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Stroke is one of major causes of death in our country. Hemodynamic disturbance plays a role
on the pathophysiology of cerebrovascular diseases including stroke. However, there was no
medical modality to examine the hemodynamics in the complex vascular network formed by
cerebral arteries. Recent progress of computational fluid dynamics (CFD) has enabled us to
investigate the hemodynamics in the circle of Willis. This study proposes the basic
knowledge for and the new methodology of computational hemodynamic simulation in
human cerebral arteries. In the pre-processing of hemodynamic simulation using CFD, we
developed a new threshold-based segmentation method for cerebral vascular trees. For setting
inlet boundary conditions, we conducted the measurement of flow rates in internal carotid
arteries and basilar arteries by phase-contrast magnetic resonance velocimetry, and found the
importance of individual measurement. In post-processing, we proposed two new parameters:
blood residence time and inflow rate coefficient. Prolongation of blood residence time was
one of risks for atherosclerotic changes in cerebral aneurysms. Inflow rate coefficient was a
predictor for the recanalization of coiled aneurysms. Both parameters will be useful for
planning treatment strategy of cerebral aneurysms. Results of this study will promote the
clinical application of CFD near future.
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Fig 1.1: Magnetic resonance angiography. A, Circle of Willis in a healthy male adult. B, Circle of Willis in
an aged patient with cerebral infarction. Note the remarkable atherosclerotic changes of cerebral arteries
inB.
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Fig 1.2: Magnetic resonance angiography showing six aneurysms in one patient: two in the right middle
cerebral artery, which were clipped; one at the tip of the basilar artery, which was coiled; and one in the
left middle cerebral artery and two in the right posterior inferior cerebellar artery, referred to as Aneurysm

1 and Aneurysm 2.



Fig 1.3: Three-dimensional rotational digital angiography of the two PICA aneurysms at three time
points: baseline (August 2009), first follow-up (February 2010), and second follow-up (August 2010),
showing that they grew over time. Both aneurysms were subsequently clipped in September 2010.

PICA, posterior inferior cerebellar artery; Rt., right; VA, vertebral artery.



1.14 MMEE - MK - ik

RUEEHR 2RI T B2 HT= 0 . ZORBIL3 DT DD, T7ebh, MAFEE, Mk, MmikT
D, ZIVHIE, BRI DRI A 395 Virchow 0 3 EFRIZM72 0 | & NEBEO
pRE, MIEMEIROZE L, MFEOFEIED 3 SAYRIIMARTZEROFES| & 72D L\ 5 S TH
5 (X1.4) 1], AFFRL MARTERROIAIAE H T 5 O TIIRVD, IMERES 25075
ETH, 2D 3 00ERENSHFLIHERIRY 9 B, B2 IE, AR ORMEIRE ORE THIUL,
JeA OIMEREDNEFINE & M DI R « 318 K 2 MATERED RE . X SIZIXMENEM DR
(72 &) 12k > T, FOREHRREZTAT 5 Z LN TE D,

WIZE ZE, MR, Mk, MmLOMNT, BETRERE, B, IMAET & B350
FROBIRZDOWTHEY 72U, BIRAFER DM EEOFRIEA I G- 2 5 R
5.2 BB A P~UuL X, AR EEYE L ORIR ThH - THIRERTH 5,

AWFFUZEBNTIE, b MEEREIIRCOWT, ZOMmAERE, ik, Mo ER 2B 2 HhE
WA EERET 5 2 L2 D, MEBECOWTCIE, T ORIRICEIT 23 HmA1T 5 A3, JRERHHRR
FHIRRFNI T2, MIRICBEI LT, REICER T 5, £ LT AFRICBN T, b
T 52 LT B0N, MIRZET 2R TH D, T7ebb, BliiiA 1 R ka2 e
b MMFESREIROMIES R 2 L— 3 L FHEDBF TH 5,

‘ Blood ‘

/ \

Fig 1.4: Virchow’s triad
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TV ERFDEMRICHEIZETE D (K 1.5:CE),

1.6 1%, [RICIEFNZOWT, MABERSM % 0.1 [mys]D—4& L 8% E L {772 > 7= CFD
MIEAHTOFER T D, ARA ML LT, WG Lo TRk Uiz, ZEfEEERD
B IMb EWEVODFEEEZ LD PEA M OBEEE D EH- U TR Y | ZORRGHEI3H 0.5 [m/s] T 5,
SIHIT, BAREOR Y 7 HEERE L CREAMZFR L THDE (K1.6:B,0), MR

L72IREE CIMENIREE ~ L IRA L TN D Z &0V D  (EAZRIL0, RG> 7 Hifd
=26.7%) ., Fiz. BNREGEEN OBEMRETIIZ IS T, RO /3403 77— 7 OIMll~ & Al
L TWDERT B30 %,

ZDOX9IZ, CFD \Z XA Myifihrz v s & IMMESREIT LA, B Lo3 W TRl

b3 &R TED, Fho, BELILWEDICEREZYS TT, FEZ2EMED - EREIERE S
HZEHARETH D,



Fig 1.5: Conventional angiography of an aneurysm at the bifurcation of left vertebral artery and posterior
inferior cerebral artery. A: Anterior-posterior view. B: Lateral view. C-E: continuous images showing the

blood flow entering into the aneurysm (red arrows).



Fig 1.6: Hemodynamic simulation using computational fluid dynamics. A: Streamlines colored by
velocity magnitude. B: Cutting planes. One indicated by a black arrow is for aneurysmal neck and the
other by a green arrow for a parent artery). C: Contour maps of velocity magnitude on two cutting planes
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122 MK IalL—arnEE

—fi%lZ, CFD T OFNAIRE < =220 bhd, —2HDAT v 7%, a) AiLEE

(preprocessing) . - DOHD AT v 7L, b) BAEMZHT (boundary condition DR EEFTe) . =D
HOAT v 71X, ¢) BB GHEFEROFE - BEE) Th o,

a) AifLEL

CFD % H\W TN AT 2554, B LT, RMRERDMKERTT D EZAH0H
%, BRI, ROZOOEEZNAIATS, —2BIE il (IiK) 2@ TE v
ZA (MERE) OIRMEE, —oRIE ik (IR 2vEd 2SI 5 3RS 7Rk T
oYl

b MMEREIIRE ST CFD 217 2 %56, 3 Rotif#i & LT 3D rotational angiography <° 3D
CTA R° MRA OF7—Z %L, BIRItH AT, ORI Z %, CFD OfERICHK b
B HEERNITH D, REEOBERIL, A Th>TH, e =M (KU I LFEAT
HREVY) OEAKE LTERBELSND, b MU EIRoMBRE M ilim a2 A3 2720,
TEARIBREM: 2 MR T2 T2 DI T/NSUWR Y SosphBi b 70 %, X 1.7 13NERE Y — 7 =
ZETFND 1HITH D,

TGN DN T NSV T 2T D NERH D, T —T = ZAET/UWIH
ANEifT (A THERSILD A, 2 ZCik, ZEMA Il (UimiRE 72i308imiR) <4
T2, 1R LT % OFFRRE BT DU~ MV SR % IROBABERHT CRDH 2 &
(272578, FHRFE DI NE EEREDDREMIZe T — Z MR O AN, FHRICET DRI
IERT 5, FHREFNE, R TEOIT, EHTHHEHE (2o va—%) OBl L U%
Fa—RF (Y7 hoxT) ITEoTkED,

WEZRE A T A AT B T2 OIciE, TRISIAIES, FERFE, T 537 A—4 %
DMIZBET 2 FRPET B L <D,

b) fEAEAT

AR CYERk L 72 iBE D GHEAST) ZIRIRMNT Y 7 b U = T ICHRAA TR, =DD
VEEEAT O, — 2 BIMEENRIKOYIEEEE Ch 5, BARAIZIE, B L EARET 5, —
DHITHERGORE Th D, = dHITHEHETH D,

FT, (EENIEOYHHEEIC DWW T TH D25, ik, FEEMEED =2 — Rtk S RE S 1L
DYFEINEN, FATIIZE 2T 512, MIROEEEETL 1050 F 7213 1060 [kg/m3]. KEEEIL, 0.0035
F72150.004 [Pa * s ASTENDHAENELE AL THY | JEFIEAOEN AT SHD5E1TD
R0, WIZ, BERGHFORETH DM, BUR, BEIZETE L72VRIE & RE ST DA,
TABERGAE & LTt 2 WITEN 2 AT D03, ZIUHIZ DWW T HIEFIER O Tldre <
TRNEAME SN DEHEDZ,

BAAICHAERFETH DA, & MMEREIRICBIT DMt 2 = L— 2 2BV T, JEik
ENE LTERHEMTbN D, ABFZE T, LIS OARISEERIAST Y 7 s o= T

(ANSYS Fluent 14.5, ANSYS, USA) Z MW\ TW\ 5%, FHEFEIIIESR—ZD Y L 3—%
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V), SIMPLE VEIZ & 0 Mt 2 fifv iz, £7z, Al - ostEBEczs ) —r - Ao A - ) —
RA— 2 AJEdE, I ARFEEICIE PRESTONE, SR b FEICIE QUICK IE4 T E U]
L7,

o) RAFE GHARERDOFIHUL. - IRIE)

PLED &5 i3RI BR BN D DIE, BFO/ES (@\?ﬁ‘%%?@ﬁpﬁi@ BT 2
XY MVEET) OHTHLMNG, Gz T 5720I20E, FHEREROFEYEAAT O ME
Bd 5,

M I = b— a3 AZRBWT, S SIS AT (post visualization) (2, & DB#E D
R NVEIRD LIRS T ETROLNDLTET (X 1.6:A) b5, Fio, WE~
7 MV EEINT, BHERATOFRER E U TRINIGEOIND/XT A—=F ThHH, ZH 200
FR& 7035 A =2 PN ZREICEHE TE 5, DS M BEPIAEZ KA BE T AU /) (wall
shear stress: WSS) 23, /&N EGHIBIOBEREHERHZBE G- L T D 2 E 3B BT 72 > TLIRE,
WSS X0, EDRH/ T A—2 PR IND Z EmE, —fFile LT, IMEMRED WSS ZHET
%7~ d (X1 1.8) , Niddhimal &, BlEhR & ki U CAMEIRIE NI s O\ AW 3/ & <
WSS BAR, fdEhRIagaE)S A B P IR HPH 2l L 7RO WSS IC# R S D 2 & T, I
P EGHIRDBERE N ERCEINRIERE D SIENFEE S D & DMED H D [13,14],
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Fig 1.7: A surface model created for computational hemodynamic simulation.
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Fig 1.8: A contour map of wall shear stress.
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123 MK al— 3 nEkEHE

R U780 . CED ZHWAImifs I = L—3 3 AZBW TR, ST okt 4 7255510
DWTREIZFE S B T TN D, MAEEE IOV T, FPE IR S, filz o
TIHE=a— FUMEREH ST D, £, CFD TRD - FFEXOEAERFE &\ 5 DI
fifg Cdr> T, WM TITZ2, Lo T, CFD fATOBRATON 2 MAERE, Mk, MmdtiZBEd
D% DWFYLN, EDOX T, EORRE, v 2 b— 3 URERICEET DO EREL T
WAREND D,

F T, EE ST, CED 2V I 2 b—3 g9  OFBIEN EfEfER-Of ] Y 7 -
U ETNAKAF LR E D D iR 2 [EFR S s L E 2t 4 98T L 7= [15]), CFD &My iz
Mg X = b—3a w2770 > T DR (15 WIE - 26 fiigy) OZMHBMFHIL. K2 D
Hiag D 7w A I C IRl — OREhREERER A fihT L7z (X11.9), 7235, RILEIZ DWW TIEAHE
BAZ[A—DIME AR — 7 = AT VUG SA, PRER DU N TIERERH AU S D A58
PrEHTe, ZFORER, Mgk & &2 ORI RAT U722\ BERE /UM ) OB 7o FREE
RSNz (K 1.10), —H T, ERNSHENEIEMNELER E feoTe, £, &5
72 BIENWFZEIZ 20 | ABESRS O EEMED I8 S U7 [16),

Fig 1.9: Participants of the international collaborative research for the validation of computational

hemodynamic simulation.
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Fig 1.10: Contour maps of wall shear stress.
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124 MR Ial—a FBRRICAT 5 L TORRESR

CHETHELL TE22 L2 Lo, My 2 2 L— g U 2BEFRIGHT 5 EToRE
S X OARED B2k~ 2%,

My 2 = b— 3 d, BREICERBSGI B TOERSNS Z EREE LV, L,
HAEPEOKIMAE DM I = L— 3 AR E R IUX, 1FE A EDER, I alb—
¥ a UREROERAFHIIZ BT 2 I AYERGE, 2O, &5 RIEOEE RS2
T RZ RRA, D3 EICOWTEAR THD Z &R0 5,

Mt < = b—3 3 EBRIGHT 255 5 GBI RS 50 52D A TEIREIZ- DU VT,
EEARHNZAT O Z EPHESND, —fMKIZ, MRS I 2 b— 3 A& - T, BlEE L7zt
LR O/ A TERE, & <IZmpism & Mt UCid, 53 7eReflin - Zefnfis
EEHTHHEGEREIEOND, LR, B HBER/ROFRIZOWTIE, 21
EEALDRTUIZR P, i S = b— a3, Bk X 9 285 Ny 75—k, if
=z R A MR, &2OWIIMINERSE & 8720 | EH IRANZH 2854800 - HIE LT
WDHDITTIZZRNWZ A3, 2O TH D, MK I = b—3 a3 ATBWTL, RO S 5
VN, MAEBEOWFRAHIME. MIROWIPEFEIZ ST, ]S MOIREIC IS < Btk T
WA T2, FERROMATHIRE & M I 2 L—3 9 URER L 2 E BT HE: LI=3a . il
VIR ZER N D D0 Th Do FTo, MITEREZ DWW TR, WABERSEHIRE IKFFET D
Z X, BRI EE AL DR IUR R D, L0 BIREAIZEWT, IMME O
R b—a E, EEAEHEOEEMECBE L T, RMREE > TRBLT, T070HIC, [
BUGHHIRF T D85 Jof= 3 2 L3 TE TN,

AWFIEIX, CFD Z MWzt MMERENROMIES R = L—a U EERIGHT 5 2 L2 H
& LTWD, FdZEEE xR, AFEOT—~E2REL 3D T,

F9. 1 OHIEL, —EH)OR4 7R preprocessing STIEDWHNL T 5, RIZ, 2 DHDT—~
X, — BRI OB REERSRUEEFIEORR Ch D, BED7T —~ 1L, BRICERERAR A b
WUFTIER L ORFESRC a N A R T A— 2 DRRTH 5,
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13 MY 2alb—2arERYESCRR

13.1 4 RS54 UREDHA

CFD % M T3t K9~ 5 72 0121d, HiEmmOEERWEH CTh 5, BIfE, AT
B TR R RS I OISR E 2 Mt L TR Y | IMRARNT Y 7 Mo\ T, HA R
A VREV—F 2 I N—TNEEIF TS, CFD % T IMAAHT X2 A gL ER O #E
ANY | ZDI=HD Y 7 MU T [ XERS R ORR TH D, T, A KT AHEC T
TEfENTY 7 R =T, EEEsE LGRS ND Z LT b ThA D,

132 BhEFEFEIZKEZT—F259)0—TF

CFD % F\ - T SR T AR S\ W VMFFE T D 2 & ORROFEIRIE, FERICE
DT DA FAVEDSFER STV BIhZe 720, CFD 4 W i it 2 S R E
AT D 2 & TR EORR 2 e DS Shvd Z E RIS LA 53, BURTIE, CFD
ERVZMY R 2 b—ya VEFETE H01E, —HoleRlc B oind, £ 2T, CFD @
BRARICH e 572010, BEERTEIC LA, HHWET —F 7 T—T 0350
EFBRTWD, 9 BABEES A, A V=T U I & NPO A B AR
BRI T2 LD IRENTERICEIT 2 E LaEisie) 230b BT, WP osiiet
DIOITIERT TH D, £z, —MRAEFENNEF OIS T LUV NPO £ H AR
BRI ICFD AT ZE S 230b R, 20 KIZHY A TN D,

1.4 HEDER

ARRIEL, 52 HDEH 8 WETORT HN L5, MITLL FOMEY Th 2,

® 2 BT, EHEHG) L IMERZHHT 5 B O\ T~ 5, 3 RocEHERT —
2 BB T 2356 OB R AR L, CFD IZX A M I = L— 3 12
BOTIE, ADTRT D 1% L a1 228 —0 I TH D Z L2l 5, TDHW)
BRI HANTER DNBR LT ZWEHEEIC DWW TR R L, 77> A ET LB L
WA T — 4 % W T-BEFO ik & OWHHREEE1T .,

® 3 ETIL MABRSMHIERT S, T720b, 2 HADHEREIIR, AR & AN

RO MIEEHE TH D, At h T A N MR 2 W MsllERS R 2T~ T 5, &6
|2, constant wall shear stress theory & FETAL 5 M EAR & MR & OBURERGET 5,

- 18 -



55 4 BECIR, IMENIREE O MATENRE 2 MR D EROB LW R MUERE L LT, Bl
DR OA 2R %, ZFHBIEOHIZ AV, Mg &> TER
FEREDOTIRH LM L AR T & © LWV ) BRRRY e A L2 R, S6I, BRT—4 %
W BEESEEFE SOV TR D,

%5 BT, CFD ZMWMifis 2 = L—3 5 U ASIMERERER~D PTREM 279, +
b, BT T A2 M@ IR a7 1A T o 2 IMBIRE = A VIERINIC OV T
ZOWEIHERMGES T 2 L— 2 L TPHTE B L S BRI R A R
Do

556 BIZBW T, 2 BB XU 3 ®CALNMA I, i I aL—ra o
BRI 2777, S 612, IMBREOFRERFINZ T 72 i s < = L—3 3 v OwEtEc D
WTIl %,

557 FCIEL My R 2 b—3 3 A LD IKIME NTRFREHEEEO 161 & L COffrEl%
PR LTz, b MMESREIRICBIT DY 2 2 b—2 3 VANGZ D RE L L D=— X0,
ZOXHAERECH D E TSNS,

FEsEHIERTH D,
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F2EF MEWRKOELITA T—3Y

2.1 S

Computational fluid dynamics (CFD)% FVN T & M IMFERENIRO AT 217 5 BRIZIE, Al
& LT, 3WoEMEGRT — 2 )b OMERRIE 21T 5, EREGZENZ VT, mEK
Zalbd 5 Z LIZREII T TS, L, CFD Z X A M OREL L LTo
MAERAIHIE, 2l 132 BARAEETH D Z EEFR Lt b, EH g2
Wr 231 2 METZRO P kI, UG U 75 5Ok A e L & RE L iR iuIF2 v 5,
—7J7. CFD f#fr DR & L CoMmERIMZ, mEREOZMMAIERR (25 Z25us
T5HZ Llichize Hreuy,

— DD ASJEGUTKRE L T—oDIMETERIRER MG S o FE & LT, FH O3 Wit
EEE WD FEELBR U, ZOFMMEL . BHFOTFEL R, Batd 5.

211 3 RTMERREEIGT 5F-OOERES ) T4

3WTTIETAR A BT D 12O ONREREREL Y 7 1 & LUK ERSS, CT AR,
BELOMR &R D 3 20138 5, MMiER 3 KO CT mERiE, 39— RFEgHl4 mEn
EICIEAT D Z & THERRESEIEME S U, B0 ER 2w T 5 HIETH D, MR
MERZIZIX, @, TOF (time-offlight) {E23HNHAL5, TOF JAIZ X H MR AL,
MIEDTRANIRIZ L > CEZ@EE T LT D, T7bb, @il L ARG K > T4
NOFRREFZ i S TIRES L 95, — . HREENICIRA L TL 2k, skl v
DEZEAZTTEBLT, MXICERES &5,

212 BHEIC&DETAVT—3Y

MAEFRZ TS D 72 DITiE, BS L7 3 IRotE BRI I TS Y 72 D A fb 3
DIEE, Thbb, B/ AT—2a v &fT9, — NI AT —a okl LT,
{575 (threshold) ZHWAFENSH D, T7bb, mlE a2 L TV D IMENIENHIRE
F AR LT D AR~ L BT A E B — IR\ T, E 2 NCIENI T D R
NHHTTTHD (X2.1), TORMEEZREINRET S 2 LT, MENIERRIT 5, L
L. BEEREORBEMN M- & 725,

Fx I DEEONIZUTIBNT, BB EE L ST E0O® T A T — 3 T 5 8
Tz (1] 4 FREAORIEZ WV CINENRE (=11) O 3 RTTIBIRET VAEE L, £k
FEERFT L2 2 A, BHTERVERNELD Z ERghoTz (K22), EHIZ, K£4D3
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WICTRET VA O TR UBEREAETIC CED & W - i 21T > 7 EFE RSS2
CTIMA A PNEZ R T T BEIE AW ) R L= & 2 A, 030, B CE /R0 Em 1 A
UAHZ ST (K23),

213 wIAUT— 3 0—EH

ZDOE D BMGHERDHHIZHEO LT, IR TH, BERE AT —va UF
EE RV, ZOFFIA IR L CORWEERBRSND, T 2 THlgd &%, jooEHE(G
BT, MEWNINERRC DR (&R 28032 2 SITRETH L LW HFFETH D,
BRIZBN T, EHEG) O OMEREHIH R IR E 2T —~ TH VT T D, &
ST, BT AT — a VOIERMEL, FICERTREMERCIESH 228, BIRERUCIIMRH
HEL,

L/ L, CEDIZXAMift R = b—ya UEBRRIGHAL L D L3254, B A T—
2 VOEMELV S, LA, —BEMEZBRTRELEZOND, ZIT, B/ A T—T =
Y O—EMEE T, AT AEIGRT — 2k L THA SN IMEIRET AN, 1 DICEEDHZ
L5 (M24), AIERIZIBWNT, 1 DOASNBEGIZRT LT 1 DOE T AT — 2 R
DA &S X9 127eud, RIS | & T TN 2R OB R AR ST 57200
F—HRT D,

214 ESBEZANV=EIT AL T—LaY

3 YonlEHENG) b OME PRI 3T 2 — Bt & IR B AR T 28 7 A T
—Ya FEE LT, Antiga Hld, gradient-based segmentation ZHEE L, ZD7=DIZHWDH A
=T =R« VT NGET ZAB LTS (vascular modeling tool kit (VMTK):
http:/wwwvmtkoorg)  [2,3] 15 BRI 35\ T ARIANEA & 72 5 A0OIE Bl % threshold &
THFETHD, Y7 hU=T 2RV iE#EEER L ~T (X25),

Gradient-based segmentation |Z, i 2 Y7 b= 7O a— RRFI/RENTEY, ZOFE
Z VTR AT 72 M S 2 L—3 a VIR < i SUTnd [2-5], LasL,
ZOYVT7 FUETIZRNTUL, A2 RMEZ 1 AR 1A, BEEDRE LR b7 A
TV a rEEDLBLEND D, PENVEICRT DM R 2 b= a Y EITOSARE, T
ROX GRS AN IR 0T D 2 L < 7 A T =2 a VA D
ZEMTEDLN, —H T, JRHFADMERE AT 5I3AmE Th 5, E7o, flibifEEC
IRFfH & AR5 225,
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Fig 2.1: Threshold determination method in vascular model reconstruction. A: A line probe set across the
coronal cross-section of the proximal parent artery on a3-dimensional rotational angiography (3DRA)
image. B: Calculated profile curve (image intensity) of the line probe. C: Segmented lumen boundaries
determined by four threshold values were superimposed on a 3DRA image.

Threshold value = o (Maximum Intensity — Baseline Intensity) + Baseline Intensity
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(n=11)  (n=11)  (n=11)  (n=11)

Fig 2.2: Effects of threshold value differences on vascular model configuration (0=0.3, 0.4, 0.5, and 0.6).

Error bars indicate data range.

=23 -



' p < 0.001 '

_'

. it | ] | ]
_ o

° I | S

‘ ‘||-' |’ ‘ll-l " ‘l.-l " ‘ll-l"

Fig 2.3: Box and whisker plot showing the effects of threshold value differences on the wall shear stress
(WSS) distribution of a vascular model. (¢=0.3, 0.4, 0.5, and 0.6)

-24 -



Fig 2.4: A scheme of segmentation for computational hemodynamic simulation.
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Fig 2.5: Gradient-based segmentation.

- 26 -



215 EERREEAV I ALT— 3V OHREB

B HEA W et 7 A 7 —3 = > (threshold-based segmentation) (233 NTid, E&RT %
BUEIC Lo TR AT —a URERDB R D LW S AR o7, L, KEED
50% CEfE) ZBEE T2 LD TLERR B AT — a v O—EMENRE SN DN
Bz D, L, BALGEED & 2 THRAESEA TSI 2028 W 9 RN > T\ D,

FIZIE, 3 WITARIME BRI T, A S SRR OMmAE NI DL, &5
225 Z &1 L, ENEZ BRI E LoE, SRR, ARG
PLOUPHIBN T BND, TONMHEIC LD BT AT —r 3 %, REOMEIZRBNTEY
IR A G2 T (M2.6),

—fKIZ, JoOD 3 KT D | RO TRE LM OES ZET 5 2 LN TE D, EH
BlE. T O 2 TR TIIENPEDRKIGE FEE KD, ZOHFELZHNTE T AT
—Lar BT FEEER L (K27, 20X 5722 (multi-slice half-threshold
method) 2LV, AJT—HIZHLTIx1 DEBT AT —v g URERMMSOND, FT-, &
AR DN L DB DB Z S T 72 D, RAEMAE £ Caitt 5 Z L3 a[RET
D,

AEED HHJIL, multi-slice half-threshold method (Z & 2T /L DZ4 IOV T
gradient-based segmentation TS HAL7- A€ T /L & DG Z1TH Z & TH D,

Fig 2.6: Threshold-based segmentation by half-value method. In this case, threshold value was

determined at the cutting plane indicated in the right image (black arrow).
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Fig 2.7: Threshold-based segmentation by multi-slice half-threshold method. Note the proper
segmentation of peripheral arteries. See also figure 2.6.
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22 772 hLEER

EREDEEDIIE L T 7 b A - BFVEAER L, b 2 BT S AL T—
a UL, 3705, gradient-based segmentation & threshold-based segmentation (D241 4 FRAIE
L7z,

P72 L Mo A VI B BT 2o I, RS L O A1) & A
TR BUDEIRIAFTHOEN S = LHFMENTOS (67} THbb, 17 A7
39 U RATO UEIORBEE LT, AJJEiEE U COREABIEO EREME AT SRR 2 S5
BB EBEXDLND, €TIT, MEHREH== > &R 3 RGTERRRE RS L O3 Koo
computed tomography (CT) kD 2 FERIEORE T 1EAZ O Tl A B L, ST H710 & B
T DERDFEFIT OV TR LT R 2, ik A ISR L7z, S 61T, EReoldd#ia i
W E BRI ARV TR, EMEWNEO 3 — FECANRED CT B2 IRET D, &Y
HIBEE DY 7 A T — 3 AT DN T b IRR LT,

FLwiHE, 77 bAEROBMIEL, ADERE L COEMBIEORERREL . £7 A
T a VIEDZEMERGEED 2 DI bivs, FERBROEFHI O TS A IZREH
L, A, EAEGSEYI G SN2 E WO RHRET, TOROE T AT — g Y IHED
PRI C W T ORI 2 D 5, =D X 9 WA R, 7 7 o b ANOVEER IERE
U= hHE oS L,

221 A&

2FRIEDT 7 b TN (7 Rh - ET-ABLOT 7 b A - ETL-B) ZAEK
L7eds, AT, 77 bb o BT -A ZHOTIRICOWTRR, 77 F AET /LB
2 FZAFZE DN TR A ICEER T 5,

T7 2 A TTLA TR EOEED 0.006 [m] T, £EE 02 [m]DF T AF w7 JoE
BEEMAICZAZLUTAETEE L, PR3 — F&EeHl (FLh=/~—7 350) OJiRZFRHEL
=HDTH D,

3 wotlalishRel, a1 7' L—>2 + ==v b} (Innova 3131; GE Healthcare Japan,
Tokyo, Japan) Z IV \TITo72, 30 [7 L—2/fb] - 5 BT 200D [EHERR{E 21TV, B L7z
150 ¥cod a2 —> B — Lg%, 20 [mm]*20 [mm]x20 [mm]® FOV (field of view)iZ 512x512x512
[E] OFEFAAR T BN EET 53 WRoeT — 2 ITHHBEE LT,

3T CT #gld, 64 5l /L F A7 A X CT (GE Healthcare Japan) % V=~V AL« A%
¥ ToT,

B A T a U E, FEEARLE WL (gradient-based segmentation) & {F S EfEA
FUN= 518 (threshold-based segmentation) %1T7-72, Z? 9 &, gradient-based segmentation (=
DONWTE, AT V=X« VT hyxT T4 VMTK (vascular modeling tool kit :
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http://www.vmtk.org/) ZHV, MEHHIAT OGS L 2RO FIETE T AT —va vk
177z, —7J7. threshold-based segmentation (Z- OV NClE, £, EEBORNMEEZFHIIL, %
DNAEZ R DT, WIZ, il S D FEIRO NI seed point % & & HLHY L 72 4EIZ 28 % marching
cube IEIZ L > TET AT — 3 v &{ToT,

YA T = g DT —H 1 stereolithography  (STL) T —# (228 7=, PGP STL
MY 7 U7 (3-matic, Meterialize, Belgium) Z My, 77 h A - E7/L-A T3 0.01 [m]
BEITHMER AR LT, BEMEOERL ., WifgOShER s U CERE L, BEoER L
L7z,

X DIZFHMZR LR 21T O 72012, R E W fRIT 21T - 72, HIDROFE R X USHE S
RIZOWTE, HEBIZFER LT, 2 2D& T A T — a v HIETHE LIV STL RIZS
WTHULERAR L, ZOBRTS BN D IR A Fulvt DR S 0.001 [m] (=1 [mm])D
Mg CTrmy hLTo,

222 #ER

T2 NA BT LA OREERHEHI U CIREAICEWZENEOT—2 D9 6, K

PN BN BB ORZEZ ST TOZRVWERIZOWT, RN T L—r s 2=y
N VTR LT=7 — % & A DS & LTV,

2812, 2FEHDOE T A T — a 1k (gradient-based segmentation & threshold-based
segmentation) % HWTHIH U727 —% (STL 7—%) #E/RL7z, EMRBIEICBWT
(IMHFITRE 72 TR~ T2,

2912, 2D T A T —a U IELR FWTHI LTz 3 IotBIROER A FHAI L 7=
FERE T T T7TRT, 77 b s BT VHWET T AT 4 w7 « Fa—T7 DEL6.0[mm]
B (control) & L. it L7oSCARZEME & W L7cBaic, SIS 5% Dl TIL
F A (=5.848 [mm]) A [FERHCFER LIz, 2 O0® 7 AT —3 a U HEDOHE L S, control

(=6.0[mm]) &HiEZ LT, flitH L7 3 oo OBERIT NS Do 723, EME & L TRREIC
PRI, ZDFT 5.0%LIPNITIN E - TV, ZOEETR K OMERE(R21T. gradient-based
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Fig 2.8: Results of segmentation. A, gradient-based segmentation (green). B, threshold-based
segmentation (pink). C, an overlapping image.

-31 -



[mm]

6.6
6.5
6.4
6.3
6.2
6.1

Byl
5.6
55

=Control

Volume>0.95

—Gradient-based

segmentation

Fig 2.9: Diameter of three-dimensional model created by segmentation results.
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Fig 2.10: Radius of the Voronoi spheres. Note that the radius of the phantom (a straight tube filled with

100% contrast medium) was 3.0 [mm)].
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VAV ARARELTZT 7 b A WEEER, b O 1Ol BRI E AL SEHE03E
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oIz, MENOEZEEH R EEEZ VRO EREZ Y 7 ¢, DFE D MRLIZOW
T, [FEOBMABETH D, Bk, My 2 = b—y g VEBFRGHAT 58T, 258
PEORIMIMAEIREC, FIRE CREDO I — RERAIRG20E L T2 CT MERE LD b,
£ VKRR MR IERSEOEHINEE LW B TH 2,

-34 -



23 ERRRT—% ZRALRE

231 ®MREFE

RITFIRER 364 U= BN IRIE RS D 7= 3012 3 RIS 21T - 7= 10 JEfl A5 & L
Toe 2 OREFIE, FPRIMENR IR (M2) (CRMESNENREZ A L TR, LITIZR~R%
EBY . 2FEDOE S A T — g VIFEIZOWT, A ORI BT D s L OViKEh
R ORIHRE S BT 2 W00 2 18 D ORI rRETH .,

3 ot EHRs2l L, &R/ A 71— « == I (Innova 3131; GE Healthcare Japan,
Tokyo, Japan) % FiV N CHT 572, BEFH O infusion pump % FV Y, = — RREEAIZ 9 24 [ml] 4 [ml/
=6 FP]) . WEBIIRICEEIE Lz 7 —7 WAl L W iEA LTz, AR, 30 [7L—2/
Fb1 « 5 FPHC 200°DIalER{E AT o 7o, BT L7z 150 Keod = — > B — Aif% %, 20 [mm]*20
[mm]*20 [mm]? FOV (field of view)IZ 512x512x512 [ffl] DEHNHR 7 v EHT 5 3 IRILT
— XL LT,

BoN-3ReT— 2 2 ANEE L, 25087 AT — 3 )51k (gradient-based
segmentation 33 X OF multi-slice half-threshold method) % FVWNCI&EET /LA L7z (X12.11),
MA&E7T/WZ, stereolithography (STL) 7—% & L CTIR(FEL7-%. MM STL#REY 7 =T
EC, 2 00T AOERG O EETEMNEBIRE T 12,

Fio, EEARMEE LT, kD2 2551772,

1 SHIE fHE ETOFEERMHETH 5, HlT 2x5: L LT, 2 DOFET /LONIE)
ARZTEIR U7z, WNEEEIRE, & MMEREIRICIS T 2 Willis BRERATS Oy I = L—3 3
VEATHBRTANY MRSy & 72 DGRy TH DAY, JEHh - W TOZVEMLCHH D, T2
B, BFEHNEHENIR R ERIRIGS (C3) 2> DA 278 CHRENNZEBIIR & 72 573, BEEIEIC
BWTHEAE@®T DR, AT~ REJEM L, 2B IF~ERD, Lo T, AN
ZUCIE, MBREIRERET (C4 705 C2 £C) Z5ERICET LI, DF Y il C5, =7
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BELEI DR 2 N ENR LT, OIS HEEL 72 it 2 0.1 [mm]3s 2 Z/ERK L7,
-2 OVERBIAIZ 3T DN O 8% 3k, IVEREE A7e LTz, S HI, Fubsfplaxt L, 22
MR BT DI TS . T OHIR L IREAFH LT,

YU EOHFHRORHHETEDFEN IOV T, (8B IZit# L7z,

TEENRHID 2 S H I, IEIREHHHOZ L IEORGTChH D, FATHNIMENRE »~ 7 %
BOE U OB 20 U, 2 OFES - RKiks - Xy 7 IRzt Lz (%2.19),
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Fig 2.11: Results of segmentation. A: Gradient-based segmentation model. B: Multi-slice half-threshold
segmentation model. C: An overlapping image.
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Fig 2.12: Region of interest for centerline analysis of internal carotid artery (black arrows). Left (green),
the 3D model created by gradient-based segmentation. Right (pink), the 3D model by threshold-based
segmentation.

3D: Three-dimensional.
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232 HUDRICK HEHE

KB E L2 10 EBID H B, 2 FlCiER-Eos (NHEERE IREIRE ORE) 27850,
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BN 98 Y | W OPNEETERITA ISR L e, SEPHROfEE 2 S 5 & |
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segmentation & VN TR L7 BT AV DZEI LY H/NSUVMEAIZH VD, ZDOZERITH 1.3% Th
-7,

2150%, HEROMITRER T D, MEREIRIAE (C3) DEARE Clhi=2s EA- L T2,
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ARANZFN T, [BIEPED R HEF R DRFNI W T ORGLHET D, 7eds, #iROMENS
OUWTIE, kB IZREEI LT,

2T EBY, EHL0EIT AT = a UAERIZBWT S, AR (NEEHAR)
(3, HERA 2D BRI~ LI e > TS, Ll babkod 95 7Bl e i & 2
T HIEBINSHSH—J7 (Case 1,3,5,6) . C3 TUW o 7= AMABELDMENN D IEH| 2787 (Case 2,7,
8),

K211, WEMMREORKIE, RIMEE HIEEZR LTS, 2 50® 7 AT — 3 Y T5ik
Z T % & 2 CORHEIZIT threshold-based segmentation 1573 K& < | gradient-based
segmentation 7> b3 HITZET UZHITHFIE (G) 7756, threshold-based segmentation TH5:
ONT-ETUZRBITHHEME (T) OZEGTEZEY ., G OETHRLZEIL. 27T 5% Th
ofc, Filo, RSIEFIDOVENETHRD & F Kl F/ME, FEHEOZAG-TY/G 1%, £hLh,
-0.017, -0.020, -0.018 TH -7,
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Fig 2.13: A and B, centerlines of a threshold-based segmentation model (A) and a gradient-based
segmentation model (B). Each centerline was colored by the vessel radius. C, a graph showing the vessel

radius of the two models.
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Fig 2.13: (Continued.) C, a graph showing the vessel radius of the two models.
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Fig 2.14: A scatter plot of the vessel radii of two models.
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Fig 2.15: A and B, centerline analysis of a threshold-based segmentation model (A) and a gradient-based

segmentation model (B). Each centerline was colored by the curvature.
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Fig 2.15: (Continued.) C, a graph showing the curvature of the two centerlines.
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Fig 2.16: A scatter plot of the vessel curvature of two models.
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Fig 2.17: A and B, centerline analysis of a threshold-based segmentation model (A) and a gradient-based

segmentation model (B). Each centerline was colored by the torsion.
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Fig 2.17: (Continued.) C, a scatter plot of the vessel torsion of two models.
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Fig 2.18: Centerline analysis of inscribed sphere radius and vessel curvature (case 2).
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Fig. 2.18: (Continued.) centerline analysis of case 3 and case 4.
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Fig. 2.18: (Continued) centerline analysis of case 5 and case 6.
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Fig. 2.18: (Continued) centerline analysis of case 7 and case 8.
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Maximum radius [mm] Minimum radius [mm] Mean radius [mm]

Gradient Threshold G-T)/G Gradient Threshold G-T)/G Gradient Threshold G-T)/G

(G) (T) (G) (T) (G) (T

1 2394 2.445 -0.0213 1.565 1.587 -0.01406 2.017 2.043 -0.01289
2 2151 2.174 -0.01069 1.573 1.697 -0.07883 1.874 1.902 -0.01494
3 2418 2.453 -0.01447 1.273 1.277 -0.00314 1.84 1.89 -0.02717
4 2.079 2.0794  -0.00019 1.312 1.318 -0.00457 1.565 1.595 -0.01917
5 239 2.4 -0.00251 1.226 1.255 -0.02365 1.858 1.903 -0.02422
6 2778 2.805 -0.00972 1.573 1.578 -0.00318 2.101 2.142 -0.01951
7 2479 2.576 -0.03913 1.396 1.414 -0.01289 1.875 1.89 -0.008

8 2364 2.457 -0.03934 1.865 1.909 -0.02359 21 2.133 -0.01571

Mean  2.382 2424 -0.01717 1.473 1.504 -0.02049 1.904 1.937 -0.0177

Table 2.1: Difference in vessel radii between gradient-based segmentation models and threshold-based

segmentation models.
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TERIRHINOD 2 DB IX, MR O S EORFTCHh 5, FHTFRNIMERE S ~ 7
Zei e U OB 2 0B L. 2O - Rl - k> 7 iz Lz (2.19),
10 il 3 I T, BRI A 8179 2 FRRAMENIR D23k & BRI A & DBER O
MAEETH Y | 2FFOE T AT — 3 VHEDOES LA HWT H#Eg R R OREE)
TERMoTe, METAREAFRLT D720OIZIE, ATTEHRITRT U T AR ERIT 5 2 & D
T2, AWZEORINL, ¥ 7 AT — a U HIEOHETH 720, Zhb 3 ik
DR BERI L=,

Fig 2.19: Quantitative analysis of the aneurysmal geometry. Aneurysmal domes of the 2 models were cut
off at the same plane.
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234 FMENREOKE & REE

X E LTz T BIZIBNTUEMIIBIZRI I T2 DOET MR E REARD IR ST,

UL, #2313 Z2E <, BIREOMKEE, Riifd - > 7 mEOFHIZ T 72 & 2 A,
BIRDFERDG DN, 2008 AT —2 a2 UInBRLNTEET VORI,
gradient-based segmentation 7> 5H 15 H V= ET MZBIT HHHE (G) 5. threshold-based
segmentation CfFHAVIZET /UTHIT HEAME (T) DZAG-T)ZHY . G O TR L7-fE(G-T)/G
AR LT2M, & <IT, case3 & case 4 [ZHBWTC, ZOENRKE ST,

B IAT = a VOFIREHRELTZE 2 A, 2D 2 DOFIZIWTIX, gradient-based
segmentation 1T 9 BROD AT v 7' O— 22T, HIHET VA2 NS85 K 2 HRD 5
ZENgoT, TRbh, 2O 2 fZBWTI, AMENIREE &M & OMISEE NS |
FNERET D72DIT, AT DM SR K 9 ZRBEDM THIL T,

Volume [mm3] Surface [mm2] Neck surface [mm2]
Gradient Threshold Gradient Threshold Gradient Threshold
(GTYG (GTYG (GTYG
@ (@) @ (M (©) (M

1| 646476 64.2217 0.006588 66.4401 65.3659 0.016168 18.6942 19.7794 -0.05805

25397 26.8756 -0.05822 35.538 37.1308 -0.04482 9.6929 10.2966 -0.06228

55.3608 72.3723 -0.30728 74.2815 86.7169 -0.16741 8.5803 9.2915 -0.08289

19.9647 24.7662 -0.2405 28.8351 34.179 -0.18533 9.5218 10.0889 -0.05956

316.8262 346.4076 -0.09337 188.6253 200.2672 -0.06172 67.5361 69.8352 -0.03404

59.6382 58.9664 0.011265 72.5206 72.832 -0.00429 10.4308 10.5829 -0.01458

N (SN B W

92.9854 105.8467 -0.13832 83.5863 91.0143 -0.08887 33.1559 35.6882 -0.07638

Table 2.3: Comparison of segmentation results by two methods

24 EE

BT — 4 % FAVNTC,  gradient-based segmentation & multi-slice half-threshold segmentation (Z J
DR R AR LT,

FP A ERETH L5, ZHUTOWTIL, 225087 A T — a UIFHAICRE 7N
B5DEIXEZ DT, DFED | FIOREEHEL LT NERR A RO THIR ZAT o7 & 2 A,
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threshold-based segmentation |3 gradient-based segmentation & bz LC, /&K< il sns =
EWIIITZS, EDET, BIIZLT2% N TH T2, T700bb, EHELMEETD
multi-slice half-value segmentation (2 J 5 —E.DIME RN L U . BEfFO gradient-based
segmentation & P U CEEEZRWFERDG HILD Z E0VgioTz,

L L, MEFETIZONT, fiEREAWET 2 To7c & 2 A, HET, £D7EIT 3%LL
WToH T2, fEAZ IS RITIER LTARD &, FU EORSIZU T U A— MLOEE%E
DDA NS>,

SbIZ, BIREOMRE, REBEZHEHL TAD L, 2507 AT —a VIR L o4
HRERIC DN T, EETE AV EZ R 2 A S, ZORNZERLIZEZ A, 20D
2 FZIWNTIE, IMEIRES & I/ & DE N H -7, % LT, gradient-based segmentation %17
BRI, A OEHAEITES U ChtHEERE 2500 2B EDM T e, 18k, 2o ko7
BAEORITFER OB I ST E 7203, AWFSEIZI1T 5 threshold-based segmentation &
HBUZINT, MHTS, TORENH LN ERoTe, EED O E, 20X i ENt 7
AT = a NIEZ DB CH L b D LEZTHER, ERICHE STV D
multi-slice half-threshold segmentation & bt L7235, gradient-based segmentation ODFHHIHAESRIZ
AR T S%LL LD DM T, 7ok, RFET 5%DZ k& 5 DI, TR % A
L= 7 w47 O ECEMAICEH SN DETH D,

MR, &2V NI AEPIEE & IEIREEONIEDS, JEA& 12 & - TR T E 2WEAIZIE, B
BRI T E 7oy, ABIIEENIND D Z & T, RIS, —EBEDOE T AT — 3
URERAELNARN T EIE, MR R 2 b— g VAT O BRCETAICE S RETH D, )
(ZiE ATHEREZ WS SN D RETH A D,

FE 2 AT ATTEBEIAH AW EHE 2 Y 7 1 13, BOHREGREEEE Th 5,
KR IR EEE . 97729 magnetic resonance imaging (MRI) (Z2WTlE, BIORENEA T
WD HEREMED D D, MRL T —H DR T AT —2 3 AZDONWT H, SHROEELRTRECH
%o

25 #E

3WITEABBO AINIHT L THEIZ—E LT 7 A T —v a VR AT 5 iR E L
C, multi-slice half-threshold segmentation Z#£%2 L7-, Gradient-based segmentation &t L, %
DOFRHEE BN LT,

W & S ATEBIZKT LT LR LR PEDE T A T —2 a3 UAERZHITE 55, i
(BT DREEMRI L OREDE U A HFITR ERE T 2 BN B 5, BIRFRT, Z
DIV BT 2 REMZ T 2 FiERMAEE T, A% OMTERNETH 5,
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IRiE, £, AL OMEEIRE 220 | BMEBIRIIZEA OB IBNEINR~ & 382,

b MHEREIROME L, AMEOMONE I T 2ERE 1 3R R 58 E AT 5, £ HD
i3, FRORRHICARIR AU, IR OE R MEER & W O AR PR RN E 2 2§ 5 72 D
bDLEZ BND, ERRO TRV F—pEAIL Y L 73— 2O ERIREN KA 225, I
(X7 a—=2AB LOWSRD 372803\ (1], b L, MG @i ez 186, #9553 Tl
MAEDOIE A FRGHPEE A E Y | IEZEICED, £7o, TEERFOMM L, S50 5 ORIl Z
A7 L RPRERS - AR L. BOG L7 iudie 5720, MeEEEh 21T > T 2 ikl
WA BV TR A2 Z LN B TR Y . TO7DITIE, B, 07t diis S
NTNDBERDH D bD L TRIND,

311 E MREFERD 3 DOEHY

MR OE RIS 2 AlaE L 5720, b MEFEHEIRIZIIRE < 3 SORHERH 5, 372
b, autoregulation, IMEREEEE, © 4 U ARG CTH 5,

KT autoregulation (%, & <HILNTHRTH D, MRIZHIT D &R mptEiX, M+
(EAFT 2 ZENHTHY . MED SO RERIMTTEDZ < . MEDMEWGE T TERILGT
BOVDIR, — 7, B, 2R L7,

F7o. HENROMAFRAEZU IR R TH 5, BIRICIE, BEERE N B0 . mEE b
WIS, R, SO 3 JBHEE Thh A3, MAERENOEMSHRHED & & AR E 7220305 Z &
PHBNTWD [2], MIEEREIR, HBEEIR, ISR & oMk, RS =7
BPEIEA AT 5, —H, ENO XD KEOENRE. FIEOERED IR & OEEFITREL
TWHIMHEEIIRCH D, £ LT, IRIMAE DR HEEIRA SR & N 2R >3 L, K
MAETIIMEARR AL LR, T OMHSET, IREISRE 2R 5 LWV O BT, GAMTH S
EBEZBND,

BT, BEENTRER LY AV ABREZ TERT D, RIASEEIRIL, /4 ORTRAMERE
HE L TWD, DFED | A ED OODRTITAERIHETZ TS a1, RHA b Ok ida 2 v]
REIC LTV 5, HAEEIRIZ, [FHAIOPNZEENR & 2 IMMEIRZ 8RS L T2, DF D AT
B D\ NI FIEERD MO TG G, 5 DIMEEZ ATRRIC LT b,
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DIMANFEFSA 2 D EEMEZfRR T o ME b SN D K 1T7ro72 [5-7], £2T0 &
EOHMIL, b MMEREIROMTY S = L—3 3 VA RTAIC, TRABEREE L 72 %~ i
iEE, WHEERE X OMNEEIROZNEIUZ DWW THIEST S Z & Th D,

313 BERAEDR

A7 — Ry 7T —% W E R WEEE L, Llfds L OB EEERO Ml A Th
%o Fiz, BEZE UICIRENFHENRO M2 243 5 #8882 K> 77— (TCD: transcranial
Doppler) £Ed, ERRICBO T SN TW S, BERAEDOREITL, & ORI L IKFH]
PIREREE DR SI2d 5D, — 7, EOFFNE, JIEOBEMEDIK S & ERITFEE DRI IZH 5,
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PRETAES 2N TET, BERREDSREE 2SI Th 5,
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FHERICBT 2 MFEERET D (K3.1), FOMREIFEIL, SUERESS % AV CERIE LT
WbH7'a bz L > TEWNTWD 7 1 b ONFIZEZED L, ZOitsEz 51132 &
WD ThD, ZNELEXERTAZ LI2X0 . LEICEBT AKEFE ORI 2155, PC
EORPTNL, B RO N2 FHENNEIRES L OMEEIRO MIHES FTEETH D Z &
ThHY ., ZOZEPECHOWTIEIHE K OFATHRE D DD [59], —77. FPnE., —EFioiRE
(ZH % B T2, JERTRIFROFEEEE LT LHIEA G LN & THh D,
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Fig 3.1: Phase-contrast magnetic resonance velocimetry
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30-60 3EIT 5, Lo T, —0dA% 60 /0EI LI=HA1iE. 60 D~ 7' =F = — Rilifg & (7
EEGHND,

332 EfRALE

AIFZETIL. B Y 7 =7 MATLAB (The MathWorks, Inc. Massachusetts, USA) % FHu»
TZBEET LT Y RN L > CHBFL A T 72,

PC-MR E{GO— 72 BRFIECTH 203, £T, ~ 7 =F = — NG & NAHERO 2 FikE
DOEHE G, M BEOE (region of interest: ROI) & L CEIRT 25 (X32), iz, B4
DFEIN D &7 BV OFFORRNG | TitifE kD 5, WiEHZ, &7 B OmifEE R Uizl
MIiEE 725 (K3.3),

UL, AFZEORISR & 70D e MKERBIINROEITIE, FAEMEICZEL L T D, MRIDY —
I AT —a S/ D Y 7 U T TR, 2 TOEIRIZ OV TTETROI 286 R7 2 M3
3V . ROLEIROREMEORE L Z K729 HOMER -7, 2T, FHERIZROL %
E U CHEG ALY % o— R4 MATLAB (IZ X - CBAZE L. Wik, RISz, Ao
RBIOEARZET T2 L9120z (X34),

Fig 3.2: Semi-automatic analysis of phase-contrast magnetic resonance images. Left: Region of interest
(ROI) on the magnitude image. Right: the ROI copied from the magnitude image to the phase-contrast

image.

- 58 -



[mL/s]
450
400
350
300
250
200
150
100

50

0 0.1 0.2 03 04 05 06 07 0.8

Fig 3.3: Pulsatile waveform measured by phase-contrast MR
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Fig 3.4: Additional analyses of phase-contrast images. Upper: Position of vessel center during a cardiac

cycle. Lower: Vessel diameter during a cardiac cycle
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Fig 3.5: Measurement of flow rates in internal carotid arteries (n=45).
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Fig 3.6: Measurement of flow rates in basilar arteries (n=18).

- 62 -



34 EE

Zarins B3, FERAYVARNIZEFAREEAS 2B 2 Z & T BRI O MLt 4 HEn S 7
LA, 6 AIEMERNKL 2o T2 L EHAE LTS [10],
ERMNZIT, MAEWIREOZMERZ D & Lz & &, EMREICBIT 587 A1 iU
FTH(RUZBNT, 1=1.6[Pa] L7225 L H D MBRE ST,
T

n 3
Q =@D (0

DN, WD constant wall shear stress theory & FEHENS HDOTH Y . Q [mYs|ILIMiAE, ©
[Pa]l LIt s M A& PNIZE Z T BE AW 7, wPa » sIEIMAKEEE, D [m]iXf &R TH D,

T TERLARLS UIRLRNOE, Zarins H35E L TWDH DI, [A—ERIZIT 2
ThoH LW HTHD, REOHIIHERNG, Brd e MIBWT, AR DKMt T
W2 Z LT LN Z EOVRE S, R, ADRO@E Y | kit A —iE & 9% autoregulation
DFAET BT, AR THIUL, Mt EOZ b Z MEROECTTRT S LN TE S
AIREMED B D

Fo, (DRS00 280 . MIBAEOR G- b0V, MIEREL, SEREAR O TH
D, ZDONY =g HREN (R A), AREIORETCIE Mk %2 —EfE (0.004 [Pa -
s]) & LTy, BIEBIEA O Mkl 2 E L C(DZUTAATHUZ, constant wall shear stress
theory 3% 0 NEDRIREMEI TR S VTN D,

— 0 iy X 2 b= g AT DA E B A TG UERD D THIfE
RIS LIFEELY, 22T, 2 00EEREAVRRS D, 1 O0E, ATREZRIRY | JER]
B OMANFERS T2 LB L& 2L ThHhD, REOHIIETHW L H 72
PC-MR SR CTE IR, b BV, MABERGAEA~DUAEHD B OBERE AWIS )0, £ D
BIE T A—Z Zfat L L 9 3255108, E<KITHETRERTHA D [511,12],

2 OHDOEERNIL, £ DX D IEFIEA ORABTR T2 TERWEEIZIE, RA B
WHIZBNTTRETRESIZEN D ZETHD, bbb, MAFTRHARF LR L 57
INT A—=RaBEG T M EN DD, FlAIE, %6 IR\ T, IMENREOMATEIRE 22
B2 THEIRAZR | IZDOW TR S, MEImAZRIL, BENRD DIKEREE~ & AT 5 kD
FIETHY, W), MABRKHARLF LRVVST A—=2TH D [13]
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Fig 4.1: Conventional catheter angiography (right internal carotid angiography). A black arrow indicates
right middle cerebral artery aneurysm.
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Fig 4.2: Three-dimensional rotational angiography showing a right middle cerebral artery aneurysm.
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Fig 4.3: An intra-operative picture showing an aneurysm with remarkable atherosclerotic change.
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Fig 4.4: Right internal carotid angiography after coil embolization. A black arrow indicates a coil mass

inside the aneurysm.
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Fig 4.5: Atherosclerotic change and RRT prolongation. A: An intra-operative picture showing yellowish
atherosclerotic change on aneurysmal wall (black arrow). B: a contour map of RRT. Note the

prolongation of RRT that coincided with the atherosclerotic change (black arrow).
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Case Age Number of Location of Aneurysms Smoking Other Risks O.f
No. Sex Aneurysms Atherosclerosis
1 5 7 RightLIeCf; I{i ‘é)grftemcﬁf,s)éfx gy, N Hupertension
2 GFE’ 3 Left MCA (2), Right MCA (1) No HD‘:;‘?;itdezifa”

3 ?\/:1[ 2 Right ICA (1), Right MCA (1) Yes iﬁﬁarf:zirs;

Table 4.1: Clinical information in 3 patients with multiple intracranial aneurysms
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Fig 4.6: Computational domains and segmentation of aneurysms in Case 1 (a), Case 2 (b), and Case 3 (c).
Aneurysms with atherosclerotic changes are colored yellow (AN2, ANS, and ANS) and others without

atherosclerotic changes blue.
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Fig 4.7: Images of rotational angiography and intraoperative photographs showing the
locations and appearances of aneurysms in case 1. Atherosclerotic changes were observed in

AN2.
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Fig 4.8: (a)-(e), Graphs showing the results of computational hemodynamic analysis in case 1. The graph

of the atherosclerotic aneurysm (AN2) is colored yellow. (a), Pulsatile flow rates of the internal carotid

artery measured by phase-contrast MR (volume; 271.7 [mL/min.], heart rate; 63 [bpm], heart beat
duration (T); 0.952 [s]). (b), Volume of inflow. (c), Mean flow velocity inside aneurysms. (d) and (e),

Mean and maximum values of blood age over five cardiac cycles. Note that the maximum age inside

AN2 increased linearly, and the inclination was unity.
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Fig 4.9: A-C, a surface (A) and a cutting plane (B) of the contour of blood age, and velocity
vectors on the cutting plane (C) in AN2 after 5 cardiac cycles (t=5T). Old blood was seen near

the wall (a black arrow in B) due to recirculatory flow (arrowheads in C).

-l i T SRl T Sl oo

Fig 4.10: Contour maps of RRT (A and D), time-averaged WSS (B and E), and OSI (C and F)
in case 1. The aneurysm with atherosclerotic changes (AN2) presented with long RRT and low

WSS. Black arrows indicated the point with longest RRT (117.3 [1/Pa]), lowest WSS (0.02
[Pa]), and highest OSI (0.36) in AN2.
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Fig 4.11: Images of rotational angiography and intraoperative photographs showing the
locations and appearances of aneurysms in case 2. Atherosclerotic changes were observed in

ANS.
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Figure 4.12: (a)-(d), Graphs showing the results of computational hemodynamic analysis in case
2. The graph of the atherosclerotic aneurysm (ANY) is colored yellow. (a), Pulsatile flow rates of
the internal carotid artery (volume; 305.2 [mL/min.], heart rate; 67 [bpm] ], heart beat duration
(T); 0.896 [s]). (b), Volume of inflow. (c), Mean flow velocity inside aneurysms. (d), Mean and

maximum values of blood age over 5 cardiac cycles.
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Fig 4.13: Images of rotational angiography and intraoperative photographs showing the
locations and appearances of aneurysms in case 3. Atherosclerotic changes were observed in

ANBS.
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Fig 4.14: (a)-(d), Graphs showing the results of computational hemodynamic analysis in case 3.
The graph of the atherosclerotic aneurysm (ANS) is colored yellow. (a), Pulsatile flow rates of
the internal carotid artery (volume; 252.7 [mL/min.], heart rate; 60 [bpm] ], heart beat duration
(T); 1.000 [s]). (b), volume of inflow. (c), Mean velocity inside aneurysms. (d), Mean and
maximum values of blood age over 5 cardiac cycles.
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Fig 4.15: Mean residence time inside aneurysms at late diastolic phase. Residence time of blood was

significantly longer in atherosclerotic aneurysms than in non-atherosclerotic aneurysms (p=0.00874).
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Fig 4.16: Maximum residence time inside aneurysms at late diastolic phase. Maximum residence time of
blood was significantly longer in atherosclerotic aneurysms than in non-atherosclerotic aneurysms
(p=0.000878).
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FTET D70, IMENREESRIZ B W THEHTH 5,
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F5E NEARED A IILERTORERIRTA

51 #®E

952 BB H 4 TRV T, computational fluid dynamics (CFD) % FV - b MME@EIRIC
B DY R 2 L—y 3 VFEOSREEK > TE -, TOHMIE, CFD &AWy 2
2 L—3 3 VOBFIRSOIGHIZZR B 720, BEARITAITRE < B iniRic Bl Sivs, I
MEDMPES X = L—3 3 U EBWNTAEDNE 9 LT 2308, 5 4 EOMNEIREEEZ 351 2 H)
WREE( LM LD TR T o7z, ARE T, MENREORRIZ, IMAE DTS I = b—3
BNLTCHZ L Hil A D,

51.1 BNEIAREED A ILERMEROBRE

NHENIRIE 692 =2 A VBRI, ARMERTRRE S L THYL SN b DO TH D | &N D
NHEIRIEN A~ LR L 7= 7 — 7 V& 18 UC, BRSNS @B IED 2 A VA2 TR L, BN
JEOMI L AEET D MENIREETHD [14], BIEEZ U v & 7l & il L CUIRREETH
HZEMEAHCHD [5-8], Ll 1BEZITK 20%DREFIISNT, o> BRIz 5 ik
FIRIEOBFEE Z D [9-11], MENREORIIT, BEOEFEOEELE L ERV., fHEEL
Pig 72 = L CAFRO R 2501 5,

BRI ET R T-L LT, IMBlREORE S, frE, BOEoRE &, BEROBEE, B
FEMFEOFEE, A VFEEROK/IPIHRE SN TND, ZNHD Y A7 KT, Fath Tk
Z W 3R — MIFFEN LI LN ENTZ D TH D, LN LRNEL, T HESL fFiet
BETZIIAA A A= T NVBREHIFARTH S, CFD & HWT, A TEIREDE ) O %
R U7 Tl UL S D, M5 T RGO T e [12-15],

512 HREM

ERRDBIEH IV TIE, A VERIFR O, MITEREN KX < BE L T\ DD Tl
WInE DRSS oT, T b MENRIE~OTRAMBTROIR N, 3 A VIR OZEHFIT
WL HZ TWDHDOTIIRWINE DG Th D, £ 2T, EHEDHIX, CFD Z W aiiis I
2=y a3 Nl E o T, ZTOMGREREAT S 2 & 20K Uiz, AWFZEE, oA VIR O
B U 2 7 A3\ IMEEREHESEIRIE - OV T, ZDOMATEIRE & OEURZ T L= b D ThH
Do MAT, ZOMmATENRE L BERIR & ORI OWT BT LT,
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52 Ak

521 HIRXR

2008 4 1 H7~5 2014 4F 12 H T 7 4RI, IMEEIRCImEEINRE 6 LT =1 V2R
WM TN T=8#GE 111 Bl 2% RN LTz, SISIEFIOSRPUEEILI TO T TH D,

(1) BHEBRI SR OFERBIE CTh 5 = &

Q) A VERINE, 1 EMLLEIChz > TRIBBIZR S TWnWD Z &

(3) RAT)T—42 & LT, 3 ok E e M- TR T 5 2 &

PaEEZ0 T, 6 » H4#\Z magnetic resonance angiography (MRA) % AV \TIT4i17-, MRA T
FBRENEON T SHAITIE, EOITMNERSE 21T > TR a2 feE L. WEREAIZIBING
WRaAToT,

MRIMAE IR ZIUNT, A VEERIZ O PRI T T 5 & M2 S AVTIEBIRE 2 F5R
1R (recanalized group) . FBHiE % & 7= X 72~ T AERIREZ FEFBRERE (nonrecanalized group)
LEFE LT,

522 EEAE

ALERIC IS DTSR, 3 oM fiee 7 —# 2 A1 & L, 552 BTVl L 72
multi-slice half-threshold segmentation % VN CiT> 7z, YRRk L7-14& €7 Wzxt L, LA STL ##
£ 7 =7 (3-matic, Materialize, Belgium) % V>, FHEMEMA b L7, WMAME & LT,
AV OFERE R A~ & SRERRD 5 (FITIER: L, WiHimE & U<, MOk E s
)~ & SIERR D 10 fHZHER LT, PERRIAARYTY 7 =7 (hemoscope, EBM corporation,
Japan) % V>, 0.05 [mm]7>5 0.25 [mm] O CPUE ARES 12 1Bk L, BETEHIIL S oS
AR 2B LTz, GRS L > TR D725, 100 TEFELIN G 200 T EFOFHE
Fa M,

MR TFEEREE= = — F AR S RGE L, BE4 1050 [kg/m3], FEEEZ 0.004 [Pa - s|ITEXE
L7z, WiAF LOVRIHBERSFT, 55 3 BTl /= Z & < | constant wall shear stress theory |25
DUWTERIE LT, WO iR TH D 3 Ykot Navier-Stokes HFEA &0 % | Btk OF
FRIAFEREY 7 hU 7 (hemoscope) T8 - TRV -, SHmBEBULTEICIL, 410 7 —IEB X
OB FA A — D2 LT,

523 KRR Mg

ABFFETIL, FHREAEROF LR A MWL L LT, BIREMEITEAS (aneurysmal inflow
rate coefficient) ZHE5T 5, Z 2T, MIEIMAE LI, MK I 2 L—3 3 OFRERZ W,
51 D Qa/Qb THE IND, Z T, HENROMITEEE Qb [mL/s)IKEREE ~DFEA MR
% Qa[mL/s] &9 5,
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Fig 5.1: Definition of aneurysmal inflow rate coefficient.
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53 R

WG & 72 o T BETE FITHOWT, FBRIERE & FEFHBRBRH A B 2L RO o T (&
51), IBIERNEICEDART-L LT, aAf VERINKERAT  MERHOFE, HH0 0T
Raymond-Roy 4348 ([9]) |ZHERAEEZRBOIRIN-T2, LvL, BhBI7 A VFEERD 30%

Aliti T TIERIDS, ﬁﬁﬁj;ﬁf“ﬁi ZNENOIFERTH -T2 (£52),

MIEIREARIE, AR CAREIZE <. Z D cut off fEI X receiver-operating characteristic curve
EHNTOS LRIENE (53 X52), Fo, MBIREOIRIZOWT, Ry ZHOKE
S, BIREOEE . aspectratio 25, FBHEAEICIWTHREIZKE o7 (F£53),

IAVFRIH 30% A0, MIERITAR, BLOARIEOLR v 7 mHOKRE D 3 K287 5
SR BIRNT AT o128 2 A, A VS 30% A (p=0.0275) & IMEHAZE (p=0.0143) 73,
MNECHE R 2 A )VERINEHBEO TRIKFTh 7,

Recanalized group Non-recanalized group
p value
m=19) (n=38)
Age 58.5(34-77) 60.7 (30-80) 0.4917
Male sex 3 (15.8%) 11 (28.9%) 0.2766
Ruptured aneurysms 7 (36.8%) 14 (36.8%) 1.0000
Mean observation period
(days] 1765.4 (436-2598) 1553.6 (367-2776) 0.2927
ays

Table 5.1: Patient characteristics.
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Recanalized group

Non-recanalized group

p value
m=19) (n=38)
Stent-assisted coil
o 2 (10.5%) 10 (26.3%) 0.1681
embolization
Mean filling ratio [%o] 30.35 (13.1-90.5%) 34.69 (14.8-79.1%) 0.3232
Filling ratio <30% 14 (73.7%) 16 (42.1%) 0.0244
Raymond-Roy Class 1 2 (10.5%) 10 (26.3%) 0.1681
Raymond-Roy Class 3 9 (47.4%) 10 (26.3%) 0.1120

Table 5.2: Detail of treatments.
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Recanalized group Non-recanalized group

p value
m=19) (n=38)
Basilar artery flow rate
) 70.16 (27.32-184.14) 64.81 (25.57-129.94) 0.5279
(Ob [mL/min.])
Aneurysmal inflow rate
: 46.12 (5.26-127.33) 30.03 (4.13-118.80) 0.0542
(Qa [mL/min.])
Aneurysmal inflow rate
) 0.64 (0.1-1.25) 0.45 (0.07-1.08) 0.0189
coefficient (Qa/Qb)
Neck size [mm] 6.13 (2.45-11.13) 5.05(2.32-8.52) 0.0437
Height [mm] 6.30 (1.33-12.85) 424 (091-11.24) 0.0102
Aspect ratio 0.99 (0.54-1.72) 0.84 (0.33-1.37) 0.0458

Table 5.3: Hemodynamic and morphologic factors
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Fig 5.2: The difference in the aneurysmal inflow rate coefficient between the recanalized and

nonrecanalized groups.
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54 EBMHAE GRBIARFSK & MKRAR)

LU EOBIFERER D EEIIR Cm B 2592 2 A VFERA IV T IRIATR DS
1B R OHEZ T DK ThoH 2 LavRahi, —IZ, IMENREOMATERRIE, S
HROTCRI IR AEAFT D, £ T T, FEE BIT, MIRITASR & IMEEIRICETR & DBIFRICS
WT, SHRHMFREITHOZ L L LTS

541 Ak

51T K 91T, MEEhRES L OWMHAIOZ AR ZBE T2 3 AoHOfasEt+ 5,
RRJEEEIIRD 0o & B RARENIRO HLOFRA 72 A0 & L, LATD 3 DI 5,

(1) 6>100° : hand-up-type

(2)  80°- 100°: hand-horizontal-type

(3)  0<80 : hand-down-type
T % & IHEENRIESHBOICIRITX 6.3 DT & < | 6 T E 5, 2 b 6 FifH % upward
tendency (UU). horizontal tendency (UH/HH/UD). downward tendency (HD/DD) @ 3 DIZ, &
LI THELT,

542 R

X 54 OZE L, BMEBIIRICHEBORITIMIERAR EFIBI L Tz, 37205, upward
tendency |Z331F A MR AR EAZK < | downward tendency (23317 2 MRS A EIZE
Mol BT, HEBIIRICHE O & 2 A VIR OFBEREZH I THDL & (X5.5),
downward tendency CliZ, upward tendency 33 & U horizontal tendency & bt L C, AR FBHIE
RN LDV Tz (p=0.0021)

ViR T EMERIBIZ) 5 upward tendency Tl AXIEEIIRD > & DILFEAN AT Ot KANE)
ks L OEhRIE~ & 3 Bl Z D DIZk L. downward tendency Tid, (EIEETOMFEA B
FE~LTATD (205.6), ZOMITHREOZENMKIHAREDZAEL 720 | OWTIE, A VIR
WORDRIZEEE G2 TNDHHD LB B,
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Fig 5.3: Schematic of the bifurcation classifications. A: Both-hands-up type (UU). B:
Both-hands-horizontal type (HH). C: Both-hands-down type (DD). D: Hand-up-hand-horizontal type
(UH). E: Hand-up-hand-down type (UD). F: Hand-horizontal-hand-down type (HD).
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P = 0.0005

P =0.0010
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Fig 5.4: Correlation between the type of basilar bifurcation configuration and the aneurysmal inflow rate
coefficient. DD indicates both-hands-down type; HD, hand-horizontal/hand-down type; HH,
both-hands-horizontal type; UD, hand-up/hand-down type; UH, hand-up/hand-horizontal type; and UU,
both-hands-up type.
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Fig 5.5: A graph demonstrating the correlation between the type of basilar bifurcation configuration and
recanalization. DD indicates both-hands-down type; HD, hand-horizontal/hand-down type; HH,
both-hands-horizontal type; UD, hand-up/hand-down type; UH, hand-up/hand-horizontal type; and UU,
both-hands-up type.
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Fig 5.6: Representative cases with aneurysms of each bifurcation configuration type. Left: A
representative case with an aneurysm at the bifurcation of the both-hands-up type. Right: A representative
case with an aneurysm at the basilar bifurcation of the both-hands-down type.

- 98 -



5.5 EBMMAE (MERAZEORABEREHEKRENLE)

AREOWFZE T, TABERSA% constant wall shear stress theory |ZFE DWW TERE L TWVD, L
ML, 33 FECHl_723# Y | constant wall shear stress theory {23\ = TR RO ZG M1
SEIR D, & 20, MIRIMASREDRATER ST EOREEERTS 2 DINZONT, BIRG
17172,

551 Ak

AL TG L L QU 57 SEBIOF RS R 2 s L. IIREASED 04 A, 04 LLE 0.8
A, 0.8 LLEDERIZ T o Z AT S DT OBR LT, EHEFHE THO W2 Pl z 1
& U DMIEREHAD & DIEIN T 23T CL0.68 {535 1.66 15D CABN -5 it i 2 1Rk L 7=,
VERL L= it T A DRABES SR & D IEE R FR ATV, (DIRIETS KOV o EhiReg
~OIMEFEAERS L OMIEIARE R Lz,

552 #EREBE

AR A R 5S4 1R LT, £7, AR GED Qa [mL/min]) ThH DM, IEEFHFH
DOFEFIFHABERGLMOZA TG UTEIE LT, —J7, MEfASR (D AIRC) 1%, i
NERGOHEMZLIC LD 6T, —EOMEISCRT AN H -7, IHIT, ZDIER
L, FRIMTEEZ A2 E R RO & OHEIZBW T, 9 10%OFPHNICILE > T
2o MIRIHAEPHATERGSH AR T, —EDOEICINHT DA 2~ g #m & LT, fiti
ERMETERICEKF L TAEL THND 2 ENBZ LN, Thbb, FitE (54) Th-
£ 212, MAIEEIR & iR RINEINRD SR 9% S AR ERIRAS, BERD O BRI~ &
AT HMIEDOFIG Z R BE L TNWD D LB bz,
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Steady state simulation Pulsatile simulation
Qb [mL/min] Qa [mL/min] AIRC Qb [mL/min] Qa [mL/min] AIRC
1 49.53 13.64 0.28 33.6-82.18 10.4-26.37 0.31-0.32
2 40.78 521 0.13 27.73-67.63 3.51-10.76 0.13-0.16
3 57.84 13.26 0.23 39.35-96.14 9.68-23.11 0.25-0.24
4 51.04 17.80 0.35 34.66-84.75 | 12.03-30.24 0.35-0.36
5 62.08 21.69 0.35 42.23-103.0 17.5-46.59 0.41-0.45
6 55.57 43.18 0.78 37.77-92.28 | 30.57-69.27 0.81-0.75
7 44.85 31.63 0.71 30.43-74.41 23.9-57.89 0.79-0.78
8 68.51 41.73 0.61 46.61-114.0 | 25.96-62.44 0.56-0.55
9 42.60 2893 0.68 28.95-70.74 | 21.27-54.46 0.73-0.77
10 3937 23.08 0.59 26.73-6535 | 17.82-48.33 0.67-0.74
11 57.94 54.36 0.94 39.36-96.27 | 41.8-83.92 1.06-0.87
12 40.84 37.77 0.92 27.72-67.73 | 28.44-65.26 1.03-0.96
13 93.09 83.60 0.90 63.26-154.7 | 59.34-144.0 0.94-0.93
14 44.24 39.52 0.89 30.08-73.45 | 28.29-72.34 0.94-0.98
15 143.61 110.28 0.77 97.83-238.6 | 50.05-116.4 0.51-0.49

Table 5.4: Aneurysm inflow rate coefficient calculated from the results of steady state simulation and

pulsatile simulation.
Qb: Predicted flow rates in parent artery (basilar artery)

Qa: Flow rate entering into an aneurysm through the neck

AIRC: Aneurysmal inflow rate coefficient
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5.6 BB (AIEEEANEDARSE T DIRAL)

¥ 1 EICT, MR IR N DD 2 L Z2ib Uiz, TN ENO3EN & TR 5
BENROAMEBIRIL, SANAFEITIESH 2 DD, KE I3 TERATL IR & AEERL o
2 DIZHPEATRE TS D, £ LT, EARTBIEWREIZAE U 5 iinis L RIBERIE R A U A i s
1L, FoleELZ LB NTND,

TNE T, ARETH - TE I MEEIRCTEINVE (BA-tip B0E) 13, HARRERE O
KINRbDTIH D, —J5C, AMEERL BRI 0B S D IMEIRIB DA T ENL & LT, NERENR
LA EENR MRS (IC-PC BIfREE) 2385, (HEERID IC-PC B T, AT & 4<
B2 DN U T A 728, BA-tip BIREIZ ISV CRET 472 K 9 ZRIMIRAZR O RN &
oA VIR DFhER L OFBIRRASHAL T D D E D NIRINCTH D, £ Z T, IC-PC Bk
JEZRTT D A VERITOZENE & M & OBMRIZOW T, B E1TH Z & & LT,

561 XREFE

S VRIS o TIRIR ST AL IC-PC BIIRE 40 11135 K OSRARZYE BA-tip B 24
Blaxtgel Lic, SIGUEFIOZBRIEEILL T DO LB TH D,

(1) PEER-ERASEER MR OFERBRE CTH D Z &

2) oA VERMNE, ML RCbz > TRl S h b 2 b

(3) RAT)T—42 & LT, 3 ok E e M- TR T 5 2 &

PaEEZ4E, 6 » H#\Z magnetic resonance angiography (MRA) % AV \TIT4i17-, MRA T
FBRENEON T SHAITIE, EOITMNERSE 21T > TR a2 feE L. WEREAIZIBING
WEAToT,

MR IR ZIUNT, A VEERINZ O TR T T 5 & M2 S AVTIEBIRE 2 F5R
WBAE (recanalized group) . FEBHIEZ & 7= X720 TERIREZ FEEBAERE (nonrecanalized group)
LEFE LT,

CFD % W Mt O 1AL, BDR L7230 Th 5, 3 POtk E Ry —2 2 A& L,
multi-slice half-threshold segmentation % F\ N CIEET /VAVERR LTz, PARIRIRST Y 7 F o=
7 (hemoscope, EBM corporation, Japan) % >, 0.05 [mm]7>5 0.25 [mm]O#FH C P E AR
FAAERR L. BEIPHTIE S ORI AIRE 72 AR LTz, FHRRSRIC L > TRAR DAY, 100 /7
BERHND 200 FEFELOFHRESR 2 L,

MIERITFEEREE= 2 — AR S RGE L, BE4 1050 [kg/m3], REEEZ 0.004 [Pa - s|ITEXE
U7e, AR L OVRHHEERSIIL. constant wall shear stress theory (ZF SV Y TERE LTz, HiiAD
SRR TH 5 3 Pt Navier-Stokes HEA & #GORE, ANROATRMAFELEY 7 o7

(hemoscope) (2> TRV, SHAEERIL AL, A 7 —1EB X O WA EZ2ES A% —
LEAEH LT,
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ARA MUBZIBWN T, FIEFIOMIRIARZEH L=, £9°. IC-PC BIREE 40 Hillc DU T,
oA VIR O BEEEE & FERBIBRETED 2 BRI, MR AR A i L7z, S 512, IC-PC
EIRIEERE & BA-tip BIRIEERED 2 BEIZOUWTC, W OIMARGEASE & bui L7,

562 WHEREBER

¥ 5.7 12, 1IC-PC BRIEOMREFEFNC DT, WEAIGA IR CFon Uiz, SEATNBIRE & 5
720 | {AEERIEDRE CIIALOSEE T~ & [EHE L7223 B i~ E i LT,

¥ 5.8 12, MIRIEAZRIZOUNT O FBRERE & FEHBIERE & Oz 3, BA-tip BIREDY;
HEERY | IC-PC BIREICIVTE, MEEIRASIZ OV CHBRIBHE & BB OMICA =
PRI T,

X 5912, =1 VIR DOFBRIE Y 2 7 12OV T, IC-PC BIREHE & BA-tip BIREHRE & %
iz U7z Kaplan-Meier Hhif#f% <97, Log-rank IRiEZ1T>72 & Z A, BA-tip EIREHE T IC-PC &)
JRBERE & L LT, BBEO U A7 WEEIZED =T, 51T, K 510 (RTED . WO
MEFTARZ % & . BA-tip BRIERET IC-PC BhRERE & ik L €. AEICEMETH S =
EWNIo T,

LI EOFERDG | MIBREIRIEONE TH S IC-PC BRIV TR, b &b &Ml AR
IMEL . A VIR OFBE) 27 MR EAVRIR SN, ©F 0, BB,
A NVERITDOBWEINTH D LB Z B, —5 T, SAEIRE LM AE R &<, =
A VEERRITE ORI U A7 2 & BSERER S U,

Fig 5.7: A representative case with an aneurysm at the bifurcation between an internal carotid artery and a

posterior communicating artery. Streamlines are colored by the velocity magnitude.
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Fig 5.8: Aneurysmal inflow rate coefficient (AIRC) of the recanalized and nonrecanalized groups.
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Fig 5.9: Kaplan-Meier curve.
BA tip: Basilar artery tip, IC-PC: Internal carotid artery-posterior communicating artery.
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Fig 5.10: The difference in the aneurysmal inflow rate coefficient between the basilar tip aneurysms and

the internal carotid artery-posterior communicating artery aneurysms.
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56 #E&

NHEIIRAE 26T~ % = A L EERRIIZ I\ N T TRIRRITOD 3 o= B 2 AT &3 21 < =
L—ya VEToT, RA MURIZIWT, FHRERD DS DAV MIRIRAZRIL, =1 VIR
O FEBREIC T AN CHER THIRFCTHh -7,

S HIT, MERARIL, BEWRO A KA T DHERIEA O Th o7, EDI2),
MEIAEIL, AT STUT VST X=X ThDH Z LBV RIB Sz,

F7-, HARBIENVE LAEAEIRRES & bk U i AR e < . A VSR 0O BB
U R BN EWo3noTz, —H T, HIEERIEINREIL, MRRAEIMEL, =4 VERIRO
BWEISTHD LB 2 Bz,

ULEX D | IEREIARIZIVN T, CFD & VWit s < = L—3 = &7 TIRA
FETUMTHZ EICED, MENTANVIERMEBEAY U o E U 70 &6 B ABRT 570
—BhETHIENTEDLDOEEZ LN,
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FoE M1 (RNEAREDREERZA)

6.1 &S

753 FITRW T, IAFERSEIE, T b bEERNGGEEZ &R O TR 5 2 & ITREET
BV, AIREZRIR Y FEGIEA DRIEME 2T T ~& Z & ik ~7z, ARETIE, FH2 BB LU 3
ECHELNMAA IR 2 = L— 3 U ETSTEIEIRED 1 B35 [1, 20
JECIL, magnetic resonance angiography (MRA)Z & - T, IMEIREEN DILFEO—5 R 2 et d 5
ZENTELD, MK a2 b—ra D OREMEHEET 5 2 LB Th o7, AT,
NRENIRIBDOZETE, HERIZIUT HImEREE & MATENRE & ORIRIZ OV TORERLRFNIE B
7

6.2 JEHIET

75 DT, FADONGEZEZFERE LTz, ABTHIZ, MRA CTREIOAPEHENINE 2 Fiafi =
. B D MRA & W CROEBEIZ M Thon -, Btk 18 » AR, B2z q8
Rhole, Ll 2D 6 4 Ak, BREO—HIZ T L 7B Z DT, S HIT6 » A&IZIL,
T VT DR EZZBDI=ZI20, FFEICABE L7 (X6.1), MRA Tit, Y= v MEDMFA
T VT RATNAE R L TDND LD EE 2 BT,

7 L7 BRI O METIR %, gradient-based segmentation % FIVVTHEEL L, R AGDED Z
ETT VTRAENE S 3 WTTIIRE LTz (X162), ZOEFNZET 57 LT RAEIZONT,
computational fluid dynamics % V= IMEEY S = L—3 3 VA HWT, 20N BT H 2 &
AR LTz, UL, ZOREFNIRZRINIEIROBIRE AR < | MEFED S Z OflifiE %
THF D Z EIIREETH D EBZ BT,

Fo, WHREVRTMY 2 2 b—2 3 CORSFITE Y | LIRSz 250002
BET LT NECTEZ ENRBMNEIoTz, RIS FIl U CRREAFIR 21T o7 & 2 A,
FITPFTIZIBNTHAET L7 IR ROBEZ G L TVe (6.3),
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First follow-up  Second follow-up
-18 months Baseline 6 months 12 months

Fig 6.1: Magnetic resonance angiography of the right ICA large aneurysm at four time points.
A daughter sac developed in relation to the inflow jet (white arrow in C and D).

ICA, internal carotid artery
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Fig 6.2: Segmentation of daughter sac. A—C: Three-dimensional geometries reconstructed from
magnetic resonance angiography at the baseline (A: green), at the first follow-up (B: blue), and
at the second follow-up (C: pink). D: An overlapping image of the three geometries. E-G:
Segmentation of the geometries into three parts based on the overlapping image: a daughter sac
(red), a dome (yellow), and a parent artery at the baseline (E: green), at the first follow-up (F:
blue), and at the second follow-up (G: pink).
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Fig 6.3: Intra-operative photograph. The daughter sac had a reddish translucent wall (black arrow). L, left.
R, right. A, anterior. P, posterior.
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6.3 Ak

A=y b T A R MRICE BIMERAEZT T 728 24, K43 1R & 5 el E 2455
TENTE, THERNERSN: L% CFD iz, 8 O 0E LTV HiE#RE A
TITo72 [24),

AL LT, 3 ICMRA Z AJJ7—4 & LC gradient-based segmentation 247V >, BlEIR
EE e IAR AR LT, PR OFSER1Em Y 7 k=7 (ICEM CFD, ANYSYS, USA)
ZRAV, 0.1 [mm]2>5 0.4 [mm]DOK =X ZOVImEATIGH RS -2 ERk LTz, BEIPHIIE, SED
IR 2380 E LT,

BAEFHRIIL, PR OABRARIEGR AT 7 N 7 =7 (ANSYS Fluent 14.5, ANSYS, USA)
W, BHETFEIIESR—ZD Y L 3—Z U, SIMPLE BT L0 ISR A iR =, £
7o DR - BROYFHEIEIZIZ T Y — s W R - ) — RR—RAJRGE, JE #5821 X PRESTO!
B, B TEAIZIE QUICK % 22 Ui Lz,

MEIIFEESEED = 20— b AR E0E LT, TABERSIRCIE, =2 7 A F MR
CHIE L7263 IR SHLAHENEEIZ OV T, A DfifE CBR L= PiiE 2 —kRjit & LT
RE LTz, 1A% 1000 H3FI L., 3 A OIEEFFR AT o7, AR MUWRZX, 3 EE
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Fig 6.3: Inlet flow rates measured by phase-contrast magnetic resonance velocimetry. Heart beat
interval (T) = 1.05263 s, heart rate = 57 bpm, stroke volume = 3.9 mL/beat, flow volume =
222.06 mL/min.
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Fig 6.4: Results of hemodynamic simulation at the baseline (upper row: A-1, B-1, C-1, D-1, and E-1) and
at the first follow-up (lower row: A-2, B-2, C-2, D-2, and E-2). A-1 and A-2, streamlines colored by
velocity. B-1 and B-2, iso-velocity surfaces. C-1 and C-2, contour maps of pressure. D-1 and D-2, contour
maps of wall shear stress. All four images were captured at peak systolic phase (indicated by black arrows
in E-1 and E-2). Blood inflow impinged on two sites: the right side of the aneurysmal body (arrowheads)
and the tip of the aneurysm (black arrow). E-1 and E-2, graphs showing three variables of pressure:
pressure at the aneurysmal tip, mean pressure of the daughter sac, and the mean pressure of the dome

except for the daughter sac.
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Fig 6.5: Surface images created by the velocity of 1.2 m/s. Note the inflow jet inside the
aneurysm which was observed in the magnetic resonance angiography.
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Caudal Cranial

Figure 6.6: Enhanced T1 weighted images showing perianeurysmal structures. The aneurysm was
segmented and colored red to demonstrate the positional relation between the aneurysm and the

surrounding tissue. Note that the right side of the aneurysmal body contacted with uncus (white circles).
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Fig 7.1: Conventional angiography showing a dissecting aneurysm with three protrusions in bilateral

posterior cerebral arteries.
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Fig 7.2: A, angiography just after re-bleeding. One of three protrusions enlarged (black arrow). B,
angiography after coiling for the ruptured site.
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Fig 7.3: A, angiography showing coil mass and Lvis stent. B, angiography 6 months after the stent

placement.
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Fig 7.4: Schematic illustration of the virtual stenting method.
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Fig 7.5: Virtual stenting.
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Fig 7.6: Blood flow rates of a basilar artery. Mean flow volume was 126.1 [mL/min.].
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Fig 7.7: Streamlines colored by velocity magnitude before (leff) and after (right) stent placement. Note the

decrease of velocity magnitude (white arrow).
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Fig 7.8: Contour maps of wall shear stress before (leff) and after (vighf) stent placement.
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Fig A.2: Reconstructive images of phantom model-A obtained by angiography suite.
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Fig A.3: An enlarged view of the right image in Fig 2.9.
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Fig A 4: Reconstructive images of phantom model-A obtained by computed tomography.
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Fig A.5: Reconstructive images of phantom model-B obtained by angiography suite. Each syringe was

filled with 5.0 [mL] of contrast medium at a concentration of 0%, 25%, 75%, 0%, 75%, and 100%, from
left to right.
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Fig A.6: Segmentation results of phantom model-B. A, gradient-based segmentation (green). B,
threshold-based segmentation (pink). C, an overlapping image.
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Fig A.7: Diameter of three-dimensional model created by segmentation results (100% contrast medium).
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Fig A.8: Diameter of three-dimensional model created by segmentation results (25% contrast medium).
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WEICAET DR TH D [14], MEMITE MYTESREIRE T 25842525, B
DIl~OME Z ziEDME & L, i A2 E ity fill, x #ioOIEDRE &35, Willis
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TSR ORI DN TIE, CTEPHERTE D LW O FIEND, 645wV TF AT A A
CT ZHWCHSG LT — & W T Tl o 7o, RIFRFERDG . EANREED 25%LL F 50%
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X 5|2, threshold-based segmentation % FV YT 3 kot CT MAEHRE T — & OUBREIT 2 /1T
I, CEE SIS F T E D AR VR S, JIHOIX S XNV e, BEORE
ZUNIAT O T LDy, MU R A D T OITE L E 2 BT,

51 F>CHk

1. Saint-Felix D, Trousset Y, Picard C, Ponchut C, Romeas R, Rougee A. In vivoevaluation of a new
system for 3-D computerized angiography. Phys. Med. Biol 39:583-595, 1994,

2. Brady ML. A fast discrete approximation algorithm for the radon transform. SIAM Journal of
Computing 27:107-119, 1998.

3. Anxionnat R, Bracard S, Ducrocq X, Trousset Y, Launay L, Kerrien E, Braun M, Vaillant R,
Scomazzoni F, Lebedinsky A, Picard L. Intracranial aneurysms: Clinical value of 3-D digital
subtraction angiography in the therapeutic decision and endovascular treatment. Radiology 218:799—
808, 2001.

4. Riddell C and Trousset Y. Rectification for cone-beam projection and backprojection. IEEE Tirans
Med Imaging 25:950-62, 2006
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B.1.1 HulLROEH & TRt

M3 3 WoTDEWEREE 2R > T Y | ZAUTKNT 2 3 IRTOHURRZHEHT 5 Z L8 T
X%, EMHEBAEICRN L, LIEUIE, ¢bﬁ@hﬁ%ﬁ%&¢é ZD7zh, KFEOME
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WIRE TR D, IO THMIIEM TOILTWD N, T2 & X, /IMRBIZA T Z A Bi%E H
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modeling tool kit: http:/www.vmtk.org/)l|Z 522 41TV % Voronoi diagram Z - FHEIZ L - T
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M HR RO TE AR A . Z2 ] HiRRIC BT~ 2 JERRE 72 S I & FRVNTAT 9
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(A EFEZES L,
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A0)REMS LT, G)RNEAVIUE, FIED IR L G HND,
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TEFEAUT T ARDOZERMEANE E D Z & 215 L TR,
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B2 2779 & 912, Voronoi diagram % FIVNTHULRZ A L7o, 15 DAV HUDERIROE &
IZBT ANEEMR, R, JRREZRH L,
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Fig B.1: A helical tube.
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Fig B.2: Voronoi diagram for computing a centerline.
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B32 #EREEER

B.3-5 12, HRROWNEEFAR, Bk, FRROFEHEZ 7T, AL, s =2, y=0, z=0)
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HORREEN, 5.0~20.0 (231 DIRFEO T LOEHERAT, EhEih 0.198 (0.0204) T
ol EREM=0.194), Mz &R LT, HFERIZBW TG RER S LT, X5 2EN
KREDoT, ZOHME LT, Q~@XTHND LY, ML ik L CRRIskd 250
WOEEDS 1 [BIZNZ E B 2 BT,
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Fig B.3: The radius of the helical tube calculated by Voronoi diagram.
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Fig B.4: The curvature of the helical tube (theoretical value; 0.407).
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Fig B.5: The torsion of the helical tube (theoretical value; 0.194).
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B4 WNEESIARODHEHRETE

B2 BBV, BT —4 8 BIOMETT VA 2FHDOE 7 AT — a LIk, T
%, threshold-based segmentation & gradient-based segmentation % FAVNCTIERL L, & DHLLERA K
Dic, TLT, TENOD2FEDE T A LT —3 a UERE T 572012, EET /VON
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Hhi=ds L OMRROMEN L, REFIEH] 1 FlOIMNAT I T L ETz, TORHIE, AFEE TR~/
| FEROZERFHP RO T D, MIFRIZOWTIR, #R3E & i Uz 22 a5
HTE L AR Do T223, BRI Y | 22 IR LHRRD 2 SDRT A—=HZL - T
—BICEED, £oT, MEROLOMGFTTIE, 22HifEOMF L L UIAH0TH D,

LU, MDD Y ORNERTHIRZ T TH-TH, BRICEAZRERE 52 TIN5
AIREMED N D, £ 2T, AT, 552 ETME L2 8 4] (16 &) DI E7 Mk 5H
RO R L, A2 & OBHRIC OV TR LTz,

B4l A&

AN & U, 3 ot E R DS DT — 4 Ve, 3 IRoTIMImE I,
MERE A A 7 L—>+ 2= | (Innova 3131; GE Healthcare Japan, Tokyo, Japan) % i\ 7=,
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LTe 7 —T Vel L DA L, EANEATIZ, 30 [7 L—2/Fb] « 5 BT 20000
S A T o7, B L7= 150 e 22— B — A%, 20 [mm]x20 [mm]x20 [mm]?® FOV
(field of view)IZ 512x512x512 [{E] OZFNAR T BN EGT D 3 WoeT — X IR LT,

BoN-3ReT— 2 2 ANEE L, 25087 AT — 3 )51k (gradient-based
segmentation 33 J2 O multi-slice half-threshold method) % FVNTIM/EET /LA LT, MERERIR
TS (C4 225 C2 £0) ZFERIIEHFR L DI, DF Y, EhiliE C5, =AHilix ClIZHh blF—
[ C 2 DOFET VU U TR ER Lz (GF2 & - XM 2.12 2),

BALEIR D R A 2V ENVR LT te, ORI TRE e 2 0.1 [mm]ds EIT/ER L7,
2 OVERMTRNC T DN O & iR %2 7T 7k LT,

B42 #EREBE

£ B.1IZ, HIEROFEIEI L ONAE &R A2 <7, Gradient-based segmentation 7> 545
DIZET MZBIT 2HHE (G) 7>5. threshold-based segmentation T HAL7=ET /WIS
DEHIE (T) OZEG-T)ZHY . G OfETER LIl CEI#EREDZHG-T)/G) X, -6.1%55 3.8%
DORNCH Y . HESHMETHI T 2.7%DETH 7=,
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Maximum curvature Mean curvature Standard deviation

Gradient Gradient Threshold : Threshold
@) Threshold (T) Q) ™ (G-T)/G Gradient (G) T

0.5279 0.5689 0.1835 0.1785  0.027248 0.1069 0.1058
0.5525 0.8067 0.2282 0.2194  0.038563 0.146 0.1524
0.4028 0.4871 0.2005 0.2128  -0.06135 0.0861 0.0959
0.6084 0.833 0.2592 0.2541  0.019676 0.1266 0.1412
0.6119 0.6197 0.2193 0.2216  -0.01049 0.1297 0.1273
0.5279 0.5689 0.1835 0.1785 0.027248 0.1069 0.1058
0.5199 0.6238 0.2444 0.2401 0.017594 0.1221 0.116

3 0.4962 0.6157 0.2458 0.2486  -0.01139 0.0952 0.1027
Mean 0.5309 0.6405 0.2201 0.2192 0.026694* 0.1149 0.1184

e B =2 TR & & B = R 6 T o B e

Table B.1: Difference in vessel curvature between gradient-based segmentation models and
threshold-based segmentation models.

*: Average of absolute values.
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% Z & M TS [2], Non-Uniform Rational B-Spline GE—+AFEB A7 A »/, NURBS)
OREHIE, BIFEDOREH computer-aided design (CAD) Y 7 b U =7 (TEHE/MERECTHDH Z L
E, FHLSLTONS L, LLEO@ERIT, FEREHICH Y TUTE D,

0 5 10 15 20 25 30 35

Distance [mm)]

Fig B.6: Centerline analysis of inscribed sphere radius and vessel curvature (Case 1).
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Fig B.6: Centerline analysis of inscribed sphere radius and vessel curvature. Upper row, case 2. Lower

row, case 3.
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Fig B.6: (Continued.) Centerline analysis of case 4 and case 5.
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Fig B.6: (Continued.) Centerline analysis of case 6 and case 7.
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Fig B.6: (Continued.) Centerline analysis (Case 8).
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ERHOWTHIEERZI T, A—T v =R V7 =T &AW 024 e fas L,

WEEFPERRES L OMER L i LT, RDIXL X (IREV, ZOFKE LT, HFROFHH
IZBWT, TDEEZNZ LT Bivd, BRGNSV THIREROMFZAT O BRIE, Huls
ME L TRODRE SO, VAR EORREIZHOWNWT, ELRIMFPMELEEZ Hid,

EHITIE, bR E L TOROTmEBEE AW TREIRA T Z 4 VlifiRa kD D 2 & T, L0 1IEHE
7R - PEROFE N REIZ/R D & PRSI, M « JRERNE SuUR, ZEHIh s —E
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51 Rk

1. Kobayashi M, Hoshina K, Yamamoto S, Nemoto Y, Akai T, Shigematsu K, Watanabe T, Ohshima
M. Development of an image-based modeling system to investigate evolutional geometric changes
of a stent graft in an abdominal aortic aneurysm. Circulation Journal 79: 1534-1541, 2015.

2. /MRIETS, RoTret, BREET, @R, REE Y. EREG) DB U7 & H Ol
R L BN ROEGE( L7280 Penalized Spline Fi%. EFEHFZE 68: 235-240, 2016.

3. Piccinelli M, Veneziani A, Steinman DA, Remuzzi A, Antiga L. A Framework for Geometric
Analysis of Vascular Structures: Application to Cerebral Aneurysms. I[EEE Trans Med Imaging 28:
1141-155, 2009.

4. /IVRIRE 3. R & AR OBOYRMT (ETHD . FHE.
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HWTHET 201%, LIXUITREETH D, Lo T, BREE A TRIT 2 2 &3, ik
IR Z I W CTHEREW A AT 5,
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¥ a AL o T INENIREEE Z Fo 1T 2 BhIREE L2 LA TRITC & S ATREME A L7 [1], CFD
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iR D\ NIZEKIROBEEZICH L, ERFE & U Comkii g2 B35 2 & 27
[2-5].
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C2 IEfm
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to
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W, B 470 Otz 0 & LTHUY,
alty,r(tg)] =0 “
Lo T,
t
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d
§a+v-(ua)=1 (7
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Kb, a(t) ut, r(t)]

\_/.{(to). a(ty)(=0) T—

Fig C.1: A fluid particle path with the position, velocity, and age vectors.
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Fig C.2: A, five models with different protrusion. B, triangle waveform for inlet condition.
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Fig C.3: Contour maps of age of fluid.
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Secondary flow

1

Fig C.4: Velocity vectors colored by magnitude.
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Fig C.5: Maximum age of fluid.
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