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Modelling of thrombus growth and growth stop in flow
by the method of dissipative particle dynamics
A. TOSENBERGER∗2 , F. ATAULLAKHANOV3 4 5 6 , N. BESSONOV7 ,
M. PANTELEEV3 4 5 6 , A. TOKAREV3 4 , and V. VOLPERT ∗ 2 8
Abstract — Platelet aggregation at the site of the vascular injury leads to the formation of a hemostatic
plug covering the injury site, or a thrombus in the pathological case. The mechanisms that control clot
growth or lead to growth arrest are not yet completely understood. In order to study these mechanisms
theoretically, we use the Dissipative Particle Dynamics method, which allows us to model individual
platelets in the flow and in the clot. The model takes into account different stages of the platelet
adhesion process. First, a platelet is captured reversibly by the aggregate, then it is activated and
adheres firmly, becoming a part of its core. We suggest that the core of the clot is composed of platelets
unable to attach new platelets from the flow due to their activation by thrombin and/or wrapping by
the fibrin mesh. The simulations are in a good agreement with the experimental results [9]. Modelling
shows that stopping the growth of a hemostatic plug (and thrombus) may result from its exterior part
being removed by the flow and exposed its non-adhesive core to the flow.

In the case of damage of a blood vessel wall its integrity should be restored. The
blood clotting system executes this task. After a short time (several minutes), this
system forms a hemostatic plug at the site of the injury, i.e., a temporary barrier
which prevents blood leakage from the vessel. Disturbances in the regulation of
plug formation may lead to severe disorders, from bleeding to thrombosis [6]. In
order to prevent blood loss and, at the same time, to preserve the ability of blood to
flow through the vessel, the hemostatic plug should have a finite size. In other words,
its growth should stop when the plug has a certain size. Currently, the mechanisms
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that control the growth or stop the growth of a platelet plug are poorly understood
despite extensive experimental and theoretical studies [3, 28].
The skeleton of a hemostatic plug is formed by aggregated platelets, i.e., specialized blood cells which are always present in blood and which are able to quickly
adhere to the site of an injury and then to each other. Platelet adhesion to the active surface (a damaged vessel wall or a growing platelet aggregate) is a multi-step
process: first a platelet is captured by binding its receptor GPIb to the molecules of
immobilized von Willebrand factor (vWf), then the platelet becomes activated and
is strongly bound to the place of the capture by its integrin receptor GPIIbIIIa [18].
The initial capture of the platelet is reversible, and most of them tear off singly or
as a part of an embolus [3, 9, 18]. The space between tightly aggregated platelets is
filled by fibrin polymer, which is a product of the plasma coagulation cascade [9].
Thus, the growth of a platelet plug (or a thrombus) happens through continuous removal of its exterior layers and by formation of a solid platelet-fibrin conglomerate.
The central enzyme of the plasma coagulation cascade, i.e., thrombin, which
converts fibrinogen to fibrin, is also the strongest platelet activator [25]. Thrombin
in a low concentration activates platelets to an adhesive state through platelet receptor PAR1 (receptors GPIIbIIIa are in the 1st affinity state); in a high concentration
it activates platelets to an aggregating state through platelet receptor PAR4 (receptors GPIIbIIIa are in the 2nd affinity state) [7, 19]. However, a high concentration
of thrombin and especially thrombin with collagen activate some of the platelets
to a so-called coated state (receptors GPIIbIIIa are inactive, the platelet surface is
densely coated with platelet-derived proteins) [8, 17, 33]. Coated platelets are not
capable to aggregate, but they catalyze many reactions of the plasma coagulation
cascade, i.e., the production of thrombin and fibrin. Paradoxically, a decrease in the
number of these apparently procoagulant platelets is not antithrombotic, but rather
accelerates thrombosis in mice [13]. The physiological role of platelet activation
by these two very different routes, as well as the influence of fibrin network on
platelet aggregation are unknown. However, the existence of the thrombin–coated
platelets–thrombin positive feedback loop suggests that the central part of the plug
(thrombus) well protected from the washing effect of the blood flow is characterized
by 1) platelet activation to the coated state in the core and to aggregating state in the
exterior part of the clot, and 2) a large amount of fibrin.
In this paper we propose and test in numerical simulations the following hypothesis. A platelet plug (thrombus) stops growing because of the exposure of its
core to the flow. This core consists mainly of non-adhesive platelets coated and/or
wrapped by a fibrin mesh; this exposure happens, as the flow removes the exterior
part of the clot consisting of weakly coupled non-activated platelets.

1. Method
1.1. Dissipative particle dynamics
We use the Dissipative Particle Dynamics (DPD) method in the form described
in the literature [11, 12, 16]. It is a mesoscale method, meaning that each DPD
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particle describes some small volume of a simulated medium, rather than an individual molecule. The method is governed by three equations describing the conservative, dissipative, and random force acting between each two particles:
FCij = FiCj (ri j )r̂i j

(1.1)

D
FD
i j = −γω (ri j )(vi j · r̂i j )r̂i j

(1.2)

ξi j
FRij = σ ω R (ri j ) √ r̂i j
dt

(1.3)

where ri is the vector of the position of the particle i, ri j = ri − r j , ri j = ri j ,
r̂i j = ri j /ri j , and vi j = vi − v j is the difference between the velocities of two particles, γ and σ are coefficients which determine the strength of the dissipative and
the random force respectively, while ω D and ω R are weight functions; ξi j is a normally distributed random variable with zero mean, unit variance, and ξi j = ξ ji . The
conservative force is given by the equality
(
ai j (1 − ri j /rc ) , ri j 6 rc
FiCj (ri j ) =
0,
ri j > rc

(1.4)

where ai j is the conservative force coefficient between the particles i and j, and rc
is the cut-off radius.
The random and dissipative forces form a thermostat. If the following two relations are satisfied, the system will preserve its energy and maintain the equilibrium
temperature:

2
ω D (ri j ) = ω R (ri j ) ,
σ 2 = 2γkB T
(1.5)
where kB is the Boltzmann constant and T is the temperature. The weight functions
are determined by:
ω R (ri j ) =


(1 − ri j /rc )k , ri j 6 rc

(1.6)

ri j > rc

0,

where k = 1 for the original DPD method, but it can be also varied in order to
change the dynamic viscosity of the simulated fluid [11]. The motion of particles is
determined by Newton’s second law of motion:
dri = vi dt,

dvi =

where mi is the mass of the particle i.

dt
mi

∑

j6=i

R
FCij + FD
i j + Fi j



(1.7)
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We have used the Euler method and a modified version of the velocity-Verlet
method [1, 12], which provides better accuracy. In the former,
1
Fi (rni , vni ) dt
mi
rn+1
= rni + vin+1 dt
i

vn+1
= vni +
i

(1.8)
(1.9)

where indices n and n + 1 denote time steps, and

R
Fi = ∑ FCij + FD
i j + Fi j .

(1.10)

j6=i

Discretization in the second method is as follows:
1
rn+1
= rni + vni dt + ani dt 2
i
2
1
n+ 1
vi 2 = vni + ani dt,
2
1  n+1 n+1/2 
n+1
ai = Fi ri , vi
mi
1
n+1/2
dt
vn+1
= vi
+ an+1
i
2 i

(1.11)
(1.12)
(1.13)
(1.14)

where ani denotes the acceleration of the particle i at the nth time step. Both methods
give close results.
The behaviour of the DPD method, as well as its suitability for the problem of
fluid simulation is well described in the literature [10–12, 16, 23]. In [10, 11] DPD
simulation results are compared with the results obtained by using continuous methods (Navier–Stokes and Stokes equations) for Couette, Poiseuille, square-cavity and
triangular-cavity flow.
Simulations of the Poiseuille flow were used to calibrate the values of DPD parameters in order to make the viscosity of the simulated medium correspond to the
viscosity of blood plasma [32] (≈ 1.24 mPa s). Since blood plasma can be considered as a Newtonian fluid, the viscosity of the simulated medium was calculated
using the steady-state solution of 2D Navier-Stokes equations for an incompressible
fluid. All simulations were done for 50µm-wide channel, density of 103 kg/m3 and
the average flow velocity of 2.4 cm/s. Figure 1 shows the results of the Poiseuille
flow simulated with the DPD method and with the values of parameters indicated
above. The density distribution is uniform and the distribution of velocity in the direction tangential to the vessel wall is parabolic. Velocity and density profiles were
obtained by averaging particle density and velocity through 105 time steps.
1.2. Platelets
We model platelets as soft spherical particles similar to the particles of fluid in the
DPD. The radius of all particles (fluid and platelets) and their mass are chosen to
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Figure 1. Poiseuille flow simulated with DPD: uniform density distribution (left) and parabolic velocity distribution (right).

correspond to the radius and the mass of the platelets. In our simulation the physical
radius is set to 1µm and the mass is chosen in such a way, that the particle density
corresponds to the density of the blood plasma (≈ 103 kg/m3 ). The interactions between all particles are then governed by DPD, as described in the previous section,
with additional adhesion force acting between the platelets. By virtue of the clot
mechanical properties [5, 31], the adhesion force is modelled as a pairwise force
between two platelets expressed in the form of Hooke’s law:


ri j
A
A
Fi j = k 1 −
r̂i j
(1.15)
dC
where kA is the force strength constant and dC is the force relaxation distance, which
is equal to two times the physical radius of the platelets. As the platelet becomes
bound due to its surface adhesion receptors, two platelets in the flow merge when
they come in a physical contact, i.e. ri j 6 dC (connection criterium). The platelets
remain connected until their distance exceeds some critical value dD (disconnection
criterium) which is greater then dC . We set dD equal to 1.5 times the platelet diameter. Note that the disconnection distance can be expressed through the adhesion
force.
1.3. Time-dependent platelet adhesion force
Platelet adhesion is a complex multi-step process, which involves adhesion receptors of at least two different types and the process of platelet activation [18, 26, 27].
First, the platelet is captured from the flow through weak GPIba bonding, then it is
activated and forms stable adhesion through firm integrin bonding. The latter step
cannot take place without the first one due to kinetic restrictions, and the first step is
reversible and cannot result in stable adhesion. Since we do not explicitly introduce
the kinetics of receptor binding in the model, we need to take into account the time

6

A. Tosenberger et al.

evolution of the adhesion force. Adhesion becomes stronger with time. A constant
coefficient kA in equation (1.15) is substituted with a time-dependent function f A :


ri j
r̂i j
(1.16)
FAij = f A (ti j ) 1 −
dC
where f A is the function depending on time and ti j is the duration of the connection
between the platelets i and j. We study two cases: the first, in which the function f A
is linear, and the second, in which f A is a step function.
In the linear case the function f A is defined in the following way:
f A (ti j ) = aA ti j + bA

(1.17)

where bA is the initial adhesion force strength, and aA is the increase rate of the
adhesion force. In the step function case, f A is defined as follows:
(
fwA ,
ti j < tc
A
f (ti j ) =
(1.18)
A
fs ,
otherwise
where fwA is the strength coefficient of the weaker connection, fsA is the strength coefficient of the stronger connection and tc is the time needed for the weak connection
to transform into the stronger one.
1.4. Boundary conditions
As with other particle methods, an important and delicate question is how to define
the boundary conditions. To simulate a part of a blood vessel in our 2D model, three
types of boundaries are used: solid, inflow and outflow. Depending on the choice of
the solid boundary conditions, density oscillations or errors in the velocity profile
may occur [10, 21, 29]. Figure 1 shows the correct density and velocity profiles for
the Poiseuille flow obtained with the use of the solid boundary conditions described
below.
The no-slip solid boundary model, which represents a blood vessel wall, consists
of two parts. The first part acts in the direction tangential to the boundary and implies
the parabolic velocity profile on the particles near the walls. Tangential velocity
profile is measured during the simulation and for each particle near the wall an
additional force is applied in the tangential direction. A precise expression of that
force is given by the equation:
F =m

(v0 − v)
∆t

(1.19)

where v is the tangential part of the current velocity of the particle, v0 is the velocity
given by the corresponding solution of Navier–Stokes equations for incompressible
fluid in a Poiseuille flow, ∆t is the time step. This ensures a correct velocity profile
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in the near-wall regions of the simulation domain. Even though this model works
well, a more correct model should be used in simulations with platelets.
The other part of the solid boundary model applies additional force in the normal direction to the particles near the boundary. This force replaces the force which
would be acting on a particle near the boundary if there were also particles on the
outer side of the boundary. In that way, the balance of DPD forces is preserved in
the near-wall regions, and thus the density distribution remains the same as in the
middle of the simulation domain. In order to know exactly the amount of force to
apply to a particle near the solid boundary, the ‘force density on a particle’ in the direction perpendicular to the solid boundary is measured in the bulk of the flow [11].
Consider the particle pi in the bulk of the flow, and assume that there are n particles
within the rc radius of the particle pi . Let us denote those particles as p1 , . . . , pn , and
parts of their coordinates which are orthogonal to the solid boundaries as y1 , . . . , yn ,
and similarly denote with yi the orthogonal part of coordinates of the particle pi .
Now we can write the force density function for the particle pi :
Fpi (h) =

1
2

∑


R
FCij + FD
i j + Fi j · ŷ

(1.20)

j=1,...,n
|yi −y j |>h

where ŷ is the unit vector orthogonal to the solid boundary.
To have a more precise force density function, we can take the average of Fpi
for all particles which are not in the wall region. We can also measure force density
over some simulation time and again take the average.
The outflow boundary is modelled in such way that all particles crossing it are
being deleted. To ensure a good density distribution near the outflow boundary, the
same force density function, as the one for the solid boundary is used. This force is
applied in the direction orthogonal to the outflow boundary.
The inflow boundary is, however, modelled in a more complex way. At the inflow boundary the creation of new particles which will enter our simulation domain
is needed. In order to do it correctly and to create plasma and platelet particles with
no predefined position, a particle generation area is used in front of our simulation
domain. The generation area (GA) works independently of the simulation area (SA).
The solid boundaries in the GA are modelled in the same way as in the SA, but the
inflow and outflow boundaries are in fact modelled as periodic boundaries, meaning
that the particle that exits GA via the outflow boundary reappears on the GA inflow
boundary, creating an infinite flow loop. Besides, particles from GA do not perceive
the particles from SA, but the particles from SA perceive the particles from GA. For
each particle which crosses the GA outflow boundary an exact copy is made at the
SA inflow boundary, and that new particle is joined the SA. Once the particle has
joined the SA, it can return for a short time to GA, but it remains assigned to SA
and does not influence the particles from the GA. Furthermore, when it crosses back
from GA to SA, it does not generate a new particle. All this insures the integrity and
correctness of the GA and non-biased creation of particles for the SA.
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Figure 2. Particle Generation Area (GA) and Simulation Area (SA).

2. Results
The values of the parameters are chosen in such a way that they correspond to the
vessel of 50µm in diameter and 150µm long (of which, the first 50µm is a Particle
Generation Area followed by 100µm of Simulation Area, as shown in Fig. 2). The
density and the viscosity of the simulated medium are chosen to correspond to the
density and viscosity of blood plasma. The average velocity of the flow is chosen to
be 24 mm/s. To initiate clotting, at the beginning of the simulation, several stationary
platelets are positioned next to the lower vessel wall in the Simulation Area.
In order to verify the DPD parameters and the method applicability for nonsymmetric flows, density and velocity analysis was performed in all simulations.
The analysis was done by averaging the data over a short period of time. As it is
shown in Fig. 1, in the simulation without a clot, the density profile was uniform
and the velocity profile was parabolic. With the clot growth, the velocity profile
would change with the increase of the velocity in the clot region due to narrowing
of the vessel (see Fig. 3).
2.1. Constant coefficient of adhesion force strength
We study the clot growth and its dependence on the platelet adhesion force, as well
as on the flow velocity, which can influence the clot growth and breakage. The latter
may occur due to the flow pressure on the clot.
In the case of a constant coefficient of adhesion force (1.15) three basic types
of clot growth were observed. For too small values of kA platelets would not attach
to the initial clot, while for too big values the clot would constantly grow without
breaking. The most interesting behaviour was observed with medium values: the
clot would grow to a certain size, and when the stress on the clot from the flow

Modelling of thrombus growth

9

Figure 3. Velocity distribution in simulation of a flow in a blood vessel with a large clot: velocity
near the clot increases due to narrowing in the blood vessel.

would overcome the strength of the adhesion forces between the platelets, the clot
would break and would be carried by the flow. The snapshots of this process and its
stages are shown in Fig. 4, while the clot growth in this case can be seen in Fig. 7. In
simulations with a constant adhesion force the clot breaking mostly occurred near
the initial clot.
2.2. Time-dependent platelet adhesion force
The use of time-dependent platelet adhesion force allowed the creation of the clot
core, in which the forces between the platelets are stronger than the ones between the
newly attached platelets in the outer part of the clot. In the first case, the ageing force
was linear (see (1.17)). The most important stages of this simulation are presented
in Fig. 5. Starting from several platelets initially placed near the boundary, the clot
starts to grow. As the clot grows, the bonds between the platelets become stronger
depending on the time of their attachment to the clot. When the clot becomes big
enough, and the stress on it from the flow becomes too high, the part with weaker
connections breaks off, leaving the core of the clot still connected to the blood vessel
wall. However, as it can be seen in Fig 5, the shape of the remaining part of the clot
does not correspond exactly to biological observations.
In the second case, the force ageing was introduced by a step function (1.18),
which can be easier justified from the biological point of view: the transformation
from weak reversible connections between platelets to strong irreversible ones happens quite quickly compared to the total time needed to complete the coagulation
process. The key moments of the simulation performed with a step function model
can be seen in Fig. 6. The clot grows and at the same time the core of the clot is
formed. After the exterior part of the clot is removed by flow, the clot core stays
attached to the blood vessel wall.
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Figure 4. Snapshots of clot growth in a simulation with a constant platelet adhesion force coefficient.
When it becomes sufficiently large, the force exerted by the fluid breaks the clot and it flows away.

Figure 5. Snapshots of clot growth for linear time-dependent adhesion force (older connections are
depicted with darker red colour): (a) initial clot, (b) small group of platelets connected with still weak
adhesion forces, (c), (d) and (e) clot rupture, (f) continuation of clot growth.
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Figure 6. Snapshots of clot growth for step time-dependant adhesion force (older connections are
depicted with darker red colour): (a) initial clot, (b) and (c) elongated clot with mainly weak connections, (d) clot core with mainly strong connections after rupture, (e) continued clot growth, (f) fully
formed clot core after rupture.

(a)

(b)

(c)
Figure 7. Clot growth and breakage for three different platelet adhesion force models : (a) constant
force coefficient, (b) force coefficient as a linear function, (c) force coefficient as a step function.
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Three graphs presented in Fig. 7 show the clot growth in time for the three
models studied above. The first graph corresponds to the model with the constant
adhesion force coefficient. It shows how with each clot rupture, the whole clot is
carried away by the flow, leaving behind only the initial clot. The second graph in
Fig. 7 shows how the linear model after the rupture leaves the clot core attached to
the blood vessel wall. However, it also shows that the clot has a tendency to continue
to grow after a rupture occurs. Finally on the last graph we can see the cloth growth
for the step-function model. It shows how after some time the clot core forms, and
after several subsequent ruptures, the core remains the same.
2.3. Arrest of clot growth
At the next step of this modelling, we take into account that, once a platelet becomes
a part of the clot core, it is protected from connections to new platelets by a fibrin
network.
In this case, we need to introduce an additional repulsing force between the
platelets of the core and the new platelets coming from the flow. Indeed, now there
exists the possibility of two platelets being in physical contact without becoming
attached. To prevent such pairs of platelets from occupying the same space, an additional force is introduced between them. This force exists only if two non-connected
platelets are in physical contact, i.e., the distance between their centres is less then
the platelet diameter.
Figure 8 shows the clot growth for this modified step-function model. At the first
stage of the clot growth, its mass increases linearly in time. Then the clot ruptures
and does not change any more, because new platelets cannot connect to the platelets
of the clot (Fig. 8a). The final form of the clot is shown in Fig. 8b. The final form of
the clot for other values of parameters just after its rupture is shown in Fig.8c.

3. Discussion
One of the most important and vital issues in the field of hemostasis and thrombosis is the issue of stopping a thrombus growth. Various mechanisms have been
suggested to act under different conditions, including thrombomodulin-dependent
pathway [20], action of the flow [2], or fibrin ‘cup’ formation [15]. However, all
these mechanisms require fibrin formation, and it is known to be strongly inhibited by the flow [24]. Here we show that this effect can be achieved via a simple
regulatory mechanism, wherein the thrombus is composed of a stable core and dynamically changing loose periphery. The core is protected from the flow and is stabilized; it does not attach other platelets strongly either because of fibrin coating,
or high percentage of platelets with inactivated integrins [8, 13]. Once the periphery
is detached by the flow, the thrombus stops growing. Additional experiments are
required to test this prediction.
In the step-function (time-dependent) model we have used time delay needed for
connected platelets to become activated and strongly connected. Physiologically,
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(a)

(b)

(c)

Figure 8. Clot growth and breakage for the step-function model with added resistance of the clot core
to adhesion of new platelets. Clot mass as a function of time (a) and final form of the clot for two sets
of parameters (b) and (c).

the activation of platelets is, first of all, related to the production of fibrin and its
diffusion in the flow. We do not explicitly introduce fibrin in the model and replace
its effect by the time delay to reinforce the platelet connections. Therefore, this
model is an approximation of a more complex phenomenon. Nevertheless, it gives
an insight into modelling platelet interactions, clot growth and clot rupture. It is
the first step towards a more complete model of blood coagulation where fibrin
concentration would be taken into account.
Other approaches to blood coagulation modelling using particle methods are
discussed in [22,30]. The forces acting on the platelets are introduced in these works
in a different way. In particular, platelets are attracted to the site of the vessel wall
injury, and clot growth termination is not studied.

4. Appendix. Numerical implementation
In order to develop a simulator for the described model, C++ programming language
was used, because it has all the needed features. It is an intermediate-level language,
which enables rapid and more robust software development and, at the same time,
gives a possibility of ‘low-level’ optimization; it is object-oriented which enables
software modularity; it is fast compared to other programming languages with similar abilities; it has a large number of already developed additional libraries, which
leaves more time to focus on the model implementation. The integrated development environment (IDE) of choice was MS Visual Studio 2008, accompanied with
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Figure 9. Schematics of optimization technique for calculation of inter-particle forces.

Microsoft Foundation Classes (MFC) for the development of the graphical user interface, OpenMP for parallelization, and MathGL for the plotting of graphs for the
purpose of analysis of data generated by the simulator. All the code debugging was
done in MS Visual Studio.
In DPD simulations most of the total computational time is spent on calculations of inter-particle forces, therefore, this is the part of the code where optimisation would have the largest impact. Usually, the cut-off radius of inter-particle
force in DPD (rc ) is much smaller than the sizes of the simulation domain, thus
the calculation of forces between all possible pairs of particles is very inefficient,
because most of such pairs have an inter-particle distance larger than the cut-off radius. In order to avoid as many pairs of particles as possible, the simulation domain,
a rectangle in our 2D case, can be divided into smaller rectangles (called boxes) [4]
with lengths of the sides equal to min {xεR+ |x > rc ∧ ∃ nεN such that L = nx} and
min {yεR+ |y > rc ∧ ∃ nεN such that D = ny}, where L is the length of the domain,
and D is its height. The construction of such rectangular subdivision ensures that for
each particle p we can find its corresponding box Bi, j and that all particles which
have non-zero inter-particle force with particle p are contained in the box Bi, j and 8
surrounding boxes (see Fig. 9). This eliminates most pairs of particles which have
a zero inter-particle force, and therefore drastically reduces the computation time.
Furthermore, the described domain subdivision enables one to easily parallelize the
process of calculation of inter-particle forces by dividing the set of all pairs of ‘connected’ boxes into multiple disjunct subsets.
Another possibility to decrease simulation time it to increase the time step. DPD,
due to its definition of conservative force as a finite function, enables a certain increase in the time step compared to other particle methods like Molecular Dynamics.
However, in our simulation we had to decrease the time step more than was needed
just for DPD forces, because of the much stronger forces acting between the adhered
platelets (1.15).
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