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Abstract: The inflammation and lipid accumulation in the arterial wall represents a progressive
disease known as atherosclerosis. In this study, a numerical model of atherosclerosis progression
was developed. The wall shear stress (WSS) and blood analysis data have a big influence on the
development of this disease. The real geometry of patients, and the blood analysis data (cholesterol,
HDL, LDL, and triglycerides), used in this paper, was obtained within the H2020 SMARTool
project. Fluid domain (blood) was modeled using Navier-Stokes equations in conjunction with
continuity equation, while the solid domain (arterial wall) was modeled using Darcy’s law. For the
purpose of modeling low-density lipoprotein (LDL) and oxygen transport, convection-diffusion
equations were used. Kedem-Katchalsky equations were used for coupling fluid and solid
dynamics.
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1. Introduction

Atherosclerosis is a disorder in the function of the membrane (endothelium) of the first layer of
the blood vessel that leads to accumulation of lipids in the intima layer of the blood vessel.
Atherosclerosis starts with endothelial dysfunction and after that comes to accumulations of lipid,
cholesterol, calcium and cell elements inside blood vessel wall (Figure 1).

Figure 1. The process of the formation of atherosclerosis.

There are many factors that influence the development of this disease. Some of them are high
blood pressure, use of cigars, physical inactivity, obesity, age etc. In this work, finite element method
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was used to determine WSS and plaque concentration in the human coronary artery. For many
years, the influence of the WSS on the occurrence of plaque and its further progression has been
studied [1], [2], [3]. It was concluded that a low value of shear stress leads to dysfunction of the first
layer of the vessel wall.

The purpose of this paper was to determine hemodynamic parameters such as mass flow and
wall shear stress with computational fluid dynamics in the right coronary artery using
patient-specific data obtained from computed tomography. Also, plaque concentration in the arterial
wall was calculated. Coronary geometries of two patients were used.

Two time periods were analyzed: baseline (0 months) and follow-up (after 8 months). Plaque
progression was performed using numerical approach. Mass transport of low density lipoprotein
through the arterial wall was firstly described. Fluid motion in the lumen domain is described with
Navier-Stokes equations, the fluid filtration with the Darcy law, while the Kedem-Katchalsky
equations used for the solute flow between the lumen domain, endothelium and the first layer of the
vessel wall-intima.

2. Materials and methods

2.1. Computer model

The fundamental equations for the low density lipoprotein transport through the lumen and
solid domain and for plaque development are given within this section. Navier-Stokes equation
(equation 1), and continuity equation (equation 2) of incompressible fluid was used for 3D blood
flow:

—iV2U+p (U - VU, +Vp, =0, (1)

Vu ,=0 )

7

where u: is blood velocity, p: is pressure, u is blood dynamic viscosity and p is density [4], [5].
Darcy's Law for Newtonian fluids was used to model mass transfer across the wall of the blood

UW—V[L pwj=0 3)

p

vessel:

vu, =0, 4)

where uw is transmural velocity, k is the Darcian permeability coefficient of the arterial wall,
pw pressure in the vessel wall and pp is viscosity of blood plasma. Mass transfer in the lumen
domain was modeled using convective diffusion equations (equation 5):

V-(-DVc, +cu,)=0, (5)

where Di is diffusion coefficient of the lumen while the cl represents blood concentration.
Convective diffusion reactive equations (equation 6) were used for modeling mass transfer in the
wall which was related to transmural flow:

v-(-D,Vc, +Kc,u, ) =1,c, ©6)

where Dw is diffusive coefficient of solution in the wall, cw is solute concentration, K is solute
lag coefficient and rw» is consumption rate constant.

Low density lipoprotein transport in the lumen of the vessel was coupled with
Kedem-Katchalsky equations (equation 7), (equation 8):
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J,=PAc+(1-5,)J,c
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(8)

where Ly is the hydraulic conductivity of the endothelium, Ap is the pressure drop across the
endothelium, Am is the oncotic pressure difference across the endothelium, Ac is the solute
concentration difference across the endothelium, os is the osmotic reflection coefficient, or is the
solvent reflection coefficient, P is the solute endothelial permeability, and ¢ is the mean endothelial
concentration [6], [7].

Three additional partial differential equations were used for solving the inflammatory process

(8], [9I:
0,0x =d,AO0x —k,Ox-M
oM +div(v,M)=d,AM —kOx-M +S/(1-S)’ 1)
9,S = d,AS — AS +k,0x-M + y(Ox—0x"™)
where Ox represent oxidized lipoprotein transport or cv — the solute concentration in the wall,
M is concentration in the intima of macrophages, S is concentration in the intima of cytokines, 4, d,

ds are the corresponding diffusion coefficients, A and y are degradation and lipoprotein transport
oxidized detection coefficients, and v is the inflammatory velocity of plaque growth.

3. Boundary conditions

Computer finite element model used here for performing simulations were generated using
medical images (CT). There are 492 and 524 DICOM images for these models.

Figure 2. 3D model obtained using DICOM images.

Previous figure, Figure 2, represents the process of obtaining a three-dimensional model using
an automatic segmentation algorithm within the Materialize Mimics 10.01 software. Blood flow
through the coronary artery was simulated using PAK solver [5]. Blood was considered as a
Newtonian fluid with a dynamic viscosity of u=0.00365 Pas and incompressible with a density of
0=1050 kg/m3. Pulsatile coronary inlet velocity waveform was used (Figure 3). A three-dimensional
mesh consists of 210436 nodes and 175982 elements, for the first geometry, and 204364 nodes and
162432 elements, for the second coronary geometry.
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Figure 3. Pulsatile coronary inlet velocity waveform [10]
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3. Results and conclusions

3D simulation of blood flow through lumen and plaque progression in vessel wall was
simulated. The bio molecular parameters such as LDL, HDL and triglycerides are used for the
computer simulation, as well as adhesion molecules ICAM1, VCAMI1 and E-Selectin (Table 1).

Table 1. The bio molecular parameters and adhesion molecules for the patient #01.

Time LDL HDL Triglycerides ICAM1 VCAM1  E-Selectin
Baseline 191.6 53 167 181.46 455.25 52.78
Follow-up 1 85.6 73 102 418.62 737.19 60.47

The results of a first numerical analysis are shown in Figure 2. Patient #01 is 74 years old male,
which of cardiovascular risks has past smoking and dyslipidemia. From the current therapy receives
the Statins.

Shear stress [Pa] Plague concentration Shear stress [Pa]

- 1.00e401 [mgimi] 8001
- 938500 z::: 1.87e+01
Lo’ 8756400 -~ 1.74e401
B.13a+00 2036031 1.62e+01
7.50e+00 18703 1.40e+01
6.88e+00 1.720.03] ? 1.37e+401
6250400 156603 < 1.26e+401
5638400 Latess i 1126401
- 5.002+00 125800 9.85e+00)
4.38e+00) 108603 8716400
I ﬁ 3.75e+00 9.37e-04 7 46e+00)
f 3138400 781004 b 6.220+00
\ 2.508+00) 6.250-04 4.570+00
AN 1.88e+0D) 2.80-04] 3.73e+00|
“x 1 250000 340804 2496400
\ 625001 98004 1240400
! 0.00e+00 000e00 0.00e+00
a) <)

Figure 4. Patient #01; baseline shear stress distribution (a), baseline plaque concentration (b),
follow-up 1 shear stress distribution (c)

Figure 4a shows the result of the WSS distribution along the right coronary artery. The black
circle indicates the zone of a low WSS value; mean value 0.43 to 0.59 Pa, measured in cross sections
at distances 0.5 mm. At a length of 10mm (black line), the value of the diameter ranges from 3.91 to
4.01 mm. At the same site, plaque concentration (Figure 4b) is determined where the highest
measured value is 2.5e-03 mg/ml. Further development of atherosclerosis leads to an increase in
plaque volume, and to a decrease in lumen diameter. The maximum value of the WSS of the
obtained geometry was 19.9 Pa (Figure 4c). The largest reduction in diameter is 1.77 mm, which
represent a reduction of 65.7%. Numerical simulations have an increasing importance in medicine
because in this way the site of plaque appearance can be determined, as well as its further
propagation.

Table 2 shows the bio molecular parameters and adhesion molecules for patient #02. Patient #02
is 67 years old male, which of cardiovascular risks has hypertension. From the current therapy
receives the ACE-Inhibitors and Aspirin.

Table 2. The bio molecular parameters and adhesion molecules for the patient #02.

Time LDL HDL Triglycerides ICAM1 VCAM1  E-Selectin
Baseline 154.6 52 192 182.49 496.86 /
Follow-up 1 115.8 40 156 230.70 880.52 /

The results of a second numerical analysis are shown in Figure 5.
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Figure 5. Patient #02; baseline shear stress distribution (a), baseline plaque concentration (b),
follow-up 1 shear stress distribution (c)

Previous figure, Figure 5a, shows the result of the WSS distribution along the segment of the
right coronary artery. The black circle, as in the previous case, indicates the zone of a low WSS value;
mean value 0.21 to 0.33 Pa, measured in cross sections at distances 0.5 mm. At a length of 10mm
(black line), the value of the diameter ranges from 3.07 to 3.28 mm. At the same site, plaque
concentration (Figure 5b) is determined where the highest measured value is 2.1e-03 mg/ml. Further
development of atherosclerosis leads to an increase in plaque volume, and to a decrease in lumen
diameter (Figure 5c). The maximum value of the WSS of the obtained geometry was 5.3 Pa. The
largest reduction in diameter is 2.12 mm, which represent a reduction of 35.3%.

Figure 6 shows how the plaque increases in time and also the decrease of lumen diameter in the
case of patient #02.

Baseline > Follow up

Figure 6. Plaque progression in time for patient #02

Cardiovascular disease is responsible for an increasing number of mortality in all developed
countries. Great attention is focused on studying this disease in order to reduce the mortality rate. In
this study three-dimensional simulations were investigated in order to determine hemodynamic
parameter such as wall shear stress with computational fluid dynamics in the coronary artery using
patient-specific data from computed tomography. Also, plaque concentration in the arterial wall
was calculated. Two time moments were observed: baseline (0 months) and follow-up 1 (after 8
months). The results of the performed analyzes have shown that sites with lower shear stress values
were correlated with the sites of plaque accumulation measurements. By knowing bio-molecular
parameters such as LDL, HDL and triglycerides, it is possible to predict the sites of plaque
occurrence as well as concentration in certain places of the artery using computer simulation.
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