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The effect of flow divider on restenosis in stented human coronary artery with

modelling
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#Abstract

Background: Shear stress is known to play a central role in restenosis formation and is sensitive to
stent geometry.

Objective: To investigate the effec of flow divider on restenosis in a stented human coronary artery.
Methods: The present paper describes a qualitative study in which a computational fluid dynamics
model to analyze the blood flow in a stented human coronary-artery. was used. Stents were assumed
with real structure and modeled using the commercial software package (Gambit, V2.0). A flow
divider isaflexible cylindrical body with different diametersand lengths which is centered within the
stent lumen by means of self-expandable stabilizing arms. The blood flow was modeled as an
incompressible Newtonian viscous fluid. Rigid geometric boundary conditions were assumed for all
simulations. The governing equations were solved using the commercial software package (Fluent,
V6.0.12).

Findings: The wall shear stress between stent struts'was sensitive to the flow divider, and the wall
shear stress distributions for different types of flow divider were calculated.

Conclusion: Application of a flow divider ledto noticeable increase in wall shear stress in stented
segment.
Keywords: Stent, Arteries, Computatienal Fluid Dynamics

dSa

Ol o)lead )3 Ly ST AT 5055ae O jge 4 4 Cunl by ddome (38T il ()8 Cdlate S ) (S 10
A plosl 80 6 lI8 il by e (S8, lise by 0diiS el 1 o3l p8l e jolaie 4 asllas 18R

A el S el a8y (Sgy wdige 00l (5 WYAD B YAY ol b a8 adlles oyl i g, g dgo
Obyd > G gl Wb Gl Wb (28 o Cogo @ lyd olwd 5 o515 BBy g (Bas Jbe S Ojge 4
33l ey sl oolaisl b b o oS pundts g cuiitiol (2Blg dwdin i odliiis] Sluwlre &Y lw Sealisd 3l o (gl el 5g)S
A edlazwl F uent, V6.0.12 )I)Sl P)J )l Q‘SW‘ _);9\.: OYoleo J} dl).x 9 KW u_‘>]).‘o Gamblt, V2.0

Bl il38l osds (gyli8 il 4l 1> CandVl g Cand b )3 Gl 0ylgd 4D By LS by 0aiS s o b tRAKAY
Olrd 3 2o (S5 dbul Jlinl g oy e ) plpd 3 08 obe G ol ISl cual 16 S dngi
a3 o ialS ) el (g IS il

Slalre OYla Seoliyd oS B pus ol 103195

olisleS Sy pole oKl Sy oSl SlSagey o oS3y swiige jboliol *
1S gl gimino oD (S gy (pwige 08l SilSoge o Sy (wdige dliasl * %
S gl gimino ol (S gy (cwdige 08 SilSogy o Sy (awdige Hboliwl * k%
CAVAVEVVERNR (il Sbjy 0a8tily colitile)S (S pole olStily coliile S 1ailSo o ol
“Email: dehlaghi @aut.ac.ir
Page (7)



OSan 5 iy Slag 575/ Olje 1 Ob o oS o Sl o3lizd ;3

Sl oslauwl ¢ sliasd lie 9,5 390w (slym
e yobate o ciil (RS ke oy,
JWg0] (sLb gl 4 dadeor e (0l Bl
da 9 095 GRSy ()5 die ¢l e Sl
RS dgiome yslite 4y (adads slar)], 8 g il
LS ol @Y 31 )3 Blo (b Jshe ©plee
B Y. i 0 acauwl o sasme (S5 st (Jlbs oyl
R KWL D v L 1| POV ISV PSR
0 S e ialS |y il LS el oyl &S
o4 (IS sl Bgye p Lol Y A5 (e

29 Sl dly (D G @ egSae g 4
u_wLul PR u - e ‘ .)J_’>.Do i .)L’>U| ),) . “",
i 055 e > 045 ol sloadlas

)..))b
2 oy 00l pendl SO cslS b oS cunl 0dl
Lostio] au¥ ) (e 9 093 by o)l ecaiial
L acdlas ol 50 V05 e ol eis g
0l oS el odlil 130 e Bin
plosl odl ()IIS sl by Suome (S5 (e

:Ubd:?,) 9 b,yo*
15 WWAD 5 WAY (sl b S adllas o]
S ywnl gimio oBiisly (S 3 wdige 00D
g il (0l pd s A Juo 3L gl 0 plox]
) 1 o0lizsl Gambitylsal o5 5l by 0ALS s
ol b Jsthe Gl cdio g @y 0> & pof dus 2
O L d)S iy 9 oo able Cistul (slaails
Sl syl olmofhil Uy Jtie ) 51 (o lmtabad
s i o IS5 | ddls 4w g0 (sl
ol 5 S e plhed bodd b le (dn g (AlS ke
RS Ll sl Loply G e g9y 2 banails
SooNeder 4 Laadls Jlasl g jlaivye0 (b5

1doko

ol domld chas) jo 5y sl o)len
JsSis ol 3 4 el Bgye g BB s (5 low
il 1) g3 see e oIl (S o)l > SH
3 oy sl celoplidl s iy e 55 Mns o
s I b sl s (2l Jas S8
030l gy o S5,5 (glghio (gl il cudls
g g0

Mol g jlew gl il &5 5L el aalb,
Lacaiwl .l 53 bps jee gl cavlio glyme
B9 P9 ey dAP Jle 3,0 ol ol
2l o, alllas 5l aiey Vi ool Lnyle
5 Juol judimal laciiwl ccisls el coidge
3o ozl sl VS o o o s 10 Jsits
2 el Caibse &ypo s il il i ) glus]

L I A . .
s axdlis 5 il jigsS oy

oolawl (gl 5kl cuwl &9 00 ! g 059)‘:‘
A slS Solw & sl (a).a)ls 3929 19)S B9y 50
ol (Mg 3T oo (lpebl oy i oo
L Cadge dome (S (e (Rl L g a0
Sl 5 S5 @l ams o Gl ) s
saome oyl JS3 85 banls 3 el casls
099y 4 o ( oyl (S aslen) )l
\fle .- - ae]
"7l poglln gl b S

ol dame (S5 daciinl cusls oM. 1 (S
Lacaial )3 1y samme 55 sbel Jlais] a8 Lelge
s S by jlasle wiad o il
PO SUEIP JE N JPINS=N e
‘Lm R I (_,’.:\LA;‘J% p—m CA_;.L.\ (_SLQ R I ‘().A.A‘_;ltb
2 Shd L iy sladisy 5> el ()35
o il S a8 olin MY, e lagelon
ST Dlge 4 S g3 05 (00 4118 by B
Lapladl oo a3 oo lid (iSTly il saiad
LSy (3995 1 5l aylie (2STy ol b ablie (ol



\vAv,Lé,.c<\°v&)>&)¥UL,;;W;jl,wu‘w;égﬂya&uuww

Jold (gl e Sl (g 0390000 )3 1) Ia e
i o815 Gl «@isl b el w3, b slagl 2
oiiSly g Oyl JEEIL lagl U oST5 L

28 S e JUisl g olesd sl

HEPVE| IS
ETERe TN SOV JRNEEN BN
Sladls 9o cp )0 by o)led @ ond Jlosl Sy
De 53 5 35 il s o 1oy S+l S il
)| ,_;.AS b)]HD u_w);uw‘mb 93&41@[5 do 5

A oo Jlos! oy (W5 pS T duglie —) 415400
Cilises SBEI 13 3l 0159

dails cund YU ails g3 oy ils cond by

O ol ok e (9
B DIf b | oS s
—0— DI b L oS s
—— DIY L ostS s

il i sy G e

sln catl lymy oy olsd 3 (b (i G

\ Y ¥ ¥ o I4 v A
ails b 4y canul ails g3 oy alold Cons

3] Cawd Gwlbigreainl dils gl cund YU 5
2 OT Jobo asoldl slasl by ol il adls
P 4ol olaidhog, pite (5 S S S
Cewd YUl 15 S50 caiwl cand ol 0 b
Dy il
D/4 ;a8 Ly (L2 oS s Sy 3 515 L
oyl ayea b Jlael by i ol o
oy A dgas o ciwl adls g s 0 by

DIB iy oS s ) b il L el i3l

laciil o Sotan 4 il S, el Jlas]
o 4l izl Jde 05 o] cilisee sla g |
L Ui 93 9 Jdiie plad o ()l S J3b 4
S b bt ool Cawd &) o Bk a5 S50
ol 0ds Lsl3S ol o] 31 p3 a8 03¢ )by

seie Job g 5lad b (slailgial (ol 2 0AlS mpns
St dhg a9 485 515 (Lyd S 50 5 &5 Cu
ol o ola sy s il slel g i s 4l
sloddls jlad pl5e3ion eSS glaal jlad 295
il 93 a8 Caglio ol e b b s i
= 0859l g Jood 2UIF 0 ol
by ol arilh 1) Sl bwgs 0l 008 s
il sl 0l 5 0)l3d 1 jho Gy (550
ol ea)odSs sl 5l 008 o e
Ol 0)l93 53 ooy JUS W55 gn 9 45 Jlos]
sBly yad ol 0dd Jio (b pd jlad Ll sg2g
b bS5l 5 e dee ¥ g 9,8 by

Sl ods 48§ a5 3 o Slasiie 4 45y L
Torid o,5-5 5l ads (gHldS carwl by S
Sloslaiwl U (gam 93 Jae 3 o Gambit 58l p 5
Sloolawl U (s dw Jas o g ilio slaaslad
i 4 0ad Jaoe by (S e slaadkad
Ly S 5 48,5 15,5 i o +/+0 lnaskas slol .03
oVl S s Joyd Yo Jlade @ o] LialS
W odalie ol )0

5 =8 g o0 (o)A caiwl 4l o b oyl
L 4 ool i colisdos s 4o, cdo ol 5l ae
St 53155 Gl yd o)les (S Al 4 da g
A Go JHB 28 ol il (8 Uas (S
b 33 by S a2 LT e
oShs =B e 5 (Sss Jbe Ol ) 0 39S
Ob p Sl S gl pgb sadblae .85 laiy
5 o3kl L g Fluent, V6.0.12 1581 » 5 dlwg 4

OlsSis )38l iy onl b sl > dgazme o> )



OSan 5 las Slag 5/ Olze Ol o oS o 51 oslizl 3

- 4 4 % o Y <

k3 L ()l oS i il ¥ l5g00
OLesy (23 3l (6l 5l 2590 ;LS (59, i Bl

D=y 55
bbb o oS5 o

O o osiiS
o [ o |y 0iiS s
DY e b oS s

Ogl O 04 jgae byd 0)lend )3 (B S
caswl 9l el toyn 00 S coiwl dds
oS e il Job 3 g als Sl slaadls |
slaadls gl cdl als lyd o)lps > oy
A by o)les 53 (LB GRS lade pgd i)
e ladals )3 0g coiwl o cdbs o3 ¥
oVl meS blas ol jo by e)les e
0 u_ﬂ).xg bls O—.’-l c)’L\_El Do col U9 Js
= QS D9 2l ISt ol el
ub)_w o)le A ol JLA.C‘ oy S )lJ.O.A ).g]).g
Dy Sl el

oilidl ccel DI3jhad ay L > 0058 puunds
Al ) bb o)led 4 onds Jlosl by i Slas
b do Cuns yulp 93 liee 4ol (6,105 cul
Jls (L yn 0uiS pund cuad b ol ol
M]Ja‘m@a_mMoMJLos]wﬁW
aS Jb oyl cowl e b nopn Vel 5
YO 53 by (5T by 04 oy I odlaiul g
Lo Vo U joo o Gl Jol ddls pdaw 3l sy
Dy Ciiwl el s

dopd Ve dgas ) Jd el an Cud by (S
00 S ey baB ol 8L e Bl ol 8l
3y S yuss adls o> cpe o ol > S DJ2
S asgy (e 21y o adils (Silued g
ot adb ol ol e g ecsl a8l by
Laddls o oS Aol oS Jb s el
Ol (B 5 (adls 93 Alols doyd) e d905)
2 il g el oy Fe ply ol jlade 5 cél

(Y o)l yl3503)

0,193 s ouws JUol ouit p (i g dunny o - Y 1300
QU BURS md iliteo (5l b8 (¢l )l

VY 7 izl g obys M

el gbys O
DI b 2 o 08 s b izl O
A D/ s 4y 01338 s b il
DYyl 4y 018 s b izl [

Gly Gl o)l )3 (odyr G s
- oo ‘Oﬁ){dl}é{ et dlﬁ““‘ ‘
=
Il

@ anl Job Jials el (h oliS s
5 CodVl > (S S Gl e 5 ol
O 45 00y e sk |y g ol s ol
2 (Hy ohalS Ll cuws ol 9 candVl o Ly
b ioli8l Co g Cunly Cows
Lol gleonis s b bl jlid jlide
sl sy (0 dloml el calisee (sl jlab
Cygmo 3D Do il yai cdls 1 oly 90 il
3 diliss gL U oy 08 pendis ) oolicl
8 IS Job )3 by (6999 50 HLid il
(¥ oless Jogad) il il



W/\v,wwv&,;&)*UL,;;L‘.Aglydu‘szé.zﬂ,m&uu@&@

o=l = cewlie (SGlSe olgs g jlad s (g9
8l (6)908 025345 slagjl

185135 ol
.39‘;’@ ‘-;;‘))u\g .‘".. .

:&‘ o3k
1. Glogov S, Zarins C, Giddens DP, Ku DN.
Hemodynamics and Atherosclerosis. Insights
and perspectives gained from studies of
human arteries. Arch Pathol Lab Med 1998
Oct; 112(10): 1018-31
2. Dotter CT. Tranduminaly- placed
coilspring endarterid tube grafts. Lnog- term
patency in canine poplited artery. Invest
Radiol 1969 Sep.Oct; 4(5):329-32
2. Dotter CT, Buschmann RW, Mckinney
MK, Rosch J. Transluminally expandable
nitinol coil stent grafting: prdiminary report.
Radiology 1983 Aper; 147(1): 259-60
3. Sigwart U, Puel J, Mirkovitch V,.et al.
Intravascular stents to prevent occlusion and
restenosis after transuminal ‘angioplasty. N
Engl JMed 1987 Mar 19; 316 (12): 701-6
4. Kastrati A, Mehilli J; Dirschinger J, et a
Restenosis after coronary placement of
various stent types. Am J Cardiol 2001 Jani;
87(1): 34-9
5. Lee D, Chiu JJ. Intima Thickening under
shear in a ‘carotid. bifurcation, a numerical
study. J Biomech 1996 Jan; 29(1): 1-11
6. Danenberg HD, Welt FG, Waker M 3
rd.et al. Systemic inflammation induced by
lipopolysaccharide increases neointimal
formation after balloon and stent injury in
rabbit. Circulation 2002 Jun 18; 105(24):
2917-22
7. Murata T, Hiro T, Fujii T, Yasumoto K.
Impact of the cross-sectional geometry of the
post-deployment coronary stent on in-stent

18 S o g Cou
A Obd 3 s by s A b LS gl
84S (o NS (o yuetd (L2 OMS o dlg
Sloojlod Syl an (93 ol cola b gl
O Aol o s ol Bis el by
2 s GRS Ao 5D 9 355 e Cisll (sl
om0 b o inli8l caiul ddls g alold
Sl (ol 350 5 9 by 0AS aendll Cawd
i ol S by o ol &8 25 0SSt
Job 98 55555 Al cul ojlul 42 pa S (o
ol )8l il s b 3 ol (2he 4l
BRI Ll o il saome (S5 dlm] Sl
g Gl als)S el ojlal ¢l 2 04" s
o5 L ol ahale gaw a8 Gl ol S5k
L cnlpls 9850 )L L3S GRalil el 5 08 o
L g calisee (ol ylad cly ool cowd @l duwlie
by Gy ol S92y ay (ljdl (85 jlas o
Oby=S (63959 ) Ui 9 0l yb o)l 4 0l Jlos]
Sl s B (Gl 0aS eand I olitul S
aS ol dn ang L cwl DIB (b 2 oiiS s
D4 ;13 Ly (L 03iiS s sl L33 il 38
D/2 415 Uy gyl ¥ 5905 D3 jlas by eyl ¥ 590
Ol 038 (9 Cittl bl ¥ 292>
o=l Jlesl a8 358 (wy (L a3 Sl
o b Sl pdy Sl (b b e 53 5LE3 il 53
20> 0l 6o e b by oS eunds
Flos! (i G5 Gl el wwiial (39)9 42U
555 3ol Jlaas] aoui 3 9 045 0 4l pl
5 Jobs elnazil L il oyl amd o il T, saee
s M5y il s plodl U cloadlas
Sasb b (ol oS mpn @ 0k )heSS slaarly
Gyl 5l ooyl slmgys Jooo obly a5 595 bl
Jlie > (Jg8 JoB coglio a3l ansl | oo
s adlae sy oo a5 s ol led sbul Gl



OSan 5 las Slag 5/ Olze Ol o oS o 51 oslizl 3

8. Tavakoli—Gholpayeghani A, Ngarian S,
Firouzi F. Numerical simulation of unsteady
blood flow with Newtonian and non-
newtonian behaviors through a stenosed
artery. Daneshvar Medical J 2003; 39: 23-29
9. LaDisa JFJ, Olson LE, Molthen RC, et al.
Alterations in wall shear stress predict sites of
neointimal hyperplasia after stent implantation
in rabbit iliac arteries. Am J Physiol Heart
Circ Physiol 2005; 288: 2465-75

10. Farb A, Weber DK, Kolodgie FD, et al.
Morphological predictors of restenosis after
coronary stenting in humans. Circulation
2002 Jun 25; 105(25): 2974-80

14. Ngjarian S, Dargahi J, Firouzi F, Afsari
F.Unsteady simulation of distal blood flow
in anend-to-side anastomosed coronary
bypass graft with stenosis. Biomed Mater
Eng 2006; 16(5):337-47

15. LaDisa JF Jr, Olson LE, Guler I, et a.
Circumferential vascular deformation after
stent implantation alters wall shear stress
evaluated using time-dependent< 3D
computational fluid dynamics models. J
Appl Physiol 2005 Mar; 98: 947-57

16. Tafazzoli-Shadpour M,--Dehlaghi V,
Avolio A. Analysis of Blood Flow in Stented
Human Computational Fluid Dynamics. The
12" Enternational Biomedical Engineering.
2005; Singapore

17. Wentzel .JJ, Whelan DN, van der Giessen
WJ, et a. Coronary stent implantation
changes 3D vessel geometry and 3D shear
stress distribution. J Biomech 2000 Oct; 33
(10): 1287-95

18. Wentzel JJ, Krams R, Schuurbiers JCH,
Serruys PW. Relationship  between
neointimal thickness and shear stress after
wall stent implantation in human coronary
arteries. Circulation 2001; 103: 1740

19. Wentzel 17, Gijsen FJ, Stergiopulos N, et
al. Shear stress, vascular remodeling, and

neointimal formation. J Biomech 2003 May;
36 (5): 681-8
20. Carlier SG, van Damme LC, Blommerde
CP, et a. Augmentation of wall shear stress
inhibits neointimal hyperplasia after stent
implantation: inhibition through reduction of
inflammation? Circulation 2003 Jun 3;
107(21): 2741-6
21. Dehlaghi V, Tafazzoli-Shadpour M.
Analysis of pulsatile blood flow in stented
human coronary arteries. Proceedings of the
5" World" Congress of biomech. 2006;
Munich, Germany.
22. Dehlaghi V, Tafazzoli-Shadpour M,
Ngjarian'S. Numerical analysis of pulsatile
blood flow' in a stented human coronary
artery with a flow divider. Am J Appl Sci
2007; 4(6): 397-404
23.. Dehlaghi V, Tafazzoli- Shadpour M,
Nagarian S. Analysis of wall shear stress in
stented coronary artery using 3D
computational fluid dynamics modeling. J
Mater Proc Technology 2008; (197): 174-81
11. Nicoud F, Vernhet H, Dauzat M. A
numerical assessment of wall shear stress
changes after endovascular stenting. J
Biomech 2005 Oct; 38 (10): 2019-27
12. Virmani R, Farb A, Guagliumi G,
Kolodgie FD. Drug-€luting stents: caution
and concerns for long-term outcome. Coron
Artery Dis 2004 Sep; 15(6): 313-8
Jos e (sl e ppls (Lads g (alas YY
95 b 3 g9 b g i aw ol
ale onS el (hoghy sals dlome oud (g)liS il
FO-OY (P 0)las) VA Jlo VAP b
25. Dehlaghi V, Ngarian S, Tafazzoli-
Shadpour M. Effect of stent geometry on
phase shift between pressure and flow

waveforms in stented human coronary artery.
Am JAppl Sci 2008; 5(4): 340-6



