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The Role of Hemodynamic Factors on the Development, Enlargement,
and Rupture of Cerebral Aneurysms : A Combination of Computational
Fluid Dynamics Analysis and an Animal Model Study

Shunichi Fukuda, M.D.", Yuji Shimogonya, Ph.D.?

1) Department of Neurosurgery, National Hospital Organization Kyoto Medical Center, 2) Frontier Research Institute for Interdisci-
plinary Sciences, Tohoku University

Predicting cerebral aneurysm rupture is still difficult since we do not have enough information about the risk
factors for the aneurysm rupture. We studied the hemodynamic related factors for the development, enlargement,
and rupture of cerebral aneurysms, using both an animal model of experimentally induced cerebral aneurysms
and a computational fluid dynamics (CFD) simulation of human cerebral aneurysms. We introduce here our evi-
dence suggesting that cerebral aneurysms develop near the apex of arterial bifurcations as a result of an increase
in hemodynamic factors, particularly in wall shear stress.

Aneurysms in our animal model developed at several sites along the circle of Willis, where blood flow is
increased in compensation for unilateral common carotid artery ligation and experimental hypertension, suggest-
ing that the enhanced hemodynamic stress is of primary importance. Our hemorheological studies in rats showed
that the wall shear stress was increased and at its highest level at the distal end of the aneurysm orifice. Vascular
endothelial cells can sense fluid shear stress caused by blood flow, change their shape and release several sub-
stances in response to the shear, and in turn regulate blood flow. During aneurysm formation, vascular endothe-
lial cells may sense excessively high levels of wall shear stress over the physiological limit, which may initiate
damage to vascular wall components, leading to aneurysm formation. In order to clarify the role of endothelial
shear sensing on aneurysm formation, we examined the effect of blockage in the P2X4 purinoceptor, one of the
vascular endothelial shear—sensors, on the frequency of aneurysm induction after aneurysm-inducing surgery. In
a group of P2X4 purinoceptor knockout mice, the number of induced aneurysms was significantly smaller than
that in the control wild—-type mice group.

The CFD analyses using 3-dimentional CT angiographic images of human cerebral aneurysms also indicated
the tendency whereby the magnitude of wall shear stress at the aneurysm orifice is high only if the measured
flow velocities derived from physiological data of individual patients were used as inlet boundary conditions. The
data are consistent with the results found using an animal model. In order to examine more details of hemody-
namics in human aneurysms and to clarify hemodynamic risk factors for enlargement and rupture of cerebral
aneurysms with CFD techniques, we just started a multi-institutional prospective clinical study, named “Compu-
tational Fluid Dynamics Analysis of Blood Flow in Cerebral Aneurysms : Prospective Observational Study (CFD
ABO Study)”.

(Received February 3, 2014, accepted March 26, 2014)

Key words : cerebral aneurysm, wall shear stress, computational fluid dynamics, animal model

Jpn J Neurosurg (Tokyo) 23 : 661-666, 2014

A R —, T612-8555 SLASTIIR LR E AMHNT 1-1 N7 17 B0k A NS FERERS s AP 2 v & — idaiae Bl

Address reprint requests to : Shunichi Fukuda, M.D., Department of Neurosurgery, National Hospital Organization Kyoto Medical Cen-
ter, 1-1 Mukouhata—cho, Fukakusa, Fushimi—ku, Kyoto—shi, Kyoto 612-8555, Japan

Jpn J Neurosurg VOL.23 NO.8 2014.8 661



[FUIC

ARETIE, IMEIIRIE OFA: - BEK - BRI B B AT
TIPFNEFZ OEEN DO W TEE 6 0T > T E B FEER
T T E X CEFE K 7% (computational fluid
dynamic : CFD) f#HTIC X 2 BEHZ D W T 28R %

AR R bR A+

B P HIMIZFEC R L AIHER D E e BT
bHDH, ZOERFRIIMEIERATH S, O
HIMPRI D7z 0 lx, BT 2R Z AT H L 3X
THHET LD, ~REMTHL LI IEbns,. L
LS, HANBA D AR 24068 Ik K138
2~8% b H B E WG I N T2, FHBHKIZE
1%55 & Z U EEETIE 072 09 IS 3 itk o
OB O A% PHBEIR U, EERHEEIFA O
JER A B2 & 2 5 NUIREBRINIIGE 2 BE T 5 2
EDEFE LW,

ZOROIZ, EDOLH) RBIREIHAL LT VDR
ZHURT 2 08 D 5, RIEAEIIRRE O F ARG I B
9 2 KHERT T Z WF9ECTdH % UCAS Japan TlE, DK
X - FETL - TV T ORI R 2 AR - &
LTEENTH2Y, LprLlads, 28 21F 5mm
K D/ E 2 B ORI IR LR T REFDE
T2 EBMEINTEL?, LTV IHFLZT
TREHOT R % EME AN TE R WO BIRTH
D, i fGRAT-OMHIBHIETH 5,

MTHZFHNEFDOES

ZITEBDPY LD, HOFETMIC X 2R
KDENTH 5, IMEIIRETIZ Willis BRI 0 43 1535
U5 % A3, UCAS Japan 12 L 4UX, Rz EHRREE 1 A
U REZORRIMEINREE D 2 50 B3, 2o
0 & L CifT AR 7o G058 b 5. AT )10
BIEDMMENRE A A I CBIG LTws 2 ik, dH e
LREERIICHEI S LTz, BN D 5 IR ICER
D — GBI RAE P PHIEDETET % &, MBIt D ERAL
DOMGREMBE AT 2, 72k 212, Hllo NEEENRHEA
FEL T3 ERNETZAD 2O ICHIZOEIRE 9 2%
M7 & DURASEEIN T 2 728, Wiz EENRRE 23T AE L R
TP F 72, Willis BIlRG O IEFRE 2 AT 2 RIFEHR
B LM IREES CHREICE W Z EbESI LTV
28 Dl X b, AT IR ARG O F AR

DRI D035 LHfFTE 3,

Egbin

Z DRI H T, Hashimoto & ™ I3 B T &
FrEEEIIRRS 8 12 & - T Willis BIIRERIC 3 1) 2 AT /%%
EMOMAZELIET, 7 v MBI/ % 355 S
®2 IR, MATHENR T2 T b BIIREE 235
AL S 2 ERR LA, T, M8 E DI T2 EE
FZBHLTCO2DTHAH) D7 ME D% JEH L
MEREZEE S 2 LI, “flow-diameter relationship”
ELT1930 ERE D As T AY | & 51T 1980 4EIC
V&, M IIMAE RIS T 285 D B —EIC k% &
IR I B2 2L E ¥ Tw 5 2 L% Kamiya
SRMRE LT3, Thbb, IMEIIMENEMEz
/LT TIE 7 < BES DB 024k & LTI % N
L, ZoOfM#BIEE2 23 T30 ThHsS. Z0%
DFEIFFEIC & D, I8 NI mERAI X, 3D )
ZEFL T 7P VBEERTY, WEEZE LIS S
FWE 2 UL S AR L 222086 MR D21 i
L, I 2 HfE LT3 2 Edibho TE #2999,

L7235 T, 9 0 BTG DM I3 ARG D B
DML, Tk ZIE, BIMERD 0 IRZ EE L AR
HHEOT OIS X > TR clRkIB 2 s, BERTF
DFBZMHI S 2 2 & THPRIEFEMZ o9, ZOK
JED3EE X B & JOE DM E 7e {2 A IS IR 3
KIC K BEIMAE L o AHAZREL SR L I LE2E
FFEWE L2207 ABNIRAN RS D IS T T
BIE7 77— - BEOlagi{bx &7 32 Lo T
BO, WHOGBEOET DB T CIRIMERE O - JEiE
b & BIRRE DS & 11 5 MR 235 2 541 5. Naka-
tani &%, BIRKEHEFEE 7L % o R kR
12X T, BIRARONEST LT R CRES D IS 08
RARERSTWD I L% 1991 ISl L, MAT /20
RO T HBES D IS DSIMBIIREE IR K & < B S
LT HfEEZE R L 72,

MEMEZHFAD D IS IR

Z 2CHEEZ, BRGS0 IS VS R 7 v
FTOISIMb 5 2 ik D, MERICEEER NO AR
[#3% (inducible NO synthase : iNOS) 25iEF &4, Z D
iNOS 12k NO MU EE DRf T L2 TS ¢ 5 &
RKEL, e bELXTT vy MKEIIREEEL T INOS DXL
ZHERL, BESEFE T v Mg, BETHIBHEET I

662 sbik 23% 8% 2014 48 H



2 HHFIR INOS FHFHEAZ $e 5.9 % 2 & T, BOFRAEDH
W EIFI S 2 2 L 2R LAY, 20Kk, fco
IEDBIRE I A ICBIE L Tw 3 2 L2, MEE T
ZHWEEBTRIN TV YY) iRtz sRINn
720 Z S DRFERE L b, BT Willis Bk
DIGRDIERFRMEIT X - TIRFTFIR 72 ML EL D K A
U, I R ASE R 22 K & S OBET 0 IS 2 AT 5
It Z =y avikoT, ¥IFADEBEDM
HEC 53 U C AL 2L SR 2 0, NG RE R
L& U TRIRASEIT L T RES NS,

SHETENE (CFD) MRAT & Z DRIEER

RDOBPE L LC, BIREHERE O IAT AR -0 FEl
B DM DS L 7 228, € TV TIRINEETH
h, FEFAY (CFD) onHsMfFs s, wi4E
t b BB ARIEE 1 D = K TTha I i 2 fIH L 72 CFD
fENTIC X B3 3 2L —3 a v CIAT 2R i 2 a2 B i
IS L 72 RS E B L Lahss, bbb
NHMRIE L Tz TRES D IS A8 DI R LRI IR <
BfRL T3, I BN TIEHARSIGEL T3 b9
D, EDXIIBEGLTVRBITOWTIE, TSR
—EL TR, ZOFEKNDO—2 LT, vyIal—va
v DEMEFEDHEY) TR BAREE R E A 5N B,

LIal—yavETIChioTIE, FERENIE
WICHBTH 5. CFD T Tk, MERAITICE T 2k
BHORBEDEE LR TH 20, % oW T
I —ETH B ERESNTED, CHkEREINT
W SRR A DTEIMEM E L THW S NTW 5,
L L&D 6, 2Oz O Willis Bk
DVEZ KL 72 b DI > T 5, TR ER D
BIK A Willis BRlimO A0 54 T0wb I E2E R
U, BRGSO & > THESARY —~Th B 2 &
By, fx DEFOFEE LT 2 Z L E
Bbnsg, EEC, HEEY Y Y —OuisSaksikE
FEGHC B W TAELADOWEZ G L7z & 25, dld—E
T 7% CIETBAIC & > THEICEZ > TWw5 2 L
BIL 7210,

KABEAAICLZBEREDE L

KA, BIFGMICEs R A O i< H 5 R E il
(assumed value) #7854 &, il & OREH] D FEHIE
(measured value) # AJJL 7234 C, BET DI ID A0
ZREf L7 L 25, FEUIEZ 7285612 D AR

FRICRES D IS DRI 7 LADHEEMEZ > RO 5
N, REMDEHAEITHREZFICE W ETH - 7219 (Fig.
1A). HEFHOTHERMRE L ZIipRodlnz Emil L
7-¥61Cd % gradient oscillatory number (GON)'7 %,
FHEDEG A TN RN 7% LR 2o, o
F A4V ZIIBE TRND S &S 5 ANEE RHILD
I Twi (Fig. 1B). 72, #ElEZH W7
BETlE, Yoy MROWENDEZET S “impingement
zone” b LIFLIEIAD 61, RAREDE LI X D I
WOTREIEE ICHH & 2 228034 6 17z (Fig. 1C, D).
2T, 2 NAIIZE) B 7oREEzs S 2L —F L,
A LN D IMAE TR % T IENT IS B D WL <7
DISHED NGB L & 2517, F2HlfiE% v 71
D HHT IR TRES D IR 1% GON D73 A[ 23 Eifi T
» -7 (Fig.1E, F).

51T, BIREITEAERRIC 31 AR LR o S
ZWETY 2 72, WNEBINRE S HORMEIIRERER O X 5
WA R B & 7 2 IR e A RS 2 b DREFNIC B v
T, [\ U Rk E Ao OR R AR oRE 2 RIS L,
ARSI COREm T VIR IR o ik zir>7 L 2
2, JEDFEA LI 3D IS5 GON 13 il o of i
AL D IEH 2 A TR I R THEICEETH b, R
7 m s DS HDEFEEICES S L Tw b L v ) B
FEERE TN TOWGHE BT 285 R E o7 (B
H1) (Fig. 1G).

ZltEEFEEERRHZT : CFD ABO Study

INSOFER LY, OBIIRFEIRERICE W TEET D
W DAELECER IR E e f&# 2 P LT 2 g
&, @CFD f#fTic 1) 2 55RE1E, 8% ofER o2
B2 AT 5T EVMATH S I EIRBIN, Y%
Gt % Fl DU EIIRIE I - B KB o BETic B
WTH CFD T EREFRELVELZ EEZ LN
7. L Lads, BHEDE Z AMEINREE CFD fi#hTic
X 2 L OWME X5\, BAMEHIEICE LTk
100 5 DREGI TR & ARBE 2] 2 Fhi U 7223
H N0 wERBREMESEbNTE Y, KfEE
M7 KRBEL i ik e, £z, BIREE I - 72 A
HT 2L Z2DUREIRE RESEZDGEVBLITLIE
»H5HDT, %S THZG O CFD @ %1795 8
EIXIERE R TSRS & 72 2, 2 2, FEEE Wi
CFD f#HTIZ X % BHIRIE D2 - 89 KBIE R 1 D Wit %
Hiviz, ESLSEHRE I EERRDTZE & L < 3 EM o
= B & 4 25 MRk T 600 JEHI 2 BT 9 E

Jpn J Neurosurg VOL.23 NO.8 2014.8 663



&

TAWSS (Pa) TAWSS (Pa)

Velocity (m/s) Velocity (m/s)

’;7.5
s
25

’;7.5
Es
25

075
Fos

078
o5
025

i i o i
0 0 o o
0.7 0.7
@ 06 T 06 E
E o5 E o5 |
g 0.4 ‘g? 04 |-
© 03 © 03 F
02 : 02 \\“/\/
z 0. .2 |-
£ o1 £oil
o L L L L o . L L L
0 02 04 06 08 1 0 02 04 06 08 1 TAWSS (Pa) TAWSS (Pa)
Time [s] Time [s] - n
Inflow velocity: measured Inflow velocity: assumed K (A
25 25
. ]
o o
ia.z iu,z
fﬂJ ?::nvl
| 8 3
0 o
TAWSS (Pa) TAWSS (Pa)
¥ [
3 3
Velocity (m/s) Velocity (m/s)| 2 K
075 075 3 o
§ os os ut nt
025 ;02
: '
Aneurysm-developed side Normal side

Fig.1 Visualization of the hemodynamics of unruptured human cerebral aneurysms
: Time-averaged wall shear stress (TAWSS).
: Gradient oscillatory number (GON).
: Velocity vector.
: Flow velocity at a sectioned drawing.
: TAWSS after artificial removal of the aneurysm.
: GON after artificial removal of the aneurysm.
: TAWSS before aneurysm induction using the artificial aneurysm-removing technique.
In A-F the measured inflow velocity is used in the left side views, and the assumed inflow velocity
in the right side. Blue arrows in C and D indicate the flow impingement zone. In G, the cerebral
aneurysm is induced in the left side view, but not in the right side view.
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