Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 53(5) (2021) 665-668
DOI: 10.22060/mej.2020.17508.6605

Comparison of Natural and Synthetic Carotid Arteries in the Normal and Occluded
Cases Considering the Effect of Blood on Elastic Wall of Artery

H. Bagheri-Esfeh!”, S. Shanehsaz?

! Department of Mechanical Engineering, Shahreza Campus, University of Isfahan, Iran
2 Department of Mechanical Engineering, Isfahan University of Technology, Isfahan, Iran

ABSTRACT: Artificial vein graft is one of the most commonly used surgeries in the human body, in
which the stenosis is replaced with an artificial prosthesis. The mechanical behavior of this prosthesis
must be very close to the normal behavior of the vein in order to have an appropriate operation. The
carotid artery is one of the major arteries in the blood supply to the human brain. In this paper, the
effect of blood fluid on natural and prosthetic vessel walls in normal and occluded cases has been
analyzed. Blood flow as a non-Newtonian fluid in the carotid artery has been simulated using ANSYS
CFX software. According to the obtained results, the stenosis increases the velocity, shear stress, von
Mises stress, deformation as well as local pressure reduction in the occlusion zone. Maximum value of
deformation and von Mises stress occurs near bifurcation in the common carotid artery. Then Dacron
and polyurethane polymers have been used as replacements for natural carotid artery and von Mises
stress and deformation values have been calculated for these polymers in the normal and occluded cases.
According to the obtained results, usage of Dacron polymer as a replacement for the natural carotid
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artery is more appropriate than polyurethane.

Computational fluid dynamics

1. Introduction

The carotid artery is one of the main arteries in the blood
supply to the human brain. According to the researches,
risk of stroke due to stenosis of inner branch of the carotid
artery is proportional with the magnitude of stenosis. One
of the medical surgeries for treatment of arteriosclerosis is
replacement of the occluded or narrowed part of the artery.
Artificial vein prosthesis replaces the part of vessel that is
not able to perform its duties. Computational Fluid Dynamics
(CFD) can provide reliable results for simulating blood flow
within the carotid artery. Cibis et al. [1] investigated blood
flow in the carotid artery by MRI and CFD methods. With
the development of computational power in the last decade,
researchers have examined the interaction of structure on
blood fluid in the healthy and occluded arteries [2-4]. Teng
et al. [5] investigated 3D MRI of the human carotid artery
by modeling the interaction of fluid and structure in order
to identify the critical wall stress of plaque, critical shear
stress of flow and their relationship with plaque rupture.
Researchers have looked at two characteristics of durability
and blood clotting to find ineffective substances that have
the least reaction to blood and vascular tissue [6]. Bagheri-
Esfeh and Shanehsaz [7] studied effects of different amounts
of stenosis in the carotid artery using computational fluid
dynamics. According to the results, stenosis increases the
blood viscosity. In the present paper, investigation has been
completed and effects of stenosis for different materials of
artificial carotid artery have been studied. Also, the effect
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of blood fluid on the elastic wall of the natural and artificial
arteries has been investigated. In this paper, polyethylene
terephthalate (Dacron) and polyurethane polymers have
been used for artificial vessel walls. These materials have
been approved by the US Food and Drug Administration for
vascular replacement [8, 9]. Literature review shows that no
study has been performed to simulate non-Newtonian blood
flow through the occluded artificial carotid artery.

In this paper, the blood flow in the occluded artificial
carotid artery is simulated and effect of non-Newtonian blood
fluid on elastic wall of the artificial artery is investigated.
These are the main innovations of the paper compared to the
previous studies.

2- Governing Equations
Equations of continuity and momentum governing the
fluid environment are written as follows:

apf. o
O,/ — —

where Pf', ui , P, f, V' denote to fluid density, velocity
components, pressure, fluid stress tensor and velocity vector,
respectively. The subscript f refers to the fluid environment.
In this paper, the Carreau-Yasuda model has been used to
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express the relationship between the viscosity and rate of
deformation in the blood [10].
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Also, the vessel wall is considered elastic to analyze effect
of fluid on the structure. The governing equation in the solid

environment (vessel wall) is the momentum equation, which
is written as follows:

M=, + 3)

d

s

v/Z-S = pS (4)

The subscript s refers to the solid environment.

3- Methodology

Different parts of the carotid artery have been shown in
Fig. 1. Common Carotid Artery (CCA) is bifurcated into
Internal Carotid Artery (ICA) and External Carotid Artery
(ECA).

Simulation of the blood flow has been performed using
Ansys CFX software for steady, laminar and isothermal
flow at 37°C. High-resolution scheme with auto timescale
has been used. Blood pressure is 120 mmHg in systolic and
80 mmHg in diastolic. In this paper, the relative pressure of
the vessel at the outlet boundary is considered 100 mmHg
according to maximum and minimum values of the blood
pressure. The speed at the inlet of the vessel varies as a
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Fig. 1. Different parts of the carotid artery

function of time. The input velocity changes sinusoidal so
that its maximum value is 0.5 m/s and its minimum velocity
is 0.1 m/s during the systolic phase. In the steady-state, the
input velocity is considered constant with an average value
of 0.3 m/s. Simulation in the fluid domain is performed using
computational fluid dynamics and in the solid environment
based on a fluid-solid interaction, and the results are finally
coupled.

4- Results and Discussion

Fig. 2 shows average values of velocity, shear strain rate
and wall shear stress at different sections of ICA for healthy
and occluded carotid arteries. With regard to this figure, for
the healthy artery, wall shear stress increases along the ICA.
However, this trend has changed for the occluded artery where
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Fig. 2. (a) Average values of velocity, shear strain rate and wall shear stress at different sections of ICA for healthy and occluded
carotid arteries, (b) Different sections of ICA
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Fig. 3. Range of Von Mises stress for natural carotid artery and
carotid artery made of Dacron and polyurethane polymers at
healthy and occluded states

the maximum value of shear stress exists at plane 3. Also,
stenosis increases the value of wall shear stress. For example,
the average value of wall shear stress at plane 3 is equal to
2.5 Pa and 13.5 Pa for the healthy and occluded carotids,
respectively. As a result, stenosis delays the separation of
blood flow from the artery and making it difficult for blood to
return to the heart. Another important result from Fig. 2 is that
stenosis increases the shear strain rate in the artery.

ises stress for the natural carotid artery, Dacron and
polyurethane at healthy and occluded states. With regard to
this figure, stenosis increases maximum von Mises stress
for natural carotid and polyurethane, whereas in Dacron
maximum von Mises stress decreases for the occluded
artery. Table 1 presents the average value of deformation
for different materials of carotid artery at healthy and
occluded states. With regard to this table, maximum value of
deformation is related to the natural carotid and then Dacron
and finally polyurethane. Also, stenosis increases the value
of deformation up to 5% for different materials. Young’s
modulus (E) of polyurethane is much more than Dacron.
Thus deformation of polyurethane is lower than Dacron.

5- Conclusions

In this paper, blood flow was simulated as a non-
Newtonian fluid in the geometry of the carotid artery.
Effect of stenosis in the natural carotid artery, Dacron and
polyurethane was studied considering fluid-solid interaction.
According to the results, stenosis increases velocity, shear
stress, von Mises stress and deformation in the carotid
artery and causes an interruption in blood return to the heart.
Thus the risk of stroke increases. There are many factors
that should be considered when choosing an appropriate
alternative for the natural artery. Body compatibility,
adequate strength, and good elasticity are the most important
features of an alternative to the natural carotid artery. In this
paper, Dacron and polyurethane polymers were analyzed for
alternative of the carotid artery. Structurally, both of Dacron
and polyurethane are compatible, non-toxic and approved by

Table 1. Average value of deformation for healthy and occluded
carotid arteries and different materials

Deformation (mm)

Material Healthy Occluded
artery artery
Natural carotid artery 3.404 3.585
Polyurethane 0.124 0.130
Dacron 1.727 1.813

the US Food and Drug Administration. Dacron density and
Young’s modulus are closer to the natural vessel. As a result,
its deformation and elasticity are closer to the vessel and
greater than polyurethane. Therefore, the Dacron polymer is
more suitable than polyurethane to replace the natural carotid
artery.
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Fig. 2. Geometry of the healthy carotid artery with dif-
ferent boundaries
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Table 1. Constants values of the Carreau-Yasuda model
at 37°C [37, 38]
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Table 5. Mechanical properties of the prosthesis materi-
als [43, 44]
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Table 2. Area of different sections of the carotid artery
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Table 3. Properties of blood at human body temperature

[40]
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Table 4. Specifications and mechanical properties of the carotid artery [41, 42]
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Fig. 5. Geometry of the carotid artery used for validation [7]
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Fig. 4. Grid at cross section of common carotid artery
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B ® Experimental Data [7]
— — — = Numerical Data, Long et al. [7]
Present Simulation
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Fig. 6. Velocity distribution along the axis PA at plane-1 of the carotid artery; Comparision of the present simulation
with experimental and numerical data of Long et al. [7]
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Fig. 7. Velocity contours at different planes of (a) healthy carotid artery (b) occluded carotid artery
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Fig. 8. (a) Average Values of velocity, shear strain rate and wall shear stress at different sections of CCA for healthy
carotid artery, (b) Different sections of CCA
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Fig. 11. Contours of Von Mises stress for (a) healthy carotid artery in natural state, (b) synthetic carotid artery made

of polyurethane, (c) synthetic carotid artery made of Dacron, (d) occluded carotid artery in natural state, (e) occluded
synthetic carotid artery made of polyurethane (f) occluded synthetic carotid artery made of Dacron
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Table 6. Average values of von Mises stress for healthy
and occluded carotid arteries and different materials
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Fig 13. Contours of deformation for (a) healthy carotid artery in natural state, (b) synthetic carotid artery made of
polyurethane, (c) synthetic carotid artery made of Dacron, (d) occluded carotid artery in natural state, (e) occluded
synthetic carotid artery made of polyurethane (f) occluded synthetic carotid artery made of Dacron
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Table 7. Average values of deformation for healthy and
occluded carotid arteries and different materials

(M) S s (reSiln
ol 5
Y/E- ¥
AR <NYY

. = = u‘c
ws S S,

YIOAD

b gl Lyl
OB slsk
VAVY \IVYY 51

YAYE



YAYA B YAYY docio 0¥+ o Jlo  oyloud Y 093 ¢S pool SilSo uodio &y

CFD predicted and MRI measured velocity fields
in a carotid bifurcation phantom, Biorheology,
39(3, 4) (2002) 467-474.

[8] M. Cibis, W.V. Potters, M. Selwaness, F.J. Gijsen,
O.H. Franco, A.M.A. Lorza, M. de Bruijne,
A. Hofman, A. van der Lugt, A.J. Nederveen,
Relation between wall shear stress and carotid
artery wall thickening MRI versus CFD, Journal of
biomechanics, 49(5) (2016) 735-741.

[9] H. Gharahi, B.A. Zambrano, D.C. Zhu, J.K.
DeMarco, S. Baek, Computational fluid dynamic
simulation of human carotid artery bifurcation
based on anatomy and volumetric blood flow
rate measured with magnetic resonance imaging,
International journal of advances in engineering
sciences and applied mathematics, 8(1) (2016) 46-
60.

[10] 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 (2018) 393-403.

[11] S.H. Lee, S. Kang, N. Hur, S.K. Jeong, A fluid-
structure interaction analysis on hemodynamics
in carotid artery based on patient-specific clinical
data, Journal of mechanical science and technology,
26(12) (2012) 3821-3831.

[12] A.A. Nejad, Z. Talebi, D. Cheraghali, A. Shahbani-
Zahiri, M. Norouzi, Pulsatile flow of non-
Newtonian blood fluid inside stenosed arteries:
Investigating the effects of viscoelastic and elastic
walls, arteriosclerosis, and polycythemia diseases,
Computer methods and programs in biomedicine,
154 (2018) 109-122.

[13] S.A. Khader, A. Ayachit, R. Pai, K. Ahmed, V. Rao,
S.G. Kamath, Haemodynamics study in subject
specific carotid bifurcation using FSI, International
Journal of Mechanical and Mechatronics
Engineering, 8(11) (2014) 1885-1890.

[14] D. Tang, Z. Teng, G. Canton, C. Yang, M. Ferguson,
X. Huang, J. Zheng, P.K. Woodard, C. Yuan, Sites
of rupture in human atherosclerotic carotid plaques

are associated with high structural stresses: an in

YAYo

Uy e
kg/m™. J&x  p
N.s/m™ ( Swlus ey 4
N.s/m™ oo 5,0 Sslos co 3l gy
Nos/m" wolps (i35 0 Seelus e i,
Pa . 25 jeuibt
SV (JS8 et &5 7

Ol coyo V

OWP )
Jow  f
Sl S

&=y

[1]J. Freischlag, N.A.S.C.E.T. Collaborators, Beneficial
effect of carotid endarterectomy in symptomatic
patients with high-grade carotid stenosis, New
England Journal of Medicine, 325(7) (1991) 445-
453.

[2] 1. HajiGholami, B. FiroozAbadi, M.S. Saedi,
Numerical simulation of mass transfer in the
circulatory system, in: 22th Annual International
Conference on Mechanical Engineering, ISME,
Shahid Chamran University of Ahvaz, Ahvaz, Iran,
2014, (in Persian).

[3] D.D. Swartz, S.T. Andreadis, Animal models for
vascular tissue-engineering, Current opinion in
biotechnology, 24(5) (2013) 916-925.

[4] D. Young, Effect of a time-dependent stenosis on
flow through a tube, Journal of Engineering for
Industry, 90(2) (1968) 248-254.

[5] J.S. Lee, Y.C. Fung, Flow in locally constricted
tubes at low Reynolds numbers, Journal of Applied
Mechanics, 37(1) (1970) 9-16.

[6] B.E. Morgan, D.F. Young, An intergral method for
the analysis of flow in arterial stenoses, Bulletin of
Mathematical Biology, 36(1) (1974) 39-53.

[7] Q. Long, X.Y. Xu, U. Kdhler, M.B. Robertson, I.
Marshall, P. Hoskins, Quantitative comparison of



Miller, A. Reaves, J. Armstrong, A. Narayana, P.
Roy-Chaudhury, Aggressive venous neointimal
hyperplasia in a pig model of arteriovenous graft
stenosis, Kidney international, 62(6) (2002) 2272-
2280.

[25] S. Galego, F. Miranda Jr, J.P. Ortiz, K. De Lima
Bessa, R.V. De Carvalho Fiirst, E.Y. Fujii, O.
Ramacciotti, Blood flow study of arteriovenous
grafts with homologous and autologous veins in
canine femoral vessels, The journal of vascular
access, 7(1) (2006) 15-23.

[26] H. Bai, A. Dardik, Y. Xing, Decellularized carotid
artery functions as an arteriovenous graft, Journal
of Surgical Research, 234 (2019) 33-39.

[27] M. Domanin, A. Buora, F. Scardulla, B.
Guerciotti, L. Forzenigo, P. Biondetti, C. Vergara,
Computational fluid-dynamic analysis after carotid
endarterectomy: patch graft versus direct suture
closure, Annals of vascular surgery, 44 (2017) 325-
335.

[28] I.D. Gavardinas, A. Athanasoulas, K. Spanos, A.D.
Giannoukas, A.E. Giannakopoulos, Novel methods
for the mechanical characterization of patches
used in carotid artery repair, Materials Science and
Engineering: C, 93(1) (2018) 640-648.

[29] C. Chen, Z. Ye, L. Luo, Y. Guo, Y. Chang, X. Ning,
H. Wang, Carotid—Carotid Artery Crossover Bypass
with a Synthetic Vascular Graft for Symptomatic
Type 1A Common Carotid Artery Occlusion, World
neurosurgery, 111 (2017) 286-293.

[30] L. Xue, H.P. Greisler, Biomaterials in the
development and future of vascular grafts, Journal
of vascular surgery, 37(2) (2003) 472-480.

[31] H. Bagheri-Esfeh, S. Shanehsaz, Study of
carotid artery stenosis using CFD, in: 27th
Annual International Conference on Mechanical
Engineering ISME, Tarbiat Modares University,
Tehran, Iran, 2019, (in Persian).

[32] F. Ajalloueian, M.L. Lim, G. Lemon, J.C. Haag, Y.
Gustafsson, S. Sjoqvist, A. Beltran-Rodriguez, C.
Del Gaudio, S. Baiguera, A. Bianco, P. Jungebluth,
P. Macchiarini, Biomechanical and biocompatibility
characteristics of electrospun polymeric tracheal

vivo MRI-based 3D fluid-structure interaction
study, Stroke, 40(10) (2009) 3258-3263.

[15] Z. Teng, G. Canton, C. Yuan, M. Ferguson, C.
Yang, X. Huang, J. Zheng, P.K. Woodard, D. Tang,
3D critical plaque wall stress is a better predictor of
carotid plaque rupture sites than flow shear stress:
an in vivo MRI-based 3D FSI study, Journal of
biomechanical engineering, 132(3) (2010) 1-9.

[16] A. Carrel, Results of the permanent intubation of the
thoracic aorta, Surgery, Gynecology & Obstetrics,
15 (1912) 245-248.

[17] A.H. Blakemore, A.B. Voorhees Jr, The use of tubes
constructed from vinyon “N” cloth in bridging
arterial defects-experimental and clinical, Annals
of surgery, 140(3) (1954) 325-333.

[18] A. Moufarrej, J. Tordoir, B. Mees, Graft
modification strategies to improve patency of
prosthetic arteriovenous grafts for hemodialysis,
The journal of vascular access, 17(1) (2016) 85-90.

[19] J.A. Akoh, Prosthetic arteriovenous grafts for
hemodialysis, The journal of vascular access, 10(3)
(2009) 137-147.

[20] A. Garcia, E. Pefia, A. Laborda, F. Lostalé, M. De
Gregorio, M. Doblaré, M. Martinez, Experimental
study and constitutive modelling of the passive
mechanical properties of the porcine carotid artery
and its relation to histological analysis: Implications
in animal cardiovascular device trials, Medical
engineering & physics, 33(6) (2011) 665-676.

[21] M. Lillie, R. Shadwick, J. Gosline, Mechanical
anisotropy of inflated elastic tissue from the pig
aorta, Journal of biomechanics, 43(11) (2010)
2070-2078.

[22] A. Versluis, A.J. Bank, W.H. Douglas, Fatigue and
plaque rupture in myocardial infarction, Journal of
biomechanics, 39(2) (2006) 339-347.

[23] J. Rotmans, E. Velema, H. Verhagen, J.
Blankensteijn, J. Kastelein, D. De Kleijn, M. Yo,
G. Pasterkamp, E. Stroes, Rapid, arteriovenous
graft failure due to intimal hyperplasia: a porcine,
bilateral, carotid arteriovenous graft model, Journal
of Surgical Research, 113(1) (2003) 161-171.

[24] B.S. Kelly, S.C. Heffelfinger, J.F. Whiting, M.A.

YA



YAYA B YAYY docio 0¥+ o Jlo  oyloud Y 093 ¢S pool SilSo uodio &y

1003-1013.

[39] https://grabcad.com.

[40] A.M. Robertson, A. Sequeira, R.G. Owens,
Rheological models for blood, in: Cardiovascular
mathematics, Springer, 2009, pp. 211-241.

[41] M. Jahangiri, M. Saghafian, M.R. Sadeghi,
Effect of six non-Newtonian viscosity models on
hemodynamic parameters of pulsatile blood flow
in stenosed artery, Journal of Computational and
Applied Research in Mechanical Engineering, 7(2)
(2018) 199-207.

[42] M. Jahangiri, A. Haghani, R. Ghaderi, S.M.
Hosseini Harat, Effect of non-Newtonian models
on blood flow in artery with different consecutive
stenosis, International Journal of Advanced Design
& Manufacturing Technology, 11(1) (2018) 89-96.

[43] K. Chandran, D. Gao, G. Han, H. Baraniewski,
J. Corson, Finite-element analysis of arterial
anastomoses with vein, Dacron and PTFE
graffs, Medical and Biological Engineering and
Computing, 30(4) (1992) 413-418.

[44] S.S. Chaurasia, R. Champakalakshmi, A. Li, R.
Poh, X.W. Tan, R. Lakshminarayanan, C.T. Lim,
D.T. Tan, J.S. Mehta, Effect of fibrin glue on the
biomechanical properties of human Descemet's
membrane, PloS one, 7(5) (2012) e37456.

scaffolds, Biomaterials, 35(20) (2014) 5307-5315.

[33] S. Drilling, J. Gaumer, J. Lannutti, Fabrication
of burst pressure competent vascular grafts via
electrospinning: effects of microstructure, Journal
of Biomedical Materials Research Part A, 88(4)
(2009) 923-934.

[34] K. Kanokjaruvijit, T. Donprai, N. Phanthura, P.
Noidet, J. Siripokharattana, Wall shear stress and
velocity distributions in different types of stenotic
bifurcations, Journal of Mechanical Science and
Technology, 31(5) (2017) 2339-2349.

[35] M. Kim, T. Min, O. Kwon, H. Kim, T. Seto,
Y. Kim, J.A. Kim, T. Kim, Numerical study on
proximal ischemia, Journal of Mechanical Science
and Technology, 29(12) (2015) 5523-5529.

[36] R'W. Fox, A.T. McDonald , P.J. Pritchard,
Introduction to Fluid Mechanics, Wiley, 2003.

[37] M. Jahangiri, M. Saghafian, M. Sadeghi, Effects
of non-Newtonian behavior of blood on wall shear
stressinan elastic vessel with simple and consecutive
stenosis, Biomedical and Pharmacology Journal,
8(1) (2015) 123-131.

[38] M. Jahangiri, M. Saghafian, M.R. Sadeghi,
Numerical simulation of non-Newtonian models
effect on hemodynamic factors of pulsatile
blood flow in elastic stenosed artery, Journal of
Mechanical Science and Technology, 31(2) (2017)

Amirkabir J. Mech. Eng., 53(5) (2021) 2821-2838.

DOI: 10.22060/mej.2020.17508.6605

1S oolaiwl i Wl sl Alio (il gl (gl
H. Bagheri-Esfeh, S. Shanehsaz, Comparison of Natural and Synthetic Carotid Arteries in
the Normal and Occluded Cases Considering the Effect of Blood on Elastic Wall of Artery,

YAYY






