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Abstract

:

In this work, blood clot behavior under the influence of the mechanical effect of blood flow was analyzed. Attention is mainly paid to the deformation of the thrombus in the event of an alternating effect of blood flow in the blood vessel of the human leg. It is assumed that the higher stress accumulation is associated with a decrease in the width of the lumen of the blood vessel. The idea is to represent a critical case when embolus can form. The geometry of the thrombus is selected on the basis of existing blood patterns. Modeling is performed using COMSOL Multiphysics software. The results reflect the distribution of stress and blood velocity over time. The work selected a critical case, when the formation of an embolus is possible due to the deformation of the thrombus by the blood flow. Research is important for studying the behavior of thrombus formation at different periods of time, and also taking into account the specific geometry of thrombus deformation for the purpose of predicting embolisms. The results are observed due to increased deformations in the appropriate areas of the clot, whose tests show specific blood deformation from the alternating effects of blood on different sections of the vessels.
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1. Introduction


Blood clot analysis, since it is itself composed of and influenced by many factors, can be observed from different perspectives. The literature in this field can be divided into seven main areas: blood clots; veins; mechanics, stress strain; modelling; methodologies and methods; and poro-viscoelastic behavior. First, we would like to discuss the first of these areas of research, blood clots. The fluid mechanics of blood clot formation were analyzed by Fogelson and Neeves [1]. They found that intravascular blood clots form in an environment in which hydrodynamic forces dominate. The engineering design of optimal strategies for blood clot dissolution was analyzed by Diamond [2]. He established that blood clots form under hemodynamic conditions. The treatment of blood clots was analyzed by Goldhaber and Grasso-Correnti [3]. They found that blood clots in the veins or venous system can cause deep venous thrombosis. The basic principles and clinical practice for the treatment of hemostasis and thrombosis were provided by Colman et al. [4]. Practical hemostasis and thrombosis treatment methods were presented by Key et al. [5].



In addition, it is also important to mention studies related to atrial fibrillation in the left atrium, which show that stagnant blood flow can cause the formation of blood clots (Corti et al. [6]). As the blood clot ages, the density and size of the fibrin threads change on the surface and in the core of the blood clot, the distribution of RBCs becomes more uniform, and their concentration increases (Zhou et al. [7]).



Next, we would like to discuss works related to veins. Deep venous thrombosis was analyzed by Olaf and Cooney [8]. They argued that the treatment depends on individual conditions, but usually consists of anticoagulation for a finite or infinite period of time, depending on the suspected etiology of the thrombosis. Also, deep vein thrombosis was analyzed by Thachil [9]. He argued that slow movement of the blood in the circulation is commonly caused by immobility.



Continuing our review of blood clot studies, it is worth mentioning the blood clot analysis from the point of view of mechanics, as well as stress strain. Nonlinear, dissipative phenomena in the mechanics of whole blood clots were analyzed by Sugerman et al. [10]. They demonstrated that thrombus resistance to embolization is driven by its intrinsic fracture toughness as well as other non-surface-creating dissipative mechanisms. To establish the mechanical properties of blood clots, a test method was presented by Krasokha et al. [11]. They performed compressive strength experiments on aged human blood clots. A new compressible hyperelastic model for the multi-axial deformation of blood clot occlusions in vessels was presented by Fereidoonnezhad et al. [12]. They noted that mechanical thrombectomy can be significantly affected by the mechanical properties of the occluding thrombus. The tensile and compressive mechanical behavior of human blood clot analogues was examined by Cahalane et al. [13]. They argued that endovascular thrombectomy procedures are significantly influenced by the mechanical response of thrombi to the multi-axial loading imposed during retrieval. The nanomechanics of blood clot and thrombus formation were presented by Domingues et al. [14]. They produced a review providing an outline of the building mechanisms for blood clots’ mechanical properties and how they relate to clot function. The rupturing of blood clots, including its mechanics and pathophysiology, was studied by Tutwiler et al. [15]. In order to obtain the critical behavior of the clot, they added an edge crack to the blood clot under consideration. In vivo measurement of blood clot mechanics from computational fluid dynamics based on intravital microscopy images was undertaken by Kadri et al. [16]. They performed a mechanical analysis of a clot, which had a smooth, peak-free geometry. They argued that at the same time, the viscoplastic behavior exhibited by thrombi resembles that of a Bingham plastic—a material similar to toothpaste that behaves as a rigid body at low stresses but flows as a viscous fluid when its critical yield stress is exceeded.



We would next like to pay attention to studies concerning blood clot-related modeling/simulation. Spatial stabilization strategies applied to the Multiphysics modeling of blood clotting using a modified Phan–Thien–Tanner (PTT) model were presented by Egger et al. [17]. Their work focused on a stabilization strategy to circumvent the numerical difficulties experienced when applying the PTT model to a more complex aneurysm geometry. Simulation studies for the non-invasive classification of ischemic and hemorrhagic stroke using near-infrared spectroscopy were performed by Ahirwar et al. [18]. Their simulation studies showed the pressure on the blood vessel walls under ischemic and hemorrhagic stroke conditions and also that under a nominal blood flow velocity, hemorrhaging does not occur, but when the velocity is sufficient enough to increase the pressure on the wall, the rupturing of the mid-cerebral artery takes place. Recent advances in computational modeling of thrombosis are given by Yesudasan and Averett [19]. They reviewed the recent developments in the area of computational modeling of blood clot formation using various methods at different length and time scales. Model predictions of deformation, embolization and permeability of partially obstructive blood clots under variable shear flow were presented by Xu et al. [20]. Their simulations provide new insights into the mechanisms underlying clot stability and embolization that cannot be studied experimentally at this time. A blood clot simulation model using the bond-graph technique was presented by Romero et al. [21]. They found that the shorter the length, the lower the time needed to extract the clot, because it has less adherence force and less inertia due to the mass. The matrix orientation model was presented by Dallon et al. [22].



Next, we would like to discuss studies covering methodologies and methods. Numerical methods for simulating blood flow at the macro, micro, and multi scales were given by Imai et al. [23]. They mentioned that numerical methods in the computational biomechanics of blood flow may be classified by the type of computational mesh used for the fluid domain into fixed mesh methods, moving mesh (boundary-fitted mesh) methods, and mesh-free methods. Systems analysis of thrombus formation was performed by Diamond [24]. He mentioned that common numerical tools include the finite element method, immersed boundary elements, lattice Boltzmann, Monte Carlo, and dissipative particle dynamics. Multiscale modeling of blood flow-mediated platelet thrombosis was performed by Yazdani et al. [25]. They described multiscale numerical methodologies that integrate four key components of blood clotting, namely coagulation kinetics and the transport of species, blood rheology, cell mechanics, and platelet adhesive dynamics, across a wide range of spatiotemporal scales. Analysis of blood flow in compliant vessels was carried out by Čanić et al. [26]. They used ultrasound measurements and Doppler methods to detect the wall behavior and fluid velocity. A whole blood thrombus mimic was presented by Sugerman et al. [27]. They mentioned that thrombi are not regularly shaped and make testing via standard methods difficult.



Finally, we would like to discuss studies examining poro-viscoelastic behavior. The viscoporoelasticity of coagulated blood clots was investigated by He et al. [28]. They argued that the particular viscoporoelastic properties of a coagulated blood clot can be related to many factors, such as the volume fraction of platelets, the fibrin concentration, the erythrocyte count, the thrombin concentration, and so on. A blood clot behaves as a poro-visco-elastic material, as shown by Ghezelbash et al. [29]. They argued that neither the poroelastic nor viscoelastic theories alone could explain the full spectrum of relaxation behavior of blood clots. The viscoelasticity of blood in the non-clotting and clotting states and its clinical significance were investigated by Ikemoto and Isogai [30]. They mentioned that the changes in viscoelasticity during the coagulation process have been observed in various diseases. Finite element analysis of blood clots based on the nonlinear visco-hyperelastic model was performed by Tashiro et al. [31]. They found that by incorporating viscoelastic theory into the FEM, typical characteristics of clots such as stress relaxation and the strain rate and hysteresis characteristics could be computationally reproduced. Phase transitions during the compression and decompression of clots from platelet-poor plasma, platelet-rich plasma and whole blood were investigated by Liang et al. [32]. They found that the viscoelastic response and hysteresis behavior of compressed and uncompressed clots suggest that there are changes in clot structure, depending on the degree and rate of compression.



In the present introduction, the importance of studying thrombi/blood clots is evident, and thus the relevance of this study is high. In general, in the theoretical model presented in the current work, we do not add cracks in the structure of the blood clot, but we choose the structure/geometry of the blood clot with certain peaks, where the probability of embolism formation is high. To provide more detail about this study, its foundations are presented in the next section, entitled ‘Problem Formulation’.




2. Problem Formulation


In general, our scientific research is divided into two main directions. The first is associated with the mechanical processes that occur inside the cell (e.g., DNA mechanics). The second relates to the mechanics of cells/viruses (e.g., RBCs, platelets, bacteria, coronaviruses) and structures (e.g., blood clots) consisting of cells. In this work, we followed the second direction, examining the mechanical behavior of the blood clot.



Understanding the mechanical processes in the blood vessel itself, which affect the thrombus, can be beneficial to public health. Diseases that are related to the heart and the circulatory system are one of the main causes of death, responsible for more than 3.9 million deaths a year in Europe (Wilkins et al. [33]). In the known literature, there is not much knowledge of how the physical thrombus formation process takes place over time. As a result, numerical studies remain important. According to the results of physical experiments in the known literature, this work aims to learn more about the mechanical effects of force and stress, as well as providing an analysis of stress values that occur on the surface of blood clots using input parameters. This work applied the computational fluid dynamics (CFD) method to describe the mechanical forces and stresses that affect blood clots in blood vessels during blood flow. Also, the mechanical processes inside blood vessels that affect the possible rupture of the thrombus are analyzed. In further experiments, it would be useful to analyze the mechanical processes that take place inside a blood vessel when it is blocked an embolus.



In this work, a blood clot is considered as a linear elastic solid, although the introduction presents well-known works showing that a blood clot can also be considered as a poroviscoelastic material. A blood clot, like most biological tissues, has both viscoelasticity and poroelasticity, and Ghezelbash et al. [29] proved that blood clots are poroviscoelastic. According to He et al. [28], the poroelastic and viscoelastic processes of a blood clot allow it to dissipate energy, which contributes to delaying the fracturing of the blood clot. In our proposed model, we analyze blood clots as a linear elastic solid using corresponding parameters of the clot, which allows us to calculate stresses influenced by the blood flow. Naturally, the poroviscoelasticity would reduce the energy received, which would consequently delay the fracturing, yet the aim of the work was to increase our understanding of how the blood flow influences blood clots.



At this stage of the problem, the provided model is sufficient, as we are replicating the geometry established in the literature. Moreover, in vivo, it is difficult to extract the exact geometry of the thrombus in a safe way, because the ultrasound imaging method does not provide an accurate enough result and intravital microscopy is not practiced on human blood clots yet. It is important to note that according to Kadri et al. [16], there are some discrepancies between ex vivo and in vivo measurements. The aim of our work is to examine blood clots with the geometry observed in the known literature, which is continuously changing. The assumed geometry has probes that allow not only the separation of the whole thrombus from the wall of the vessel, but also venous thromboembolism (VTE) when the thrombus is partially split.



It should also be mentioned that various blood clot processes are known, and each of them requires a separate analysis—such a study would cover more than one publication/investigation. In order to realize this difficult task, it is necessary to take the first step, namely analyzing the deformation of blood clots. Without this step, further research would be difficult/inappropriate, as the entire task is too complex to be solved (considering the nanonewton or even piconewton scale, Jasevičius [34,35,36]) by today’s computers. As an example, modeling the interactions between single cells forming a blood clot requires an infinitesimally small time step (0.3 picosecond time step, Jasevičius [34,35,36]). It is known that a blood clot consists of not only red blood cells (Jasevičius [34,35]), but also platelets (Jasevičius [36]), white cells, as well as the fibrin meshwork. It is known that the red blood cell (RBC) count is 4 to 6 million cells per cubic millimeter, and if we estimate the time it takes for a blood clot to form and the motion of millions of composing parts (the different geometries of the pseudopodia containing activated platelets, fibrinogen and erythrocytes, and the movement of the composing parts during blood flow) that could make up the clot, as well as the different forms of blood clots, we can establish that modeling the formation of a blood clot using today’s computer resources would be a very difficult or even unsolvable task currently. Therefore, inevitably, this task is idealized, with the purpose of taking the first step in this effort. The purpose of this study conditionally covers all of the above cases, given that the corresponding part of the blood clot has already been formed over the same period of time as the corresponding structure for modeling (needed for possible embolus identification), when modeling includes the proper level of idealization. Additional sticking/involvement of blood cells is not considered. As mentioned earlier, the formation of a blood clot requires a time that can last from 4 to 10 min, and if it concerns the formation of a thrombus, this can last for weeks or even years (Czaplicki et al. [37]). As already mentioned, the first step is to examine the deformation of blood clots, which is an important point of analysis in this stage of this study. Without understanding the mechanics of blood clots, it would be difficult to determine/understand the mechanics of the possible phenomena related to the formation of embolisms.



As mentioned earlier, this article presents a critical case in which embolus formation can be expected. We would like to point out that the detachment of the embolus from the blood vessel is still unclear from a mechanical point of view, and initial studies are needed to elucidate this complex process. The numerical implementation itself requires additional analysis. In the next section, we to introduce the simulation tool that we used in our calculations.




3. Methodology


A single formed blood clot located inside a vessel, which was based on in vivo and ex vivo blood clot geometry experiments [1,38], was modeled and drawn using COMSOL Multiphysics (software version 5.5; developer location: 100 District Avenue, Burlington, MA 01803, USA). Even though a blood clot consists of various different particles, in this article, it was considered as a solid isotropic body.



For this experiment, the clot was drawn with a length of around 12 mm and a height of around 6.5 mm. Its uneven shape was designed to match a possible real-life scenario.



As seen in Figure 1, the clot was placed inside a Ø12 mm vein with a length of 30 mm. This research work focused solely on the mechanical processes of the clot, so the pulsations and deformations of the vein were not considered. Therefore, all of the outside walls inside the software (inlet, top/bottom and outlet) were considered as a fixed geometry. The mesh was generated by the software using a sequence type of Fluid-Structure Physics-controlled mesh.



The element size was fine, and the mesh consisted of 7199 elements, mostly triangles, but quads and edge elements can also be seen in Figure 2. The exact location of the thrombus was taken to be set in the human popliteal vein, and the clot had the corresponding parameters. The initial parameters are given in Table 1.



It is important to note that venous blood flow is not constant, i.e., venous blood flow varies from person to person [43,44], and it also varies over time within the same individual due to natural fluctuations in limb flow [43,44,45]. The pattern of blood flow varies depending on the specific physiology and position of the body at a given time, as respiration and the cardiac cycle modulate blood flow to varying degrees [43,44]. In addition, the blood pressure in the veins is constantly changing; therefore, the reproducibility of blood flow velocity in a particular vein of an individual over time is not possible [43]. In this case, a graph of potential pulsatile blood flow velocity with a peak velocity greater than 20 cm/s was plotted [43,46]. Gravity and negative flows were not evaluated due to the valves inside the vein.



For all simulations, the input velocity was used as shown in Figure 3, imitating 75 heartbeats per minute. Also, the following boundary conditions were set: the inflow boundary condition was fully developed flow; outflow boundary condition—0 pressure and suppressed backflow; wall and blood clot boundary condition—no slip; fluid–structure interaction: the fixed geometry coupling type was fully coupled.



Numerical simulation was based on the Navier–Stokes equation [47]:


    ρ   b       δ v   δ t   + v · ∇ v   = − ∇ p + ∇ ·   μ   ∇ v +     ∇ v     T     −   2   3   μ   ∇ · v   I   + F  



(1)




where   v   is the velocity of the fluid (blood),   p   is the pressure of the fluid (blood),     ρ   b     is the density of the fluid (blood), and   μ   is the dynamic viscosity of the fluid (blood). These equations are always solved together with the continuity equation:


    δ   ρ   b     δ t   + ∇ ·     ρ   b   v   = 0  



(2)







Depending on the flow regime of interest, these equations can often be simplified. For incompressible flows, the continuity equation gives:


  ∇ · v = 0  



(3)







Since the velocity divergence is zero, the following term is also zero:


  −   2   3   μ   ∇ · v    



(4)







It can therefore be removed from the viscous force term in the N–S Equation (1) in the case of an incompressible flow.



The stresses were calculated using the momentum balance equation, which in terms of the Cauchy stress tensor can be written as [47]:


    ρ   b c       ∂   2   u   ∂   t   2     =   f   v   +   ∇   x   · σ  



(5)




where     ρ   b c     is the density of the blood cloth, u is displacement field,   σ   is the Cauchy stress tensor, and     f   v     is volumetric force (force per deformed volume). It is important to note here that density in this equation characterizes the true density of the deformed material.



The density partly appertains on the deformation due to the mass conservation as:


    ρ   b c   =   J   − 1     ρ   b c 0    



(6)




where   J   is volume factor, which provides the volume change caused by the deformation.



By using the velocity and modifying the independent variables into spatial coordinates via   x = x ( X ,   t )  :


    ρ   b c       ∂ v   ∂ t   +   v   · ∇   x     v   =   f   v   +   ∇   x   · σ  



(7)







This is the momentum balance in the Eulerian formulation. This formulation is used in fluid dynamics, where the velocity is assessed as a dependent variable.



The stress power is the rate of change in the strain energy density, and the stress power for an elastic material can be represented as:


    ∫  V    σ : L d V =     ∫    V   0      P :   F  ˙  d   V   0      



(8)




where tensor   P   is the first Piola–Kirchhoff stress tensor,   F   is the deformation gradient tensor, and     V   0     is undeformed material volume.



Velocity gradient can be disintegrated into symmetric and antisymmetric parts, which are called the strain rate tensor (    L   d    ) and spin tensor (    L   w    ). Considering that the Cauchy stress tensor is symmetric:


  σ : L = σ :   L   d    



(9)







Therefore, the strain measure that is the power conjugated to the Cauchy stress is the strain rate tensor. It can also be written as:


    L   d   =   F   − T     E  ˙    F   − 1    



(10)




where


  E =   1   2       F   T   F − I    



(11)




where   E   is the Green–Lagrange strain tensor, while   I   is the identity tensor. Then, the stress power integral could be reworked as:


    ∫  V    σ :   L   d   d V =     ∫    V   0      S :   E  ˙  d   V   0      



(12)







Here


  S = J   F   − 1   σ   F   − T    



(13)







This is called the second Piola–Kirchhoff stress tensor. It is a symmetric tensor that is the energy conjugated to the Green–Lagrange strain. The first and second Piola–Kirchhoff stress tensors are connected via:


  P = F S =   I + ∇ u   S  



(14)







This equation allows us to rewrite the momentum balance equation as:


    ρ   b c 0       ∂   2   u   ∂   t   2     =   F   v   +   ∇   x   ·     I + ∇ u   S    



(15)




which, conjointly with a constitutive relation of the form


  S = S   E   ,  



(16)




will provide an enclosed system of equations for the displacement vector.



In this paper, we analyzed blood clots as linear elastic solid materials, while the viscoelastic rheology equations are also provided [47]. For a linear elastic material, Hooke’s law relates the stress tensor to the elastic strain tensor:


  σ =   σ   e x   + C :   ε   e l   =   σ   e x   + C : ( ε −   ε   i n e l   )  



(17)




where   C   is the 4th-order elasticity tensor, and ‘:’ stands for the double-dot tensor product (or double contraction). The elastic strain     ε   e l     is the difference between the total strain   ε   and all inelastic strains     ε   i n e l    . There may also be an extra stress contribution     σ   e x     with contributions from initial stresses and viscoelastic stresses. However, for isotropic linear elastic materials in the absence of inelastic stresses, Hooke’s law in Equation (17) reduces to:


  σ =   σ   e x   + C :   ε   e l    



(18)







Using the generalized Maxwell model, the total stress in Hooke’s law (18) is modified and then augmented by the viscoelastic stress     σ   q    :


  σ =   σ   0   + C :   ε   e l   +   σ   q    



(19)







In this case, viscoelastic stress     σ   q     is the sum of the stresses in the viscoelastic branches and is computed from:


    σ   q   =   ∑  m = 1   N      σ   m   =   ∑  m = 1   N    2   G   m     ε −   γ   m          



(20)




where     G   m     represents the stiffness in the branch and the auxiliary variable     γ   m     represents extensions in the dashpots.




4. Results


Analysis of the mechanical deformations of the thrombus was performed using numerical simulation performed using the COMSOL Multiphysics software. Mechanical changes in the blood clot are predicted by varying fluid inlet velocities. The whole domain is shown in the following figures, representing the cross section of a Ø12 mm popliteal vein with a length of 30 mm. The simulation results are presented in five time steps, 1.02 s, 1.10 s, 1.18 s, 1.26 s and 1.34 s, respectively.



First, we would like to address the first timestamp at 1.02 s, which is 0.22 s after the start of the period. For this and the following figures, the white-teal-blue coloring indicates the blood velocity in cm/s, the green-red coloring indicates the amount of displacement of the blood clot in mm, black streamlines (arrow lines) with triangles denote the velocity field, and three white dots indicate the local maxima: (a) blood clot stress according to von Mises in N/m2; (b) the value of the speed of blood movement in cm/s; and (c) the magnitude of the displacement of the blood clot in mm.



According to Figure 4, at the 1.02 s instance, the blood flow reaches and begins to pass the position of the clot. The initial blood flow velocity is slightly increasing, but, because of the narrowing of the vessel, the blood flow velocity at the thrombus section is already quite high (maximum local value     v   1   = 21.63   c m / s  ). This velocity is already enough to start deforming the protruding thrombus parts (maximum local value     u   1   = 0.3005   m m  ). Insignificant stresses at the bottom of the protruding part can be noticed (maximum local value     σ   1   = 205.55   N /   m   2    ). Most of the blood is exiting the 30 mm cross section of the vein, but some signals of flow anomalies are forming.



In Figure 5 (at time instance 1.10 s), the clot continues to act as an obstacle and reduces the internal area of the vessel, and hence the velocity increases even more (maximum local value     v   2   = 36.17   c m / s  ). The clot deforms even more (maximum local value     u   2   = 0.7119   m m  ), which leads to an increase in stress at the bottom of the deformable part of the thrombus (maximum local value     σ   2   = 808.86   N /   m   2    ). Signs of blood flow vortex formation can be seen just behind the clot.



In Figure 6 (at time instance 1.18 s), the main blood flow is passing or has already passed the position of the clot. The blood flow velocity has reached its maximum values and with further movement through the vein begins to decrease somewhat due to the restoration of the normal cross-sectional area (maximum local value     v   3   = 53.33   c m / s  ). At this moment, maximum deformation of the upper part of the thrombus occurs (maximum local value     u   3   = 1.238   m m  ), causing maximum stress in the lower part of the deformable section of the thrombus (maximum local value     σ   3   = 11960   N /   m   2    ). Due to this spike, depending on the composition of the clot, clot rupture and the detachment of part of it (embolus formation) may occur. Some of the outgoing blood begins to create a noticeable vortex.



After only 0.08 s of the previous time stamp (Figure 7, at time instance 1.26 s), the prime blood flow passes the clot and the velocity decreases in the narrow cross-sectional area of the thrombus, yet the maximum local value (    v   4   = 47.51   c m / s  ) is still high as the flow is leaving the vessel. The most deformed place of the clot returns to its original position (maximum local value     u   4   = 0.3927   m m  ). The stress drops drastically (maximum local value     σ   4   = 370.17   N /   m   2    ). Significant blood flow vortexes are obtained.



In Figure 8, the last time stamp of 1.34 s, which is 0.54 s after the start of the period, is examined. The main blood flow has completely passed the site of the clot at this point. The blood flow velocity decreases (maximum local value     v   5   = 27.45   c m / s  ). The Whole clot returns to its initial position and is almost totally non-deformed (maximum local value     u   5   = 0.0127   m m  ). The stress has also almost fully been relieved (maximum local value     σ   5   = 12.623   N /   m   2    ). The exiting blood turns in a vortex shape before moving further through the circulatory system.



Also, according to well-known experiments performed by Fereidoonnezhad et al. [12,48] and Cahalane et al. [13], our results show that the distribution of stress is likely in the range of 0–60 kN/m2, depending on % RBC value, for the thrombus, while in our experiment, it was found to be 0–12 kN/m2. Additional further studies are needed when it comes to the numerical implementation of embolism process.




5. Discussion


We followed a different path, because during coagulation, the clot increases in size and at each moment of time it has a different shape and size. We took a relevant time period (throughout its life span) and examined its biomechanical properties over this period. Moreover, we chose the exact time interval after which the clot would likely detach from the vessel surface or embolize (we chose a critical case that would be relevant for physicians, since it is the most difficult for them to determine when surgical intervention is necessary). The shape of the embolus and the mechanical properties affecting it, after evaluating the diameter of the blood vessel accordingly, are important factors determining the possibility of thrombus detachment.



The deformations are observed throughout the blood flow due to the properties of the soft material, which allows the blood clot to deform as the blood flows. However, as the results show, the greatest stresses are observed only in the upper part of the thrombus. The stresses varied widely (0–12 kN/m2), but this study, as a first step, aimed to find out what theoretically possible stresses occur in a thrombus with a corresponding shape. During this study, the form of the thrombus was selected for which the formation of an embolus is likely.



When analyzing the displacement values of the deformable body of the thrombus from the initial moment of time, a push of the apex of the thrombus up to 1.3 mm is observed. Therefore, it is believed that this size will influence the formation of the curvature of the thrombus apex. Both displacement and peak stresses could have a decisive influence on the separation of the clot apex from the thrombus.



It should be noted that the results also show the formation of vortices behind the thrombus. Compared to the maximum observed blood velocity, the blood flow velocity in the area behind the clot is approximately 10 times slower. For example, from the known physical experiments performed by Gonzalo et al. [49], Aguado et al. [50], and Pasta et al. [51], it is known that the cause of the formation of a blood clot is a slowdown in blood flow in the left atrium of the heart (appendicitis). Therefore, we hypothesize that in our study, this phenomenon of slower blood flow could conceivably contribute to faster thrombus formation (additional formation of a larger thrombus was not examined in this work).



Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8 show the different distribution of blood flow behind the clot. We would like to mention that this can depend on many factors, for example stenosis, the geometry of the blood clot, etc. These mentioned factors can affect changes in blood flow. Due to this, we would now like to discuss additional works in which this phenomenon is presented. Flow effects on coagulation and thrombosis were analyzed by Hathcock [52]. He argued that after the stenosis, fluid layers may separate from one another as it decelerates, forming stagnation zones and areas of recirculation. The structure of a shear-induced platelet aggregated clot formed in an in vitro arterial thrombosis model was investigated by Kim and Ku [53]. After a physical experiment (in vitro), they found that the growing thrombus at the apex alters the flow environment and creates a larger recirculation region downstream. Endothelial shear stress in the evolution of coronary atherosclerotic plaque and vascular remodeling was studied by Wentzel et al. [54]. They found that blood flow may resemble a disturbed laminar flow, characterized by areas of flow reversal (i.e., flow separation, recirculation, and reattachment to the forward flow).



Although there are many publications in the literature that examine blood clots using a porous viscoelastic model, the question remains as to whether this is the only suitable model to describe the behavior of blood clot material. If we look at a blood clot not as a single body, but as an object consisting of individual components (red blood cells [34,35], platelets [36], and fibrin), it becomes important to examine the forces that act on each individual component of a blood clot [34,35,36]. According to previous studies [34,35,36,55], for the cell, the influence of adhesion force becomes important, as well as energy dissipation associated with a change in the influence of adhesion during interaction with the surface. Meanwhile, the viscous damping model is more suitable for describing the sticking process of the cell to the surface [35,55]. In addition, this model of viscous damping is used to describe internal friction and dissipation of energy, when the energy is dissipated into heat due to internal friction. As was mentioned previously, the energy dissipation can also occur due to changes in the effect of adhesion [34,35,36,55]. The adhesive forces for the attached cell play an important role, since the cell should remain stuck to the surface of the blood clot or remain stuck inside the blood clot, forming the internal structure of the blood clot. It is important to note that the blood clot in the process of its formation changes its shape, reacts to blood flow, and also has residual deformations as a heterogeneous material (also nonhomogeneous or inhomogeneous material); therefore, elastic–plastic deformation, as well as the associated mechanism of energy dissipation, should be taken into account [55].



After evaluating previously expressed remarks and based on previous single-cell studies, the model of elastic deformation was chosen as the first step in this work, and subsequently, more complex models will be considered in the future as further steps in studying blood clot mechanics. Also, in further studies, we hope to evaluate the possible formation of an embolus when the material (blood clot) fails to withstand the stress in the corresponding part of the clot and a part of the clot detaches. An additional study of the recirculation and stagnation of blood flow is also necessary in the future. Additionally, the key findings are presented below:



Key Findings


	
The geometry of the blood clot has a direct effect on the formation of an embolism. It was noted that the highest stresses are concentrated around the formed peaks of a blood clot. Due to high stress, the separation of part of the blood clot/peak (embolus) can be expected.



	
Due to the thrombus, at different time intervals, the different recirculation process and the recirculation “center” location can be expected. The stagnation of blood flow near the blood clot surface was also observed. It is known that the stagnation of blood flow in the left atrial appendage can lead to the formation of a blood clot. In our case, we assume that the stagnation of blood flow in the blood vessel leads to acceleration of the thrombus formation process.



	
Due to changes in the lumen of the blood vessel (stenosis), a higher concentration of stress and blood flow velocity can be expected; these criteria can lead to damage to the blood vessel (popliteal vein aneurysm) and the surrounding tissue.








6. Conclusions


This work investigated the mechanical behavior of a thrombus in the presence of blood flow and heart rate in the corresponding time interval. During the numerical experiment, various phenomena are observed: clot deformation, uneven stress distribution, changes in blood flow, and the formation of vortices. After analyzing the clot with the considered shape, we can say that the geometry of the thrombus plays a significant role in embolization, especially when the thrombus has a corresponding protrusion. As a thrombus forms and the lumen of the blood vessel decreases, the thrombus protrudes due to increased blood flow velocity and is subject to the highest mechanical stresses. Increased deformation and the resulting stress create a favorable environment for embolization. In future research, we will consider embolism itself. This may occur when parts of a blood clot separates from the rest of the blood clot or when the entire blood clot separates from the surface of the blood vessel.
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Nomenclature




	
CFD

	
computational fluid dynamics;




	
DVT

	
deep venous thrombosis;




	
RBC

	
red blood cell;




	
VTE

	
venous thromboembolism;




	
Roman




	
   v   

	
blood velocity (  c m / s  );




	
𝑢

	
deformation of the clot (  m m  );




	
p

	
pressure of the fluid (  P a  );




	
     f   v     

	
volumetric force (  N  );




	
   J   

	
volume factor;




	
   P   

	
first Piola–Kirchhoff stress tensor;




	
   F   

	
deformation gradient;




	
     V   0     

	
undeformed material volume (    m   3    );




	
E

	
Young’s modulus (  P a  );




	
Greek




	
𝜎

	
blood clot stresses (  N /   m   2    );




	
     ρ   b     

	
density of the fluid (blood) (  k g /   m   3    );




	
     ρ   b c     

	
density of the blood clot (  k g /   m   3    );




	
   μ   

	
dynamic viscosity of the fluid (  c P  );




	
   ε   

	
total strain;




	
   ν   

	
Poisson’s ratio.
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Figure 1. Clot in vessel. Full simulation model (created using COMSOL Multiphysics software). 
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Figure 2. Meshed simulation model (created using COMSOL Multiphysics software). 
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Figure 3. Change in the blood flow velocity over a certain period of time (created using COMSOL Multiphysics software). 
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Figure 4. Blood flow and blood clot interaction at the 1.02 s time step (created using COMSOL Multiphysics software, considering Equations (1)–(20)). 
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Figure 5. Blood flow and blood clot interaction at the 1.10 s time step (created using COMSOL Multiphysics software, considering Equations (1)–(20)). 
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Figure 6. Blood flow and blood clot interaction at the 1.18 s time step (created using COMSOL Multiphysics software, considering Equations (1)–(20)). 
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Figure 7. Blood flow and blood clot interaction at the 1.26 s time step (created using COMSOL Multiphysics software, considering Equations (1)–(20)). 
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Figure 8. Blood flow and blood clot interaction at the 1.34 s time step (created using COMSOL Multiphysics software, considering Equations (1)–(20)). 
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Table 1. Initial parameters for simulation [39,40,41,42].
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	Density
	Dynamic Viscosity
	Young’s Modulus
	Poisson’s Ratio





	Blood
	1060 kg/m3
	4 cP (mPa·s)
	-
	-



	Blood Clot
	1100 kg/m3
	-
	1.5 kPa
	0.48
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