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Abstract: Objective To study the difference in thrombus formation at distal end of the graft with two different
treatments.Methods For coronary artery bypass grafting with distal-end side-to-side anastomosis (DESSA) , two
models with or without distal end trimming of the graft were established. Using the blood substance transport and
diffusion model considering biochemical reactions, combined with hemodynamics parameters of shear rate, fluid
residence time, and platelet distribution, the possibility of thrombus formation was evaluated. Numerical
simulation method was used to investigate thrombus growth in coronary artery bypass grafting with DESSA.
Results For the model without distal end trimming of the graft, the thrombus was first formed on inner wall at
distal end of the graft, and then grew inward until the thrombus occupied most of the graft region at distal end,
which indicated that thrombus formation was in a stable state, and the volume of the thrombus didn’ t change,
the final volume of the thrombus was 15. 05 mm®. For the model with distal end trimming of the graft, the final
volume of the thrombus was 7.35 mm®, which was 51.2% smaller than that of the model without distal end
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trimming of the graft. Thrombus was formed on inner wall of the graft above the anastomosis for the model with

distal end trimming of the graft, and the wall thickness was about 0. 16 mm, which was 10. 65% of the graft radius

(1.50 mm). In the above two procedures, multiple vortices ( blood flow velocity less than 10 mm/s) were formed

in distal region of the graft, which further promoted thrombus formation at distal end of the graft. The area of

thrombus formation obtained from numerical simulation was consistent with clinical investigation.Conclusions For

clinical coronary artery bypass grafting with DESSA, the volume of the generated thrombus can be reduced for

the model with distal end trimming of the graft. However, the effect of thrombus formation on inner wall of the graft

above the anastomosis on coronary artery bypass grafting needs further study.

Key words: thrombosis; distal-end side-to-side anastomosis ( DESSA) ; scalar advection diffusion; computational

fluid dynamics

UEAFR , LA K B Bk A S R A, >R Pz S -
MWy 4 ( distal-end side-side anastomosis, DESSA) J5
KIATEIKIENT R B W14 2 . DESSA BAT LU
SO KB KR E A 3K B4R L, mT LUAH [R]
fmr& 0 RSEBEF T8 A @ B A R SE Bk
RAFIEEE, W) H R AN 5 il @ W25 7 [7] —
NI R WA 0O 5y R A 45 25 ih 45
I ;@ ARG HEAT R A B AR s A7 il A U0
WO PRI G HEATHR A, 48R, (6] o — 0 W) 5 5 =X
FHEL , DESSA Je k4 AR S5 23 78 B i bk aze iy JE2 1
MRS A i G R 7 5 ML 45 A 3, HOAS B AR
WA K B bk v i )R T e 4 1 B
B )G O R R 2~3 mm 7 & LAIKZ 45°F
Jr PR A R B ko DA
HTImRER, JCHLEHAE . H AT, 1% DESSA # il
W MR AT S0 A 1A

AR SCH I By ) 2 A 5 2 T AR AR OB 1Y
M B AL B AUAR S & ST L4 DESSA 1l
I AT BB R AUAIT T o B 5, XA A ol A 93
NS ARY HHEA TSI 95 31, DA ORI fefT 1 oA 30300 45 A
g, BE S 8 SolidWorks EAT A #4415 5|
DESSA it K FE AR LA ASETRY - J i 378 2y ) 2 B A
P ARAFTENKIEAT A 0L 3 1 5 24 ' e | B
F A AR X A7 1L 4 DESSA J7 2 i A I B 1
SLHEAT IO, AFSELE SR ATy DESSA e bk 45 HF AR A
A& o A 7 A HE BRI 4R

1 7%

1.1 JL{Es
T3 5 % 50 UE 5 43 FH 28 818 5 B ((backward -

facing step, BFS) KA DESSA 56 ik M JL A 52
RGN 1 (a) Fros, M 007 Aot Bk 072 43 0l R 3
1.5 mm, W& A A 30° (Hr ILAE 3T B 358 43 v o0 26
kO Z R ) WA HA BE (T st ik o 2k
Jrm) R 3 mm, MR BKIEWE ARG RISt 45 R E,
50% BF ARG 10 AEAF I FERR A 1 AT A Rk
VORI I 4 378 o X 3R nT BE 2 A5 A B (R By
PEE RS A —REEE(—H8N 2~3 mm) ,
TR ARANRE W M 10048 G2 ity DX I 4 A AR L, X F AR
H0 R A 7R T2 g 4 S 43 DX S R A R o A
A8 v A AR A TR, A K1 1 (a) REAY i
TP, ARAR B 1 (b) B 385 M 1045 322 i ek Dk ¥
B 56° 0 3R 5 A B (B I i wm BE B W & 1
2 mmih A 5 R C WIEL AC [RIZEEL AB I ff)
REBIA) . B U RSE Y R B R kS B S0
Jik DESSA H} iy .78 R ~F

() RERBYHF ML T 5

1 DESSA 7 BkiEHF JL {8
Fig.1 Geometrical model of DESSA bypass (a) Without
distal end trimming of the graft, (b) With distal end

(b) #LBYHF M 7 o

trimming of the graft

1.2 HEER
AR SCAS T Menichini 55177 & Ji& 1 i A4 00 45
B LR AN BT 46 AR A R AR, 7E BFS DL K



3 F, Fmin M- M & B BkE 7 AR 5 MR T AR B E AL
FU Wenyu, et al. Numerical Simulation of Thrombus Formation after Artery Bypass Grafting
with Distal-End Side-to-Side Anastomosis 405

DESSA T Jok £ B A5 2 v 25 i FHT 21 240 TR B 30%
(1) Quemada Y R 7% 1ML W 14 A 28 5 U 44 55 1 9k 50
FEoAM B RE ORI 51 A Ik i /N AR
(resting platelets, RP) . i 4k Ifil /M #2 ( activated
platelets, AP) #EIf.5 ( coagulant, C) . %5& I/
(bound platelets, BP) % IfilL & 9 5t 3 7 Il A% FE i ik
i, [R5 08T LA b i g3 B A i A% Xof LV 3t 30 FY)
SO, AT B2 0 b K 4 AR W A~ S
MBI S W R 7 #E . JT AR C RSy )
XM N EE T A 24 C AP F455 A 8] ( residence
time, RT) 218 KI5, BP JE J8 I 30 e 1 R 5~ 19 )
AL, AR FEEE M H T2 8, 4 BP Wk
i WA, AR TF AR i, AR I 2 B A
3% 100 PR 26 1078 e DX IO 3t A i Ry = (AR 3
AR DX 58 B i 3 VK T AR 5 55 i B (1) DX 3 | 5
11NES R 73 €t O £ 1 0 9 B2 B
TR T A A SO i I T A R Y 2 0, S
B MUASTE S 3+ 5500 58 T AT 4B S 43 3l =%
JECT ML 3T 0 I B AN LAY RO 3 A IR S T Y
A AR, BIVE R0 G35 U r) 4™ BROBIL i 14 1% %
RO SEILY . TER) AT B AR R T, C B9 B
By , PR BP B RGNS AR A ARG i
TE RS R R AR 2 BRT

B T D1 %

B RS T8

kg
HRT5AP?

B L 76

A

BPAE R

B2 MR RESRE T REE
Fig.2 Flow chart of thrombus formation with

feedback regulation

1.3 Mig=sY

1E ANSYS ICEM CFD 14. 5 FEf7 Rk %143, 25
TR AR5 K Ak D T AR I = BeAE IR A A . T
L5 B T O 30T P4 37 2 0R 5 F  e A VIT A 6 | 7
A5 TAT ) 325 1) SR FH 328 9 0 % 1) — R R A,

I/ DR AR B X TSR B R s ), a3 R 25K
i K M s B (A% R g )l 842 756,
2 676 718.5 335 296) , SR J& 153 [F]— o7 & w9 BE TH]
S9N 1A T X L 5 2 TR AR A A A BE TR B N )
FHXTIRZE/NT 5% S, SEIA Ry AR RS B2 i IR 22K,
PLER 3 ORI A& B50i (1 S 8505 B AT A% 40l 43, 30 B¢
EWIRZE R 15 pm, 3t 10 2, %)2)ZEL 1. 05 1%
AR R K
1.4 HETEFX
FFSEER R UE R BFS BIAY iy LA 0. 76 1/min
AAEGERA, B EOLL0 Pa MR, B,
HEAT 3 OB GO B JEA 1 s) (9 0 il A% T
HSE AU B IV B0 TSR, AR AL A PN ) T Y O B A
5 5 A 0L T AR R A 3B ( DA S R AT T A
i e B 2025 RAE BRI I6 & 0F) . A T EAE
ANSYS CFX 14. 5, BitH R E A 50 s, B B 2K R
10 ms'” o
DESSA #4 #f #58 A1 A 11 3 8 fh 48 an & 3 B
FRUOT IR BE TR, 1 min IR 1530 mL;
AR B8 0 Pa,, [A] BFS BERITHRZEA, 5
HEAT 3 A FH GOSN 0.9 s) BY Ik i 3h it
BB N Y B MR S A EE . AR Al A
FMBR AT, 2w, o T R
IR 18. 9 s(AE A E AR RE ) . 18.9 s BYTTA T
(i) Y 000 T 8T A L 98 O B R B T B[] (2.7 s)
KT BT (16,2 s) A, BB KN
10 ms, DA IS A B ik A% v i) S0 s 220 31 45 R b 4 7
M BT R 5 2500 B, Teie W il 787 32 i R 4R
BRI A 2 0 vt 2R Y LAY T TR L S
UL Ko ih B2 AR TR
0.40
0.35
?0,30
©» 0.25
£020
® 015

# 0.10
< 005

0 ‘ . . . . . ,
_0_05/ 0.10 020 030 039 050 0.60 069 081 90
-0.10 I} 8l/s

3 DESSA E#HSEE N OE &
Fig.3 Pulsatile blood-flow waveform used in DESSA
bypass model



EREYNE $£37E FE3H 2022568
406 Journal of Medical Biomechanics, Vol. 37 No.3, Jun. 2022

2 H#R

2.1 XINIIE

BFS #ER b ifi A4 A B K e 22 de R Y 43 A A
BN 4 iR, 24 BP R KT 200 nmol/L i, N
FIRE MAETE BT AR T 4R H AR 5 B R 3 IO
BRI, S0 A ) RN At o) I Il MGG Il A v R G

% 2.5 mm, [RIAF 5K 8. 66 mm Bf (1=28 s Bif IfiLf4:
FEARHORAS) |, AR W 728 1) AS P34 5 B o ) [ 4
%, AUyl m ARSI KR 24. 98 mm J5 A
WK MR4E Taylor &5 OS2 I AR AR K Y Bk
KEEHN 24.6 mm, A XL RBLIGFER T
Taylor 25 SIS | Ay iz i A4 A5 Y (1 4 J|8 1 252 T
il

(a) t=14s (b) t=28s

B4 FlEY BFS B2 M4 R A E 5
Fig.4 Predicted thrombus formation in BFS model
(a) t=14s, (b) t=28s, (c¢) t=39s, (d) t=50s

2.2 M#FEET &R

X T M AS i R Y ALY 1= 0. 1 s B, A7l
BNETHEE 0. 246 m/s, >4 I I MAATR I 45 3 3 A
UL AR, 7R 045 378 o DX 3R A 1 1 A4 336 A 41 iE
R, LA /N T 60 mm/s, TEMI A& O 2 I
VT DK IS NI T 1 AN 308 B4 5 ) TR, EL T
KT 60 mm/s, TEO 3l JE A A, i 7 DAASR 1L 45
AH B, N mah s E &0
5(a) 1o JEORAT AT L 45 30 vty DX 35 P9 1) 3 97 4k
SRATAE, THE ) AR, FL i 37 38 B B /N (0< 30 mm/s)
FERR IS 80 bR PR s S BT, 45 1 S s e
t=0.1s t=09s

v/(mm-st) e
30 e

; 24.98 mm

(d) t=50s

(c) t=39s

] (3R 3L, 3 PRSI0 3 T RIS B0 /N F 10 mm/s
JIREAT A, i 5 X P BT AR T R, 7E R
IRAT T b K A P, T8 T 1 A4 335 B T T 1 7
Wi, FLAGE HAR (v<10 mm/s)

X PR IS o BT A 1= 0. 1 s B, ZEAF ML
B A T AR/ EEE B NE LT 1 AR
REIRTL . FEWIA 2 B AE R 7 e ik i 2 Pt e
BT 1A BT e e i i, 7RO 3 R R I 7E
W45 1S 5 i A AFF 14 328 o % B 5 90 4 i X
BNA 1 AITEEERBE ) B3R 3, /N F 10 mm/s
[ 5(b) ],

t=0.1s t=09s

(@) ML i e
& 5 DESSA #2I3FRF A I i i

(b) ML iz v By

Fig.5 Blood flow velocity in the symmetric plane of DESSA model (a) Without distal end trimming of the graft, (b) With

distal end trimming of the graft

2.3 DESSA 78 Rk$& ¥ M #& f 5L T

B I 45 32 i TG 4% BY AR T i 4 0% B i R o
Kl 6(a) TR (S Sk N I AS: A6 A 100, AT RR P
TAE XS FRIE s T 50% B L) o MARTE 1,=5.4 s

(55 6 OB JE) C2TT IR B, AR S5 BR 14T
M T3 e B Ao A 8 DI, I L A e A7 I 4
g b S B 2 PR EE AR X R

Wt N T] RS | 1A A DT DA PAYBE T 1) 16 A v



3 F, Fmin M- M & B BkE 7 AR 5 MR T AR B E AL
FU Wenyu, et al. Numerical Simulation of Thrombus Formation after Artery Bypass Grafting
with Distal-End Side-to-Side Anastomosis 407

AL AE A I HL 2 30 20 RO It 7 32 st i 1A 48 43
B et [RIESE, IR T 2 P B T DAATR I A5 32 i 1)
A, o, B2 F A5 CRloer BR ST T P9 I
L I A e AV A ) BB 1, ) Y (AR R P
TET PR AR ML 3 i L i 2 o7 8 8 ) W e Bk i 2% 1)
FEES M 0.83 mm, | 1,=16. 2 s( FFIE MAR Az i 52
PRBstIE], TR B, A 55 1 2 280 #r
I A5 328 3 DX (WG R AR DA b 4y X, G0
WIMEAR A8 F GH (G 5k A5 1 A8 328 b 38 A2 B
AR 5RO 2300 5 2 T A 5 b Xt R S T i 22 58
S, H SRl G BV T P AR I O o T Rl A% B
BRI ) 3 T B XSt A {7 6 I Y
BE R FR3E K O AME S T, o B 2 B
D JSAb Sk BT A A E A — AR /N B A,

11:54 S
F
a8 m
,Q R
3 -

@ WIEZERTERE O e mimEsy
B 6 DESSA 5! fn ifn # ff B (8] 15 4<

Fig.6 Thrombus growth over time of DESSA model

Bl 6(a) ikl B 7, # 5 BR 20 ik 30 o X358 (W)
B F R BRAEMFR S ) 35 R AR B 55 (FE 1, =5.4 s
ZHIRE SIE ) o Rl B R] B4 RS | 3K 5 4 1 1
TR U I WA E 2 BRI A i (B 0G24
SEIROTE A 1,=16. 2 s B IR B 20 0 10 2% 5 B
BWA 1 RBRA0.6 mm, L FE 1, B2
RS IR B AR AR 15. 05 mm?

X I A A2 v AR BT B R B AT 2 AL T AR AR
TRUXT R A I T B B A0 B 6 (b) BT R .
XF L & B AE AR I A 320 o AR e S A b AR I A O
i R 1 T A N (E € o 3 1= B vl Sl
FEHE— A I DX 38R, 5V Sty T ) 0 {1 (5 3%
W /) o GITAA AR A R I A I i I AR X
WAKRF R 7.35 mm’,

t=117s

t=144s
- _—
1=153s
e i‘-’ r,
P 53
3 o o ~es b
. 4=162s
oG B
v w‘ I,
D> B H b m
- e

() HRIME IR TCEREY (b BRI Ty

(a) Without distal end trimming of the

graft, (b) With distal end trimming of the graft
T R A TR T U A X, 60,373 T il A X, 2066, X I, BP R R

H1 T RT FIBETH P12 2 () [] LA 14 A= %25 1)
A, SREUA 28 59 455 A0 10045 e v BE 1T 1 7 UE,
E, H.DS5EKRT My, i E, E, %R N
Pl vl #e LR A A B WL 6 (a) g,
Bz ], 2% 1 50 T HAREdE

L7 v K B RS A W 11 b R T A I
A T 326 i oA K BY A4S 70 AF N 57 B AT I A A
F2 B i R R A 100 2 v e e — R 4 XU R T

A8 TUART 45 ¥ 728 Ak, S S3OMF I 85 2 g X e I 7 4
PER AL . FEARE XA o3 XS y AR AR L
T BARGE X AR A FEA A W) A 1 L5 RETH
BUS (DL 6 ooy BFZ] P~ Py i BS54
LB, R BIRIA 5 55 A AT A R TR
BYRIARUIX S A B AL IR AR ) | AR B X 2
SRy FIRT, 455 3 2,



ER4EMOE $£37% $£3H 2022%F6A

408 Journal of Medical Biomechanics, Vol. 37 No.3, Jun. 2022
F1 FOEFTIHERS S B EfEmTR
Tab.1 RT and wall shear strain of 5 points on distal wall of graft vessel
. R1T/s v/ (s7h)
HREAYs F E, E, H D F E, E, H D
5.4 3.27 8.18 8.18 5.65 6.70 57.98 0.001 7 0.001 6 8.99 16. 30
6.3 3. 11 9.08 9.08 6.49 7.18 51.41 0.001 8 0.001 7 10. 14 15.85
7.3 3.23 10. 08 10. 08 7.41 7.63 46. 05 0.001 9 0.001 8 11.18 15.45
8.1 3.16 10. 88 10. 88 8.13 7.94 42.83 0.002 0 0.001 9 12.35 15.33
9.0 3.11 11.78 11.78 8.99 8.34 39.87 0.002 1 0.002 0 13.36 15. 14
11.7 3.18 14. 48 14. 48 11.76 9.34 33.95 0.002 4 0.002 1 15. 89 14.79
14.4 3.32 17. 18 17.18 14. 61 10. 04 30. 41 0.002 6 0.002 3 18. 28 14.57
15.3 3.16 18. 08 18.08 15.55 10.23 29.55 0.002 6 0.002 3 19. 04 14.53
16.2 3.10 18.98 18.98 16. 50 10. 40 28. 81 0.002 7 0.002 4 19.77 14.50
*2 FMEVMEOLFERS SFBRREMERYITE
Tab.2 RT and wall shear strain of 5 points on the wall above the anastomosis of the graft vessel
e TESAR R I L TESHEL BT i
%1/ RT/s v/ (s RT/s y/(s7h)

s P, P, Py P, Py P, P, Py P, Py P, P, Py P, Py P, P, Py P, Py
5.4 5.6l 4.12 3.41 2.23 0.85 53.27 98.39 255.13 735.14 4146.32 8.00 7.62 7.95 8.02 7.79 22.47 22.56 15.20 13.01 34.83
6.3 6.03 4.31 3.8 2.26 0.82 47.63 86.32 221.02 770.30 4173.59 8.70 8.02 859 871 8.48 2506 24.68 17.59 15.35 38.17
7.3 6.33 4.56 4.21 2.32 1.27 43.02 76.39 192.93 792.64 4166.04 9.32 831 9.13 9.33 9.28 27.77 26.96 20.03 17.73 40.96
8.1 6.59 4.65 4.52 2.31 0.78 40.27 70.38 175.63 804.62 4223.31 9.58 8.21 9.26 9.64 9.68 30.83 29.66 22.66 20.30 44.59
9.0 6.91 4.78 4.72 2.29 0.76 37.76 64.88 159.79 802.29 4246.30 9.71 8.03 9.24 9.87 10.14 33.76 32.25 25.20 22.81 48.10
11.7 7.37 5.03 525 2.38 0.72 32.80 53.63 127.02 728.82 4308.72 8.65 6.57 7.99 9.80 11.15 42.84 40.42 32.96 30.54 58.92
14.4 7.88 5.20 5.65 2.41 0.68 29.90 46.76 106.67 624.56 4363.10 6.45 4.92 6.49 8.97 11.58 52.07 48.87 40.81 38.32 69.83
153 7.95 5.24 573 2.40 0.67 29.21 45.05 101.50 593.56 4379.71 5.81 4.54 6.11 8.64 11.63 55.01 51.57 43.31 40.78 73.33
6.2 7.99 526 590 2.41 0.66 28.63 43.54 96.90 564.29 4395.66 5.30 4.24 580 8.34 11.69 57.85 54.19 45.72 43.16 76.74
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