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[Abstract] With the development of computer technology and medical imaging, the simulation of aortic
dissection(AD) by computational fluid dynamics (CFD) method has been more and more widely used. CFD
simulation study includes the simulations of AD geometric model, vascular wall, blood and blood flow of AD
and the information acquisition of hemodynamic parameters, thus, to provide an important basis for clinical
diagnosis and treatment. This paper focuses on the establishment of Stanford B AD simulation model and its
clinical application such as predicting the rupture risk of AD, simulating hemodynamic changes in surgical
treatment, etc. The progress and shortcomings of CFD technology are introduced, and the prospect and
development trend of its future application are discussed. (J Intervent Radiol, 2021, 30: 1296-1299)

[Key words] computational fluid dynamics; aortic dissection; hemodynamics

FE B Ik Je 2 (aortic dissection, AD) & H £ 3 ik
DA R 224 | It Y DA P9 B 24 11 A S 4 2 = B DO
L S B AR I DR 0 A T2 1Y Stanford
O3B OB NIRRT R A AE R T S K E AR Stanford
B Y AD, F — H BT ARE 40 3 3h Dk il 2L Bl )
S HE AN B, 20T LR 2 AR Bl 48 s 9 &
ARYT R BRI I sl 1 2 R X AD B )
2 RIT TS A A AN I R B TR SR I
T BN 1 2B AN Ty AR I S AR B TR AL AR A
W i FH R & R, SR TSR 77 2% (computational
fluid dynamics,CFD) J7 IE L AD 9% 28 £ 5%k 3K HL

DOI:10.3969/j.issn.1008-794X.2021.12.021

Feaf 3 8 1 2 A5 BB TR BTk — .
i CFD $AR RS 4f 3 1 i 0% 8 1 5 I = A8 AD
e MUk R TR B AR, IR O IR IR 2R P i
S

1 EASMEZRIRK

W AR 127 . A ROT T S BOR PR A
VFZ 27 3 TT 36 % 32 3l Jik RN 3= 3l ik 12547 o
FC, I AL — RINVBCTF LR XAl T B Bkos R CFD
B AT RE . RIS Bl IS 2 AR AR A F it
AL RE AL T, ES kPR CFD BF5E 4l

EE€UH: ZHEANKT-RERERKRZNAEMARKESETHE LTE (2018FE001)  ZHEEFR& A4

FRit %I BV H (H201623) | B B E R X S 01 58 4 6] #1 5 £ (2020S194)

T B 650101 B2 IR BRI 5 — Bt I B e 3
HfEVEH . & 37 E-mail: guolidoc@163.com



I AN 2F 2R 5 2021 4E 12 A4 30 45 12 ] T Intervent Radiol 2021, Vol.30, No.12

—1297—

T DTR] Ak g JHLAEUASE A 3] 57 % 1) A 1R A 1 SR A
TR U BT rp A A2 35 R P i BE AR AR AR A 52
B ok BE | 22 A AR A g AR A0 1l U 5 S B Dk
(] AR AR HT, LASSI A5 380 5 00 3 2 S A 19 1l 3 31 7
BRI
L1 I 3 91 2500

TR BRI L 3 SR Z
Wt Stanford B & AD 1M 5, i V& I 3 | BE 10 [ Jy I B
1 57 Y i 77 (wall shear stress, WSS) %45 2 H Aif #F 7%
MW ZH, Hd WSS &) 32 KW L i 8 71 2 2
B, WSS i B i A R sh i AR VR T
FIAEHEE S0 WSS T 32 8l BRI 2 Tt A1 0 XU T3
Wb 4 S ANE Y A BT R WSS ] 0
A8 A A PR 3Rk TE S IR A= & Jg vl e e 2]
SCARVE I H BTG R AN SERIIETE i Y B WSS
T A= Z ML 31 77 2% Z800R I 35 WSS (time - averaged
WSS, TAWSS) FifIz37 8 145 %K (oscillatory shear index,
OSI), AT H HI XS AD i B A= B2 AL 61 i ok 58 4
T I AN VS RETE CFD B8l rb 3 B ) B A3
SRIRAT 4, EXWAE—ERRE B T AT
R,
1.2 JUfa A g 5y

5% 35 00 390 2 3 3 T B LR B R A s
FLI0 8 JLAnr A5 7Y (CRARARBERY ) (H i T I3 3 7 2%
AR5 I SR BB LRI AR AR 5 DD AR OC | BAE A A
RY P AR 25 5 1 R SE PRAFAEA /N 2250, PRt 4 4
A Ak S i AR AR AT BRA TEORT A 0 0L 45 2R
Karmonik %£142008 4F & YCH AL MR LI SE AD M4
BERLUR , H Al 2 8Ot 72 i i CT 5 MRT 45 1%
BOR T AE 1 R B X AR A8 9847 300 ) = 4 8
d, IF HEAT AR O A FOAE TE | BT AR LA A8E AU R
Wt T L S N AR LA 3% ROR A ey 1 R B A 4D 25 2R 1Y
WA
1.3 AkHE M5k A

EH B DR RE O — B B A A W T H A
SR B AR B R Al i o s i ) S kA
BERPPE M DO, ST S IKE BERR PR S A
W5 5 K 3h DK A8 RE T AL S W | TG AR Y R
T, BRFR Ay P BEASE A {HEC S A 3 2l ks BE 25 52
MG 7 A2 T A8 F iz 2y WA R A5 50 0] 220 13X
FoRH B SOy B4 2R S LS L ) A A —
FE 2

hy il e 3 TR] R FOR B 22 E 5 R R AR R
Lagrangian -Eulerian J7 2 XF il ¥ 71 I 48 BE (8] OC & i

A7 R A AL, DA A5 21 5 ok 4 00 0 L 25 AR
Alimohammadi %5} Qiao %"t X} Stanford B 74
AD 43 590 51 8 R 1 B RS AR 0 A A A AR AL O AT
CFD A48 437, 40045 SR X e 43 Fr s, 3 R
BERURE LT A5 TAWSS 486 X3 {8 S 53 A 55 I R A5 764
FIFASAH L 22 K, (5 OSI 40 E0477E 1 3% 2 5%
BT A 2 W A R 1y 9 M A ek B PT AR LR
RGN T R S (BN ERS BT1 B = N T
ABEFE R 16 W BE 47 LR B (E] 24 12 b, TR
B A BAUNTE 29 170 h FRESERL, b m] SR FH
TR AT ik A SRS 7 3 R AT U R S R 3l
{67 At CFD 455 #Y 45 50l 353 e 3 1of ) 70 9K T ] 44
B A8 ARG | 58 R TR, HLAE — 28 240 (i
TAWSS) #0155 9 [ #8458 AH 25 A, Bt 7
VT AEBIFFE AT B e

LR PR 32 2 3 73 DAy i R L 40 S — A
BIRM Z A AR AR B T2 5O 506 AR
AN BT 48 ) AR AR R 2 T IR R AR 4R
T AR R AT RIS, IR A — 22 B R . Liu
SEUSIRIE 5 % PR AR AR 1 22 A I I 23 5% e AR AORMIRR
JE R R 1132 i A B sl Jok o R T Ak & 2E ANk R | BRIk
AR R MLV B 5 53 A BEATTH 5. SR ] 22 AR AL A0 A
A/ Qiao A5 7R E SR FHSURH A AR 0 0 (445 R 3E A T
B, 2 BB R B R WSS 3 % IK T P AR R WSS,
BLAh , Tse %5 I 5% 48 H 1L P9 21 40 B 4 A AR 4
55 AR T A 5%, B 41 20 it 224 1 A ks 17 7
ARASERUASTAL 7 fi B A b, S5 R 1ML VR PN 0 240 i i B0 A
S AAE B, X AR T A LY

1087 4 =) TS I B PN N € o ) = R |
TR B e RV T 3£l 75 O B[R
T, BT I A G I A I
JE Ko il A8 AR A X VR ORGSR  , — JBORE TR AR
/NTF 2 300 MR SIE R Z G, G v O o il B
PR (=4 000) 2 KAz i i . 45 R ZHUE 00T i
JREN 2 8l Bk 9 I B RS R R R A AD I,
MR 3 20 AR 3 25 DAL il 4 T 285 el A iy B AR 2 e 4k
800 DA I B — A AR B AN A T LR
14 A % T et 5 28 P 9 B B W 5K TR L B0 ik
TARERCAE 0 2L 10 4 R R L Bl I AR AR A e AR 4R
BAF ARk S AR A 34 250k A8 I DA I AR S
A BB o 75 T A Ak T J22 90 R A 1t 9 A2 T G i AR
B T 3h , A7 B g At CFD AR LR /R e )2 Bl ik 2
i PN I S 2 0 (R A ), i v 0 Bl R s 2
DAL Ay 2200 {18 s It 9 2t 5 A, R P i 3 PR A



—1298—

I AT 2F 2R 3 2021 4F 12 H 5 30 445 12 ] ] Intervent Radiol 2021, Vol.30, No.12

2 MBI I I i 3 U i R A 76 3 D 5 R PN o
T U DIAR DG

H AT, 28005 BRI FAA R B RS A
WSRO BRI 25 2R, IF R R AR B AN (A AL)
B AR B X AR A B S R 5 B o Ar e —
SE2EHR , BEE B ROR R X — 1 WA Bk
Mo A RIS 1 B A PF (il i ) E AL
NI RE, TR R R A S AL X L R iR 1R
(phase-contrast magnetic resonatnce imaging, PC-MRI)
ARWCAD BF MRS E, IR A A D Ak i
PR UATREE, Pr A0 B4 R ol 5 4D PC-MRI
FIWLIN 45 SR IEAT Lo, R E B A R —
e,

2 CFD #&#l AD Iifs K Bz F
2.1 X AD KU PFA

REAERF A 8 R E Bk B (=55 em)
TEVEZ FE IR KU 500 v Ay 32 00 I 48 F5 =2
BT 997 B 58 4 o, 3l K AR AT BB AN A 35t A 1 9%
s . 3 2l DKL 3 S BB e S Bl KORE TC ) A
BLPPAL R R SCHEE T, T AN 2 A T AT 1 O T H nl &
PESRBEAE ™ B L, LA AT 1 2 8 485 2 7
JRURS: TR 48 AR B VF AN 3 X SE RIS Rt iR
0 S A I B D v R BBt 3h ) 2 2 8, )
P 8 XU R RE B BLATANEL, F AT R T 000 st
B Ik e J2 R A 1 Il B T 2 SR, AR WSS
e B A BB ) s T g 22 R WSS A5 00 it
Hb  Xenos %253t 254 1ML T ) 77 2% B 25 5 07 T
22 o R AU 28, W S B R E WSS FISR BE R AT E
T LS, A5 2108 7R i 2445 %X (rupture potential index,
RPY) , & B2 45 B0 70 B 28 DX v, TE R il 2L IX
B
22 B R T ARG RCR

Hayxt B & 24P Stanford B 4 AD B 11677 M K
F K NEE K (thoracic endovascular aortic repair,
TEVAR) . %A 2 1K 2 1R S0 208 A K JZ 3l ik e
Ji O 3f DAY e 22 T e 1, SR B Bk RO AR 2k
Pe FEAR N AR SR P, AR ) iz
Tl R AEAT A A SRR L AN T AR S B & i
B G RAE I, CFD R ASTHDL 78 I S R R i K AH
LA S L Bl 1 AR AR AR A T 1 R 15 U 58 e e, 1
fift TEVAR A BT () 35 5000 A 5 s 22 e A A kS
Qiao ZFP5E 3 #5148 TEVAR A i J5 244 Stanford B !
AD AT TTRCR R B I SR 2 il

B K 5 T 1R L3R 3 ) 2 SO A R,
PS5 P JE 4L Stanford B %Y AD 7 8 57 48R 97 i
&, DAWFoE SCHR R A 0 3 B ik WSS 0 A i 52
Wal , 25 5 AE FE 3h Bk = 5 18 43 32 3% H2 b B ik 3
RS R 2 {0 L I A8 BE RS2 AR N T, By 5 | R Y
T 1 RO 7 3 B AE A% A0 B BT S AR Ma SR RO IE
B4 TEVAR A i 72 9078 5 S 2R A A J5 5 | B F2 30
JoOE g s S T A A 3 Bl Dk B RE SN R X AT BE 4y
51117 Stanford A % AD &4,

Armour FF1SR A CFD #iill TEVAR R J&5 AD IfiL
T I BT S T I I 5 B U7 45 2R — B0, BT i il
15 = 2076 vy [ B 5 25 52 W) 0 44 B 1, Costache 555"
B XF 1 452 445 Stanford B 5 AD & R £ )2
ML 32 98 45 %% (multilayer flow modulator, MFM) G 97 ,
JER M CFD #AUAR G 3 AR U716 &0, PAFFE AR5 1
BN 12 A A K T B K R XS R
AD WRITHRAL T U5 SR A BT DR B A
H R NERAIBIT I &

3 RE

BE 2 T AL AR K & R CFD AR 2 4k 2
FEMEE, SR TAERNIT LR, AD B2
T i 2, 0 T LI R B U B isF o A b Ak
I PRUSR . w PE e LA BT e o o e 500 K AT
Bl 45 S 0 FLAAULERT 1], DT S B Je A IR 7 ik
B LR BB AR B S BHIR YT B2 Munshi 55 25 1 2
Al T CFD £ AR XS AD A58 iE 17 A sh fki2 97 I
FHRE T AR AR , LA 52 90 D 0 5 15 B30 2= 005 B 4%
F ShfbAb B $ Sl PRS2 B M B AD A HLG
FLAFTE AR A 8 23 Ry I AR 5 Vil 0 £ 5 i e o &2
e S A

(& % x #]

[1] Ryzhakov P, Soudah E, Dialami N. Computational modeling of
the fluid flow and the flexible intimal flap in type B aortic
dissection via a monolithic arbitrary Lagrangian/Eulerian fluid -
structure interaction model [J]. Int J] Numer Method Biomed Eng,
2019, 35: e3239.

[2] Grabenwoger M, Alfonso F, Bachet J, et al. Thoracic endova -
scular aortic repair(TEVAR) for the treatment of aortic diseases:
a position statement from the European Association for Cardio -
Thoracic Surgery (EACTS) and the European Society of Cardiology
(ESC),in collaboration with the European Association of Percu-
taneous Cardiovascular Interventions(EAPCI)[J]. Eur]J Cardiothorac

Surg, 2012, 42. 17-24.



I A2 2R 2021 4F 12 A58 30 455 12 W] ] Intervent Radiol 2021, Vol.30, No.12

—1299—

(3]

[10]

[11]

[12]

[16]

[17

[

Alimohammadi M, Sherwood JM, Karimpour M, et al. Aortic
dissection simulation models for clinical support: fluid-structure
interaction vs. rigid wall models[J]. Biomed Eng Online, 2015,
14 34.

Sun Z, Chaichana T. A systematic review of computational fluid
dynamics in type B aortic dissection[J]. Int J Cardiol, 2016, 210:
28-31.

Bonfanti M, Balabani S, Alimohammadi M, et al. A simplified
method to account for wall motion in patient-specific blood flow
simulations of aortic dissection: comparison with fluid - structure
interaction[J ]. Med Eng Phys, 2018 S1350-S4533.

T, M BEEE A 4. Stanford B B! 3 3 ik e )2 #(E
BUATTEHE R [T ]. s RHRaE, 2016, 54:477-480.

Qiao Y, Zeng Y, Ding Y, et al. Numerical simulation of twophase
non-newtonian blood flow with fluid-structure interaction in aortic
dissection[J]. Comput Methods Biomech Biomed Engin, 2019, 22.
620-630.

Campobasso R, Condemi F, Viallon M, et al. Evaluation of peak
wall stress in an ascending thoracic aortic aneurysm using FSI
simulations: effects of aortic stiffness and peripheral resistance
[J]. Cardiovasc Eng Technol, 2018, 9. 707-722.

Condemi I, Campisi S, Viallon M, et al. Fluid- and biomechanical
analysis of ascending thoracic aorta aneurysm with concomitant
aortic insufficiency[J]. Ann Biomed Eng, 2017, 45 2921-2932.
i RAET. ES KRR AT ()] SRS S s
i, 2007, 12.84-86.

FEECAY, RGBS Ve A ae, A5, 1 8 RE T 5T D) 4 ) & K FLil
IRWFFEHEE[J]. v A= W B AR 4R, 2018, 37:593-605.
Osswald A, Karmonik C, Anderson JR, et al. Elevated wall
shear stress in aortic type B dissection may relate to retrograde
aortic type a dissection: a computational fluid dynamics pilot
study[J]. Eur J Vasc Endovasc Surg, 2017, 54 324-330.
Kadam A, Gersch RP, Rosengart TK, et al. Inflammatory
monocyte response due to altered wall shear stress in an isolated
femoral artery model[J]. J Biol Methods, 2019, 6: e109.
Karmonik C, Bismuth JX, Davies MG, et al. Computational
hemodynamics in the human aorta: a computational fluid
dynamics study of three cases with patient - specific geometries
and inflow rates[]J ]. Technol Health Care, 2008, 16: 343-354.
Zorrilla R, Soudah E, Rossi R. Computational modeling of the
fluid flow in type B aortic dissection using a modified finite
element embedded formulation[J]. Biomech Model Mechanobiol ,
2020, 19: 1565-1583.

Armour CH, Menichini C, Milinis K, et al. Location of reentry
tears affects false lumen thrombosis in aortic dissection following
TEVAR[J]. J Endovasc Ther, 2020, 27: 396-404.

Dillon - Murphy D, Noorani A, Nordsletten D, et al. Multi -
modality image - based computational analysis of haemodynamics
in aortic dissection[J]. Biomech Model Mechanobiol, 2016, 15:
857-876.

Liu X, Fan Y, Deng X, et al. Effect of non-newtonian and pulsatile

blood flow on mass transport in the human aorta[J]. J Biomech,

[19]

2011, 44. 1123-1131.

Tse KM, Chiu P, Lee HP, et al. Investigation of hemodynamics
in the development of dissecting aneurysm within patient-specific
dissecting aneurismal aortas using computational fluid dynamics
(CFD) simulations[J]. J Biomech, 2011, 44. 827-836.

oo BRIE A S &, 5. DeBakey I 5= 3h ik J¢ )2 if i 2
T2 BUEBHU W00 B 5T [T ). A AU 272k, 2010, 19:
683-687.

[21] Chen HY, Peelukhana SV, Berwick ZC, et al. Editor’s choice -

fluid - structure interaction simulations of aortic dissection with
bench validation[J]. Eur J Vasc Endovasc Surg, 2016, 52: 589-
595.

[22] Baumler K, Vedula V, Sailer AM, et al. Fluid - structure

interaction simulations of patient - specific aortic dissection[]J ].

Biomech Model Mechanobiol, 2020, 19. 1607-1628.

[23] Ergin MA, Spielvogel D, Apaydin A, et al. Surgical treatment of

the dilated ascending aorta:when and how? [J]. Ann Thorac Surg,

1999, 67 1834-1839.

[24] Svensson LG, Kim KH, Lytle BW, et al. Relationship of aortic

cross-sectional area to height ratio and the risk of aortic dissection
in patients with bicuspid aortic valves[J]. J Thorac Cardiovasc

Surg, 2003, 126: 892-893.

[25] Evangelista A, Isselbacher EM, Bossone E, et al. Insights from the

[26]

international registry of acute aortic dissection: a 20-year experience
of collaborative clinical research[J]. Circulation, 2018, 137. 1846-
1860.

Munshi B, Parker LP, Norman PE, et al. The application of
computational modeling for risk prediction in type B aortic
dissection[J ]. J Vasc Surg, 2020, 71: 1789.e3-1801.€3.

Xenos M, Labropoulos N, Rambhia S, et al. Progression of
abdominal aortic aneurysm towards rupture: refining clinical risk
assessment using a fully coupled fluid - structure interaction

method[J]. Ann Biomed Eng, 2015, 43 139-153.

[28] Qiao Y, FanJ, Ding Y, et al. A primary computational fluid dynamics

study of pre-and post-TEVAR with intentional left subclavian
artery coverage in a type B aortic dissection[]J]. J Biomech Eng,

2019, [Epub ahead of print ].

[29] sl FEUE, B 4, AR w2, B ST ARA T 8 Ik e )2 i A B

JLoM T[] BEHA Ji%, 2018, 33:326-331.

[30] Ma T, Dong ZH, Wang S, et al. Computational investigation of

interaction between stent graft and aorta in retrograde type A
dissection after thoracic endovascular aortic repair for type B

aortic dissection[J]. J Vasc Surg, 2018, 68: 14S.e2-21S.e2.

[31] Costache VS, Yeung KK, Solomon C, et al. Aortic remodeling after

[32]

total endovascular aortic repair with multilayer stents: computational
fluid dynamics analysis of aortic remodeling over 3 years of

follow-up[J]. J Endovasc Ther, 2018, 25. 760-764.

Tomasi J, Le Bars F, Shao C, et al. Patientspecific and real 4ime

model of numerical simulation of the hemodynamics of type B

aortic dissections[]]. Med Hypotheses, 2020, 135. 109477.
(Wi H 481 :2020-06-30)
(KX . %)





