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ABSTRACT

The present study emphasises the importance of the blood elastic property in the
hemodynamics of patient-specific left coronary arteries. An In-House OpenFOAM® code
was developed to take into account the blood flow as real as possible. At systolic peak,
highest inlet velocity, differences in the velocity profiles are observed, considering Multi-
mode PTT model (shear-thinning and blood elastic effects) or Carreau model (only shear-
thinning effect). In arteries with small diameter, as coronary arteries, the elastic blood
behavior has an important role on the blood flow pattern.

Keywords: blood elastic property, hemodynamics, coronary artery, Multi-mode PTT model,
OpenFOAM®.

INTRODUCTION

Cardiovascular diseases are, nowadays, one of the main causes of death, in humans, in
developed countries (Mozaffarian et al., 2015). The clinical practice shows that specific sites
in human circulatory system are sensitive to atherosclerosis development. The artery narrows
due to the accumulation of lipoproteins inside the artery and near the wall. The medical scans,
provided by the hospitals, give information about the geometry and the location of
atherosclerosis disease. However, the images do not explain the hemodynamics which
numerical simulations can describe in detail. Numerical studies have gained importance as an
auxiliary tool for the prevention and treatment of such diseases. In the literature (Alastruey et
al., 2011, van der Giessen et al., 2011, Chaichana et al., 2013), numerical studies of left
coronary arteries (LCA) do not consider, simultaneously, all the blood properties: elastic
property of blood, shear-thinning blood behavior, pulsatile flow, fluid-structure interaction.
The present work presents an In-House developed software which simulates, as real as
possible, the blood flow. A constitutive equation model, Phan-Thien-Tanner (PTT) Model,
taking into account the blood elastic behavior, was implemented in OpenFOAM® code and
validated. The goal of the paper is to conclude about the importance of considering the blood
elastic property in the hemodynamics of patient-specific left coronary arteries.

NUMERICAL MODEL

A patient-specific LCA geometry is represented in Figure 1: a healthy artery with diameter
equal to 3.6 mm at the inlet. The 3D geometry was created in MIMICS® software and, then,
imported to ANSYS® to generate a refined tetrahedral mesh. The mesh was then supplied to
OpenFOAM® for numerical simulations.
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Fig. 1 - 3D representation of a patient-specific left conorary artery (LCA).Left Main Steam (LMS),
Left Anterior Descending Artery (LAD) and Left Circumflex Artery (LCx) of the LCA.

In the open source code OpenFOAM®, the constitutive equation, describing the blood
rheology, was implemented, and a posteriori solved, simultaneously, with the conservative
equations.

The mass and momentum conservative equations are:

v-(U)=0 (1)
a(gtU)+V~(pU.U)=—Vp+v-rs +V-1, 2)

U is the velocity vector, pthe mean density and =4 the stress tensor of the solvent part defined
by:

Ts =2nsD 3)

where 7, 1s the solvent viscosity and D the deformation rate tensor:
1

D= —(VU +[vu] ) “4)
2

The stress tensor of the polymeric part, 1, , is well-defined by a constitutive equation. Several
constitutive equations, demonstrating the elastic behavior of a fluid, are cited in the literature
(Favero, 2009): Oldroyd-B, Giesekus, FENE (Finite Extensible Nonlinear Elastic), PTT
(Phan-Thien-Tanner) linear, exponential or multi-mode, DCPP (Double Convected Pom-
Pom), etc. The one chosen and implemented in the OpenFOAM® code was the Multi-mode
PTT model. The respective parameters for blood at 37 °C are well defined by Campo-Deafio
et al. (2013).
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Pulsatile blood flow was considered and is represented in Figure 2 for three cardiac cycles.

The systolic peak (maximum velocity in the cardiac cycle) can be observed.

As Dong et al. (2015), the time-dependent velocity and pressure profiles of physiological
pulsatile flow and pressure waveforms were assembled using Fourier series in Matlab®

software (MathWorks Inc, Moler, Massachusetts, USA).

A time-dependent and radius-dependent inlet velocity profile was imposed in order to be
instantaneously fully developed. A time-dependent and constant-radius pressure wave was

imposed at the outlet branches.
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Fig. 2 - Mean inlet velocity profile, U

RESULTS AND CONCLUSIONS

in » and outlet pressure profile, p, throughout three cardiac cycles.

Velocity fields at systole peak, maximum velocity of the cardiac cycle, considering elastic
behavior of blood (Multi-mode PTT Model) and without elastic behavior (Carreau Model)

are represented in Figure 3 (middle plane representation of the 3D coronary artery).

Carreau Model Multi-mode PTT Model
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Fig. 3 - Velocity field U (m/s) at systolic peak considering a) Carreau Model (only shear-thinning
blood behavior; b) Multi-mode PTT Model (shear thinning and elastic blood behavior).

-1161-



Symp-10: Biomechanics of Cardiovascular and Orthopaedic Disease

0.6 — 10000
Line 1 > Carreau Model - ANSYS
Near LMS Inlet * Carreau Model - OpenFOAM
Lestooe., « PTT Model - OpenFOAM
0.4 1 ¢ - 1000
= N
g »
D >~
S
0.2 1 - 100
§
( \
5
0.0 - . : , 10
-0.002 -0.001 0.000 0.001 0.002 0.003
a) Y (m)
0.6 20
Line 2 » Carreau Model - ANSYS
In the Bifurcation + Carreau Model - OpenFOAM
* PTT Model - OpenFOAM L 15
0.4
@ =
< F10 &
o} =~
0.2
F S
0.0 T T T 0
-0.006 -0.004 -0.002 0.000 0.002

b) Y (m)

Fig. 4 - Velocity profiles U (m/s) and Shear Stress (y) along Y Coordinate (m) near the LMS inlet and in the
bifurcation region.
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Fig 5 - Apparent viscosity (1) vs. Shear Rate (y) using Carreau model for blood rheology (Yilmaz and

Gundoglu et al., 2008), Multi-mode PPT model (Campo-Deafio ef al., 2013) and blood experimental data
(Valant et al., 2016).
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Near the LMS inlet (Line 1 of Figure 3), the velocity profiles, taking into account the Multi-
mode PTT model or Carreau model, are similar. The inlet pulsatile flow is the same for both
cases and the effect of blood elastic behavior is not developed at this location. The shear
stress values are in the range [17-597] st (F igure 4a). In this range, both Carreau and Multi-
mode PTT models fit well blood experimental data (Figure5).

In the bifurcation region (Line 2 of Figure 3), different profiles are observed concerning
Multi-mode PTT or Carreau model. The differences are due to the elastic behavior of blood
in small arteries where shear rate presents low values. Shear rate values are in the range of
[1.9-13] s”'(Figure 4b). For this range, Multi-mode PTT model fits quite well blood
experimental data while deviations are observed for Carreau Model (Figure 5).

ACKNOWLEDGMENTS

The authors gratefully acknowledge FEDER Funds through the Operational Programme for
Competitiveness Factors COMPETE, the National Funds through FCT and the
Cardiovascular R&D Unit of the Medicine Faculty of University of Porto.

REFERENCES

[1] Alastruey J, Khir AW, Matthys KS, Segers P, Sherwin SJ, Verdonck PR, Parker KH,
Peir6 J. Pulse wave propagation in a model human arterial network: Assessement of 1-D

visco-elastic simulations against in vitro measurements. Journal of Biomechanics, 2011, 44,
pp. 2250-2258.

[2] Campo-Deafio L, Dullens RPA, Aarts DGAL, Pinho FT, Oliveira MSN, Viscoelasticity
of blood and viscoelasticity of blood analogues for use in polydymethylsiloxane in vitro
models of the circulatory system. Biomicrofluidics, 2013, 7, pp. 034102 1 - 11.

[3] Chaichana T, Sun Z, Jewkes J. Hemodynamic impacts of various types of stenosis in the
left coronary artery bifurcation: A patient-specific analysis. Physica Medica, 2013, 29, pp.
447-452.

[4] DongJ, Sun Z, Inthavong K, Tu J. Fluid-stucture interaction analysis of the left coronary
artery with variable angulation. Comput. Methods Biomech. Biomed. Engin., 2015, 18, pp.
1500-1508.

[5] Favero JL. Simula¢do de Escoamentos Viscoelasticos: Desenvolvimento de uma
Metodologia de Analise utilizando o Software OpenFOAM e Equagdes Constitutivas
Diferenciais. Mestrado em Engenharia Quimica, Departamento de Engenharia Quimica,
Escola de Engenharia, Universidade Federal do Rio Grande do Sul, 2009.

[6] Mozaffarian D, Benjamin EJ, Go AS et al. 2015. Heart disease and stroke statistics.
Circulation, 2015, 131, pp. €29-322.

-1163-



Symp-10: Biomechanics of Cardiovascular and Orthopaedic Disease

[7] Valant A, Ziberna L, Papaharilaou Y, Anayiotos A, Georgiou GC. The influence of
oxygen concentration on the rheological properties and flow of whole human blood.
Rheologica Acta, 2016, pp. 1-13.

[8] van der Giessen AG, Groen HC, Doriot P-A, Feyter PJ, van der Steen AFW, van de
Vosse FN, Wentzel JJ, Gijsen FJH. The influence of boundary conditions on wall shear stress
distribution in patients specific coronary trees. Journal of Biomechanics, 2011, 44, pp. 1089-
1095.

[9] Yilmaz F, Gundogdu MY. A critical review on blood flow in large arteries: relevance to

blood rheology, viscosity models, and physiologic conditions. Korea-Australia Rheology
Journal, 2008, 20, pp. 197-211.

-1164-



