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Abstract

Numerical simulations were used to study blood flow in the portal vein of rats with pathological
specificity in moderate stenosis and to investigate the relationship between the degree of stenosis
and the ratio of flow in the left and right branches and the distribution of flow velocity. The 3D-RA
data of moderate stenosis in rat portal vein were reconstructed from the 3D-RA data of 57%,
60.4%, 61.39%, 62.55%, and 64.13% of different degrees of stenosis, and the blood rheological
model was chosen as the pseudoplastic non-Newtonian fluid model. Commercial software Ansys
Fluent is used to perform numerical simulations. The results showed that hemodynamic factors
such as flow velocity, pressure, wall shear stress, and the impact of flow on the wall were closely
related to the development of portal vein stenosis, and that the different degrees of portal vein
stenosis had a direct effect on the overflow of the left and right branches of the portal vein as well
as the growth of the left and right hepatic lobes. Finally, based on the results of numerical simula-
tions, the equations for the ratio of the degree of portal vein stenosis to left and right branch flow
in rats and the ratio of the degree of portal vein stenosis to PVVR in rats were determined, which
can be used to further investigate the quantitative relationship between the degree of portal vein
stenosis and its flow ratio and PVVR ratio.
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1. 5|8

"1 k2% % (portal vein stenosis, PVS)& A G WILE JFAREZ —. TEHBHES, k552
EITE K E R AILEC 2 KA PVS, RE B B F k20 B, 2wt EE506e, 2380
JE IR DB SZARFE T (1] TR K MR SN /122784, JCHRREIYIN /), 75 MU0 Hhont A Rz Dy R = A=
AKIFEIE o A B T RE R AG A  H ILR3) ) 2 3R AR 1) bk v e ol SR A, Dbk v i Pl g 3
UTERIKAE G , W I ER K MAR T (2] 28T, KT TIE Ik RA TR ERI AT BEMYIN IR0 A0, 18
I PRI 2 & B R R RIBR I R 2 Bl A5 R Il R I U PVS ST, A PUE, nfEHE
PEGF AT HEAT AR N PR S I B S5 [ 3]0 F 2 G S Roxof 1] e Ik 3 7 B Ak ML ot ik P AT el o
TR 53, TS, Qa4 T #B kA 4G 0 SOt FE ek lgg,  HAE PVS K&
BRI, R I AT B A fE P, Ty S iy Ml 21 3 ik P ) It B2 AR 4 (4] T PC-MRI v i
T FE () R R B R, I B TR RI A G IR, RS RIE T, U
3 I A B P MLV 52 2172 [B) 43 R B 2 ), e DAAS SRS i B FE A 2 o T A5 WSS St i 30w I 65 B (1) Ifi 7t T
FERGFEEERAR S, IR 2 S8 R A 1 Sk H A4 3 77 2% (computational fluid dynamics, CFD) B8 ]
J7a, A B 25 A O B AR W L WSS [5].

THRRARS) 0 2 BUE 7 EAE U LS5 + S0 J5 08 R0 A 20 ik P S8 996 112 BT wh ol ook i e GV
IS SR B A — 1A S Navier-Stokes 75 F2 R & 52 0L A6 B DL K A 20 A o 5 T-oHBRAR S
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7 Y AL S 5 P2 S0 58 P A R PR 50 K (o U L 7846 25 20 B0 (FFRO)) A 77 THT R AT 17 625 R R D61 (ELZE T
I RGN B, RIS EEIIR . E 5, KR CFD AU e 5 AT e Ak o1 (0hs fify 2
ATRUN TR B (I 58, L FFT i PRI T T Jk 0 g8 30 5 A SR IDUEAT MBS o LR, e TP A R LT T AR S H R
A%, THRRE R LN T T AR R AR 53— A IR 3K

W4, TEA RNFIE R TR K BOAR SCRIF FE Y, SRR UESE T 1A KBS (AL & 40 A1 0) T 1D ik v s DA AR
RMFRESIF I TC I L ZEAE [ 7] #£ Joseph N. Benoit 8 NI FTHT, ALIESE 1K SR TTi iopk 7 A6 78 v < ] i
A1 7 R LA T KO T BN TTRR (8] AE CEAT I T BRIk BUE A AR G Fo b, BE T CFD
R FFREHEA i 1) T B BB 7 9 106 9 7/ BRI AR R F 78 DR AR 1EAT (3], #E Svetla Petkova 55 A fIHE 7T
H, £ B CED SR T 1 117 Ik e A e AR T A 0 T B BGRR[0 (EZIEARA N5 & HUE
FUS A AN [RI P 7 R FEE P R BRI ] Bk PR AL 20 A1 B B T DI 2 7 70 AR REAT W 7E - ELT D kbl 7 J B9 o
I3 A SR T D) 370 A 8 B2 22 W R 15 A F I A rh R A A5 G B R

ASCCA LA R AFE R T WK RTINS R R 18 i3 CFD B EAS A R A FEE T
(RO ST 1T M L A AT R0 3, R B 2 22 R e 0 A K ST T K T AL BEAT T 38 E
FEF PR CT A8 5 5 Sl LA &% CFD BB BB AR 734 1 oAt A R Bk 7= R R K BT T8 K I 3 734 A
L BETR YN 153 A A AL o

2. SEREFNASE
2.1. FERE PVS KBREFERSE

AR FE AT SPF 2R SD (Sprague-Dawley) K B 10 RAE R SLIGXT G, 7~14 JW% , 4R #2979 200~400
g, TFET IR E AL VO R [ P se e oty (AR EMEIL(23°C~25°C), 12 h B E . HALH—F
F & N [ I T]

BB s R B g S R — 256 - 5 IAMRHE A= 75 T0 B 26 A T 58 . 218 HIGGINS S4B F A7
AT T0%AFVIBRTFAR, RS I T KAIAT A B S, DIBRIF Rt R e s, 3E R B RSP = VIR T E
BHE, R 1 h K FER 50U MRS TR HVIBREAFERER PVS BRI 4, DIBR I i 25 115 ik
FF, FUIEMANF LU . BEERK S 1 TR B A AT O 2 2 mm AL, UG I 50 e RO i 2 4L 350
PLTER K A2, ARSEIUEIE PVS FERE TR A 12, PR R A S 4 k, L2 15k 5%k E
AR —RIZEHL, P e AT Sk, O T TERKCE AR RO Sk AR, NI EESL AN [EFREE PVS [10].

o 2 T R e A Y LN TR RT3 0 TN 57% 60.4%- 61.39%+ 62.55%- 64.13%[1] F.
Y347 CFD HUH 5 A AT

2.2. KERIE#K CT R RBRRERIIRE

1) #1%

N TAFRNEM I IE R S, AR R T TER KT N T IE A, KA Philips iU22 B2 WA, i
Rk L12-5, H0i% 5~12 MHz, XTHFE PVS AR T ARG 1 R ABEHLIEI 6 AT L& 188 k2 .

2) WA

N T ARREREU TE KO O R, SERTE CT B Ll —ANE LR MU RHE A F Thrid ks
H ] % PVS AT KON F AL BT, R 238 80 % PV'S 20 73 9l ) 5 HL A T Ak e R A kA,
BN I8 7 AT 7 R AR TR T BRE A A 0.5 mm, EA R3S SRR TR E R A, HiE
PRSI A <607, [THEAKN N AR EL H— N 280U RHE AR H B T AE, il
gE R 3 IO ME . IRl Poiseuille 5 A4 HL 4 AN T AT o0 A1 B B
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3) WESAF

SSHRECT R KON VIR S B 2L, SR AT 22 X 806 1E 8 4 S % PV'S 2H 73 S50 0 5 80 A A 7 T AN ke 4
AU B RIE, JF11H5 PVVR: PVVR = B3 A T e R0 /80 A5 Hi a8 I e it e s 78R b
W5k, BT S5 R 3 IRECTEEIE

23. ET CT RBREI=HEEZA

CT $udfs; CAB= 72 57 G AE 15 (DICOM)RS s S I Mo 1135 K RIS /) A R 2%, TRk s et
HARBUE T, AT T b 1Rk A th N T 3hid IR AR .

HHIE CT FEHOR ST TE Mk b FLF BB B A 22 A 501 T CFD BUE 0 JAE AR RFE L BB T LA
TR 5 5] P B S O BT e f e 2R ) SRS A8 FRATT ) A rp 2 b AN B PR« &5 A R 22 36 DL K AT ) CFD
BUAOTHEE R, TNk — 2000 S VAT 70 3O i B SR 4 L8 0F 1] i BRop 7 45 SR 8 BE AR /DN, BRI AE i
T B R fay b R R B T TR KT DRI A A — o STAE DR 1 ARG S A2 ) DSR4 K
BRI BK SE PR AR RO AT N B R, B 01 ZEAE U I AT REIE ISPt A i e sie vk, 3 S A g xt
TR o e A5 B AT SRR ] 2 P, SR OB RS Kt AR A 1] 1 Boss (BAIE 5 R SR T T s R ) o

Figure 1. Extraction process of normal rat portal vein model

1. EBRRIIFEHKER R IEE

i CT SRR BRI Bk S A [ B4 . T CFD $UfE 47 BAEAR KL EIGR T LR, A
AP S K R MR R 1) SR AEFRATT ¥ A rpo R BRI R B o 456 B 2050 LU ©HEAT 1Y) CFD HUE 15
HER, TIRRIK— 073 SCUATR 79 3K ) [ B 40 A 0 1Dl e 7 &8t SR E S AR, DR AR 0T 70 i
AR ORI TR K BT AR A A — oy AR e HLAE IS R R B 1 X AR A K BT
K S PR AR T AT N TAB R, BRI v S S AT RE AL J SE PR R ) S Sk, 3 S A g8 A X A6
RIS o SR AAF R TR R A 2 B

R

Figure 2. From left to right, normal, 57% and 62.55% stenotic portal vein
models in rats

E 2. NEZAWBRAKRBIER. 57%UAK 62.55%I8 % 5K RY
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2.4. HUERHL

2.4.1. ¥HI5E
FAVH AN T —MRE NI 45 AR ) =4E N-S 512, W FHrR:

p(u~V)u:V(—pﬂ+,u[Vu+(Vu)T])+F 1)
pV-u=0 2)

Horbu E, p NIETT, p NENESKEE, p NI L, BB AL, 1 = 0.0035 Pas, p = 1060
kg/m’. FRRAEBU S, A28 MR E AR, Fih 0. A1 FoRP00E e N8R E,
N2 FORELENENA R, IRAH] R

T H RN, S RRE LN 1059, FAMERZ B Z R, A iR AR
WU, BREARS G (FSDBAL . 53— 7T, EARAE CFD B8, MR LMIRAEH B2, Wi HA TR
N, A FST M, (5 PV'S S BRASR (A5 BE UM 1 B B2 PRI, A RATT A W A e AR B 5
AR

2.4.2. hREE
ANFUATTERIRON 1, B B, 48R E 3 RICFSME, S4HE 57%-. 60.4%. 61.39%- 62.55%.
64.13% 5 4% R | T A N 1 38 e IR 29 791N 13.6 em/ss 12.1 em/ss 12.3 em/ss 13.9 em/s. 10.9 em/s.
HERTTF K LSO A — R PR O, XREE TS%E) . BT HVPG ZIRIESER RS E
M EZT N, FrLE S5 SH R IMARMET R AT S5IGRMEAALL, HEEAER %, KOs
SEAE BN 0 mmHg.

2.4.3. [GAYLEH

DAIE B KRR T R 6, 2 5T C A BT (1) =48 T BB 5 N ICEM CFD 2021 R1 HE4T
AL o AR A 1) PR R R Ak S B ST, 1 XA B R P RE ST 0.1 mm, BRUE WA B¢ /N RUSH 2 0.02 mm,
HLAE T K L BE D FAL R 2 RN 2 7N AR P RS, 3 T S R S S AR G R B EUE . AR YA
538,848 NI R 1,317,948 /NP (G rp B 15 DY T 4% AR 7 T A2 P9 A ) 1 O B, = 4 1T Ji B 284 Kl 43 52
B WL 3.

Figure 3. Schematic diagram of portal vein grid in normal rats
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2.4.4. KRG

{EH T Ansys Fluent {2 AR BB TG BR G . ELAE A T 25T 15 700 B R MR ok H Bzt
FAHITARS) J1 AR . N T B AP BOAE R, FRATRIE D 2 10,000 . HFEHFA A RAS &
Mo, RISy . 3R AR BN (AMG) SR AF 28 48 RN A SR A% P AME

3. I

PSR BT TR R0, 20t 7 HEUE M a5 8B RRRN WA, JFTEy kg
LM RBAEREAT XL, HA AE TR K E T A, ST SR REAT IR, W 4. 1 5,

Velocity Magnitude (m/s)

0000000
“NWhOIO

o
i

Figure 4. Flow velocity distribution of portal vein in normal rats

B 4. EBXRRITEIKEERE S 5 E

WSS (Pa)

O=_NWhrOIO

Figure 5. Wall shear stress distribution of portal vein in normal rats

E 5. ERXRIIEKERERYIN NS E

1) 528 AR HE
FET [ 2 AL ) R AR B0 UE (B AADOK BT D i K I B R s R I, DLIE R SRUFD 1 i R Dy
1, BATAT WA I B MR DK T N TS 20 s, AT TR MY 3h6 A2 Poiseuille 73477, ElIE
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I Oy B AL IR T AR, Bl A B W S I B, 52 B M B RS D R, Il B AN TR
HEEHE T 0. HlE 4 v EEH, 15 KRTTE KR 2 1% 20 E W E.

2) SRS 28 5P b

ST IR R R T T KA BB 7 R A, DI TR E AL A P . BRI BT K
F T b R AT AT A5 B T F K T A R 14.9 em/s, R SIS B 1 1D R Ak 3 A A K
9135 + 1.3 em/s, IRZEZLIN 10.37%. Lhr b, HUE B S5 BRI B 5 Sl 45 B R Z V6 7E 30% A,
SHFIRRESHSHE RO EGERE L. AEZR O TR AR, EH SD KR TE KT EN
(15.60 £3.53) cr/s [11]. PA_EIIVETE T %S0 i v Sk

L IR R I BRI K A 25 R 5 B 2 S 25 SR = W & o U BH 1 12t 9 3 i B AL 50 B
ANTRI B A5 5 B R BT T e IOk A il it B SR BE T D) N Ay 0 A B T SEME . HIET CFD BRI, % T
= BRI B AN 7 (I AS A R AR A A S BE TR ) 40 AT S5 5005 , Jdid CFD B W] LA (PR 1
AT, I T BUE BT B HE ST 12 WA T .

4. BER5VHE

AT T IEH 2 DL RS [RBR AR R R SR TRk LA . LA R BRI ) i e 25 R P AR AN TR 1)
R PR PR AL B 0 AT DA S B R BE TR )R 3 40 A I SE R EEAT 17108, 78 R, Bl i 1 IEs R
B PVS RN 57%- 60.4% 61.39%. 62.55%VL K 64.13% N 11 & ikt & 20 A F1BETH DN F3 00 A, WIS
6~9, M1 T AN PVS FEEE R KB ITE K FIRFEFR 12840 S mT REX FF AR R B =R 2

’éﬁ i

Velocity Magnitude (m/s)
6

©O00000
=NW-AO

Figure 6. Distribution of normal, 57% and 60.4% stenotic portal veins flow velocity in rats

Bl 6. KEEE. 57%U R 60.4%Ik 1 ECRIE S B

Velocity Magnitude (m/s)

Q2
Q.1
0

Figure 7. 61.39%, 62.55% and 64.13% stenotic portal veins flow velocity distribution in rats
7. KER 61.39%, 62.55%AK 64.13%3RFE [ TERBKRIE 2 75 E
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Wall Shear Stress (Pa)

O-=NWAOIO)

Wall Shear Stress (Pa)
6

1

Figure 8. Distribution of WSS in normal, 57% and 60.4% stenotic portal veins in rats

8. KFEIEE. 57%AK 60.4%IRF 1188k WSS 2% &

£ 1

Figure 9. 61.39%, 62.55% and 64.13% stenotic portal veins WSS distribution in rats

9. KFR 61.39%. 62.55%LAK% 64.13%JE%E1 1528k WSS S &l
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!

Table 1. Summary of numerical simulated flow in the portal vein of rats with different degrees of stenosis

1. NEREREXRIIEKEERMY

PeAFERE B E (ce/min) £ E (ce/min) 4732 E (cc/min) /A Al
EHA 37.25 29.49 7.76 3.80
57% 25.66 17.76 7.90 2.25
60.4% 22.74 14.98 7.76 1.93
61.39% 19.18 12.21 6.97 1.75
62.55% 17.12 10.73 6.39 1.68
64.13% 15.99 9.52 6.47 1.47

Table 2. Summary of numerical simulated flow rates in the portal vein of rats with different degrees of stenosis

= 2. FRIRERRE KR TFHIKEERLUREL S

S AT R IE(m/s) P A U (m/s) W e e KL (m/s) PVVR {4

EH A 0.137 0.140 0.139 1.02
57% 0.168 0.758 0.683 4.51
60.4% 0.109 0.727 0.706 6.67
61.39% 0.101 0.722 0.628 7.14
62.55% 0.129 0.745 0.595 7.78
64.13% 0.096 0.803 0.697 8.40
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Table 3. Summary of WSS for numerical simulation of portal veins with different degrees of stenosis

% 3. NEIRETRE TR RKBUEERL WSS L2

WRERE PORAk WSS(Pa) 5Wﬁﬁf§ wss LG Eif wss 5 e
EwA 0.2085 0.2173 0.2005 1.08
57% 7.3641 0.0818 0.2939 3.59
60.4% 7.7433 0.1219 0.5415 4.16
61.39% 7.9327 0.1462 0.5422 3.71
62.55% 8.2121 0.0417 0.0920 2.21
64.13% 8.9727 0.2823 0.0901 3.13

1) BeZE R EERT KRR T ki 2 LL A 2 e

B 1 X AN A B AR BE R BRI B I ML IR B 0 A AT 0 AT b, AR, BEAE KRR T ER Ik A AR B2
ORI, T B IR BE 3K, B R i S s b, IR KRS T ER R B FR BN 57%- 60.4%.
61.39%- 62.55% LA J 64.13% 1) [ & Tk e At ML & 4K KA 37.25 ce/min. 25.66 cc/min. 22.74 cc/min. 19.18
cc/mins 17.12 cc/min. 15.99 cc/min.

TEH KRR T # kA 2 5 20 S M & HOAl — AR AE 3~4 2 0Al. 8 1 0 fe KR8k b B PVS & it
Ferb, TR 305 2o SO & FO B AH BE T I B 500 R /2 BNy, KRBT TR KR AR E N 57%.
62.55% 64.13%1)4 it M F 535N 19.69 ce/min. 18.69 cc/min. 16.81 cc/min, 2237 i &2 5N
12.45 cc/min. 5.18 cc/min. 4.05 cc/min, A5 3ZILIE & FT & LUFESR RN, 4532 52 2 E R HE B 1Ew K
BRTERIKEY 3.81 3% K BN 225+ 1,934 1.75. 1.68. 1.47.

BT RRGER, AT LLEEST, R TEKAE T B A EOU T, B KRR # ko A FE B2
I IEIN, T IES fR Bk, BT TR A S S SO I LA AR, TR S
SO g 2 B RO, Z R AN R S G LG L, T S BT e SO B e 22—
e TR AN g SR AR A AR B T K R R € 22 A D 4 SR AT A R R R R 12

HEFHAE D Hr A KR T S TR 5 0 4 SO U B AT A S E e A DA B A SR e, |
KAFRNT T 4R

W=p Y +p, Y’ +p,*Y +p,

Hdr p; =0.00066, p,=-0.122, p;=7.398, ps=—1453. ZFEKRIT#E KA 54 300 i & e iE,
XARF KRB A FEE . M52 SSE = 0.002907, HiE 2% R =0.9915.

2) BRAEFREON KR I TEK PVVR LUAE 8200

P72 Ak 5580 48 B 1) R ik L7 3% FZ (portal venous velocity, PVV) ELAE(PVV ratio, PVVR)Z 2 Wi PVS HJ &
BEEbRZ —, PVVR >4: 1 BfAJLAGRE PVS [13]. HHE 2 XPAS[RIR A2 R B K BRI ) i ik o 20 A 1647 20T
XTEE, TR R BRI K S b A PA 30, Bt DAL o 5 A7 ik /2 —FEK, £ 14.0 eny/s BT i)
KERITEGEN P ERAEGREN G, TAE 7 BHEE D, WRRITEN DBk, 220k /) m
SO, TTE RS W R . PR A AR IO, KRB IO EFREEN 57% 60.4%.
61.39%. 62.55%LL A 64.13% 8% b fe KR IE 737008 75.8 em/s. 72.7 em/s. 72.2 cm/s. 74.5 em/s LA
80.3cm/s, LI ABEA B AFREE M K — BN, 2O E SRR RN, 1 ER RO L RE R
B, o Iy SR 2 98D

IEH KB IE K PVVR H —BAE 1 B, 1024 PVVR H KT 4 B a] 5 N T # koA« ANFFi
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B, PVVR {EHAERN—ANUAE, HE TR BRIk R i gn &40 /i i g2, R FLhie T T ko 42 B
Bl 5. KETTEIKEERRE N 57% 60.4%. 61.39%. 62.55%LL % 64.13%] PVVR {5358 4.51.
6.67 7.22. 7.78 UL}t 8.40. BEAE THHIKI A IZ#T K FE, PVVR [HIZHTHE K.

BT BREER, AT LAEIST, R TE KA T BRSO T, B KB F ke 2 FE
(ASWTSE I, T1ER kA b MR Z B R, SRAY, SERENTTEKETE R, Bt
&%, PVVRAEMRE 2 1B 81K

LT BUE 5 BT T EE K R Bk A FE 2 5 PVVR EEEIT A ME 04T DL R A 0K, & 153
LI

Z=axX"+c

Ha=-1.375¢+09, b=-4.654, c=13.76. Z{XE PVVR {8, X RE KR TE KR AERLE . FJ5 2% SSE
=0.001494, e 2% R* = 0.9998.

3) PRAREEERT KRR KT 3 53 A 1) 5 i)

T 7 A 3 AR A R B R BT T K WSS 23 HEAT Z it L, BETE D) 97 73X —FR bR 7 2 2 5K
D3k 7 BAREE B SR, @ IUE W T B R AR B HE RS, DR BT TAR 4 S B A0 25 SR L6t
AT M. IE% KR ITTER KA = TEEM VIR SI7E 0.2 Pa BHEH SN, Homis), BN AEFX, Bk
BRI A PO A e 380 o FEYE TS, e 7 DX 2 L B SR O 2 008, B RE FE R 57%- 60.4% 61.39%
62.55% LA K 64.13% 1%k A5 Ab Bk WSS 43 51°A 7.36 Pa. 7.74 Pa. 7.93 Pa. 8.21 Pa i1 8.97 Pa, HilttAl Il
KRB R AE o PR AS VI N, T ER ki K ABTE 7 Pa BT BB, HBEESRAERLE IZ BN, Peas kb
KEETYI R B AR A B K.

5. &g

AHIE T HE TR BRI K 5 2 SEBG AN CFD HUE AR EIAR , X K BRI i Mk mh B e 7 VU ) P A 7 R 2 4 3]
N 57%. 60.4%- 61.39%. 62.55%LL % 64.13% M TLARERHAT TWF9C. 1 S0t T 05 22 S A il T ko
AR N 57% 60.4%. 61.39%. 62.55%LA K 64.13% 1)K BRI TER RS, W75 N 04 Dy Hi e
PURHE %A, BN CT B SR BUE AT ST 75 T TR R, 5% BT S U 28 14 A T B AL 1
TR SRR DL 4510 T g . BUE RS, BRI LR ) )RR il . k7). BERVIN f. i
By %of B [0 B0 o o R0 5 DR 3 5 T TR OB A ) A S B DDARL O, LT T kB 7 2 B2 R0 AS [RIR 1) 8 ik A A 4
T LA B DA R e A P P ) AR o B LRI o i J AR AR 0 AL P 5 TR 3 5 L R B D A o B A
BBl A B AR R 5 7 45 4 3OS I B LU IR BREOC &R, DLACR BT TER I F2 5 PVVR E I BREOC & .
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