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Abstract: This study proposes a 3D particle-base (discrete) multiphysics approach for modelling
calcification in the aortic valve. Different stages of calcification (from mild to severe) were simulated,
and their effect on the cardiac output assessed. The cardiac flow rate decreases with the level of
calcification. In particular, there is a critical level of calcification below which the flow rate decreases
dramatically. Mechanical stress on the membrane is also calculated. The results show that, as
calcification progresses, spots of high mechanical stress appear. Firstly, they concentrate in the
regions connecting two leaflets; when severe calcification is reached, then they extend to the area at

the basis of the valve.
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1. Introduction

Aortic valve disease is the malfunction of the aortic valve due to heart malformation at birth
(congenital) or developed during a lifetime related to injury, age, or calcification of the valve [1].
Calcification, in particular, may result in calcific aortic valve disease (CAVD) caused by calcium
deposits on the valve leaflets, which affects mainly the elderly population with an incidence rate of 2
— 7% in the population above 65 years of age [2]. Over time, calcium build-up makes the aortic valve
stiffer preventing full opening (stenosis) and hindering the blood flow from the left ventricle to the
aorta. It may also prevent the valve from closing properly (regurgitation) resulting in blood leakages
back to the ventricle.

Stenosis starts with the risk of leaflet deformation and progresses from early lesions to valve
obstruction, which is initially mild to moderate but eventually becomes severe, with or without
clinical symptoms ? and the patient has high risk of cardiac failure.

In the literature, several studies focus on the dynamics of blood flow and the deformation of the
calcified aortic valve leaflets to better understand and assess the severity of calcification.

Computational fluid dynamics (CFD) was used to generate patient-specific aortic valve models from
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patient’s medical images by [4] and [5]. Other studies focus [6-10] on investigating the stresses on
the valve leaflets excluding the fluid flow behaviour in the model. Since the behaviour of the aortic
valve depends on both the fluid and the leaflets, a fluid-structure interaction (FSI) approach is
recommended to model the complex dynamic of this problem [2,11].

In this paper, we use Discrete Multi-Physics (DMP) [12-14] to develop a 3D model representing
various stages of a calcification of the aortic valve. DMP has been extensively used in-silico medicine
for modelling a variety of human systems including the aortic valve [15], the intestine [16], deep
venous valves [17,18], the lungs [19] and, in conjunction with Machine Learning, peristalsis in the

oesophagus [20].
2. The model

As mentioned, the multiphysics model used in this study is based on DMP, a computational
method that combines various particle methods. In the case under investigation, the computational
domain is divided into two parts: (i) a liquid part (blood) where Smooth Particle Hydrodynamics
(SPH) is used, and (ii) the solid structure part (valve) where stress deformation equation is solved
using the Lattice Spring Model (LSM). The two parts are coupled together to represent an FSI model
that simulate the valve deformation and blood flow dynamics within the valve. The reader can refer
to [21] for an introduction to SPH, to [22] for an introduction to LSM, and to [12,13] for details on
how to link the two models together in DMP.

In Figure 1a, the valve’s leaflets (tricuspid) are shown; Figure 1b shows the overall geometry.
The geometry was firstly designed as a CAD model (nodes and elements) and then transformed to a
particle model as explained in the Appendix. Simulations were run with the Open source code
LAMMPS [23].
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Figure 1. Valve leaflets (a) and complete geometry (b)

The system is 3-dimensional and consists of 418,743 particles: 342,358 particles for the fluid,
19,725 particles for the leaflets and 56,660 particles for the rigid pipe.
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Table 1. Model parameters used in the simulation, for the meaning of SPH parameters such as o or 7,

refer to Liu and Liu, 2003[21].

Parameters Notation Values

Length L 6-102m

Diameter D 2:102m

Initial Particle spacing l 0.4-10°m

Blood Density P 1060 kg/m3

Frequency f 1.167 s (70 beats min)
Dynamic viscosity u 0.003 Pa-s

Elastic constant k 10 -14500 N m-!

In the simulation, the flow is driven by a periodic acceleration (Figure 2) given by
G = Gysin™ (wt)cos(wt — ¢) (1)

where Go=400 ms?, w = 27tf is the angular frequency, n = 13 and ¢ = 710 as discussed in Stevens et al.,
2003. The value of Go is determined to achieve full opening of the valve that gives an average flow
rate around 600 mL s for valves at normal condition, which is consistent with the literature e.g.
[24-26].
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Figure 2. Pulsatile flow function
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As mentioned, the flexible valve is modelled with LSM, which is a common approach for
cardiovascular valves [27]. This implies that each computational particle is linked with its neighbour

particles by means of a force such as
F=k(r—rp) 2)

where 1o is the initial distance between the two particles, r the distance at time ¢ and k a Hookean
constant. In LSM, the value of k is linked to the Young modulus E of the material [28]. In practice,
however, it is not always straightforward to calculate k from E in the case of complex geometries, in
particular, with irregular particles distribution [29]. For this reason, we use a more practical
approach: k is determined, together with Go, in such a way that the valve opens fully and the flow

rate for a healthy and non-calcified valve, is 600 mL s as discussed above.
3. Results and Discussion

3.1. Stages of calcification

In our model, the value of k was chosen to control the stiffness of the valve and model

calcification. The higher the value of k, the stiffer the valve. In our model, higher values of k are used

to model a higher degree of calcification. We define the degree of calcification y as

y =log() ®)

where k is the spring constant used to simulate the calcified valve and kH is the stiffness of the

healthy valve. Figure 3 shows the valve during maximal opening for four different degrees of

calcification.
Normal Mild Moderate Severe
y=0.00 y=2.00 y=2.70 y=3.10

Figure 3. Severity of aortic valve stenosis in terms of orifice opening (stenosis)
Some important parameters like flow velocity, volume flow rate as well as stress can be used to
ascertain the level of calcification of the valves. Figure 4 shows how the flow velocity in the valve is

affected by calcification.
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Figure 4. Velocity profile at different time steps

The flow velocity was measured on a section just above the valve, for three different degrees of
calcification, and three different times. According to the level of calcification the valve opens and
closes at different times. The healthy valve (y=0) starts opening at t=0.29 s, reaches maximal
opening (peak systole) at ¢ = 0.41 s and closes again at ¢ = 0.56 s. The valve with y=2.0 starts opening
at t =0.32 s, reaches maximal opening at ¢t = 0.43 s and closes again at t = 0.54 s. The valve with y=3.0
starts opening at t = 0.37 s, reaches maximal opening at ¢ = 0.43 s and closes again at t = 0.53 s. Figure
4 also relates with Figure 3 in showing how the valve opening is reduced (stenosis) in case of
calcification. The time to attain peak velocity varies with the severity of the valve’s stenosis, which
is associated with high mortality risk and the need for aortic replacement [30]. The time at which the
valve closes also varies with the severity of calcification; at y=3.0 there is also evidence of
regurgitation (back flow) a characteristic of a stenotic aortic valve [2,3,9]. Figure 4 also shows that, as
expected, the blood flow in the healthy valve (y=0.0) is higher than in the calcified valves (y=2.0 and
v=3.0).
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Transvalvular flow is another important parameter for measuring aortic valve functionality.

The flow reduces as y increases (Figure 5); it decreases almost linearly up to a critical value ycr =3,

after which it decreases sharply. In Figure 5, ycr corresponds to a flow rate of 200 ml s. Our

calculations are consistent with the medical literature where a flow rate >250 ml s is considered

acceptable, whereas <200 ml s is associated with an increase of mortality rate in cases of patients

with aortic stenosis [26,31]. The maximum orifice diameter and the average stress on the valve (see

next section) can also be used to monitor the progression of the valve stenosis. Table 2 summarizes

the parameters as the condition worsen from normal to severe.

Table 2. Parameters for determining severity of calcification

. Maximum Orifice Mean flow Average Stress
Calcification .
Diameter [cm] x10 [m3s1] [kPa]
Normal (y =0.0) 1.81 5.72 10.60
Mild (y =2.0) 1.41 3.21 91.68
Moderate (y =2.7) 1.29 2.17 181.61
Severe (y =3.1) 1.17 1.58 324.27

3.2 Stress distribution on the membrane

Calcification increases the stiffness of the valve, which results in higher stresses on the

membrane. This is particularly important because mechanical stress plays a major role in the

calcification of bioprostheses [32]. This, potentially, can create a vicious circle where calcification

brings to higher mechanical stress, which, in turn, brings to further calcification. Figure 6 shows how

the average stress increases with the degree of calcification; numerical results are consistent with

those reported by Auricchio et al. (2014)[33].
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Figure 6. Stress at different degree of calcification
The local stress distribution (i.e. the Frobenius norm of the stress tensor) on the leaflets is shown
in Figure 7 considering a membrane thickness of 0.6mm [7]. In this work, calcification is modelled by
uniformly increasing the Young modulus of the membrane; Figure 7 suggests that calcification does

not progress uniformly.

B 350kPa

uisi

. 0.0

Normal Mild Moderate Severe
¥=0.0 ¥y=2.0 y=2.7 y=3.1

Figure 7. Mechanical stress on the valve leaflets at maximal opening.
In fact, as calcification progresses, spots of high mechanical stress appear. Firstly, they
concentrate in the regions connecting two leaflets; when severe calcification is reached, they extend

to the area at the basis of the valve.
4. Conclusion

In this study, the effect of calcification in a 3D aortic valve is simulated with Discrete
Multi-physics. The model accounts for both hemodynamics and leaflet deformation, and it can be
considered an improvement over a previous 2D model [15]. The results show that the mean
transvalvular flow could be used to asses valve calcification, and severe calcification occurs when
the flow rate is lower than 200 mL s.

The model can also asses the local stress on the membrane. Calcification increases mechanical
stress, which, in turn, promotes further calcification. In this work, calcification is modelled by
uniformly increasing the Young modulus of the membrane. The results show that, as calcification
progresses, spots of high mechanical stress appear. Firstly, they concentrate in the regions

connecting two leaflets; when severe calcification is reached, they extend to the area at the basis of
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the valve. This suggests that the model could be improved by accounting for local changes in
stiffness, which depends on the local stress distribution.

Methodologically, this work can also benefit researchers interested in particle methods, but not
necessarily to cardiovascular applications. In fact, the Appendix explains how geometries designed

with CAD model can be transformed to particle models.
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Appendix A

This explain how to adapt 3D CAD models for Discrete Multiphysics as follows: the valve
geometry was initially created with the help of CAD software. In general, particle distribution can be
generated with a programming code or a pre-processing solver. In the first case, the coordinates of
the points are created with a separate standard programming code such as C++ and MATLAB, or
directly in the processing solver with an integrated algorithm (in the software LAMMPS for
instance). For complex geometries, a pre-processing commercial builder (GAMBIT, ABAQUS,
SALOME) can be used for the structure and the associated mesh is then replaced with particles (Fig.

A.1). In the paper, we used the second approach in order to design our tricuspid valve system.

(a) (b)

Fig. A.1. Mesh generation using a pre-processing solver (a) and the generated particle distribution

(b).

The procedure of implementation is simple but requires a couple of sequences to obtain the
final input file. Here, we present the one used for our valve model, but the methodology can be
extended to any other applications.

The different steps can be described as follow:

1. Creation or Importation of the CAD geometry
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2. Writing of the data file

3. Generation of the bond and coefficient files

4. Implementation of the input file

The first step consists of designing the part geometry or importing an existing one to any CAD
commercial or open-source software (Fig. A.2a). The idea is to use the software capability for
generating automatically or manually the mesh (elements and nodes, Fig. A.2b). Next, the nodes
information (numbers and coordinates) are downloaded (Fig. A.2c) and collected into a text file (Fig.
A.2d).

Field Output,..
o Step: 0, Inial Frame: 0

5 Field output variable for Probe:

Probe Vales

€ Select from viewpont  Key-in label (* Select a display group | Select a display group 10 store values in the tadle below.

Prove: [Noces  ¥] [Seiected 7] Display group: [DisplayGroup-vaives ¥]

[Value for Orig. Coords: ~4 07303, 1 5514, -2 66793

| Part mstance Node 1D Coorus Def. Attached elements |

342646, 1.£1910, 21
0993179, 7 1729, 1
~0.962914, 7 1707, 21
~0.950396, 7 1783, 1
0925422, 6 1731, 1786,
265645, 311884, 1886, 1903
305277, 24 1887, 1911, 1918

F c_valvestayers-1 2153

s-1 2154
2158
2156
2157
2158
2158

645, 313771, -515149
277, 24923, 4 62446

2160
2161
2162
2163
2164

48688, 1511, +1.05407
417603, 6.55369, 1.33046
-2/63408, 563994, 0.72001
1.0418, 625674, -5.05581
0888934, 655715, -1.93776

49688, 1511879, 1904, 1958, 1
417803, 6.5 1989, 1994, 2039

289408, 6.6 1943, 1347, 1978, 1
-1.0418, 6.2€ 1731, 2034, 2047, 2
-0.886934, 6 1758, 1776, 2061, 2

2165 341733, 208454, -201065 341733, 201890, 2019, 2020, 2

b
's

Probe Values Report

b/mariane/SPH/XXX

Y

b/ P\

r4 X

Fig. A.2. Tricuspid valve CAD part (a), tricuspid valve meshed CAD part (b), nodes generation using
the CAD software (c) and external data file (d).

Subsequently, the data file is adapted and implemented in a LAMMPS format file, which
contains specific line codes and keywords (for more details and documentation, readers can refer to

LAMMPS documentation available at https://lammps.sandia.gov/doc/Manual.html). For instance,

for this model, we used the keywords meso for the atom style and bond for the inter-atomic potential.

The unsymmetrical shape of the tricuspid valve system makes necessary a 3-D design. This
representation requires a fine mesh with a consequent number of nodes (418,743 particles) to ensure
a realistic valve motion. Each node/particle is connected with at least 3 other nodes located nearby,
increasing drastically the data processing. As a result, we developed an algorithm (C++ code) in
order to set automatically the bonds definition. All particle positions are scanned by the code and for

each particle, its neighbour (within a prescribed radius distance of interaction) is identified,
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numbered and printed out in a bond file. Meanwhile, a second file is also created with the storage of

the bond coefficients (potential force) and the distance (between 2 particles).

Finally, as the number of fluid particles is very important (342,358), the inclusion of the list into

the data file (which it is technically possible) makes heavy the input file processing. Instead, we

preferred to generate, during the first step of the simulation, the fluid particles via the LAMMPS

commands ‘create_atoms” and ‘region’. The command ‘delete’ is also used to avoid overlapping.
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