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Abstract

Esophagogastric variceal bleeding (EGVB) is one of the most severe complications of cirrhotic portal
hypertension, and its occurrence is closely associated with elevated portal pressure, collateral cir-
culation reconstruction, and local hemodynamic abnormalities. Traditional risk assessment meth-
ods primarily rely on endoscopic morphological characteristics and portal pressure indices; how-
ever, they have limitations in reflecting the local hemodynamic environment of variceal veins. In
recent years, with advances in medical imaging technology and computational power, hemody-
namic analysis based on computational fluid dynamics (CFD) has gradually been applied to the
study of the portal venous system, offering a new approach to elucidating the biomechanical mech-
anisms underlying variceal formation and rupture. CFD enables the quantitative analysis of key pa-
rameters such as blood flow velocity distribution, wall shear stress, and flow structures based on
patient-specific three-dimensional vascular models, thereby providing potential quantitative indi-
cators for EGVB risk assessment. This review summarizes the pathophysiological mechanisms of
EGVB, outlines traditional risk assessment methods and their limitations, and focuses on the appli-
cation progress of CFD in hemodynamic studies of the portal venous system, including modeling
workflows, hemodynamic indices, and related research findings. Additionally, the main challenges
and future directions in current research are discussed, aiming to provide new insights for individ-
ualized risk assessment and precise treatment of EGVB.
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1. 3]

B8 B KK i 5K (esophagogastric varices, EGV) & A AL |1 &7 ik /& s % I BB I I RE 2 —,
A 24 H Ifil (esophagogastric variceal bleeding, EGVB)/& T EUH 4k i E FE T W EZL R R o AT i 0 F i
Ny 2 50%~60% 1 FFAE A0 B8 AR PR 3 FE I RE P o Y I B B AR K 5K, AR 4T 10%~15%H
BE R AT I TRBER L, R S HGYT, 6 JRSEER AT AL F] 15%~25% [1][2]. Kt #EmHIR A
i fE R AT R T, R EGVB A AT 36 1) B 5 .

H AT R _EXF EGVB KU (1 VAl 32 B T 0 Bk 2 2 1T KR I ARG 3R bR . B8 B T 18 5ibk
INHNRIZI EGV Habnd, I P4 Mok ik i /N TEA LKL OAESERFE, BT DO 82 HEAT IR
K 2[3]. M4k, BFERBKIE 7186 2 (hepatic venous pressure gradient, HVPG) 4 Fi T V¥4 B2 EGVB X
[4]. TR, —HORAIBRFEIE, MR, W TP T # K R4 iR sh 71 R E[5]-[7].

JE EIRTINEAEIGIRSE Rt A EEANME, (AFEE—ERIR. BEE R B AR H R K
J&, T HSIRA J % (computational fluid dynamics, CFD) I LA 5 F7 5453 #3285 AT 7 ML AR 0 45 4E
MEETH, ETEHFZEEIRERN =4 mERA, CFD 1 BB Kf# Navier-Stokes 75 PRI ML 7E
TR S RS, TR Guili PR 77 Mk DL B 400 & 1) LR 8h /2% 2 48] [9]. IXEE sl )%
FEbRAE SN K REREAL . B KIR i 2 RS VP S A0 O ) 2 9, RN R % S B Il A J 38 0 2 A 5
S AR AR 10] [11]6 34K, — et T4 CFD J7vE R T 15k RS i sh 7150 78 [12]-[14]
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SR, BGV AHSRILAES) 712 A 0 FEU A TARR FIIR Be. 2Tk, ASCRGERIR 7 &8 B RFH kil 5Kk
THCZRE L L PR B0 A PR Rl R AT KB VAL 705, IR SRR D1+ AE EGVB R Al b R A

2. REBFHIKENGK R I AR I A

EGVB (R ANLE P 2 2= W M s /15 SR R S5 B, Hoh @dE 1 Tk R g A e,
S B DU R gl SR A Bk BE 5K K n S A

2.1. [ TRRBKE ER B

Yk e 2 B K A il B B B ) A FHOIRES , HEAR R 1K R R e e T i 1] 4]
I I v T T J T 0 R IS R BRE PRI 3R - P L BEL 0 18 I A T i K L i B 1 b A2 A AL 1 A o
JAFSE S T YA AN PR AR S5 75 T i S B SEGS M R A e B, BRI R M N IS B . SR E R,
S P9 B A T B S e AL DR (A B R - D3 BBt — 2D I E R P L RE A3 157

B 7 AT B3 AL, TTE K R G BRI Eh 0838 . ERFEEL RS b, i T R E 5Kk A
S B BT BE, AR R 2 N, BE BN T K [, TN R T T ks A T 6] 1K —
MR T PTG - RE N BB PEIRIA, 8T ik e B i R

2.2. KRS BFER

TS AR ST i, AU 2 @S T IR SR OB T T K R GE IS 7)o %0 FE 2 Ehd i
A /N A I 3 K A i A U T F SR B, AT 358 2 10385 K . it A e N AR IR [17]

FELZ R VARMISOER B AR - SE RIS R B —. AT KIS TR, KRR
Vil B 2 SN BT BORE R B KA, UL DL B SR AT i B A R bk K
UbAh, B AR K B e KR 2 SO SCOEPA,  AT TR S Tk i 5K 18]

FEMSCAGI T B R, M BE 2 P B 25 S B0 . W JUR T, o oI IR B A0 i K 9 A
i, SR PELT e AN SR AT AEHE ) 3L, A a5 BEATUARGGR BERRAR [ 1970 [RIIE, o S0 Fk A I 900328 P2 A0 [ 77
AR A S 2 A S SRR B KA T R I AR K

2.3. KBRS FHLH

S A A A 2R AR o I B P R 52 (KILBROSE 7 I FL A M SR 8. B A R,
FLLER Laplace fEMHEATMRRE. X TRIELMA, FHEEFK /(D)5 A A 5 71(P) M U 42 (r) 2 IEH 2K,

T -5 L B JEE 8 () S22 AR O
Pxr
w

HRHE Laplace EHE, 40 1B KR Syt mms, Mok &bk v s JubE 2 38 n; SukEes, dhokseik B g
PR L JE PR AR, T S B B K Ay . 2 BESK 7R i RE LS My SRR, RITTRE R AR AR
[20].

I PRI 7S FFIX — B . T, PIBE T W52 30 IR 21 CO AE At DA D A o K i Pk B s 0 A0 R 1 g 4 v
PRI, 5 H R R A SE[21]. thah, dhakE k)R & IMRsh /1255, WEREE . B RE s 1
PAS i i, 0 nT e S B BER S AN S 404, NI G I 2R ARG [22]

KA W) R RN, IR R AR T T T AR R 1K, 165 RS sl /1 % I 5% )
K. R, ARG &S 22 BUE JTFa bR I VPAL 77 72 ] B8 TGV 56 4 S Bt it o 5 Ak 1 30 S 2 R, g
T E AR 7152 (CFD) I LR BN 77 5 23 At 9 Fax — in) @b it 1 38 A T E R

T:
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3. G ARITL T %

FERTREAL R ey, 0/ T O I o S AN R Y I RIS ) VP 2 A P9 B 25 2% 1 M s A AR A
AR, — AR A BRG] PP TR IR R S8 M B0 /1 7R

3.1. AEEETE

3.1.1. REE+ZHEER

BE BT iR e B ki sk e baE, i B AT R TEAl RS e . A
BRG] DL EL LS h Tk i K AT AR, SRR/ TR DU ZLOAE . £ i K il 5t o XU 17
At B8 JUATT T3 A IR TR o ki ik LA B P AT 20 CUME ) R A A L L ) XU, S 25 T v o BB, 2 TR R )
A 08 FHH AR A8 AT R S B 2, DAV e A 7 O SR BRI A3 9 5 it

SRT . PBEVP A BB 2R, Xk LUS I S K A B S S LR B T RS . Ak, B
RE R TRAESRME, S0 8B WMEEZE, DA R IIBh A IS VP o (4 B A7 — R R IR

3.1.2. I'TERBKE S

JFF B R IS 16 A VA 1) Mok o 6 ™ EE R P O B B b, O AT A DR TR RO 0 0 A
HVPG 38 b 2 B 5 kB s 5 1 pl B M 2 190 ) 2 A SR DR S e 8 ik s 9 7KF o B R 3R BA, 24 HVPG
> 10 mmHg B 3R A7 7R I R 525 115 ks &, 170 HVPG > 12 mmHg T 55 25 386 £ 6 ik i Tk a2 1fi X,
Ki[1] [4]. HVPG AMYAERE F T T o XU, 348 AT FH 9748 25 990 97 ROCR[15] .

RE HVPG HA R EMIERNE, BHNEFENNFERE, BTAOSE, KIEIRKRIE S
IS AT 52 31— s BR

3.2. ZBIFEETE
BEE R AR BRI, —LETE BTV W A T VA4 T 18 bk = [k S EGVB KUK

3.2.1. SEHBE

20U SR R VA TR K R G M5 F M SAR 2 02—, T DATRI A S e 1 ik R G I 3 70 2
WA FRTCRIT, 1B WL T 3 AR A0 B AR A ok L0 18 o 455 11 Bk v 2 B AR 9 23]

SR, 224 ke P W 4 RS2 A G IR AN R R R SR N R BOR, A e VTN T B K 15
T O HE R P A R

3.2.2. BRATSEMERR (%

Mo 5f e G (5 3 ) 2 B DA B A AR P (M B AR o AR SO R I, IO e A it
S TE KT S B — MR, DRI T P T A TN A K o ke % i XU [24]

LT FE O, AR 00 R U I A 2 T Mk v T LA K 2 W (B [25] [26]. AR,
TR T T K R BRI MR ) J1 5 R
3.2.3. RO LR IRAR IR

FEASE % EE G L3R B4 (phase-contrast MR, PC-MRI) g % e f il & 1L 378 3 P A 5 o 1% 73] DA ]
ik Ak K% B 2R RS B L AT R T, AT DR AR T T ik R B M 3 1 2R A 271

PC-MRI EA7 JC ORI AT & (A 35, (R L2 10159 HF 30 AT B, Mk LAHE B DA 4 /N 00 S0 B0 e 1t ke e fik P4
HR IS o

4. WEREHZAEZARE EGVB R PRI
B L A AR R 5 SR8 A (R R, CED {17 S O 9252 2% M RGE ML) J0 - B T A
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I PR A R AR A 1 = MM B S B SRR B /155 RS, CED 5 JOAT LASRAGA% St i Ao 75 4
PAELFEIN S R MRS /)28, R i or A BRSBTS A SR sl G5 A0 5 o 3K L S HU0E B Ik BT 7
e TIZ ML, TR N BENS SR IS SR 3 S A SR PR [8 ]

K, B CT Al MRI =4 BORRIR R, —LeBt FEIT A28 CFD J7ik ] T TRk R 50
B B KK MRS )20 TT, DARER 5K s R v e AL [28]

4.1. CFD BRI

FETEEERAAZ ) CFD WHFUIE S A HE DU LA G IR AR EOR I, I LT AR . kg &l
I3~ TF AT BEE UL REUE KR A

%6, i CTA 5 MRA SR E# K R G2 A8 580305, IF8) F B2 2 S AR AL B4R Mimics. ITK-SNAP
SEVAT YRS A E R B a0 IR A AT P A BRI v R o R T B T AR AR 4 R
HAEZER, KU R EHAT NS GRS IE[29].

FERE T FOL R T, MR 2038 % 8 K% Navier-Stokes J7 F#HiiA :

p(g—?+u‘Vu):—Vp+yV2u

He p NIMUAREE L, w N &, p NET), w NSNS .

BT RERR T IR I P ) R SR B P E G R, A2 CFD B BRI JERN[9]. SR, AR
FACEEAR N EAAERE 2, X RGeS /= AR B . a0, 78 My AR AR Y i 1k ¢
b XPTORIME MR, VR 2R A AR AR, T 5 — e s SR AR B D) 2, JRA iR
(4N Carreau BY, Casson #57Y)GE 5 AR HOA A L () R0 AR AR, DA T 52 M B [T B 70 2 77 1) 58 #4530
[31] fEMAEEED S &R b, ZHEF TR T AR, s B e BN, 288 T I ek 3)
FEANHIEAL . AT TE K RS RIFEAAAE — S REFE KN, R T W B A 5 T e 2 ARG Ak B8 T B 70 2 7 P B
23404k, DHCK I B8 A (Fluid-Structure Interaction, FST) /772 (IAIF 5 223 45 7~ ML B T A8 o) a3 308 ML g A
HAsmd, (AT @R Bt R oA m &, AR T Bk e R A3 ) B2 AT 143 BR

R FAFHBE R CFD 17 SLHERAPER OCHE . XT T TR IK R Ge, A 0 5 2% 138 5 R FH ok i B il
Frok A, T S 2% A U AT SR FH s 77320 3 B B i S 2 SR A HUUAN [0 S A8 B (1) It 3 A [12] [32] [33]-

4.2. MMEFIHFRIRER

CFD TR A MR B ) A48 R fih 1 ML A8 P BRI B 46 48 B A8 BE 2358, W) 20 g I Y ASE A8 A i e
T LR EN S35 4R FR[34] o B J2 ] T 400348 M8 8 A IRT Sl 28 KRR AR, 70 i 28 0 S5 e L 97045 1 5 B 2 T F A
HAEM .

4.2.1. IFEERIEHR

w5 DL A 2 A 0 F T AT IR 4 A L R BB IR S o X SR b i 5 S W I i e T A BE
FERURAE, X A5 098 1 R A R e LA S R

(1) I iAe e 5

L0 T8 FE R B i AR ) I B ) 2 AR bm 22— FL 2 18] 43 A R s B IfiL At In e kol B it 4k 73 B9 A B 52
TEVTE K RGeS AR A5 I LA 450 B i 3 B S DA DG o R Fee ], Itk 3 A o £
e S L 98 145 T B IS T BSOS S (3510 b Ak, FESNIBKIRERIE 7e rr, RIS X355 5 A T Rl B 9 I S AH
O, T e L U T e 5 SR R TR S BN, AT 2 0 UL B AR E 1 [36]

() W
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T3 S5 T TR VAL 5 B2 Y B AR A, FLE SOV e -
ow=Vxu
103 52 BE A8 S WL VAT H ) e 2 S5 A R R B BT V) = o IR, A I 4 S s ol DB, R P
T X3 A A B R A B S5 M R e FERE I3 7] TEBIIK R GeH s i 5 X 38 m] R a3k IfiL /MR 3% A 2 A
TR,  [R)IH T 585 350 A5 B SRy 1 ) AN 59 3 A1 [38]
(3) WRJERE
WR P TR A S i 2 AR R &, HARIE U8
H=u-w
WRBRAE NI T2 A7 AE, BNV RE NS 5 i MR AS & VE IR I iR sl 70 B9 [39]. W FERII[40], &
JE R AT B T e RR MRS e, TR 5 4V K R L T e S BUR W IR sh 4548, AT S e I B 27
.

4.2.2. BEEMRZHFSE

‘i DL PR BE T I 30 ) 2 FE b G B BE T BY VI B ) R AT AE S8, X Se TR bR AE LA A B2 4t D e 1A 1
I 98 DK LA o K AR R e R v A R (41

(1) BEMBIYIN )

BETH BT Y] N /) (wall shear stress, WSS)/& ML AE A T ML BE R BE 4 7y, HRIEIN:

Oou
wss=uZ"

b NI IIREE, u NIEFE, n NIERTTIA

B [ BY U] B 345 A TR I P R 4B B D e ) B M LRI . R B FE SR B [42] [43], % WSS
3 A5 MR R AR R B VI DG . N, FESIKSRFEREALH 7 b, (K WSS XA £ 2 BEHUE i i
R, MAENE F S IKRAR S Fer, AN BOE T S5m WSS XL e A, MILE RV FHLEIRE,
WSS J@ it WL F (mechanotransduction) & 2 B 521 N L AN ARLIMTEAS . DhRe SR HE R R . 7RIk WSS B
PG BT VIR Sy XI5, P B 4 e o R B R R AL, RIUAREM 77 (W VCAM-1. ICAM-1)3&iE il
N R — A S B (eNOS)EME TR, AT (2 13E B A2 240 L 285 PRI UL B B 98 S I [41] [42] KR WSS
NI 225 5 N R 40 L 1) 1) 53 7 A (EndMIT) SRS/ 1 15 JUL 200 e 8 R ) 1 2R e, 3 880 7 e 4 )
WA ENE TR A, mi WSS ] R i 0 58 1 < 8 5 B (MMPs) B 4H i 7 ot , ) 55 158
BERIAUOR R, AT 3G DAB R X o X LU E B0 ks A s ks e AL i AR 22 300k, B ok
RN AR AL SR A  F B A 2 HE S

(2) o [H]SF- 2 B TR BY U1 8. 7

BT I B A B R KSR 1, B — B 20 1) WSS AT Mk LA T S R i 80 /) 3 58 . BRIk, W 9E sk
T8 K FH ek 1) P 25 B T 89 51) B /7 (time-averaged wall shear stress, TAWSS)#EAT 1A, Hit50 A k-

1 T

TAWSS = F{'TW (£)|d
Horb, 7, (¢) ARZI ¢ EETBT VIR ), T 0sl . TAWSS Be5 S i — A0l i 1 P LI i BE
(PSRRI, B IR 1) X 30 5 5 P B 4 D) B8 5 85 B JRE SRR AH 9K

(3) TRZHVIHEEL

7 % B9V $5 % (oscillatory shear index, OST)H TR BI V) 1177 M 7E — A0 s AN AR AR RS, 115
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T
T, (t)dt‘
om:ll—iL———

2 j: 7, (¢)|dt

OSI (EMETE FE D 0~0.5, OSI #2ilt 0 o ML BE JT 52 1) BE T BY D) S 3 75 1A, RIILIAL 77 ) B8 e
5, OSI BT 0.5 Fo/RBY V)R H7 77 AR E AR, B M LE O3 A M IR BRI ZL . BF5R I, & OSI 3
Bin B S BN AT RE S, Rt S BRI RE AL BEBR AT [ 44] . 7E jE SRRk, b I A T A5
MR ZEEL, JoH AT RE IR OST X8k, X Al % 14 L A0 202 RESEF-40 P B 40 B (1 B PR 21 R S 20
Fe, WOMEEIENE, 9 A BRI A I EE K 6 i 2%

(4) FHXF5 BRI [i]

AHXT 15 B ] [F] (relative residence time, RRT)& — MM & 4848, HitHZES T TAWSS f1 OSI:

1
(1-2xOSI)- TAWSS

RRT F T s W 0L 7 I 765 e o 45 B s A (4 3, RRT 4658 v $i s ML Y7 388 2 A B AT AE SRy B I T 45 4
WEFLFRE, XM X I nT Be 2 (i 2k M/ NR B B A AR T R, PRt RRT 7 AR PR AR A S a2 B [45]
[46].

423, BL&

BARTT S, X MRsh 1 # e bR e AN R A0 B2 s M i vie . I BE . LUK & 2 [AlfM BAE . 76
SRR, XS Fe bR O 2 T TN sh Ko RERE AL . A T i DA R 3 kR B 28 XU A B
CFD HiARLET B KRG AR T 2 N, XS SN &4 B R AR ik il 5k il 24 U DA 3 At it =
th %,

4.3. MAENHFERSHKBERE

B R M SRR R I A A S 2 AR R AR G, L LA Bl ) A A A A R R R R
[47]-[49] ALEERK, W FLHE TFAEHFIAT CED J7 ik LIRS 735 0 L7 M T1 i Ik 8 ¢ S A SEAR A R ML AT RFAE -
BT R B TR KIS 70 MRS DL R R ML 5 7 2 5 4 55 5 THI[50]

4.3.1. @R IKENS H MR BE

UK DTt e K 5K B R R oL o IR PRI T B, T #5006 B 5 e ik
il e R 25 DA D[S 1] B3 P AT MR 7 A Bt i A P R /N T 8 AE DA B 1T 5 Bk R 77 7K S T
YR I BB D R [3]. AN, 2RI, 24 HVPG T B3 ELIE LR 20%H %5 3 £ 5% EL T 12 mmHg
i, &3 EGVB XS ARAK[52] [53], XUEB] 1 T TE# K& D78 R A i e E . T AR
PIF K T e & B D d gk B K IR /7. AR4E Laplace &, M/ BESK A 5 1% 42 K I A1 E
Bb, DRV KO 70 T v £ 5 2 184 M o o e ik e 2 XULS: o

CH Z 0 Ji A5 B CFD 771k, Tl HVPG 8] #5 ik He 77 #6 B2 (portal pressure gradient, PPG) [54]. Qiu
SEN[SSIHRH T — M TIGRIER HVPG, 456 1HE RISl B PPG Bk, 45REW, X1
36%H)#%, HVPG 5 PPG fEEIRSRAIHI S PE(R = 0.7499, P < 0.0001), 1H 36% & [ #5 ik i i 7™ H AL
5y FEWARAN 5 B A O SR A R0 S i 28 1) i Pk P 28 J8 5 . 7 Qin 2 AR 53 — T L P [56], ikl i
JIE DX B SR 2 ALY R TS BTN PPG 1H, 455K W], CFD 7-#r 33111 T ik & & 5 10 PPG E 5
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A B v P ) 4-(23.93 mmHg vs 23 mmHg), TIPS AJ5 ) PPG i {E B 15 11 PR ¥ 413 (10.69 mmHg
vs 11 mmHg). Wang 25 A\[57]HH T —Fh B3GR T VE R 0-3D 22 R BT AR FA T SO R FH 1 F000 11 365 Jok v I
A ST KT TR - AR (TIPS) AR S5 1) PPG B, TIIIAE 5544 P S4B 55 25 AHOG(R = 0.93, P < 0.0001).
Xiong %5 N[S81E T LM ¥ s A A, RIS 220, T 7 A3 TIPS AR AT FIA S5 (1144
JEJIRRRE, S5 R, o TS R 5P Q) St S 2 525 2R AT 9E(R? = 0.998, P < 0.001; R2=0.959,
P <0.001).
FRWEREN, HERAA ST E ORI R TR ) R B e R T R O B A

KON — BT SRR ) 7 VEVEAS T bk R SR B R T A 2 i R BRI T S

4.3.2. 'EBRK M IEIF MR RN H %

[Tk R A e A 2l T R VAR SRR CLRRAR Tk R G /0, Horb B i ilk— R #
ik 28 Gt 7 fo BRI S 2 —[59 T MU SCABFA Y IALIAT 7 A1 L4 52 M0 ) 7 ik P L9 8 B 03855

AR, —LEHE A CFD Jrik b Tk R SR /1245 k. BN, Xie 5 A[60]XF 5 44 fTHAf
REFEM 2 A SR E T TRk R GEEAT 1 sl 2 l, WHF0 7 oA . R K L B2 1
K S R, JFERTL T MR ST A R Z B R R . GERERMY, 1T NCE A SR LB o A A7 A 2 25
Z 5, Ko o 2 05 LK IR B T TR A S, R0 PR L RN T DK 2252, RIS 1D Ak I
B 5 AR K ML 0 P R PR R e Qu SR [O1TRI I SR A2 70 A 1 ASRI A R AT 2R 1] sk oL 3 2
B, KRS ARSI, TRk Y IR 4 R A 35 i, 3B IS 4 ki K TR pe A T
MBI, X ERE LIRS, 2 A R I S th s . sAh, A2 E AR CFD J5 ik #r TIPS
FARN BT TR G MR . 140, Xiong % A [131K FHTHER A J) 250 B0 T 1 ik s e
BB AE TIPS 15 1 F 5 F K LB Ai, FFRTE T H SRR R0 (HE) JF A0 2 8] 1 R Hk, 45 R %R
B, o 2R ORI K ) ML 907 T D R 2R 5, TIPS ARJG KB HE 1 85 R A iy 22 1B g I v
P 2 10K HE B4 (P < 0.001). Gao 58 N[62]FIFH 2 fLo IR 5 IWch: 2 MR I 1 SRS 5
Xt TIPS 45 /MM, RIS ERSHCE M EXT TIPS &5 W8, SCAEAA MGG BT T# ik
i A E— 20 AR, (RIS A ELAE T Rk 7 S B 210 S 2R e 6 A0 P 11k 7 S 70 JE 880 2 T k2> fi 22
b 7 K (4 MBAEN R A

B2, SaRVHEER SRR ER SE MR RS, TR O R T
bk 28 4 1 L9 20 A 5 A X, ST T 20 AS R A (49 9 23 A BL SR BN R B i 454 - R
FRHE TR Z I T RIPERER B, B TS AEIA M 2% B AT AT AN e B PR b, T K e T R
SRR 2%, WIS B k. BRIk BT 2 AR, TR A CTA)MEL S &
AT AN o IR BRSO i AR AN TR K R ST IR i, 33 CFD i AR R
HHESLMGRES A ZE . BUoh, BRI B0E thik = g —AnifE, Bland DA F R % R k2 2+
PHPURSR I A 260, 2 BRI SR PR ML A e B 2R IR e 22 e 3 BUAS [RIF 7E 2 M) FA 45 R v
PAEHE LS, WIR/RAEMEE CFD 45101 75 B4 1 25 18 AR A Ry IR A .

4.3.3. BRMRZHEFERESHRAK

B 17 11 Ik 2R 8 1A I 0 AN RS AR (0 L RTASE A, s S Ik ) 3 ILIAT 0 0 2 A5 th T RE S LA SR KU
ML A7 5 57 H AN IS BENURRN, /7, 38 TR 9 U A B2 AR T RE, AT S MR 2 R A e P 41
UIRTSCRr IR, S MR B0 71 A A S R IE AU T IR A s P BN SO S N L 5 S L AR e 41
HREET AR [41] [42] FESHRKIEHIETT, IX IS T (10 1L B S5 #4) M1 D) RE 2028 CIE SE2 sl 33k 5
BRI A% O ALI[63]-[65]. AU, 78 FISKFFK T, JR #0030 25 6L FT B 3 B0 BE J=) AN 77 8 AN JOAE S

DOI: 10.12677/jcpm.2026.52176 732 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52176

W th, ES A

N, B AL AR BELE ALAR A IS KT R BV AR ZE B
5. HFIERYE)RE

B SR AR MR J AW A TR R B AAAEZ TR 56, TRk
MITTER K R GUH AT AR SIS, I R SAARAE LLSE BESR U A S 5 8, 338 CFD 4 JAT
FERCRANHE VR o JLk, K K EE T K ) 2 RS B SE i e+ 0 A B, 2 Bt T 0 R A AL st
TXATRE ML BEN ) o M OHERVE . BEAh, BUAIT T2 O/ INEAR BB 7T, R = K AR RIS o i PR
HHE B CFD 8655 MA5R 2 M H5RH. #)a, ML CFD @B RAUETH AR BN E 2, tHE
JRAE R, RN PR M AR T o BRI, G o 6 CRAIE AL P A 128 S [ e vt 5 20 S P A W P T 2 P 42 »
AT R T 75 22 L e R R A1 1

6. BESRE

O B O I P RN R Y I A AT A A R R BRI RORE ., HR AR S T TR K Tt R S e
PR LU R AR LA 0 2 5 W S 2 R IR B B O o AR G0 KU VAl ik 3 AR A B2 T2 25 SR K 1)
K IS 0 4R bR, (B S il K 0K R 8 LR 5 77 A B 5 AT A AR — € SRR . bR R B S5
REJIR A J, BTk SEFAA ) 2 A ML 50 7 2 TG BT E 11 bk 2R S8 MR AL K i SRS LIS f1t 130
MWt E B BUAWEERY], CFD ReWs € B M B o Al BET Y VN J) i sh a5 S R i 24,
T g B2 A i 7 T B B 2 RSy S (R (K A 0 0 e e . SR, EATAH KB S i TR RN B, 7EREAY
AV« MG BE ) 2 S HORIUL L R S5 R B U507 A AR 2 kil Aok, BEE R
BEARIRIE ZHSEER S M TR N, CFD A 230 SCHUE il #ER A4
MBI 2P IO B 1 TR I A S A 2R XSS TN o s PR i e (T O e B R

SE

[1] Garcia-Tsao, G., Abraldes, J.G., Berzigotti, A. and Bosch, J. (2017) Portal Hypertensive Bleeding in Cirrhosis: Risk
Stratification, Diagnosis, and Management: 2016 Practice Guidance by the American Association for the Study of Liver
Diseases. Hepatology, 65, 310-335. https://doi.org/10.1002/hep.28906

[2] de Franchis, R. (2015) Expanding Consensus in Portal Hypertension: Report of the Baveno VI Consensus Workshop:
Stratifying Risk and Individualizing Care for Portal Hypertension. Journal of Hepatology, 63, 743-752.
https://doi.org/10.1016/j.jhep.2015.05.022

[31 North Italian Endoscopic Club for the Study and Treatment of Esophageal Varices Null (1988) Prediction of the First
Variceal Hemorrhage in Patients with Cirrhosis of the Liver and Esophageal Varices. New England Journal of Medicine,
319, 983-989. https://doi.org/10.1056/nejm198810133191505

[4] PR RHAANEY D 2 BRI SKN B2 W ST . AR T K R e R 1 b A 5K Py B T A
WiRTT B 5 3EIR(2022, Kib) ], FHEHALA B, 2023, 40(1): 1-11.

[5] Berzigotti, A. (2017) Non-Invasive Evaluation of Portal Hypertension Using Ultrasound Elastography. Journal of Hepa-
tology, 67, 399-411. https://doi.org/10.1016/j.jhep.2017.02.003

[6] Dyvorne, H.A., Knight-Greenfield, A., Besa, C., Cooper, N., Garcia-Flores, J., Schiano, T.D., et al. (2015) Quantification
of Hepatic Blood Flow Using a High-Resolution Phase-Contrast MRI Sequence with Compressed Sensing Acceleration.
American Journal of Roentgenology, 204, 510-518. https://doi.org/10.2214/ajr.14.12597

[71 Kim, G., Kim, M.Y. and Baik, S.K. (2017) Transient Elastography versus Hepatic Venous Pressure Gradient for Diag-
nosing Portal Hypertension: A Systematic Review and Meta-Analysis. Clinical and Molecular Hepatology, 23, 34-41.
https://doi.org/10.3350/cmh.2016.0059

[8] Morris, P.D., Narracott, A., von Tengg-Kobligk, H., Silva Soto, D.A., Hsiao, S., Lungu, A., et al. (2016) Computational
Fluid Dynamics Modelling in Cardiovascular Medicine. Heart, 102, 18-28.
https://doi.org/10.1136/heartjnl-2015-308044

[9] Steinman, D.A. (2002) Image-Based Computational Fluid Dynamics Modeling in Realistic Arterial Geometries. Annals

DOI: 10.12677/jcpm.2026.52176 733 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52176
https://doi.org/10.1002/hep.28906
https://doi.org/10.1016/j.jhep.2015.05.022
https://doi.org/10.1056/nejm198810133191505
https://doi.org/10.1016/j.jhep.2017.02.003
https://doi.org/10.2214/ajr.14.12597
https://doi.org/10.3350/cmh.2016.0059
https://doi.org/10.1136/heartjnl-2015-308044

M th, S A

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

of Biomedical Engineering, 30, 483-497. https://doi.org/10.1114/1.1467679

Xiang, J., Natarajan, S.K., Tremmel, M., Ma, D., Mocco, J., Hopkins, L.N., ef al. (2011) Hemodynamic-Morphologic
Discriminants for Intracranial Aneurysm Rupture. Stroke, 42, 144-152. https://doi.org/10.1161/strokeaha.110.592923
Jou, L.D., Lee, D.H., Morsi, H. and Mawad, M.E. (2008) Wall Shear Stress on Ruptured and Unruptured Intracranial
Aneurysms at the Internal Carotid Artery. American Journal of Neuroradiology, 29, 1761-1767.
https://doi.org/10.3174/ajnr.al1180

Zheng, L., Wu, G., Lin, J., Li, H., Zhang, C., Zhao, Z., et al. (2025) A Novel Noninvasive Assessment of Portal Pressure
from Computational Biofluid Mechanics in Patients with Portal Hypertension. T7ials, 26, Article No. 167.
https://doi.org/10.1186/s13063-025-08818-6

Xiong, Z., Xu, R., Zhao, J., Yang, C. and Zheng, T. (2025) Quantitative Characterization of Superior Mesenteric Vein
Blood Distribution in the Portal Venous System Using Computational Fluid Dynamics to Guide Clinical Transjugular
Intrahepatic Portosystemic Shunt Puncture Locations. Physics of Fluids, 37, Article ID: 041914.
https://doi.org/10.1063/5.0264391

Yan, Y., Xiong, Z., Wang, X., Yang, L., Zheng, T. and Luo, X. (2022) A Novel Potential Mechanism for the Develop-
ment of Portal Vein Thrombosis in Cirrhosis Based on Portal Hemodynamics. Insights into Imaging, 13, Article No. 192.
https://doi.org/10.1186/s13244-022-01330-4

Bosch, J., Abraldes, J., Berzigotti, A. and Garcia-Pagan, J. (2008) Portal Hypertension and Gastrointestinal Bleeding.
Seminars in Liver Disease, 28, 3-25. https://doi.org/10.1055/s-2008-1040318

Buob, S., Johnston, A.N. and Webster, C.R.L. (2011) Portal Hypertension: Pathophysiology, Diagnosis, and Treatment.
Journal of Veterinary Internal Medicine, 25, 169-186. https://doi.org/10.1111/1.1939-1676.2011.00691.x

FFEI, B&E, &5, & CT B I A &8 B RHHK 5K 7 208 i KU Bt 70 f [J]. S O 2
2k &, 2025, 41(9): 1566-1569.
Garcia-Tsao, G., Bosch, J. and Groszmann, R.J. (2008) Portal Hypertension and Variceal Bleeding—Unresolved Issues.

Summary of an American Association for the Study of Liver Diseases and European Association for the Study of the
Liver Single-Topic Conference. Hepatology, 47, 1764-1772. https://doi.org/10.1002/hep.22273

Arakawa, M., Masuzaki, T. and Okuda, K. (2002) Pathology of Fundic Varices of the Stomach and Rupture. Journal of
Gastroenterology and Hepatology, 17, 1064-1069. https://doi.org/10.1046/.1440-1746.2002.02855.x

Padraic, M. (1992) The Pathogenesis of Variceal Rupture. Gastrointestinal Endoscopy Clinics of North America, 2, 1-
15. https://doi.org/10.1016/s1052-5157(18)30653-6

Rajekar, H. (2015) Complication of Cirrhosis Portal Hypertension: A Review. Journal of Liver, 4, Article ID: 1000188.
https://doi.org/10.4172/2167-0889.1000188

Kleinstreuer, C. (2016) Biofluid Dynamics: Principles and Selected Applications. CRC Press.

Robinson, K.A., Middleton, W.D., AL-Sukaiti, R., Teefey, S.A. and Dahiya, N. (2009) Doppler Sonography of Portal
Hypertension. Ultrasound Quarterly, 25, 3-13. https://doi.org/10.1097/ruq.0b013e31819c8685

WL, TEFS, SRSk, 5. BYDB A AR B P T P TRTIN PR A e AU £ 18 IR b 5K (D). o R R
g2k, 2024, 32(11): 1155-1159.

Sirli, R., Sporea, I., Popescu, A. and Danila, M. (2015) Ultrasound-Based Elastography for the Diagnosis of Portal Hy-
pertension in Cirrhotics. World Journal of Gastroenterology, 21, 11542-11551.
https://doi.org/10.3748/wjg.v21.i41.11542

Zhang, M., Jin, H., Cao, J., Ren, R., Jia, M., Yang, Y., et al. (2022) Application of Ultrasound Elastography in Assessing
Portal Hypertension. Diagnostics, 12, Article No. 2373. https://doi.org/10.3390/diagnostics12102373

BaE, REHIR, BRI, 4. 3.0 T BEIIRAHGLN Lok e & AL 1B bk ML 5 70 27 5 I D B R0 AR SR PRI 72 [T).
s RIS 524 35, 2015, 34(4): 567-571.

Wu, X., Xiao, H. and Ma, L. (2025) The Application of Computational Fluid Dynamics in Hepatic Portal Vein Haemo-

dynamics Research: A Narrative Review. Quantitative Imaging in Medicine and Surgery, 15, 2605-2620.
https://doi.org/10.21037/qims-24-1593

Taylor, C.A. and Figueroa, C.A. (2009) Patient-Specific Modeling of Cardiovascular Mechanics. Annual Review of Bi-
omedical Engineering, 11, 109-134. https://doi.org/10.1146/annurev.bioeng.10.061807.160521

Lynch, S., Nama, N. and Figueroa, C.A. (2022) Effects of Non-Newtonian Viscosity on Arterial and Venous Flow and
Transport. Scientific Reports, 12, Article No. 20568. https://doi.org/10.1038/s41598-022-19867-1

Abbasian, M., Shams, M., Valizadeh, Z., Moshfegh, A., Javadzadegan, A. and Cheng, S. (2020) Effects of Different
Non-Newtonian Models on Unsteady Blood Flow Hemodynamics in Patient-Specific Arterial Models with /n-Vivo Val-
idation. Computer Methods and Programs in Biomedicine, 186, Article ID: 105185.

DOI: 10.12677/jcpm.2026.52176 734 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52176
https://doi.org/10.1114/1.1467679
https://doi.org/10.1161/strokeaha.110.592923
https://doi.org/10.3174/ajnr.a1180
https://doi.org/10.1186/s13063-025-08818-6
https://doi.org/10.1063/5.0264391
https://doi.org/10.1186/s13244-022-01330-4
https://doi.org/10.1055/s-2008-1040318
https://doi.org/10.1111/j.1939-1676.2011.00691.x
https://doi.org/10.1002/hep.22273
https://doi.org/10.1046/j.1440-1746.2002.02855.x
https://doi.org/10.1016/s1052-5157(18)30653-6
https://doi.org/10.4172/2167-0889.1000188
https://doi.org/10.1097/ruq.0b013e31819c8685
https://doi.org/10.3748/wjg.v21.i41.11542
https://doi.org/10.3390/diagnostics12102373
https://doi.org/10.21037/qims-24-1593
https://doi.org/10.1146/annurev.bioeng.10.061807.160521
https://doi.org/10.1038/s41598-022-19867-1

W th, ES A

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

https://doi.org/10.1016/j.cmpb.2019.105185

Ho, H., Sorrell, K., Peng, L., ef al. (2013) Hemodynamic Analysis for Transjugular Intrahepatic Portosystemic Shunt
(TIPS) in the Liver Based on a CT-Image. IEEE Transactions on Medical Imaging, 32, 92-98.
https://doi.org/10.1109/tmi.2012.2219882

Wang, T., Liang, F., Song, G., Guan, J. and Zhou, Z. (2022) Predicting the Risk of Postsplenectomy Thrombosis in
Patients with Portal Hypertension Using Computational Hemodynamics Models: A Proof-of-Concept Study. Clinical
Biomechanics, 98, Article ID: 105717. https://doi.org/10.1016/j.clinbiomech.2022.105717

Hu, M., Chen, B. and Luo, Y. (2025) Computational Fluid Dynamics Modelling of Hemodynamics in Aortic Aneurysm
and Dissection: A Review. Frontiers in Bioengineering and Biotechnology, 13, Article ID: 1556091.
https://doi.org/10.3389/fbioe.2025.1556091

Lowe, G.D.O. (2003) Virchow’s Triad Revisited: Abnormal Flow. Pathophysiology of Haemostasis and Thrombosis, 33,
455-457. https://doi.org/10.1159/000083845

Sunderland, K., Jiang, J. and Zhao, F. (2022) Disturbed Flow’s Impact on Cellular Changes Indicative of Vascular An-
eurysm Initiation, Expansion, and Rupture: A Pathological and Methodological Review. Journal of Cellular Physiology,
237, 278-300. https://doi.org/10.1002/j¢cp.30569

Abhilash, H.N., Yanagita, Y., Pai, R., Zuber, M., Tamagawa, M., K, P., et al. (2024) Effect of Vascular Geometry on
Haemodynamic Changes in a Carotid Artery Bifurcation Using Numerical Simulation. Clinical Neurology and Neuro-
surgery, 237, Article ID: 108153. https://doi.org/10.1016/j.clineuro.2024.108153

Ren, J., Abidin, N.A.Z., Sun, A., Gao, R., Chen, Y., Nasser, A., et al. (2025) Vorticity-Facilitated Platelet Aggregation:
A High Expansion-Ratio Stenotic Microfluidic Platform Unravels the Role of Complex Flow Dynamics in Arterial
Thrombosis. Advanced Healthcare Materials, 14, Article ID: 2500436. https://doi.org/10.1002/adhm.202500436

Liu, X., Sun, A., Fan, Y. and Deng, X. (2015) Physiological Significance of Helical Flow in the Arterial System and Its
Potential Clinical Applications. Annals of Biomedical Engineering, 43, 3-15.
https://doi.org/10.1007/s10439-014-1097-2

Lee, C.H., Liu, K.S., Jhong, G.H., ef al. (2014) Finite Element Analysis of Helical Flows in Human Aortic Arch: A
Novel Index. Biomicrofluidics, 8, Article ID: 024111. https://doi.org/10.1063/1.4871037

Weinberg, P.D. (2022) Haemodynamic Wall Shear Stress, Endothelial Permeability and Atherosclerosis—A Triad of
Controversy. Frontiers in Bioengineering and Biotechnology, 10, Article ID: 836680.
https://doi.org/10.3389/tbioe.2022.836680

Tziotziou, A., Hartman, E., Korteland, S., van der Lugt, A., van der Steen, A.F.W., Daemen, J., et al. (2023) Mechanical

Wall Stress and Wall Shear Stress Are Associated with Atherosclerosis Development in Non-Calcified Coronary Seg-
ments. Atherosclerosis, 387, Article ID: 117387. https://doi.org/10.1016/j.atherosclerosis.2023.117387

Zhou, M., Yu, Y., Chen, R., Liu, X., Hu, Y., Ma, Z., et al. (2023) Wall Shear Stress and Its Role in Atherosclerosis.
Frontiers in Cardiovascular Medicine, 10, Article ID: 1083547. https://doi.org/10.3389/fcvm.2023.1083547

He, X. and Ku, D.N. (1996) Pulsatile Flow in the Human Left Coronary Artery Bifurcation: Average Conditions. Journal
of Biomechanical Engineering, 118, 74-82. https://doi.org/10.1115/1.2795948

Jeong, D., Ahn, J.H., Choi, W., Lee, H., Kweon, J.Y., Oh, H., ez al. (2026) Peri-Stenotic Stagnation Associates with Red
Blood Cell-Rich Thrombi, Linked to Stroke Recurrence and Lesion Volume. Stroke, 57, 908-922.
https://doi.org/10.1161/strokeaha.125.053896

Hyodo, R., Takehara, Y., Ishizu, Y., Nishida, K., Mizuno, T., Ichikawa, K., et a/. (2024) Evaluation of 4D Flow MRI-
Derived Relative Residence Time as a Marker for Cirrhosis Associated Portal Vein Thrombosis. Journal of Magnetic
Resonance Imaging, 60, 2592-2601. https://doi.org/10.1002/jmri.29357

WMt MR, KN, VRS, 51, e, BRI, AT W IFRELL A I R B A I AR
RIS S35 43 8T (0] JFFAE, 2020, 25(4): 369-371.

TR, R, W, KI, BAENE, B, R, B TTEKRE) ) ORI ER K R
[7]. SEFEE2EZE, 2008(9): 1519-1521.

Guinazu, C., Fernandez Mufoz, A., Maldonado, M.D., De La Cruz, J.A., Herrera, D., Aruana, V.S., et al. (2023) As-
sessing the Predictive Factors for Bleeding in Esophageal Variceal Disease: A Systematic Review. Cureus, 15, e48954.
https://doi.org/10.7759/cureus.48954

FEFL. TEG. [ 1H K 58 B2 S M ATk 2 x FHH A0 A8 2 15 e I AR s L T {8 LE (D] [ 1=
Frig ] Eh: IIPEBERER A, 2024,

Wang, D.X., Wu, X.J., Yu, J.Z., et al. (2025) Visualizing Global Progress and Challenges in Esophagogastric Variceal
Bleeding. World Journal of Gastrointestinal Surgery, 17, Article ID: 102020.

DOI: 10.12677/jcpm.2026.52176 735 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52176
https://doi.org/10.1016/j.cmpb.2019.105185
https://doi.org/10.1109/tmi.2012.2219882
https://doi.org/10.1016/j.clinbiomech.2022.105717
https://doi.org/10.3389/fbioe.2025.1556091
https://doi.org/10.1159/000083845
https://doi.org/10.1002/jcp.30569
https://doi.org/10.1016/j.clineuro.2024.108153
https://doi.org/10.1002/adhm.202500436
https://doi.org/10.1007/s10439-014-1097-2
https://doi.org/10.1063/1.4871037
https://doi.org/10.3389/fbioe.2022.836680
https://doi.org/10.1016/j.atherosclerosis.2023.117387
https://doi.org/10.3389/fcvm.2023.1083547
https://doi.org/10.1115/1.2795948
https://doi.org/10.1161/strokeaha.125.053896
https://doi.org/10.1002/jmri.29357
https://doi.org/10.7759/cureus.48954

M th, S A

[52]

[33]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

https://doi.org/10.4240/wjgs.v17.i4.102020

Merkel, C., Bolognesi, M., Sacerdoti, D., Bombonato, G., Bellini, B., Bighin, R., et al. (2000) The Hemodynamic Re-
sponse to Medical Treatment of Portal Hypertension as a Predictor of Clinical Effectiveness in the Primary Prophylaxis
of Variceal Bleeding in Cirrhosis. Hepatology, 32, 930-934. https://doi.org/10.1053/jhep.2000.19322

Hagq, I. and Tripathi, D. (2017) Recent Advances in the Management of Variceal Bleeding. Gastroenterology Report, S,
113-126. https://doi.org/10.1093/gastro/gox007

Riedel, C., Hoffmann, M., Ismahil, M., Lenz, A., Piecha, F., Ristow, 1., ef al. (2024) Four-Dimensional Flow MRI-Based
Computational Fluid Dynamics Simulation for Noninvasive Portosystemic Pressure Gradient Assessment in Patients
with Cirrhosis and Transjugular Intrahepatic Portosystemic Shunt. Radiology, 313, €232989.
https://doi.org/10.1148/radiol.232989

Qiu, Y., Tai, Y., Li, Y., Wei, Q., Wu, H. and Li, K. (2025) Numerical Assessment of Portal Pressure Gradient (PPG)
Based on Clinically Measured Hepatic Venous Pressure Gradient (HVPG) for Liver Cirrhosis Patients. Journal of Bio-
mechanics, 180, Article ID: 112498. https://doi.org/10.1016/j.jbiomech.2025.112498

Qiu, Y., Tai, Y., Lei, J., Zeng, Y., Wu, H. and Li, K. (2023) Modelling the Liver Region as Porous Media to Noninva-
sively Measure Portal Vein Pressure Gradient (PPG) with Numerical Methods. Journal of Biomechanics, 155, Article
ID: 111660. https://doi.org/10.1016/j.jbiomech.2023.111660

Wang, T., Xiang, Y., Wang, J., Gu, J., Yang, L., Ma, D., et al. (2025) A Multi-Scale Computational Model of the Hepatic
Circulation Applied to Predict the Portal Pressure after Transjugular Intrahepatic Portosystemic Shunt (TIPS). Interna-
tional Journal for Numerical Methods in Biomedical Engineering, 41, €3908. https://doi.org/10.1002/cnm.3908

Xiong, Z., Wang, X., Yan, Y., Liu, Z., Luo, X. and Zheng, T. (2024) A New Computational Fluid Dynamics Based

Noninvasive Assessment of Portacaval Pressure Gradient. Journal of Biomechanics, 167, Article ID: 112086.
https://doi.org/10.1016/j.jbiomech.2024.112086

UREERE, SR, TTEEK RO SRR USR] P EN NRBEIBITF, 2025, 22(5): 360-364.
Xie, C., Sun, S., Huang, H., Li, X., Qu, W. and Song, H. (2024) A Hemodynamic Study of the Relationship between the

Left and Right Liver Volumes and the Blood Flow Distribution in Portal Vein Branches. Medical Physics, 51, 6501-
6512. https://doi.org/10.1002/mp.17184

Qu, W., Li, X., Huang, H., Xie, C. and Song, H. (2022) Mechanisms of the Ascites Volume Differences between Patients
Receiving a Left or Right Hemi-Liver Graft Liver Transplantation: From Biofluidic Analysis. Computer Methods and
Programs in Biomedicine, 226, Article ID: 107196. https://doi.org/10.1016/j.cmpb.2022.107196

Gao, W., Yin, C., Zhou, C., Cheng, D., Chen, J., Liu, C., et al. (2025) Hemodynamic Investigations on the Portal Hyper-
tension and Treatment of Transjugular Intrahepatic Portosystemic Shunt (TIPS) Based on CFD Simulation. Journal of
Biomechanics, 181, Article ID: 112516. https://doi.org/10.1016/j.jbiomech.2025.112516

Yadav, P.N., Singh, G., Gupta, S. and Chanda, A. (2023) Biomechanical Modeling of Cerebral Aneurysm Progression
to Estimate Rupture Risk. Biomechanics, 3, 13-28. https://doi.org/10.3390/biomechanics3010002

Goetz, A., Jeken-Rico, P., Chau, Y., Sédat, J., Larcher, A. and Hachem, E. (2024) Analysis of Intracranial Aneurysm Haemo-
dynamics Altered by Wall Movement. Bioengineering, 11, Article No. 269.

https://doi.org/10.3390/bioengineering 11030269

Ali, R., Hassan, H.I.,, Sharma, A., Dhawan, A., Sharma, P., Taher, W.M., et al. (2025) Hemodynamic Assessment of

Rupture Risk during Growth Stages in Middle Cerebral Artery Aneurysms Treated with Coiling. Scientific Reports, 15,
Article No. 21519. https://doi.org/10.1038/s41598-025-07757-1

DOI: 10.12677/jcpm.2026.52176 736 s RN PEAL 2 2


https://doi.org/10.12677/jcpm.2026.52176
https://doi.org/10.4240/wjgs.v17.i4.102020
https://doi.org/10.1053/jhep.2000.19322
https://doi.org/10.1093/gastro/gox007
https://doi.org/10.1148/radiol.232989
https://doi.org/10.1016/j.jbiomech.2025.112498
https://doi.org/10.1016/j.jbiomech.2023.111660
https://doi.org/10.1002/cnm.3908
https://doi.org/10.1016/j.jbiomech.2024.112086
https://doi.org/10.1002/mp.17184
https://doi.org/10.1016/j.cmpb.2022.107196
https://doi.org/10.1016/j.jbiomech.2025.112516
https://doi.org/10.3390/biomechanics3010002
https://doi.org/10.3390/bioengineering11030269
https://doi.org/10.1038/s41598-025-07757-1

	基于计算流体力学仿真的肝硬化食管胃底静脉曲张破裂出血风险评估研究
	摘  要
	关键词
	Risk Assessment of Esophagogastric Variceal Bleeding in Cirrhosis Based on Computational Fluid Dynamics Simulation
	Abstract
	Keywords
	1. 引言
	2. 食管胃静脉曲张破裂出血的病理生理基础
	2.1. 门静脉高压形成机制
	2.2. 曲张形成与侧支循环重建
	2.3. 曲张破裂的力学机制

	3. 传统风险评估方法
	3.1. 有创评估方法
	3.1.1. 食管胃十二指肠镜
	3.1.2. 门静脉压力

	3.2. 无创评估方法
	3.2.1. 多普勒超声
	3.2.2. 瞬时弹性成像
	3.2.3. 相位对比磁共振成像


	4. 计算流体力学仿真技术在EGVB风险评估中的应用
	4.1. CFD建模流程
	4.2. 血流动力学指标体系
	4.2.1. 血流模式指标
	4.2.2. 壁面血流动力学参数
	4.2.3. 总结

	4.3. 血流动力学因素与曲张破裂风险
	4.3.1. 门静脉压力与出血风险
	4.3.2. 门静脉侧支循环血流动力学
	4.3.3. 局部血流动力学异常与破裂风险


	5. 存在的问题
	6. 总结与展望
	参考文献

