivesdenuuy Newtonian Lagikuy Non-Newtonian Wiy
A1 WSS fRlevishennaivesdenuuy Newtonian agild1siniinuunisiiaszsise
AuauURvoudaniuy Non-Newtonian Lanties  waznan1sAneInuaudunusves
AN91ALIDIN15IMa (Hemodynamic parameters) Aunisiiansinizveslaiu lnenisiniy
godlusfuyinliimanus e muduiiuwsiuiuiunimasadenund

Auricchio wagaug [13] THuuudnanInauiitnesussliunNanssnuannnig
Tdaimust (Stent) 3 wuu lunaenidenunsalsin Tnoamusing 3 wuu T wuu Laser-cut
open-cell braided closed-cell Wag laser-cut closed-cell muANUSENOUT 1.2 wasusiay
wuu d5U379 Straight configuration Wag Tapered configuration 31nN"SWSEUWEUA1AIY
Wuiinszyhuunasnidentia 6 SUWUU WU amusi WuU (Straight configuration) laser-cut
closed-cell ﬁﬂﬁlﬁmﬁhm’mtﬁuqqqm LaZELAUYILUY (Tapered configuration) Laser-cut

open-cell yl#LAn



Awdseneu 1.2 gﬂ'ﬁ'wwaqamuﬁ 3 LUU Leikn (Straight configuration) Laser-cut open-
cell (a) braided closed-cell (b) wag (Tapered configuration) laser-cut
closed-cell (c) WazauInaLAULUY Tapered configuration 1Ay 8-6

adluns wazwuuiioveeoan Wu 9-7 Nadwng (d) [13]

AANULAUINER FeuiNwar3UII (Configuration) kagn1seenuuUaALALY (Design) Taxd

sUTmaeaienveUie dnasdermanuAuiinsgyidenasniienuninlsin



Wentzel wagany [14] lalduuudnaesnouinnnes AuInAIAuAun
VRBALEEANAIINN1TYINUDAUMABALTBALA (external iliac artery) WUIMFIINYITUDAQY

MIANRAEAVENYVY ALY IAAIANULAUNNTSYINUUKNLNaALENAAAY

1.3.2 AMUAUNUSVDIATNISITLABSNNYIVDINUNIST LNAVDILADALAZNNS
AUVDIVIADALADN

)=

3n5189un1sUsEIuRaLilolAnn1sAURUTRIMaDALADA WU
Amnsinesiidflunsudniinsdasudaduszutlnatouden wWu Arauiy An
ALE wazAauAuTinszuuRtiaonden 1usu Tneadanaiinuinilanuduwus
TUSEAUNITAUYDINADALADALAS
Khader uaganu (8] ladiasigvisuuuunisivg AuumANALTinsEuY
nilsvaonidensuly wazArruiy 9InNsIUABLLYATERUNSRUSUYDIaDRLE DALAIAT
T56n Tunsfnunivilneendouuusiassmasndenailsaaituunniaiiousdass wazyinnis
AAszvmeisseideuitmalnluidawuiuuu 3 48 Tunisauanisiva wazkan1sAned
wuihAUedlusnsivvemasadendiinty vilraanusufiiudy uenaindmanudu

NNTLVUUNUILALANAINUAUNUS IUNNUNITAUILTANNLTULTUA Y

1.3.3 MsANENUIHUI—IUNAIINNITATUIUALLUUTIADY KAZIINNITIN
Faegunsainisunmd MRA CT uazDUS tilen1s3tade

Hagtuiianufmihlunsndagunsaimanisunméiiorislunsitedy
annzfifinisiuvesvasnden WU N1595I988LA3eRBNTLTTABNRIAEY (Computed
Tomography Scan) N15052302889aR519126 (Doppler Ultrasound; DUS) n1sasaalagly
w3osrudnauuududnlniln (Magnetic Resonance Imaging; MRI) n1sasialaeldiados

Audaauuusinanliiiuuunsianasadon (Magnetic Resonance Angiography; MRA)

Qe

a

79l 1383 MR Fadugunsaliiivsz@vanmaslunisuanininvesviaendenusiuiiu
atdlsfinu wudllanldiglunisnsivreudiags d1un13ngIamieLATeddans gInd I

gANINTTATIUVUITOU uinmdtlalaidamilaudunisvic MRA 188391001591 MRA Tanmd
fimuazidengs (Higher resolution image) wildiianunu fatudaindewlyd DUS ns33

[y

AAdurnNsRuAuBIaanaen il UaIAu [10]



1.3.4 anuduldlalunisdrdrnisfiwasun1ldlunisituneainuinuni
feansiualuszuuluaisudon

fiserumsimdilganmsisansenuildlunisussdusydunisdae
Ly miﬁﬂwﬂumiﬂizLﬁumﬁmmL%wamaa@Lﬁa@ﬁmz@ﬂﬁ’wé’a (Cervical vascular) lag
1¥armnusiveaianainnisyindansienin waglaasraunuainaisdnaulawuudulsl
(decision tree approach) lunsifladeszdunisuiniiurosaeniden [15] wenainiilad
ndsefianudadeidesdunsiinlsavasndennlsiingu uazlaldnanismuiamicadn
aradulunadiotieliumdlflunisdanendthelfidowiu [16] uasmsfinuves King was
ANy [17] wuaa1unsaldisnas Embolic Signal Detection Tun1susgiiiunisiuvesviasn
don wisgnelsimumuinddlifideyaludinsinneaisedunisiveesasiuluiu 9annsTy
A1ANLSITR A ena1NnIsTRdeSansgan TN tunsdUUTansnsinavenden 89
foyasananaziiuszlovilunisdszifufiieifinisfvvemasnidenuasailsinlid

USLANSAINLNUTY

1.4 YBULUANISAVY

uATedldinman MRA ududunuudmdunisasauusassnelden
ANISIINNTTIdans RN ldTmiunIsTliassidoya seAsTesiiAe e
Wefnwinaanmsiivvemasadenunsnlsaanenisinavendonlussuulvaiuden tne
ATeild T rusveunNISLS Kadl

14.1 afrauvuitassnoufinnesuuy 2 T3 lagldesdnrudieatunns
Muanseanamanivesina (Computational Fluid Dynamics: CFD) ioadnauuusiaed
YDINADALFDALUVUNR UazWUULNITAUAU IﬂEﬁfé’fgﬂ'i"mmm%gaﬁqmé’%’mmmwa’wsmaam
dondetuiinldannnisnsiadieiseduniindniilill (Magnetic Resonance Angiography:
MRA) UShumasnidenlasalls@n (Carotid artery) wazvnssmundeuluveunuas
Feulusudumumenudndenitinldannsidansenafaieds Duplex ultrasound Liie
dradilaluldlunisruranieatunisivavesden  (Hemodynamics) faeluswnsy
Aeufinmesldlunisduamaransvediva (Computational Fluid Dynamics: CFD) v
ANSYS®

1.4.2 matfuteya azfudeyaluautnd $1uu 10 au uazlugUhefinuing
AsfivTemasndennlsin S 3 Ay evhnsmeanuduiussznitsnuiilunisiva

LAZVUIAVDINITAURU



1.4.3 a$1ununnanuduiusyeeaausInisInavetdonnasAlseau
ANSAUVBIVADALADA Lﬁaﬁﬂiﬂﬁls{ﬂumiﬁmmmé’ﬂwLﬁaﬁmﬁmmmL%famﬂmﬁﬁﬁé’amw

Y71

1.5 nadwsfinainazlgsy

1.5.1 Wosdaslunisuszgndliuuudassnsuiamesinsaiunsivaly
waeadenfiin1siinaAsufiusy

1.5.2 loununinvesaranuduiusseningainnusinisluave wdeniu

sEAUNSRUAUNDEIUNITANRNISAISEAUNSRUSUTUaALADALAYAN LSRR Fesnalrunne

o A

anunsoliiludeyausznounsenniadeifenfiunmsiviuluvasniden



UNi 2

= o a o v
VIQU{]LLE’I%W?Iﬂﬂ']‘JVILﬂEJ'J“UEN

UagtuiifUaednuunnifeannznisfiviunielunasnden auduaing
Andunavsetatiannels nseaduveasaienuwasailsiinvienisifouludulugadiu
waeadenfivzindenllidesauss Wuanmpililidealudssauetliiisane auesgydes

ANV 158070 LSAaanLaanaNDY (Stroke)

2.1 tadadssvasnsiviulunasaidon

nsavauvadludu uasnissniauvenradynilivaendondiulu tuame
wilsivilAanisiiuvemasndenunsrilsiin (Carotid artery stenosis) 9INN15AOUAIY
LnEsNUIN Msfiuduvemasaiden dniintulunasadenusianEiuiinisuanwuu
(Branch) U3haduiifianulése (Bend) uazudiiamasndenfiuaneeniduasiniauen

(Bifurcation) (nwusgnau 2.1)

Artery Atheroma Cells + structures Imaging targets

Apoptosis
& Glucose uptake
Proteinases

Glucose uptake
Inflammation

Hypoxia
@ Proteinases
e.g. MMPs, cathepsins
Apoptosis
e.g. Annexin V

p Translocator protein
Macrophage (Tspo) .

Collagen
Spotty
Calcification  »4hesion molecules
O e.g. VCAM-1
) Integrins
ndothelial cell e.g. av B3
Microbubbles

ANUTENBU 2.1 fwnrtaisniianane (USnadwmass) lunasadantniailssna (Carotid
bifurcation) [18]



nsiianana (Plaque) UShindenan esnidenaglvatuazdingnsuniu
Astra yMeAANULAUlUSEAUMANTEYINUURTIaanEen WweAIAULAussautag U
N3eAUAITULTING (Mechanoreceptor) udadadayey1aun1eTuall (Biochemical signal) 1

(3

nszdulganuilindanaondonaiuly (Endothelial  cell) Mnlifinnszulun1sdniay
(Proinflammatory signaling pathway) Tngnszviunsiinnisena@usiaduy 2 19 Ae
Mitogen-activated protein kinase pathway (MAPK) uag Nuclear-kappa-B pathway (NF-
B) Ineiinalnsieil ilefinszuadoninalununasmion asifnusenseriintdaenden
(Shear stress) lngusadiananaglunseduliAinnisuanseenvesBudidinasonalnnisang
Tuanafitaglunisdainizveawad (Adhesion molecules) wérdsnaliiAnnissniauves
wad lnenssniavveneadiinan indenvndseglunszuadonlagnnszdulag

Iaa

Adhesion molecules U VCAM-1 ICAM1 wag E-selectin magmmmaqmuwaamaammu
Tu viliidaidenunuedeuiidmimeniimasndon udnadouiiiuduseninseadyin
wifaoniden uduadoududilugdunduidosoviadudundomaondonduly vy
nszfuTadUInTwAANISnEaY wasklsiRusuLTuAaund (Proliferation) udawils

LAANAIA MUAINUTENBU 2.2 Uag 2.3

Chemokines

e.g. IL-8, MCP-1
Selectins Adhesion molecules
e.g. E-selectin e.g. VCAM-1, ICAM-1

Leukocytes

o Blood vessel lumen
3] Activation

2) Rcllmg \

o o o] o o

Endothelial cells

1) Capture

4) Arrest

5) Firm adhesion

Blood ﬂow . .
6) Transmigration

ANUSENOU 2.2 NSEUIUNISAANISINIEYBlnEenY1I (Leukocytes) 91 Endothelial call

\esanilananadivaelunisBainig WU VCAM-1 uag ICAM-1 [19)
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yonaniganuinnisivavesnssuadondwiildiausnseviniings wionns
\AAAYMLAU (Shear stress) ntfanaaniden aunaretduiinseduliiAanisadiluanads
Frelumsianensenisasiamatafindwmasnidon dmanudutosnimiowiiu 4 aned
HomI UL FuTnnuUSnafiinsuanueus Ushadufitnnulfse uasudnamass
dendiunnesniBuaesmaen winuiwliasadeasiudidnisivavesnsyuaidendy
susuudgaglvaluluiianiafeaiu (Uniform and Unidirection) deainauiauyuinnin
vewindy 15 merddonsaeufiuns nduinavhlilududinsatsluanadivinlfiannis
dniavvenlenasnidonaunataidunata [20] vinldnuinvsadsnaiianainfeudig

1108

Adherence and Adherence
Smooth-muscle  Foam-cell T-cell aggregation of and entry
migration formation activation platelets of leukocytes

ANUTENBU 2.3 NSIAANISAUAUTDINABALEDR 91N N UNLdsduineandlag (Oxidized
LDL) naneidu Form cell wardnihliAnnissevaasas waziinnisasng

Fibrous cap mqmﬁuﬂwﬂwamauﬁam [21]

Weerd uaganiz [22] laSauiisumnugniuueinisiinnsiuiuuesiasn
doauaaalsfnszninameeuazinangs Tunguanaiadasiifionanus 50 Yauld laaifiu

ToYaNUTLVINTNIMUA 23,706 AU NUTUNAYIGNIANITAUAUYDINABALABANINNINNA
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wia wiagelsinu nnsiUSeuiisuruiaduinuaudnalsvesasaiion Common
carotid artery (CCA) ua¥ Internal carotid artery (ICA) luusza1n331u7u 500 au Luna
i 306 AU uaziwAwe 194 au Tneflengiade 52 T wuiwwiavesiiviaoniden CCA uay
IcA Tunamedvusvgninlunends lneflvuinedsvemasaidon CCA wag ICA Wi
6.52 fiaawuas way 5.11 Hadluns Aua1du wavinavddlvuinnaonidealannitndeie
Tnedvwanasnden CCA waz ICA WABWIAU 6.10 fadwns uaz 4.66 fadluns AUy
wazuonand wuliwameiisy Anisfianneanuduludengs feeduluiuludon wae
ﬂ’]’iQ‘UQ‘Viij‘l geninluimendgs (23]

amazﬁﬁizé’uﬁﬂmaimﬁamqﬂurgjﬂwmeﬂu Judndadenildlung
nszduliiAanaia Tnsauunffiszduinaludenads 5.5 Sadluans vieUssaia 70 -
100 fiadnsusion@ans [24] Lwiﬁwﬁizé’uﬁmﬂaiul,ﬁamgqﬂd’rﬁzﬁwﬂaﬁa%’a 30158171 3
a:wwazazé’uﬁwmaiuﬁamqq (Hyperglycemia) dnalviaduiinsantasaiianaiuly
gayLdenisvinau (Endothelial dysfunction) Tnefin1snsedulviiinn1sasiaansngu Reactive
oxygen species (ROS) dwabilwaduiniiaasnidonasslunineantas (NO) anas [25] v
Tivaeadeninanuiaunalun1snivaunsuaLasAaefvevaendon Lagrasnidoni
AnuBnnguanas Linnsudsivemasaiion

uanani ‘wmhnﬁﬁizé’uﬁwmaiwﬁamqmwaeiamim?{auﬁLLazmsﬁmé’h
vpadindenue (Erythrocyte deformability) LﬁaamﬂﬁmaﬁiaLéaﬁulﬁzjaé%al,ﬁmﬁaml,m
deanmaudu Membrane fluidity [26] ﬁﬂﬁ’lﬁamﬁmﬂmﬁmqﬁu WAZWUINAIAIUATLA
voudonludUieiuiniiu dAUseua 3-36 wuinesd (cP) waediszauimaludon
Uszanas 90 — 130 Jadndusewndans [24] uiogslsiin Aanuniindnaniuegiuiiae

Y Y

wAaLsIe [27]

2.2 MU IUANSAUALYBARALABALAZAITATIVININY
nsuIunsiuvemaeniden WeusslussRunisiuiuvemasniien
lAun 33 Traditional %38 pre-North American Symptomatic Carotid Endarterectomy
Trial (pre-NASCET) wag 35 North American Symptomatic Carotid Endarterectomy Trial
(NASCET) munmusenau 2.4 uaog1alsinunuinis pre-NASCET agilanuusiugitoanin
78 NASCET ims1gAuiuainatanuenivesduruaudnaavesiianulunasniien gy
AUAIAINEIIFURNUAUTN A1 VB INTIATUUEN fiduniufentu usainawvasaien

(Angiogram) @alaann15vindansnenin nsdiniinsasauvesAa@uuazUsIngluninni
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vaeadeasuusniduiu uilivsnglunsdiiflasdumnazanudinadnan viliilena
Fanunanaadeulunisiadeueiduiugudnarsesnisiuuenld wiegnlsnm
WU NESCET azdnmnuenndusinugudnarsvesnisvnlunasnidendidu fieuduei
amgdusiugudnarsesnisiulunasadoaiiund vinlilateyatigniesndnis pre-
NASCET [28]

n1nsI93laden1sAvveaealdeauasAlsin a1usavinlalaenisly
\A3838an3197136 (Doppler Ultrasound; DUS) m3asiasietaiasiinauuusimdnlsiii
(Magnetic Resonance Angiography; MRA) LAZNISATIVFIBLATBIARALADURLADS
(Computed Tomography Scan) ?fuwiaz‘i%”lﬁmmmgﬂﬁaqLLazLLﬂJusﬁWLLMﬂﬁmﬁ’u Tagnuin
N3 MRA TAUesiduaulilunisnsia (Sensitivity) g9 usfialgielun1snsaa
Aouthann ssfumsinseiaiesdansividddanldanetdesiitesnimin udliainm
ushughtion udednslsfinn Jagtunsusadunsivuesiaenidenitesiu axlounsiade

A15%19ans1%w199 [10]

Traditional, Pre-NASCET NASCET

% Stenosis = (y-x)/y*100%

CCA

MnUsENaU 2.4 FsAunaAUasidusnisiuvetraonidennieds Traditional 58 Pre-
NASCET Wa 35 North American Symptomatic Carotid
Endarterectom Trial (NASCET) [28]
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Y &

NFIgUNsAneUSeuiisuAnull (Sensitivity vselaniangiiulsa
Iasunanisnsinindulsn) wazanudwnie (Specificity wseloniadigliidulsnaglisuna
nsnsrlililulse) annn1sialagldia3es MRA CTA wag DUS WUIIA1SASIANIEAITN

MRA 2zl¥iA1 Sensitivity way Specificity qmdﬁ%ﬁuﬁum AR5 19UTENOU 2.1 [29, 30]

M1319UT2NBU 2.1 Nan1sWTBuIbuAT Sensitivity Way Specificity [29, 30]

Arterial Bed and Modality  Sensitivity (%) Specificity (%) Finding

Carotid Artery Disease
Ultrasonography 86 87 70%-99% stenosis
CT 7 95 70%-99% stenosis
MRA 97-100 90-92 70%-99% stenosis

2.3 nswisuwdasmmisimesiieatasiunisiva (Hemodynamic parameters) Tu
waoALaRARU

NNSEeUAILENES nunsasuLUatwesrmsfimesfitieitesiunis
via lunaenideniu Tnednnunisiasunuasmes mMAuEs Amusy wasALLEY Fe

2.3.1 nswasunUauasAAuEy

dlovaendeniivuindnaniosinnisivsiu dealdaianudinisinaly
waoadenUasuudasiuanniiy

Henderson uazany [31] leuustaendu 2 ngu 1éud fuieiifiszdunisiv
U1una1s (Minimal to Moderate Stenosis, 0%-69%) Waz {UaefifsyfunIsAUTULSS
(Severe Stenosis, 70%-99%) lunaanidoniiviin1sudawda (Carotid endaratomy (CE)
artery) wazinanusilunasnden Internal carotid artery Sndnanilafilailésunisnag
TngAmuiiAnduutadu 4 ngu muszdunisiudu Téud Minimal (MinD) (0 F9 29%)
Mild (Mild) (30% 814 49%) Moderate (Modr) (50% 914 69%) Wag Sever (Sevr) Stenosis
(70% &9 99%) udthmanusudendiinldannasaden ICA lWisuisuiulunasniden
CCA vosthaiioniu Fadumdndiuaunda ICA/CCA mamiﬁnmwudﬂwﬁﬂwﬁﬁazé‘fumﬁ
AUg (70%-99%) ﬁhé’mdaumwm%fsﬁLLﬁ’ﬂﬁmqﬁTu wazilesziunisivanasAdndiu

ANULsIAIRlAzANas WalUSsusumdndiuanuisilurasaidendntranianlulasunis
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HR APULAYEIHRAVaRaLAen CE artery WUINMUAINIAR A1ERaIuAI13LSY ICA/CCA i

APAY AUNNUTENBU 2.5

A ,
12.0 7| Minimal to Moderate Severe Stenosis
Stenosis in CE Artery in CE Artery
10.0 -
8.6
e
[ i
& 8.0
§ 6.0
6.0 o
< a7
< as
2 - 3332 \\\%
110 B0
0% SO %
So% 1211 S0 O S
5 R R 2]
Mini Mild Modr Sevr Mini Mild Modr Sevr

Category of ICA Stenosis in the Unoperated Artery

NNUSENOU 2.5 ANdRdIUAINLEY ICA/CCA lunaendendUeninisivlusedu Mini
Mild Moderate (Modr) hagSever (Sevr) NoUNIAA (LSETIU) hazAad

NP (W198979) [31]

19NN Kochanowicz wazAne [32] nuinann1suseiiiuaInutiiien

Tunasaiden ICA WsuduAIANUSIEanluKasntaan CCA (ICA/CCA) innutsuilorladu

Y

#gaan (Peak Systolic Velocity; PSV) Ingiadesansiead luaudnfienguinnin 60

o

T 79 AU wulwanedindadiuanusuadsainninluneuds lnsmaneiadndiu
@ q' 1 'y} a a |l v} 1 < q' 1 'y}
ANULSRAY WA 0.91 uaginAndsimdndiunnuiiuady windu 0.90
1NN15ANYIVDY Lal nazame [33] ladnAimnuisdenlunasnidanild
awuinausidoulalinn1sAviugnasa luddiediuau 255 au lagsedunisivuseidiuain

ANN1A1NN15917 CT scan 91135 NASCET Wu1A1AULE 18 oL AL URNL LA UNITAUN

[

LY na1A Tus1eNtseaunITAuRUY >20% JA1A1NNL5L800 2150 LYURLLATADIUIT

[y

18NT52HUNITAUFU 250% TA1ANNLEIEADA 2220 [WURLIASHDIWT Lays1eNTnIsAUAU

o
a A o o

280% HAIANULEUADA 2340 LWURLNATADIUIN FatTy fmﬂﬂé’fa;ﬂaé’mdnﬁ]mﬁﬂéf’jwm

¥
=

AnusINTsivaveddonindunuseiunsRuiung Iy
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v P

INUNANUYDI von Reutern Lagay [34] laaauaIULBN@NSNDUIIDTNNS

UslUTEAUNISAUAUYDINADALADALAIAILIAA LABNITLUTDUANUAUNIUANINA1IVIADA

U Y

Wen iiuntsiusiy sawiunisinnsandeyadmisiiiwesinesiunisivavesden ean

[

ANMURANANNIUNITININYTLAUNISAUAUYDIMABALADN AIUAITIUTENDU 2.2

d' Y '

MITNUITNOU 2.2 TURDUNITUIZIUNIIAUAUTOMADALADALAIATLIARTITE AU [34]

Grading of Internal Carotid Stenosis

Degree of Stenosis as Defined

by NASCET (%) 10-40 50 60 70 80 90 Occlusion
Main criteria

1. B-mode image, diameter Applicable Possibly applicable Imaging of

occluded artery
2. Color Doppler image Plaque delineation Flow Flow Flow Flow Flow Absence of
flow

3. PSV threshold (cm/s) 125 230 NA NA

4a. PSV average (cm/s) =160 210 240 330 370 Variable NA

4b. PSV poststenotic (cm/s) =50 <50 <30 NA

5. Collateral flow (periorbital Possible Present Present Present

arteries or circle of Willis)
Additional criteria

6. Prestenotic flow (diastole) Paossibly reduced Reduced Reduced Reduced
(CCA)

7. Poststenotic flow disturbances Moderate Pronounced Pronounced Pronounced  Variable NA
(severity and length)

8. End-diastolic flow velocity <100 >100 Variable NA
in the stenosis (cm/s)

9. Carotid ratio ICA/CCA <2 =2 =2 >4 >4 Variable NA

These criteria do not apply for external carotid stenosis. Note the hierarchical order of main and additional criteria and the change of reliability of each criterion
for different degrees of stenosis. Examples how to use this Table are given in the text under “Main and Additional Criteria” and “Advantages of a Multiparametric
Approach.” For definition of classes of stenosis, see Figure legend.

Criterion 1: Visualization of the ICA by B-mode imaging is needed to prove no flow.

Criterion 4a: Values taken from Figure.

Criterion 4b: Poststenotic indicates measured distal to turbulences. In case of a short neck or a bifurcation in high position, respectively, these criteria are difficult
to assess with a conventional duplex technique. Then, a lateral scan head position behind the jaw angle or a scan head with a lower frequency, as for abdominal
examinations, may give access to the more distal lying segments of the ICA. Another possibility is the examination of the distal ICA with 2-MHz pulsed Doppler
sonography.

Criterion 6: “Reduced” means side-to-side difference, mainly in diastolic velocity.

Modified from reference 11.

CCA indicates common carotid artery; ICA, internal carotid artery; NA, not applicable; PSV, peak systolic velocity.

149n91NY NISADUAIULBNANTVDY von Reutern wazAtdy [34] wunlety
wrnzAANSuden waziduiugudnatwemasnidon Tunisuseiliunisiuduresaen
1399 wiag19l5AnMN WuILIDARN1SAUFUEINTIUAsULUaIAIANUAULEDA LazAIAIIL

PUTNTEYINADNTINADALEDALTUNY
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2.3.2 Mmaasuulasvasiannuiu

McKevitt wazane [35] leRnmunisidsunlasesmanuiudon lunaon
LHOALAIALIAR KAIINNITHIRANABALEDN LASNATBIANAINNAUIINATTLAFAUN WUIAT
AUFULAALN T UAIMADA 6 IBUYBINNTARALEE (M519UTENBY 2.3) TnenuiiAiniy
fudennounindn dAmusuadsinty 146/80 fadnsUsen dsArAusuEuAnA1991n

ANANUFTUUNR (120/80 Tadunsusen) laniias

A1519USENBU 2.3 NMSUASULUAIUDIANANUALLADN TUSLELLIAN 6 LAY NaINIFA [35]

First 24 Hours 1 Month 6 Months
6
Pre Pre 1 Hour 20 Hours Pre 1 Month Pre  Months
Surgery
No. 49 37 35 31
Systolic 146.0 145.9 121.6* 1461 145.9 14011 1458 140.9t
Diastolic 80.2 80.4 69.5* 79.8 80.4 78.0 804 777
Endo
No. 54 48 48 39
Systolic 141.4 142.2 126.0* 118.4* 140.9 138.2 139.8 1379
Diastolic 78.4 78.9 73.4* 63.4* 78.3 77.4 785 717
PTA
No. 30 28 26 18
Systolic 143.4 144.0 126.2 123.6 wrets 139.6 ... 1409
Diastolic 79.4 79.9 73.6 65.2 o 77.0 - 80.2
CAS
No. 24 20 22 21
Systolic 138.9 139.6 125.8 112.8 e 136.7 ... 1353
Diastolic 77.0 776 73.2 61.4 cee 774 Do 75.6
Self
No. 11 1 10 10
Systolic 136.0 136.0 1313 114.3 - 135.6 ... 1363
Diastolic 77.6 776 74.8 66.9 s 77.6 s 76.9

Numbers in the “Pre” columns represent the total No. analyzed. Paired £ tests were performed on
the surgical and endovascular groups only. Endo indicates endovascular; CAS, carotid artery stenting;
and Self, self-expanding stent.

*The change in blood pressure was statistically significant (P<<0.001).

1The change in blood pressure was statistically significant (P<0.05).
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LAZAINNISAN®IVOY Blackshear wazAne [36] WUIMLNISIUAsULUAIUD9AN
ANUSULADALIRINSTIALULUATEAUNSAUSUYDULADR TaeLlan1sAUAUANLINTURLVN LA

ANPNUAUNLTY AININUTENBU 2.6

0o
: .
e H . L
i
80 -
]
|
- T0 :
= ' .
2 - :
= o0 i .
=1 m a0
& £
=
-
2 = B0 1
Z
mo T ' . .
2R . : :
R I H
Q- - :
— U | 1 | d
E T 30 -1 T T
w ! - : 4
] ! ‘ + >
[0} ] | ‘ ..
| L [ . .
20 — -4 -8
et b
! .
. p . *
104 | EERRSTEED (EEEE aeRh s - -
4 . . . ot e
o i o ; s . «* i ."
@ . 9 T - § HE TI
. | !
| | hd I 1 |
L + i > 0 i |
-0 T T 1 ' T T T
o 0 20 0 40 50 a0 TO 80 920 "

%o Angiographic Diameter Reduction

(N=90)

AMNUTENBU 2.6 NMIUATULUAIANAINUA UL DNITAURULALUY [36]

2.3.3 nswasusUasasmanuduiinssiuuntimasaidan

Ku wazamy [37] lEdnseiameusuiinssyuuntmaondenuninilsan
Tngldussuiiisumanuiduiinszvivunidanasaidon 5 90 (A e D) usiazgainan d
fuvie TEuA Aisumta 0 90 180 wag 270 89pn (NMWUTENOU 2.7) WAZIINAISANYINUI
ArPuLAUTinsyyuuRTIaeadonsuly (Inner wall) (fusts 0 o9en) fAgendmidanny
wen (Outer wall) (fumus 180 897n) (MUAT19USEABU 2.8) Lazdunisfinndmasnden
mnagnuinduiumisifisnaudud vieidudumis Outer wall uazaniivasnideni

Hijavuniign Ae Proximal internal carotid artery (nmwUsgnau 2.8)
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Internal Carotid

External Carotid

Common Carotid

MwdsEnau 2.7 suvisiinAianuauinseyinuuniiaviaonien 5 90 (A-D) uazusiay
300 4 dunie lawn 1erie 0 90 180 ua 270 a3r (H1y) way

AmFAYe 7190 C (137) [37)

A1319UTZNDU 2.4 A1ANULAL (Wall shear stress; WSS) AnszyiuuNTviasalden ICA [37]

Model flow results
Pulsatile shear stress

Polar 2 Intimal
position \dynes/en’) thickness

Level ) Max Min Mean osr (mm)
A. Common carotid 0 29 3 B 0 0.10+0.02
90 28 3 7 0 0.15+£0.03
180 28 3 7 0 0.12+0.03
270 28 3 7 0 0.10+0.02
B. Proxima! internal carotid 0 50 17 26 0 0.14 +0.05
an 11 1 3 0.07 0.47+0.13
i 4 -7 -0.5 0.32 0.63x0.17
270 11 1 3 0.07 0.37 £0.10
C. Midpoint carotid sinus Q 41 10 17 0 0.19+0.07
90 30 5 B 0.04 0.24+0.05
180 6 -13 -0.7 0.35 0.49+0.10
270 30 5 8 0.04 0.31+0.07
D. Distal intemnal carotid 0 108 35 45 0 0.07 +0.02
90 70 23 29 0.01 0.06+0.01
180 49 16 20 0 0.08+0.04
270 70 23 29 0.01 0.09+0.04
E. External carotid 0 56 4 14 0 0.27+0.15
90 73 5 17 0.03 0.08+0.02
180 35 0.3 B 0 0.12=0.05
270 73 5 17 0.03 0.15+0.05

*0SI = oscillatory shear index; see text.
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Intimal Thickness

1/max Shear

1/mean Shear

QOscillatory Shear Index

I I I I
Common Proximal  Mid Distal External
Carotid Carotid
INTERNAL CAROTID

ANUTLNBU 2.8 AAMUAUNUSTENINANUNUIVDIMADALADA ICA LAZAIALLAU [37]

2.4 ngufuasvannisvasvasiva funisivavesdanluvasniien

msasentamnisinaresesina iemaAiauss Anudu wagay
wulunasaidien areauintanamansveslnalgediuin (Computational  fluid
dynamics; CFD) vibanansainlaludsingnisainisivavesidentunasnidonnuladniau
Tu  Bnteannsadinsizsinalisinga IumsLLﬁﬁzmeGngjuasujﬁ’uaﬁﬂizﬂauimyjq 3
psAUsENoU leuA aunisidseyiiuddos (Partial differential equations) leulvveuiun
(Boundery conditions) uaganwug3usne (Geometry) vaslaym

sethy msFnuniilunsinunsinaveswesiva ssiuszneulunisfinnsan

Tunsundgm Jatiullynvesnisivae nanfe

2.4.1 FUNITBIBYNUSEDY (Partial differential equations) Liaadule
Jymiingitesiunisivavendenlunisfinuil 4 2 aunts lawAauniseusndulans
PauN15ANABLTRY (Continuity Equation) kag aun1seusnyluiuudy (Momentum

Equation)
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auN15v03n150uSNYUIA (Conversation of mass) v3pannIAIsDLTes
(Continuity Equation) Lﬂumiﬁwmm{]zuumimaﬁmmwuamwﬁlﬁﬁmﬁgigmasumma
vosatlnalussninmsivaanganialudnganils vieillefiarsanisinaritunseuaun
AT dx Uaze1 dy munmUsznau 2.9 [38] fiusunamdnduesnaiilnadwiafu [puldy

\HB99neAnUnLILLY p wazAuse v lWdsuulasmasn fetiulSunadnduauiadiiva

PNNNAUYIN WA [Pu+(a( pu)/ax)axldy Tufi

;‘: A
1 { PV + o(wpvl afvi' dx

:

alpn
[pu] dy — dy —>[pu+ (é(:)dx:l dy
dx
B — .
[pv] dx

MnUsenau 2.9 Wé’ﬂeﬁmmmam'mmausumﬂLé‘ﬂﬁasﬂuimummmﬂm VNDASI9ENNTS

\WeaysN¥NIa [38]

USunawesndnduesnaintululuiinu x N1uveU dy fe

[pu + de] dy — [puldy = a(;z) dxdy (2.1)

wagUSunuesNanguesIaNLIulULLILAY y N1UBU dx AB

[,au + %’z_ﬂ dy] dx — [pv]dx = %’?}dxdy (2.2)
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wagtilosanuUsunamnalunsouiife p dx dy A9UU 8rTINSIUABULUAIUES

1nananasld A

dp
-5, dxdy (2.3)

[y

Fariu USinaundnd ity wihuuSunamdndveanaiianas sufe

3 pu) a{pr)
LA dxdy ;: —~

ap
g ar > 2.4)

m%at,%auiugﬂasmdﬂmi‘]u

dp | [9(ew) | d(pv)] _
et Tor o ]—0 2.5
%30
a—p+ V-(pV) =0 (2.6)

Tunsdlfinsivadunuuliisnsa (Incompressible flow) AAMURUILLUAST

(% 3 1% 1 ! <
At launisegnsinendu

—_—

V-V=10 (2.7)

wenanidaflauniseusnvlumuiu (Momentum Equation) Faduaunis
Vo3 aningesiungeiaaduasiafi nd1797 WSIAUNAAMYBILIATUAIILLT
slglunisundginislua 9anauduiusaena WenansuInIanig dx wazenl dy ¥

[y

Maunrdeunluiunsina munIwUsenau 2.10
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e
ap
pd-",___‘, 4——[[?4—&0’1]0’\
dy
o, dy «— - [6\ + ij" d\‘]d\-'
oox
dx
_ X
—
T dx

AWUTENDU 2.10 WIIRSIULLILAY x Nnseviuunauveslraiadsunliiunisivalive

as9aun1sgaeysneluudy [38]

wazkilnaaInnisivaveswadinatiiolmdaunasilanudunusiuauLse Lile

PANFUUILNU X AAUNTT AIT
F, =ma, (2.8)

1ag F, Ao w5958 luluiwnu x, m Aedlavenauvadlva way a, ABAINLLSS
U9AlULLILAY X

usasalufieuny x Usznaudoussiinseyindiin usaiiesnndwinvesna
L3991NALAL p ATLLAUSIRIN (Normal stress; 0,) wavAuifudou (Shear stress;

T,,) Wil aussismualuuuiunu x (mwdsenay 2.7) 16t fail

[p — (p + % d?r,)] dy + [(a*x + aﬁ d:r) - o*x] dy + [(T}w + %2’:—""::1}*) —
Ty | dx

|

(2.9)

T

d
d

Zdxdy (2.10)

- dxdy + %z dxdy +
dx dx v
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drulsenimingeia (Body force) Tunuaunu x e

pf(dxdy) (2.11)

Pl naNNns (2.10) wag (2.11) WSITIAIRNATULLILAY X fiD

0oy

_[_o
Fx_[ 3;w+ dx

3oy
- —;%"] dxdy + pf.dxdy (2.12)

LALAINANUTLNBUN 2.10 LIaVBINaUTIDI A AD

m = p(dxdy) (2.13)
ANAIIILI a, VBINIE AR nSIN1SIUATULUAIAINNET U YaIIandLAiauide
1781 AD
a, =2 (2.14)
X Dt .
wdwnuaNnis Teaulungeaesvesiidiu waamseie dx dy
laguns
Du dp = day OTyx
— = (MUNALNY X) (2.15)
P Dt dx x dy pfx

Tuvhusafeniu auniseusndlumuium LUl y 9za1usalauaanun b

Dv dp | 9ay | Otyy -
_— e —_ — 2.].
p Dt oy + y + Ix + pf}, (MUNFALNY y) (2.16)

nsdinsvanuuiialaitiey (Newtonion fluid) Anenadueanusaideulugy

AuEle mnldanfgiuvesaland (Stokes’s hypothesis) nanafie
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A=— Su (2.17)

e A fie AAnunilafiaes uay 1 AeAAunilafindle

azldanudutussznIeauLAuLazAnsa 1y

= = 3
O = — g,u(? V) + 2u ﬁ (2.18)
2 = o du
cry——gp(?-lf’)+2pa (2.19)
R T
Ty = Tyx = {5, T3, (2.20)

Waun1s (2.18) 89 (2.20) wnuAtluaunis (2.15) was (2.16) laaunisi
gonmdaafiungeusneluuudy Judeusgluguvasnuinasanuduriniy Sund aunis

wlssaland (Navier-Stokes Equation)

6(pu) 6(pu) d(puv)

ot 0x dy
_ Op 6( 2 v §+2i8u) 0[ (6u+8u)]
~Tox  x\ 3 "3 ady Hox dy.
+pfx
(2.21)
d(pv) a(pv) d(puv)
dat 0x dy
_ é‘p+6( 2 V-7 42 dv) 6[ (ﬂt?+&u)]
B ay vy 3“ #6}«' dx # dx dy.
+pf,
(2.22)
wazideuluglegnadelaiu
8@1&) Bcrx
+7- (an) ——+ +—"’—+pfx (2.23)

dx
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olpv) o - dp do OTyy
+V-(pvV)=——+—2L+F+ (2.29)
ot (P ) oy ¥y dx pfy
wengnalsAmy Tunsaindinsinavuududiu aunisnisiaaeunvesnisiva
UszNauUMeaNnIsNONImg wazaunsuudy wwieddunisivauuusuiteu wiauns
Mstrawuuduliuazaulam1asusIns e luaunis F9nsmiin1suIisn1sasvase
luadunldluaunisil wazgaunsa@sulvedlusUaunismiungnsaia (2.25) wagaunis

Y]

Tuiuy (2.26) aglasad [39]

3
— il = 2.25
5y, Pu) =0 (2.25)
...Em / — ap a 8215‘ 3&1} 6 . ¥ r
Bxy (puiuj) - 6xg+ dx; K [axj + 8xf“ * axi( pu U J") (2.26)

Mnlgaanuduiusidaduiuadnsn1sasuwlasanueseadu auaunis (2.27)

o' =y |2 L2 25 Ouy,
pu' ' = p, ij-i»axs] 35U [pk-i—,ul. EM{%] (2.27)

7194 mmiaL%ﬂuiugﬂamﬂ’1'5GUENﬂ"]wé’ammaﬁmmmmﬁuﬂamwu Standard k-& a1y
gunns (2.28)

a ar wi] Ak
'é"‘;(pkltt =§m[u+"‘{}g‘;¥ +Gk+Gb".‘9€ (2.28)

*i Cx

Y o

wagilonsin1sanasveandsulatvesmInutulu Weuld Al

3 I | ) 1 I c_ cf
£u;) = o [[u + o‘k] a:c;J + [Cg::. G+ CeBGb]] L~ PCay  (229)

dx;

- au 1
e Gy = —p — pu';u; [ai-]

_ u dp
Gp = —9; P~
pPry dx;
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2.4.2 auuag'}uuazﬁaﬂ‘u%auwm (Assumptions and boundary
conditions)

nsfnuadeulvveulunvesnsinuil ﬂ"mumL‘q"aulmuuﬁugmﬁaga%m
Fenuaznaonidon MlndiAeaanass

Khader wazame [8] AvunarinuaudRvewdanidu Incompressible
homogeneous Wag Newtonian fluid iiiesanldauuilivasndentivuialg uazden
Shear rate g3 (0-1000 s ) wazrmunAmasadeatluLuy Rigid body uazANLEIvesI8Y
vafifndunisdeadianyindugud (No-slip condition) fifAnumuiututaganuvilaves
Fon WU 1050 ke/m” waz 0.004 Nasec/m” audsu arauidada winduadisale

AINNTINAELITOANT IR

2.4.3 anwae3Uie (Geometry)

nnsaevaILenas wuusiassildlunswiummisfivesiieatunis
Iwavesden lunaondonunsanlsin Snsuuy 2 97 uas 3 @ nanAe

Stroud wazame [40] Iaadranuusiass 2 iR namitldainnissin MRA Tu
fiaeiiaurdavasaidendiae Aisunia Carotid bifurcation tieUszifiuaadssnisiin
Embolism wiemsiidfouluiulleadunasaifontiagluidosaes

Yonand Zhao wazamy [41] finslduuusiass 3 97 Auimnisinaves
WBonlunasnlaoaunIn1lsin ULy Lwi%lé’%’ayjaﬁy’a 3 STUU %aLﬂuﬁayjaﬁﬁmm

axLdgnnNI

2.5 n1sinluTguselev a1nN15 I BUUIIAIATUIUNITIAYD1ADA UViaanlaanRUu
ANSATUIUNIS AV ADANILUUIIADIN N ANAFIEALTLIA1FUNIING

i o

Ansgideyasienisiinimeass uazuuudassnsinaaunsaliuiudsuieulynng
Ansziilade ildaunsadesgideyaluaniunisaiinglasinga uegnelsfinim 1ad
nsFsuifisunanisAnniildanmsihmssmuuseuuudiasssadnead wazainng
ANTII1IN VDIVABALTBALAIAILIAN

Hassani-Ardekani uagaasg [42] Wisuiisunaildanmsvhdansmniduay
MnNMsAassuUUassreufines anluanasadonsis Aldandiae 2 au 1u

WAy 918 87 U uaginends 918 72 U wuddisumvdsiiAanisfvdulinuainuwaneng



27

ISIY (%

YDIUBLANIMUUTIARY Uardayadans1e13n ag1alldediAgnieada Asiunisinannig

Qﬂmmmmwﬂizﬂau 2.11

3.5 3

~=-Doppler(Stenosis)
-+ Preseni(Stenosls)

> —

0.2 0.4 0.6 0.8 1
Time(s)

3

25

2}

.5

Velocity(nJs)

1

Velocity (m/s)

05}

0 0.2 0.4 0.6 0.8 1 0
Time (s)

(n) (%)
ANUTENDU 2.11 AANULEeadanluraantdan ICA NHWMNNANNISAURUYDIIaDN
B Alaa1n359ans198 LazAIANuULSuAanirualaaIn

wuudtassnishua Tuweane (n) wazsnands (v) [42]

2.6 NMSIUIBNITAVVDINADALADA

A1AIANITAITEAUNITAUAUYDINABALA DA dauﬁﬁﬂammammmi L
madusimndesnnmaenienfiuiuuayludesanedifiome silviannsntiaoddy
Assnwlaviunan

Purvis wazmne [15] Tdnanisiamanuiiudenivasndonuniudiinne
(Cervical vascular injury) k&3p1an15alseRuNITUIALEY WeUselunsiihunissnuw ay
AMnUsEneu 2.12 mamiﬁnmwudﬁa;ﬂaﬁiﬁmﬂé’amwnﬁaamﬂé’mﬁ’m’fa;\gamawaamtﬁam

Y [y

AldsunIsuIadu ageddeddunieada

]



No BCVI =
BCVI=

14 (52%)
13 (48%)

/DMV < 159{\

No BCVI = 12 (86%) No BCVI = 2 (15%)

BCVI = 2 (14%) BCVI = 11 (85%)
/”"3""'\ /“\‘
NoBCVI=7(100%) | | NoBCVI=5 (71%) No BCVI = 1 (8%) Nao BCVI = 1 (100%)
BCVI = 0 (0%) BCVI = 2(29% BCVI= 11 (92%) BCVI = 0 (0%)

Yes
Lowest Pl
<0.9
No BCVI = 5 (83%) No BCVI = 0 (0%)
BCVI = 1(17%) BCVI = 1 (100%)

(Blunt cervical vascular injury; BCVI) Taglginaeiannan MRV

asymmetry (DMV) A1 Pulsatility Index (DPI) A1 Lowest Pulsatility

AMnUsENaU 2.12 ununmuuudulidusunisyuienisuiniduresasaidenusiinne

Index (Lowest PI) a@ Lindegaard ratio (LR) [15]

28
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uni 3

A5n15AIUN15IY

n53seidunslduuusiassnisiua wuu 2 87 e uimAIruE
(Velocity) n15lua Tunasaidenuninilsin (Carotid artery) wiewSaurisutuaininuss
nslnavesidendiliainnisinaieneiniesdanstwnd lnedingussasdiieaiiensi
mmé{’uﬁ'uémaﬁayjaﬁlé’mnm3ﬁwmmuazmmmii’m%a YeNaNd ¥1n15AUIN
Armnsdimesay Toun ausy (Pressure) wazautduiingzyiuuntivasmdon (Wall
shear stress, WsS) Tunasaidonunsnlsin msideiisenoude 3 dawumdn dll

1. MswSsuifisuaimnuiilunasmdendidiumis  dausu (Proximal)
daunans (Middle) uazduuany (Distal) veanaanidenuninilsin sauvslumnasnidonuns
AlsAnaulu (Internal carotid artery) vedananadasnauun

2. nsUssiiunansEnuannsiUasuulamesrnuniinvesden waznisau
Fuvasaenden Tnginanmdndiuanuny avudy wazausulainiudeuld

3. mMsUSsuifisuAidndiunnuids Ay wazauduiitldsuly Tu
vaeadoaunsalsiafinuiiinsAudulussduiiunnsneiu luenaadasnguinunisiudu
lunaenidoauninilsin

ImEJﬂﬁﬁﬂmdaumﬂ%a%ﬁagﬂiﬂwamaamLﬁ@ﬂiﬂ&lﬁé’fmwmamLﬁamﬁié’mn
pranadasundnauaudusuuy dadl 2 dudenoranadasuniun 4 seuazsiaeslii
nsAuYeIMaDALdenTisziu 50% uagiinAnuniavesdenidu 0.005 N-sec/m” Lilog
nansEMUIINMTUATLLAsRLTRveuEen wavdil 3 adegUsmasadenniunisfu
SRSRRNIRH Fnunfinmsfivvemasnidenunsailsiauaziiiussdunsiufidiundaiy &
sUTvemaemdenvuiluiuy 2 6 wdnihludwiumanusinisivavendonuas
awsdimesiaulalagldlusunsumuiamiaiainssy Teun ANSYS deiiswazideaunay

JUNDY P91

3.1 NMSANLABNBIANENAT
ANSLEBNBIANANATIZLADNLRWIZLNAYNY LUBIDINTTIYINUNUINNAT 1L
gnsdesvainsiliududonunsrlsfinfuasnitlunands [43, 22] dslunsfinwilldiden

NANANATNATIINUNR 91UIU 10 518 WaLDAANASNUVADALABALAIANLSAARY 91UIU 3
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578 1n8YTEdsu 15INEIUVIAAIVAIUATUNT UIMINGIFEAIVAIUATUNS TINEILYA
winlvg) Inseanainssaualdunsutunoumssiiunmsive wasdusoudnsun sl
nsntuinnisdedmin Mg uavdnUsein iioUsziiunumngaslunsidhiauly
meeiidely

nsfnaenetaadATNaNUNA ¥N1SLRENAINNAYIENENDIYTENTIN 30-65
U liflsmenudulafings uazlifiusyiinnsdvvesasaidon enanasiasdedinuandfnia
inausithedu agldsunsesuiefetumeunaifudeya warnsuithnuusnfutoyanuids
w¥ouviedaininia fadiuge dnUseiR wosdnidenianzeranadinsiidadudiaanis
(Body mass index, BMI) %114 18.5-24.9 lawn1saiuiuaiaviaianiey (BMI) @1u150
fruaaildain dndn (1) / Anugs (17) [23, 44, 45) warlunsdonaadasidnasaden
unanlsfindu Felddeyamnanmenvszideu To1gsening 4568 U uaghiflsaunsndou

SeLks9

3.2 manudeyasianadng

nafiudoyaotanaiing uuadu 2 dunou Ae maiudeyanmuasaden
waerlshn eUsznaudae Common carotid artery Internal carotid artery WagExternal
carotid artery wazn1sinanusilunasadendina nsiiudeyaninvesviaendenld
wdastdnaunuwiudnlndfiunin (Magnetic Resonance Angiography; MRA) 41 3.0
wiaan YesuTEnilady Ju Achiev x-Series (nMnUsenau 3.1) lanmuesvaandenndiandly
ANUSENBU 3.2 Imaﬂwwﬁiﬁamﬁumﬂvﬁgmwu DICOM wipthluldlunsasrsuuusians
2 1if

nsiivteyamuiinislnavesidenaznsesinlagldiadessansiend
(Doppler ultrasound; DUS) 4119 7.5 MHz 989U38nla%un Ju TUS-A500 (nndsenay
33) faanusinisinavesdenlunasndenwninilsin Adiunusdiudu (proximal)
dunang (middle) @utany (distal carotid artery) Wagyasniasn Internal Carotid Artery
dhustu 1Judu (Mwdszneu 3.4 uay 3.5) lneranuiiiinlszidenanzmeuiiigsga
dlemiladui wdnihamauiianisfidunisdrudunnduaininuisusudu (nlet
velocity) 28315 wralusuusiasnislaa 2 I8 wievinadildainnisdiuaaun
Wisuiisutuaanusaitaldmesansiend idunisdiunaniwazdiulaievevaen

\doalnInlsfin uaziivasnidsn Internal Carotid Artery d@ugu



0.0T PHILIPS-780BC11
Ex: MRI_MRA Carotid
MobiView

Se: 510f7

Im: 115

Cor: A30.8 (COI

500 x 287

ET: 1
TR:204

TE:3.5

SENSE-NV-16 A
304 5thk/0.0sp LT e |

W:4000 L:2000 I

PSU|

CHAY

M 1406344

Acc: 2848338

2012 Oct 20

Acq Tm: 15:53:08.43

=

I_‘_|_|_|_|_‘_|_|_|_I_‘_|_|_|_|_‘_|_|_|_

DFOV: 23.0 x 35.6¢cr

AUSENaU 3.2 nMnilaainiaseeniinaunuivaningii

31
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Ultrasound
wand

Carotid
artery

10.0 mm

AUsEnau 3.4 dunisitannuslunaendenunsailsin (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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usedpecP. . AMPORN
Aplio500  PSU HOSPITAL Carotid1

#17

LT DISTAL CCA ».
>

02

eCist s 1t
03 = recision Pure

-

NNUSZNRU 3.5 feg1ea1AusINIs luave deninlaainni1syieansienin

3.3 NISE319NNLUU 2 ARVBIVIaDALEDN

NsNAaBILUINITES I N aendendy 2 WU Ao @San nraeniienniy
PUNT3INENETATUNR WarNTaS NN NaDAEBARINILNATS WeeNENaTAS TSNS AY
YamenLdanuarUSUTIIANISAUTRIaanLdan (Stenosis) LU 30% 40% 50% 60% way

70% PUAINU

Funounsadrenn 2 Tvesaenden deaziden fuil

3.3.1 hammaenden wuu 3 37 d9ldannnisyi MRA undunimduwuy
dusunisasiennvasaldannuu 2 U7 aelusunsy Computer-aided design (CAD) lng
Benszunuiiaunsausafiunanasaiden Internal Carotid Artery (ICA) uwag External
Carotid Artery (ECA) wardigufinssewinmaondeniadesnisiian vilildnmmaoniden
mmumngﬂiwﬁq Aanandlunmdsznau 3.6

3.3.2 1 manlusunsy CAD L91glusunsy Computer-aided analysis

software 1 ANSYS LiaA1LINNIS e AIuanslunIwUsenau 3.7
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20 mm

(%)

ANUTLNDU 3.6 NMNAULUUAIMSUNITASIAINUADALEDALUU 2 TR (1) Anannlud

DICOM (3) nMWuasnaenwuU 2 Uf d@51991nkUswnsy CAD

LINES
IYPE NUM

20 mm

AmUsenau 3.7 nmlaseasne 2 3R Wetudnglusunsu ANSYS
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3.4 N15ATUIUNITLUA
IINANLINNANAFMAATIUGS a3NTAIINNNTIMaTaLARAIElUTINTY

AuunTiavesvetlira (Computational fluid dynamics %38 CFD) 1AW 2 &R

[y

lngns@nwivinsmaaedegldiniespouivnesdiuynna NinuanyMe

&
U

CPU Intel inside CORE""i5-2450M

BUIWANIEN (RAM) 4 GB

115M28 nVIDIA GEFORCE 610M

g150Ran (Hard disk) ¥u1m 640 GB

- 5yuuUURNIS Microsoft Window 7

[%
1Y

LAZHIUNBUNITANUIUNIY [47]

3.4.1 YumeuNSeENNS (Pre-processing)

- fnuagUirsveuiniianla lufitidulessadramsendenunanilsin 2 GA7
1AW MRA U8301@d8iAS

- a$13n3n (Grid) w3elasesnemane (Mesh) ewudlaunrestlywesndud
A (Element) doq Tnensanwil adedawuduuvamaslilaseadne (Unstructured
quadrilateral mesh) LagmuATUIABALLILA WNAY 0.125 Haduns dmsunilinaonidon
Fruunf uay 0.1 fadwns dmsundivaenidendufinunisinizuensiu fasansly
AMMUTEABU 3.8 1AUAITAIMUATUINTDILATISINATDTE  LARINATSILATIZY Mesh
convergence [48] lngnsmuansaualasesenine Mnvwaduiigaiiansnsoeseils T
dsuegigaimilinanisdmnamenudiuunliued fuaaduamdsznou 3.9
WazINA1319UsENBY 3.1 NUINLATITIMUIE R 0.125 Hadwns Tdalseuianateya
Houninvwin 0.1 euwings udldmeanuilndidssfusudauudiiannn dofuss
LBONVUIADALLUALVNAY 0.125 Hadluns waznaiaIniinisaselasesninigng (Meshing)
AITUIADALUUARINGT TAT1UIULATITIAIEINTUNADALEDAIND1AALIATUNR Laz

NAA@NASNIVaMAARYU AILAAIlLATSIN 3.2 LAy 3.3



STENOSIS
—_—

AMNUTLNOU 3.8 NNAIDE19LASIAS19MADALEEANLAES 19 Mesh Navaantdannund (41e)

LaTVaRALARARU (V31)

&

1530 ﬁMesh size = 0.10 mm.
&

¢

Mesh size = 0.125 mm.

M aximmnm velocity (mm/s)

1450 - &

1430 T T T

0 20000 40000 0000 20000 100000 20000

Element number

AMMUIENBU 3.9 N13ANYI Mesh convergence



37

A1519U52NU 3.1 JU1RDALIUS (Element size) 9711UBALLUS (Element number) Lag

AN IgREnTiAInlle

Element size (mm) Element number Maximum velocity (mm/s) Time (Min.)
0.075 10,3015 1,520.59 64
0.100 59,705 1,536.55 50
0.125 40,243 1,52591 28
0.150 28,724 1,520.33 15
0.175 21,910 1,509.79 8
0.200 18,297 1,504.13 7
0.225 13,997 1,501.01 6
0.250 11,566 1,490.61 4

A1519U5ENBU 3.2 97U Element number wag Node number 21n%aandana @1duns

Und 10 518
Subject Element number Node number
S1 35,757 36,677
S2 42,955 43,995
S3 46,069 47,096
S4 42,805 43,770
S5 45,047 46,063
S6 40,129 40,999
S7 33,984 34,926
S8 33,717 34,568
S9 43,019 44,001
S10 45,101 46,079
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A1519U5ENBU 3.3 97U3U Element number wag Node number anviaanidanandnainsi

fvaonideniiu 3 578 Tis¥aU 30% 40% 50% 60% waL70%

Precent stenosis

Subject Number

30% 40% 50% 60% 70%

o1 Element number 48,066 45,740 44,557 46,102 44,385
Node number 49,088 46,761 45,582 47,132 45,413

- Element number 31,726 29,826 29,563 29,172 28,159
Node number 32,571 30,674 30,407 30,022 29,016

o Element number 28,797 27,750 26,956 27,284 27,196
Node number 29,666 28,616 27,828 28,159 28,076

msﬁmumfiau‘l‘umaumm (Boundary conditions) Wuu1aa4

1) fvupsanudinisiraveadensndn whdumaudisaldan

Fansend uazdanuiifindimaoniden iy “gud”

2) fviupaududesuieeninfu Araudy (Diastolic pressure) 713m

Igwauzivilananssh

3) mwualindesiinaautfiduvesivauuudaladou (Newtonian Fluid) &

ANAUVLILIY bazAUTnvenden Winfu 1,050 ke/m’ waz 0.004

Nesec/m’ AIU&IY Iuﬂszﬁﬁiﬁﬁizé’fuﬁwmaimﬁamqq ANUNTnYeLAeN

Wiy 0.005 Nesec/m”

0) Amualideaduvesiawuusamlila (Incompressible fluid)

5) fintarasadeaduiuunds (Rigid)

6) nMswavesdomdunuututau (Turbulent) Tnesmualiiduwuusiass
aututueiin Standard k-€ WeuleglugUaunis auaunis (2.28) wag (2.29) [40] 1

[

&
U

2 (pkuy) = 2 [[u+ 2] & o
a«i“z‘(pkugj 8x; I:IL—’r-Gk Bxy + Gy + Gy — pé (2.28)
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v (% L3 Y v

wagilonsin1sanasveandsulatvesminuiulu Weulsd Al

d d ujl de £
o (peu) = o ![u - ;i]a— - [cni[ck + cweh}]i —pCe2y  229)

. .
Tned G, =—p— pu';u'; [—i]
k p— pu i 3y
p dp
G. = —a; i
b L pPry dx;

Trgn15ANEIATIRIANIUAAIAT

3.4.2 FumeunsiuIasdmeu (Solution)

s haseitaniieniunmsina msmdeeuresnsneierldds Lol
Tudddwwd (Finite element method) lnaAuauriulusunsudniagu ANSYS daenis 1
Flotran fiefuiaAInisnszaenings anus wazmanuduiinssvihuunivaoniden
vasusardaud Inslunisdenlfuuusassnisinauuudutau (Turbulance model) Huas
finstmuasdwUswazanfidmsusuusIase Wy Turbulance parameter wag Wall

parameter lagarasnanlaonsdsliluniauuan @

3.4.3 FUABUNIIHEARAINEG (Post-processing)
mamﬂmiﬁ’mmé’wmiLmimﬁ’%%gﬂ 22 1AAIANLLE ALY LaZAIATY
Wwunnseyuunaasnden Ingaileariidn vzt JunInnsINANLEAINITNTZAN8VD AN

wazdayalleilavillnainnIsALIN

3.5 MiAszvidaya

Foyafilannnisannmelusunsudnsagy Nideyalsdinavuasdeyand

Y

anwauzilunwnsmiln ssthuihnmsiessinuinguszasdnisfinw fadl
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3.5.1 WSgUEUNaNIIAIUIAAIAIULS N1TalauSiiuvasnLden Internal
carotid artery (ICA) uagvaeniiian External carotid artery (ECA) Tunsaifiiinistnduwazly

JAMIUDIADALADALAIANLSAATIFWIALG Bifurcation

¥
¥ S

nstfivdeyatl Wannnsduenanadinsundiuau 4 518 wuadu ananasiasiisl
nsdnfuaaendendisumus Bifurcation 2 518 wazwuuiilifin1sOafvemasndend
Funus Bifurcation 2 578 udaiuainudfidualdluusnamasndon ICA uay ECA
Tne¥ndnannsuss Bifurcation 4uuwng Distal Wuszes 10 TaAIAT LALLARAIHNADENL

TugUununwdneauzauss (Velocity profile) vesusazau

[

3.5.2 WSHULABUAIAINLEI9INNANITATLIUMIELUUII9N15 e AUNE
ANSIRAIELATEITANTIIINLUDNEFTASUNR LAUINNITILATILTANULANANNADRNEIT

Paired T-test Tnelgluswnsy R

MIseuieu Itnan1seuuedadliuanusnlaanuuudiassnisivai

A519%U TIAIUIAINAIANNLST NELNUS Proximal Middle Distal waginternal carotid
1 1 < ¥ . 1 < £ [

artery (MuNNUIZNDU 3.4) sioA1A1u591 (Inlet velocity) TagAianuS NGy
ANMNULEIT IR 838D an 1w IR IR WALe Proximal common carotid artery ety @1
dndrunnusafisiumus Proximal Middle Distal wagzinternal carotid artery Aunadla anu
AUNIT 3.1 — 3.4 WSeUAEUTUANEAAIUAMULSINLAINAITINPIETANTIF1IF NHILAL
LPgIN

Proximal velocity ratio = Proximal velocity (3.1)

Inlet velocity

Middle velocity ratio = Middle velocity (3.2)

Inlet velocity

Distal velocity ratio = Distal velocity (3.3)

Inlet velocity

ICA velocity ratio = ICA velocity (3.4)

Inlet velocity
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3.5.3 MsIATIzIiNansEnuIINasaLdenfiunasnsiuasunlasnnnunie
yoaiden anoraasinsiduidenin 4 11 uazuisoenidu 4 nsdiAnw nande
WUt 1 N: viaosdenund waviiAanumiamiaiu 0.008 Nesec/m’
WUUT 2 ST: naendonfiudl 509% uazdimaumiiawingu 0.004 Nesec/m”
WUUTi 3 HP: naeadonUnd wazdmanunilnminiu 0.005 N=sec/m”

A dl o A N ~ o 2
WUUN 4 HP+ST: %99aLa9anun 50% Lagda1andnuatniny 0.005 N=sec/m

waslfaznIalAney :3ATILRNSUAsULUAIIANERAILANLLEITILARTY

Nranmann ICA way ECA suaunis 3.4 wag 3.5

ECA velocity ratio = ECA velocity (3.5)

Inlet velocity

YaNANY IALAT1ZITNNSUASULUAIVDIAIANULAUTLAATUUUN LI AD A
dom ICA 1anTasulu (Inner wall) kaznifsvasaidansiuuen (Outer wall) IngwiuaAIANy
AU Bifurcation AulUTIIU 11 0 (A7 0 - 10) madAAINETd 10 Tadiuns Ay

AnUsenau 3.10

AMUIENBU 3.10 AU inAIAUAY 11 90 vuntvasniiien Internal carotid

artery (ICA) vianilannulu (Inner wall) tagnianuusn (Outer wall)
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3.5.4 NTIATITANANITI1A0INSAUTSEAUAITAUT 30% 40% 50% 60%
uay 70% sommnsdimesnisinavreaden laun Ardnduaiusa (Velocity ratio) 1AL
¢ (Pressure) WazAIMLLEUTINSEyTUuNTIiaoniden (Wall shear stress; WSS) lu
pra1adasUie 911U 3 918 1aedBn13AUINMELUUTIaIRaNneT waItun
WibuiisuRumdndiueuisitingeiinsdansiens uenaini msifiuseiunsaues
vaenidenyUIe é’w%qmﬂgﬂiwé’ﬂwmzmiauLamaqnﬁﬂwaﬂEﬂfu Nt sLiusean
guamsnenvoas1uluiy Insliilsssun1siuwiniu 309% 40% 50% 60% way 70% Lile

Anwnansynusaly

3.5.5 1N5NUI8ASAUVRIaBALden (Prediction of carotid stenosis)

A1SYINUIENITAUVDINADALADA LATAITES TN UATNANFUNUSVDIAT
anudaficumaldanuuusiassnisluameneufiames wasiiszdunisiudl 30% 409% 50%
60% waz 70% Wit lUldlunsUsyiiunalesduienfuruianisivuesvasndenunsails

AALI9YINN1TINANAIULSIAIEIT NIRRT IR
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uni 4

NaN1SANEI

ANASUUNAIUIATAUAINAIENIINITUWANE USLLAN MRA W15 UNIT LY
33NN1IANUIUNINAIUAAINTTUAIINITAS 1L UUTIADINADURAUADS LHDANYIAIAIILLE?
ANMULAL azAUAUAAsUlU WalAAN1SAUYDIanaanwAIALSAn TITNanISANEIAY

wanIma Ul

4.1 fayamluvesenanasing

Nndeyaoranasinsiname nguoraasinsfiiinaonideaunsalsinuni uaz
nauorenasinsinuivasadonuasanlsiniiu laenguiiiinasaidenund J91udu 10 51
uavengLade 47+10 U fledviananiy (Body Mass Index: BMI) 23.23x1.73 Alaniu/ms1s
As waznguiiinaoaidondu $1uau 3 518 forgade 61:10 U dardvilnianieiade
24.60+0.27 Alansu/maans dauandumsnssenou 4.1 1nn1sdnuseTRdesiunud
nauetaasinsinumsiuremanaiden agiiusy Tnrarmdulafindugs fseduiinialu

\Honas uazllsgauluduluibonassiume

A1519UsENBU 4.1 Gé’ia;ﬂaﬁﬂﬂmmmmaﬁm

Toya aanadAsUnd oranasinsTiiasnidendy

U (AU) 10 3

91y V) 4710 6110

thwiin (Rlansu) 63.08+6.41 70.0048.57

dugs (wms) 1.65+0.08 1.68+0.11
ANUAUEIER (HadlunsUsen) 126.4+13.46 148+13.32
Aususinan @adlnsusen) 83.4+11.53 84+17.62
avtlinanig (BMI: Alandu/m1s1auns) 23.23+1.73 24.64+0.27

e Yeyariauslusunuu Anade = diudeauunnnsgiu (Standard deviation; SD)
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4.2 TayaNINVIadnLaaALUY 2 3R 31N1anEsiAT
nnsiuteyanasadeneraaininguund 91uau 10 518 wududle
fiansanaingusnveamasaion aunsanusesndu 2 ngu Aenquilinnsdnveinaeniion
(Curvature) fishunusfidin1suania (Bifurcation) YoavaenliaalasAlsAngIn (Common
. - A [ = a .
carotid artery) tiiatlasutdunasnidonuninilsfingos (Internal carotid artery uay
external carotid artery) 91W3u 6 578 (lAwA S1 S2 S5 S6 S7 uag S8) uaznguiliinisia

Y99aanLan 91U 4 518 (lawn S3 S4 S9 wag S10) AepgenwandlunwUsenau 4.1

(51982 YA NULPUVDINADALADAVDILABLDIAANATIZUAA L UNNWTUAYLN N)

Internal carotid artery
)
(Ica) External carotid artery
Bifurcation iEa=

Common carotid arte
—_—
(CCA)

20 mm.

(n) ()

AMUsENDU 4.1 Naenidenalaalninguunininisinvemasniien (n) wazlidinisda

YDIVADALADA (V) NHWAUININ1THANNY (Bifurcation)

4.3 M3fn¥NavasgUivamaandandardadIuaINs
MnmsduidondeyaneranasinsuniinuinfinisSaveamasaiden 2 51
wazludnisUnveanrasaidon 2 518 (MNUsEnau 4.2) dnAuladseulfisuadndiy
AusINsinalunasnalden Internal carotid artery (ICA) wagExternal carotid artery
(ECA) fisumdanile Bifurcation 3ulU 10 Tadwns lunasnaidenisass wuiiAdnaiy

anusIlunasaidion ICA gindilu ECA wazArdadiuanuiininldnneraadnsivaen
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LARTIN150ARINTIAIU Bifurcation 2zWUAMULANAIUDIAIAINLSIUNTINATENINg ICA

wag ECA gendluvaeniioniliiinisiniisunus Bifurcation (nwdsznau 4.3)

51 52 53 54

AmUsenay 4.2 Yeyajuinavemasniieneaalasia 4 91 iiinslnvewmiaeniien (S1

wae S2) wazliinisbnvasiannidan (S3 way S4) Nswnue Bifurcation

—e—S1ICA
<.+ SIECA
—— S2ICA
iigyun SZECA
—— S3ICA

< O-+ S3ECA

Velocity ratio

—— S4ICA

..{J-- S4ECA

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Distance (r/R0)

ANUTENDU 4.3 AdndIuAULSINTRlAaINTaenLaen ICA way ECA 31nelanains 4 51

Pinsinveviaanann (S1 kag S2) wazhifdn1sinuevasndan (S3 way

S4) fAidus Bifurcation
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4.4 NSNAFBUNANITATUIMNYBILUUINAB9INTS LA luALUNR LWSBUiiBunUNaRINN1SIn
A3 aveLianf83s0ans1v1n

INMsUS BB URaN S AU EREILTs IS T IR NS AU

ABUNIMDS LazAINNITTAANULSINITINaveLdanmeIToans191In ueraadasund

$1ua 10 578 (MNUTENOU 4.8) NUIMAITLEIINATAIAsIBLUUS 1889 (Simulation) 1

mgmqﬁmm Middle CCA uaz ICA 53 6.67% Ay 6.45% MUAIGU UANUINTRILIUS

Distal CCA $iAT08n71 3.77% 1A Ialea1ndansI9nn

1.20 1.12

1.00 1.00 1.02

0.80
0.66
0.62

B Ultrasound

Velocity ratio
o
o
o

[ simulation

0.20

Proximal hMiddle Distal ICA

Measurement area

Amuseneu 4.4 ﬁé’ia;ﬂaﬂ"]La?iamawhé’mauﬂmmL%aﬁi’@iﬁmﬂmsﬁwé’amwn@? (@en)
Wisuileufiuannismuaieiuusiassnisiva Gu) s
Proximal carotid artery (Proximal) Middle carotid artery (Middle)
Distal carotid artery (Distal) ag Internal carotid artery (ICA)

nnan1sideyaunandluninyseneu 4.5 wudn ANFAAIUAINNLSIN
AuLs ICA LenaenanNANInlaaInANsILLe Common carotid artery (CCA) wanslliiu
1 ANANUEINT a0 L EANEINNNIUAILLY Bifurcation anadaewiulaTa WeawUII

ANAILSIN CCA lalunnenafiu uazaInnsiasziveain feds Pair ttest sewinsdeya

o

AFANAITAIUIUMILLUVINEDY LazaINNITIAANLEINS I Mav0 L A0nM8ISoans1918

IS Y

puldfanukana1seg1iteda

1Y

WN19adH NANLTORY 95% (P-value > 0.05) (11319

Usenau 4.2)
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Velocity ratio

Simulation Ultrasound
1.40 A Middle /\ Middle
1.30 B Distal O bistal é !
1.20 ® ica O 1ca
- E A % 0
1.10 A A - . A A
A A
1.00 = ) u O [ )
E a n
0.90 L
A
0.80 PY
@
0.70
e © s o o O 4
0.60 5 o ®
0.50 © O ¢ 0O
(@]
(@]
0.40
0 1 2 3 4 5 6 7 8 9 10
Subject

MnUsenau 4.5 mimzmaﬁjaq%gamé’mdaummL%’J MalAa1nn15vioans1w1In

WIBUBUAUAINNITAIUIAMBLUUTIABINIT I NRILRLSEI99)

ANTNUTENDU 4.2 ANdREIUANUSHRAETTALAINNITAUIMNMEWUUIIaDINT VA

WguiguiuAsN15vn9ans w19 91nena@a@lAsuni 911U 10 51

Velocity ratio

P-value
Area Simulation | Ultrasound

Middle CCA | 1.12+0.11 | 1.05+0.12 0.145

Distal CCA 1.02+0.11 | 1.06+0.18 0.427

ICA 0.66+0.06 | 0.62+0.15 0.392

L19UINIILATILIUIAIAINUAUNUS Guaa%a;gaﬁi’mmmL%’Jmﬂ‘wammLﬁam
v ad o L2 v o o 1 1 F 7] 2 1 v v
PEITOANTIEIN LAZIINATILUUINADINITAIUIIAIANNLEY Wullde1 RT Aaudetiae

AINNUSENOU 4.6 D4 4.7
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140

120

100

| 4
=
> B \»
>>
>
[>

v=10.3586x+0.651

R*=0.1089

040

0.20 -~

Middle carotid artery velocity ratio measuredby
ultrasound

0.00 T T T T T T

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Middle carotid artery velocity ratio calculated by simulation

MNUTENOU 4.6 ANUALRUSTENIIAERdIUAMULINIRLFa1NISanTIwIAkaZaINNIT

AUIUNALALS Middle carotid artery

1.40
I -
% O
s
§ 1.00 - O
k- y=10.7975x+0.285
-t
B Z 080 .
£ 8 R’= 0.4909
S 2
£ Eo60 -
¢ 2
£ =
5 2040 -
g
=]
- 020 -
o
=
g 0.00 . ! . ! ! .
0.00 0.20 0.40 0.60 0.80 1.00 1.20 140
Distal carotid artery velocity ratio calculated by simulation

MNUTENBU 4.7 ANUFURUSIZNINAdndIuANLL5 IR L9 IS danIwIAkaZa1NNS

ANUIUAAILAUS Distal carotid artery
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0.90
e 0.80 -
z o
-
B = 070 -
S E y=1.5917x-0.5027
T O 060 - ’
B R*=10.6774
£ Z o050 -
I ®
;_,': E 040 -
z § 030 -
T =
= 0.20 -
= 0.10 -
000 | | | | | | | |
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
Internal carotid artery velocity ratio calculated by simulation
v v € 1 Y | & ao v ad v '3
AMndsegnau 4.8 ﬂ’)'mﬁﬂwuﬁizﬁﬂﬂﬂﬁﬁﬂﬁ?uﬂﬂuLi?%?ﬂlﬂﬁ]ﬂﬂﬁﬁ@aﬁlﬁ%’l’mLLaS
ANNITATUIN AFIWNAUS Internal carotid artery
1.40
1.20 -
y=1.0669x - 0.0946
100 R’=0.7575
g
2 0s0 -
g
=l
2 060 -
£
o o
040 -
0.20 -
000 [ | | ) [ [
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
Simulation results

AMNUTENDU 4.9 ANAURLSTEINNAIdadILANUSITIAlAAIN TS ARSI IALAZRINANT
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widlefiansanaranduius R) szniteadndiuninundafidals a1n3s
SansemaLazanmsiuaiisumug ICA wuim R fuunldululumsiia esannen R
fldnannn 0.5 (MmUseneu 4.8) waziioTinsizsindeuiui 4 dumus (Proximal Middle
Distal W@ Internal carotid artery) (nMwUsznau 4.9) wuindn R inau 1y 0.76 sty
W& waann1sUszdiue R fanan LLaQQTﬁLﬁu'ﬁwﬁaaﬂaﬁhé’mdaummL%Lﬁamﬁié’mﬂmi

s Tuualdulvluiiamadeaiudeyanlaannisiameissansivnim

4.5 uan1ssnassanziilinaondenunsalsiniiu (Carotid stenosis) BAZHANSZNUIN
anautfvesiden daddadiunnaia uazAauduiinseideniivasaidan ICA
ey ECA
INMIANYINANTENUIINASAVTD A BALE DALAE NMSLTINAIAIUATnYe g

Fon 101 0.005 N-sec/m” lupnanasiasiiguan 4 $1g (amusznou 4.10) Tagldiinnsimun
Jouludu 4 wuu ieussfiunanssuannnsdisne fwioluil

WUUT 1 N: vaeadenund wazdimanumiawingu 0.004 Nssec/m’

WUUTi 2 ST: wiaeadenfiufi 509% waziimAnumniawingu 0.004 N'sec/m’

WU 3 HP: viaandenund uaziimAnuniawintu 0.005 N-sec/m’

i dl o A ~ ~ o 2
LUUN 4 HP+ST: asnlaansuin 50% LazdAimnunuaininy 0.005 Nrsec/m

S1

\ $
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| \

| |
|

i

10 10 m

3 E) %? l;

AnUsENau 4.10 Gi’fa;ﬂagﬂi'wwamaamLﬁammmaﬁmﬁa 4 518 (S1-54) IauuUns

[

o
f
|

(DIUY) WATLUUNANISAUTBIADNLEAN 50% (WaN)
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Subject 1 (S1)

Velocity ratio

—B— N (ICA) =B-N{ECA)
—k—ET{ICA) =&~ ST{ECA)}
=4 HF {1CA) =& HP (BCA)
—B— [IPST (CA)  =8= HPHST (BCA)

00 075 S0 025 0.00 0.25 0.50 0.75 1.00
Distance (KR )
Subject 2 (S2)
0.9
[
0.7
0.6
2
T oosp
EI
£ o4}
<
-
(K]S
—— N (1CA) =E= N(ECA)
0.2 —A— ST (ICA) -A- ST (ECA)
—a4— HFP (ICA) =& HP (ECA)

il

~&— HP+ST(ICA}) -&- HP+ST(ECA)

0. T T T T T T T
-1.00 0,78 <050 -0.28 0.0 .25 (11 0.758 100

Dristance ('R ;)
amUsEneu 4.11 nan1swasuulasidndiuniungs Tueraaingi 4 18 (51-54)
HemaaantRvesdenudsuly (N = Und ST = fnsiu 50%
HP = ﬁﬁzé’uﬁwma‘lmﬁamqa wag HP+ST = 1n13Au 50% Has

[y

fsgauiaaludensgs
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Subject (S3)
0.9+
0.84
0.74
0.6+
2
£ 051
_‘}_-;
2 044
=
-
0.34
—8— N (ICA) -B8-N (ECA)
0.24 ——ST(ICA) -A--ST(ECA)
—4—HP (ICA) -&—-HP (ECA)
0.14 —o— HP+ST(ICA) -o- HP+ST(ECA)
L] L]
75 1.00

'0-“ ) L] " L] L]
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.
Distance (r/R ;)

Subject (S4)
0.9=
0.8+
[}
0.7+ !
'
]
0.6+ !
e /
o5 !
':a ]
- I
2 0.44 2
o 1
. ;
0.3 1
; —=—N (ICA) -B-N (ECA) !
024 ! —&— ST (ICA) -A- ST (ECA)
i —e—HP (ICA) -¢- HP (ECA)
0.14/ —o—HP+ST(ICA) -©- HP+ST(ECA)
0.0% T T T Y T T T
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Distance (r/R )

AMUTENDU 4.11 (f9) HansilasunlasAdnaiuninusi Tuenanasingia 4 518 (S1-S4)
WerauaudRvedonudeuly (N = Un@ ST = dn1siu 50%

HP = fisgauianaluifenas uag HP+ST = 4n15AU 50% uag

fsgauiaaluidengs
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AMNNSANWIEIU5ARUS Hansenulaidu 2 wuu fAe
4.5.1 wani:wumnmnuﬁEmgﬂi"mviaamﬁamu,awhmqwﬁmiaﬁh
nduAUS?

INASANBINANTENURI8NITAIMUAkoulaNITIATIER 3 WU way
WaguiflsufunuuUnd nuiaInuEafidiuats ICA waz ECA flatesninaininusad
fumtls Proximal CCA 989015 1LATIERNA 3 wuuuLReafuLuUUnG fetiunuinvinlsien
Fndruvosnnuiiiduinld waunis 3.4-3.5) fiadesndn 1 luis 4 wuusiaes mu
AUsEneU 4.11 uazanamnuiilurasaiden ICA Suuilduwesiianusmeswnudinaiu
nidaauly (nner wall) qqum'wm'mL%W@qé”mﬁamﬁ’wﬁﬁmuaﬂ (Outer wall)
Lszj'w,amﬁ’u%’a;gaﬁiﬁmnwaamﬁam ECA nanfe SiAanuiiafisumis Inner wall g9nn
#u Outer wall wsiegslsfny wuiddndiuanuigsgaiinldainvasaiden ICA fid

ganArdnduanusigaaniiinldnnuasndon ECA (mnUsenau 4.11)

The different value between ICA and ECA velocity ratios

0.20-

0.15-

0.10-

B S|
G553 82

0.05+

Different values

- = S3
-0.05- NI 54
-0.104
-0.154
-0.20
N ST HP HP+ST
Conditions

AMNUTENBU 4.12 HaNISWSTUTEUANMNLANASYBIAAREILAILSY Bl fUunLs Internal
carotid artery (ICA) uag External carotid artery (ECA) Mnenaadtasis
4 579 (51-58) lugnnaz 4 wuu Ao wuudl 1 wuudnd (N) wuudl 2 fvaen
Fonfiu 50% (ST) wuufi 3 WiiuAeuwiln (HP) wazuuudl 4 Svaen

LEOARU 50% LazbuAIAINULe (HP+ST)
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PMNAMNUTENDU 4.12 TALEAINANITATUIUAIANNLANAITE RIS UTaeN
\Bon ICALaE ECA wudnluan1izund (Normal; N) LLazamagﬁﬁﬁzﬁu@wrmimﬁamqq
(Hyperglycemia; HP) fAndnduminusslunasnidan ICA 031 ECA (Arauwanasly
AmUszneu 4.12 Wuuan) widleflanzmsiiviulunasmden nuiduuiliufiaylfa
dnarunnusiluvasnden ECA gindn ICA wilefnnsanaiaunilauasiinisfusui
Wit (Hyperelycemia with stenosis) wuinAdRaIANLIEves ICA azifintudnties na
nsfnwRana1neasuladn msiudulunaenidondinaior1n1usIgInIWNansENuUIIN
anmeiidoninnuniingsdu wu nsdiilseduimaludongs uandlofiarsanenaiadasud
avs1e wunsefiinisdnvesiasndendl Bifurcation (S1 waz S2) ANansEnUAeAEnaIY

Anatsalu ICA teuninlueianatinssieiviasnidenlidn1s0a@a7 Bifurcation (S3 LazS4)

Subject 1 (S1)

40-

—&— N (outer) =B-'N (inner)
—&— ST (outer) =&~ ST (inner)
359 —+— HP (outer) —€— HP (inner)

—8— HP+ST (outer) —o—HP+ST (inner)

30+

25+

Wall shear stress (N/mm L)
=]
I

154 __No---=2-"=-% ~sz¢
I‘:\ .e_::—:;g-‘—g"‘-‘-‘\aj::\“
b~ RN - =D
10+ T &“__':_ kil . Y
QE.---— _1-‘%:-\\\:§"-—._ _.--":_ﬁ
"‘2‘-.&::: o

5
L | T T T T T T T

1 2 3 4 5 6 7 8 9 10

Distance (mm.)

ISP v

AMnUsENaU 4.13 Nan1siUseuliisus WSS Tuananasinsia 4 518 (S1-S4) Wellaanauy

q
(%

vaademuasuly (N = Unid ST = Sn1s@u 50% HP = fisesutianaly

\Heng uag HP+ST = dn3hu 50% uasilszauiinaluionas)



Wall shear stress (N/mm 2)

Wall shear stress (N/mm 2)

ANUSLNBU 4.13 (819) Nan1ssUseuLAsuan WSS 1

Subject 2 (S52)
404

—8— N (outer)

—— ST (outer)
35% —— HP (outer)

L
wn
I

L
=
L

154
|
104 —_—
e .& s
S e &:"_“1" =
= Py =
54 e

=B-'N (inner)
—A— ST (inner)
=&~ HP (inner)
—o— HP+ST (outer) -e— HP+ST (inner)

Distance (mm.)

Subject 3 (S3)
40 =
l —m— N (outer) -8-N (inner)
X —— ST (outer) -2~ ST (inner)
A
351 Y /N, —*—HP (outer) -&— HP (inner)
\ ! e T
% } \—.—IIP+HI {(outer) —©— HP+ST (inner)
\ L R NN
I rox
30 N \'. -’J'r }\ b
\ \ I \t\ \
% 7 A N\
N \\ P « M3\
254 \ n ) A
LR s e Wk
S A ff”f 4 &.\\\ \
S \\\ Iy, \ \\\\\\
20 A N 'f?,r" 3 Wy
‘\\\'}\ f%" ‘\\\
\\\\\;'\ /”’Pf \11:‘: \:\
Ay P
o N A

0 | 2 3 4 5 6
Distance (mm.)

AantRvedonUdeuly (N =

1
[y o

7 8 9

UBNEANATYA 4 578 (S1-S4) wiladiAn

Und ST = An15AU 50%

HP = dszduthmnaidengs wag HP+ST = n15AU 50% uaz

1
[y o

fsgauinanaludensy)
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Subject 4 (S4)
404 % —&— N (outer) ~B--N (inner)
n —&— ST (outer) =&~ ST (inner)
I
354 o) —— HP (outer) ~&— HP (inner)
\ TrEY £ e
/f ‘\\-.l —8— HP+ST (outer) —6--HP+ST (inner)
&
sr/ I' I'ﬂ\"\.'\ 39\\
AJU ! AT A BN
4\ X ) Y
~ I [
A W\ PN h:
g A Vi A\
r ! \ W £y % \ \
E Zﬁm .‘.' ; A ;o “ ,
£ ! 1\"“ B %X
! 'y - SN \
w I Wi ’ ’ N \
£ 20!/ AL - \ \
- ! i Y by \
o f:‘ \ﬁ:——-e’ e p ‘% \
E ] A A Ta &
[/ e, Lo ~Na s
- 145‘5}' \\EL:H:@‘
5 J Bg e
= 0 Sme g ST
= B|I5R
10+

0 1 2 3 4 5 6 7 8 9 10
Distance (mm.)

AMwUsENaU 4.13 (sia) wanissUSeuiisuan WSS Tuanaiaiansis 4 s1e (S1-54) wiadian

AadRvenFeadguly (N = Un@ ST = In1siiu 50%

v
IS U o

HP = fszduthmnaidengs wag HP+ST = n15AU 50% uaz

1
o

fsgauinanaludensy)

4.5.2 wanixwumnmiw?iﬂugﬂi"]waaﬂLﬁaﬂLLawhmqwﬁmiammw
Wufinsziuuntiivasnidan

INMSANYWaREAANIAUTINSEYULRT s iaenLE o (Wall Shear Stress:
WSS) munmdsznay 4.13 wuinal WSS 17iwﬁfqé’miuqmdﬂﬁwﬁfqéfmuaﬂiummaﬁﬂ3171”'& il
e Tunsdififseiuthmaludendiutuandnd avdwasor Wss qﬁuﬂ’mia‘iﬁuq ety
LLé”JﬂﬁaL?%mﬁuaqmiﬁizﬁuﬁwmaiwﬁa@qqmamadqmam’am'ﬂviaﬁuaqLﬁamLLaszJuﬁumw
foNTNaDALaDALUAY
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4.6 MIANYINANISAUVDINADALEDARDAIFAHIUAINED ANAUAY KaZAIAIIULALT
nszuuRtiaviaanidon Tusnanasiasiinunisiivvamasnidan

1NNMIAnwIUTImaendoniiiinisiuduaie uazAnwiusuifisudn
ALY AL uazAALAL ARnTulueanadtasinunsivvewasndon 3 518 18
Yoya il

4.6.1 Iaseaiavaaniaanuan1lsan vasgiae 3 598 (P1 P2 LagP3 Ay
AWUsENDU 4.14 4.15 Lag 4.16 ANUaIeU)

Indoyaoiaiadasfiinasadeniuiu aznunisAuduiivasaidon
Common carotid artery LLazﬁﬂwmzmﬁuﬁuﬁﬁqqumiauéfuﬁwﬁfaé’mtﬁ&ﬂu;ﬁﬂwawEn?‘i
1 (P1) uasinnsiusufeailsns 2 G’Tmiu;}fﬂasﬁwﬁ 2 war 3 (P2 wazP3) UenNINUISEIU
MIAURLYDIABAEDALAAE TIELANANSTY naAD P1 S5esunisaufl 70% P2 Sszdunns
Aufl 38% wagny 2 990 wag P3 szdunsiui 30%

4.6.2 \Wisudisudadauanuda (Velocity ratio) fisaldainnisingae
Ultrasound 1a231n3% Simulation maeé’ﬂ'm 3 918 (MU ndsenau 4.17)

nan1sSsuisumdndIuANILE MU Adndrunnuiausnadinu aud
ﬁhqmdw%nmﬁu LaziilaseiunsAuiiniy aviiAdadiuanuiidendfiviu uaziile
WSHUTBUNAINATTAUIBLALINATTIA FIBARTIFIA NUINLATILLANAIABULI9HIA

4.6.3 WAVDINITAUADAIGAEIUAIIUAY (Pressure ratio) VU89
Simulation Tugie 3 518 (MunmUsznau 4.18)

nan1sUSEUBuAERndIuAILFUNUIT AALFuTiuSanIsRy asien

ANAILLNTELAUNITAUNNLY



MRA image 30% 40% 50% 60% 70%

10.0 mm 10_mm

o

nUsznev 4.14 JUsvaendeniilasuainnisyin MRA 91nananaing (P1) windmnasadunmuuy 2 87 Tnenuindeyailasuaineanadias

[y a

H52AUNITAUITIN 70% wazas19nImanaennilsesu % n1sauldy 30% 40% 50% Wwag 60%

89



MRA image 30% 40% 50% 60% 70%

10 mm

MwUsgnau 4.15 sUiwmaendeniildsuainnisi MRA anenanaiing (P2) udhunadradunimuuy 2 17 lnenuindeyailifuaneanadnag

o a

T5zeun1sAUTIN 38% Lazialrinnilaunadislitszeu % n1saudu 30% 50% 60% way 70%



MRA image 30% 40% 50% 60% 70%

10 mm

MnUsenau 4.16 sUTwmaendeniildsuainnisin MRA anenanaiing (P3) udhunadradunimuuy 2 17 lnenuindeyailifuaneanaidns

o a

T5zeun1sAUTIN 30% LA nilauiadislitisesiu % nasaudu 40% 50% 60% way 70%

60
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Velocityratio

12

A
A
s Y
S ' oo
I I I I I I I
0% 10% 20% 30% 40% 50% 60% 70% 80%

Percentage of stenosis

& P1 (simulation)
M P2 (simulation)
A P3 (simulation)
© P1 (ultrasound)
O P2 (ultrasound)
A P3 (ultrasound)

= P4 (ultrasound)

MNUTENBU 4.17 NaN1TWSsUEUAIEREIUAIUE VB UADAT LAAINNITATLIRL LAZAIN

nsindiegansgaimwlkiuTeaeniden IneraalasEUle

(P1 - P4 1a® P4 Han1eA19an519170)

0.5

-0.5

Pressureratio

=15

-2.5

¢ Pl y=-2.15x+ 1.263
R?=0.9897

m P2 *

A P3 & <
i y=-1.28x +0.464

R?=0.7145
A
- y=-3.38x+0.398 A
R?=0.9588
T I I T I T I

0% 10% 20% 30% 40% 50% 60% 70%

Percentage of stenosis

80%

AMUTENOU 4.18 ANUENTUSTEnINAdRd AU (ANANURUEER o furtsiuse

AIANUALGIER) Y04FeN WagnTiudguLUaImsEAUNTAUYRIaen

Wonlugae 3 518 (P1 P2 uay P3)
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4.6.4 wan1sAUYEIABALABARBAIANLALTINSTRIMUUNTIaaALEan
(Wall shear stress, WSS) 211735 Simulation Tuﬂﬁﬂ’m 3 918 (AU NUTENBU 4.3 LAy
AwUsenau 4.19 4.20 way 4.21)

NAIINNTANYIATANULAUTINT T U LR IMa o ALE onUS TN s Ave g
viaenden WUl futunusesunsauR uYeasa Ao ATy uanuiiA1ny
\Wurpionanasiasia 3 1 Aeudnaunnsnaiu WeRansanluseuitinnsauwiify dauans

Tumnsnausenau 4.3

060 = e Inner 30%

Outer 30%
Inner 40%
0.40 Outer 40%
----- Inner 50%

Cuter 50%

----- Inner 60%

Wall shear stress ratio

Cuter 60%

————— Inner 70%

0.00 T T T T T T T T T 1 Outer 70%

Distance (mm.)

AMWUsENDU 4.19 AmdndiuanuLAL (Wall shear stress; WSS) Nntlavaanidan ICA AUl
(Inner wall) wagauuan (Outer wall) WiaLinNSAUVBIVIADRNLEDAT
SLAU 30% 40% 50% 60% way 70% 31nN81ddUAS P1 AaanA1ue1

(Distance) 10 HagaLung
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M39UTENBY 4.3 AANUAUgegannTeyiuuNTIaendan (Maximum Wall shear stress;

U
Max WSS) fenuiadl@a1nduiudeinun1sfiuviasniaen

Maximum Wall shear stress (N/mz)
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
0.60
----- Inner 30%
0.50 Cuter 30%
o “\ Irmner 40%
= ;A
& 040 - \ Outer 40%
@ Seao \
é s ammaa Inner 50%
*0.30 - b R
E RSO SANY Outer 50%
-a \\\ \\\ ‘\‘
E 0.20 - sy 0 = Tnner 60%
- \\\\\\ \\\ """""""" S Outer 60%
0.10 \"“:.Z‘_-_-_-_-_-:_':_'::::—--:::::::::::: ————— Inner 70%
I Quter 70%
0.00 ;
1 2 3 4 5 6 7 8 9 10
Distance (mm.)

AMNUSENBU 4.20 AdnaIuAuLAl (Wall shear stress; WSS) fikiisnaandon ICA aulu

(Inner wall) kagmuuen (Outer wall) Lﬁalﬁmmiauﬁizé’u 30% 40%
50% 60% Waz 70% 21n9181@0AT P2 maenmue1l (Distance) 10

UAALUNT
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0.80

----- Inner 30%
0.70

Cuter 30%

0.60
Inner 40%

0.50 Outer 40%
c40 -+ L N =e=e== Inner 50%

Cuter 50%

0.30
----- Inner 60%

Wall shear stress ratio

0.20

Cuter 60%
0.10

0.00 Outer 70%

Distance (mm.)

AMUSENOU 4.21 AdnduAAL (Wall shear stress: WSS) fintlsviaeniden ICA duly
(Inner wall) wagmuuen (Outer wall) Lﬁalﬁmmiauﬁizé’u 30% 40%
50% 60% wayr 70% 3No1d@@iAs P3 masnAuey (Distance) 10

UAALUNT

yanani Lﬁaﬂf\mmmmmLé’u“lummaﬁmﬁﬂwLwiaziw ARBAAINYNY
yowaenden ICA 5oz 10 Jadwns wanteduly (nner wall) was uifsduuen (Outer
wall) Ingnifssmilusifumiaiuduian Bifurcation vesvasnLdon wagnilsiuueniFudu o
fumisiinsanfugaiiudureanisindanuduiindadiuly Tnenuiimanuduges
onanainssIef 1 (nwUszneu 4.19) HAunialuainasnauenvemasnden widl
LLu’;IﬂuamaQLﬁaﬁmnnf\;m Bifurcation eanly Tuenanaiassed 2 ((muszneu 4.20) wu
AsuniavesArnnfutiosas wazarauAuiiulduAosqanas Wetafiduntaving
oonlUa1n9n Bifurcation Wuifenduetanainssed 3 (MwUseneu 4.21) uiegnslsfina
W‘waﬁ'wmmLﬁuﬁLﬁmsﬁuwmﬂmaa@Lﬁamé’ﬂuiuﬁﬁiwqqﬂ’jwumﬁfmaamﬁa@é’muaﬂ o
farsandisziunisiuriiy wazilofasaniissdunisauiiuanaieiu nuiainisaud

WNTU YN AANANULAUTAWIMlAaRE
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4.7 M3ANYIANFUNUS VBIAERFIUAMNEITIAAYY TusEAUNISAUNILANAINAY nan
ANNYIIVBIVIADALADA

ad o

31n115¥nAL SN E0nRI8E s ans 19 1A IS WAL Proximal  CCA Tu
g1anasinsyUle 3 91e WU SRl a TR adana1n91n9s 3 510 Aeutnasnaiy
oty iletheidaldainnsidansiemsudumanudasudulunuusasanisiya v
Tﬁmamiﬁ’mmﬁhmmL%amﬂmmaﬂmﬁﬂwﬁy’q 3 570 uANASAY Faulun1siAsIEwnng
WasuudawwesAmnniudlodansfusuvemasnidonfisefusingeg mﬂmmaﬁmﬁﬂwﬁq
3 599 FeldAndnarunnuiilunisisouiisuanisidsunasiitiniy Wediasizsin
wnlturesmanudidiefinnisfiuiuremasniden wazainmsanwnunsEsunIsaUGLT
R uRFunds CCA ﬁﬂﬁﬁﬂé’md’aummL%’;ﬁﬁmmiéfﬁsi’wmeﬁ'juﬁmqa%u wiagelsh
AN NUIANEREIUASIMdaInE UL sAuduasiiananas Taowiodiaszii
vaenLdon ICA Adndrunniifidnalfeedidgaileiiouivluvasadon CCA waz
InNanIsAIwINNUITlusERUASAY 70% Suunldufivhliedndiuninudafl ICA anas
finam (nmusgnau 4.22-4.24) uenanil waannisiunedndunNE s i
AU 70% a1nenandEiasTed 1 way 2 wuiauindu 3 wazdlAnEada 5 Tused 3 Tuvasii
AndnaunEimualldfissaunisiu 30% flesini 2 :rneranasiasia 3 518 uasiile
iArdndruanifidiualdannudazqe luenanaiasie 3 518 wmnALede
(nmUszneau 4.25) wuildnansmuuaidadiunrnitadsanasaindoyaia 3 1
Aoutnaunn Tnewuinfisinnsiu 70% fadndiunnudianas Weumiifuadnadiunanuss

ADULNUNMARRENTEAU 30%



"ECA

35 | : -
—_— : ; miagn ——— - s 30% Stenosis
e — el —— B TR [l
] R —— ) ]
— . N
3 \ | e )% BtE110818
| |
< ! ! 2y ; :
= | | s 5155 Stenosis
= t
] | =y |
£ : [ ° | 60%% Stenosis
= \ } 1
f3 1 X 1 i
= X ] . e 7 (15 Stenosis
o | ] . 1
] 3 oy ]
' e '
1 1
T
1
]
]
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209alneAsazadumreniienuEITIaAEEALAIATLI AN
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Velocity ratio

LIBLINL LB L L L L L L L LB L L}

80

% stenosis

ANUTLNBU 4.26 ANUAUNUSUDITLAUNISAUAUTDINADNLEDATN 30% - 70% AUANEAAIU

& Ao ya o I A a I
m’mLi’mmmmimmmLmuwmmmim

Faiiy 39ldvinsmAdadiunnuSteasaneaasinsia 3 518 ananne
fundsfisinisiuvesasniden (30% 40% 50% 60% waz 70%) aevinnisasadunis
annpswuUliiduldunss (Nonlinear regression) AagAUdURUSLUULNT UL TBanS
LUULAT RS (Exponential model) #esziuAnmLTatufl 95% (95% Confidential
interval) NANMSAIUIINUI ﬁhé’mdaummL%’aﬁLLuﬂﬁmﬁmqﬁu Tuszaunsiiu 70% Fady
spfumsAufideuttsguLss Tnedimdndrunnindtadewiniu 3.9 wagildndeuunsgiu
AeudnannnInsERuNsiuaug (nmUsenau 4.26) uiegdlsfinu wuihdniadeiiduanld
ﬁﬁﬁiﬂﬁLﬁSﬂﬁU%@;ﬂa“UmLLG]IazﬂmJ’mﬂ’jﬂﬁﬂLagﬂﬁiﬁﬁlﬂﬂﬂ’IWUizﬂ@U 4.25 Fathl LHUAHANY
Anusgnau 4.26 ﬁm’mLﬂulﬂlﬁﬁ%ﬁmﬂﬂé’ﬂﬁamié’mmmﬂﬂwlﬁmﬁu Tagnslaay
wunSInaazthmdnaiuauiiialdainsansigsunlaluskuninmuuuann Y
wdanlusatudunslunm esumsedunisauauuILny X fogs 1oy Adndiu
ANUEATITIALYIAY 3.0 @wnsaaindafuldunsinmuuuafsasuvinlilaagisnisaud
55%-65% LJuu
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uni 5

AgUuaIansalnanisinen

5.1 Yoyavaluvasanaaiins

nndeyaeranadasfililunsdnwiaded uiseenifu 2 ndu Ae nqu
p1nasinsUnd waznguenanaasildiumAiteduidinisiuremasidenunsailsia lag
wuinlunguiiiinnsivvesnasaiden azdinnzanudfugs Fsaonndeadudeyasienu
nsfinluginefinuvasadenuninlsiniu Tasadwlvgazwuluggeeny [22] Feiiusea
nsfiamearudulaings uazilsedulusiugs uonandSmuhivgfnssunisguyvd uasd

UsgTRvaemsidulsaunmnu wuiy (5]

5.2 4ayanINviaanlaanwuL 2 iR 31na1anasiag

MNFUTNMReAdenTeteIaalATUNA 10 518 awnsauuteendu 2 nqu
Aonguitiinislnueanasaiden (Curvature) Asuvisfifinisunnfs (Bifurcation) vosviasn
LHoALAIATLIAR ﬁﬂﬁagmzwj’m Internal carotid artery (ICA) @ External carotid artery
(ECA) iy (nwysenou 4.1n) uagnaudidiuvis Bifurcation maifisaidntes
(MMUsznev 4.17) FsdenndaaiunsAnwives Aristokleous Lazanis [48] wuinfinuiy
wUslugusneves Carotid bifurcation lagainn1sfinyiaineranadag 91U 10 518 weiag
318 %ﬁaguﬁl,ﬁmmﬂmiﬂ'maaﬂﬁ Carotid bifurcation uAnA1SfY uana N anAISANYI
Y94 Lee UazAny [50] nuitdanwuen15Unues3useves Carotid bifurcation dewalvinis
nsza1ensiya (Flow distribution) ¥ednszualdeniuasusiiumis ds3aanen threshold
Y3AALLAY (Normalized wall shear stress) wag Adain1swndse (Oscillatory index) 7i

NTLYNUUNTINABMALABA USLIaY Carotid bifurcation kANANAUIUNADALEDALARS LU Wi

a

N3t uLUasvedyuiinIeeany Carotid bifurcation laifinadoni15iuduunuaivesnis

v o

N385 Wa 98 NATYEAYNI9EDA

5.3 MIfn¥NavasUivamaandandardndiuaIug
HANNNSAIUIAAIARAIUANULS T UMaRALA DA ICA was ECA ALYl
Wile Bifurcation \Wuszes 10 Aaduns luenaadasund 4 518 Faildanwazves Carotid

bifurcation kANANAY (NTWUSZNBU 4.2) NUTANUBANAIURIAdadIuAuLS Turasn
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\ian ICA wag ECA 31nvaenaLden Carotid bifurcation wiazwuy waag1elsAniunuiIne
Fruanuiidunaléiddurasniden ICA way ECA vasaranasingia 4 s1e darieunin
1 Jumszamusfidnaldlunasadon ICA uay ECA fiandesninlunasnidon CCA
Feaonndasiunanisfinu1ves Blackshear uazamuz [51] wroghdlsAmunuhengfifiuiuay
vilrndnaaunnnanswes ICA/CCA Wiy [32]

nnTdlaLLANAsTeIN1SDRTisuMle Carotid bifurcation @euvady 2
naa Aenguiiiinisdnves Carotid bifurcation wagngudilifinisavues Carotid bifurcation
danalimdndiuanuiifirunalalunasndon ICA wazvaoaiden ECA LANAIAY W
0t19l5AnL WUIHANSAIAAERduAIEIIneEasTATH 4 51w TdAdndau
anusIluvasniden ICA ginitluvasniden ECA uaﬂaﬂﬂﬁwudwLé’umu@uéﬂmwamaam
\ien ICA ganin ECA vilviviaaniden ICA ffufinidauinnivasnden ECA ftuudd
InednaunLLS e untdnfiunnn e masnden ICA vilidasinisiualunasn
\d00 ICA 1A ECA aud@unisaunamnsnsinisiva (5.1) [52] Jedennassiuain
ASAN®IVRY Ku kazane [37] wae Lee wazany [50] WUI19M5INTS Malurasniden ICA

unnturaenien ECA

Q=VA (5.1)
1ng

9ms1N15a (flow rate)

AMUSILRAeY (average linear velocity)

S A v oo
= NUNKUIAND

= = O
I

waziilefansanmuaunis Hagen-Poiseuille (5.2) a¢lddn ilensifinduves
fuiiviia vlkesativasmden () 1ty lunsdifideniuniln (1) uavmanueivaen
Gon (1) Asfi mManuduniunsiiaszanas auaunis (5.3) 138AIU09AIALEIUNIL
nstua ylrensinisivaluvasaden ICA unnnnluvasnidsn ECA Wns1gviasnidan ICA &

vunlngninvaeniien ECA

Q=— (5.2)
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_ Nk
R="F (5.3
1ng
R = enudnumusianislva
7 = ANUNLAYEIVBUNAT

[ = AnuANMUEIIVID

AU ( )

5.4 N1SNAFIUNANISATUIVAILUUINAINTS A UALUNR WS ULgUNUNA’INNITIA

I
oNe

Fiilvio

T
K

I
E_

AMUsINsIaveianf83saans1v1n
nMsUSEUTiBURaN S AU EREILTs IS T IR NS A UM
wUUSIaeenNsiua wazannmsinanusinslvavesienmeisoansivislueaainsund
$ruan 10 518 (MnUsEnou 4.4) nuimildainnisuinseuuusianinisiva HERGR

ATisuta Middle CCA uag ICA upnuinfisumus Distal CCA Siantesniinaainnisin
FeiasansIes uenani wu:hﬁhmmé’mﬁuﬁ‘ﬁwdwﬁaaﬂaﬁié’mﬂmiﬁ']mmé’aa
LUUINABILAEIINIBNITINAILEANTIMNIAAD UL LY TusLrUe Middle CCA Lwiﬁé’iaagaﬁ
Ansesilsuina Distal uag ICA Aeuthaganinil Middle CCA fianudululsfaziinangs
Fifuaaudafisiumts Middle CCA 1191nMsUszanassesienanasening Proximal waw

d ddQU Y%

Distal CCA muumwmmﬂmmLﬂaauwmmwmmaumwmmmmwLﬁ]um'] LU Distal

CCA aznitlndLAnsqn Bifurcation wagsuvia ICA afdumnisgsndnge Bifurcation 10

Y

LAALUAS

5.5 pan1ssnaesdnIzfilivasndonunsnnlshafu (Carotid stenosis) WAZNANTZNUDIN
ansutRvasdan demdndiuninuia uazdanuduiinssinuuntiivasnidon ICA
ey ECA

HaAINASAWIMANERdIuAUS luraeaLden ICA way ECA wazA1AINy
wulunasniden ICA diaiinamanuniiauazifinsedunisaui 50% luenanaiasunid 4 s1e

(MUsEneu 4.11) wui anmstiinaianunids ilimdndiuanuislunasaden ICA

maqaﬂawaﬁmmﬁwﬁﬁhamaq yaziAndnaiunnuiilunasnden ECA iududnies

Ve IWﬂ?WﬂJLﬂU‘Vlﬂi Muuntanaeaien ICA LW&J“U‘L& (AUsEnaU 4.13) 1Hesanng
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v 6

VLT UYDIAIANUAUAFTUNUSAUAIAINULAUBALAIANULAT YA AUANNIS (5.4) tA31 AU
nila (7)) wUSHUAINAIAIULAY (Shear stress) wazhUsHNRUAURIINITIURBULUAY

AMULATER (Shear rate) [53]

Shear stress _ F/A

Shear rate v/l

ANuvila (M) = (5.4)

ot nsd@ifitnaueamassdon (1) wasAn Shear stress ATl ArAUNiln
AutuyiliAIaE (1) SAranas wiensaiiAn Shear rate A LilaAANUMilnLNTY
AT Shear stress vﬁaﬁhmmLﬁuﬁﬂizﬁwﬁiamﬁ’waamﬁamqﬁu AoNAABINUNITANE
U049 Box wagAnue [54]

dlofiansannsdiiivasndenldunansenuiainmanuniinfiviunasd
ASAUAY (Hyperglycemia with stenosis) dsnafansluavesidonlunasndonuinnil
Heuladuq faky maﬁ@’ﬂwﬁmwLLmﬂéé'fawmsﬂmw%fauﬁ'u WU annganuiulaings

[y |

TsALUUU lsAraaianfusu asiidunsiedinananisivavaanseLalianludiauas

5.6 NMSANYINANITAUVDINADALADAADATAAFIUAIINLSI ATAIUAY KAZAIAIIULAUN
ASLINUUNUNVAALADA TUB1ENENASTINUNISAUYDIAaALADA
lupsainsAnwnldsuimasaidenatanetaiadag 41w 3 518 N3n1s

=

AUVDIVADALADALAIAILTAA LAZYINNISIAN-8A SLAUNITAUVDINABALADA WALAT LYNNU

v
§ v A

30% 40% 50% 60% wag 70% WuNANISHUALULUAIUBIATNISITNDT A9l

5.6.1 HaN1SANEINISIWUABULUAUBIANFAEIUAINIS
WUIIAIAIULEIL LAY LT TN1SAULANTY NSMNTNTINITIann
donAaediuaun1s 5.1 Na1Ae WalduuAudnavaenionanad IR (RIS EIRTENETA]

999N IEAUNTAUAIGITY denndesiun1sAn¥Ives Henderson wagany 2002 [31]

5.6.2 HANTSANEINTISUABULUAIVBIANAIIUAU
PUIMAIANMUAUNAIUIULAINLUUINEDT NATWNUIALARNITAU 2zilAanad

W9HTEAUNTAUTMALUU TUNLIEANUINATNAANVDIANUAUINNNTUNVADALaBAUNR AN

299U NMSLNTUVDIANUUANFNVBIAIAINGUY LilBTINTAUAUGITUABAARDINUANNTT
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WUsYad (Bernoulli equation) FaUaNAIANEURUSVBIAINM AULET UATAIILEIVET
vaslua tnglunsdinliiorsaneanunie iWunisivaluannizasi vedlnaguiildld way

voslvafimnudasiianenassvindanisivasslaaunis (5.5) [55]
1 2 1 wr
p+ E’OV + pgh = s (5.5)

1oy
P = Ay
£ = Frwiuniwiuaasvadlua
V = denuinevailua
h = ﬁ'uﬂ::'ui,gaaﬁnizﬁuﬁ'm%a
g

= Frusiluuaialan

Tunsal MeumiounnuausEndege 2 90 (A (U B) Tuseauseduieniu

azla
1 2 1 2
Da + EpVA = pg + EpVE (5.6)
3o i
1 Y, 1 Y,
Pa — Pp — EpVE - EPVA (5.7)

AaUU TunsANANUNLaAINnaaANIStEa ATAIIULANAIIUDIAITNLAU
v v §fw < 1 =

Fusiusiuaimuig) nanmiaAIANUETIANTY FadunaannnIsAvTeIaoaldan YNl

ANAMULANA1UDIAIANI L (A P) iy [56]

5.6.3 nansAnEINIsUABULUAsYBIAIAULEY

NAIINANTFIUIAIA AN STy ULsTsiaenden wuidiuunltndiuty
AusERUNSAUSUYDIannLdeniitiinTy Tnalessfunisiusuvomaonidonfinty f
auEilanuaeALEenTiLAUAsIELRNTY AsaunIs 5.1 (Nsalfiensnnisivansil) uazen
AaSfiudy fnadeainuAuRfuefinsfuiutuduiu denadosnuaunis
(5.3) [37, 54, 57]
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5.7 nsanEANuduwusvasAdadIuanuEfiiaty Tussdunisaufiuandreiy naan
AUYN1IVBVADALADN
AMNHaNsANY IeAnuduiusvesadngiuninusy wagseaunisiuduly
NABALADALAIANLIAR ﬁiéfﬁi’wamgﬂiwmué’ﬂwmwamaamLﬁam%waaﬂﬂw ylsanunse
luldassunumnanuduius wethlulddansessedunisivsiu maw}fﬂwﬁmwm’w
FrduanuEiannnsiagedansienndle Tnoledy mﬂ%mﬂammaﬁmﬂﬂwﬁq 3579

- 1 & a a a a I A IS & 1 dy [ I oA 17
AAAEINANULSINUS IULAANISAUN 70% HA1Raus 3 Juld LL@B*’\]@EJQIU?]Q@W]@@U“UN

a

\deaionsinaliAviaeniienauadga YULNANFAFIUANULSINUSIUNTNTAUVDIADALEDA

a

7 30% RAunIAuUsENe 1.5 LLGiLﬁ@L@W{JJ@uUaﬁIQ 3 s1puede vldedndiuausai
Funallilvsianasaouthann wu lunsdiifissiunsiiu 70% sdadiunuisigeanluus
AvSUIIA ALYV MAEAEDRRzanaLE s UL 2 tesnnunisiiinnshudy
ﬁizé’umiauLamﬁ’mamaamLﬁama&Ujﬁ’uﬂuawi’mmqslwaamLﬁaml,mmiiam fath ilenh
Aamnuiifigatunadssuwd i dunnihugedlisuddiinsfuaiaiods i
TArdndiununiuadsfananluainadadiuanuinsiigedinigiu fafu nsld
wuunmlunmuszneu 4.25 3aitesdalunisly fe szdessnduunisivhnisianinusa
FessanTTRtous umMdndIuAILE WiemsEiunsiiuduemasniden

yanang m’mmmsﬁmiﬂﬁzLﬁué’ﬂaaﬁﬁmiaué‘fmamaa@Lﬁamwihﬂé’uam
91113 (Asymptomatic patient) [9] nuiisefunisiuduiitiosnin 50% awnsadnldindsey
Tuaniazund dadu muukunmlunmuszney 4.26 Adadauanuidsoglugasiin
Uszana 2.5 lloglunasivesnguidssiiaziianisfiufuve maonideaunsanlsin uazilnnu
Lﬂuiﬂléfﬁaﬂf&’fmmsﬁﬁiumﬁﬁmﬂiaﬂué’ﬂwﬁﬁmé’muummL%M’mmffl 2.5 ®398N15FU

1NNNINNTBVINNAU 50% UIYINITATIUVALLILALALAAAILDINTHB MU

5.8 Jaannnlun1sadauuINaasnisiva

NTeyasUsNvBImMaRaLian nuANuiuLUIYeIFUTIaenden uay
funisiiAnnsiuremasndendnyasveinisiv wu unuvanuins wiollauuins
et 5’1?1’1%1551%'1@1”;@smﬁﬁgﬂ'ﬁ'wmaamLﬁamiﬂé’lﬁmﬁ’u wazfinsauiisundaienty 9y
maﬂiauaﬂﬁhé’mdaummL%ﬂé’gnéfamazLLaJuETWG?Tu wonand eiitlededuitansadena
nsznusiomdadiuaninsinaiiluutazyarailimieut 1wy meufudonvosioe

Aanuniinvenden wion1sinnelsaduwsndausgluszninansinudeya 1Wusu



1

nsAnuiidunislduuudiaes 2 8 wazinisfinuneiguautRve s
nasadondunuunds Rigid wal) Taifenudanduniounasndoniss dudu wadnsd
Aualldnnuuuitasseraiimiueaiairdeuainuadnsais wisgslsfnuaindeyadildn
Wigawelazifuunliesteyadmiunniuldaiaduunuannsyssidusedunisiu

fule

5.9 daausuuy d1msuaulusunan

- msdudwuftslumengideya efiunnuindeievesteya
uaziiganenan s lUldmuianiesziouisnsans

- mﬂ%umumwiumﬁﬁmmaw}’ﬂwﬁ gadlvadnfinueinisldiu nanife
\leanndeyadildinangUaoifios 3 918 wazannmnisiinlsanasen
Fonauas (Stroke) siniAnvinnisenduvesfaulusiu (Emboli) feifuud
wonanmsUszdiuseiunsiuiuemaendonunnilsinuds Aasfiag
fnszivluiuluidenmugiusie Tneszivluiuideudisgeaziiy
ngudssanisinlsa Taediayindu 100 me/L

- asveaeavSusuudaediiluwuy 3 88 wazlinsivunauaudd
vaondenlilndifornuasunniu wu fnnsirualintmasnden
unuuBanguls nslvaveadesdunuundu (Pulsatile) 1dudu il
112’“amiﬁwmmmﬂmﬁmgﬂﬁmLLazLLﬁ,Jué"ls?Tu

- asvfulasusuusiasswuududau (Turbulence model) 1
LL‘U‘U?JIUG] LU k- Spalart-Allmaras Large eddy simulation tag

Detached eddy simulation
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nsarTedayaniensidlusunsu ANSYS
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wuudnaewmiaenden 2 @ tnglunisinsieideya wUseen U 3 dUNAn A 1) TUADUNNT

L3N3 (Preprocessing) 2) TUnBUNITAIUIN (Solution) LAz 3) TUADUNITUARAING

(Postprocessing) lnsiisneazldenvoITURDULARZEIU Al

1) TumaUNITHIBUNIT
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Wutuseunisaitsveuwalgyninaula wazuusvoulwavesUynnduda
wmdgesiiienismuin Inen1sideiveuisveslgmiiaulaidugusnwemasndenunian
15fin wuu 2 87 Fead1eanlusunsueanuuunieanssy (CAD) laawiuliluguuuuliad
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Taotuusninlad IGES 1ihglusunsu ANSYS shedda File> import> IGES

NN NUTENBU V1

M\ ANSYS Multiphysics Utility Menu. =& =)
Eile Select List Plot PlofCirls WorkPlane Parameters Macro MepuCtrls Help
TR el = | =l
ANSYS Toolbar ®|
save DB ResuM DB| quiT| POWRGRPH 5|
ANSYS Main Menu @ 1o &
B Preferences
Preprocessor @ @
Solution 8@
General Postproc
TimeHist Postpro E ﬂ
Topological Opt a|e]
ROM Tool
DesignXplorer @@
Design Opt @@
Prob Design 8|

Radiation Opt
B Session Editor
E Finish

o[22 2 |olelelelo 0

Pick a menu item or enter an ANSYS Command (AUX15) \ mat=1 \ type=1 real=1 \ csys=0 \ secn=1 \
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A muaNuNd nSuNMTIaTIEvideya AeA1ds Modeling > Create >

Areas > Arbitrary > By lines A9 1 Usenau v2

A\ ANSYS Multiphysics Utility Menu (=8
File Select List Plot PlotCirls WorkPlane Parameters Macro MepuClris Help

e | EIE ]

ANSYS Toolbar ®

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

ANSYS Main Menu ®

1Preferences

1 Preprocessor
Element Type
Real Constants
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TYPE NOM
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= Modeling
& Create
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@ Arbitrary =
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A0 n Area %J
ing =
7By Offset =
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2 Area Fillet =]
Volumes 2k
Nodes %
Elements -
B it Do El
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| Pick a menu item or enter an ANSYS Command (PREP7) [mat=1 [type=1

| real=1 \ csys=0

\secnﬂ
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AWUTTNBU V2 NUNdn
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Insiveyavedlasisnvaondienuninlsiin 2 17

fmiun Element type fefds Element type > Add/Edit/delete >

FLOTRAN CFD > 2D FLOTRAN 141 aanmndsenau U3

N Library of Element Types

Library of Element Types

ANSYS Fluid

Link
Solid
Shell

Element type reference number

oK Apply

| 2D FLOTRAN 141

Help

AmUsENeY 93 NsMMuATULUUBRUIFIMSUNTIATIEkUY 2 37



nvuaRuaudRvesdean (Properties of Blood) Frerds
Flotran Set Up > Fluid Properties > Density => liquid > 0.000001050
> Viscosity => liquid > 0.000004

FIUANUTENDU V4 hay U5

J\ Fluid Properties 2
P
[FLDATAL2],PROP,DENS

Density Liquid A

[FLDATA13] VARY, DENS

Allow density variations? [~ Mo

[FLDATA12] PROP,VISC

Viscosity

[FLDATAL3],VARY,VISC

Allow viscosity variations? ™ No

[FLDATA12],PROP,COND

Conductivity Constant ¥,

[FLDATAL3] VARY,COND

Allow conductivity variations? ™ Ne

[FLDATA12],PROP,SPHT

Specific heat ]m

[FLDATAL3],VARY,SPHT

0K ] Apply I Cancel | Help I

AMUIENDU 94 NsimualsuluvesnnEaniRvaden

J\ CFD Flow Properties =
P

Density property type LIQUID ]

DO Nominal value 05e-006
D1 Temp. of nominal value
D2 Linear Coefficient

D3 Quadratic coeff

Density = DO + D2* (T-D1) + D3 * (T-D1)™2

Viscosity property type LIQUID

V0 Mominal value 4e-006
V1 Temp. of nominal value
V2 Linear coefficient

V3 Quadratic coeff

0L (LR

Viscosity = W0 * EXP{V2{(1/T) - (L/V1)} + V3{(L/T)-(1/V1) 2}

~1: Implies conductivity need not be set
Conductivity property type CONSTANT

Constant value =

oK Cancel Help
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Material Properties> Material model > Material Models Available
> CFD > Density> 0.000001050
>Viscosity> 0.000004
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I\ ANSYS Multiphysics Utility Menu o |@][=

File Select List Plot PlotCtrls WorkPlane Parameters Macro MenuCtrls Help ‘

Dl v o] @ o 2= A=l =] 2l

ANSYS Toolbar &|
L]
=]

ANSYS Main Menu

Preferences

Preprocessor

Element Type

Real Constants

B Material Props
Material Library
B Temperature Units
Electromag Units
eiMaterial Models)
B Convert ALPx
Change Mat Num
E Write to File
E Read from File
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Modeling

Meshing

Checking Ctrls

Numbering Ctrls

Archive Model

Coupling / Cegqn

LOTRAN Set Up

Multi-field Set Up

Radiation Opts

Loads

Physics

Path Operations

m |

A\ Define Material Model Behavier
Material  Edit Favorite Help

Material Models Defined

Material Models Available

= Favorites

(& Structural

i@ Thermal

& CFD
(@ Conductivity
#® Specific Heat
8 [BEIE
$ Viscosity
® Emissivity

(@@ Electromagnetics

@ Acoustics
& Chiirde:

A\ Density for Material Number 1

Density for Material Number 1

T

0.000001050|

Temperatures
DENS

Add Temperature | Delete Temperature ‘

oK

Cancel | Help

Graph

Pick a menu item or enter an ANSYS Command (PREP7)

‘ mat=1

|type:1

real=1

csys=0 secn=1

ANUTLNBU V6 NITHEAIAUNULUUVDILADA

I\ ANSYS Multiphysics Utility Menu =

File Select List Plot PloiCirls WorkPlane Parameters Macro MenuClrls Help ‘

b | w] 8] 2] | 2||E | =] =] B

ANSYS Toolbar = ‘
=
=l

viain Menu

B Preferences
B Preprocessor
Element Type
Real Constants
= Material Props
Material Library
B Temperature Units
Electromag Units
[=lMateria s}
& Convert
B Change Mat Num
E Write to File
B Read from File
Sections
Modeling
Meshing
Checking Ctrls
Numbering Ctrls
Archive Model
Coupling / Ceqn
FLOTRAN Set Up
Multi-field Set Up
Radiation Opts
Loads
Physics
Path Operations

Material  Edit

Material Models Defined

Favorite Help

€ Density

Material Models Availa

(= Favorites

(@ Structural

(& Thermal

& CFD
@ Conductivity
€ Specific Heat
€ Density
g Viscos:
€ Emissivity

@ Electromagnetics

(= Acoustics
=5 Chiide

A\ Viscosity for Material Number 1

Viscosity for Material Number 1

Tl
Temperatures
VISC 0.000004|

Add Temperature ‘ Delete Temperature ‘

oK

Graph

Cancel | Help

&

el bR EER

\ Pick a menu item or enter an ANSYS Command (PREP7)

\ mat=1

[type=1

|rea\:1

\ csys=0 \ secn=1

ANUSLNBU V7 NS EAIANUNLAVDIEDA



98

MsfLATANIA (Meshing) fedda
Meshing > Size Cntrls> ManualSize>Lines>
All lines (nsalAWUNR) > 0.125 mm (vimneaw)
Pick lines (nsalAuYay) > 0.1mm = YiaaALaDARILAY
>0.125 mm=71aoaaannuung
AUNTNUTENDU U8

File Select List Plot PlotCtrls WorkPlane Parameters Macro MenuCtrls Help

b=l a| 8| 8| | 2| ElE ]
ANSYS Toolbar A Element Sizes on All Selected Lines 3¢ ®
SAVE DB‘ RESUM DB‘ QU‘Tl POWRGRPH‘ [LESIZE] Element sizes on all selected lines — 2
W# SIZE  Element edge length 0125 [1-] =]
references z
& Preprocessor e @ @
ETement Type NDIV  No. of element divisions I:I 8|2l
& Real Constant
M::eriaﬁ’;-sr::ss (MDIV is used only if SIZE is blank or zero) 8] 2|
Sections 82|
Modeling KYNDIV SIZE,NDIV can be changed W Yes @@
& Meshing z -
Mesh Attributes SPACE Spacing ratio I:I 8| %
E MeshTool 0
@ Size Cntrls -
SmartSize Show more options ™ Mo =
= ManualSize @
Global S
Areas al
B Lines 7]
E Lines al
7 Picked Lines 5E — o al
Z Copy Divs ANty eI a
A Flip Bias
ACIr Size |
Keypoints ﬂ
Layers a
Concentrat KPs E
El Mesher Opts ﬂ
Concatenate &

Pick a menu item or enter an ANSYS Command (PREP7) ‘ mat=1 ‘ type=1 ‘ real=1 | csys=0 ‘ secn=1

ANUTLNBU U8 NS IEAIAMULIIVDIDALLUN

mMstvunieulavesun (Boundary conditions and constraints) Femda
Load> define Loads > Apply > Fluid CFD
>Velocity> on lines
> inlet velocity = lgannsinceiseansienin
> Edge velocity = 0
> Pressure DOF = manuduiiialéannisidansiens

AUNINUTENaU V9 V10 way U1l
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I\ Apply VELO Ioad on lines

[DL] Apply Velocity Constraints on lines

Apply VX load as a

I\ AHSYS Muttiphysics Uity Menu

If Constant value then:

File Select List Plot PlotCirls WorkPlane Parameters Macro MenuCtrls Help VX Load value

0|8l o] sz o)

ANSYS Toolbar

Constant value hd
-411.5

Apply VY load as a

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

I Constant value then:

ANSYS Main Menu ®
5

Material Props
Sections
Modeling
Meshing
Checking Ctrls
Numbering Ctrls
Archive Model
Coupling / Ceqn
FLOTRAN Set Up
Multi-field Set Up
Radiation Opts
B Loads
Analysis Type
B Define Loads
Settings
8 Apply
Structural
Thermal
B Fluid/CFD
Forces
Displacement
a Velocity
P2l0n Lines]
70n Areas
7 0n Nodes
Pressure DOF |

LINES

TYPE NOM

VY a Load value

Constant value =
726.45|

Apply VZ load as a

I Constant value then:
VZ Load value

Constant value >

Apply to endpoints?

¥ Yes

Moving wall?

[~ No

Generalized Symmetry?

ok |

NOTE: Blank values not interpreted as 0's !!!

Cancel

Pick a menu item or enter an ANSYS Command (PREP7)

mat=1 ‘ type=1 real=1

csys=0 secn=1

AMNUsENBU 29 msldannasIsuAL seA1ANNs LT (inlet velocity)

I\ ANSYS Muttiphysics Utility Menu

File Select List Plot PlotCtrls WorkPlane Parameters Macro MenuCt

A\ Apply VELO load on lines

[DL] Apply Velocity Constraints on lines

ol=ldelsle e H

ANSYS Toolbar

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

Apply VX load as a

If Constant value then:
VX Load value

Constant value v

ANSYS Main Menu 3|
Coupling / Ceqn |
LOTRAN SetUp
Muilti-field Set Up
Radiation Opts
B Loads
Analysis Type
& Define Loads
Settings
8 Apply
Structural
Thermal
B Fluid/CFD

B Velocity
Z0n Areas
#0n Nodes
Pressure DOF

Apply V¥ load as a

If Constant value then:
VY a Load value

Constant value x:

ApplyVZ load as a

If Constant value then:

Caonstant value >

VZ Load value l:l
Apply to endpoints? W Yes
Moving wall? [T No
Generalized Symmetry? ™ No

NOTE: Blank values not interpreted as 0's !!!

bl B ) e b e ) e e TR

o Sl o)zl

0
ol
lels [® i

Field Surface Intr OK | Cancel | Slelp

Field Volume Intr

& |nitial Condit'n

Load Vector Bl T |
Pick a menu item or enter an ANSYS Command (PREP7) mat=1 \ type=1 \ real=1 \ csys=0 \ secn=1 \

AMnUszneu 910 nstaAanuisiinileiaeniden (Edge velocity)
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Eile Select List Plot PlotCtris WorkPlane Parameters Macro MenuCtrls Help |
B CIE R I\ Apply PRES on lines 52
ANSYS Toolbar

SAVE_DB| RESUM_DB| QUIT| POWRGRPH

[DL] Apply PRES on lines as a

Constant value v

ANSYS Main Menu
Coupling / Ceqn
FLOTRAN SetUp
Multi-field Set Up
Radiation Opts
2 Loads

Analysis Type
B Define Loads
Seftings
8 Apply
Structural
Thermal
2 Fluid/CFD
Forces
Displacement
Velocity

TYPE NUM

LAlOn Lines|
710n Areas
7 0n Nodes
Turbulence
Species
Volume Fract
Field Surface Intr
Field Volume Intr
Initial Condit'n
Load Vector

E

If Constant value then:

@] PRES Pressurevalue

DR

Apply to endpoints?

oK

W Yes

Apply Cancel Help

[eloleltlolelsle

2

Pick a menu item or enter an ANSYS Command (PREPT)

mat=1 \ type=1

real=1

\ csys=0 secn=1

AMwUsenau 911 NstaAanusuivatgw1aan (Pressure DOF) 98411aanLaen

2)  TuURDUNITAIWIN (MNUSENBU 12 — w14)

nsAwIn sAuunglddeulanisinaluuaniizasi (Steady state) &

nsbawuutulu (Turbulence) wazvadlnansolasniA1ANUNUILLLAINAFDANTT YA

(Incompressible fluid) §eras

ANUSZNOU V1

Solution> Flotran Set Up > Execution Ctrl.

> EXEC Global iterations = 1000

> Turbulent Incompressible Wag Steady state

A\ FLOTRAN Selution Options 2

[FLDATALLSOLU

TRAN Steady state or transient? [steadystate ]

FLOW Solve flow equations? R Yes | Stea d}r State j

TEMP Adiabatic or thermal? [Adisbatic  ~]

TURB Laminar or turbulent? Furbuer: 3 I; Yes

COMP Incompress or compress? [ncompressible  +|

VOF Activate VOF advection? I No é N N

SFTS Surface tension effect? ™ No |.|‘:".d|3bﬁtlc j

VSH Incompress viscous heat? I No

SWRL Axisymmetric with swirl? ™ No || |j

SPEC Multiple species transport ™ No

ALE Allow mesh motion 7 I No

RDSF Solve radiosity equation ? W Yes |Ir1cur‘r1pre55i|:l|e j
ok | ety | Concel_| Hep |

2 dvuadeulynsivaildunuuaniizaai (Steady state) dnslwauuu
JuUu (Turbulence) wazwadlyans alaanlA1ANUNUILLUAITINADANNT

1@ (Incompressible fluid)
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A Turbulence Model 53

Turbulence Model Choice

Select working model

Standard K-E!

%

Zero equation
RMG

Mew K-E
Girimaji
Shi-Zhu-Lumley

K-Omega

@ mler e e el e

Shear Stress Transport

0K Cancel Help

awUsenau 913 Msivuaauludaiinisluawuutuliusia Standard K-E

J\ Standard K-E Model
[FLDATAZ24], TURB

r
] =
[¥s]
I m

ChMU Cru
a1 a 1.44
c2 C2 1.92

SCTK Schmidt Me. For Kin. Eng.

SCTD Schmidt Mo. For Dissip. 13

il

OK Cancel Help

AMNUSLNBU V14 NISANUAAIAIRYRdlumanis iakuutulu
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ANSAUUAAINISITLRDS bULUUIaDIN15 bawuut Ul U Turbulance

g v
[ v A

parameter Wag Wall paremeter 2giuaAIA8AEY A9l (MwUsznau v15 uag v16)

n1sMuuAAT Turbulance parameter MBANES (NwUsznau 215)

FLOTRAN Set up > Turbulence > Turnulence parameter waaldAAata

ﬂ Turbulence Parameters
[FLDATAZ24], TURE

INIM Inlet intensity
INSF Inlet scale factor 0.0

RATI Turbulence ratio 1000

T
- =
= =
£

SCTT Schmidt No. Temperature 0.85

SCTD Schrmidt No. Momentum

LT

oK Cancel Help

AMUsZNBU V15 N15AImUAAT Turbulence parameter

N1IMUUAAT Wall parameter mgA1de (MwUsznau v16)

FLOTRAN Set up > Turbulence > Wall parameter uaaldasiay

A Turbulence Wall Parameters 23
[FLDATA24],TURB  Wall Parameters

WALL Wall Treatment Model -
TRAM Y+ Transition Point

(equilibrium model only)

KAPP Kappa
EWLL Wall Constant E
VAND Van Driest Constant A

KS Wall Roughness

= [ = [
in L = =
in

CKS Effective Wall Roughness

oK | Cancel ‘ Help

AMUIZNEU V16 N15AUAA1 Wall parameter

INTY INITANUIUNIEAIAIT Run FLOTRAN
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3) JumeuNIILARIHa
nsuansraszesnudunndiivendmnsfives suiu Wedosnisiudu
Asavdedldmda sl
General Postproc> Read Results > Last Set.
>Plot Results > Contour Plot > Nodal Solution > DOF
Solution and Velocity VSUM > OK
>Plot Results > Vector Plot > Predefined
>Path Operations > Define Path > By Nodes
> Map onto Path
> Plot Path Items > On Graph Select velocity
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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 normal, 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 (/ig. /a.) by using a 3.0T
magnetic resonance imaging machine (Philips Achieva 3.0T x-
Series MRI).

STENOSIS
—

TV
() (b) (©)

inlet

Fig. 1. Example of MRA image (a) and 2D-geometry reconstruction for
normal (b) and 50% stenotic carotid artery with the quadrilateral
mesh (¢). 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.

AN N m U
. ] \‘ﬁ )| ‘ ‘(}
Normal \J | |

/‘,) H |
{ T T A

W | U

\ Wl |

50% stenosis M | !‘ |
N

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-ov=0 (1)
pl(eviety+v-V vy =-Vp+uViy )

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
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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 4)

The input velocity (Vi) was 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 Geomeiry

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 er af.[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 /ig. 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 (SI 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/mnr’, 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 ef al. [4]. The WSS at inner wall tended
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to decrease when far away from bifurcation. On the other hand, ~ normal condition. High WSS can damage endothelial cells
the WSS at outer wall was slightly increased. lining on the vessel wall [9]. However, high WSS has lower

In the condition with hyperglycemia, WSS increased higher i HL Mietoslenonis fan low s D1, JTUEre 15 L g
e e oohdifion yp'tké)% h : | ) b & contradiction for WSS effect. Brands and colleagues showed
Ivper: . ! withoul = NIypergiycemia — DeCause . (hare was the positive correlation between WSS and blood
yperglycemia has higher blood viscosity compared with

flow velocity [11].
Subject 1 (S1) Subject 2 (S2)

0.9 0.9
08 0.8
0.7 0.7
0.6 0.6
E
E 08 0.5]
=
£ 04 4:- \ 0.4 -
= F W 7
ol b k) 0.3 3
o ~B—=N(ICA) -B- N (BCA) ~|—N (ICA) -B- N(ECA)
0.2: —&—STCA) & ST(ECA) 0.2 —4—ST(ICA) & ST(ECA)
" —— 1P (ICA) =€~ 1P (ECA) —+—HP (ICA) - HP (ECA)
. —S—HPIST(ICA) —O- HPIST (ECA) ol —#—HP+ST(ICA) -8~ HP+ST(ECA)
o T T T T T 1 0. T T T T T T T 1
A8 475 050 825 080 025 050 07 190 00 075 050 025 000 025 050 075 100
Distance (r/R ) Distance (/R g)
Subject (S3) Subject (S4)
0.9+ 0.99
054 0.8
0.7 /
0.74 i ~ ) i
0.64 H 0.6 H
2 I = Hi
Eoos{ |/ [t
z H £ !
2 J y 2044 1
2 04 S /
3 ! < i
™ \ T
H —B—N(ICA) -B- N (ECA) ) i 1" 8N (ICA) -B- N (ECA) \
0.2 ',' ~A—5T(ICA) - ST(ECA) 02/ —4—ST(ICA) -~ ST (ECA) “\
! :IlPllFr\J § -&- HP[E(-'A! H —4—=HP (ICA) —©- HP (ECA)
l)<l-"' HP+ST(ICA) -&- HP4ST(ECA) l].l-l,' —#—HP+ST(ICA) -©- HP+ST(ECA)
T T T T T 1 X T T T T T T T J
-0.25 0.00 025 0.50 0.75 100 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Distance (r/R o)

0. - T
=100 -0.75  -050
Distance (/R )
Fig. 3 The relationship between the velocity ratio and the radius ratio of four subjects (S1, S2, 83 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

0.20-
0.154
0.10-
g = S
2 0.05 *
g B S2
E 00 =53
£ .0.05 m S4
a
-0.104
-0.154
-0.20
N ST HP HP+ST
Conditions

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

(81, 82, 53 and S4).



Subject 1 (S1)

4=
—&—N (outer) =8~ N (inner)
—&—ST (outer) —&- ST(inner)

354 —+—HP (outer) -~ HP (inner)
—*—HP+ST (outer) -8= HP+ST (inner)

304

e
b
;

7
e
/

Wall shear stress (N/mm )
w
oL

T

Distance (mm.)

Subject 3 (83)
b —=—N (outer) =8--N(inner)
I\ 1 —&— ST (outer) & ST (inner)
BN £ —e—HP (outer) & HP (inner)

\\‘+III’+SI(ou(cr] —8- HP+ST (inner)

Wall shear stress (N/fmm %)

Wall shear stress (N'mm )

Wall shear stress (N/mm %)

112

Subject 2 (S2)

—8—N (outer) =B=N (inner)
—&— ST (outer) =4- ST (inner)
—&— P (outer) =€~ HP (inner)

—8— HP+ST (outer) -©— HP+ST (inner)

Distance (mm.)

Subject 4 (S4)
40 ? ~&—N (outer) =B~ N (inner)
R —&—ST(outer)  -A-ST(inner)
35 "Q" —+—HP (outer) =&~ HP (inner)
/} q,'\ 9 —#— HP+ST (outer) -6~ HP+ST (inner)
- \

w
z

=
5

W
g2

&

10

Distance (mm.)

Fig. 5

Distance (mm.)

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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