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Abstract: This work proposes a model of particle agglomeration in elastic valves replicating the
geometry and the fluid dynamics of a venous valve. The fluid dynamics is simulated with Smooth
Particle Hydrodynamics, the elastic leaflets of the valve with the Lattice Spring Model, while agglom-
eration is modelled with a 4-2 Lennard-Jones potential. All the models are combined together within
a single Discrete Multiphysics framework. The results show that particle agglomeration occurs near
the leaflets, supporting the hypothesis, proposed in previous experimental work, that clot formation
in deep venous thrombosis is driven by the fluid dynamics in the valve.

Keywords: Deep Vein Thrombosis (DVT); computer simulation; Discrete Multiphysics (DMP);
Smoothed Particle Hydrodynamics (SPH); Lattice Spring Model (LSM); solid-solid interaction; ag-
glomeration and venous valves

1. Introduction

Various ‘non-return’ valves are found in our leg veins [1]. These valves consist of two
elastic leaflets that open and close in conjunction with the musculoskeletal system. When
we are physically active, the muscles in the leg constantly contract and relax, causing the
vein valves to open, allowing blood to return to the heart, and close to avoid blood flowing
back in the opposite direction [2,3].

Deep Vein Thrombosis (DVT) occurs when a thrombus forms in the veins as an
aggregation of blood components [4]. One hypothesis suggests that these thrombi initially
form in the venous valves [5], and subsequently detach from the veins and travel within the
blood flow until they reach the pulmonary vascular system. Here, they cause blockage of
the pulmonary artery branches, resulting in death or significant disabilities [6-9]. Moreover,
it is recognised that the lack of physical activity or long static position causes poor blood
circulation, thus increasing the risk of DVT. This suggests that fluid dynamics in the valve
play an important role in causing DVT [10].

To understand the flow in venous valves, we carried out a computer simulation
of various valve typologies both without [11] and with the presence of thrombi [12].
However, the role of the flow in the initiation of the venous clot due to the aggregation
of blood components is still not clear. For this reason, in a previous study conducted
by Schofield et al. [10], we developed an in vitro model of DVT. The model comprises a
microchannel fabricated out of polydimethylsiloxane (PDMS) by means of soft lithography.
Within the microchannel, we fabricated a flexible valve made of cured polyethylene glycol
diacrylate (PEGDA). An aqueous dispersion of polystyrene particles was perfused within
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the microfluidic device using pulsed flow to simulate rhythmic contractions of the leg
muscles. In the in vitro models, polystyrene particles tend to form aggregates due to van
der Waals and electrostatic interactions between themselves and the solid surfaces, and this
simulated the formation of aggregates. We also compared these results with experiments of
perfusing blood flow with fluorescently labelled platelets, where platelets tended to form
aggregates when activated [13,14].

The results show that the agglomeration of polystyrene particles and platelets occurs
near the valve leaflets. These results support that a thrombus forms in the venous valves
at least in part due to altered flow. However, they open a new question that could not be
answered in the in vitro experiments. Can hydrodynamic alone explain agglomeration?

In the valve, when the leaflets close, the flow streamlines converge and subsequently
the probability of particles colliding enhances agglomeration. Moreover, both polystyrene
particles and platelets accrue at the leaflet’s surface. Therefore, it is not clear how much of
the observed agglomeration is caused by hydrodynamics and how much is simply due to
the particle sticking to the leaflets surface.

Therefore, in this study, we further developed our original DVT model [11,12] to
include particle agglomeration. Since, in the computer model, we can arbitrarily tune the
properties of the particles, we can account for “fictional” particles that are sticky only with
each other and not with the leaflets. By studying this virtual system, we can answer the
research question of this paper: when removing particle-leaflets adhesion, can hydrody-
namics alone explain at least part of the agglomeration observed by Schofield et al. [10]. If,
in the virtual system set up in the computer simulations, we observe agglomeration near
the leaflets, we can conclude that hydrodynamics play a role; if not, this means that, in
Schofield et al. [10], agglomeration is mostly due to the interaction between the particles
and the leaflet surface. Thus, this study proposes a novel model (to the best of our knowl-
edge, this is the first DVT model that accounts for agglomeration) and uses this model to
answer a specific research question from a medical-related area.

This paper is organized as follows. Firstly, we introduce the general theory behind
Discrete Multiphysics (DMP), the modelling approach used to simulate the system. Then,
we show how the theory is applied to the concrete case of flow in flexible valves. Lastly, we
use the model to simulate particle agglomeration in the valve and show that larger clusters
are formed near the leaflets.

2. Methodology
2.1. The Theory of Discrete Multiphysics

Discrete Multiphysics (DMP) is a computational approach on computational particles
rather than computational mesh [15]. It links together different discrete models such as
Smoothed Particle Hydrodynamics (SPH) [16], Lattice Spring Model (LSM) [17,18], Discrete
Element Method (DEM) [19], and Peridynamics [20], which can be used for a range of
applications ranging from biological to energy application [21-24]. In particular, DMP
was previously used to simulate the flow in cardiovascular [25] and venous valves [11],
including the presence of emboli in the blood flow circulation [18].

In this work, we combine the hydrodynamic venous valve model of Ariane et al. [11]
and Ariane et al. [18] with the model of particle agglomeration in shear flow of Rah-
mat et al. [24]. The DMP model combines SPH for the fluid, LSM for the valve and a
pseudo-Lennard-Jones potential for particle agglomeration. This section introduces the
theory behind these computational methods and explains how they are combined together.

2.1.1. Smoothed Particle Hydrodynamics (SPH)

Smoothed Particle Hydrodynamics is a computational meshless Lagrangian method
independently developed by Lucy [26] and Gingold and Monaghan [27], which is used
here to simulate the fluid dynamics. Each particle in the SPH domain represents a set of
properties such as positions r, mass m, density p, pressure p, velocity v and viscosity y,
which are updated at each timestep. For a desired group of computational particles, the
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SPH equation of motion is achieved from the discrete approximations of the Navier-Stokes
equation [28,29]:

dv; pi Pj
f, = miT; = —]Zmlm]<plé+pjz+nz]> v1'VV1‘j/ (1)

where m; , m; are the masses of the particles i, j, respectively, v; is the velocity of the particle
i, p is the pressure, p; is the density of particle 7, and f is the sum of all external forces
applied to the system. W is the smoothing kernel function and W is a bell-shaped function
that describes how the interaction between particle iy, and j;;, decays with their distance
|t; — rj|. T1j; is the so-called artificial viscosity [30]:

_ (it p)vis
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where p is the dynamic viscosity and v;; = v; — v;. In this work, we use the so-called Lucy
kernel [29]:

W(r <h) = %{14—3%] [1—%}3 3)

where i is the so-called smoothing length and s is a parameter used to normalise the kernel
function.

An equation of state (EOS) is required to link the pressure p with the density p. In this
study, the Tait’s equation is used:

(e

where py is a reference density and ¢y is a reference for fluid velocity. This formulation
refers to the so-called weakly compressible SPH. To keep the variation of the fluid density
in the domain less than 1 per cent, ¢( is normally set as ten times the maximum velocity
in the flow [31]. This produces repulsive forces between particles aimed at approximately
conserving their distance during the simulation [32]

2.1.2. Lattice Spring Model (LSM)

The elastic leaflets and moving walls of the membrane are simulated with the so-
called Lattice Spring Model (LSM) or Mass Spring Models (MSM) [33]. The elastic body is
subdivided in computational particles which are linked together by Hookean springs. The
force between two particles i and j connected with a Hookean spring is given by

Fij = k(o —r|)? ()
where k is the Hookean elasticity coefficient, rj is the equilibrium distance between the
particles and r their instantaneous distance. The spring coefficients is determined by the

physical properties (e.g., Young’s modulus) of the modelled materials as discussed in Kot,
Nagahashi and Szymczak [33] and Pazdniakou and Adler [34].

2.1.3. Coupling SPH and LSM (Fluid-Structure Interaction)

In the model, SPH is used to simulate the fluid and LSM used for the elastic structure
(valve leaflets). SPH provides the forces acting between two fluid computational particles,
where LSM provides the forces between two solid particles. To model the fluid structure
interaction, we need to set the forces between liquid and solid computational particles.
These forces must ensure no-penetration, no-slip, and continuity of stresses between the
solid-liquid interface. In continuum mechanics, these conditions are often represented as
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(a)

V(r), F(r)

where n is the normal to the boundary, u the displacement of the solid, v the velocity of the
liquid, o s the stresses in the solid and ¢ fin the fluid [15].

In DMP, these conditions need to be ‘translated” in terms of forces F; ; in order to be
introduced in the model. Here, we use the same approach employed in other DMP studies
such as Schiitt et al. [35], M. Ariane et al. [12] and Alexiadis [15]. The no-penetration
conditions are implemented by means of a repulsive Lennard-Jones potential between SPH

and LSM particles:
4\ 12 44\ 6
V(r) = K (r) - ( p ) forr < reut )

where r = |r|, r is a reference distance between particles and K is chosen to guarantee no
penetration between SPH and LSM particles.
From the potential V(r), the force between two particles is calculated from the potential:

Fi) = -9 10)

Figure 1a shows the potential V(r) and the force F(r) applied between the SPH and
LSM, with only values for r < 21/67* being studied so that only the repulsive potential
is considered.

(b)
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Figure 1. Diagram illustrating (a) the 12-6 potential used for the no-penetration conditions and (b) the 4-2 potential used
for particle agglomeration. In both cases, the cut-off is selected so that only the white area of the diagram is used in the

potential. This implies that (a) is only repulsive because only the positive part is considered, while in (b) the negative part

of the force, which is attractive, is considered; particles tend to agglomerate at the location where the force is zero, which is

where is the minimum of the potential is located.

No-slip conditions are enforced by imposing SPH-like viscous forces at the solid-liquid
interface. Once both the no-penetration and no-slip boundary conditions are enforced, the
continuity of stress is automatically satisfied by the fact that particle methods satisfy the
Newton equation of motion. The numerical scheme used to solve the resulting equations is
reported in Ganzenmidiller and Steinhauser [29].
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2.1.4. Solid-Solid Interaction (Agglomeration)

Besides fluid-structure interaction, the model also accounts for solid particles moving
within the flow. These particles are ‘sticky” and prone to agglomeration. To model this
phenomenon, we use a similar approach to Rhamat et al. [24] that used soft, pseudo-
Lennard-Jones, potentials of the type:

U(r) = 4e [(7’:)4 — (”:)21 for r < reyt (11)

where e provides the strength of the agglomeration, to model the interaction between sticky
particles. In this case, we consider both repulsive and attractive parts (Figure 1b); this
produces a minimum in the potential that represents the equilibrium distance between two
agglomerating particles. The value of the cut-off is selected at 3r*. For r > 3r*, we assume
F(r) = 0, which simplifies the calculations. Equation (11) is a numerically convenient way to
implement agglomeration avoiding the sharp minima of the DLVO theory [36], but it does
not represent a very accurate model of agglomeration. As in Rhamat et al. [24], this does
not constitute a problem here since we are not interested in a specific type of interaction
(the actual potential among particles/platelets in Schofield et al. [10] is unknown anyway);
rather, we hope to enable particle—particle agglomeration in our virtual environment. For
the same reason, ¢ is left as a free parameter, and simulations with different values of ¢
are compared. For a theoretically more accurate approach based on the concept of surface
energy, the reader can refer to Ariane et al. [19].

2.2. The Valve Model and Geometry

The DMP methodology discussed previously is applied to a system of flexible valves
(Figure 2a), which represents a series of venous valves distributed along a venous vessel
located in the leg. The geometry is two-dimensional and adapted from previous work by
Ariane [18] and Wijeratne and Hoo [37].

Two consecutive valves are connected by a channel with flexible walls. The model
is periodic, meaning that the flow exiting the system from the right boundary re-enters it
from the left boundary and vice versa. Therefore, the system is composed of two valves
and two flexible sections. These sections are contracted periodically to simulate pulsatile
blood flow. During typical daily activities, when the muscles in the leg contract, they
squeeze the blood flow which promotes blood circulation [2,3]. The pressure generated
by the contraction, opens the valve on the right (Figure 2b) and closes the valve on the
left. This mechanism allows flow to circulate in one direction and prevents backflow. The
opening and closing rate of the venous valve is around twenty rounds for each minute [38].
To save computational time, in the model, the rhythm is slightly accelerated by considering
five cyclesin 15 s.

As Figure 2b shows, there are different types of computational particles in the model:
SPH particles modelling the blood flow; LSM particles modelling the leaflets and the
flexible sections between two valves. The walls that encase the valves are also made of
solid particles, but they are fixed and do not change their position during the simulation.
Additionally, a certain number of ‘sticky’ particles are randomly dispersed in the flow at
the beginning of the simulation.

In the model the fluid is considered Newtonian and the flow laminar. Table 1 shows
all the numerical parameters used in the simulation. The simulations were carried out with
the open-source code LAMMPS [39] and the open-source code of OVITO [40] was used for
the visualisation and analysis of the data.
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Figure 2. Two-dimensional geometry and structure of a dual venous valve: (a) geometry showing the location of the
contraction forces and (b) geometry showing the computational particles and their location in the model.

Table 1. Model’s numerical parameters.

Parameter Values and Units
SPH
Number of all particles that created our model domain. 168,676
Number of wall stationary particles (SPH particles), three layers. 4972
Number of wall flexible particles (LSM particles), three layers. 5750
Number of the valve’s particles (LSM particles), two layers. Valve particles 1aos

Each leaflet 351
Number of SPH fluid particles 141,030
Number of SPH agglomerating particles 15,520
Mass of each particle (Fluid) 1.056 x 107 kg
Mass of each particle (Solid) 2x107° kg
Initial distance between particles Ar 1074 m
Density pg 1056 kg m~3
Smoothing length h 25x107*m

Dynamic viscosity pg 0.0035 Pa s
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Table 1. Cont.

Parameter Values and Units
Virtual sound speed cg 10ms~!
Contraction Forces F 0.008 N
Max velocity in the valve 0.04ms™!
Time step At 1070s
LSM

Flexible wall 1x10°Tm—2
Hookian coefficient ky,

Valve’s membrane 5% 100 Jm~2

Flexible wall 1kgs™!
Viscous damping coefficient ky

Valve’s membrane 0.1kg g1
Equilibrium distance rq 1074 m
Boundaries
Repulsive radius r* 1x10*m
Constant k 1x1074]

Attractive forces potential

Mass of solid particles

1.056 x 107° kg

Solid diameter

1074 m

Particle density

1056 kg m 3

Pair potential ¢

2x107°]—1x107167]

3. Results and Discussion:
3.1. Hydrodynamics

The blood flow moves from left to right (Figure 3) under the pressure generated by
applying the force F to the flexible sections. As mentioned, F simulates the effect of muscles
in the leg contracting around the vein. The higher pressure generated by F opens the valve
on the left and simultaneously closes the valve on the right of the contracted section, as
is illustrated in Figure 3a, where periodic boundary conditions are applied to the system.
Subsequently, the contracted section is released, and F is applied to the other section,
causing the open valve to close and the closed valve to open. This prevents backflow and
produces a unidirectional flow in Figure 3b from left to right.

In our model, the force F is calibrated to produce a maximal blood velocity of around
0.04 m s~!, which is a reasonable value for blood flow in human veins as it can vary during
average physical activity [11]. The velocity magnitude during the closing and opening
phases is reported in Figure 3. In all the simulations discussed in the next system, the
system is simulated for 15 s, representing five opening and closing cycles.
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Figure 3. Velocity magnitude in the valve during opening and closing phases: (a) F is applied to the channel 1 and (b) F is

applied to the channel 2.
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3.2. Particle Agglomeration

At the beginning of the simulation, ‘sticky” elemental particles are uniformly dis-
tributed in the liquid domain with a concentration of ~10% in the flow. When the simulation
runs, these sticky particles start to aggregate in larger clusters depending on their “sticki-
ness’, which is controlled by the value of € in Equation (11). The goal of this study is not to
replicate the physiochemical property of actual clots, but to separate the effect of hydrody-
namics from the particle-wall interaction in the in vitro experiments by Schofield et al. [10]
and verify that agglomeration occurs near the valve even when attractive forces between
the leaflets and the particles are arbitrarily removed. The surface energy of the elemental
particles is used in the in vitro experiment, and therefore their ‘stickiness’ is not known.
For this reason, in this study, we use the value of ¢ as a free parameter. Figure 4 shows how
the size of the average aggregate changes during the simulation

3
2.5 A1
2 .
e —
E 15 A
E 1.5
(a]
1 -
e=1x10°
0.5 1 €=1x10"°
—g=1x1077
£=1x107¢
0 T T T T T T T
0 1 2 3 4 5 6 7 8

t [s]

Figure 4. Dependence of the average size of particle agglomerates on the pair potential values
between e = 1078 J and ¢ = 107 J as the simulation is running.

Initially, all particles are separated, and the average size is equal to one, which repre-
sents the size of a solid single particle. As time progresses, particles randomly collide in the
flow and form agglomerates. Therefore, the average size of the agglomerate increases. As
particles lump into larger and larger agglomerates, the number of agglomerates in the flow
decreases, reducing their collision probability. Therefore, the average size tends to plateau
as the simulation progresses (Figure 4). An explanation for this is that there are greater at-
tractive forces, as a result of the higher pair potential energy. However, there is a minimum
pair potential energy where the attractive forces are not enough for particle agglomeration.

As expected, the higher the value of € (and, therefore, the ‘stickiness’ of the particles),
the higher the average size of the aggregate. Figure 4 shows that for small values of ¢,
no agglomeration occurs in the flow. The particles are not sticky enough, and the inertial
forces generated in the flow prevent the formation of larger agglomerates. Above the value
e =108 ], agglomeration starts, and the size of the agglomerates increases linearly with
log(e) (Figure 5).
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Figure 5. Average size of the agglomerates associated with different pair potential values between
e=10"8J and e = 10~ J at specific times (t = 12.5 s). Above the value of ¢ = 10~8 ], agglomeration
starts, and the size of the agglomerates increases linearly with log(e).

3.3. Larger Agglomerates

In Figure 5, the average size of the agglomerates is presented. The size distribution,
however, is not uniform. Figure 6 shows how the size is distributed in the valve during
the simulation.

Figure 6. Simulation and experiment (platelets, fluorescently labelled, agglomeration in
Schofield et al., 2020) snapshots illustrating the aggregates near the valve’s leaflet at different time
points. The arrows indicate the aggregates near the valve leaflets.
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Moreover, larger agglomerates form near the leaflets. During their motion, the leaflets
temporarily reduce the section of the channel available to the flow. This increases the
probability of collision between particles forming larger agglomerates. Some of the ag-
glomerates move into the main flow, whereas others remain trapped in the valve district
and accumulate in this area. This is very similar to what we observe in the experiments.
Therefore, hydrodynamics plays an important role in the in vitro model in a previous study
by Schofield et al. (2020) (Figure 6).

4. Conclusions

In this study, we developed a Discrete Multiphysics model combining the fluid—
structure interaction model of [11,12] with the agglomeration model of Rhamat et al. [24].
It combines an element of novelty (first DVT model that accounts for agglomeration) with
a specific research question concerning the potential role of hydrodynamics in the early
stages of agglomeration in DVT.

We investigated agglomeration around the valve leaflets and how this is affected
by the hydrodynamics. The results show that larger agglomerates are likely to form
near valve leaflets even when the interaction potential between the valve leaflet and the
particles is removed. This supports our previous hypothesis [10] that the combination
of blood hydrodynamics and the valve’s mechanical characteristic is a key factor during
agglomeration in venous valves.

Besides its specific results, this study is also a good example of how in vitro and in
silico modelling can work together in research areas such as biology and medicine. In vitro
models aim at providing a physical replica of a biological system. However, it is sometimes
difficult to understand all the interrelated mechanical features of this physical model. At
this point, in silico models can offer virtual replicas of the biological system where certain
mechanical features can be switched on or off ad libitum. In this way, we can somehow
‘dissect” the physics of the system and discern what the most important features are that
regulate the system under investigation. In practice, the model can be used to assess which
factors can enhance or decrease the tendency of agglomerates to form in the valve.
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