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Blood flow in arterial segments: rigid vs. deformable walls simulations
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Abstract

In this work, a comparative study between Fluid Structure Interaction (FSI) simulations and
simulations in which the arterial wall is assumed to be rigid on two 3D coronary arterial models
is performed to draw some interesting conclusions about the main advantages and
disadvantages of the two simulation methods. The obtained results indicate a strong correlation
between the two methods regarding the distributed Wall Shear Stress (WSS), the average WSS
as well as the areas of low WSS.
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1. Introduction

The study and the in depth understanding of the mechanisms of atherosclerosis are of great
critical importance nowadays since cardiovascular diseases are the major cause of death in
developed countries. Atherosclerosis is a cardiovascular disease which causes the thickening
and hardening of the arterial wall, resulting to reduced or completely obstructed blood flow.
Computational Fluid Dynamics (CFD) combined with 3D arterial models generated from
medical images such as Intravascular Ultrasound (IVUS) with angiographies, Magnetic
Resonance Imaging (MRI) and Computed Tomography images (CT) have set the ground for
accurate blood flow simulations, providing some insight to the complex mechanisms of the
generation and development of atheroma.

Initially, blood flow simulations were carried out assuming that the arterial wall is rigid
(Taylor et al. 1998, Perktold et al. 1998, Steinman et al. 2002, Papafaklis et al. 2009, Soulis et
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al. 2008). Therefore, the interaction between the arterial wall and the blood domain is not taken
into account. This method has the advantage that only the arterial lumen needs to be
reconstructed and discretized. Consequently, blood flow simulations are carried out on the
lumen, resulting thus to quick, yet relatively accurate results.

Recent advances in CFD however gave the opportunity of combining the arterial wall
domain with the blood domain, taking into account the interaction between the blood and the
arterial wall (Leach et al. 2010, Kock et al. 2008, Bluestein et al. 2008, Tang et al. 2001, Lee et
al. 2002, Borghi et al. 2008, Torii et al. 2008, Tang et al. 2004, Li et al. 2007, Torii et al. 2009).
The use of Fluid Structure Interaction (FSI) models is gaining ground over the past few years,
since they can incorporate the deformation that blood causes to the arterial wall and vice versa.
FSI methods suffer from the drawback that the required time for the simulations is evidently
larger than the simulations with rigid walls. This is due to the fact that both the lumen and the
arterial wall need to be reconstructed and discretized. However, the simulations are more
realistic and approach the human circulatory system more accurately.

In this work, we present a comparative study between the two types of simulations on two
patient-specific coronary arteries. Results on WSS distributions as well as areas of low WSS are
obtained in order to demonstrate the advantages and disadvantages of the two methods.

2. Materials and methods

a) Rigid Wall assumption

We assume that the flow is laminar and incompressible and the blood is modelled as a
Newtonian fluid. Blood flow is modelled using the Navier-Stokes and the continuity equations:

p Xt o VY-V r = £ (1)
ot

V-(pv)=0 (2)

where Vv is the blood velocity vector, T is the stress tensor and f”are the total body forces.
The stress tensor is defined as:

T=-po, +2ue, 3)

where 6, is the Kronecker delta, ¢ is the blood dynamic viscosity, p is the blood pressure and

& is the strain tensor which is defined as:
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In this work, blood flow is simulated on two patient-specific arterial models. A full cardiac
cycle of 0.8 sec and 0.75 sec is simulated for the two arterial models, respectively. A period of
0.05 sec is chosen for each simulation comprising a set of 17 timesteps for the first artery and
16 timesteps for the second artery. Regarding the fluid domain in both types of simulations, the
same set of boundary conditions is applied. At the inlet, a flow velocity profile is applied for the
first arterial model whereas a volumetric flow rate profile is applied for the second one as a
boundary condition. At the outlet, a blood pressure profile is applied for both arteries. Finally,
no-slip wall boundary condition is applied for both arteries.
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b) Fluid Structure Interaction (FSI)

In FSI simulations, the blood domain is deformable. Therefore, the equation of momentum
conservation is used:

ov I
—+ —w)eV)v—Ver=f
pat p((v w) )V T )

where p is the blood density, v is the blood velocity vector, w is the moving mesh velocity

vector, T is the stress tensor and f®are the total body forces. The stress tensor is decribed
above.

In our simulations, blood was treated as Newtonian fluid with a density p=1060 kg/m® and
dynamic viscosity ©=0.0035 Pa s.

Regarding the arterial wall domain, the following momentum conservation equation is
used:

B _ .
VTS +fs - psds’ (6)

where T, is the arterial wall stress tensor, f* are the body forces per unit volume, p, is the

s

arterial wall density and d_ is the local acceleration of the solid.

The fluid and the solid domain are coupled together through displacement compatibility
and traction equilibrium as it is shown in the following equations:
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where | 7 is a group of points on the arterial wall and Ursisa group of points on the lumen.

Eq. (7) shows that the solid and the fluid stresses acting on the common surface of the two
domains are in equilibrium, whereas Eq. (8) shows that the common surfaces of the two
domains have the same displacements.

In our FSI simulations, the arterial wall is treated as a hyperelastic material due to the lack
of in vivo data on wall fiber direction. We use a nine parameter Mooney-Rivlin formulation to
model the arterial wall (Torri et al. 2009). The strain energy function is calculated by the
following equation:

W= Clo(j_3)+Co1(j2_3)+czo(jl_3)2 +Cll(jl_3)(jz_3)
+Cpy (12=3)" + ¢y (11=3)* + ¢, (11=3) (1-3), 9)
+c, (I1=3)(12=3), + oy (12— 3)° +$(J -1y

where 1, is the first deviatoric strain invariant, 7, is the second deviatoric invariant and J is

the determinant of the elastic deformation gradient tensor. The other parameters are set as
¢;5=0.07 MPa, c,=3.2 MPa, ¢,=0.0716 MPa whereas the rest are set equal to zero, as
calculated in an FSI analysis of a human RCA by Koshiba et al (2007). d is the compressibility
parameter which is calculated as:
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K (10)
where K is the bulk modulus which is set equal to 1x10~.

Again, the applied boundary conditions for the fluid domain are the same as in the
rigid walls simulations whereas, for the wall domain, the distal ends of both arteries are
assumed as fixed supports to restrict motion at these points.
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Fig. 1. The top row images depict the inlet and outlet boundary conditions for the first arterial
model, whereas the bottom row images depict the boundary conditions for the second one,
respectively.

¢) Arterial Segments

Two patient-specific coronary arteries reconstructed from IVUS and biplane angiography
images are used in our study. Two 3D models are generated from each artery, one representing
the lumen and one representing the arterial wall.
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Fig. 2. Calculated WSS distribution for the FSI (top left) and rigid wall (top right) simulations.
Areas of low WSS (0-1 Pa) for the FSI (bottom left) and rigid wall (bottom right) simulations
(Arterial Model 1).

The generated models are then discretized. In order to define the mesh size, we performed a
sensitivity analysis to identify which mesh size values achieve accurate results in the best
possible simulation time. The two lumen models are discretized into 200000 hexahedral
elements, whereas the two wall models are discretized into 275000 tetrahedral elements.

3. Results

We performed transient simulations on both arterial models producing results on average WSS
as well as areas of low WSS (Figs 2, 3). We finally calculated the correlation coefficient so as
to see how the results of the two methods correlate (Tables 1, 2).

4. Discussion

We model blood flow in arterial models with rigid and deformable walls in order to examine if
the produced results are comparable. We assume a hyperelastic arterial wall model which
accurately simulates the arterial wall. The comparison of the two methods reveals a surprisingly
good agreement between the results on the average WSS. However it should be mentioned that
this comparison is made on arterial segments of a certain length following the boundary
conditions which have been produced by experimental work and are described above. In
particular, Figs. 2, 3 depict the WSS distribution on both arterial models during the systolic
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phase of the cardiac cycle. From the obtained results, we observe that WSS distribution is very
similar for both types of simulation. Furthermore, the areas of low WSS, which have a high
clinical value due to their complication to atherosclerotic plaque development, are both
qualitatively and quantitatively similar. Comparing the average WSS for every timestep, we
calculated a correlation coefficient of 0.989 and 0.996 for the first and second arterial model,
respectively. Moreover, the correlation coefficient is increased for the case of the region of low
WSS, as it is 0.998 and 0.999 for the two case studies.

Arterial Model 1
Rigid Wall Fsl Rigid Wall FsI
Average WSS (Pa) Low WSS areas (mm°)
12,16 12,16 2,372 2,372
357 1,956 14,43 18,05
344 3,043 0,0056 0,103
1,64 1,439 22,14 30,39
1,79 1,565 17,86 21,45
1,146 1,021 35,23 42,31
1,62 1,472 12,6 17,54
0,57 0,523 125,21 139,35
2,26 2,003 0,758 1,693
2,154 2,006 13,15 16,083
1,867 1,802 18,73 21,89
3,28 267 9,16 11,56
2,722 2,604 14,23 16,61
2,062 2,005 21,038 23,03
2127 2,046 15,62 17,85
2,074 2,019 14,72 17.41
1,091 1,052 43,55 46,13
Corr. Coef. 0,98894407 1 0,998484699

Table 1. Calculated results for the two simulation methods for the first arterial model.

Arterial Model 2
Rigid Wall FSI Rigid Wall Fsl
Average WSS (Pa) Low WSS areas (mm®)
6,58 6,37 16,22 17.73

5,01 4,82 26,79 26,61
3,53 346 45,91 49,49
0,58 0,645 440,25 423,93
3,61 3,53 30,83 29,97
1,64 1,67 164,97 162,74
8,46 8,97 17,81 13,83
717 6,91 16,89 16,19
6,55 6,34 19,16 18,51
0,996 0,9998

Table 2. Calculated results for the two simulation methods for the second arterial model.
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Fig. 3. Calculated WSS distribution for the FSI (top left) and rigid wall (top right) simulations.
Areas of low WSS (0-1 Pa)for the FSI (bottom left) and rigid wall (bottom right) simulations
(Arterial Model 2).

It should be noted that, in contrast to the similar simulation results, the computational time
between the simulation with rigid walls and the one with deformable walls is evidently
different. In particular, while the time required for the simulation with rigid walls is
approximately 30-40 minutes, the computational time for the FSI simulation is a almost 5 hours
for the same mesh for the blood fluid domain and an adequate mesh size for the wall domain.
All simulations were carried out on an HP Workstation with a Xeon E5405 quad-core CPU and
8 GB of RAM.

However, FSI analyses have the advantage that they are considered to be more accurate and
realistic since they incorporate the interaction between the blood and the wall domain.
Moreover, as future work, the material characteristics of the atherosclerotic plaque will be
incorporated into the arterial wall domain, making thus FSI simulations even more accurate and
realistic.

Concluding, the calculated WSS distributions are evidently similar. Keeping in mind the
required computational time, FSI simulations can be used when the displacement of the arterial
wall is required for important clinical decisions. In cases where speed is crucial for the
clinician, blood flow with rigid wall can produce accurate results regarding the WSS
distribution. However, further investigation of arterial wall mechanics and their relation to
atherosclerosis must be performed.
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Pe3ume

U ovom radu, vrSeno je poredenje simulacija Solid-Fluid Interakcija (SFI) i simulacija u kojima
se podrazumeva da je arterijski zid krut u 3D modelu koronarne arterije kako bi se izvukli
zanimljivi zakljuéci o glavnim prednostima i manama dve simulacijske metode. Dobijeni
rezultati ukazuju na jaku povezanost izmedu dve metode u pogledu distribuiranog smicuéeg
naponu na zidu (SNZ), prose¢nog SNZ kao i podrucja malog SNZ.

Kibyune peun: Conun — @nyun nnarepakuuja, Kpyru 3un, Cmuuyhu HaroH Ha 3u1y
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