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Investigation of effective parameters on accumulation of low-density
lipoproteins based on the multilayer wall of the carotid artery
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ARTICLE INFORMATION ABSTRACT

Original Research Paper Lipid core plaques are the major cause of the vascular stenosis and heart attacks. Accumulation of
Received 22 November 2013 Low-Density Lipoproteins (LDLs) across the atherosclerotic lesions, leads to the hardening of the
Accepted 06 January 2014 arterial wall and causes cross sectional narrowing of the artery. Among different arterial wall

Available Online 21 May 2014 . . . .
Y models, Multilayer model gives accurate LDL concentration across layers. In this study LDL

accumulation in the four-layer carotid artery is investigated numerically. Navier-Stokes equations

Keywords: . . . . .

Mass transport along with Darcy’s model for the porous regions and the convection-diffusion mass transport

Low Density Lipoprotein (LDL) equation are employed. Blood considered as a Newtonian fluid and the artery wall is assumed a

Arterial wall porous rigid medium. Due to the negligible pulsatile effect of the flow on the LDL concentration,
equations are solved in the steady state condition. In this paper LDL concentration across the
layers is considered under normal blood pressure to examine effects of the LDL size and the
hypertension on the LDL accumulation. Furthermore, a comparison between normal endothelium
and the leaky junction is performed. Results indicate that the normal endothelium plays a crucial
role in prevention LDL accumulation in the arterial wall.
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9- Glycocalyx

10- Internal Elastic Lamina (IEL)
11- Adventitia

12- Proteoglycan

13- Collagen

14- Common Carotid Artery (CCA)
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1- Low density lipoprotein
2- Invivo & exvivo
3- Invitro

4- Wall free

5- Homogenous wall
6- Multilayer wall
7- Lumen

8- Schmidt No.

28


www.sid.ir

Ol 9 9l ol

..\q_;\‘,)l.fol._\_)ai;e)l,,\_éd._\_)l..\iv;déatsl-i.g»)._\m,t_bvd@nﬁléh&mﬂ,n%@k@lxﬁ?&lfﬂ)g

Slasjle a5 098 o ool

Vu=0 @)
Hert [ _ 5

Kk @ P 5)
(1-0)u-¥C =D v —kC (6)

Oeiye oo s Dot Solud fhe wujsSans floff O &5
4 S, ey olad gl a5 el P STy g0 K s POl
2 dilize g eler b [10] el jao plp o] Jade Low 5=
00 00)5] 2 b)Lo.:J ‘_J5..\?

aiajpSens 5 1075 kg/M? 055 ISz j555e Jao > rizen
Fhe 40398y Canl oo a3 8 Ll 00/0037  kg/ms o Sealuo
WY jo Sl coy laie 3 0/00072 kg/ms S, slaaY
el 31197x107% 57T 0 Las

o bl p -3-2
Lals Sl ol glao oz 5 5, lime 4l o (Sl SVoles > s
sy gl calin 50 Lyl isn ol 40 00,5 oolaiwl caslio (55,0
Sl JUl 5 (cw)ls cpgiiage SVolas (lp (reg) a2l g it

il g peihege SYslee (gl (55 p0 bl -1-3-2
g;.a)lo aJolas 9 UL)_> LS‘)"’."" 4.._'>L| )0 Py ge SYoles J> )5.|a'.2.4: aQ
culie (gipe lulpd 51wl adg)l5 S5 kit gbay s
Jedop byd 5l o) bl )0 poiinge SVolas Jo (gl 0,5 oolaiul
3 ES1ES ol bt 5 69959 0l Ole sl 4l anny Ce
07169 m/s (s8455 lym dlawgin ey ool oadsoolinnl g )5
Sl mimed ol 31 MM glad 4 S5 b @sllae a5 [15] sog
sz 5 Hlid el b o5 Glisee glaas¥ gl owjls dlolee J>
Hlad ! dbagigel ~lhae glbaY Sin 50 9 S, 6l
a4 ol Sad g ouds o] I o a0 e Jaeme JLid L sl
S ol aazgi b ggw | ol odd Joo (ool job & (0l 5 0l
Sl 0 0ad o eladitge ol I, sl @ by ek
ad)S Sl )0 she (Jsb Sepui JsbiCua yo laojlns lesl g lul

R PR
) x =0
u=2Uave(]'_(r/RO) ) 0<r <R, (7
ov _o X =L
ox 0<r <R, ®)
X =L
P, =100 mmHg 0<r <R, )
P,=30 mmHg r :Rmed-adv (20)
x=0
u=0
RO <r< Rmed-adv (11)
X =L
u=0

RO <r< Rmed-adv (12)

1- Reflection coefficient
2- Reaction coefficient

29

v+ mmHg L3
L 75‘
(EDJ & ] %
= 5
T T .‘
(] 3
j' BT C I PR S -E-D
of| w=20a-(r/R)H ST OWTTE [} &
" i =
¢ Nl
X S92 )& L l
L=44R,
39,5 S5 e sloa (615 )5 0956 5 by awan ] YK
[14] w555 5 5 o 65 ez loay cubs ] Jgoor
(Hm) o,lgs calrs 4y el
2 PRI
10 Lo
2 Sl
200 (PR
[14] &= )‘ d.:..‘f:‘bﬁ Goae J.> 5O ol salaiul ua|}> 2 J,..\a
D, (m?/s) K (m?) . aY ot ol
2/87x10°1 - - oo
5/7x10718 3/22x107%1  0/9979 NI
5/4x10°1 2x10716 0/8272 Loty
3/18x10%°  4/302x1071°  0/9827 o Sl
5x10°14 2x10718 0/8836 bas

5 ol el (gp9me )i sl sl o Gl &S plxgl
solazwl %55)15 5) J:'>|.) 5 L)14):> Lg)L.:w 6‘)—3 &9 Q)LSS JM
[11,10] WSJISeS IS 4y oS Cuoles @ 4z L (1 Jss) ol s
Olyeas @ 1) Lsugal ¥ g 03,5 i Spo (gileae po Y ool
S o A3 S 3 e Ll
a3 8 s 0 L=44Ro 5, Jsbo g Ro=3/1 mm peg) 4l o gleds
U‘“"L‘“" 1 Jj‘)‘? 5 &,:55)[5 ‘j)"’)"‘" alises dL&'bd.’y ColBes w00l

el 00l 00l

Sl Yoleo -2-2

Ok 52U ST s 4 g ead 28 Sigs Jlw g9 dlie (ol o
ssbte 4 adbad o LL Llps s s @S SVolae 93 SLy2
g o o3l S gl = gl S¥olas 51 S ) (slyzme p3 Gl (o
Slas b oy JU 5 poitage ((Kimgn SYslae

Vu=0 1)
U-VU =—Vp + uiv2u ¥)
U-vC =DVZ 3)

M)}i»d?“ Awﬁajf}u.! ul)b cdale C ‘)L."-'.é P gC,‘.C)...J )l\))J. u U] 5 aS
OlyS @555 5 Ol sar Sl orimes Sl (i3 0,0 Dy (Sl
e JUl 5 o)l (Kwgn OYoles 31 ) slaay U2l o o>

4 o)l 14 055 1393 55 4w pom L SlSE Sl die


www.sid.ir

U 9 9kl ol SIS Ol 01923 AV Sip o Sle u paaly Alauiils b L oaiig pagad bl 51 s350 Jolos ()2
16 > JUi! dloleo gl (650 dasl oo —2-3-2
- Re=300 & Ap=70 mmHg ) F= it
B e dolre S, sboojlgps ;o g pend OIS mjer o)) Cawoay lp
12t v V] iy, e 4>l (53959 50 gdier Jo clie 5500 ulpd S 4 p > Jlak]
B Lbyizays 5999 50 19 plo sl g ool Jlosl culi cdale bl ey
B ebor Jlosl oo oy Lo
0.8 — c 1 X =0
8 B C, o<r <R0 (13)
0.4 o _ X =0
5 ox RO <r< Rmed-adv (14)
B c _, x =L
0 N f Ox 0<r <Rieg-adv (15
B Lo e
B @:0 r :Rmed-adv 16
_047\\1 Lol Lol Lol | or (16)
©o10t 10° 10" 10 ac ac
M umeng (M) D—-(1-0)Cv, | =|D—=(1-0)Cv
e [ o 0) } [ ) } )
Sy oz aY ez ;8 oeBgngd S elad mie 2 S )
0.12 Joe (i jlsl g Jo b9y -4-2
= Re=300 & Ap=70 mmHg el oas ool 819 Lyal Jliile 5 51 (oSl s cVolee J> ol
N 9 allas oS08 Wlosds (55 stienS 2oV (35 M g, oS 4y S¥olaa oy
- A V] Lty Sl Jo il 5 00t o Fidl, - g by, 5l eslind b s é ¥olea
0.08- s 5% 33> s, 4l 5 o oslad 008 > 5 lnlols olios o
B S b abg e Jow s Como oy (sl el o0 osliiul S e
80 [ Foslial b 5y 5 Sol> wlons avslio [14] L6y 5 Sl> 51 Jol>
B sob a4 ) bl 5 00,5 (giludians 1) oS> Volre JouslS 58l0 5
0.045 A A A A ilos S > (g0ae
B S g b -3
B L Syoyla 50 (piig e OIS @395 -1-3
0 INEEENEN RN SRR SR BN B ol e mls Y Wiz o)l Joe ol Glgie S &5 jsbiles
0 4 10 12

6
r.end-im (Hm)
o Szl g Ll loasY 5o (e e 1,0 elads 555 3 YK

SVl laity] slaa¥ o by outis s O3 a4 5 3 oS
5 Sl @l b (o5 sl Bl Sasoe Gl bae 5 S
oS Lol Y )0l (asein 3 JSs 0 a5 jsbcles .aijls [14] s
9 Ohd msei @l Koo slaay w cod b @ pddsd Gl
Gials b 5l SVl 4 s Ll el solidl il cob 5 ety
IS8 aiS o oy 208 S jsb 4 o)lees o Clale (g ndydsh e
oS wmo e Gli5 e meied Lwd Y o |y (S ged SI)5 & 4
cure S8 4l cpl oS ol sla ISl b oSl (2Sly Jodoay
5 ailed & ypony cdile —ud o0t Jlosl S¥sles 4o [17 ,16] k zisT
e o5 @YU ES L

slay b anlie o Lol Y il o)lil gty o« bl
SVl Y s s 30yl 1y S5k 0058 Ol Ghpslre
Aoy S e Pl e ol atlea o Gpdides b (S
G sl (nl oS mooe (LD JSE S e Jos s )
s Sl g Lol @Y S s Jabd p S o) Ol S5
D9 s

4 o)l 14 055 1393 55 (oo Swille wise

ol 5o aesee wlilojlsns JBbs 5o ufg nsrd DS mse g L alal,
Sy @bl i Gk slea¥ o clle o didsn xS
el bl boakaly jo p3¥ Gon aslsl [0 g5 oals ooly ioled a3yl
sba¥ oy s pend S 258 2 U el o @l goae o
Lttipob s 5 e b 5 i ngd 5 e 515, i
S1as T oae o 5l Jols gulis 2 IS 4 azgi b ooms oo iales |
5 Sl @l b (S35 Jlom @l oad ooliital 5,505 goue 95!
ol [14] L,

oY cwload a3 F b 0 S5 Jaw 0 a5 5, aY sy
& oS am) S8 3585 oo bt )3 Slatas (25 o Caal iy
w Cad ) 6P GE5 5 Gndided cap Y Gl o)l 1, S o les
Si 3 obyr olalaidl 5, Lis edle 5 anil ba¥ b
P S xSl S elns B a4 pae oS ple g by e
Sk cops @hlo g 039 pll paliguil & Ceul osd (58 (S95 Joe
GoaY ;o g pnd Db mis g 2SS o el S 4 oo
ol a5 09l oo odolin IS8 a4 azgr bl oad ool Gl S,
s [14] by 5 Sl ol y o 6 3l ool

1- ADINA 8.9
2- Galerkin upwind method
3- Newton-raphson

30


www.sid.ir

Ol 9 9l ol

..\.u,)l.\'ul.\)ai;e)l,.\ééa)l..\J‘Ad..\a‘sh.u).\wbvWléblbwfag)av,.‘lduakhal).\)a“ydal,cum))a

3 25y Olie Giali8l pegdle oS 090 oo Juol> o8 55,0 WSS
o5lg20 oyl 5l ki 9550 Slge plu g (y5eST Jobd (( S8 55 5 o)l
Silese 9 t9; SSia b1, S,

0.1
B Re=300 & Sc=1.2x10°
- Ap=70 mmHg
0.08— — - — - - Ap=120 mmHg
0.06—
QO - — e — e i i —— = .
) B \
0.04
0.02}-
0 I AR R SR R R
0 2 4 6 8 10 12

Fengene(UM)
S Sl 5 Lozl sloayy 53 aig psed O3 i 6 S

0.015

[\ Re=300 & Sc=1.2x10°
*'\ ————— Ap=70 mmHg
B — - — - - Ap=120 mmHg
0.01
&
60'0057
0 -----
_00057|\\\\I\\\\I\\\\I\\\\
' 0 50 100 150 200
riel»med (Hm)
bow 4 58 eSg g 3 mje 7 Y5
6
- x10°®
- Re=300 & Sc=1.2x10°
5 Ap=70 mmHg
B — - — - - Ap=120 mmHg
s
3
E 31
= B
2
1+
07\\\\|\\\\|\\\\|\\\\|\\\\|\\\\
10 20 30 40 50 60 70
XIum»end (mm)

oeligdl = (yag) O e b ) 3ok s ps (95 ,Ltd il 3l 8 S

31

Re=300 & Ap=70 mmHg
0.01
o andlas
4 DVl s 5 Sole
0.005
Qo
O
0 A A
.00057\\\\I\\\\I\\\\I\\\\
. 50 100 150 200
r-iel-med (“m)
b Y )0 Cnafigmend Olyd elad a5 4 JSCi
3960 - ~
L x 10 Re=300
- Ap =70 mmHg
3950 |-
O
© B
3940 [
AN T T T TN N T IO N N B A
39300 5 ; L .

4
r-end-int (“m)

[PNCET [PV C PSYPUN JU . VPRSI (-

59 e O3 @385 2 95 LS al Bl oliee 56 -2-3
Jlisd o] Jaia 5 o0g oeds ST g e 5 S Vb 95 i
GRS og idu cnl o e SRl (8 ool s
Dylse sy Sy ol I 4 DS S5k 5 mjs g (s JLad Sl
b b oger yie e 120 & 70 JLzd Gdlsl jl g5 Jlzd alsdl il
Lol sy o iy @ 1/2><105 sl sae 9 300 50gm, sue

ol oo ools Liales T 96 sla JSii yo Lo g Sl Syl
ol cdale e jlad ol L oas wes e las S5 g0 e
S ol Q] ol ol do b o 38l e slaasy jo sy ]
S 05le 4 ey pgnd SIS 5985 Sy (Rl s (95 LS a5
il oisn o S5 4 Sl 5l (S e e Gl cal 5 ou
1Bl (rilie Gl [18] L) 5 S lRtalesl @b b ke
2 09 lad Gl Sl e S ejles 4 Getgnsed I3 dek ey
oS Conl asie dlue Sl b @ dxgi bl o sols (las 8 S
Jaie wabigail 4l b o5 ojlan oS iie b Job ;8 Blyd 3ok e pes

Goay 13 yae Sld plo s s msed Sl gazs b ol b o s 20l

4 o)l 14 055 1393 55 4w pom L SlSE Sl die


www.sid.ir

VS 9 9lil s> ool Suig)ls Yl 0)l9a AV Sin JIwo Sline 3 by Al b W yuiig pegad) wublisl y3 p350 Jolos (o) 0
0025 oylas 5o clilé &1395 g g pgud ©yd o3Il Wil -3-3
1 —-—-A-—-= Sc=1.2x10° & Ap=120 mmHg Sl slasslal ‘chdl Clale @ a9 )0 S92 g0 iy g NG
0.02 e Sc=1.2x10° & Ap=70 mmHg L . o ] e )
- — A - - SC:3.5><105&Ap:120 mmHg l) ‘5.!5Lo.~n 6L®)u) u:.L.za LgL:bo}l..bl b ul)d 45 wl C"‘lﬁ )1.@[5 ...\.’)L)
————— Sc=3.5x10° & Ap=70 mmHg

——A—— Sc=7.0x10° & Ap=120 mmHg

0.015
1 Sc=7.0x10° & Ap=70 mmHg

&
=< 0.01
[S) \
\
A\
0.005 —
O:— —de A o
_00057\\\\I\\\\I\\\\I\\\\
’ 50 lO? 150 200
rielrmed Hm)
b 0¥ )3 ety o O3 qujei p ojlsl L5 10 Y
1.12
- Re=300 & Ap=70 mmHg
B ——mmm Sc=1.2x10°
11+
I Sc=3.5x10°
- Sc=7x10°
1.08
1,06}
o |
1.04 -7
1.027,/ ____________________________
=t
1'\\\l\\\l\\\l\\\l\\\l\\\
0 2 4 6 8 10 12
X (cm)

el = eyl S e Juad 58 (ntg pand U3 o e 1L S

1.1
B Re=300 & Ap=70 mmHg
B ——mmm Sc=1.2x10°
] Sc=3.5x10°
B Sc=7x10°
1.06
g |
O 1.04F
1.02
1
L AR T T T N N T N NI AN N N |
0.98 0.985 0.99 0.995 1
1R,

oo 4> 50 e nsed SIS eled g 12 S0

s 3 (R gy ge) Olyd S @598 p jlginy due p3l -4-3

J) o)d—‘? J—”‘Q 9 ‘51.’>|.>
ke Ol Sy S8 4y b galews 40 5, b )0 )l 05>
35S il Ll 5o 5t Jgtals 5 s slajlts o o5 ol

1- Systolic & diastolic pressures

4 o)l 14 055 1393 55 (oo Swille wise

wad e paled 355 5l IS ogu; Ll @ 4z 5 (35> Ll 4 o
S, olaz o oyl g, ogen j0 Slyd oyl I cead ol e [19]
WS gl Coodl dae 30 0gon sl cpl 4 el 00l oy p
10 59 slo s ;0 300 j0sn; das g oguz yio due 120 5 70 (slo,Lid
of 5o a5 el o 0051 Lo 5 L5ls SVl el slaasy (gl
el o iy y15 SC= 11/ PD & g0 4 Coed] s0e

ol i b [20] 2l o3lail b 3585 o uSe G 4 4255 L
0355 5 b ol Ll deyiell ple il 455 Cul g gy
ol 501059 Glo s 5o Jolo b sl ol (g 2 (518 0,
Obyd ojlaz J3lo @ coedl sasialidl b ld S8 e a5 ol
@ arg Lo S e waas VL glalad s (lEl cnl g ead e
Sae Rl L cdde o sy a Cnl Ol ey JU dloles
oz 55 o JU el oty ot Sz ) 20 oS Cnn
2 OhSy Al g ead plaul cyen wnl ol Sl Sk ol
Losal &Y )3 Gefignsnd SIS Com) D9l S0 ey ned CAL
a4 o 1) st 6 ndide &5 o] (Siislnsed elsr o 4
3 Sl il Cy Grzes el ba¥ ple Sl i wojls (sl
B bl Sk oo cnl s oad Fte 055 VL slalad
oo 2l B

Sl Bt Jab 3, iy S b i 11 U5
P e chils coedl sas Bl L ass e Gl o)l 9 e
o0 12 S j0 a5 jeboles S I 0wl Gl o)lgs & jglore
e RalS o)l ogm; Y Culid 39 00

28 23S ani iz Glp e 1269 GladSs 5 0)ss 5950 L
ol 0e il 33l L ond (08 <l (95 (lyz j3es Caye a5 il
@ FS ) n Ol sl g pand SIS 5y Gy (b o8 8L &S
ol g ails 5SS S L awslie o 1) 65 3985 5 olax
2 ol b Celks ualS g b cdale bl pes oSS
il Rl S5 p Ks slaarY ps 0l al ALl oS 09 d e o

0151
| —-—-&-—-- Sc=1.2x10° & Ap=120 mmHg
B ——mm- Sc=1.2x10° & Ap=70 mmHg
- — & — - Sc=3.5x10° & Ap=120 mmHg
- - —==- Sc=3.5x10° & Ap=70 mmHg
- ——A—— 5c=7.0x10° & Ap=120 mmHg
01k —— Sc=7.0x10° & Ap=70 mmHg
8 AE—A—_A——A—-A-—_A——-A——AA
0 0511: —————— T N N . A A
[T RN IR A B
0 2

6
r-end-int (“m)
e Sl g Lo sloa o g pod S wje pooslail 3G 9 U

82


www.sid.ir

Ol 9 9l ol

..\.u,)l.\'ul.\).u'ue)l,.\ééay..\J‘Ad..\a‘sh.u).\wbvWléblbwfag)av,.‘lduaiahal)a)a“ydal,cum))a

1.03-
B Ap=70 mmHg & Sc=1.2x10°
- Re =300
- === Re = 400
1.02
o -
S 1.01 B
1
A NEEEE RN SRR RS SRR AR
0-99=5g7 0.98 0.99 1
R,

Cilises sl olael 33 pagd Al )0 g pgad &l)S elad aoe 14 S0

1
- Ap=70 mmHg & Sc=1.2x10°
- Re =300
- === Re =400
08 ————- Re =500
=
50.6;
0 -
17 T
= b
0.4F
STENERIN ANRRENTN SRS ANERANIN ANANANEN SYRNANEN IR
02 12

X (cm)
alisee )‘V\Jy{)alxl)amhsxl-waf;ﬁaJaé)agiﬁddl5 L)

0.045— Ap=70 mmHg & Sc=1.2x10°
- —— Re=300

0.03

cre,

0.015

b1l Lol Lol
10° 10' 10?
r.end»im (“m)

lael ;0 bae g (3 SVl dainy) gloasy o (g ad I3 059516 S
e g

59 ey sae Giali8l s a4 (nSs pgad Oy Culbes 5 (ordaw lals

L @ly ,o ool 38,56 v 5 o)l Bl o @lyd ol coslsl uals

S35 3 eBananed TS 55 el 4l 3 ol S

S, slay 5l 4 (6,068 Ol aS 05d 0 o g a8l ialS o jlas

33

bz slaple; o o slagbys Jobs 0 085 pbr Cepm B
Sl 1) calie ja0gi, olael b olonl > ol o cplplo casl Sglase
S8e > p 595 Gl ey 4 Cwnd pl o s e il
Re=2pUayeRo /1 JS & jadsi; oae ol jo & wlonise suds,
Slp g iz jalgn, slael o oty pond (isu 095w (ogd so yyal
9 13 o Jss o 7T0mmHg jLes sl 1/2x10° el dae
Sld clil ol 9sh; dae (il Bl L oS Cal gsly al sos @81, 14
b a8 S, S oo e nad

O Sege Hlid S| gaml o a5 S, ojlux (Gjeml Caols
crge el 003 Sbml T AY il 5 S, Gl LS gl
Sy g cdale 55,05 9 00l o)las Ceos 4 g e DI 1S
clile floe codonyay (pl & 848 o0 o |, S, 518 ojlgs j5lxe
g Sial33l 51 5e sadgn; vae Giali8l b ogd e axslis [21 5] das
@S S 0h> w309 0 957 SbieSsned (Ol
e g oals malS 1) 5, aylps 4 oyl g5 ey 30 a5 laigS
@ e & 055 olz cer Flosis bl (e Gs, SalS
il 38 bl saadly ioles 13 JSE )0 098 so cilize j0lan, slacl
S5 a3 iyl GEL i o5 51 2 odle jlyn, s
Ol e g Ghal8l laS Cel dggie Sl 14 US4y a5 Lol
oeals cdale lie g g,y Y Culs Galsin ;) sas ol ol g e
cdale o las LS ool 0L 3ek8 Cae 0929 Jds 4 Lol Wb e
Wb Gl S,y J3s ooz 4y o Suop b elad g o

Oehizaials 13 o)z 3590 35 503 sl Sl plEee |y oy
B s 5 055 ol Salizsgen anlhe b LS o lgen 35
i ol 4 Sl olpd (Lhp A Gl e &S Sbx slaslly
9 0bul g (02 CLd g it o5 (LDp A L (Pl oS wilosw,
Sl 0906 a5 15 IS @ az g U [24-22] aiien (K85 anwys
L ool awlio 5 amo o lid alizee jalgn, olael o 1) &y 25
Sl g sadsn sae Salil b o o st Sls 14 5 13 sla JSs
slobdgy plpl ol o (2alS maw cdale i woyles Ly iS5
Sn 5 e Iolk SIS ooz (A3 man  egpend D)3 @
S o | ke 5 (oD 0 9 KBS ol

1.04
i Ap=70 mmHg & Sc=1.2x10°
- — Re=300
- e e = - Re =400
1.03 ——————— Re =500
S ook -
S 1.02 B -
B //.//'/-
101 ',,.’/'
| /7
J) S I [N T T N T A
0 2 6 8 10 12
x (cm)

Slael ;5 @ligail = peg) S e Jab 1o g e S oo g9 13 S5
e g

4 o)l 14 055 1393 55 4w pom L SlSE Sl die


www.sid.ir

Ol 9 9l ol

..\.,_39)[.\'Ol._\_)ai;e)l,g_éé._\_)l..\i‘_;d..\a‘su.ga)._\wbvwléhlﬁmﬂg)ﬁ,ﬁlmmlxﬁyd&l,ﬂw)x

1.12

Ap=70 mmHg & Sc=1.2x10°
S PUVISNPUU [PV IR ) I P ES SRS NI
————— (oo padigasl) Jslsia 100
1.08

cre,

1.04

1 —_ -

o b b b b g b
0.97 0.98 0.99
rR,

25 008 4>l s elad Sz 50 Gaigpsnd O3 e amlie 18 S
PRUNIVN PN PPN e

x10°®

16 Ap=70 mmHg & Sc=1.2x10°
(003 o] puligail) Jselseie o lguo

————— (ol aligadl) Joeba o lpno

TTTTTTITT T

12 :’,

=" 1
s8I
e

a

Py T T T A
2 4 6 8 10 12
x(cm)

ossdiam! g ol Glo b 1 10 S9i Eas yur dnnlie 19 Ui

5 oog Syie Jad 4l o clile 2031805 17 s o
oioles 300 j00sn; dae grogem yio die 70 jLid M (oly ouligail
bl cedgdcamsl Glys s aS el ol Foly b g ead eosls
w2 el ol Jds aboe Rl (elad 5 ok x50 L sSIges SLe
Olwe GlB Lol melisail a¥ 5o S 63388 Gl (2l
lorls abie GRIFI QLS sleaY Sl S jee Ce e (g pdydsh
19 S 55 105 o0 cilises sloay ;5 s med S Sblil s
03l Lialed )3 3985 ks 538, Y 5 6 ,nduSehi cagyo Lialdl il
el 00

Sz 0 mly mdls b oSy psnd bl o 200 US o
oSl oad eoly Giuled S a8 e sl o sled
Scdld 5 oum) 953 0> i @ Letal Y 50 bt nend
$9z (S b lacdly plu @ 55 050 olge JUl jslate o 1) oL ,2
(Erdydes plyt i b oSl ol Sole 21 S ol 550,
05,5 Dglds Lo )3 Cges) 092 45 Wiz 2 (DBl p g A5y oy
@) Gt Gl ShY e ssee oilal sndca] bzl
Sl g 005 ol pl 5l Sl o)lgns by (i Lol deo oo o jlax 1o
ile s

o

4 o)l 14 055 1393 55 (oo Swille wise

S epl cdale ol oad solo jLis 16 Ko j0 a5 jebolas .S 34
oealS jalan; sae il b Low ¢ (Jls SVl desinl Y a0

b pdlo ojlgd 30 (miigyged ©hd Clild &390 dmulio -5-3
oxsdcum oylgd
ol 0lpd o lar Sl Bl (S )0 Sg)lSas 5T slags; 092
s Gl @l 5o ol 300 5 (8 Boe (K85 0 (ol Jelss 5l (S
e ley S28S J1 s 5 039 bapng nand Sl axtes (sla Joxe
O 315 s 515 020 sl Wgans 058 o 590 (K385 5 cobuss
4 g onl 0 b iS5 el T el gligail SHB 4Y oS
5 @ edudcawl 5 pllu ojlax > o 5B ojlgs Jaw oy p
sl 008 (g3 a5 o D3 g osyscan pligail 5

clops) JSis bl glee ise ol LT o a8 jsbles
ol bt o ol ooz (SIS s (Gl 5 ooz Soig ISy ]
CBlil eanl b JoU505,5 Lo 50 oly o 2 ile (25 i 85 eligusl Y
2 P cage 5 sl GRS ojlar w0 ey nend DS
o35 & e @eligll Y ol 0gdce (bd (Slen slaculad
e Pl crl dsbe Y (nl o S GiFy s adided el
a5 amd o ol a5 el oas 03,513 Jguz 10 sdudcwl § wlle mligall
Al 0 shliade BB 1k o aligusl Y 51 cas (s ol
g g ol (S

3585 e 0 Y ol Cuoglie il s oeligal 4¥ 5 s
&l STy wwe (O] (6343585 Il (e 5 00d (utig s
il 590 095 5l 1, D3 ATl St g e Gilisee la g gad b
IS e iz 055 4 ], g

[25] & o ) sl osusannl 5 pllos peligail Y (olys 3 Jgar

D, (M?/s) K (m?) - WY
5/7x107%8  3/22x102  0/9979 NNFRE
111425101 2/62x1071 017240 ewpscel oelisul

Ap=70 mmHg & Sc=1.2x10°
— _ (e __.1...;] i gy b 6l

————— (o pesgasl) st ol

cre,

1.05

5 oo St Jab 13 5y970 S )0 (S S g amlie 17 S
IR 9 ol lagl pi jo0)lg0

34


www.sid.ir

Ol 9 9l ol

..\.,_39)[.\'Ol._\_)ai;e)l,g_éé._\_)l..\i‘_;d..\a‘su.ga)._\m;_bvwléh&mﬂg)ﬁ,ﬁlmmlxﬁyd&l,ﬂw)x

Cagde ol S olo mbi it Lo 1) alises glaojlail (g 10 39290
S e p e Cgm) Ged S Gegnsnd S5 &5 ol
90 5 |y Sy ooz J3Is 4 35h @y gyt hiled eg) oo
oS e i b ams e Ll |, e S S5 Loz
Ol 35k 5 e e, 5l S cdidl o e ligal 4y
Cnl (Sasdcaml 510 1) (lodisS s 3 cojlaz 31 a4y putig e
2 moye i Sasly carge 5 o L (gl LT Y

Pebies B9ye (B g Lol Y

e oy -5
(Mst) e pos oy u
(m) eleds on r
(M) (5970 ans X
(kgmis2) ojlgps cop 85 WSS
(ms1) eled caz ;o Caepu v
(mst) bwgio ceyr Uave
(m) glas R
(M) opoo) 4l glass Ro
(mest) pse oo D

(1) 251y s
(M5, de L
ool dry 30y 3¢ Sc
g s g dae Re
(molm=3) clale c
(Molm=2) gz ,o cldale Co
(kgm1s2) L3 P
(M?) s ds35i K

Uy oidle
(kgm3) J&=  p

bl o po o

(kgmis1) (Solys e 3 i
Jo Shes \%
OWP )

Leicgel agY adv
edigail Y end
Lol @Y int
Low 4Y med

Sl el SiL Ay iel

ooy lum
P33 eff
oeile ave
3ei f
&>l»-6

[1] M. Khakpour, K. Vafai, Critical assessment of arterial transport models,
International Journal of Heat and Mass Transfer, Vol. 51, No. 3—4, pp. 807-
822,2008.

[2] K. Keller, Mass Transport Phenomena in Biological Systems, in: L. Stark, G.
Agarwal, Biomaterials, Eds, pp. 103-118: Springer US, 1969. English

35

16 -
— Ap=70 mmHg & Sc=1.2x10°
B (6955 | edigaidl) Jelie o las0
12f
- 8
- PSSR
o s
S 8 -
= rouligasl
E shls Sl
-
— o
07\\1\\\\1\ i .
0.98 1 1.02 1.04 1.06
rR,
03l S 3y cilizes Sload ;0 eigsed Sy e 20 S5
0.5
B Ap=70 mmHg & Sc=1.2x10°
B (0938 cunns] wliguil) Joelsie o laas
0.45— A (ol odigodl) el o 51300
g
é 04 — A A A A A A A A A A A
0 |
%)
= |
0.35—
TN ENENEN AN BN BN RN AR
0'30 2 6 10 12
X (cm)

o] g pll lagyl 2 50 0lgsd by a5 dunlie 21 JSC&

& 5 4o -4
ol (omyn sobiie & Y wiz 0)l90 olen 4 0y )IS I3 Jue
B3 o Cawd |y Blad 5 535 bt i pond O3 caslil o 8,56
S92ge g pamd SLS ol (0l pb (sl 10 9 Bl S g g jLaS
5 Olme 3 S P loa (Sojelsd Slasine fizen 5 (9> )
Ot B (8 Bgye (S A )3 9 g nsd SIS s 092
Gt s es 2S5l L a5 ams e Lt gl S e Lyl 1) (glonisS
gl o gl 5l st jlad g il Gl ojlaz s 4y 5 Sgis
385t Jele YU (95 s cpl ol 0iiS oo gy o)la S5l 5 ST
Sy elagl it i pgad 4 Sy -l sl g9 0
el J5SUga5,S Lo cutll j an 38 3B el lyie 4 g3 by
3 Blee g mend DS (LD lme o 3 Ol e e AL
lap)] 355 5 (el g 5l le 5 00,80 oy 1) ()N gy 2eo b (05>
VL b oS calie (8555 S, bl (nlpls 09800 S5 laaY @
ool olpen lapl 25 55 055 Ol i (08 )l g B8 bye )

4 o)l 14 055 1393 55 4w pom L SlSE Sl die


www.sid.ir

Ol 9 9l ol

..\._0_.\"9)[.\'ol._\_)ai;e)l,,\_éé._\_)l..\J.v;déatsu.g»)._\m,t_bvWléhlﬁmﬂg)ﬁ”{)mulxﬁyd&l,ﬂw)x

[15] G. Karner, K. Perktold, H. P. Zehentner, Computational Modeling of
Macromolecule Transport in the Arterial Wall, Computer Methods in
Biomechanics and Biomedical Engineering, Vol. 4, No. 6, pp. 491-504,
2001.

[16] Z. J. Huang, J. M. Tarbell, Numerical simulation of mass transfer in
porous media of blood vessel walls, American Journal of Physiology -
Heart and Circulatory Physiology, Vol. 273, No. 1, pp. H464-H477, 1997-
07-01 07:00:00, 1997.

[17] G. A. Truskey, C. K. Colton, P. F. Davies, Kinetic Analysis of Receptor-
Mediated Endocytosis and Lysosomal Degradation in Cultured Cells,
Annals of the New York Academy of Sciences, Vol. 435, No. 1, pp. 349-351,
1984,

[18] A. Tedgui, M. J. Lever, Filtration through damaged and undamaged rabbit
thoracic aorta, AmJ Physiol, Vol. 247, No. 5 Pt 2, pp. H784-91, Nov, 1984.
eng.

[19] N. C. Bhalodkar, S. Blum, T. Rana, R. Kitchappa, A. N. Bhalodkar, E. A.
Enas, Comparison of high-density and low-density lipoprotein
cholesterol subclasses and sizes in Asian Indian women with Caucasian
women from the Framingham Offspring Study, Clin Cardiol, Vol. 28, No. 5,
pp. 247-51, May, 2005. eng

[20] F. Curry, Mechanics and thermodynamics of transcapillary exchange,
Handbook of Physiology, Vol. 4, No. part 1, pp. 309-374, 1984.

[21] N. Fatouraee, X. Deng, A. De Champlain, R. Guidoin, Concentration
Polarization of Low Density Lipoproteins (LDL) in the Arterial Systema,
Annals of the New York Academy of Sciences, Vol. 858, No. 1, pp. 137-146,
1998.

[22]J. V. Soulis, D. K. Fytanidis, V. C. Papaioannou, G. D. Giannoglou, Wall
shear stress on LDL accumulation in human RCAs, Medical engineering &
physics, Vol. 32, No. 8, pp. 867-877, 2010.

[23] K. Perktold, M. Resch, Numerical flow studies in human carotid artery
bifurcations: basic discussion of the geometric factor in atherogenesis,
Journal of Biomedical Engineering, Vol. 12, No. 2, pp. 111-123, 1990.

[24] V. Deplano, M. Siouffi, Experimental and numerical study of pulsatile
flows through stenosis: Wall shear stress analysis, Journal of
Biomechanics, Vol. 32, No. 10, pp. 1081-1090, 1999.

[25] S. Chung, K. Vafai, Low-density lipoprotein transport within a multi-
layered arterial wall— Effect of the atherosclerotic plaque/stenosis,
Journal of Biomechanics, Vol. 46, No. 3, pp. 574-585, 2013.

4 o)l 14 055 1393 55 (oo Swille wise

[3] L. H. Back, Theoretical investigation of mass transport to arterial walls in
various blood flow regions— |I. flow field and lipoprotein transport,
Mathematical Biosciences, Vol. 27, No. 3—4, pp 231-262, 1975.

[4] X. Deng, Y. Marois, T. How, Y. Merhi, M. King, R. Guidoin, T. Karino,
Luminal surface concentration of lipoprotein (LDL) and its effect on the
wall uptake of cholesterol by canine carotid arteries, J Vasc Surg, Vol. 21,
No. 1, pp. 5-45, 13 Jan, 1995,

[5] X. Deng, G. Wang, Concentration polarization of atherogenic lipids in the
arterial system, Science in China Series C: Life Sciences, Vol. 46, No. 2, pp.
153-164, 2003. English.

[6] M. Prosi, P. Zunino, K. Perktold, A. Quarteroni, Mathematical and
numerical models for transfer of low-density lipoproteins through the
arterial walls: a new methodology for the model set up with applications
to the study of disturbed lumenal flow, Journal of Biomechanics, Vol. 38,
No. 4, pp. 903-917, 2005.

[7]1 S. Fazli, E. Shirani, M. R. Sadeghi, Numerical simulation of LDL mass
transfer in a common carotid artery under pulsatile flows, Journal of
Biomechanics, Vol. 44, No. 1, pp. 68-76, 2011.

[8] A. Nematollahi, E. Shirani, I. Mirzaee, M. R. Sadeghi, Numerical simulation
of LDL particles mass transport in human carotid artery under steady
state conditions, Scientia Iranica, Vol. 19, No. 3, pp. 519-524, 2012.

[9] C. R. Moore Ja Fau - Ethier, C. R. Ethier, Oxygen mass transfer calculations
in large arteries, No. 0148-0731 (Print). eng.

[10] N. Yang, K. Vafai, Modeling of low-density lipoprotein (LDL) transport in
the artery— effects of hypertension, International Journal of Heat and
Mass Transfer, Vol. 49, No. 5-6, pp. 850-867, 2006.

[11] L. Ai, K. Vafai, A coupling model for macromolecule transport in a
stenosed arterial wall, International Journal of Heat and Mass Transfer,
Vol. 49, No. 9-10, pp. 1568-1591, 2006.

[12] N. Yang, K. Vafai, Low-density lipoprotein (LDL) transport in an artery—
A simplified analytical solution, International Journal of Heat and Mass
Transfer, Vol. 51, No. 3-4, pp. 497-505, 2008.

[13] M. Khakpour, K. Vafai, A comprehensive analytical solution of
macromolecular transport within an artery, International Journal of Heat
and Mass Transfer, Vol. 51, No. 11-12, pp. 2905-2913, 2008.

[14] S. Chung, K. Vafai, Effect of the fluid— structure interactions on low-
density lipoprotein transport within a multi-layered arterial wall,
Journal of Biomechanics, Vol. 45, No. 2, pp. 371-381, 20.

36


www.sid.ir

