EREMANE $£27% $£5H 2012F108
Journal of Medical Biomechanics, Vol. 27 No.5, Oct. 2012 481

B S .1004-7220(2012)05-0481-07 - TRILIE -

FERAAR MR NFHELREEETN

0w, X H, R, AR
ISR A S B TR, AR % 5 I P A T GRS, s 100191)

' FEBIIKEE AN = AERBEAR , 70O E WO S AR T S pBE B AL A o 1M e 3l I 285 o VR A7 3 BRUAE 199 A T
S, BRI 1 F AL A ) S A, DT Ao LA 9 A o 5 1 R S 2l ik Ak ) sl O R e WA Y
Hilliz 3l 3k = 4E a3 W UATF AL =SB i Bk Sl R aE DL s ikriz sl 2T L ERTSEAE R, ARk,
WFFEE AT LASPAEE S U S BN 00 ML A ARYT FILC LA A RS BRI BT A SOt 3= 3l ik b 1 5 2l it 25 00
56 AR BRSO B RAZBE S A I SR A L B E sl 7 e PR A i i rp ) R S 2R T 20

KR Beshin; WA; sk msh e

HESHES: R318.01 XEIRER: A

Hemodynamic characteristics of the aorta and its physiological
significance

LIU Ming, LIU Xiao, KANG Hong-yan, DENG Xiao-yan(Key Laboratory for Biomechanics and
Mechanobiology of Ministry of Education, School of Biological Science and Medical Engineering, Beihang Uni-

versity, Beijing 100191, China)

Abstract: The aorta is the major blood vessel with spiral-shaped geometry where the flow pattern is swirling in
late systole. The swirling blood flow may have a positive physiological role in preventing cardiovascular diseases
by reducing turbulent flow and enhancing mass transport. Several factors have shown to contribute to the forma-
tion of the swirling flow in the aorta such as the ventricular twisting, the 3D spiral-shaped aorta, the pulsatile blood
flow in the aorta and the motion of ascending aorta. Inspired by the above basic researches, the swirling flow
mechanism has been applied to the vascular interventional therapies and the design of cardiovascular interven-
tional devices. In the present review, the observation of swirling patterns in the aorta, its physiological signifi-
cance, the factors contributing to its formation and its potential clinical application are summarized.
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o RN S A58 50T A | 45 8y ) e — ) T
P S I 6 A B, T 3 g K R 2 0 ik 5 R ) Ak
FEAEY L) WA i RE S BEMRN S M 2
TR Sh Y T2 B kS Ak iR Bl S5 R R
R AE B A I B e o R i H R A A
AR Segadal 4 AEFF LA AR A
i T P 225 RS 0 AT 23l ki shitt AT

LOr®
205
0_
iR
il <L s
J1s

L SR, AR ) R A R UREAY L B R A
SR TA Ae JE BE I 5 AE NS AR A, BT 1) )
FEFIET . Klipstein 25" i F &% i 2L L% (NMR)
BORWER] TR RO RS (WK 2) A Pt
(e, NMR A LAWLEE 51 T 3= 3 Jk i o8 4351
T R 3 o

AL AR 45 2 ) T Py T B o Oy TR R
Bikrhi = 4ER A, Endo 450k 11 3 3h bk S 3k
Frds WAL BE, SR i Ao e R B0 AN A T 3 s
KBAE EBRS A — A R—BiR . BER IR A
HOR MR I | OB 22 i BIF 52 3 W48 21 32 Bl ik Ak Y
T IS 2 A 31 50 & ke b VR I 9
1) , LU 17 i 5 3y, Frazin 2611 fd F %
L 228 ) AR BRI R, 7 F2 3 bk 5 A 3
kA B LI B0 2 e 3 1Y), L M E 31 i kS 4k
E Bk 2 R Sk T e AR S R
WEshi , A e e H 4 ih T 5 SMAf#BE . Thomas' "
WO, T 2 AR BOR B 0 BER AN =  LE Sk
WL BRI 1 sl Pt 30 3 o VP MR B ™ A
AT o B A I PR 1] 1B A 0 bl T ke e o ol o
NMR {00 55 L 7 38 9 20285 e 8t 0 ) s A7 75 21
TS Bz N o AH 28 A% 1 L Uk % (PC-
MRI) £ A H B A A A 878 KM A8 = 43 25
JN TS, R R AR, Kilner 251173
SRR IR, EBRK S 1Y L, sl A TR e
LN

B2 AFEBREEE O EABRRS

Fig.2 Two-dimensional velocity profiles in the human ascending aorta
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Fig.3 Schematic drawings to illustrate the typical aortic arch flow development
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Fig.4 Four models with computational meshes and the flow patterns at cross section

(b) #12

4 IEEhRSRBKEEREL

T e sh i O ML R G2 A7 F T
TR A BRI SCHEAT T R BRI IE S, 5 3 A JiE 5l
TEA AR B0 A PR)BE , 3 i 30 3 e AR o
iz, I Sl Bk ot e AL 1) e 2 . U8 FE3h kIR
WRAZ Z , AL RO L AE Kilmer 25717 A 32
SkAb B MR 455 s oAt JE 3Bk Ak I 35 A i
L, X AT B 1 T 3 B bk Ak e sh i 1R Bl e
B N 1w A R AR . B T s KR AR AL A
by R AAE N (IR BE 160 B9 U0 7, LA K BE 1 95 U] /7 9k
R B DX, BBl koo B AL S 7R i A fY 3 B

(c) B3 (d) #eng4

R TR] 2230 o el I A 7 B £1 i B i B9 911 7 , ek >
TOURE RS B RF 1), M0 S BRI RERE AL . O T 8
UERL b BAR AN RSEA T T E Sk 2 ke
R A S A s 2 i 2 1 (LDL) A I A B 1T 14 AR
O, K45 Dean AR L , i€ 3l i BE A A% 40 i LDL
T LA BE T A AR SR, 7 Bl ko ot L e 2 Bl bk
(et LDL BE TV BE 3 s ™, T ML %
B A B, BE S RE W 4 ] LDL 75 I 5 BE
HEIRER o 55— 7 1, % B8 3] i 4 [ R B 8 52 i) 2
ki RERE AL B A i, AR PRSI E BT T 3 sl kad 4R
SRR O, S RO 3 SRR b BE ) LDL
AL (e, ) FIAR AL R A (Sh) 20 Al o X TR



X B, EFBRAMNNES AFHEREIEESRY
LIU Ming, et al. Hemodynamic characteristics of the aorta and its physiological significance 485

LERT A B XIBAE R ¢, , HoAtl X B A
P) AR LB AL e LB, B 2 1) e, AT S
B 1 ARL (R AE R 3 v T 32 30 flk 4 &1 BE e =
ShKNEE ¢, B, B 1.2 Shoor AR, (E2
B3 rf Xk E H A F AR SRS s R AR

5 SRR R 1.2 P e sl i RE A 4 il LDL 7
I A EE AR R R R AL R (R 1E 2 5)
ik =5 3z g A K e 32 2 Ik A 3 i 4 A% i R I
AT T I X IR T S 0 S R R AL 25 5 A 1 I
78

(a) BERL1

three aortic models

5 mEhRREIE AT ME T NS

T BIRBETT DN P e S s B ] LA R
T i 5 S /N 1714 A3 I 4 44 28 () 35T, @ fh
TP A R O FE I S5 R (], D L S e
PR )L, (O i R B A A 2 2 (R AL

e/ S L6 18T L R T e sh
iR INERER AR e LR L RV RN i R IR
L , K e SN I AE I 2 b sk /> 1 /) i 7 B T ) b
A, SR e Sh At B 400 ) /0 1 A2 N 3 1 A8 e
FIIE I, Caro %5 JET I h i JE BRI 3T T — b
JT ik 55 B 15 B B SRR NS 1487, O 3 4y 5
B AT IR . a5 AR S8 S LA A B,
BEHREAR PR N S L A B 300 ) ot e L 8 5 BB
Jo FEMCHER 1, PRI X% s A AT T
ik B s B AR B 2t — 2R T RS
TEFEFF AR, Morbiducei 2 36 AR [ LT K IE 19

(b) A%l 2
B5 3AMREPER LDL BIRE o, (A) MESEEIEE Sh(B) 3%
Fig.5 Distributions of luminal surface LDL concentration ( ¢,,) and the normalized oxygen flux ( Sh) to the aortic wall in

(c) Himy3

SRR B BKS5 BHE T HEAT T AL UR B ) 2 M, R B e
BRI BN 5 /0N, S e Sh IR AT RE 240 i 1 A
B AESRBE TRIP IR . IS, AR PR B3t T
— Rl S RIFEAF Ik, KB S RAPSATR e = hEsh i, Bh
SR 8 7% TR 2 R B 0 ) P B AT
TEAFR PRI S AP AS [l R | R e e
B RE A 108 PN S AR A0, AT AT E 23 410
HITRRAS o PNEE 38R A5 04 e 3 70 D5 8 T e IR 3l
ko> S B e BUE Sl i RE B e i Ak B4 ML B
SRR O T WRTEBE S I R A kg AR s A
FE Wt B 7 X B 3 O 25 A B 3 3 M Ak e
s ML PR T B DL , i BHLE 50 3L 6 8% 400 ) s e ok
i FPLEEER 1T o

6 45iE

eI 2 AFAE T LB Bt 4 (9 A
37, FHAT B 1) 25 B Iy 6 3 o 400 Al i O 410 A A1



486

EREWMOE $£27% FS5H

2012 £10 A

Journal of Medical Biomechanics, Vol. 27 No.5, Oct. 2012

S T D AR I AR IR )RR AR SR R 5 i, A
T Sk RERE AL I K A o 51 E S AL Y e sh
TR A A AL 2 Bl L B kA = 4EAs
(] J LA AL 29 | S 50 Joik Ak 4 Jok sl A Ak L = 3 ik i
a8, FET RIRETT, LUK e sh i BN 0
M AR HLL MU ASRAT BT

S

[1]

[3]

[4]

[5]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Yashiro K, Shiratori H, Hamada H. Haemodynamics de-
termined by a genetic programme govern asymmetric de-
velopment of the aortic arch [ J]. Nature, 2007, 450
(7167) : 285-288.

Berger SA, Talbot L, Yao LS. Flow in curved pipes [J].
Annu Rev Fluid Mech, 1983, 15; 461-512.

Dean WR. Note on the motion of fluid in a curved pipe
[J]. Philos Mag, 1927, 4(20) : 208-223.

Dean WR. The stream line motion of fluid in a curved pipe
[J]. Philos Mag, 1928, 5(30) : 673-693.

Chandran KB. Flow dynamics in the human aorta: Tech-
niques and applications. In. Biomechanic systems, tech-
niques, and applications, volume Il cardiovascular tech-
niques. Leondes CT, ed [ M]. Boca Raton: CRC Press,
2001.

Chandran KB. Flow dynamics in the human aorta [J]. J
Biomech Eng, 1993, 115(48) . 611-616.

Clark C, Schultz D. Velocity distribution in aortic flow [J].
Cardiovasc Res, 1973, 7(5): 601-613.

Seed W, Wood N. Velocity patterns in the aorta [ J]. Car-
diovasc Res, 1971, 5(3): 319-330.

Falsetti, H, Kiser KM, Francis GP, et al. Sequential ve-
locity development in the ascending and descending aorta
of the dog [J]. Circ Res, 1972, 31(3): 328-338.

Nerem RM, Rumberger JA, Gross DR, et al. Hot-film an-
emometer velocity measurements of arterial blood flow in
horses [J]. Circ Res, 1974, 34(2): 193-203.

Farthing S, Peronneau P. Flow in the thoracic aorta [ J].
Cardiovasc Res, 1979, 13(11): 607-620.

Segadal L, Matre K. Blood velocity distribution in the hu-
man ascending aorta [J]. Circ, 1987, 76(1) : 90-100.
Klipstein RH, Firmin DN, Underwood SR, et al. Blood flow
patterns in the human aorta studied by magnetic resonance
[J]. BrHeart J, 1987, 58(4) : 316-323.

Endo S, Sohara Y, Karino T. Flow patterns in dog aortic
arch under a steady flow condition simulating mid-systole
[J]. Heart Vessels, 1996, 11(4): 180-191.

Frazin LJ, Lanza G, Vonesh M, et al. Functional chiral

[16]

[17]

[18]

[20]

[24]

[25]

[26]

[27]

(28]

[29]

asymmetry in the descending thoracic aorta [ J].
1990, 82(6) : 1985-1994.

Kilner PJ, Yang GZ, Mohiaddin RH, et al. Helical and ret-
rograde secondary flow patterns in the aortic arch studied

Circ,

by three-dimensional magnetic resonance velocity mapping
[J]. Circulation, 1993, 88(5 Pt 1) 2235-2247.

Bogren, GH, Buonocore HM. 4D magnetic resonance ve-
locity mapping of blood flow patterns in the aorta in young
vs. elderly normal subjects [ J]. J Magn Reson Imaging,
1999, 10(5) : 861-869.

Houston JG, Gandy SJ, Sheppard DG, et al. Two-dimen-
sional flow quantitative MRI of aortic arch blood flow pat-
terns. Effect of age, sex, and presence of carotid athero-
matous disease on prevalence of spiral blood flow [J]. J
Magn Reson Imaging, 2003, 18(2) : 169-174.

Thomas JD. Flow in the descending aorta: A turn of the
screw or sideways glance [ J]. Circ, 1990, 82(6): 2263-
2265.

Caro CG, Doorly DJ, Tarnawski M, et al. Non-planar cur-
vature and branching of arteries and non-planar-type flow
[J]. Proc R Soc Lond A, 1996, 452(1944) ;. 185-197.
Stonebridge PA, Brophy CM. Spiral laminar flow in arteries
[J]. Lancet, 1991, 338(8779) : 1360-1361.

Stonebridge PA, Hoskins PR, Allan PL. Spiral laminar
flow in vivo [J]. Clin Sci, 1996, 91(1) ; 17-21.

Frazin LJ, Vonesh MJ, Chandran KB, et al. Confirmation
and initial documentation of thoracic and abdominal aortic
helical flow. An ultrasound study [ J]. ASAIO J, 1996, 42
(6):951-956.

Houston JG, Gandy SJ, Milne W. Spiral laminar flow in
the abdominal aorta: A predictor of renal impairment deteri-
oration in patients with renal artery stenosis [ J]. Neph-
roldial Transpl, 2004, 19(17) . 1786-1791.

Jin S, Oshinski J, Giddens DP. Effects of wall motion and
compliance on flow patterns in the ascending aorta [J]. J
Biomech Eng, 2003, 125(3) ; 347-354.

Morbiducci U, Ponzini R, Rizzo G, et al. In vivo quantifi-
cation of helical blood flow in human aorta by time-resolved
three-dimensional cine phase contrast magnetic resonance
imaging [J]. Ann Biomed Eng, 2009, 37(3) : 516-531.
Baciewicz, FA, Penney DG, Marinelli WA, et al. Torsion-
al ventricular motion and rotary blood flow. What is the clin-
ical significance [ J]. Cardiac Chronicle, 1991, 5(8): 1-8.
Yearwood TL, Chandran KB. Experimental investigation of
steady flow through a model of the human aortic arch [ J].
J Biomech, 1980, 13(12) . 1075-1088.

Yearwood, TL, Chandran KB. Physiological pulsatile flow
experiments in a model of the human aortic arch [J]. J Bi-
omech, 1984, 15(9) : 633-704.



X B, % EEBAMNILRINFHEREEERY
LIU Ming, et al. Hemodynamic characteristics of the aorta and its physiological significance 487

[35]

[36]

[37]

[38]

Chandran KB, Yearwood TL. Experimental study of physi-
ological pulsatile flow in a curved tube [J]. J Fluid Mech,
1981, 111. 59-85.

Zabielski L, Mestel AJ. Steady flow in a helically symmet-
ric pipe [J]. J Fluid Mech, 1998, 370. 297-320.

Mori D, Yamaguchi T. Computational fluid dynamics mod-
eling and analysis of the effect of 3-D distortion of the hu-
man aortic arch [ J]. Comput Method Biomech, 2002, 5
(3): 249-260.

Shahcheraghi N, Dwyer HA, Cheer AY, et al. Unsteady
and three-dimensional simulation of blood flow in the human
aortic arch [J]. J Biomech Eng, 2000, 124(4) . 378-387.
Liu X, PuF, Fan YB, et al. A numerical study on the flow
of blood and the transport of LDL in the human aorta. the
physiological significance of the helical flow in the aortic
arch [ J]. Am J Phyiol-Heart C, 2009, 297 (1): H163-
H170.

Liu X, Fan YB, Deng XY. Effect of non-Newtonian and
pulsatile blood flow on mass transport in the human aorta
[J]. J Biomech, 2011, 44(6) . 1123-1131.

Ding ZF, Fan YB, Deng XY, et al. Effect of swirling flow
on the uptakes of native and oxidized LDLs in a straight
segment of the rabbit thoracic aorta [ J]. Exp Biol Med
(Maywood) , 2010, 235(4) : 506-513.

Liu X, Fan YB, Deng XY. Effect of spiral flow on the trans-
port of oxygen in the aorta: A numerical study [J]. Ann Bi-
omed Eng, 2010, 38(3): 917-26.

Zhan F, Fan YB, Deng XY. Swirling flow created in a
glass tube suppressed platelet adhesion to the surface of

[39]

[41]

[42]

[43]

[44]

the tube: Its implication in the design of small-caliber arteri-
al grafts [J]. Thromb Res, 2010, 125(5) : 413418.

Caro CG, Cheshire NJ, Watkins N. Preliminary compara-
tive study of small amplitude helical and conventional ePT-
FE arteriovenous shunts in pigs [J]. J R Soc Interface,
2005, 2(3) : 261-266.

Sun AQ, Fan YB, Deng XY. Numerical comparative study
on the hemodynamic performance of a new helical graft
with non-circular cross-section and SwirlGraft [ J]. Artif Or-
gans, 34(1).22-27.

Morbiducci U, Ponzini R, Grigioni M, et al. Helical flow as
fluid dynamic signature for atherogenesis in aortocoronary
bypass. A numeric study [ J]. J Biomech, 2007, 40(3) .
519-534.

Fan Y,Xu ZP,Jiang WT, et al. An S-type bypass can im-
prove the hemodynamics in the bypassed arteries and sup-
press intimal hyperplasia along the host artery floor [J]. J
Biomech, 2008, 41(11) ; 2498-2505.

Chen ZS, Fan YB, Deng XY. Swirling flow can suppress
flow disturbances in endovascular stents; A numerical stud-
y [J]. ASAIO J, 2009, 55(6) : 543-549.

Sun A, Fan Y, Deng X. Intentionally induced swirling flow
may improve the hemodynamic performance of coronary bi-
furcation stenting [ J]. Catheter Cardiovasc Interv, 2012,
79(3) . 371-377.

Chen Z, Zhan F, Fan Y, et al. A novel way to reduce
thrombus build-up in vena cava filters [ J]. Catheter Card-
iovasc Interv, 2011, 78(5) : 792-798.



