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ABSTRACT: The common carotid artery is a large vessel which supplies oxygenated blood to the large
front of the brain. The artery geometry is extracted from computed tomography angiography images of
a healthy 20-year-old volunteer. ANSYS-Fluent commercial software is utilized to simulate the blood
transient laminar flow in common, external and internal carotid arteries. In addition to the Newtonian
viscosity model, two non-newtonian generalized power law and the modified Casson models have been
selected for comparison. The quantitative and qualitative results include the distribution of the low
density lipoprotein concentration, the wall shear stress and its fluctuations, and the volume and shape of
the recirculation zone. Computations show that the low density lipoprotein Concentration estimated by
non-Newtonian models is higher than by the Newtonian model. On the other hand, the carotid bulb and
the beginning part of the external carotid artery, contain a large volume of the recirculation flow. Also,
the low density lipoprotein particles concentration Comparison between the two modified Casson and
Newtonian models in the common carotid artery zone shows the difference of about 12.5 percent. The
results of this study show that the vortex region volume and shape are changed during the cardiac period
cycle. The findings also reveal that Newtonian and non-Newtonian models present different results in
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predicting the flow parameters and secondary flow estimation.

1- Introduction

Nowadays, owing to computer modeling development,
estimation of the flow parameters in human blood vessels,
has also made significant progress. On the other hand, the
findings show that there are indeterminable relationships
between parameters such as local Wall Shear Stress (WSS ),
the flow recirculation, and residence time of the blood cells
with vascular diseases, such as aneurysm atherosclerosis,
and arterial arrest. Atherosclerosis is a common type of
Cardiovascular Disease (CVD) generally found in large and
medium arteries [1]. It is well accepted that the situation of
atherosclerosis may be because of the unusual accumulation
of macromolecules, like Low-Density Lipoproteins (LDLs),
in the arterial wall [2]. The macromolecular congestion
causes narrowing and blockage of the arteries [3]. So, the
knowledge gap is that in case atherogenesis has started
with this unusual high accumulation, or that this disorder is
just a secondary effect of atherogenesis [4]. In this study,
the transient behavior of the volume and location of the
recirculation zones in the in-vivo healthy carotid artery are
investigated. The effects of the non-Newtonian models on
the mean concentration and the Oscillatory Shear Index
(OS]) parameters, in four separated parts of the vessel
are also discussed. By analyzing the results related to
recirculation location and OSI, a direct relationship between
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them is seen.

2- Methodology

Since the flow streamlines in large vessels are highly
dependent on the shape of the artery wall, so, it is essential to
extract the artery geometry from a live case. The section below
illustrates the geometry extraction procedure. To simulate
the blood flow, a total of 670000 elements were produced
by using the ANSYS meshing module. The incompressible
Navier-Stokes and mass continuity equation, for transient
flow with rigid walls, were solved by using the pressure-based
ANSYS-Fluent 18.2 solver. The mathematic formulation,
which depicts blood flow, is the Navier-Stokes equation [5]:
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Where V' is the velocity, p is the pressure, 1 is viscosity, and
is the density of blood. For flow in the artery wall, the porous
media approximation, Darcy’s law, is used:
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Fig. 1. OSI Contour for Newtonian Model - Left Image: Carotid Bubble View. Right image:
ECA medial view
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Fig. 3. Same as in Fig. 2, only now for the cross-sectional (2-2) plane carotid artery.

Where k is the Darcy constant. The transport of LDL is
described by the advective diffusion equation:

oc +v.Ve=DVic 3)
ot

Where c is the concentration of LDL and D is the diffusion
constant. The last equation in the mathematical model is the
mass conservation equation given by

Vy=0 @)

The OSI is defined [6] as:

I
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3- Results and Discussion

Fig. 1 shows the OSI contour for the Newtonian model
with the maximum value of 0.2. The arterial cross sections
at three characteristic locations, shown in figures 2a, 3a,
and 4a are analyses next. The intensity of the secondary
flow is depicted by contours of the axial by superimposed
corresponding stream traces (Figs. 2b, 3b, and 4b).
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4- Conclusions

In this study, a computational fluid dynamics tool was
used to estimate the unstable and slow behavior of blood
flow in the human carotid artery extracted from Computed
Tomography (CT) angiography images. Two comprehensive
models of general law and modified caisson law are also
considered to consider the non-Newtonian property of blood.
Finally, after reviewing the results, some general conclusions
are presented as follows:

1-The concentration obtained from non-Newtonian models
is more than Newtonian and this difference is more for the
Casson model than the power law model. The percentage
difference between the Casson and Newtonian models in the
common carotid artery is about 12.5 percent.

2- The OSI parameter, in addition to indicating the shear
stress fluctuations, is a variable to describe the residence time
of the blood cells and also the existence of the recirculation
region. In this simulation, the maximum value of the OSI
for the Newtonian fluid was observed in three regions of the
carotid bulb, the bifurcation apex, and the medial part of the
ECA. These zones for the non-Newtonian fluid are limited to
two zones of the carotid bulb and bifurcation apex.

3- The STWSS Comparison between the two modified
Casson and Newtonian models in the bifurcation zone shows
a difference of about 11.5 percent.

4- The results of local and general non-Newtonian
importance factors showed that the non-Newtonian behavior
of the fluid is more important in the middle parts of the vessel
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Fig. 2. (a) The contours of the non-dimensional LDL concentration (c /C 0) along the lumen—endothelium interface and locations of
the cross sections (1-2-3) (zoom-in). (b) Superimposed velocity vectors of the secondary motion and stream trace inside the lumen and

contours of the non-dimensional LDL concentration (¢ /C ) within the artery wall in the cross-sectional (1-1) plane.
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Fig. 4. Same as in Fig. 2, only now for the cross-sectional (3-3) plane carotid artery.
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Fig. 5. Contours of the WSS at the lumen—endothelium interface and selected polylines (a). The profiles along the lines shown above: WSS
(b), LDL concentration (¢ /C,) (c). The LDL concentration versus WSS along the same lines (d).
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section as well as in the areas close to the recirculation area.

5- The total volume of the vortex region and its elongation
estimated by the non-Newtonian models is overall less than
by the Newtonian model. Among the two non-Newtonian
models, the GPL also predicts the volume of the vortex region
larger than the modified Casson model.

6- In conclusion, the shear shining non-Newtonian nature
of blood has little effect on LDL and oxygen transport in most
regions of the carotid, but in the atherogenic-prone areas
where luminal surface LDL concentration is high, its effect
is apparent.
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Fig. 1. Five geometrical sections of the carotid artery
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Fig. 2. Input flow rate profile to the carotid artery
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Table 1. Values of Simulation Parameters
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size: 0/5 mm, Grid size at bifurcation zone: 0/25 mm
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Fig.6. Profile of LDL concentration changes within the
wall itself.
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Fig. 5. Comparison of LDL particle concentration distributions on plates 1 and 2 of T-junction geometry,
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Table 2. Maximum and mean OSI for Newtonian and non-Newtonian models in four parts of the carotid artery
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Carotid Bubble View. Right image: ECA medial view
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Table 3. Mean volume comparison of I_L and for two non-Newtonian models in 0.743 seconds
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Fig. 8. I, Surface contour for a time of 743 (ms)
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Table 4. Recirculation area volume in cubic millimeters
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Table 5. Spatial Temporal average of the wss (STWSS (pa)) for Newtonian and non-Newtonian
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Fig. 9. (a) The contours of the non-dimmensional LDL concentration (¢/C_0 ) along the lumen—endothelium interface
and locations of the cross sections (1-2-3) (zoom-in). (b) Superimposed velocity vectors of the secondary motion and

streamtraces inside the lumen and contours of the non-dimensional LDL concentration
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Fig. 10. Same as in figure 9, only now for the cross-sectional (2-2) plane carotid artery.
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Fig. 12. Contours of the WSS at the lumen—endothelium interface and selected polylines (a). The profiles along the

lines shown above: WSS (b), LDL concentration (¢/C_0) (c). The LDL concentration versus WSS along the same
lines (d).
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Fig. 13. Comparison of the concentration Polarization phenomenon in Newtonian and non-Newtonian models.
(a) Newtonian model, (b) GPL model, (¢c) Modified Casson model
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Fig. 14. Phenomenon LDL Concentration Polarization at the surface, pulsatile flow
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Fig. 15. Axial velocity contour for the internal carotid artery plate (ICA)
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Table 6. Maximum and mean within wall concentration of LDL particles for Newtonian and non-Newtonian models in four parts of the

carotid artery

oyl 395 J&Io JI (60 Jledild bawgino o lgd 095 JSIo Jl g0 Jl cdile oy 3Slo
Ol b R Joxo ol Ol b ol Joo ol
ag,ls ig,ls SSLigs Swig,ls igyls aig,ls SLigs ig,ls
=B Lo S o =B e S yidio
[eNeF [OVY ARAY4 ERVARN AR EARE «[AQY . AR RN o 9
evYs b f SAYeF RN I eV F Yt VYA CIYASY S el
s
[eYVY .- 048 YL oJ AFY S JevY- Jo¥YA SAvY- LIYYYS g
o kol

LAY



FA<F U YYAQ dxao V¥ o LJL.: A O)I\M QY 0y9d ;)....S).:.ol «&u&n @”W A_v).u.u

e 5l Gy ()5 w2 oSl 9 Jde 35 (gt JAe 93 o
i (bl oad Mol g

JBs1 3 (o5 5 b (Bt Cpols & md e o5 b
& (K85 dtn (g 3 Ll o)l a59)l5 S (g ST 03 JIod I
el K51 ] Bl el ol o I g Jlelale

e Canw i b -5
(U o N ol aeslo b g pond s clale €

& e odale C

(Ol o9 ) ez gl

0% 3 Jles JIold Gigatd o o
J s Jald 6 pddea cuye K
Swlus eyl U

o)lg20 Ggemsl it co s Wy,

&be

[1] EM. Box, R.J. van der Gesst, M.C. Rutten, J.H. Reiber,
The influence of flow, vessel diameter, and non-
newtonian blood viscosity on the wall shear stress in a
carotid bifurcation model for unsteady flow. Investigative

radiology, 40(5) (2005) 277-294.
[2] 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,
38(4) (2005) 903-917.

[3] N. Fatouraee, X. Deng, A. De Champlain, R. Guidoin,
Concentration Polarization of Low Density Lipoproteins
(LDL) in the Arterial System a. Annals of the New York
Academy of Sciences, 858(1) (1998) 137-146.

[4] S. Fazli, E. Shirani, and M.R. Sadeghi, Numerical
simulation of LDL mass transfer in a common carotid

artery under pulsatile flows. Journal of biomechanics,

3 el Gl Loy g 096 5 (535 S 99 2 slp Jl 0 )
ot ly Jhesd JIclale (puguome Sl b (g’ Ao Ceond
e o e 4535)1S oy Cuamd 53 ] 035 (055 5503 Je 93
@l 038 Dbyl it ) S o> Jl ke (g’ (g8 0 Joo
Fowps Jie Sl o> Sl edale ggpi 5l sl IV ploj )5 & (b
S lley o sl 3 Jae 93 5l L 1o 2 VYD dg9as S
g Jae S gt |y o> ) el Sl 098 (g Jao 55

B oo oywadS

S35 Az -0
S o slopgad 14 Sl w35 S 5 o e el LLL
bld (58 (Bgopé Comogad (60500 )3 sl 5o 0ad Pl (yguns
S8 4 (65 o sz @l oyl o ObL Y el o
9500 D)) 2

9 09 (H9w | e (S e I Jols clale lje -
M do pd ol g 538 Jae 5l o jaunS Jde (gl glis o]
WO 3gis S pitio 359)5 lyd 3 (B g ogeS Je lp clale
Ll o>

b lp ilwand ol )3 Glog (i (] Al Oliee -V
9 W9l Sl 4ol 9 4 (Seipd Jw clp (2ly cpl b 0
.)94.1‘3‘5& D9 u.%[ws.)

JHe Gln ogles (B (15 oy Floj 6Sle ST aoy> ¥
NGO IRVESRY B Y/ I PRSI B PRV T PP X WP (WS YR S

295 § 2090 (B0t Cuanl j5S )y 5 ol gols ¥
5 S) ghile Sleo slacuond )3 il Jbw (Sgs s JU8) &5 0l (LS
Gl Caodl Bl a4 id b 4l 4 Sop (sle o job uen

Obys (Sloj 0)9> S Jsb 3 A59) 5 S > (i3 j2il by -0
bs.wL;o oD u_‘>)l> .\..’5)L§ dl.lul 9 _\.:.;5)[5 uL.‘> 4.».’>L 99 ) ‘LS‘JS
sladse jl G (Hgs Jio by 43525k 4l o (IS )b &
P ik 4l (SaiS & )5k 4 D9 03] (3T (ot

el (S e Jdo 93 5| o 9oy 4 (S S ygo 4 55 (S Jlew

17,323



YAS B YVAL doao NF v Jlo A ojlaud Y 080 ¢ pusS yuol SOl wiins 4 puls

Xun, Effects of transmural pressure and wall shear stress
on LDL accumulation in the arterial wall: a numerical
study using a multilayered model. American Journal of
Physiology-Heart and Circulatory Physiology, 292(6)
(2007) H3148-H3157.

[16] G. Karner, K. Perktold, H.P. ZEHENTNER,
Computational modeling of macromolecule transport in
the arterial wall. Computer Methods in Biomechanics

and Biomedical Engineering, 4(6) (2001) 491-504.

[17] N. Yang, K. Vafai, Modeling of low-density lipoprotein
(LDL) transport in the artery—effects of hypertension.

International Journal of Heat and Mass Transfer, 49(5-6)
(2006) 850-867.

[18] N. Yang, K. Vafai, Low-density lipoprotein (LDL)
transport in an artery—A simplified analytical solution.

International Journal of Heat and Mass Transfer, 51(3-4)
(2008) 497-505.

[19] M. Khakpour, K. Vafai, A comprehensive analytical
solution of macromolecular transport within an artery.

International Journal of Heat and Mass Transfer, 51(11-
12) (2008) 2905-2913.

[20] S. Chung, K. Vafai, Effect of the fluid—structure
interactions on low-density lipoprotein transport within

a multi-layered arterial wall. Journal of biomechanics,
45(2) (2012) 371-381.

[21] M. Roustaei, M.R. Nikmaneshi, B. Firoozabadi,
Simulation of Low Density Lipoprotein (LDL)
permeation into multilayer coronary arterial wall:
Interactive effects of wall shear stress and fluid-structure

interaction in hypertension. Journal of biomechanics, 67
(2018) 114-122.

[22] M. Tasiello, K. Vafai, A. Andreozzi, N. Bianco, Low-
density lipoprotein transport through an arterial wall
under hyperthermia and hypertension conditions—An

analytical solution. Journal of biomechanics, 49(2)
(2016) 193-204.

[23] M. lasiello,K. vafai, A. Andreozzi, N. Bianco, Analysis
of non-Newtonian effects within an aorta-iliac bifurcation

region. Journal of biomechanics, 64 (2017) 153-163.
[24] K. Jesionek, A. Slapik, M. Kostur, Low-density

£As0

44(1) (2011) 68-76.
[5] 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, 19(3) (2012) 519-524.
[6] G. Rappitsch, K. Perktold, Computer simulation of

convective diffusion processes in large arteries. Journal

of biomechanics, 29(2) (1996) 207-215.

[7] J. Hong, C. Fu, H. Lin, W. Tan, Non-Newtonian effects
on low-density lipoprotein transport in the arterial wall.
Journal of Non-Newtonian Fluid Mechanics, 189(0)
(2012) 1-7.

[8]1J. Moore, C. Ethier, Oxygen mass transfer calculations in

large arteries. 1997.

[9] D.K. Stangeby, C.R. Ethier, Coupled computational
analysis ofarterial LDL transport--effects of hypertension.
Computer Methods in Biomechanics & Biomedical
Engineering, 5(3) (2002) 233-241.

[10] S.S. Shibeshi, J. Evertt, D.D. Venable, W.E. Collinst,
Simulated blood transport of low density lipoproteins in

a three-dimensional and permeable T-junction. ASAIO

journal, 51(3) (2005) 269-274.

[11] K. Jesionek, M. Kostur, Effects of shear stress on low-
density lipoproteins (LDL) transport in the multi-layered

arteries. International Journal of Heat and Mass Transfer,
81 (2015) 122-129.

[12] K. Jesionek, M. Kostur, Low-density lipoprotein
accumulation within the right coronary artery walls
for physiological and hypertierension conditions.

Biosystems, 177 (2019) 39-43.
[13] J. Moradicheghamahi, J. Sadeghiseraji, M. Jahangiri,

Numerical solution of the Pulsatile, non-Newtonian and
turbulent blood flow in a patient specific elastic carotid
artery. International Journal of Mechanical Sciences, 150
(2019) 393-403.

[14] D.L. Fry, Mathematical models of arterial transmural
transport. American Journal of Physiology-Heart and

Circulatory Physiology, 248(2) (1985) H240-H263.
[15] N. Sun, N.B. wood, A.D. Hughes, S.A. Thom, X. Yun



¥A5 5 FYA daxbo MY e - JL..J A D)LM QY 0y9d ;).:..5).:.91 «&u&n L;""'“\“‘Q(" A_v).u.u

ultrasound and histopathology natural history study.
Circulation, 117(8) (2008) 993-1002.

[32] X. Liu, Y.Fan, X. Deng, Effect of non-Newtonian and
pulsatile blood flow on mass transport in the human

aorta. Journal of biomechanics, 44(6) (2011) 1123-1131.

[33] B.M. Johnston, Non-Newtonian blood flow in human
right coronary arteries: steady state simulations. Journal

of biomechanics, 37(5) (2004) 709-720.

[34] P. Ballyk, D. Steinman, C. Ethier, Simulation of non-
Newtonian blood flow in an end-to-side anastomosis.

Biorheology, 31(5) (1994) 565-586.
[35] J.V. Soulis, G.D. Giannoglou, Y.S. Chatzizisis, G.E.

Parcharidis, G.E. Louridas, Non-Newtonian models
for molecular viscosity and wall shear stress in a 3D
reconstructed human left coronary artery. Medical
engineering & physics, 30(1) (2008) 9-19.

[36] M.M. Molla, M. Paul, LES of non-Newtonian
physiological blood flow in a model of arterial stenosis.
Medical engineering & physics, 34(8) (2012) 1079-1087.

[37] D. Tang, , C. Yang, S. Mondal, F. Liu, G. Canton, T.S
Hatsukami, C. Yuan, A negative correlation between
human carotid atherosclerotic plaque progression
and plaque wall stress: in vivo MRI-based 2D/3D FSI
models. Journal of biomechanics, 41(4) (2008) 727-736.

[38] H.A. Gonzalez, N.O. Moraga, On predicting unsteady
non-Newtonian blood flow. Applied mathematics and

computation, 170(2) (2005) 909-923.

[39] L. D. Jou, S. Berger, Numerical simulation of the flow
in the carotid bifurcation. Theoretical and Computational

Fluid Dynamics, 10(1) (1998) 239-248.

[40] H. Younis, Hemodynamics and wall mechanics in
human carotid bifurcation and its consequences for
atherogenesis: investigation of inter-individual variation.

Biomechanics and modeling in mechanobiology, 3(1)
(2004)17-32

lipoprotein transport through an arterial wall under
hypertension—a model with time and pressure dependent
fraction of leaky junction consistent with experiments.

Journal of theoretical biology, 411 (2016) 81-91.
[25] W.J. Denny, M.T. Walsh, Numerical modelling of mass

transport in an arterial wall with anisotropic transport

properties. Journal of biomechanics, 47(1) (2014) 168-
177.

[26] X. Liu, Y. Fan, X. Deng, Effect of the endothelial
glycocalyx layer on arterial LDL transport under normal
and high pressure. Journal of Theoretical Biology, 283(1)
(2011) 71-81.

[27] K. Perktold, Pulsatile non-Newtonian blood flow
in three-dimensional carotid bifurcation models: a
numerical study of flow phenomena under different
bifurcation angles. Journal of biomedical engineering,
13(6) (1991) 507-515.

[28] C. J Lee, A fluid—structure interaction study using
patient-specific ruptured and unruptured aneurysm:

The effect of aneurysm morphology, hypertension and

elasticity. Journal of biomechanics, 46(14) (2013) 2402-
2410.

[29] E.J. Gijsen, F.N. van de Vosse, J.D Janssen, The influence
of the non-Newtonian properties of blood on the flow in
large arteries: steady flow in a carotid bifurcation model.

Journal of biomechanics, 32(6) (1999) 601-608.

[30] S.W ada, T. Karino, Theoretical prediction of low-
density lipoproteins concentration at the luminal surface
of an artery with a multiple bend. Annals of Biomedical
Engineering, 30(6) (2002) 778-791.

[31]Y.S. Chatzizisis, M. Jonas, A.U. Coskun, R. Beigel, B.v.
Stone, C. Maynard, R.G. Gerrity, W. Daley, C. Rogers,
E.R Edelman, C.L Feldman, Prediction of the localization
of high-risk coronary atherosclerotic plaques on the

basis of low endothelial shear stress: an intravascular

DOI: 10.22060/me;j.2021.19068.6946

A. Piri, S. H. Bafekr, I. Mirzaee, N. Pormahmod, H. Shirvani, The Effect of Non-Newtonian
Behavior on the Transport of Low Density Lipoprotein Particles in the Vortex Region in the
Human Carotid Artery, Amirkabir J. Mech Eng., 53(9) (2021) 4789-4806.

a3 £yl o (] 4 g

AT



