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Abstract
Thrombus formation is a thoroughly researched area, posing several unanswered questions. Quite 
many of the underlying processes are still not well understood. This uncertainty arises from the 
fact that the blood clotting mechanism in our bodies involves a rather complex reaction cascade 
with plenty of components. These underlying dynamic processes stretch over the domains of sev-
eral disciplines (as there are biomechanical and biochemical reactions as well as fl uid dynami-
cal components). In this study the factors thought to be the most infl uential were selected and 
coupled with the transient fl ow fi eld that reacts not only to the cardiac pressure waves but also to 
the changing geometry of the vessel due to the clot formation. Although the number of degrees of 
freedom is reduced heavily, this model is already capable of qualitatively reproducing the results 
of in-vivo measured hemostasis.
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Introduction

The cascade process of the hemostasis is a vi-
tal self-defense process exhibited by our body. 
This is a natural response of the cardiovascular 
system that prevents undesirable blood loss in 
case of vascular injury. The blood coagulation 
is an important step during the hemostasis and 
its highly complicated cascade process is driven 
by several factors that can act either as a pro-
moter or an inhibitor. The main steps include 
the aggregation and the binding of the platelets 
that are dependent on the local fl ow proper-
ties amongst other circumstances. Simulating 
this aggregation phenomenon is a challenging 
task as one has to make several appropriately 
chosen approximations. Anand et al. reviewed1 
some of the interacting mechanisms regard-
ing clot formation in fl owing blood, and even 
though they deal with a narrower collection of 
participating processes than it is known in the 
current literature, from the view of a numerical 
simulation they are still numerous. Nesbitt et al. 

provided2 some more insight into the throm-
bus formation by emphasizing the strong cou-
pling between the biochemical processes and 
the local hemodynamic properties. According 
to their experimental work, platelet aggrega-
tion is infl uenced by emerging shear forces as 
platelet adhesion favours low-shear zones. Sev-
eral other authors recorded the ongoing pro-
cess of thrombus formation: for example Celi 
et al. recorded3 the thrombus formation in the 
microcirculation of a living mouse using wide-
fi eld video-microscopy. Similar measurements 
were carried out using different reagents to 
highlight the concentration of the main com-
ponents of the formation.4,5 While the number 
of high quality recording of this phenomena 
is increasing, the numerical simulations are 
still in a rather early stage. There are several 
pieces of work aiming at simulating thrombus 
formation numerically, but most of them cover 
only portions of the whole process.6–9 They try 
to solve the complex problem by approaching 
it either from the biochemical side and com-
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pute the reactions and the densities of the re-
agents, but fail to couple these equations with 
the transient (time-varying) fl ow fi eld, or from 
the kinetic side, which usually lacks the ap-
propriate handling of platelet concentrations. 
The platelet concentration profi le inside the 
blood vessels is an important factor, which is 
far from being constant in either venous or ar-
terial vessels.10 A lot of numerical models have 
been developed in the past decade in order to 
calculate the platelet concentration profi le.11–13 
Their main fi ndings are that the marginat -
ing property of platelets is mainly caused by 
the fi nite size effect of both the smaller plate-
lets and the signifi cantly larger red blood cells 
(RBC). Technically the rolling motion of the 
larger RBCs pushes the platelets to the sides 
of the fl ow channel, thus creating a highly 
uneven platelet distribution across the diame-
ter of the vessels. This drift force that acts upon 
platelets in blood fl ow seems to be proportion-
al to the average local fl ow velocity. To prove 
this interaction between platelets and RBCs, 
Mountrakis et al. simulated14 particle collisions 
in blood fl ow using the immersed boundary 
method. 

 
Method

During our simulations the blood coagula-
tion mechanism made the geometry change 
in time. For this reason a two-dimensional lat-
tice Boltzmann based fl uid solver was imple-
mented on a typical D2Q9 lattice to carry out 
the computations. This fl uid solver method 
has a clear advantage in handling complex and 
changing geometries over the more conven-
tional fi nite-volume solvers. The theoretical 
bases of this method were laid down by Bhat-
nagar, Gross and Krook (BGK),15 and were 
later developed to the level of general usability 
for fl uid fl ows by Quian et al.16 We employed 
the so-called multiple-relaxation-time lattice 
Boltzmann model,17 which, for our case pro-

vided increased numerical stability compared 
to the widely used BGK model. 

The platelets immersed in the blood fl ow 
were simulated as a passive scalar concentra-
tion fi eld. The passive attribute means that al-
though the platelet distribution is driven by the 
pulsating blood fl ow, it has no infl uence back 
on it. This approximation is supported by the 
fact that the usual volumetric ratio of the plate-
lets in blood is under 1%. The advection-diffu-
sion of these platelets was handled by the LBM 
method in the following way: when the velocity 
is prescribed by an already given velocity fi eld 
(like in this case by the blood fl ow), the equi-
librium function (from the original function16) 
of the scalar fi eld reduces to the following:

��
��

= ��(1 + 3�	

� � 

�) (1)

where  is the relaxation frequency, �	

� is the 
i-th discretized velocity direction, 

� is the lo-
cal velocity of the blood fl ow, and is the platelet 
concentration that can be computed analo-
gously to fl uid density:

� = � ��
�
���  (2)

where �� is the particle distribution along the 
i-th discretized velocity on the lattice. The dif-
fusion coeffi cient D then analogous to the nu-
merical viscosity:

� =
�

�
(� �

�

�
) (3)

where � =
�

�
 is the relaxation time for the 

equilibrium function. 

To acquire a proper platelet density profi le, the 
interaction with the RBCs must be taken into 
account. The platelet drifting is mainly caused 
by the rolling motion of the RBCs, which is in 
turn caused by the emerging shear forces in 
the fl uid. To simulate this marginating effect, 
a virtual force ��






� has been prescribed that acts 
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upon the density of the platelets. This force 
actually accounts for the fi nite size effects of 
the platelets and RBCs. The drift force act-
ing on real platelets always drives platelets out 
from the main fl ow, to the sides of the vessel. 
It is a required behavior, as this causes in-
creased platelet concentration in the vicinity 
of vessel walls where any injury can possibly 
occur. This ��






� force points to the direction of 
the local largest shear stress decrease (in other 
words, to the direction of the smallest, most 
negative shear stress gradient). Its magnitude 
is proportional to the magnitude of the shear 
stress emerging in this specifi ed direction. 
(We note here that this proportionality ratio 
will require a proper parameter study later. 
In the current work, it takes the value of unity.) 
Using this drift force, two simple channel fl ows 
were simulated with Reynolds numbers that are 
typical in these smaller vessels. The vessel wall 
was taken as a smooth, no-slip, rigid wall. The 
results of the simulations were compared to the 
experimental results of Woldhuis et al.16

The fi rst simple channel fl ow simulation used 
constant velocity inlet and constant pressure 
outlet boundaries. The Reynolds number was 
set to one that is a typical value in venules. The 
result of the simulation is summarized below 
in Figure 1.

The platelet concentration shows a good quali-
tative agreement with the experimental results. 
This numerical model was tested with pulsa-
tile fl ow as well, in order to reinforce the state-
ment of its validity. For this reason, the other 
simulation used a time-varying inlet velocity 
boundary condition. Figure 2 shows the inlet 
fl ow rate profi le that mimics the behaviour of 
a real cardiac pressure wave.

The Reynolds number defi ned with the maxi-
mum of the possible inlet velocity was set to 
ten, which is a usual value for arterioles. The 
results of the simulation were also compared 

to the experimental results of the same authors 
in Figure 3. Again, good qualitative agreement 
was found. The biggest deviation between the 
simulation and experimental results can be 
found very close to the vessel walls but it is still 
within the error bars. 

The coagulation of blood is modeled by chang-
ing the type of a numerical element from fl uid 
cell to solid cell. For the thrombus formation 
in our simulation, coagulation is only possible 
at sites right next to vessel walls or next to rigid 

Figure 1. Normalized platelet concentration profi le 
in a venule. The continuous red curve shows 
the results of the stationary simulation plotted 

over the experimental results of Woldhuis et al.18 
(Re=1)

Figure 2. Normalized artifi cial fl ow rate curve 
that mimics the behaviour of a real fl ow rate curve 

during a cardiac cycle
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blood cells that have already come to stasis. All 
the fl uid LBM cells next to a wall cell were 
tracked, as these cells have the ability to turn 
into a solid cell themselves. When this hap-
pens, their fl uid cell neighbours are added to 
the list of near-wall cells. Though platelet ac-
tivation in reality is a complex cascade process, 
we only simulate one reagent, the adenosine 
diphosphate (ADP) concentration that is in 
our simulation not coupled with the blood fl ow. 
This means that the ADP concentration is not 
infl uenced by the local fl ow properties directly. 
When a platelet is activated (or in our simu-
lation when coagulation of a numerical lattice 
happens), it releases ADP that can initiate the 
activation of other platelets. In the simulations 
the ADP concentration decreases exponential-
ly in space, so its release can be thought of as a 
local ADP concentration increase. 
Coagulation at a numeric lattice site is depen-
dent on the relation of three variables: 

 ����� =
� !"#$!$#��%&'

*,%-
 (4)

where the ����� is a probability in the sense, 
that its value decides whether a fl uid cell 

should come to stasis or not at any given time, 
based on the current local platelet concentra-
tion �./�0�/�0, the local ADP concentration 
�245, and the local maximum shear compo-
nent of the stress tensor denoted by ��26. The 
threshold level of ����� that a numerical lattice 
has to reach for coagulation is an empirical 
parameter of the model for now. A later work 
should explore the deeper relation of these pa-
rameters. For a numerical fl uid cell to come to 
stasis the parameters have to remain in the co-
agulation zone for a 78�9:�8  time. This time-
window was chosen to be 78�9:�8 =20 ms be-
cause this is the usual timeframe for ADP to 
activate a platelet. This also means that a newly 
registered near-wall lattice cannot turn into a 
solid cell sooner than 20 ms.

Results

In Figure 4 a visualized snapshot of a coagu-
lation simulation is shown after six heartbeat 
cycles. The formation of the thrombus starts 
at an injury site. In in-vivo systems in case of 
vascular injury, a signifi cant amount of ADP is 
released into the bloodstream from the injured 
vessel wall tissue. The injury site in this case 
was simulated by increasing the ADP concen-
tration at a small amount of numerical lattices 
along the vessel wall. There are a few quali-
tative features of the calculated thrombus that 
should be mentioned. Firstly, as the thrombus 
begins to block the fl ow channel, the veloc-
ity increases and that leads to larger emerging 
shear stresses that inhibit the process of the co-
agulation. This results in the relatively fl at top 
of the thrombus. It is also noticeable that the 
thrombus growth is asymmetric to the site of 
injury; its growth is slower on the side facing 
the incoming bloodstream. This is again the 
result of the different shear stresses.

The simulation results were compared to two 
thrombus geometries recorded at different 
times with video-microscopy by Nesbitt et al.10 

Figure 3. Time-averaged normalized platelet 
concentration profi le in an arteriole. 

The continuous red curve shows the results 
of a transient simulation plotted over the 

experimental results of Woldhuis et al.18 (Re=10)
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in Figure 5. The experimental results originate 
from an induced injury inside the arteriole of a 
living mouse. The exact form of the thrombus 
naturally depends on much more components 
that are taken into account in the current nu-
merical simulation. Still, some qualitative fea-
tures like effects of shear stresses can be stud-
ied with it. 

Conclusions

Hemostasis is a heavily studied topic that rep-
resents deep complexity. The aim of a numeri-

cal simulation is to reproduce certain features 
of a phenomena using the smallest necessary 
state space. In this work a numerical model 
was presented for hemostasis that incorporates 
different contributing disciplines in a compu-
tationally effective way. And though this model 
evidently has some shortcomings, like that in 
a real thrombus the outer layer is often not 
solid, and can dissolve easily in the fl ow and 
subside again later. In our model, however, 
the thrombus is handled as solid material, un-
able to dissolve. The effects of the several other 
components of the coagulation cascade were 

Figure 4. Typical result of a thrombus formation simulation at time instant of the end of a heartbeat cycle. 
The fl ow direction is from the left to the right. The upper image shows the emerged geometry 

of the thrombus, with the place of vessel injury (yellow box at the bases of the thrombus). 
The middle image shows the current normalized velocity magnitudes (Reynolds number equals 10). 

The lower image shows the normalized platelet concentration at the same instant

Figure 5. Geometry of the thrombus after three A.) and after six B.) heart beat cycles. The yellow dotted 
outline shows the geometry of the thrombus recorded with video-microscopy by Nesbitt et al.2
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not taken into account either. Still, according to 
the comparison these key components coupled 
with the blood fl ow seems to be suffi cient to re-
produce the major characteristics of an injury 
induced thrombus. It should also be mentioned 

that due to the strongly simplifi ed nature of the 
model, it might be capable of simulating other 
sediments in blood fl ows, like the deposition of 
fat particles on clinical devices. 
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