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Abstract 

Thrombolytic therapy is an effective method for dissolving blood clots that block cerebral arteries 

and cause strokes. Through this procedure, plasminogen activators are used to recanalize vessels 

and restore blood flow. This study investigates the dissolution of clots with different structures 

using three plasminogen activator drugs. Fibrin clots with coarse and fine fibrin fibers, as well as 

retracted clots representing aged clots with reduced serum, are analyzed. The dissolution model 

includes the dynamics of flow within the vessel and clot, the elasticity of the vessel wall, and its 

interaction with the fluid. Drug transport into the clot is modeled by convection and diffusion. The 

results indicate that treatment regimens with alteplase, reteplase, and tenecteplase are safe and 

effective in dissolving clots across all structures considered. However, lysis activation time and 

vessel recanalization time are significantly shorter with tenecteplase and alteplase compared to 

reteplase. Additionally, coarse clots with larger fibrin fibers dissolve faster than fine clots, and 

retracted clots require nearly twice as much time to dissolve. 
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1. Introduction 

Acute ischemic stroke (AIS), the most common form of stroke and the third major cause of 

mortality globally [1], occurs when a thrombus blocks blood flow in a cerebral vessel, leading to 

an inadequate blood supply to brain cells. To prevent cell necrosis, immediate medical intervention 

is essential. One promising treatment procedure is thrombolytic therapy, which involves the use of 

thrombolytic agents such as tissue plasminogen activator (tPA) to dissolve blood clots. This 

procedure can help limit stroke damage and improve the chances of recovery, although it poses a 

significant risk of serious hemorrhagic complications. The effectiveness of thrombolysis relies on 

multiple factors, including the characteristics of the clot, the drug used, and the general health of 

the patient. Ongoing research is focused on developing therapeutic approaches to increase lysis 

rates. 

The lytic rates of clots are influenced by their properties, such as fiber diameter [2] and degree of 

retraction [3, 4]. The environment in which a fibrin clot forms determines its structure. High ionic 

concentrations result in fine clots with thin, densely packed fibers and small pores, whereas low 

ionic concentrations produce coarser clots with thicker fibers and larger pores [5]. Some 

experiments demonstrate that coarse clots with thick fibers lyse faster than fine clots with thin 
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fibers [6, 7], even though thick fibers lyse slower individually [8]. Conversely, other experiments 

indicate that fine clots lyse quicker or exhibit no notable difference in the lysis rate [9, 10]. 

Clot retraction significantly alters the internal structure and composition of the clot by expelling 

its serum [11], which results in decreased permeability and fluid phase volume [12]. Retracted 

clots, which are significantly more resistant to thrombolysis than non-retracted clots [13], are 

utilized to replicate the thrombolysis of aged thrombi. Their reduced susceptibility to thrombolysis 

may be attributed to the decreased fluid phase plasminogen (PLG) within the clot [14]. Also, the 

transport properties of thrombolytic drugs in a retracted clot are mainly influenced by the decreased 

permeability of the fibrin structure. 

The type of thrombolytic agent used is another crucial factor impacting the effectiveness of 

thrombolytic therapy. Different agents differ in stability, half-life, and fibrin specificity. The initial 

generation of thrombolytic agents, streptokinase and urokinase, are not specific to fibrin and bind 

rapidly to PLG in both plasma and clots [15]. This can cause excessive PLG depletion and an 

increased risk of intracranial hemorrhage (ICH) [16]. Clinical trials of streptokinase and urokinase 

revealed a high mortality rate and no significant enhancement in recanalization [17, 18]. Second-

generation agents, including tPA and pro-urokinase, are fibrin-specific and show a low affinity for 

PLG in the absence of fibrin [15]. This targeted approach allows for localized fibrinolysis on the 

surface of the clot, reducing systemic effects and the risk of ICH [16]. Alteplase, a tPA variant, is 

the only thrombolytic agent with FDA approval in AIS treatment. However, further studies suggest 

that the effectiveness of alteplase is limited by plasminogen activator inhibitor-1 (PAI-1), its short 

half-life, and an increased risk of ICH. Modified tPA variants, such as reteplase and tenecteplase, 

have been designed to enhance specific characteristics, such as a longer half-life, fewer side 

effects, and greater resistance to inhibition, making them promising therapeutic options [19-22]. 

Reteplase has a longer half-life and lower affinity for fibrin. This decreased binding affinity allows 

unbound reteplase to penetrate more effectively, potentially improving its fibrinolytic activity. 

Tenecteplase, another modified tPA variant, offers a longer half-life, improved fibrin specificity, 

and greater resistance to PAI-1. Despite promising theoretical advantages, no tPA variants have 

outperformed alteplase in clinical outcomes for AIS treatment [20-23]. Recently, clinical studies 

reported similar effectiveness and ICH risk between these variants and alteplase [20]. These 

clinical outcomes do not fully support the theoretical advantages. Hence, it is essential to evaluate 

the effectiveness and safety of these thrombolytic agents systematically. 

The administration of tPA leads to complex chemical reactions within the vasculature by activating 

PLG and generating plasmin (PLS), which degrades fibrin fibers. Comprehending the interactions 

among the involved components is essential to elucidate the mechanisms of fibrinolysis and to 

develop therapeutic strategies. Considering the limited clinical data available because of the 

narrow intervention window and safety concerns of experimental studies, utilizing computational 

modeling techniques offers a valuable tool for better understanding the mechanisms of 

thrombolysis. Mathematical models can effectively simulate the impact of thrombolytic therapy 

on blood flow and tPA transportation into clots and can predict the risk of ICH. 

Considerable work has been done on thrombolysis modeling [5, 9, 24-29]. One of the pioneering 

models of fibrinolysis was presented by Diamond and Anand [9], who solved a set of convection-



 

 

diffusion-reaction equations to describe the concentration of thrombolytic agents. In their model, 

the clot was treated as a porous medium with a uniform fibrin network. However, their model 

incorrectly represents clot dissolution as a reduction in fiber diameter rather than the transverse 

cutting of fibrin fibers. Piebalgs et al. [24] proposed a model consisting of a 3D thrombolysis 

model and a compartmental model to capture protein concentration variations in plasma. Later, 

their model was further extended by Gu et al [25] to account for the delayed clearance of tPA 

during the drug distribution process. Their model treats the vessel wall as rigid, which leads to an 

overestimation of blood flow velocity during the lysis process. Ghasemi [26] found that for precise 

modeling of clot dissolution, the impact of arterial walls must be considered, because rigid models 

do not correctly estimate the time needed for clot dissolution. While numerous attempts have been 

made to model the complex process of clot dissolution, the specific effects of different tPA variants, 

such as reteplase and tenecteplase, on clots with distinct fibrin structures remain insufficiently 

explored. Also, the lysis of retracted clots using computational models that account for arterial 

flow dynamics, vessel wall interactions, and the convective-diffusive transport of the drug has not 

been investigated. 

This study aims to investigate the dissolution of three different clot structures to evaluate the safety 

and efficacy of three drugs, namely, alteplase, reteplase, and tenecteplase. This objective will be 

accomplished by analyzing the hemodynamics of flow within the vessel and clot, along with the 

transport of drugs to and within the clot via diffusion and convection. Additionally, the impact of 

vessel wall elasticity will be examined using the two-way coupled fluid-structure interaction (FSI) 

technique, which allows for a detailed assessment of the mechanical behavior of the vessel wall in 

response to hemodynamic forces. This comprehensive approach aims to enhance our 

understanding of the interplay between fluid flow, clot structure, and drug efficacy, ultimately 

contributing to the development of more effective and safer thrombolytic therapies. 

2. Method 

2.1. Geometry 

A two-dimensional model of the internal carotid artery (ICA) bifurcating into the middle cerebral 

artery (MCA) and anterior cerebral artery (ACA) is constructed, as shown in Figure 1, and a 3-

mm fibrin clot is placed at the beginning of the MCA in an 80 kg individual, causing complete 

occlusion. This location is one of the areas with a high likelihood of clot formation. The vessel 

length is 11.6 mm, with diameters of 2.9 mm, 2.3 mm, and 1.7 mm for the ICA, MCA, and ACA, 

respectively. The wall thicknesses are 0.45 mm for the ICA, 0.4 mm for the MCA, and 0.32 mm 

for the ACA [30]. 

2.2. Dynamics of the blood flow 

Blood is modeled as an incompressible Newtonian fluid, and the flow is presumed to be laminar. 

Blood flow within the free region of the vessel is governed by the Navier-Stokes equation. The 

clot domain is modeled as a porous media, and for the governing equation of the flow through it, 

the Brinkman equation [31] is applied as 
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In equation (1), fv  is the blood velocity, p  is the blood pressure, and I  is the identity matrix. 

Furthermore, the fluid density f  and blood dynamic viscosity   are assumed to be 1050 kg/m3 

and 0.0037 Pa·s, respectively. The clot parameters   and k  are the clot porosity and permeability. 

To apply boundary condition, a steady flow rate of 4.31 mL/s, based on the average pulsatile ICA 

flowrate reported in the literature [32], is specified at the inlet. At both outlets, physiological 

pressure is defined using a 3-element Windkessel model [33] described as 
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The parameters of the Windkessel model are obtained from the literature [34]. It should be noted 

that, in both Navier-Stokes and Brinkman equations, the same pressure and velocity fields are 

applied. This ensures continuous pressure at the interface between the free-flow and porous regions 

and maintains the continuity between the fluid velocity in the free-flow domain and the Darcy 

velocity in the porous domain. 

2.3. Dynamics of the artery 

Blood flow exerts force on the flexible wall of the artery, resulting in wall deformation. The 

dynamics of the artery wall is described as: 
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where su  is the artery displacement, S  represents the second Piola–Kirchhoff stress, and F  

denotes the total force exerted by fluid on the vessel. s  is the density of the artery set to be 1050 

kg/m3, given that the densities of the wall and the blood are nearly identical. The entrance and 

outlets of the artery wall are considered to be fixed, and the no-slip condition is applied at the 

interface with the blood. The vessel wall is considered as linear elastic material in the model, with 

a Young’s modulus of 1.5 MPa and a Poisson’s ratio of 0.45. 

To model the interaction between the blood flow and artery wall, the force on the inner boundary 

of the artery and its wall displacement rate are calculated. Since the fluid flow and solid wall 

equations are expressed in spatial and material reference frames, respectively, the arbitrary 

Lagrangian-Eulerian (ALE) method is used to describe their interaction at the interface. 

2.4. Concentration changes of fibrinolytic proteins 

2.4.1. Drug administration regimens 



 

 

Alteplase exhibits a high affinity for fibrin and PLG. However, it is characterized by a notably 

short half-life of approximately 5 minutes. The standard dosing regimen for alteplase is 0.9 mg/kg, 

with %10 of the total dose administered as an initial intravenous (IV) bolus over 1 minute, followed 

by the infusion of the remaining %90 over the subsequent 60 minutes. Reteplase demonstrates a 

greater ability to diffuse through clots compared with alteplase. This agent has a lower affinity for 

PLG but benefits from a longer half-life. The recommended dosing regimen for reteplase involves 

double bolus administration, with each bolus consisting of 17.4 mg given over 2 minutes, separated 

by a 30-minute interval [21]. Tenecteplase offers several advantages over its predecessor. It has 

higher fibrin specificity, an extended half-life, and increased resistance to PAI-1. Tenecteplase is 

administered at a dosage of 0.25 mg/kg, not exceeding a total of 25 mg, delivered as a single IV 

bolus within 5 seconds [20]. 

2.4.2. Concentration changes of fibrinolytic proteins in plasma 

The administration of tPA initiates a chain of reactions within the plasma. tPA interacts with PLG 

to generate PLS. Similarly, urokinase plasminogen activator (uPA), present in low concentrations 

in plasma, also activates PLG to produce PLS. PLS then interacts with fibrinogen (FBG), resulting 

in the formation of fibrin degradation products (FDP). The activity of PLS is regulated by two 

inhibitors, α2-antiplasmin (AP) and α2-macroglobulin (MG). Additionally, tPA and uPA are 

inhibited by PAI-1. These plasma reactions are listed in Table 1. 

Variations in the concentrations of these factors, driven by the reactions and their transport through 

blood plasma, play a crucial role in the clot dissolution process and the treatment outcomes. The 

convection-diffusion-reaction equation is used to represent the temporal and spatial changes in 

concentrations as 
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In the above equation, ic  represents the concentration of fibrinolytic factors in plasma, fv  

represents the fluid velocity obtained from the Navier-stokes equation, iD  is the diffusion 

coefficient, and iR  is the concentration changes due to performed reactions mentioned in Table 1. 

2.4.3. Concentration changes of fibrinolytic proteins in clot 

Drug administration increases its concentration in the bloodstream, resulting in significant 

adherence to the binding sites on the clot surface. It interacts with bound-phase PLG to produce 

PLS, which degrades fibrin fibers in the clot, leading to clot dissolution. Additionally, the drug, 

PLG, and PLS are able to detach from the clot and enter the plasma or conversely attach from the 

plasma phase to the clot. The changes in concentrations of these factors in the clot phase are 

detailed by 

( )
( ) .i

i i f i i

c
D c c R

t





    


v  (5) 



 

 

The reactions in the fluid phase of the clot are identical to those in the plasma. The reactions in the 

pore phase are mentioned in Table 2. 

To implement the boundary condition in the convection-diffusion-reaction equation, the 

concentration constraint at the inlet is applied using a method developed by Gu et al [25]. This 

method tracks temporal changes in species concentration within the bloodstream. It employs a 

two-compartment model, namely central and peripheral compartments, to depict the effect of tPA 

injection on the concentration of other fibrinolytic proteins. The central compartment, representing 

plasma, includes tPA, uPA, and other proteins. tPA is administered here, and both tPA and uPA 

can migrate between the compartments. The transport of other proteins between compartments is 

treated as negligible. The two-compartment model takes into account the delayed clearance of tPA 

and uPA during drug distribution. The temporal changes of tPA and uPA concentration in the 

central and peripheral compartments are described as 
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The plasma concentration of other fibrinolytic proteins can be represented as:  
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In equations (6) and (8), elk  represents the elimination constant, accounting for the reduction in 

plasma concentration of species due to their half-life. iR  denotes the plasma reactions mentioned 

in Table 1, and iS  signifies the rate of systematic generation of species. The values of elk  and iS  

for each component can be determined from their half-life and initial concentration in blood plasma 

[24]. The term 
,C W PA

I

V M
 indicates the increase in PA concentration within plasma due to infusion, 

where I , CV , and ,W PAM  are the infusion rate, the volume of plasma in the circulatory system, and 

the molecular weight of PA, respectively. As there is no uPA injection, this term is zero and is not 

applicable for uPA. In equation (7), the constants ,cp PAk  and ,pc PAk  represent the rates at which PA 

moves between the two compartments. Equations (6)-(8) are solved using the 4th order Runge-

Kutta method for the complete duration of drug administration before the simulation. The resulting 

concentrations are utilized as inlet boundary condition for the convection-diffusion-reaction 

equation. 

2.5. Lysis equations 

This study employs the dissolution model proposed by Piebalgs et al [24]. This model examines 

the progression of clot dissolution by analyzing the total number of binding sites and the occupancy 



 

 

of these sites by PLG, PLS, and tPA. The parameter EL is defined based on the concentration of 

total binding sites relative to the initial binding sites, indicating the progression of clot dissolution. 

This parameter is calculated as follows 
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 Changes in the concentration of binding sites over time are described by the concentration of 

bound-phase PLS, PLSn , as 
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The concentration of bound-phase PLS, PLG, and tPA is also determined by 
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where clot

iR  is the reactions in the pore phase of the clot and mentioned in The reactions in the 

fluid phase of the clot are identical to those in the plasma. The reactions in the pore phase are 

mentioned in Table 2. 

. LE  is a parameter that indicates the progress of clot lysis. To reduce the computational cost, when 

LE  reaches 0.95, the clot is assumed to be dissolved in that area, and flow is considered restored. 

If LE  is lower than this threshold in non-retracted clots, the permeability is calculated using Davis's 

equation [43] as 
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For retracted clots, permeability also depends on the degree of clot retraction and the blood 

hematocrit level. By considering the volume of serum exuded during retraction, a compaction 

parameter can be defined as: 

( ( (1 ) )) / ((1 )(1 ))GC R H H H        (13) 

where GR  and H  are the retraction and hematocrit levels assumed to be 0.5 and 0.4 for %50 

retraction, respectively [44].   denotes the density ratio of FBG in plasma relative to that in fibrin 

fibers. The permeability of the retracted blood clot [44] is obtained as: 

 

(14) 
(1 ) (1 )(1 )

( , )
(1 ) (1 )(1 )

retracted f

H C H
k k R

H H C H

 


 

   
 

    



 

 

If LE  exceeds the threshold, the permeability of the clot is considered to be infinite. Throughout 

the dissolution process, clot porosity varies continuously and is calculated as follows: 

01 (1 )clot LE    . (15) 

Depending on its composition, the porosity of the clot ranges from 0.75 to 0.99 [44]. In this study, 

0  is chosen to be 0.1, resulting in a porosity of 0.9. 

2.6. Simulation details 

A computational mesh with 7087 triangular elements is generated. The finite element method is 

employed to solve the fully coupled differential equations of fluid flow, vessel wall mechanics, 

species transport, and clot lysis. The Newton method is applied with the Parallel Space Direct 

Solver (PARDISO) [45], and the Backward Differentiation Formula (BDF) automatically selects 

the time steps. The simulation time is 3700 seconds, enough to complete the clot lysis and restore 

flow in all cases, with results saved every second. Each simulation took approximately 10 hours 

on an Intel Core i7-4790K processor with 16.0 GB RAM. Additionally, a grid independence study 

is conducted, refining the mesh to 15126 elements. Results show an approximate 8-second 

difference in lysis completion time between meshes of 7087 and 15126. 

3. Results 

This study evaluates the lysis of various clot structures using three drugs, namely, alteplase, 

reteplase, and tenecteplase. Clots are classified as either non-retracted or retracted to assess the 

dissolution of aged clots. Retracted clots are assumed to be %50 retracted, which means 

approximately %84.2 of their original plasma volume as serum is exuded. Moreover, to study the 

effect of fibrin fiber radius, two radii of 60 and 100 nm representing fine and coarse clots in non-

retracted clots are examined. Table 3 presents the drug, clot type, and fibrin radius for each 

simulation. 

3.1. Concentration of species in blood plasma 

The administration of tPA alters the concentrations of fibrinolytic factors involved in the clot 

dissolution process in the circulatory system, as depicted in Figure 2. Figure 2a shows an increase 

in the concentration of the drug after injection in all variants of tPA. Specifically, following the 

initial one-minute injection of alteplase, its concentration in the blood increases dramatically. A 

one-minute delay before starting continuous infusion leads to a sudden drop in concentration. 

Continuous infusion then causes a gradual increase, persisting until the end of the continuous 

injection. Reteplase, administered in two steps 30 minutes apart, achieves peak concentration 

twice: initially in the first two minutes and again 30 minutes later with the second dose. For the 

remainder of the simulation, reteplase levels decrease due to PAI-1 activity and its half-life. 

Tenecteplase, administered as a 5-second bolus, rapidly reaches peak concentration post-injection 

and then gradually declines until the end of the simulation. As illustrated in Figure 2b, the initial 

concentration of uPA in blood plasma drops significantly due to its strong affinity for reacting with 

PAI-1. However, as PAI-1 levels decrease following tPA injection, uPA concentration gradually 

rises, maintaining this gradual increase until the end of the simulation. As shown in Figure 2c, 



 

 

after tPA injection, the interaction between this drug and PLG in blood plasma leads to a reduction 

in PLG concentration. Alteplase causes the most decrease, reducing PLG level to %36 of its normal 

value by the end of the administration. Reteplase also reduces PLG concentration, but the reduction 

is minimal. Tenecteplase decreases PLG level, with concentrations reaching approximately %77 

of the initial value after 3700 seconds. The changes in FBG and AP levels follow a similar pattern 

to PLG, as shown in Figure 2d and Figure 2e, respectively. During alteplase administration, there 

is a more pronounced decrease in both FBG and AP. In contrast, these blood factors remain nearly 

unchanged after reteplase injection. Figure 2f shows that the changes in MG concentration across 

all drug regimens are minimal because MG is a weaker inhibitor of PLS compared with AP, which 

is the primary inhibitor. These changes are more pronounced with alteplase administration and 

least noticeable with reteplase. The administration of drugs and their increasing concentration in 

plasma lead to a more substantial reaction with PAI-1, causing a sharp decrease in PAI-1 

concentration within minutes, as shown in Figure 2e. This decrease is most significant with 

alteplase. Conversely, Tenecteplase administration results in a slower rate of PAI-1 decrease, 

maintaining higher PAI-1 levels until the end of the simulation. PLS concentration changes are 

minimal due to its rapid inhibition in blood plasma by AP and MG. The extent of the changes is 

greater with alteplase and lesser with reteplase injection. 

3.2. Lysis activation time 

Drug administration and its interaction with PLG in the clot lead to the degradation of fibrin, which 

increases clot porosity. As this process progresses, the clot begins to dissolve and decrease in size. 

For coarse clots with a fibrin fiber radius of 100 nm, dissolution starts at 358, 2473, and 447 

seconds after injecting alteplase, reteplase, and tenecteplase, respectively. In fine clots, the 

corresponding times are 386, 2469, and 413 seconds, respectively. For retracted clots, dissolution 

starts at 382, 2467, and 459 seconds. These findings indicate that lysis activation time depends on 

the drug type rather than clot structure. Reteplase initiates lysis much later than the other two drugs, 

while alteplase and tenecteplase have approximately similar activation times. Lysis activation time 

is affected by drug concentration in the plasma, fibrin affinity, and reaction activity of the drug 

[27]. 

3.3. Clot porosity 

Figure 3 illustrates the average changes in porosity for coarse, fine, and retracted clots following 

the administration of the three drugs. Drug injection leads to an almost linear increase in clot 

porosity, continuing until the final stages of dissolution. As dissolution nears final stages, the rate 

of porosity increase slows, particularly with tenecteplase. This decrease may be attributed to the 

vessel recanalization and the reduced pressure gradient essential for flow. Furthermore, the 

obtained data indicate that the porosity increase rates for alteplase and tenecteplase are nearly 

identical and exceed that of reteplase. The figures also reveal that coarse clots with a 100 nm fibrin 

fiber radius dissolve more quickly than the other types, whereas fine clots require more time. 

Retracted clots dissolve more slowly due to their reduced permeability from serum exudation. 

3.4. Recanalization time 



 

 

Figure 4 illustrates the recanalization times for various drugs and clot structures. Recanalization 

occurs between 10 and 60 minutes post-drug injection. The quickest dissolution is observed with 

coarse clots treated with alteplase, primarily due to its high dosage. However, higher dosages also 

elevate bleeding risk, highlighting a trade-off between dissolution rate and safety. Tenecteplase, 

with its unique design, achieves recanalization slightly slower than alteplase but at a much lower 

dose, demonstrating its high efficacy. Conversely, reteplase requires significantly more time for 

recanalization. For fine clots, dissolution takes 1.5 times longer with alteplase, 1.1 times longer 

with reteplase, and 1.6 times longer with tenecteplase compared to coarse clots. In retracted clots, 

these ratios are 2.2, 1.3, and 2 times, respectively, for alteplase, reteplase, and tenecteplase. 

4. Discussion 

This study examines the dissolution of coarse, fine, and retracted clots, which causes complete 

occlusion of the MCA, using three thrombolytic agents: alteplase, reteplase, and tenecteplase. 

Alteplase, a plasminogen activator, dissolves clots by converting PLG to PLS at the clot surface, 

but its efficacy is limited by a short half-life and interaction with PAI-1. Reteplase, with a longer 

half-life and slower plasma clearance than alteplase, has a lower affinity for fibrin, which might 

allow it to penetrate deeper into clots due to its higher diffusion coefficient. Tenecteplase, also 

possessing a longer half-life than alteplase, offers higher fibrin specificity [20], and reduced 

reaction with PAI-1. The administration of these drugs in blood plasma alters the concentration of 

blood factors, as illustrated in Figure 2. The total injection doses of alteplase, reteplase, and 

tenecteplase are 72 mg, 34.8 mg, and 20 mg, respectively. The area under the concentration-time 

curve reflects drug exposure. Notably, tenecteplase, despite being administered in a smaller dose 

compared to the other drugs, exhibited higher drug exposure and greater efficacy. In contrast, 

reteplase, administered at a higher dose than tenecteplase, showed lower drug exposure, potentially 

compromising treatment success. Alteplase demonstrated higher drug exposure than reteplase, 

which is due to its higher injection dose. 

As shown in Figure 2d, following drug injection, FBG levels in blood plasma decrease, with final 

values after 3,700 seconds being %30, %95, and %78 of the initial levels for alteplase, reteplase, 

and tenecteplase, respectively. Low FBG concentrations in plasma increase the ICH risk, with 

levels below 3 μM considered a threshold for heightened bleeding risk [46]. In all drug regimens 

studied, the final FBG concentration remains above this threshold, confirming their safety. 

However, the administration of tenecteplase and reteplase at lower doses is associated with a 

smaller decrease in FBG levels, implying a reduced bleeding risk. 

The concentration of PAI-1 is depicted in Figure 2g. A higher concentration of PAI-1 indicates that 

the drug exhibits greater resistance to inhibition by PAI-1. Thus, in alignment with previous 

theoretical studies [27], it is evident that tenecteplase is more resistant to inhibition by PAI-1 

compared with alteplase and reteplase. 

In the results section, lysis activation time is addressed, indicating that this time is dependent on 

the type of drug used rather than the clot structure. The activation time for dissolution using 

reteplase is significantly longer than that for the other two drugs, while alteplase and tenecteplase 

exhibit approximately similar activation times. These findings align with those of Yang et al., who 

also reported a longer activation time for reteplase [27]. 



 

 

Longer activation times correspond to longer recanalization times. Previous studies using 

transcranial Doppler have categorized recanalization time into three types: sudden (occurring in 

less than one minute), stepwise (occurring between 1 and 30 minutes post-injection), and slow 

(occurring in more than 30 minutes), with the average time of 23±16 minutes [47]. Christo et al. 

reported that %25 of patients treated with alteplase achieved complete or partial recanalization 

within 30 minutes [48]. The recanalization times observed in this study for alteplase align with 

these experimental findings. However, for the three clot structures examined, the retracted clots, 

which have longer recanalization times, showed dissolution times more consistent with 

experimental research results. This is due to the gradual formation and growth of clots in cerebral 

vessels, which leads to the removal of serum and liquid phase from the clot over time. 

For alteplase, the complete dissolution times for coarse, fine, and retracted clots are 644, 1433, 

and 1584 seconds, respectively. Reteplase takes 2779, 3115, and 3634 seconds for the same clot 

types. Tenecteplase achieves complete dissolution in 829, 1572, and 1883 seconds, respectively. 

Fine clots, characterized by their packed structure and smaller pores, exhibit lower permeability, 

leading to longer dissolution times compared to coarse clots. Retracted clots, with reduced 

permeability due to serum removal, also take longer to dissolve compared to non-retracted clots. 

Reteplase does not show superior efficacy compared to alteplase in clinical studies [21,49], and 

our findings confirm a longer dissolution time for it. In contrast, tenecteplase, which has a similar 

dissolution time to alteplase but a lower bleeding risk, is a promising candidate for thrombolytic 

treatment.  Several studies have demonstrated that tenecteplase outperforms alteplase in clinical 

trials, offering improved efficacy and recanalization rate [50,51] while also benefiting from a 

simple single-bolus injection process [52]. 

While this study presents a detailed computational analysis of clot lysis, several limitations should 

be addressed. First, the clot structure in the model is assumed to be homogeneous, whereas real 

thrombi have heterogeneous fibrin networks, varying red blood cell and platelet content, all of 

which can influence the lysis process. Additionally, the clot length used in the simulations is 

relatively short compared to the thrombus sizes observed in clinical cases, which may affect the 

results. Another simplification is the assumption of a constant arterial flow rate, whereas in vivo 

conditions involve pulsatile flow patterns that can alter drug transport. Addressing these limitations 

in future studies by incorporating more realistic clot heterogeneity, longer clots, and pulsatile flow 

conditions could further improve the accuracy and clinical relevance. 

5. Conclusion 

The study investigated the efficacy of three plasminogen activators—alteplase, reteplase, and 

tenecteplase—in dissolving clots with various structures. Clots with coarse fibrin fibers (radius of 

100 nm), fine fibrin fibers (radius of 60 nm), and retracted clots (older clots with reduced liquid 

phase) were examined. These clots were located in the MCA after the ICA bifurcation, causing 

complete occlusion. Findings revealed that all three drug regimens were safe and associated with 

a low risk of bleeding. Alteplase, with its higher injection dose, resulted in faster clot dissolution 

across all structures, with blood flow restored in 10.4, 15.8, and 23.3 minutes for coarse, fine, and 

retracted clots, respectively. Tenecteplase, despite its lower dosage, achieved approximately 

similar recanalization times of 13.0, 21.3, and 26.2 minutes for the same clot types, highlighting 



 

 

its potential as an alternative thrombolytic agent. Additionally, clots with a smaller fibrin radius 

dissolved more slowly than those with larger fibrin fibers. Retracted clots required nearly twice 

the time to dissolve. The key finding of this study is that while all evaluated drug dosage regimens 

successfully dissolved clots, lysis time is strongly influenced by both clot structure and the specific 

tPA variant administered. The findings provide quantitative insights into the efficacy of different 

tPA variants and the role of clot structure, which may aid in the selection of optimal therapeutic 

strategies for thrombolytic therapy. Future research can focus on exploring various drug regimens 

to determine the optimal dose of tenecteplase as a viable alternative to alteplase. Additionally, the 

presented model can be used to evaluate the efficacy of combined treatments with multiple drugs 

or to aid in the development of new therapeutic agents. 
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Figure captions 

Figure 1. Geometry of the ICA bifurcation 

Figure 2. Temporal variation in the plasma concentration of a) tPA, b) uPA, c) PLG, d) FBG, e) 

AP, f) MG, g) PAI-1, and h) PLS after injection of alteplase (blue), reteplase (orange), and 

tenecteplase (green) 

Figure 3. Changes in the porosity of the coarse (blue), fine (orange), and retracted (green) clots 

after administration of a) alteplase, b) reteplase, and c) tenecteplase 

Figure 4. Recanalization time for the different drugs and clot structures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table captions 

Table 1. Reactions performed in plasma 

Table 2. Reactions performed in the clot 

Table 3. Description of the different drugs and clot structures in the simulations 
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