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Abstract 

The thrombus formation in vessels is a very complex cascade process that is, amongst many 

other factors, dependent on the local blood flow characteristics.  With the progressing formation, 

the geometry, and with it the flow pattern changes continuously. In addition to this, the adhesion, 

activation, and aggregation of the thrombocytes are heavily influenced by certain properties of 

the flow, most importantly by the emerging local shear forces. In the current work, the formation 

of a thrombus has been simulated using a simplified model of blood coagulation inside an 

artificial vessel section. While the employed blood coagulation model has heavily reduced the 

number of degrees of freedom compared to the real in-vivo bio-chemical processes, it is still 

capable of successfully reproducing several vital properties of a thrombus qualitatively.  

 

Introduction 

 

The hemostasis is a critical mechanism in the self-defense of 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. It is a very complex cascade 

process driven by several factors that can both promote and inhibit it. The main steps include the 

aggregation and the binding of the platelets that are dependent on the local flow properties. 

Simulating this phenomenon is a challenging task as one has to make several appropriately 

chosen approximations. Anand et al. reviewed1 some of the interacting mechanisms regarding 

clot formation in flowing blood, and even though they deal with a narrower collection of 

participating processes, they are still numerous. Nesbitt et al.  provided2 some more insight into 

the thrombus formation by emphasizing the strong coupling with the hemodynamic properties. 

According to their experimental work, platelet aggregation is influenced by emerging shear forces 

as platelet adhesion favors low-shear zones. Several other authors recorded the ongoing process 

of thrombus formation: Celi et al. recorded3 the thrombus formation in the microcirculation of a 

living mouse using widefield video-microscopy. This process has also been recorded using several 

reagents to highlight the concentration of the main components of the formation.4-5   

There are several works aiming at simulating thrombus formation numerically, but most of them 

cover only portions of the whole process.6-10 They try to solve the complex problem by 

approaching it either from the biochemical side and compute the reactions and the densities of 

the reagents, but fail to couple these equations with the changing flow field, or from the kinetic 

side, which usually lacks the appropriate handling of platelet concentrations. The platelet 

concentration profile inside vessels is an important factor, which is far from being constant in 

either venous or arterial vessels.11 A lot of numerical models have been developed in the past 

decade in order to calculate the platelet concentration profile.12-14 Their main findings are that the 
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margination effect of platelets is mainly caused by the finite size effect of both the smaller 

platelets and the significantly larger red blood cells (RBC). The rolling motion of the larger RBCs 

pushes the platelets to the sides of the flow channel. This drift force that acts upon platelets in 

blood flow seems to be proportional with the average local flow velocity. To prove this 

interaction between platelets and RBCs, Mountrakis et al. simulated15 particle collisions in blood 

flow using the immersed boundary method. 

Methods  

 

During the simulations blood coagulation made the geometry change in time. For this reason, in 

our simulations a two-dimensional lattice Boltzmann based fluid solver was used on a D2Q9 

lattice. This method has a clear advantage in handling complex and changing geometries over the 

more conventional finite-volume solvers. The theoretical bases of this method were laid down by 

Bhatnagar, Gross and Krook (BGK)16, and were later  developed to the level of general usability 

for fluid flows by Quian et al17. We employed the so-called multiple-relaxation-time lattice 

Boltzmann model18, which provides increased numerical stability compared to the widely used 

BGK model.  

The platelets immersed in the blood flow were simulated as a passive scalar concentration field 

coupled with the velocity field of the flow capable of advection and diffusion. The passive 

attribute means that the platelet distribution has no influence on the blood flow. This 

approximation is supported by the fact that the usual volumetric ratio of the platelets in blood is 

under 1%. The advection-diffusion of these platelets was also handled by the LBM method. 

When the velocity is prescribed by an already given velocity field (like in this case by the blood 

flow), the equilibrium function (from the original function17) of the scalar field reduces to the 

following: 

  
  

         ⃗⃗    ⃗   (1) 

where ω is the relaxation frequency,   ⃗⃗   is the i-th discretized velocity direction,  ⃗  is the local 

velocity of the blood flow, and   is the platelet concentration that can be computed analogously 

to fluid density: 

  ∑   
 
     (2) 

where    is the particle distribution along the i-th discretized velocity on the lattice. The diffusion 

coefficient D then analogous to the numerical viscosity: 

  
 

 
   

 

 
   (3) 

where   
 

 
 is the relaxation time for the equilibrium function. The rolling motion of the RBCs 

is mainly caused by the emerging shear forces in the fluid. To simulate the marginating effect, we 

prescribe a virtual force   
⃗⃗⃗⃗  ⃗ that acts upon the density of the platelets. This force actually 

accounts for the finite size effects of the platelets and RBCs. The drift force acting on real 

platelets always drives platelets out from the main flow, to the sides of the vessel. It is a required 

behavior, as this causes increased platelet concentration in the vicinity of vessel walls where any 
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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 specified 

direction. The proportionality ratio will require a proper parameter study later, although in the 

current work, it takes the value of one. Using this drift force, two simple channel flows 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.17 

The first simple channel flow 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. 

 

Figure 1. Normalized platelet concentration profile in a venule. The continuous red curve shows the results 

of the stationary simulation plotted over the experimental results of Woldhuis et al.19 (Re=1) 

 

The platelet concentration shows a good qualitative agreement with the experimental results.  

This numerical model had to be tested with pulsatile flow as well, in order to reinforce the 

statement of its validity.  For this reason, the other simulation used a time-varying inlet velocity 

boundary condition. Figure 2. shows the inlet flow rate profile that essentially mimics the behavior 

of a real cardiac pressure wave. 
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Figure 2.  Normalized artificial flow rate curve that mimics the behavior of a real flow rate curve during a 

cardiac cycle. 

 

The Reynolds number defined with the maximum 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 has been 

found. The biggest deviation between the simulation and experimental results can be found near 

the vessel walls, but it is still within the error bars.  

The coagulation of blood is modeled with changing the type of a numerical element from fluid 

cell to wall cell. For the thrombus formation in our simulation, coagulation is only possible at 

sites next to vessel walls or next to rigid blood cells that have already come to stasis.  All the fluid 

LBM cells next to a wall cell have been tracked, as these cells have the ability to turn into a wall 

cell themselves. When this happens, their fluid cell neighbors are added to the list of near-wall 

cells. Though platelet activation  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 flow. This means that the ADP concentration is not influenced by the local flow 

properties directly. Coagulation at a numeric lattice site depends on the relation of three variables:  

 

      
              

    
   (4) 

 

where the       is a probability in the sense, that its value decides whether a fluid cell should 

come to stasis or not, based on the local platelet concentration          , the local ADP 

concentration     , and the local maximum shear component of the stress tensor denoted by 

    . The 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 

parameters. 
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Figure 3.  Time-averaged normalized platelet concentration profile in an arteriole. The continuous red 

curve shows the results of a transient simulation plotted over the experimental results of Woldhuis et al.19  

(Re=10) 

 

There is one more component of the coagulation process. When a platelet is activated (or in our 

simulation 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 exponentially 

in space, so its release can be thought of as a nearly local ADP concentration increase. For 

coagulation, it is not enough to a single numerical lattice to have the appropriate values for one 

iteration, the parameters have to remain in the coagulation zone for a         time. This time 

was chosen to be              , because 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 wall cell 

sooner than      . 

In Figure 4. a snapshot of a coagulation 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 

significant 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 concentration at a small amount 

of numerical lattices next to the vessel wall. 
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Figure 4. Typical result of a thrombus formation simulation at time instant of the end of a heartbeat cycle. 

The flow 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. 

 

There are a few qualitative features of the calculated thrombus that worth mentioning. Firstly, as 

the thrombus begins to block the flow channel, the flow speed increases and that leads to larger 

emerging shear stresses that inhibit the process of the coagulation. This causes the relatively flat 

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. 

Two resulting thrombus geometries recorded at different times were compared to the 

videomicroscopy results of Nesbitt et al.11 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 our simulation. Still, some 

qualitative features like effects of shear stresses can be studied with it.  

 

 

Figure 5.  Geometry of the thrombus after A.) three and after B.) six heart beat cycles. The yellow dotted 

outline shows the geometry of the thrombus recorded with videomicroscopy by Nesbitt et al.2 
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Conclusion 

Simulation of blood coagulation is a heavily studied topic, with wide possibilities for applications. 

In this work a numerical model was presented that is computationally effective due to the large 

number of approximations. And though this model evidently has some shortcomings, like that in 

videomicroscopy records the outer layer of the thrombus is often not solid, and can dissolve 

easily in the flow and subside again later. In our model, however, the thrombus is handled as 

solid material, unable to dissolve. Also the effects of the several components of the coagulation 

cascade that was not taken into account. The model still seems to succeed in reproducing the 

major characteristics of an injury induced thrombus by only using a few components and 

coupling them to the flow properties. It should also be mentioned that due to the strongly 

simplified model, it might be capable of simulating other sediments in blood flows, like the 

deposition of fat particles on clinical devices. This possibility will drive the research to explore 

the limits of validity of such a simple coupled numerical model further. 
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