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Abstract

Abstract

Vascular bypass grafting is one of the methods for treatments of vascular stenosis.
By establishing a spare bypass path for the original stenosis vessels, blood can bypass
the obstructed vessels and bring blood to distal tissues, relieving the insufficient blood
supply to local tissues. Emerging cerebrovascular bypass surgery include the sequential
double anastomosis (SDA), which is different from classical single-vessel intracranial-
extracranial anastomosis, bring blood flow to double obstructed vessels. This research
is toward cerebrovascular double sequential anastomosis, aiming to simplify geometric
model of vessel, using CFD numerical simulation method to get the characteristics of
blood flow in vessels and studying various of parameters and characteristics including
the streamline distribution, peripheral resistance, static pressure gap and flow rate re-
lationship, wall shear stress and backflow zone area. The simulation results show that
there is a one-to-one matching relationship between flow rate from the inlet to the outlet
of two vessels and the regional static pressure gap. Increase of static pressure gap leads
to more flow rate, while the peripheral flow resistance decreases rapidly and tends to
be constant with the increase of flow rate. Peripheral flow resistance also has a positive
linear relationship with the length of vessels along path. Different parallel anastomotic
lengths and side-to-end anastomotic angles also lead to differences in wall shear stress
and reflux area. The decrease of parallel anastomotic lengths and side-to-end anasto-
motic angles lead to larger wall shear stress. And the increase of parallel anastomotic
lengths and the decrease of side-to-end anastomotic angles lead to larger reflux area.
These studies may provide some suggestions for the clinical implementation of cere-

bralvascular sequential double anastomosis.

Keywords: Bio-engineering, CFD, SDA, Vascular bypass grafting
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Figure 2.1 Review of classical anastomosis methods of coronary artery bypass grafting from
Owida et al.(2012). (a) End-to-end anastomosis, (b) End-to-side anastomosis, (c) Side-to-

side anastomosis.
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Figure 2.2 Review of classical anastomosis methods of coronary artery bypass grafting from
Owida et al.(2012), a research from Politis et al.(2007). (a) T-graft, (b) Y-graft, (c) []-

graft, (d) Sequential-graft.
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ticity in Re = 10, (¢) Contour of stream function in Re = 200, (d) Contour of vorticity

in Re = 200, (e) Contour of stream function in Re = 600, (f ) Contour of vorticity in

Re = 600.
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Figure 2.5 Relationship between Re and flow rate of main branch v.s side banch.
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2.3 Mk T BB A4 B B e

Gt (1NN RSP SR ¢ N Rl (TR HYi ok a7/ B2 NI I i i =B SRNI 1
B LR AT R R AL TE A BT, IS MLV P A8 22 A 7R i He D) A8 e g
RERE o ZR0) SCAINR AR A MR TR LR RS S DR R KRR, EZ-FAT
R o DO . RARR . R RIB RS (Cho 4%, 1991),

XFF P AR AR RS S SR LRI . TSS9 A 1
FEEA AN R L B 2

23.1 HEEMAMEDFESIE, MBHETIFHTEE

X T /NS CHRRAE RUBE -5 21400 RS R ) P it i, IALIE A WG R i A
TN WS B SN AR XA IS RR A Fahraeus-Lindqvist
R (Manning, 2012), HAPi)—M@ERGR , ZLAMBSTERUMNYEE PR, BT
ARG RAE R, 2040 AT 1 Rl D RS Ay, I 4T i BE AL T R T 40
IMAEZE . o T MR FIRG R AR T 4, STl A sy DI 1 B35 T, Sk
LIRS Sl NI A LR B T o IR, LI F) T AR IR X T iAL S A
AEA RE L LAV, RSB RO G, Tois % i 1.
JRASE IR F) T AR

232 MEIEF T RMEEE . FIAR SR 220

LI GEIEIR RN, g VAR BT, MRRE R RN, T2 YA
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TIERBIK . BBk . SBIRK. 53 kA Sh bk LS IR 23 A . i B A I
BIRHE, LI A A i R SR T -
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BTV E . SCRNAATERR NG AE . MU, WAL 2 TR
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JE& T AR R 2 (Matos 45, 2013). Manning (2012) 72 H%& 25 P 4q i 773 51
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Figure 2.6 Contours of velocity magnitude of Tee- branch fluid with Newtonian fluid material

(a)

and none-Newtonian (general Newtonian fluid )fluid material. (a) Contours of velocity

magnitude Newtonian fluid material, (b) Contours of velocity magnitude with Carreau

GNF fluid material.
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Figure 2.7 The distribution of wall shear stress (WSS) on the upper wall of secondary side
branch and the main branch left wall for a T-shaped pipeline fluid .(a) WSS distribution

on side branch upper wall along direction x, (b) WSS distribution on main branch left

wall along dirextion y.
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Figure 3.1 Standard model of SDA , the geometric parameters and boundary setting and mesh-

ing. (a) Geometric parameters, (b) Boundary setting and meshing.
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Figure 3.2 Re = 77.25, various fluid characteris of SDA standard model. (a) Contour of velocity

magnitude, (b) Contour of static pressure, (c) Contour of stream function, (d) Contour

of velocity vector field.
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3.1.2 MR RESH

T IR JUATACEY A8 2 [B) SR B Y A8 SUAL A (i ] AR AL AL A A 75K
AR BT R O EE S I e ], ARG AR A LT 2540 Ak R R T 5 R 220 A
FR R AL B B B0 35, PR AR 58 R ) RS 1 I RS XS a2 kA7 8
] BT HLAL -

XFFARMEREAY SR ) =P ) 4 B2 R AR Z5 A4 RS 9 Hh AR B L 3
JERNE SO X, Bk Mg —. . ZSEOE SR SR
3.1, 320K,

K 3.1 A MRS S5
Table 3.1 Various mesh parameters.
M#% 1d JE FATCAL | 7R | B AR ) (m?)
Id1 | AEgEH LM% | 890 535 1.00 x 107
1d2 | dEZ5Mfbrs | 3066 | 1718 7.04 x 107
1d3 | EL5HLMEE | 10004 | 5377 422%107°

A 3.2 ASIR] RS AR e S e AIE

Table 3.2 The corresponding flow field characteristics of the mesh.

WIS Id | FARILAE — T BEmifck WSS(Pa) | FARINAE — A7 BEMI Rk WSS | 0 — s REE (mfs) | 0 i K

Id1 227 x 107! 1.91x 107! 3.45x 1072 337x 1072
Id 2 2.38x 107! 2.53x 107! 3.61 x 1072 3.56 x 1072
Id 3 2.45%x 107! 2.54x 107! 3.73x 1072 3.65 x 1072

HIR3. 101, MMM — SRR TRyZES, R 5 Rk =rya/ N ETRE
JCRGIAHZERO . MIAFR32 1, A EE TS —, WA 5 Rk = B ) b
NFEFBON, YRR — Rl SO R R AL E, A R AR SR 3 Y 22
SRR TR SRR, HaR T DAL B 5 5 A i T O AR
M BAWUNES, BREREHIB T .

LE ERTE, WA (ARERC R WA R 23 ) PTARAie iE B9 PR EA TR (FAE AL
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32 FRBEERAHREN-REXR
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W, ESHADEREEIER, HEHARLCHRE, Bo=AP/R, Hi R
PP e R PHR/ N T I A R LA Bl P4 BT
321 HAENXBERLERE SRR

K33 TR _EIRARHE U 5 R R A% S A0HEA TR S A B, Re =
77.25 FANZ&AFLA LT3 L1 — B L T, Fl A D Rt 5 2
BEM O R 261 . AR L0, BB DR 22 il 2 BRI
FHAYZER . [E13.3afoR TR O3 B ARIAE —H 105 HARIILAE " H 0iZpiB
N, WESHEEPRR AD-HRE 0B RS T A B-H AR
TH OB . N33, R EWE LS, BEREWESRME, A
WA R, i P AR

FARHL, K33 T Re = 77.25 fishscft, H B Ema AT,
KU IS ARAGAH I 7 B A s 22 DR RC R D o
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Figure 3.3 Relationship between volume flow and flow resistance for the first target vessel and

the second target vessel.
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Table 3.3 Static pressure gap between inlet and outlet, flow distribution and flow resistance

e | BRI — | BARILA = | AD-HARIL | AR-HARIM | A H-H f8 | AB-HARIL
oo ow R | O R | B oRRE | e —XKE | KT
(ml/s) 2 (Pa) R 2 S = i 15 I
(Pa-s-m™)
0:10 |0 156.19 0.38 17.72 0 1.13x 10°
1:9 |15.62 140.57 2.04 15.56 130 x 10° 111 x 10°
2:8 [31.24 124.85 2.28 13.53 729%x10* | 1.08 x 10°
3:7 |46.86 109.33 2.55 11.66 545x10° | 1.06 x 10°
4:6 |6248 93.71 2.89 9.92 4.63 x 10* 1.05 x 10°
5:5 |78.10 78.10 3.27 8.30 420x 10* | 1.06 x 10°
6:4 |93.71 62.48 3.78 6.80 4.03x10* | 1.08x 10°
7:3 |109.33 26.86 4.36 5.39 3.98x10* | 1.15x 10°
8:2 | 12485 31.24 5.05 5.04 4.04x 10" | 1.61x10°
9:1 |140.57 15.62 5.87 2.79 4.17x 10* 1.79 x 10°
10:0 | 156.19 0 6.84 1.55 438x 10" | oo
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322 AREMEKERZIME

AL PO il A A 20T R, RIEHAR LA SEOR BRI AT, A
FHECPATYIA H . A PRG-I W) & D AR B3GR . PRITR T H AR P 28
IS, AWy LML o IR B2 Py SR AT AR IALAE AT SR i s 2011 5 S0 A -
RIS

% 3.4 BATANTYRLI A KIERBN S8

Table 3.4 Various model parameters with different length of vessels along flow path .

AL Td | Bt fE | A5 BARIMAS— 1 H KPR (mm) | A5 H AR D22 K2
Id 1 y = 1/40x? 20 30
Id 2 y = 1/50x? 22.5 375
Id3 y = 1/60x? 25 45
Id 4 y = 1/80x? 30 60
Id5 y = 1/100x? 35 75

FR3ARRRN T RN FUTRE LA KRR LS4 B3 4RR T RIAH
T RR I A I AR IR R SR RS R 3 S 5, AR TERL A R 2 — LR
FRSRARE . WA 705 0 RS DL I 3. 1D 7R o HLAthAT DU RS 2R A ] 3.4 577

ISR TR RN 50% © 50%, (] bk T B PSS R 0L
JEXTER A AR R R 4

¢ 3.5 HATA BT RRMAE B BE B0y o 1 o

Table 3.5 Flow rate of various models with different length along flow path

BRI | BARIAE . S DA (ke/s) | HARIMAE —. 10— S0y i DHABULR (ml/s)
Id 1 0.0820 78.10
Id2 0.0820 78.10
Id 3 0.0820 78.10
Id4 0.0820 78.10
Id5 0.0820 78.10

MR35, X RIFEA D 55 2R Bl B F, AR

RO, BARMAE—. ZHARRARE,

BAEAI AR S HEER—5. 3.6%4
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Figure 3.4 The solution domain, mesh division and boundary of the model with different vessel

length. (a) Model 2, (b) Model 3, (c) Model 4, (d) Model 5.

% 3.6 FLATAS IR I A B BE BRI s 10 i T 2 9 TRt B L

Table 3.6 Gap of static pressure and flow resisitance of various models with different length

along flow path
BT | HARILAE — B A EA | BARMAE O FA | AR — KB | H AR — X B %

A ERREEZE (Pa) | HIWRH 2 TP (Pa-s - m™) | PHYGEbH
d1 |[3.28 8.26 420 x 10* 1.06 x 10°
d2 |4.11 10.33 5.26 x 10* 1.32x 10°
d3 |4.77 12.14 6.11 x 10* 1.55x 10°
Id4 |6.07 15.59 7.77 x 10* 2.00 x 10°
Id5 |19.51 19.51 9.65 x 10* 2.50 x 10°
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Figure 3.5 Relationship between flow resistance and length along path
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B mEIRG . Ku 2 AT E LTS UIR G464 (OSI), PASRAEEETE IR ¥k
7K -0 OST Kty , REMIB B BRI, AL ROFFEEM, mK-F ke
SYYINY )R LA BE S 5 e PRV AR . B AR, it X ) IAL R 7
B SR, PR [ g DX 3 v B A W S ) S e I A8 v At 8 A A2 2R i A AL
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Figure 3.6 The solution domain, mesh division and boundary of the model with different end-

to-side anastomosis angle. (a) 55 degree anastomoses angle, (b) 45 degree anastomoses

angle, (c) 34 degree anastomoses angle .

B3 7R 7 BA AR -3 H A B AR A R R A (AR S R B
iR MTAFEWIGARE, HArMAE—5 HARILAE — V)& O F g 2L
[B] 9L DX 3

BTN T AR -5 ) 5 1 AR BEASEZR Y L s I ks g X i AR 45
HI3. 7RIk, PAL [l DT AR 5 32 M-S W 65 1A BESE I, /NF SR S SR Y [l
DRI, X R OIS V) & 1A LS, R ) R, AR A R AR
—4Eish.
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Table 3.7 Relationship between angle of end-to-side anastomoses and the area of circumfluence

area on two target vessels

WIE AR (B | FARILAS — BRI (mm) | FARILAS IR KK (mm)

55 6.04 4.54
45 6.49 4.50
34 6.49 5.22

&13.8J 7 1 AN R -3 ) £ 11 A EABE 28 = S I Ay A B v 114 B i 1) B ) 4%
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Figure 3.7 Streamlines and velocity vectors distribution on different end-side anastomotic de-
gree.(a) Streamlines of 55 degree end-to-side anastomosis, (b) Velocity vectors of 55 de-
gree end-to-side anastomosis, (¢) Streamlines of 45 degree end-to-side anastomosis, (d)
Velocity vectors of 45 degree end-to-side anastomosis, (e) Streamlines of 34 degree end-

to-side anastomosis, (f) Velocity vectors of 34 degree end-to-side anastomosis.
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Figure 3.8 Wall shear stress of six walls on different end-to-side anastomoses degree. (a) Curve

vessel up-wall, (b) Curve vessel down-wall (c) Horizotal vessel down-wall, (d) Horizotal

vessel up-wall, (e) Vertical vessel right-wall, (f) Vertical vessel left-wall.
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Figure 3.9 The solution domain, mesh division and boundary of the model with different length

of parallel anastomoses. (a) 4mm anastomoses, (b) 6mm anastomoses, (b) 8mm anasto-

moses .
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Table 3.8 Relationship between length of parallel anastomoses and the area of circumfluence

area on two target vessels

WA K (mm) | B AR — B KIS K E (mm) | BARIE XK E (mm)

4 6.48 4.50
6 7.05 4.50
8 8.03 4.50
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Figure 3.10 Streamlines and velocity vectors distribution on different length of parallel anas-
tomotic. (a) Streamlines of 4mm paralle anastomosis, (b) Velocity vectors of 4mm paralle
anastomosis, (¢) Streamlines of 6mm paralle anastomosis, (d) Velocity vectors of 6mm
paralle anastomosis, (e) Streamlines of 8mm paralle anastomosis, (f) Velocity vectors of

8mm paralle anastomosis.
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Figure 3.11 Wall shear stress of six walls on different parallel anastomotic lengths. (a) Curve

vessel up-wall, (b) Curve vessel down-wall (c) Horizotal vessel down-wall, (d) Horizotal

vessel up-wall, (e) Vertical vessel right-wall, (f) Vertical vessel left-wall.
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