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Computer modelling of initial platelet adhesion during
microvascular thrombosis

A. V. Belyaev*

Abstract — Hemostasis is one of the most important protective mechanisms that functions to maintain
vascular integrity and prevent bleeding. In arterial and microvascular circulation, where the near-wall
shear stress is relatively high, the hemostatic response begins with aggregation of platelets on the
injured endothelium or collagen. Regulation of hemostasis and thrombosis is immensely complex, as
it depends on the blood cell adhesion and fluid dynamics. A possible regulatory mechanism relies on
the coil-stretch transitions in a plasma protein — von Willebrand factor — that serves as a ligand to
platelet adhesive membrane receptors. In this work, the initial stages of thrombus growth are studied
using a 3D computer model that explicitly accounts for the shear-dependent vW{ conformation.
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bosis
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Adhesion of blood platelets is essential for thrombosis and hemostasis in arter-
ies and microvessels, where the wall shear stress exerted by the flowing blood is
relatively high [3,5, 38, 57]. According to the current knowledge, the interactions
between a membrane receptor of platelets (GPIb) and a plasma protein von Will-
ebrand factor (vWf) is responsible for the initial platelet attachment to injury and
aggregation in arterial hydrodynamic conditions. Von Willebrand factor (vWf) is
one of the largest soluble macromolecules, as it is produced by endothelium in a
form of chain-shaped concatamers — ‘multimers’ — that can be as long as 5-10 mi-
crometers [37,41,43,45]. These multimers play a key role in initial hemostasis and
thrombosis, especially in the prevention of severe bleeding associated with high
shear stress regions in the blood flow [30,43,47]. There is a number of mechanical
features of vWT that provide its physiological functioning. First, it is the suscept-
ibility to the local hydrodynamic forces. Multimeric structure of vWf is known
to make the adhesion sensitive to hydrodynamic conditions, providing intensive
platelet aggregation at the high shear rates [13, 29, 43, 47]. In a flowing viscous
fluid this protein can change its conformation thus increasing the number of ad-
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hesive sites available for platelets [13,43]. Second, the outstandingly big length of
these proteins was shown to be mechanically favourable for catching [6] and hold-
ing platelets [7] on thrombogenic substrates (e.g., subendothelial collagen, injured
endothelium, etc.). Third, the microscopic structure of this protein and mechano-
chemical transitions may regulate the adhesiveness of blood platelets depending
on the drag forces and hydrodynamic conditions [2, 30]. Finally, the initial adhe-
sion of platelets causes their activation and formation of stable aggregates called
‘thrombi’ [12,29,48]. Normally, the defensive role of these aggregates is to block
leakages and damaged blood vessels. However, in some cases a thrombus can ob-
struct the blood vessel, dangerously limiting the blood circulation and causing dis-
eases (deep vein thrombosis, thrombotic thrombocytopenic purpura) and emergency
conditions, such as stroke [12,26,31]. On the other hand, deficiency or dysfunctions
of one (or several) components of cellular hemostatic response cause bleeding that
is also dangerous for the organism. For instance, von Willebrand disease may be
encountered if the vW{ multimers are either too short, or limited in number (con-
centration), or are less adhesive to platelets than necessary [17,47]. Apparently, the
adhesive system platelet-vWT is naturally ‘tuned’ to work in specific hydrodynamic
conditions. If some parameters of this system are altered by internal (e.g., gene
mutation) or external factors (e.g., acquired VWD syndrome), the hemostasis turns
into either vascular occlusion or bleeding. In order to obtain a deeper understanding
of the regulation of hemostasis and thrombosis, the physical mechanisms of these
disorders need to be described and quantified in terms of physics and mathemat-
ics. The complexity of platelet aggregation and activation during thrombosis makes
it a challenging goal for computational modelling [8], and several methods have
been proposed so far. Whereas continuous models [5, 23,49, 52, 53, 56] describe
macroscale dynamics of platelet concentrations, many aspects of platelet adhesion
and platelet-vWf{ interactions are better understood if they are modelled as discrete
objects. Modelling explicitly the transport, activation, and adhesion of platelets is
crucial for predicting thrombus formation and growth following a thrombotic event
in normal or pathological conditions. Discrete methods include coarse-grained ap-
proaches [22,34,53,58] and high-resolution cell models [7,32,33,35,39,40,46,55]
each having its own advantages and limitations [8].

The present paper reports a 3D computer model of the initial platelet adhesion
to injury in arterial flow conditions (shear rates ; 1000 s~!). The discrete approach
has been chosen for the purposes of the reported study: the cells and proteins are
modelled explicitly. The structure of the paper is as follows: first, the model is de-
scribed, then the obtained results are presented, and the discussions of the results
and possible future directions are given.

1. Materials and methods

In this work, the dynamics of platelet recruitment from the flowing blood to the in-
jury was investigated by the means of computer simulations. The injury was repres-
ented by a number of polymer ligands (vW{ multimers) attached to a plane surface.
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The system was represented by a rectangular simulation box b, x by x b, filled with
a viscous fluid. Plane impenetrable no-slip boundaries were introduced at z = 0 and
z = b,. The blood cells (platelets and RBCs) were also introduced explicitly as de-
formable objects that were able to interact with each other, with polymers, and with
the fluid. The physical model of these interactions was governed by a set of pre-
scribed forces and constraints. The numerical method was based on a combination
of the Lattice Boltzmann method (LBM) [50] with the Lagrangian Particle Dynam-
ics (LPD) [18]. The model consists of three principal components: viscous fluid
(blood plasma), blood cells, and the von Willebrand factor multimers (polymers).
The description of each component is presented further in this section. In most sim-
ulations the following scales for length, force, and time were used: [L] = 107° m,
[F] =10"7 N, [t] = 10~*s. The physical parameters were non-dimensionalized ac-
cording to this system of units.

The presented study is an extension of our previous works [6,7]. A number of
new features have been introduced, including the red blood cells with their mechan-
ical properties tuned up in accordance with the experiments. Another modification
important to mention is the introduction of the individual friction coefficients (i.e.,
hydrodynamic coupling coefficients) for each type of objects in the simulated sys-
tem, that allows a precise tuning of the hydrodynamic forces and torques.

1.1. Fluid model

Continuum representation was used for the modelling of blood plasma, and Lattice
Boltzmann method (LBM) was used to calculate fluid velocity in the simulation
box. LBM is used as a fast solver for hydrodynamic equations, that inherits from
lattice gas automata simulations [50]. The method rests upon the Boltzmann’s kin-
etic equation that describes spacial-temporal changes of a one-particle distribution
function f(x,u,1):
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where the term in the right-hand side is the collision integral dependent on velocities
of the collided particles before and after the collision.

A discretization scheme D3Q19 was used in this work, i.e., the fluid is treated
as packets of fluid particles moving from one node to a neighbouring node of a 3D
periodic cubic grid in 19 possible directions. A regular mesh of Eulerian spacial
sites {x} with constant spacing Ax = [L] was introduced, as well as a set of discrete
microscopic velocities {c;}. The discretized distribution function f;(x,7) obeys the
following equation:

fi(x+ At t + Ar) = fi(x,1) + Qi(x,1) (1.2)

and the evolution of the system could be found by the consequent iterations. Here
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fi(x,t) = f(x,¢;,t) and

(0,0,0), i=0
¢;=cx{ (£1,0,0),(0,£1,0),(0,0,%1), i=1,2,....6 (1.3)
(£1,%£1,0),(0,+1,£1),(£1,0,+1), i=7,8,...,18.

The collision operator Q;(x,#) defines the rheological behaviour of the modelled
fluid. For a viscous incompressible fluid a single-relaxation time approximation (or
Bhatnagar—Gross—Krook approximation) has been proven to precisely reproduce the
hydrodynamics for low Reynolds and Mach numbers [14,35,42,50]:

Qi(x,t) = —%(fi(x,t) — f7(x,1)). (1.4)

The equilibrium distribution function f;"4(x,) corresponds to the series expansion
of Maxwell-Boltzmann distribution for small velocities [14, 50]. The zeroth and
first moments of the distribution function give fluid density p and macroscopic fluid
velocity v according to

p=)Yfi. pv=) fei (1.5)

A single relaxation time T = 1/2 + v/(c2At) was used for the collision step,
where ¢ = (Ax/At)?/3 is the lattice speed of sound. For setting up the no-slip
hydrodynamic boundaries the ‘link bounce back’ method was used [18].

The model allows one to simulate the platelet adhesion in presence of the plane
shear flow (Couette flow) or Poiseuille (pressure-driven) flow.

1.2. Cell model

The platelets and red blood cells (RBCs) were represented by a triangular mesh
of Lagrangian surface points (LSPs). For the description of the platelet membrane
dynamics we use the coupling between the fluid and the immersed objects (platelets)
[10, 15, 16]. Particle dynamics approach has been used to simulate the motion of
LSPs. The position rpsp and the velocity visp of each LSP were found from the
solution of the following differential equations:

dvisp )i Fi  drisp
dr m’ dr

VLSP (1.6)

where Y, F; = Feja5¢ + Fine + Fyisc 1S the total force exerted on the ith LSP. It con-
sists of the elastic forces from neighbouring particles in the membrane of the same
cell (bonded interactions), the forces of non-bonded interactions with other cells,
boundaries and polymers and viscous (drag) forces from the fluid.

The elastic model of each blood cell accounted for stretching elasticity, bending
rigidity, conservation of volume and surface [16]: Fejase = Fgp +Fp, +F, +F,. The
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elastic force applied to the membrane points in the case of stretching (compression)
of mesh edges is given by neo-Hookean law:

11/2_’_175/2 gn
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where Al =1 — [ is the spring elongation relative to its equilibrium length /y, A =
1/lo, ks is the stretching spring constant, and n is the unit vector pointing from one
membrane point at another.

The bending elasticity force was meant to provide equilibrium angle ¥ between
two adjacent mesh triangles:

Fsp - ks (1 7)

Fy, = kh@nh (1.8)
%
where n,, is the unit vector normal to the triangle (pointing at the exterior of the
capsule), A¥ is the angle deviation from ¥, k; is the bending elasticity constant.
This force was applied to the vertex not belonging to the common edge of adjacent
triangles. The opposite force divided by two was applied to the two vertices lying
on the common edge.

The surface conservation force applied to the mesh nodes for maintaining the

surface area of each mesh triangle is
AS; AS,

Fa - —kalww—kag?gw (19)
where AS; = §; — S? is the change of the ith mesh triangle area, w is a unit vector
pointing from the centroid of the triangle at the vertex, ky and k,e are the coeffi-
cients. Finally, the volume conservation force is given by

F, = —kVA—VS,-nb (1.10)

Vo

where AV =V —Vj is the capsule volume change, k, is the coefficient of volume
conservation. The force Fy has been calculated for each ith triangle with area S; and
has been evenly distributed over the vertices of this triangle.

Each platelet consisted of 126 LSPs, and each RBC contained 304 LSPs on its
membrane (see Fig. 1). The following dimensionless elastic parameters were used
for the deformable RBCs with the conservation of membrane surface and volume:
ks =0.7, k, = 0.1, ky = 1.0, kag = 1.0, and k, = 1.0. The platelets, to the contrast,
were assumed non-deformable, with ks = 5.0, k;, = 0.1, ky = 1.0, kg = 1.0, and
k, =1.0.

It is important to note that the model allows one to use two different time-steps
for the fluid solver and for the particle solver: At g = N - At,, where N is an in-
teger. For the sake of computational efficiency, N = 10 was used in the majority
of simulation runs. But in order to archive a higher accuracy at arterial shear rates
(> 2000 s~ 1) this value was set to N = 2. Dimensionless time-step was Az, = 0.01,
providing the tradeoff between computational efficiency and accuracy. Any further
decrease of Az, did not result in any detectable changes of the simulation results.
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(a) (b) (©)

Figure 1. Particular components of the model (all panels are to scale): (a) a platelet, (b) a red blood
cell (RBC) with its biconcave cross-section and (c) a polymer (i.e., von Willebrand factor multimer).
The platelet is modelled as an oblate spheroid with aspect ratio 1:2 and the longer radius 1 um. The
diameter of the RBC is 8 um. The size of the polymer depends on the number of monomers Npono-

1.3. Polymer model

The vW{ multimers were represented by the ball-and-spring free-jointed model of
a polymer immersed into a viscous fluid. Finitely Extensible Non-linear Elastic
(FENE) potential was used to describe bonded interactions between monomers in
the chain:

1 r—ro\’
max

with rg = 2a, monomer radius a = 0.05 um. The stiffness of the chain K = 0.04
nN /pum and maximal extension of a bond Arm,x = 0.3 um were obtained by fitting
the experimental force-distance plots obtained experimentally for vW{-dimer by its
extension with an atomic-force microscope [36]. The number of monomers in the
chain was varied from 10 to 50, corresponding to the full (extended) length in the
range from 1 to 5 microns. The choice of sizes for the multimers was based on
the experimentally measured mean length of healthy vW{ multimers [47]. The role
of vWf length in the promotion of platelet adhesion has been reported in a recent

paper [7].

1.4. Coupling between the particles and fluid

The coupling between the particles and fluid was achieved via Ahlrichs and Dun-
weg’s point coupling method with thermal fluctuations [1,18,28]. According to this
approach, a viscous-like force acting between LB lattice nodes and membrane sur-
face points was introduced. This force was taken to be proportional to the difference
of the membrane point velocity v and the local fluid velocity u derived from the
LB, Fiisc = —&(v —u). The opposite force was transferred back to the fluid. The
parameter of friction  was adjusted from a special calibration procedure [4, 10]
individually for each kind of cells: éplt =0.43-1072 N/(m/s) and Erpc =0.1- 10°°
N/(m/s). The validation of cell-fluid coupling for platelets was based on the calcula-
tions of drag forces and torques experienced by a platelet in a shear flow near a plane
wall. It can be found in prior works [7, 10]. This method is appropriate for solid cell
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Figure 2. Validation of the constitutive model of RBCs and determination of the friction coefficient
Erpe. (2) Simulated tank treading motion of a red blood cell in a plane shear flow (7 = 100 s7h.
A cyan-colored marker moves tangentially to the RBC’s surface, while the cell maintains its inclined
orientation. The frequency of such a tank-treading motion was measured as 27/7, where T is a period
of marker’s cyclic motion. (b) The frequency of the tank-treading motions of RBCs as a function of
the shear rate 7 in our simulations (circles with lines) and in the experiments by Tran-Son-Tay et
al. [54] (diamonds correspond to the young RBCs and triangles to the old ones). The digits in the
legend correspond to the friction coefficient Egpc in dimensionless units.
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of spherical or elliptical shape, for which the analytical expressions for drag coeffi-
cients are known. An alternative approach was used for deformable RBCs: the cal-
ibration of friction coefficient was done by measuring the tank-treading frequency
@y of RBCs in a plane shear flow (see Fig. 2). The value of Egpc was adjusted so
that @y in the simulations agrees with the experimental observations [54].

A similar approach was used for the coupling between the polymers and the
fluid. For each monomer, the hydrodynamic coupling coefficient can be determined
theoretically from the Stokes’s law &,wf = 67r,. Theoretical value calculated in
[6] reads &E,wf ~ 0.5 nN/(m/s), thus in dimensionless units 0.005 is a reasonable
approximation. Precise tuning of this parameter based on experimental data by [24,
43] gives a similar result.

1.5. Interactions

The non-bonded interactions were presented in the model by potential forces Fiy =
—VY . Uk. The adhesive interactions between vWTf and the platelet are modelled via
tunable Morse potential (truncated and shifted):

2
vaffplt - Avwffplt : |:(1 - e—Oc(r—a)> — 1:| (1.12)

where amplitude of potential is related to bond stiffness as Aywf_pic = Ke / (2062),
o = 100 um~!. The adhesive force depends on the distance r between the center
of a monomer and the closest Lagrangian point on the platelet surface. The value
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Aywi—pit Was varied in the range from 6.25kT to 125kT. From experiments [30] it
is known that healthy vW{-GPIb bond stiffness K, =~ 1 nN/um, that corresponds to
Aywi—pe = 12.5 kT

Polymer-solvent interactions were introduced as an effective attraction between
monomers, and the potentials and parameters were taken from [43]. The Lennard-
Jones potential (truncated at r = 1.2ry and shifted)

o\ 12 o\©6
Uywe—vwt = 4€ I:() - <*) :| (1.13)
r r
with ¢ =27 1/6p.

Soft sphere short-range repulsion was introduced Uyep, = 1073 (r—rs) " between
all particles belonging to different cells, and the same potential was used to make
cells and walls impenetrable to polymers. The index was set to n = 2 for cells and
n = 1.2 for the polymers. The off-set distance was introduced to avoid singularities:
rs = 0.2. The cutoff radius was r., = 0.3 for cell-wall interaction, 0.8 for cell-cell
interaction and ¢y = 2a = 0.1 for the polymers.

Before each simulation run, the polymers multimers were attached to the bot-
tom surface of the simulation box and equilibrated. The blood cells (platelets) were
placed near the wall at a certain distance in the begging of each run. The density
and size of attached vW{ multimers were varied during this research.

2. Numerical results

The first set of simulation data was obtained by immersing the individual polymer in
a plane shear flow (or Couette flow). The goal of this stage of the study was to ensure
that the chosen model of the polymer reproduces the physico-mechanical properties
of the von Willebrand factor multimers. The protocol of the numerical experiments
as follows. The polymer was initially placed in the center of the simulation box
by a random-walk procedure. Then it remained in the quiescent fluid for 1000 ms
for equilibration. After that the shear rate was imposed in the fluid by setting the
opposite velocities at z = 0 and z = b, boundaries. The shearing was on during
another 1000 ms of the simulation. After that, the shearing was turned off and the
polymer was left in the resting fluid for another 1000 ms.

The results presented in Fig. 3 indeed demonstrate that the polymer is sensitive
to the local shear stress in the fluid. At low shear rates ¥ < 5000 s~ the polymers re-
mained in the conformation of a compact globule. At 7, ~ 5000 s~ shear-induced
stretching transition takes place and at higher shear rates. It is seen in Fig. 3b-3d
that the polymer returned to its compact conformation after the fluid flow has been
turned off. The extension of the polymer in the direction of the shear flow was meas-
ured and averaged during the shearing time. Figure 3e shows that the model used in
the present work gives reasonably correct results as compared to other authors [43].
Here we also conclude that the longer vWf multimers are more susceptible to the
quality of the solvent, as the decrease of € leads to a more pronounced increase of
Rext/ (2aNmono) for 50 monomers, than for 20 monomers.



Computer modelling of initial platelet adhesion 9

(b) no shear

(a) 1000/s 2000 /s

® | fde

3000 /s 5000 /s 15

oot Ty

ext u
10000 /s 159 (d)

Oﬁ’oo’oo" ¢ voste

Rg (um)

T T T T + T T T T
0 250 500 750 10p0 1250 1500 1750 2000

R12 (um)

T T T + T T T T
250 500 750 1000 1250 1500 1750 2000

Rext (um)

0 250 500 750 1000 1250 1500 1750 2000
Time'*(ms)

(e) 1.2

exp Schneider et al.
1 * sim Schneider et al. ?
===¢==:1J2-N=20
0.8 —— ]2 - N=50
LJ4 - N=20

0.6
0.4
0.2

0
500 5000 50000

Shear rate (1/s)

Normilized extention

Figure 3. The dynamics of an individual vW{ multimer in the shear (Couette) flow. (a) Simulation
snapshots demonstrating the shape and size of the polymer at different shear rates. (b) The plot of the
gyration radius R, of the polymer as a function of time during the shearing simulation at shear rate

7 ="7000 s, & = 4kT, Nmono = 20, Evwr = 0.005. (c-d) The plots of the end-to-end distance R|»
and polymer extension along the shear direction Rex;. The parameters are the same as in the panel (b).
(e) The dependency of the normalized polymer extension Rext/(2aNmono) as a function of the shear
rate for different vW{-solvent interaction parameter (lines with diamonds correspond to € = 2 kT and
with circles—to € =4 kT') and different polymer length (Nmono = 20 for dashed lines and 50 for
solid lines). The stars and the asterisks correspond to experimental and simulation results reported by
Schneider et al. [43]: the experimental results were scaled to the contour length of the vW{ assuming
that Nmono = 100 in their experiments, the simulation results were digitized from their plots without
any additional assumptions.

The next set of simulations was devoted to the whole-blood flow in a plane-
parallel (microfluidic) channel. The simulation box had the dimensions 32 x 16 x
16 um?, thus reproducing microvascular hemodynamic conditions. The pressure-
driven Poiseuille flow was set by defining the constant pressure difference in x-
direction. The parallel calculations were performed by 8-core processors for each
simulation run. The RBCs were initially placed in ordered positions in the bulk fluid,
and the platelets were placed near the wall. A number of 50 vW{ multimers (Npono =
20) was attached to the bottom wall of the system in its central part (see Fig.4 ). The
first particle of each polymer had fixed coordinates, while the others were allowed
to move freely in response to external forces. In case of 7 = 100 s~! the polymers
remained in the coiled state, and extended at 7 = 1000 s~ (see Fig. 5). It should
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Figure 4. The simulation of the pressure-driven flow of the whole blood with hematocrit ~ 0.3 for
Reynolds number Re=0.01 in a 32 x 16 x 16 um?> simulation box. The wall shear rate 7= 1000 s~
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Figure 5. The von Willebrand factor multimers change their conformation due to the increased
shear rate in the near-wall fluid: (a) coiled (compact) conformation was observed for Re= 0.001
(7= 100 s~1) and (b) extended conformation — for Re= 0.01 (7= 1000 s 1).

be noted that the tethered polymers expand at smaller shear rates in the present
model, in accordance with previous studies [6]. The extension of vW{ multimers
in response to the flow leads to the increased number of adhesive sites and should
promote platelet aggregation. It is also noticeable that RBCs in the near-wall region
move in a tank-treading pattern, which is a correct dynamics for these cells at high
shear rates [20, 35].

3. Discussion and conclusions

In this work, a three-dimensional model for initial platelet adhesion to von Willeb-
rand factor multimers has been presented. It has been shown through the comparison
with the experiments that the chosen model on the chain-like polymer is valid for
modelling the dynamics of vW{ multimers at physiological shear rates. Possible fu-
ture direction for the development of this model may include the precise tuning of
the adhesion parameters, namely the amplitude of platelet—vWf interaction. Also,
the catch—slip transition [30] that is typical for platelet membrane receptor GPIb,
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which adheres to vWT{, should be accounted for and added into the model. Other
modifications may include more realistic inflow and outflow boundary conditions
for platelets and vW{ multimers (here periodic conditions were used), platelet ac-
tivation, and optimization of the software.

A number of bio-mechanical effects related to the presence of red blood cells
may have implications for the thrombosis. Blood rheology is probably the most
notable one, as it depends on the cell—cell collisions and cell-fluid interactions. It
has been shown earlier that in the microvasculature (arterioles and venules), where
the typical wall shear rates are relatively high (> 500 s~!), the Newtonian fluid is
an adequate approximation for the blood rheology [21,25,44]. However, in veins
and in stagnation regions, where the shear rates could be quite low (< 1 s71), the
collisions and the adhesive interactions between the RBCs lead to the formation
of rouleaux aggregates. This in turn increases the effective (apparent) viscosity of
blood [19,21]. This is why, probably, venous thrombi contain lots of RBCs, while
arterial and microvascular thrombi consist mainly of platelets and fibrin [11]. Since
the low-shear rate case was not the focus of the presented work, the aggregation
of RBCs was not included into the reported model. Shear-thinning rheology of the
whole blood could be, in principle, reproduced by LBM-DPD models [21], and it
could be a fruitful direction of research in future.

The mechanics of red blood cells at high shear rates have important con-
sequences not only for the rheology, but also for the distribution of cells across a
blood vessel. The deformability of RBCs leads to the lift forces that repel the eryth-
rocytes from the walls and gather them near the centerline of the vessel [9, 59]. It
manifests as Fahraeus-Lindqvist effect and the formation of RBC depletion layer
near the vessel wall [27,46]. Another important phenomenon is the marginalization
of blood platelets to the vicinity of the vessel wall. It has been demonstrated that
the increased hematocrit causes the greater influx of the platelet to the injury or ad-
hesive substrate [46,51,52]. There are at least two mechanisms that play role in this
process: firstly, the margination of platelets causes the increase of their near-wall
concentration [52], secondly, the RBCs collide with the platelets and push them to
the vessel wall or the surface of a thrombus [46, 51]. Both effects promote throm-
bosis at the initial stages. However, it is not clear how the RBCs may change the
dynamics of thrombosis during the latest stages of this process, when the stenosis
becomes severe. In principle, it could be studied with the presented model in future.
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