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Summary

We propose a method to analyze platelet adhesion and aggre-
gation computationally, taking into account the distinct proper-
ties of two plasma proteins, von Willebrand factor (vWF) and fi-
brinogen (Fbg). In this method, the hydrodynamic interactions
between platelet particles under simple shear flow were simu-
lated using Stokesian dynamics based on the additivity of veloc-
ities.The binding force between particles mediated by vWF and
Fbg was modeled using the Voigt model. Two Voigt models with
different properties were introduced to consider the distinct
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behaviors of VWF and Fbg. Our results qualitatively agreed with
the general observation of a previous in-vitro experiment, thus
demonstrating that the significant development of thrombus
formation in height requires not only VWF, but also Fbg. This
agreement of simulation and experimental results qualitatively
validates our model and suggests that consideration of the dis-
tinct roles of vVWF and Fbg is essential to investigate the physio-
logical and pathophysiological mechanisms of thrombus
formation using a computational approach.

Thromb Haemost 2008; 99: 108-115

Introduction

The formation of a thrombus is a critical phenomenon both
physiologically and pathologically. Physiologically, it plays an
important role in haemostatic function. In a diseased state such
as arteriosclerosis, however, thrombus formation can be the
cause of a fatal disease process, e.g. myocardial infarction,
which blocks the blood supply to the periphery of the body (1). In
contrast, the failure of thrombus formation because of platelet
dysfunction, as in Glanzmann thrombasthenia and von Wille-
brand disease (vWD), produces a critical bleeding tendency (2).
A better understanding of the mechanism of thrombus formation
could help to elucidate the physiological haemostatic mech-
anisms and the pathology of thrombosis and bleeding disorders,
which will ultimately contribute to improvements in the treat-
ment of these diseases through antiplatelet drugs and the devel-
opment of artificial platelets.

Although thrombus formation is regulated through a series of
physiological and biochemical processes, various mechanical
factors are involved. First, a thrombus is formed under the fluid
mechanical conditions of blood flow. Platelet adhesion and ag-
gregation are highly dependent on the magnitude of the shear
rate induced by blood flow (3-5). Additionally, platelet adhesion

and aggregation occur through a process in which protein mol-
ecules present in the blood plasma bind to glycoprotein (GP) re-
ceptors on the surface of platelets to form intercellular molecular
bridges (1, 6-12). Thus, a thrombus can be regarded as a mech-
anical structure constructed by the platelets through physical in-
teraction with plasma protein molecules.

Numerous computational simulations have been used to in-
vestigate the complexity of blood coagulation. Various methods
have been proposed to simulate platelet adhesion and aggre-
gation under blood flow from a mechanical point of view, with
platelet-platelet or platelet-surface interactions mediated by bio-
molecular bridges that have been incorporated into established
computational fluid dynamics models (13—17). In addition, the
formation and destruction of a primary thrombus under blood
flow has been analyzed computationally using the discrete el-
ement method in which the model is based on the physiological
nature of the platelets as discrete objects (18, 19). These com-
putational simulations have qualitatively demonstrated the
growth and collapse of a thrombus caused by blood flow and in-
tercellular molecular bridges and verified the importance of
these bridges in thrombus formation.

Although these types of computational simulations are
powerful tools for clarifying the mechanisms of thrombus
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formation that involve biomolecular interactions that occur
under blood flow, models of intercellular molecular bridges have
been too simple. These molecular bridges have been formulated
with only a single linkage (13—19), even though various types of
plasma proteins with distinct roles are involved in platelet ad-
hesion and aggregation. Of the plasma proteins, von Willebrand
factor (vVWF) and fibrinogen (Fbg) are thought to be major par-
ticipants in platelet adhesion and aggregation because of bleed-
ing disorders that are associated with their deficiencies (20-22).
For example, subjects with vWD are deficient in vWE, but have
normal levels of other plasma proteins. Fbg and vWE, which pro-
mote adhesion and aggregation by binding preferentially to the
platelet membrane receptors GP IIb/I1Ia and GP Iba, have highly
distinct properties. For example, Savage et al. (4) investigated
platelet interaction with Fbg or vWF immobilized on a glass
cover slip placed in a parallel plate flow chamber under various
wall shear rates to determine the properties of Fbg and vWFE.
They found that Fbg preferentially binds with GP IIb/Illa, and
the binding is irreversible and efficient at relatively low shear
rates (i.e. 50-500 s!). In contrast, vWF binds exclusively with
GP Iba and binds somewhat with GP IIb/IIIa, and the GP Iboi-
dependent binding is reversible or transient and more efficient at
relatively high shear rates than at low rates (4). These distinctive
properties of Fbg and vWF should be taken into account in com-
putational simulations. These differences may be significant in
attempting to better understand the mechanisms of bleeding dis-
orders and assess pharmacological treatments for thrombosis.
Current pharmacological treatment for thrombosis involves an
inhibitor that blocks a specific glycoprotein receptor; thus, it
does not necessarily affect both vWF- and Fbg-dependent binding.
Thus, we investigated the effects of the distinct properties of
vWF and Fbg on the process of platelet adhesion and aggre-
gation on an injured surface using a computational simulation.
We used a general framework that was developed to examine the
collapse process of a primary thrombus using Stokesian dy-
namics based on the additivity of velocities (18, 19). However,
we modified the model of the intercellular molecular linkage to
address the distinct properties of Fbg and vWE, including their
receptors GP IIb/Illa and GP Iba. We conducted computations
for four different situations: no receptor deficiency, deficiency
of GP IIb/Il1a, deficiency of GP Iba, and deficiency of both GP
IIb/I1Ia and GP Iba. We compared our simulation results with
previously published in-vitro experimental results in which the
efficiency of platelet adhesion and aggregation under fluid shear
were investigated using plasma anti-receptor inhibitors (5).

Methods

The general framework that we used follows Stokesian dynamics
based on the approximation of the additivity of velocities, which
was used by Satoh et al. (23, 24) to examine ferromagnetic col-
loidal dispersions. We recently modified the method and devel-
oped an in-house numerical code to simulate the collapse pro-
cess of a primary platelet thrombus by modeling the binding
force mediated by the plasma proteins in place of magnetic force
(19). Here, we improved the model to deal with the binding force
caused by two distinct plasma proteins, i.e. Fbg and vWF.
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Figure |: Schematic illustration of the monolayer model for
the motion of platelets near the blood vessel wall under simple
shear flow. Platelets were idealized as solid spherical particles 2 jim in
diameter. The platelet particles were randomly positioned in the initial
configuration and inserted at the upstream end on x = 0 im within y =
0-20 um. The blood vessel wall was modeled as a large number of solid
spheres with diameter identical to that of the platelets. It was assumed
that the blood vessel wall particles downstream from x = 10 um possess
VWEF and Fbg plasma proteins. A simple shear flow with a shear rate of
5,000 s~' was imposed as the background flow.

Stokesian dynamics

Stokesian dynamics is a powerful method by which to trace the
motions of multiple particles in a suspension; it accurately ac-
counts for the hydrodynamic interactions between particles. Al-
though the approximation of the additivity of velocities is in-
ferior to the approximation of the additivity of forces (25) in the
reproduction of the lubrication effect, the calculation of the in-
verse matrix is unnecessary in the simulations (23, 24). Thus, the
additivity of velocities can considerably reduce the computation-
al time, which means that it is applicable to larger systems. Be-
cause we are interested in thrombus formation, which involves a
large number of platelets, a large system is desirable. Moreover,
the lubrication effect is thought to be insignificant in this system
because binding forces are dominant when the platelets are close
to each other.

We computed the motions of platelets near the blood vessel
wall boundary, where a simple shear background flow is imposed
(Fig. 1). The blood vessel wall is modeled as a large number of
solid spheres. The platelets are also idealized as solid spheres
with the same radius as those in the blood vessel wall. Although
this idealization is a major simplification, activated platelets have
more of a spherical shape than a disc shape (26). Activated pla-
telets possess extensive pseudopodia, but there is no accepted
model that appropriately deals with objects with similar complex
shapes. The plasma, which is the dispersed medium in our sys-
tem, was assumed to be an incompressible Newtonian fluid. Be-
cause the size of a platelet is about 2 pm, we can assume that the
flow field around platelets is governed by the Stokes equation.

Stokesian dynamics based on the additivity of velocities
caused by the force exerted on a particle yields a particle veloc-
ity of:

109

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Mori et al. Simulation of platelet adhesion and aggregation

Fbg VWF

GP IIb/IIla  GP Iba

@) (b)

Figure 2: Model for platelet-platelet ag-
gregation and platelet-surface adhesion
via plasma proteins and glycoproteins
(GPs). The force induced between two pla-
telet particles through two plasma proteins, i.e.
VWEF and Fbg, were modeled using a Voigt
model, which was composed of a parallel
spring and dashpot (a). Two Voigt models with
different parameters were used to express the
proteins’ distinct properties. GP lIb/llla and GP
Ibo, which are the main receptors for Fbg and
VWE, respectively, were modeled on the pla-
telet particle to reproduce the selective associ-
ation of the plasma proteins with the receptors
(b). Similarly, the force induced between the
platelet particles and blood vessel wall with
VWEF and Fbg was modeled (c).

v, =UGr, +1{LF S (a —LIJ-F+ S -F}+ 5, (1
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where U(r,) is the velocity of the background flow field at the
position of particle o. F; (i = o, B) is the force acting on particle
i; a is the particle radius, E is the background rate-of-strain ten-
sor; I is the unit tensor; a; and g; are the mobility tensors; and N
is the number of particles in the system (23, 24). The mobility
tensors a; and g;relate particle velocities to forces acting on each
particle, and rate-of-strain of the background flow, respectively.
Values for the mobility tensors can be found in standard texts,
e.g. Kim and Karrila (27). We considered

F=F"+F" @

where F,® is the binding force induced between particles by the
plasma proteins and F© is the contact force induced by the col-
lision of particles. The fluid flow and adhesion processes are
coupled by substituting equation 2 into equation 1. Through this
process, the velocity of a particle can be obtained under multi-
body hydrodynamic interactions along with the forces acting on
each particle from equation 1.

Since the platelets are too large for Brownian motion to be-
come important, it does not appear in equation 1. We ignored the
difference in density between the plasma and the platelets. The
rotational motion of particles was also ignored because the ro-
tational velocity at r due to the torque exerted on a particle at the
origin of the coordinate system decays as 72, where r is the dis-
tance, in the far field. In contrast, the velocity at r due to the force
exerted on a particle at the origin of the coordinate system decays
as 7!, which is much larger in the far field (27). The particle
positions were updated using Euler’s method:

(7)., =[] + Ay, ], (3)
where the subscripts ¢ and ¢ + At indicate the current and next
time step, respectively.

Modeling the binding force mediated by plasma
proteins
We assumed that the binding force, F,®, is induced exclusively by
two plasma proteins, i.e. Fbg and vWE, which are the main par-
ticipants in platelet adhesion and aggregation. These proteins
have highly distinct properties. To express this distinction, we
prepared two Voigt models, each of which possessed different pa-
rameters (Fig. 2a). The spring reproduces a chemical energy
change induced by the extension of macromolecules, and the
dashpot the flow resistance occurred in stretching the coiled mac-
romolecules. The preferential combination with GP Iba or GP
[Ib/I11a was modeled by considering receptors on the platelet par-
ticles (Fig. 2b). The associations between two specific particles
due to the Fbg and vWF models were assumed following experi-
mental observations (4) as follows: the association mediated by
the Fbg model was formed when GP IIb/I11a receptors occurred
on both particles; the association mediated by the vVWF model
was formed when GP Iba receptors occurred on both particles.
Fbg and vWF occur as long-chain macromolecules in the
plasma. For example, vWF forms a multimer that can have mo-
lecular weights of 500,000-2,000,000 M. The structure is fila-
mentous with a diameter of 2-3 nm and a length of up to 1,300
nm, approaching the diameter of a platelet, or loosely coiled with
an apparent diameter of 200-300 nm (7). The size is functionally
well regulated because of factors of fluid mechanics such as
shear stress. To reproduce their function as long-chain protein
molecules, we assumed that a binding force between two par-
ticles i and j can be formed when the particles become close to
each other within a specific distance of L,= 0.5 um, i.e. |s| <L, is
satisfied, where s indicates the separation vector expressed as

i‘/—i‘i

{r,~n |2 4)

§=—
[r =]

In addition to these qualifications, we set the following dis-
tinctive rules for Fbg-GP 1Ib/I1la and vWF-GP Iba associations.
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To reproduce the efficiency of the Fbg-GP IIb/I1la association at
low shear rates (4), we assumed that the Fbg-GP IIb/I1]a associ-
ation is formed only when the difference in velocity between two
particles is less than a specific value, U,.,= 5.5 x 107 [m/s]: [v;—
v,| U, In contrast, to reproduce the reversibility of vWF-GP
Iba associations (4), we assumed that the vWF-GP Iba associ-
ation persists only for a specific time, 7, = 0.5 [s]. Additionally,
we assumed that the dissociation occurs when |s| exceeds €L, |s|
> gL, where € is the maximum stretch of the spring and is 1.05.
Note that, for the vVWF-GP Iba association, such threshold of dif-
ference in velocity as U, in Fbg-GP IIb/I11a association was not
assigned. These rules are qualitatively consistent with former ex-
perimental observations (4).

The Voigt models were set to resist only against the stretch,
and the force exerted between the particles i and j is given by

As |
F@) = s \‘K(P) §|—L 1— (p)| 5
ij |S| {I ‘ 0} '7 At ( )

where K®) and @ are the spring elastic modulus and the damper
viscous coefficient, respectively, and At is a time interval. The
force expressed by equation 5 was calculated for each Voigt
model. The parenthetic superscript (p) is replaced with (vVWWF) or
(Fbg). Eventually, the binding force acting on a particle i is ex-
pressed as

F;(h) _ ZF;vWF) + ZF;W)' (6)

Contact force

Essentially, the lubrication effect caused between nearly touch-
ing particles induces a very large hydrodynamic force that deters
the direct collision of the particles. Stokesian dynamics has the
ability to reproduce the lubrication effect. In our system, how-
ever, introducing the binding force caused by the plasma proteins
and the approximation of the additivity of forces induces the col-
lision of particles. As in a previous study (18), we modeled the
contact force caused by the collision using the Voigt model, simi-
lar to the binding force, but the contact force was assumed to
occur only when the particles satisfied:

|r,—r|-2a<\ (7
The force is expressed as:

, , S lAs |
F(():LLK«) l— @)‘_J, 8
e ey ®)

where K© and n(© are the spring elastic modulus and the damper
viscous coefficient, respectively. Here, the spring expresses the
elastic collision, and the dashpot the resistance induced by the
surrounding fluid. The contact force acting on a particle i is ex-
pressed as

FO=Y R 9)

Conditions for the simulation
We considered a monolayer system in which the centers of par-
ticles are in the same x-y plane, although the flow field is fully

Table I: Parameters used for the background flow field, the dis-
perse medium, the particle, the contact force model, and the
Voigt model for vVWF and Fbg.

Background flow Shear rate v=5000 [s]
field
Disperse medium | Viscosity 1=10.797 x 107 [Pass]
Particle Radius a= 1.0 [um]
Contact force Elastic modulus K =40 x 10°[N/m]
model Viscous coefficient | 7 =8.4x 107 [N/(m/s)]
Elastic modulus KOWA = 6,0 x 108 [N/m]
Viscous coefficient | 1 #"A =3.3 x 1073 [N/(m/s)]
X)‘fg‘v{;;fde' Natural length L= 0.5 [um]
Maximum stretch €= 1.05
Duration T =057[s]
Elastic modulus K(Fe) = 1.2 x 10° [N/m]
Viscous coefficient | 712 = 4.6 x 103 [N/(m/s)]
X)"riitb’;“e' Natural length Ly = 0.5 [um]
Maximum stretch e=1.05
Threshold Ugee = 5.5 x 1072 [mls]

three-dimensional (Fig. 1). The monolayer is used to reduce the
computational load; we could thus simulate a blood vessel wall
boundary of 200 wm in length. A simple shear flow in the x-y
plane with a shear rate of = 5,000 s~! was imposed as the back-
ground flow field, which is expressed as U(r) = yy9,. For this
case, the rate-of-strain tensor E has only E|, and E|, as non-zero
components such that E,, = E,,. = 2. The viscosity of the dis-
persed medium was assumed to be that of water, i.e. u =0.797 x
1073 Pa s. The blood vessel wall surface was modeled as discrete
spherical particles of 2.0 \m in diameter that were lined on y =0.
The motion of the blood vessel wall particles was constrained.
Platelet particles were continuously inserted at random vertical
positions within y = 1-20 um on x = 0 um. Because few proper-
ties of the plasma proteins are known, we conducted supplemen-
tal simulations with K= 6.0 x 108 N/m, n®""=3.3 x 1073
N/(m/s), K2 = 1.2 x 10° N/m, and "0 = 4.6 x 1073 N/(m/s).
We have found that these parameter settings are critical, with
which the stability of thrombus formation starts to break. We
consider that it is important to understand the mechanical phe-
nomenon at this critical point. Similarly, for the properties of the
Voigt model for the contact force, we set K©=4.0x 103 N/m and
N = 8.4 x 107 N/(m/s), obtained from supplemental simu-
lations. These parameter values affected the results quanti-
tatively, but not qualitatively. However, the results obtained using
these parameters agreed well with previous experimental results
(5). The time increment A¢ was set at 1.0 x 10~ s. The parameter
settings are summarized in Table 1.

We analyzed four different cases in which the GP Iba or
GPIIb/IIIa receptors were selectively blocked. These cases mi-
micked the conditions of previous in-vitro experiments (5) in
which platelet adhesion and aggregation were estimated under
the selective inhibition of GP Iba or GP IIb/IIa. In case 1, both
of the receptors were inhibited; in case 2, only GP IIb/I1la was in-
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Figure 3: Configurations of platelet par-
ticles at three different time points in
the computation for case I, in which
both receptors were inhibited. a) t = 0.0 s.
b) t = 2.0 s. ¢) t = 4.0 s. Neither platelet ad-
hesion nor platelet aggregation occurred be-
cause of the fully inhibited receptors.

ine=2,000 [soc]

Figure 4: Configurations of platelet par-
ticles at three different time points in
the computation for case 2, in which only
GP Ilb/llla receptors were inhibited. a) t
=0.0s.b)t=2.0s.c) t=4.0s. Particles flow-
ing near the blood vessel wall could transiently
adhere onto the wall via the VWF-GP Ibat in-
teraction, indicated by gray open circles. This
transient adhesion did not lead to stable aggre-
gation.

hibited; in case 3, only GP Iba was inhibited; and in case 4,
neither of the receptors were inhibited. We assumed that the
blood vessel wall particles possessed the Voigt models for both
vWF and Fbg, reproducing the blood vessel walls on which vWF
and Fbg are immobilized (Fig. 2¢). In all four cases, the initial
configuration of the particles and the position and time at which
the particles were inserted were identical.

Results and discussion

In case 1, in which both receptors were inhibited, neither platelet
adhesion nor platelet aggregation occurred (Fig. 3). In case 2, in

which only GP IIb/Illa receptors were inhibited, the particles
flowing near the blood vessel wall adhered onto the wall via the
vWEF-GP Ibo interaction (Fig. 4). However, the particles did not
irreversibly adhere to the wall because the vVWF-GP Iba inter-
action is transient. Thus, a platelet aggregate did not form on the
wall, although slight incidental platelet aggregation occurred. In
cases 3 and 4, in which the GP IIb/Illa receptors were functional,
an irreversible platelet adhesion occurred because of the Fbg-GP
[Ib/IIa interaction (Figs. 5 and 6). In these two cases, the ad-
hered platelets subsequently recruited additional flowing pla-
telets, leading to platelet aggregation that built up a thrombus in
a vertical direction from the blood vessel wall. In case 4, the as-
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Figure 5: Configurations of platelet par-
ticles at three different time points in
the computation for case 3, in which only
GP Ibo. receptors were inhibited. 2) t =
0.0 s.b) t =2.0s. c) t = 4.0 s. Platelet adhesion
occurred irreversibly because of the Fbg-GP
lIb/llla interaction, indicated by gray filled
circles. The adhered platelets recruited addi-
tional flowing platelets, leading to platelet ag-
gregation. The formed aggregates reached up
to 10 um in height, but did not develop higher
because the difference in velocity between the
flowing platelets and those at rest on the ag-
gregate exceeded the threshold, defined as
UOC['

tine=2,000 [soc]

Figure 6: Configurations of platelet par-
ticles at three different time points in
the computation for case 4, in which
there was no receptor inhibition. a) t =
0.0s.b) t=2.0s.c) t=4.0s. In contrast to
case 3, the aggregate developed higher than

[0 um. Even at high positions where there was
a great difference in velocity between flowing
and aggregated particles, flowing particles
could join the aggregation via the vWF-GP Ibou
interaction. This aggregation caused by the
VWEF-GP Ibat interaction allowed the particles
to aggregate firmly through the Fbg-GP lIb/llla
interaction, leading to more significant devel-

opment of the aggregate than in case 3.

sociation and the dissociation of vVWF-GP Ibo interaction are re-
peated between the platelets forming the thrombus on the wall,
although the thrombus is maintained because of the co-existence
of the Fbg-GP IIb/Illa interaction.

To estimate the extent of adhesion and aggregation, we
measured the number of platelet particles that adhered to the
blood vessel wall (Fig. 7) and the maximum height of the aggre-
gates (Fig. 8). A significant increase in the number of adhered
platelets over time occurred only in cases 3 and 4. The difference
between these two cases in the number of adhered platelets was
not remarkable, although the number tended to be somewhat
larger in case 4 than in case 3 and approached 45 and 50 at 30 s

in cases 3 and 4, respectively (Fig. 7). Eventually, platelets cover-
ed almost the entire surface of the blood vessel wall (results not
shown). In contrast, in case 2, the number of adhered platelets re-
mained at less than 20.

The thrombus height did not develop higher than about
12 um in case 3 (Fig. 8) because the difference in velocity be-
tween flowing platelets and those at rest on the thrombus ex-
ceeded the threshold of U,,. However, in case 4, in which all re-
ceptors were functional, the aggregate became higher than
12 um. The vWF-GP Ibo interaction, which is efficient even at
high shear, allowed the Fbg-GP IIb/111a interaction to be possible
at higher positions where high velocity differences can occur. In
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Figure 7: Time course of the number of platelet particles ad-
hered to the blood vessel wall. A significant increase in the number
occurred only in cases 3 and 4. The difference in the number of adhered
platelet particles was not remarkable between cases 3 and 4, although it
was somewhat larger in case 4. In case 2, the number of adhered pla-
telet particles was less than 20 because of transient adhesion.

case 2, the incidental formation of aggregates occurred, but was
transient (Fig. 8).

To demonstrate the reliability of our results, we compared
them with previous experimental results. Goto et al. (5) examin-
ed the effect of the inhibition of GP Iba and GP I1b/I11a on the ex-
tent of platelet aggregation at a shear rate of 5,400 s™'; thus, the
experimental conditions were similar to those in our com-
putations. Goto et al. (5) observed that platelets can aggregate
only when both the Fbg-GP IIb/Illa and vWF-GP Iba inter-
actions can occur. Our results qualitatively agree with these gen-
eral observations, indicating that the significant development of
thrombus height requires both GP Ibaw and GP IIb/IlIa. This
agreement of simulation and experimental results qualitatively
validates our model, in which some rules for the associations of
vWEF-GP Iba and Fbg-GP IIb/I1la were determined phenomeno-
logically.

Our results suggest that the consideration of the distinct roles
of Fbg and vWF is essential in investigating the physiological
and pathophysiological mechanisms of thrombus formation
using a computational approach. The methods proposed in pre-
vious computational analyses (13—19), which did not consider a
distinction between these two proteins, cannot reproduce the
phenomena that were observed in in-vitro experiments (5); our
model does reproduce these phenomena. This implies that our
proposed model has the potential to answer questions regarding
the pathophysiological mechanisms of thrombus formation such
as why a thrombus progresses at sites of disease, e.g. in athero-
sclerosis, and obstructs the vessel lumen, but does not develop to
the point of obstruction in physiological haemostasis.

Our results should be interpreted under the following limi-
tations. First, the simulation was conducted using a monolayer
system. Extending the model to a three-dimensional system may
quantitatively affect the results. Second, our parameter setting
does not consider the precise biochemical behavior of the pro-
teins. Rather, the parameter values for the proteins were set phe-

Figure 8: Time course of the maximum thrombus height. Signifi-
cant platelet aggregation occurred only in cases 3 and 4, in which irre-
versible platelet adhesion occurred. The height of the thrombus in case 3
did not exceed 12 um, whereas the thrombus in case 4 was up to

24 um in height at 30 s.

nomenologically and were static. However, vVWF can change in
size depending on the magnitude of the shear rate that it experi-
ences (28). Thus, the proteins exhibit highly dynamic behavior
under blood flow, which may affect the process of thrombus
formation. Dynamic and biochemically reliable parameter set-
tings should be introduced into the model in the future. A possi-
ble method for predicting these parameters may be through the
use of molecular dynamics. Neglecting vVWF-GP 11b/I11a associ-
ations is another limitation in the present study. Considering
vWE-GP IIb/II1a associations might be essential for quantitative
observation, and we need to investigate it in further study. How-
ever, we expect that vVWF-GP IIb/Illa associations are quali-
tatively not significant. The previous experiments have shown
that functional inhibition of the GP IIb/Il1a does not significantly
abolish the interaction of platelets through vWF (4).

Conclusion

We proposed a method based on Stokesian dynamics that simu-
lates thrombus formation under simple shear flow while taking
into account the distinct behaviors of two different plasma pro-
teins, vVWF and Fbg. We conducted computations for four differ-
ent situations with respect to deficiencies of the receptors GP
Ibo and GP IIb/IIa, corresponding to previous experimental
conditions (5). There was qualitative agreement between the
simulation and experimental results. The significant devel-
opment of thrombus height requires both vWF-GP Ibo and Fbg-
GP IIb/111a interactions. The consideration of the distinct roles of
vWEF and Fbg is essential in investigating the physiological and
pathophysiological mechanisms of thrombus formation using
computational approaches. Although it is necessary to account
for the dynamic biochemical behavior of the proteins in future
studies, our model may be a powerful tool for answering ques-
tions regarding the pathophysiological mechanisms of thrombus
formation.
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