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In this paper motion of some blood clots with different mechanical properties in the
cerebrovascular arteries is investigated. Blood clots are mostly originated from heart or other
cardiovascular arteries and by entering the cerebrovascular arteries trigger occlusion and deprive
the brain’s tissue from proper perfusion. To study this phenomenon, we used a patient-specific
geometry of cerebrovascular arteries and due to obtaining the motion of clot and blood’s flow in
Fluid-Structure Interactions cerebral arteries, algorithm of fluid-structure interactions was used. Although previous
Cerebrovascular arteries researches have not considered the effect of mechanical properties on the motion of clot, our
blood clot results demonstrate the variation of the dynamic parameters of the clot’s motion by changing the
stroke mechanical properties. We show that by increasing the rigidity of the clot, their tendency for
entering to the larger arteries is increased. Also, other dynamic parameters like clot’s average
velocity is altered when the mechanical property of the clots changes. Mechanical parameters
have the main role in the motion of clots and by investigating them, insight to the mechanism of
pathologies would expand, moreover, strategies of the cerebrovascular treatments would be
interesting to study in the future.

Keywords:

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

&4@504950&4&}30)&3&@U40)@Q¢ilﬁw¢)5¢d€

[1] 55 e 58 s ez ol 1 2 5
SaoSus] S £95 90 @ (g5 0 1) aSu glgsl (S (gasnains S o
WS £98 bl SeeSian] (pere A5 0903 el S5 08 IS
Ty P 8l ouisS 4l 59,0 GSlw e ol o aile ol Judo 4 g el

Please cite this article using:

doio -1
4 Glayigs pas 4 jzmie o5 Sl 2 Sofsly i anls ST (grhe xS
2 5 (Gdie olge plyie a4y 5081 5 SIS 28l pae) e (slasles
S B slags)lon 5l om0, 5 (o0 she ) a4l 1 S8l S e ae

1- stroke
2- Neurologic

T led aaliiu! Jod &b 5l lie ol @ gl gl y0

F. Khodaee, N. Fatouraee, B. Vahidi, Analyzing the effect of Deformability of Blood Clots on their Motion in the Cerebrovascular Arteries, Modares Mechanical Engineering, Vol.

16, No. 1, pp. 1-9, 2016 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9J),).cd&pi'bJ;I.))..\L@T.;J);Jbouﬁé)gui,';‘s&dﬁd‘s)ﬁiuvduml).ﬁuJM

il w4 wl sbeul g0l Ls‘bﬁ)f 095> slaglas ol Cewdy

Sl O 4 e S ileand a5 (AL Slallas
@ G9ye 5 oo ditle pguls 5l eolial b aasle;] siladon ;o 255l o
w3y bz Sialusgen 5 39,0 aSd )0 ool S5 0928 (S ()
Sbyi JSa Y Slags 5l cdo Jow S [11] o)) 5en g oo .09 oo
3,90 alizee glaojlail o (69,5 S glp |y Ol e bas g aSls |,
wlie Jlow pgils G clo b [12] o Ses 5 Sl Laiols I3 aslllas
S g Sie 9 Sy kel GkS, Sl S pludl e 390
9 6.@[3 ol )‘).9 IR D)9 usl.o.uo LgLQo)‘-.b‘ B, |) 6-‘5.~OT )‘J.Q 10 Sgd=>
a2 0 1y Jgmel (S58,5 ol g &8 > 095 095 Jow 4o [13] ), Ko
g9 So 0> 5l il Gaiow yo laaisd ailosls 13 pwp 3590 ey
3G Jae g el asle el gl e alin &S o5
Sealodgen sla o)l ol ool Cands qmaboline wais (5,10 guas
5 S B3 50 el s S (Il S e 09> Olyz
D9 LT Gubios (gl jgliwd oy oo a3 lawgs 58,5 ol g

2259 097 wile el Pl IS s aKiol;l wldlas ax 51
Sligzs 4 5L (09 panie 4 daxg b Ll aias e &l Lo Jeo!
C o aile Jorol ooy Sliz Glaled jo (s)lsde uizen 5 gl
m!u)f )\)_9 ul.a.am oslazrul 3,90 )..45 Le(.:—‘ us)?).«.muo 9 u‘)o

o Slaslre b Jas slaw ool plxl Clallas S0 (55w
ol by Jb yo old k) sl WS g mel> Cledbl siiis
Pl die 5o sladllas y8l ax ST easms )8 pdiza LIS 0 G,
Slr Gppme Olite Gleslme Jao S [14] S5 5 gumgy bwy
500 ol (K85 glls by Sglate sla,kd b by Jewl oS >
G S o i ard sl B alem Sl ol by, ) anllie
@ Jlesl sl i Joli Gaiss ol gl ol eolatul &) J2lo jo So
Lghs 5 e lad Jol Jhw Saluoged o8> p 50 Josl
o)l eo)ly iiS g Jgmel OS> o o] Gl blas o b,
S > [15] 05,5 creed Lawgi oo 1)) gam Jow ;o .l o3gr b 3
o 90 sla Jow Jawgs a5y S Sligs o calise slaojlosl b Jguo!
~ b Jolss g, 5l 5 Bz ol 500285 LB cmy 0590 (g0 A g
S saal Canay bl g oo soliiwl asd &S > 0,5 Jow slp el
ki g (2o @l e Jemel S 4 g8 adsl (e ol |
L5>)L> q.us)lf A Connd L5L>L> Ms)ls aLs 4 9,9 Lg‘).a ubd prove
5 B9y JPIo CS > e jo A poooyly T JlaBe pioren Ldiiws
5 Rl aslllas ;5085 IE cw 0550 OLS oles Loy ol
st g 085 At S3ke Sl by Sl Sl oo S [16] ) Sen
ol A3 o oglite sl J&> g 55655 slaoslail b o Jgmel o5 >
ol 485 JIE s 0)50 F Slisle SVl Sslins g, dawsgs
Sy sasly ;0 Old w595 Cans Jolis Gubios ol 5l ool s gulis
Ay byd goylens o )LS 1L S e QWT &S cwl Y o
3590 09,5 ool Jawgi 55 Wil muje Comd p DS JBz 536 izmes
SOMPEY SR

3- Fluid-Structure Interactions
4- Computational Fluid Dynamics (CFD)

1 ooles 16 0,93 1395 ORIV ()30 Slo Swdie

5 Sy a5 pad e Sl Jaexe job 4 Gose (ud A aed 0
[2] susst Dol oy pl 4 aS 0gd e Sl Gg,e JBIs 0 &S >
3 3 s slaghyh S Ly BB wile Ayl i s ()l
EORSVLING Vil YOV SPLL W [3] Ngh oo lax 3 03y )lS 5 &6l asle
el ggoge (nl g 005 (o0 Sl he Bye 5l (o g o)y alanl
o 8l by JLdl damex B glad B 4 i 55505
13 5 3,500 h10 «SaSns W87 Togu aiSis glgsl cales 51095 oo
[2] oo oo S 1) (SaSts cos slas pigs 5

oMe ol So5edg 5 OISt SWSL £4,0 (g S Lol wilis
NGO PR w] )L‘>~> aS el Lg‘du}la 4 w‘g W Sy 4 ).u QT
S8 el 008 ] Lo a5 (lanml il 6l |y mlles S e@de
o)) M ol «lsls G s (9 Lid il [4] wles s
o Bl (SOl Al (S pas (o YL JgpdS (B
[5] axivn (s 3ho 4K jldine; Lol Jlge

sl jo S5 L3 bl o b Jaeel o Shas ppilse 5 BT
ol Sloyd Gl ogy St o Wl g0 Sbyd Jomel Sl (550 S
Sl SaS] a5 Coponl ppele Lol ol 5,50 Ly 4l
Fse Jolss 10, Shas 050050 5 a0 515 2 ST limas ate) cul 53
S 4 S B9 0 Jeel S5 e 05 Ol Seslusgen
ol 4855 )18 (o) 2 89

Joe o557 v Jold Glyd Jool slos and a0 Sliios
oslaul Og (oo GLW.’[:M s Joe g L;Qlim.sl.a)] s Joe s@\%} sl
r:).ulSA )'l S e J).) S wly ).‘.'>‘ &L@JLA 3 ‘5"5.0- LQLQJM )'|
Slalllas o (Slsld (Sls slaaiss auS sl 5500 4w Su3els 89ty
S1539,500 [6] Slallas ol 51 (S 50 Kgd co 43,5 15 4 (550 A
OBl Bsye U1 50 D3 mies 5 Wk 8,5 lse w5 S, JBl 4
ol g 4 S [T] addllas S5 552855 )18 w2 3550 e
o3Il b l)d aS ouls cvmlive g Wius 33,5 (Sixe (39,8 GALQS Jlo «
2 Ol rimen dilodds 2595 2 ably slacnd o i 55,5
J aS ol Jysel g ond olml ke gl 5T s,
28,5 plal widg 5 (K855 shls ol asile (5500 G550 Elgil 5o s, l8
5050l (555 2 939)5 Gae S85 il Jlaix! [8] e 5 (2545
Faaz addllae G o wiols HIE s 9550 |y (Jomel GogiS il e
o990 U sla JSa b ;iS5 o3lal b sla Jousl a5 o oolo yLis [9]
el 53500 1) slaemmes S5 xS lasl sboul Colil (jgaeg 5 colalad)
@ Jomal 51y od)ly i jlade a5 wlad 5 ass Baiwsg adllae
C"L" .o)lo Gi"‘“) L)T o)LM BY] 05)'{& pos ‘;WT J&u) 9 ULJ—AS).’ o=
el A 580 gire A diw) 4o Sl Sl 3l soel Cawas
g Yoore - Conl ialej] s ladiges Sl ogm6 Juds & £adge
AT P 05,8 SO 3l g alie S5 L s SOl dle le>
5 ol o Yoore e A jhlam a5 Cenl Jb> 45 ol rail oo
[10] Gsadis ,o (Jle lp toimd ol S, la,eS gl
G ool ools )18 asllas )50 Olsz 5y plee slagise (sacgos
@S o S addlae grre Glpd a0 aten Jlan | JSlad el

1- Embolization
2- watershed


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9J),).:dS.yis,J';I.)).\L@T.;J);.J.g,ou,gé)gui,';‘sudﬁd‘s)ﬁ%._‘suml).ﬁuJ.;_.lz‘i

0.495 alols L a8l axio o wodl 194 slaws @ pglas .anib o

JoSs 2 Gl orkee 0.391 (:Silke slad 5 uadlsl 1 G rerlio
(1 J5) asl oo ol 3958 b il S5 4 Logs o

55l s el N3l ey b kel GulplSls puslas angd 5l ey
gy ol sl ead bl ol 5l gl acgezme 4 oo B onig iy S
Oy Sldllae > ol g in cdo L) blas zlysenl el
sl 5 33,0 6350 bshas 0] Cawds b 1) G950 amain bdee o5
B9y dwdid 3855wl 0 lod gl vgzg o BlLbl o (gl Ag) o>
Czge & 600 cusE med 5l g Swl oad ez 4 hos Leniis
S 39, ol 00 ooliiwl 00,5 59,6 cogilil g ojlail cBs 5l il
ol & g9dge (nl wload B Bedod (nl jo by 452 Cews b
Sz kel Goye 0 ool <S> Ghashy cnl o &5 el oo Jd
21y i Ml ews Gl Goye &5 1z 0B walsS cw) s
& e Joe 4 3gpe (nl 95 BLSL (izmes sols walsss 18 Lo L
Como jl Glaebl gz 55 Ll joal valgs Slaslxe anie (25, YL
sl Joo )3 (kg 45 2 (hol 390 Lawgia Jla5 coad gl Sinl dwain
5 daslio e 00 5155y Slalllas ) oS Seoogilil ppolie b oo
39 o OV 1 SO e 0 4SS0l Lo a4 sl ouls 03,91 1 Jgam o
e ol jo ccnl oaid o)lal Gg,e 8 (6,15 ojlal 380 e 9,50
ool ooy 48,5 Jlai o Ll Jsbo (sl o 3950 yhd lagie

o9 3 4 (Sl plgs ~2-2
oy ok WSS s gl Spo 4 dlis cal s Sl ol
S U ST 5 oSan s Jae K g 5, sldae
oo ooliiwl jloy il 348 59,515 5 caSe jio p p,5els 1050
3 it oSS £ 0 s 8 el Jpsd B Ll 51 58 el
Sh3 39 2 Exoge ol g A (o0 Joo (g Jlw aiile 45t » 100
[21,20] el solo 3 oy

L S 59,5 OLd Shge a0 S5 asd 10 sl allas opl o
(2 Jgaz) wloass Jao pdy Bllasil 5 o 50 4 5 Dglite (glalas
10 g odd sl yieg, S 1500 4 800 300 slo,had jo &l)d
L [22] o) 5en 5 9> iloas ools 1,5 Jsls adg,ls asls 09,9
S 5 ot o 3] Sy 455 0235 sl sl Syl i ]l
515 allie cpl jo ales,S 5155 1) o Jawel (Sl oles g clive
Jogei 00,5 e colaiul coas )38 ladore (pl lawgy a5 SOl olss
03,51 2 S jo gl cnl po eads Jaa laJswel (sly (5= i
Sl Joo 5l s 3, ity ax jn gl gl o sad
ol 00l ool oz,

il iz o0 agy Jyoel slaigei 2 Jour
Table 2 Simulated samples of emboli

Higes ka3 .
um1500 um800 um300 o
Co BO AO o
c1 B1 Al 1oke
c2 B2 A2 2 oolo
Cc3 B3 A3 3 oole
c4 B4 A4 4 ool

8- Marching Cube Algorithm

3

Fig. 1 MRA image used in this study
iz (ol 0 oud eolaiwl cwboline wyouis Géljfﬁ')‘ﬂ pgeas 1 s

Geios (nl 50 ol Cewdy Guilyg 452 Lol 39,6 b bawgie aglie 1 Jguer

iy Sladllao b
Table 1 Comparison of average diameter of main branches of circle of Willis
(frorke) 39y shb Lawgio
axlllas 990 g oS3 )la 9 (Sl )
S [19] oo [18] glfsen [17]en S
4.1 472 3.7 3.6 b dols a8
2.6 - - 25 2 55 oy
31 317 32 3.6 3 kst
2.2 2.33 19 2 41 Had g5
2.2 24 - 1.7 2 A (g5
24 2.86 24 3 ® Sl s3he
2.1 2.13 19 2.2 6 A s

CS o o Sy pabal 5l edel Casay dwain l eolaul b allis ol yo
Srre 39,5 4,7 )0 Dolile (Sl g pwiie s> b (Se> slaass
S0 bl (3gye 5280 cogilil | oslinul . 5 aalss 1B o) 090
Pl Jlesl Gizmen 5 53 9 & Jols 85 a0« Sojele 5
Sl ol 5l o3 Sglensly gy 5 o <S> gy 0 s (Sl

S TR )0 0l r:L?u‘ L§L‘°g5“’))'? Gub 4 ouls Buisd Cpl Cusols
] AL 0929 iy Dlallas

lhdbg;gb‘s.n-z
B9s JBb o Gor wsd oS > il gllre Jae S G (a0
lanl a8 col 23Y Jaw (g5le oolel gz Ll oo 1) Jloss SO (5330
arg b gt g 4 (SlSe (olys G5l ey 05 gl ped 39,8 dwain
g Ng (o0 Jlosl (Slislons Joo dy g 00l (e iy DS @
sl 4 e oal obml Jaw g oSl OYole o i S o Jlesl

dwdid ! yoiwl -1-2

0dls dngs T ablie wpais 81T 5l palar 5l awae gzl sl cgs

1- Internal Carotid Artery (ICA)

2- Vertebral Artery (VA)

3- Basilar

4- Anterior Cerebral Artery (ACA)

5- Middle Cerebral Artery (MCA)

6- Posterior Cerebral Artery (PCA)

7- Magnetic Resonance Angiography (MRA)

1 o)losis 16 095 1395 ORIV (30 Sl wiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9ég).cdS.yis,J';I.)).\L@T;J);._iﬁotiﬁé)ge,';‘sudﬁd‘s)ﬁ&“duml).ﬁud._g.lz‘i

0)l20 59y 2 ey (28] Gpe ojlsis oy o pf 4 4z Ly
S i jye 50 g dalrm Jlw ol Lanlpl g 0l eols 18 ae Sl
sloyally c8s 5 ol 5l laebl cua el oad Jloel (95 5 ai
et poe 4 azgi by 485 alonil Jlgte JSe wiz 50 (5050 b~
o 30 o dgel pilaz 5 pom e S 99 50 Oz slaysslly
Shde shal o (Jowl <S> 5l 6ol lp wbad b e
Sy lars Jarel S a4 pgh Gloj 4o a5 oud osliiul (5,38 slalell
Sl et Ll g0l g0 U ildue g9 (ol Wgy00 G 3l 5 00
S (o il |y a0y 5l Jawel Siale,

“HIY st 5l G cnl e cslm Jlw Jelss o o
o2l 50 .[26,25] ol oo oolaiwl Jluw assls ;o 4 (ALE) olgsds (ks
197 o g Bro Hhgl Slaite jome So 8,5 Gl 0 egdle olSau
B gz oy dlate jeme S Bre HISY olaike
20,5 o

335 oo Jo sl e pa 5 slesel BB oSl sbml Sl g9290 0
oS pyiiege sl g prr sl 5l a5 le andsed cnl ,o Sl DYl
[28] wisis oo 405 5 2 j50 4

d
aUl' d
P = ~(ruy = pb)+ po iw =) 2)

19 go iy yaS 5 Djgeo &y GRS Hemdls ] y0 aS

Ty = —p&y; + u(vy; + ;) (3)
WW gV SSg,S Lo &l § o> 59,8 0 ( JBs p S SYslas o
Jbw g aelz 50 2 a5 ol Ll aiies a2 0 9 S0le S i
(Seleies Ll 0 5ol e wigd oo Jlos!

di = d (4)
n=noTg (5)

Gl?ul} e o JL...» @L’ub ).f.sLu w).s & Ts gTf « ds LQJ] o as
° e At jye )3 dalr A g e 50 Jlew A G y0 el
Yoo Bgd SYoles 4o QT SHlode (T g s 3e>g pos Jdo dlie Q—".‘
W P W 4.~.9)f J.E; O

S8y Jawgs odl G D90 4 Ml g Jlew Jdo 5 oS> SY0lee
zlroel slaglell pdy J558 il <ol ) (pizen il oals J> ADINA
ca a8 ool 5 [29] el onds soliad Jluw oo jo 58l 050 azdly
e 555 s, 3 i o g sz Sl Jokes S¥olaa S
o9y ol 5ol 0uyn )5 solaiul sl Cax S¥olre > (6l pulis g,
SYolro 3 axly i S5 QB 0 g 0ol pleol v b dul> g Jlew SYolas
o8 52 53 500 IS5 oluss b oygmdlf g S5 by, 51 [30] o900 J>
20 )5 oolaiwl ouds duenS SYolas > (6l Sl

& Jre gaplll g9 4 @S (Sly pae 5l pleebl Cue
Sype iz sl ol e 5 Sl e Goe sleazls o Ly
(3 Usaz) <85 J18 gy 0590 smaplell

4- Arbitrary Lagrangian-Eulerian
5- Steered adaptive mesh

1 o)losis 16 0951395 ORIV ()30 Slo Swdie

500000 = ]
L — m—— Material 1
- ___ A Material 2
| S Vaterias
aterial
400000 |~
300000 [~
200000 =
100000 |-
0
0 0.2 0.4 0.6 0.8 1

e
Fig. 2 Stress-Strain curve for mechanical property of emboli

[22] o Jgeol (Sl ol (clys o oolicias] i S i Jloges 2 S5

p

) )
- |
& l

2]
1 {18
| Etmﬁ (a) m
s
(b)

Fig. 3 Discretized model for (a) fluid and (b) solid domain

(b) wal> 5 (@) S slo e a1 3 Yo
5 ey b Jo! atciwVl 0gd oo cdnlin 2 S5 40 4 jshiles
ot 950 1y s 45z el o Jswl 08 > 0 s (Sl
ailed aizd JBs> « Se3 aBd onins LSS oS 5 4 daxgi Lol )8
oads ad 5 )L 0 e yio o SokS 1000 Jade ply 55 JBx

50 Bl 5 ilslons aials -3-2

Sl 0uls (g5l atinS alflos Oje0 4 el 5 Jlow Sl aials
iy & selr 5 Jlw atdds s s (g3 €S ol (3 US2)
] 00 u)f 0 o 2 Lg‘ojf 10 6L®QL¢J‘ 9 1 6“’;4 R C’,‘LQOLQJ‘
Goe o (4 US8) 63955 Slyd Jlid Spgo 4 Jae ol 550 Ll
eizmod g Sadb slrosly 5l eaw] Cawdy S8 g g JB3l odglS
sl oa 48,5 L5 0 gy 39,0 sl o 3 ol S Ll

1- 4-node tetrahedral elements
2- 10-node tetrahedral elements
3- Traction free


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9J),).::d&yiad';l.))..\L@T;J);JPLQA)QL,&,';&LQAWGH%JUMI»}‘Ud.'»_.l:u“

SBdigun) it Slalllas g 3uis 1l Joo 40 ol Cawds b 20 duslio 4 Jgu

Table 4 Comparison of obtained blood flow rate in our study with published
datain the literature
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Fig. 4 Pulses of pressure imposed as an inlet boundary condition to the
afferent arteries of the model. T1, T2, T3, T4 and T5 which are illustrated on
the third pressure pulse are different releasing times of the emboli in this
study

G Ll pd Glaie 4 D88 gt 5 0SS Bgse 4 (09,9 ,L2d L S 4 S
@ by ooy a IS5 0 ool gl slagl) b sl Lialey slagle; o Jow
[27] (52 g b 5,5 5 s 4b_Le 700 ;300 200 .80 .40

GuaSl yo 4, IS sla Ll slasd 5 eals olowl Jowe Ml o)y 3 Jaus
Table 3 Mesh independency analysis for the model

Sl 0 oo ol @ Bl e e Bl @

30y Sldlas b Bk w‘ 4 iz gloasLs L;bg 0wl Cewdy (29 oledl slass
T . . ) (MI/s) olsd s jae (ml/s) Sl (5350
sl a3l gly Gimen All oo (08 (Giae 5 (A (R0 (Sl S0 1.32 255 125789
o eomlin o Tw > L oalss 2 S| e 138 255 248324
PO e SR SR 02 ST 25 090 e 5 2 138 255 387904
0.7
: | T1
- [ T2
0.6 — T3
B T4
05 :_ | T5
”\u? B
c 04 —
> B 1
0.3 |-
0.2 |- ]
0.1
1 AL L
A0 Al A2 A3 A4 BO Bl B2 B3 B4 CoO C1 C2 C3 C4
Emboli

Fig. 5 Average speed of emboli in different releasing times

1 o)losis 16 095 1395 ORIV D (30 Sl Swiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9ég).cdS.yis,J';I.)).\L@T;J);._iﬁotiﬁé)ge,';‘sudﬁd‘s)ﬁ&“duml).ﬁud._g.lz‘i

B
\ 3

Fig. 6 Motion of emboli through circle of Willis
Sy 9,8 43z U3 p0 Gt slaai oS > S5 5l ol 6 S
5

4.5 _ —&—— Without embolus
: —&A—— Embolus entering MCA-L
4F ——@— Embolus entering ACA-L

3.5 ;

Q (ml/s)

|
MCA-L MCA-R ACA-L ACA-R PCA-L PCA-R ICA-L ICA-L ICA-L
Artery

Fig. 7 Hemodynamic changes due to entrance of emboli in CowW
Foel s3e S50 Gurlis 452 3958 (20 Dl 1 S

callas [13] il )lSan g ol lawgs oss] Cawds sloosls b guls oyl
2 20 bl cel Jgol lawgs oo sloul (K8,5 wols oylas aS o)l
Sless 005 0 Jlie G 0 (o0 o i g Ceow Gled
Sl syl cel Wl o iy 43,2 0 53 ol Saluogen
5 ol sboyd b bt ) (Fr s sl od e wald
Qs ouge o Iy > 9 6“5)"} S e S dalsy a5 glaaad
Sqy9 of S5 48 sowl Cawds laosls glhe yiomen [41-39] oo 3
Sive 5 Dl (s w5 sleasly o iy 5z 4 ol

WS sod Sl Dlposs ol s

sl q1355 -2-4
5z 0 el @i sly oad el Sligios eled o Lol (58
2 @55 S bl Jonal 0595 S cslis 00iiS (L (s B0
oals plowl aslllas jo el dys 3,2 Gge brasll o oLy
310 W96 ,5 a5 cenl oo sols ylas [42] Luil)Sew g 05l Lawgs
sl o sk 5L L 5 51 w5 a5l 500 e Lo ol
L5 lost B 31 osl oty ll5 (paizpad S o K8,
il 20 ol 0ogr 03g)l5 asli Ll Lide a5 s Jgeel ol ool
I e 4 Cand Sl srre a3l 4 3955 Sl st Rles
51 Giee 89, 2 [46] (ol gy oo pll anlllas ;o [45-43] &)l
S5 51 g s, 150 51 is a5 conl oads oanlive «iges 2000

& o8 e axls o (K285 1 IO L s Slee e a5Ls

1 o)losis 16 0951395 ORIV ()30 Slo Swdie

iy 4552 50 (Jogmel 22395 -2-3
ol 85 S oo (b |y el s 50 IS psb ot Jae b gl
e a3ld 5 Sl (i a2ld 4 Jgel pad o)l ale 1o e
oot 08,51 B S 1o g sladind o8 o Kb 5l olads el _oolad
Gl il ol loy o b Jgeal 8 1 et pos Lasgio jlaie .o
03,5 oo odnlive JSi cpl j0 a5 jshiles .ol oo ools (yLis O IS o
S 50 cda bailoads o) JLad (byo 5l il slo gl o o (Jgsl
wa)odsgu}ugwiuﬂ@y45%;;6”&1,:@5
A8 L sl Jel oy lawgie pizen Gl i wilead la,
b o Rl Ll e bagie lad (131 L g el iy 2SS
Cg oo Jrwgie s Clo a5 S wies o lid sl Cevdy polie
L Jy oslasl po D13 050 50 5 wijls pdy Bllasl I3 @y o (6 i
alirSo 5T ety Lansgio e 4o Sz gl cikizes SolSo plos
D gl 5o

Jpel Lles o5 0 samline b Jgol il oo gloaslis s,y b
5 30,5 ooy yhb I3l L (MCA) gle 3a0 43Ls 4 3955 12 o
ol 09,5 sl Wl iles Gl carge 5 b Jsrel colo 2al38)
Bl fSasS 5 pbaie slapsel %o Sile o 088 Lo
5,00 (ACA) (olad (5300 a3l &y 35,5 (sl (55

S -4

ol Sonaliy sgan ~1-4

3 ol @b camal Js 4 kg 432 50 055 b Sslnsgen
Ll Joo 5l (Fn yo a5 Sl 483 )18 (s 2 3 50 (5 ko Sl
aS ouls oolaiul glo oo oo S p 0 [35-33] wil ol aw
Joe (Gam 4w O jg0 4 g ool Cawds (S (5,10 0 gl 5l §g,e dwain
G dw glo Joo i clbll Lo [37,36] el oo Sk
3,90 yieo b Jow pl o Scolosgen Sledbl &l o 1 6 )lews aitsee
Sslisoged owyp dlie opl (6 90 Bon ax 51 .[38] o JLEI
Seloogen Sl ia Jdo @ Lol sl 0098 sy a5 > 10 L >
or 90 8 ol syl (Ggse 3l Jgmal <S> 0 L
A3] alagle] Slinios jo 53 3k G Ol 28 ST )8
4 Jgoz 10 3L g sl 00 oy 2 [31,19] b - Slowlxe 4 [32
L o9 @ Geios pl 50 00 lp ode] Cavs dlacl a5 04 oo sonlive
Syl Slezan yion Olllas polis

Seslzsgen )3 Sge by a2 Glag)lem o)lpe i o ST
3559 73U Lol [19] ad S 18 ) 050 liime bawgs (95 o>
laslis (55 ol Sonlisgen Slesd )0 it B0 4557 & Il
3959 b ool 00,91 7 o j0 a5 jghailen .l 00 anlas 3,90 oS
Wb e gl (Swl g (ACA-R) cusl, Ceomws sla3 5 (MCA-R)
ol 20 (ACAL) o o olad (53he a5l &) el 39,9 b (prizren
Syl 1y by ial;s%22 (MCA-L)

1- Patient-specific


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9J),).cd&pi'bJ;I.))..\L@T.;J);Jbouﬁé)gui,';‘s&dﬁd‘s)ﬁiuvduml)ﬁud.;_.lz‘i

Gl 5l s gl glite  SlSe plgs izan ol (5 jhe AXSu
2 S5 slasd Slie oS > ol Al b Jgwl a5 Cas o
2 25> 4 &S il egoge bl Sl plgt i Sl 5 siae Bgye

05 58 Slies oy 9 S5 090 WilgE e

S5 4o -5

S Sre 39 50 9> 4B LS ol Glewle oo o Gleshy a0
ol Jlow Jolos (g3t 5 g Sore 5 (Sbiy o pgas 3l onal
Q},.J Pl G S obmyl 0556 hog 4 0l Gubod pl gl
05 Ok, Seeluogen Ol s alie (pl lao,gbiws cail oo Sb S
5069 eols lis |y by ad > Bl 0 Jewl S > s o
Ol S e 0 |y gl Gialey ooy 5 iz cojlail sl sl
2ol okl ples 5 G5 a (Sle ol il s e Gl
&S (Soge o el w85 S cwyp 990 ey Slalllas G Sz
b gldl b oaS wes e lis pols adllhe jo sdel Cawss @l
5329 81yt Syeal o3 S A8 4 754355 il ol 5 i
Ol Badod (nl @l (mizmen 005 (o0 i 555 e LS 4
U"‘ » 03)'{9 ¢l dJOl.i k5’9:> 6L€bdu.‘>:] oo ;«L»o uojﬁ as RV R
Sbwl 5l 50 )l 25U 5 pdy Slhasl glaard) (SGle olys
W55 on 3he sl Sl 1o yise Jalge 38 aalllas o ls (530 425
ol Gy 5 GrSta lagis, b 5 00,8 AT gile 05l
Sles Jpud |y asle

e S g9 -6

(Ms?2) (comn> (59,5 b

(m) bl d

Ao poges Jlog o n
(Pa) Lus

(ml/s) by o0

(8) ol (tale; o

(s) obe;

(M/s) Jgol &5 > Caepun Vv
(ms1) obe e v

- O ©

~+

(MsL) &> 1o as yun w
ok Dlaise X
Sl odle

oS £

395 sbls b 5
(kgm=) J&=> p
(Pa) o5 a5 T
(kgmis) ( Sealips crj) u
(Pa) s o
XL )

Jbs f

ol S

asd oo i [13,12] iy sl utizs 5l o] oy ulis . oumo oo
e 45LE 0y (L35 0e )5 a5li 10 sad b, slo Jgwel oles oS
Sl it hled 25,5 gladsmel &5 gg50 (nl 5 Wload Sl
asllae G 0 a50,5 cdmlive iyl 1) iy e oo basll a4y 0459
e sasls 61 20 4 TS 00 qjy Coms o5 o 5 )I5S47]
S5 Shle by [48] ailSen 5 ey ool elid oo
5 Slho e sleasls ¢l 30 @ 70 o Jsel gje5 o5 wiles,s
i 85 005 3l [16] 6,8 Lansgs oy plol alllas ;5 .l _calad
4 E5o90 (nl 9 St cosliie (20 98 S b Logi) ba Joeol a8
©hd Jle plore sl atnly 58 Jewsl Giala) ol g Gz ol
az STailadls Gl srte a3ld 4 0955 sl S bl 2SS
iz el 5Ly (08 @555 S VL ST @8 s iz
ol Sle e aSLE @ 0955 sl hled S JBS LSS ol
axll 4 9550 lp g hled 3S,e 5l ead lay s g el aidly
59 0 L Joel oSy 5l S 5yl G bl ls Sl s53e
il (ACR) ol s3ie 5 (MCA) i g3in 455 IS o
58 01 okl Olej 5 iz eojlail a4 (geol lags (25, e o]
a8 ol b as W )8 caalivn Gubod ol mlls cw) 0 3lols (S
Dgbise yrbr Sl e 4BLE 4 3955 lp o Jgel Joles Jguel
b eizmen 3)ls Slyten die) (nl )3 iy Slalllae b g9d9e ol
s (Sl 3he 4L 4 0555 6l Lol iles b gl Colo (2ol
S e 4Ly ojls i anies Jpy oS glaJyel 5 005
2 Ol S5 e 3 (ol iz Cuenl godge ax ST alend
@l 3y sl Lol [16,13] ol 0050 odaipy 58 Cyadens oy e
Sl b i ol 5o a8 Consl anilad ogzg Wil sl el Gl (oo
Slee Ko 5l icwl eals iy Gl geoge pl delem Lo Jolss
Slalllas 51 o gd 0 a5 0,5 o)lil Joal Giole) ploj @ Glyiiee
oyl a5 was oo (Las Geiod ol gl el 00t (g (i
axlh 4 9955 Sl syien bled cload b Jotws b Loy j0 oS
als opl o)ly b Jol %100 a5 classS a0 wijlo (McA) Sl (5o
Lles cilonds o, Jsials sloy 4o a5 ola Jseol ouSall Lailoas
WBY s50>) wimoe plis 955 5l asli cal @ 9y lp 5%
(wloas Sho e a3l o)lg Jgiwbs ;o ool o, slo Jgual
Liogie Sy Hloke (1 yieS ol oad 00,91 D IS o a5 jghail
alie Joie ol ool 4l yioskes 81 Jlaie ply o C4 Jswel ol
3y la Jousl sy lawgio a5 il o [13] ol aliole;] anllas
ol 03,5 555 4l yiede 88 1) Sl g3 a3ls 4 eu
620 Jlais plp 5 AD o Jswl (sly 5 brwgie ey on ity
el g Jeel Jld bl b S S llas el 4l yerls
[16] 66 anlllas o £5050 ol -ailoo Ghals (Jgol Cagpus il
oo cepw JIBs 5 25,50 S aS GlaeS @ ] ool 0ol 3
(155 o le S5 OLd ey Gl Gl oone Judo aw ai)ls (6,568
(2 S oo oS o a8 Gl e Lol Soop bl o @l
gdise Jloel Ll g0l sla (53,523 (3 S sad Sl 35,5 )5
ol pdy Gllasl 5 Clo sleazd giluacs 5l onel cansy gl
25,10 MCA gasLs a4 09,9 slp (s min bles o slaasd a5 aoo 0

Sml 5l o S (09 oo B8 o5 T 3L 5l (S geee

1 o)losis 16 095 1395 ORIV D (30 Sl Swiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9J),).cd&pi'bJ;I.))..\L@T.;J);Jbouﬁé)gui,';‘s&dﬁd‘s)ﬁiuvduml).ﬁuJM

[18] M. J. Krabbe-Hartkamp, J. Van der Grond, F. De Leeuw, J. De Groot, A.
Algra, B. Hillen, M. Breteler, W. Mali, Circle of Willis: morphologic
variation on three-dimensional time-of-flight MR angiograms, Radiology,
Vol.207,No. 1, pp. 103-111, 1998.

[19] S. Moore, T. David, J. G. Chase, J. Arnold, J. Fink, 3D models of blood flow
in the cerebral vasculature, Journal of Biomechanics, Vol. 39, No. 8, pp.
1454-1463, 2006.

[20] S. A. Berger, L.-D. Jou, Flows in Stenotic Vessels, Annual Review of Fluid
Mechanics, Vol. 32, No. 1, pp. 347-382, 2000.

[21] T. J. Pedley, The Fluid Mechanics of Large Blood Vessels, pp. 132-141,
Cambridge, Cambridge University Press, 1980.

[22] J. Y. Chueh, A. K. Wakhloo, G. H. Hendricks, C. F. Silva, J. P. Weaver, M. J.
Gounis, Mechanical characterization of thromboemboli in acute ischemic
stroke and laboratory embolus analogs, AINR Am J Neuroradiol, Vol. 32,
No. 7, pp. 1237-44,2011.

[23] B. Savage, P. R. McFadden, S. R. Hanson, L. A. Harker, The relation of
platelet density to platelet age: survival of low- and high-density
111lindium-labeled platelets in baboons, Blood, Vol. 68, No. 2, pp. 386-93,
1986.

[24] A. Quarteroni, L. Formaggia, N. Ayache, A. Quarteroni, A. Quarteroni, N.
Ayache, N. Ayache, Mathematical modelling and numerical simulation of
the cardiovascular system pp. 18-22, 2002,

[25] J. Donea, S. Giuliani, J. P. Halleux, An arbitrary lagrangian-eulerian finite
element method for transient dynamic fluid-structure interactions,
Computer Methods in Applied Mechanics and Engineering, Vol. 33, No. 1-
3, pp. 689-723, 1982,

[26] K. J. Bathe, Finite element procedures, pp. 142-151, Watertown, Prentice
Hall, 1996.

[27] R. Torii, M. Oshima, T. Kobayashi, K. Takagi, T. E. Tezduyar, Numerical
investigation of the effect of hypertensive blood pressure on cerebral
aneurysm—Dependence of the effect on the aneurysm shape,
International Journal for Numerical Methods in Fluids, Vol. 54, No. 6-8, pp.
995-1009, 2007.

[28] K. Bathe, Theory and Modeling Guide, pp. 82-111, Watertown, ADINA
R&D Inc, 2002.

[29] K-J. Bathe, H. Zhang, A mesh adaptivity procedure for CFD and fluid-
structure interactions, Computers & Structures, Vol. 87, No. 11-12, pp.
604-617, 2009.

[30] B. Vahidi, N. Fatouraee, A Nonlinear Analysis Of Urine Bolus Peristaltic
Transport From The Renal Pelvis Into The Bladder Using Computational
Method Of Fluid-Structure Interaction, Modares Mechanical Engineering,
Vol. 10, No. 4, pp. 55-74, 2011. (In Persian)

[31] P. Reorowicz, D. Obidowski, P. Klosinski, W. Szubert, L. Stefanczyk, K.
Jozwik, Numerical Simulations Of The Blood Flow In The Patient-Specific
Arterial Cerebral Circle Region, Journal of Biomechanics, Vol. 47, No. 7,
pp. 1642-1651, 2014.

[32] K. Cieslicki, D. Ciesla, Investigations of flow and pressure distributions in
physical model of the circle of Willis, J Biomech, Vol. 38, No. 11, pp. 2302-
10, 2005.

[33] J. Alastruey, K. Parker, J. Peir, S. Byrd, S. Sherwin, Modelling the circle of
Willis to assess the effects of anatomical variations and occlusions on
cerebral flows, Journal of biomechanics, Vol. 40, No. 8, pp. 1794-1805,
2007.

[34] K. Devault, P. A. Gremaud, V. Novak, M. S. Olufsen, G. VerniERes, P. Zhao,
Blood Flow In The Circle Of Willis: Modeling And Calibration, Multiscale
modeling & simulation : a SIAM interdisciplinary journal, Vol. 7, No. 2, pp.
888-909, 2008.

[35] M. A. Castro, C. M. Putman, J. R. Cebral, Patient-specific computational
fluid dynamics modeling of anterior communicating artery aneurysms: a
study of the sensitivity of intra-aneurysmal flow patterns to flow
conditions in the carotid arteries, AINR Am J Neuroradiol, Vol. 27, No. 10,
pp. 2061-8, 2006.

[36] Q. Long, L. Luppi, C. S. Kénig, V. Rinaldo, S. K. Das, Study of the collateral
capacity of the circle of Willis of patients with severe carotid artery
stenosis by 3D computational modeling, Journal of Biomechanics, Vol. 41,
No. 12, pp. 2735-2742, 2008.

[37] M. A. Castro, C. M. Putman, J. R. Cebral, Patient-specific computational
modeling of cerebral aneurysms with multiple avenues of flow from 3D
rotational angiography images, Acad Radiol, Vol. 13, No. 7, pp. 811-21,
2006.

[38] L. Grinberg, E. Cheever, T. Anor, J. R. Madsen, G. E. Karniadakis, Modeling
blood flow circulation in intracranial arterial networks: a comparative
3D/1D simulation study, Annals of Biomedical Engineering, Vol. 39, No. 1,
pp. 297-309, 2011.

[39] K.-H. Lin, W.-C. Shyu, Middle cerebral artery occlusion compromising the
sensory and motor cortices, Tzu Chi Med J, Vol. 18, No. 5, pp. 382-4, 2006.

1 ooles 16 0,93 1395 ORIV ()30 Slo Swdie

lhw”:jﬁﬁgﬁﬁ—7

S Olrs e b Lo (a0 A 35 10 pyiome o e (o0 )S e

u:S"’“)" )"SL"” bl S o)gl.»i.o d.3|)| VLS 6)5’5 ‘-)[_,LMJ 6)‘5-0-"’

&1y-8

[1] D. Mozaffarian, E. J. Benjamin, A. S. Go, D. K. Arnett, M. J. Blaha, M.
Cushman, S. de Ferranti, J.-P. Després, H. J. Fullerton, V. J. Howard, M. D.
Huffman, S. E. Judd, B. M. Kissela, D. T. Lackland, J. H. Lichtman, L. D.
Lisabeth, S. Liu, R. H. Mackey, D. B. Matchar, D. K. McGuire, E. R. Mohler, C.
S. Moy, P. Muntner, M. E. Mussolino, K. Nasir, R. W. Neumar, G. Nichol, L.
Palaniappan, D. K. Pandey, M. J. Reeves, C.J. Rodriguez, P. D. Sorlie, J. Stein,
A. Towfighi, T. N. Turan, S. S. Virani, J. Z. Willey, D. Woo, R. W. Yeh, M. B.
Turner, Heart Disease and Stroke Statistics—2015 Update: A Report
From the American Heart Association, Circulation, Vol. 131, No. 4, pp. 29-
322,2014.

[2] I. E. Silverman, M. M. Rymer, L. R. Caplan, G. R. Spiegel, R. E. Schmidt,
Ischemic Stroke: An Atlas of Investigation and Treatment: Clinical
Publishing, 2009.

[3] A Arboix, J. Ali6, Cardioembolic stroke: clinical features, specific cardiac
disorders and prognosis, Current cardiology reviews, Vol. 6, No. 3, pp. 150,
2010.

[4] J. Bogousslavsky, L. R. Caplan, Stroke syndromes, pp. 212-224, Cambridge,
Cambridge University Press, 2001.

[5] M. Gossman, Stroke: Pathophysiology, Diagnosis, and Management, 4th
Edition, Journal of Neuro-Ophthalmology, Vol. 26, No. 2, pp. 150-151,
2006.

[6] R. L. Macdonald, A. Kowalczuk, L. Johns, Emboli enter penetrating arteries
of monkey brain in relation to their size, Stroke, Vol. 26, No. 7, pp. 1247-
1250, 1995.

[7]1 M. Pollanen, J. Deck, The mechanism of embolic watershed infarction:
experimental studies, The Canadian journal of neurological sciences. Le
journal canadien des sciences neurologiques, Vol. 17, No. 4, pp. 395-398,
1990.

[8] G. E. Tietjen, N. Futrell, L. R. Schultz, Embolic infarcts of carotid origin
differ in size and site with contralateral carotid patency, Journal of the
neurological sciences, Vol. 118, No. 2, pp. 217-222,1993.

[9] J. H. Rapp, K. Hollenbeck, X. M. Pan, An experimental model of lacunar
infarction: embolization of microthrombi, Journal of vascular surgery, Vol.
48, No. 1, pp. 196-200, 2008.

[10] A. Joutel, M. Monet-Leprétre, C. Gosele, C. Baron-Menguy, A. Hammes, S.
Schmidt, B. Lemaire-Carrette, V. Domenga, A. Schedl, P. Lacombe,
Cerebrovascular dysfunction and microcirculation rarefaction precede
white matter lesions in a mouse genetic model of cerebral ischemic
small vessel disease, The Journal of clinical investigation, Vol. 120, No. 2,
pp. 433-445, 2010.

[11] D. Bushi, Y. Grad, S. Einav, O. Yodfat, B. Nishri, D. Tanne, Hemodynamic
evaluation of embolic trajectory in an arterial bifurcation: an in-vitro
experimental model, Stroke, Vol. 36, No. 12, pp. 2696-2700, 2005.

[12]E. M. Chung, J. P. Hague, M.-A. Chanrion, K. V. Ramnarine, E.
Katsogridakis, D. H. Evans, Embolus trajectory through a physical replica
of the major cerebral arteries, Stroke, Vol. 41, No. 4, pp. 647-652, 2010.

[13] P. Fahy, F. Malone, E. McCarthy, P. McCarthy, J. Thornton, P. Brennan, A.
O'Hare, S. Looby, S. Sultan, N. Hynes, An In Vitro Evaluation of Emboli
Trajectories Within a Three-Dimensional Physical Model of the Circle of
Willis Under Cerebral Blood Flow Conditions, Annals of biomedical
engineering, Vol. 136, No.1, pp. 1-14, 2015.

[14] B. Vahidi, N. Fatouraee, Large deforming buoyant embolus passing
through a stenotic common carotid artery: A computational simulation,
Journal of biomechanics, Vol. 45, No. 7, pp. 1312-1322, 2012.

[15] E. Abolfazli, N. Fatouraee, B. Vahidi, Dynamics of motion of a clot
through an arterial bifurcation: a finite element analysis, Fluid Dynamics
Research, Vol. 46, No. 5, pp. 555-561, 2014.

[16] D. Fabbri, Q. Long, S. Das, M. Pinelli, Computational modelling of emboli
travel trajectories in cerebral arteries: influence of microembolic
particle size and density, Biomechanics and modeling in mechanobiology,
Vol. 13, No. 2, pp. 289-302, 2014.

[17] K. CIESLICKI, Experimental and numerical modelling of flow in the
human cerebral arteries, Journal of Medical Informatics & Technologies,
Vol. 7, pp. 114-119, 2004.


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html

[ Downloaded from mme.modares.ac.ir on 2024-04-10]

[ DOR: 20.1001.1.10275940.1395.16.1.17.0]

Obled 9 (nlad g 8

5)&9J),).cd&pi'bJ;I.))..\L@T.;J);Jbouﬁé)gui,';‘s&dﬁd‘s)ﬁiuvduml)ﬁud.;_.lz‘i

[45] A. Torvik, K. Skullerud, Watershed infarcts in the brain caused by
microemboli, Clinical neuropathology, Vol. 1, No. 3, pp. 99-105, 1981.

[46] Y. S. Ng, J. Stein, M. Ning, R. M. Black-Schaffer, Comparison of clinical
characteristics and functional outcomes of ischemic stroke in different
vascular territories, Stroke, Vol. 38, No. 8, pp. 2309-2314, 2007.

[47] H. Tanaka, N. Fujita, T. Enoki, K. Matsumoto, Y. Watanabe, K. Murase, H.
Nakamura, Relationship between variations in the circle of Willis and
flow rates in internal carotid and basilar arteries determined by means
of magnetic resonance imaging with semiautomated lumen
segmentation; reference data from 125 healthy volunteers, American
journal of neuroradiology, Vol. 27, No. 8, pp. 1770-1775, 2006.

[48] C. Wijman, V. Babikian, M. Winter, V. Pochay, Distribution of cerebral
microembolism in the anterior and middle cerebral arteries, Acta
neurologica scandinavica, Vol. 101, No. 2, pp. 122-127, 2000.

[40] E. B. Ringelstein, R. Biniek, C. Weiller, B. Ammeling, P. N. Nolte, A. Thron,
Type and extent of hemispheric brain infarctions and clinical outcome in
early and delayed middle cerebral artery recanalization, Neurology, Vol.
42, No. 2, pp. 289-98, 1992.

[41] R. J. Seitz, P. Hoflich, F. Binkofski, L. Tellmann, H. Herzog, H. J. Freund,
Role of the premotor cortex in recovery from middle cerebral artery
infarction, Arch Neurol, Vol. 55, No. 8, pp. 1081-8, 1998.

[42] V. ). Marder, D. J. Chute, S. Starkman, A. M. Abolian, C. Kidwell, D.
Liebeskind, B. Ovbiagele, F. Vinuela, G. Duckwiler, R. Jahan, Analysis of
thrombi retrieved from cerebral arteries of patients with acute ischemic
stroke, Stroke, Vol. 37, No. 8, pp. 2086-2093, 2006.

[43] G. Gacs, F. Merei, M. Bodosi, Balloon catheter as a model of cerebral
emboli in humans, Stroke, Vol. 13, No. 1, pp. 39-42, 1982,

[44]J. Masuda, C. Yutani, J. Ogata, Y. Kuriyama, T. Yamaguchi, Atheromatous
embolism in the brain A clinicopathologic analysis of 15 autopsy cases,
Neurology, Vol. 44, No. 7, pp. 1231-1231, 1994,

1 o)losis 16 095 1395 ORIV D (30 Sl Swiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.1.17.0
https://mme.modares.ac.ir/article-15-5484-en.html
http://www.tcpdf.org

