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A B S T R A C T   

Changes in acute ischemic stroke thrombi structure and composition may result in significant differences in 
treatment responsiveness. Ischemic stroke patients are often treated with a thrombolytic agent to dissolve 
thrombi, however these patients may subsequently undergo mechanical thrombectomy to remove the occlusive 
clot. We set out to determine if rt-PA thrombolysis treatment of blood clots changes their mechanical properties, 
which in turn may impact mechanical thrombectomy. Using a design-of-experiment approach, ovine clot ana-
logues were prepared with varying composition and further exposed to different levels of compaction force to 
simulate the effect of arterial blood pressure. Finally, clots were treated with three r-tPA doses for different 
durations. Clot mass and mechanical behaviour was analysed to assess changes due to (i) Platelet driven 
contraction (ii) Compaction force and (iii) Thrombolysis. Clots that were exposed to r-tPA for longer duration 
showed significant reduction in clot mass (p < 0.001). Exposure time to r-tPA (p < 0.001) was shown to be an 
independent predictor of lower clot stiffness. A decrease in energy dissipation ratio during mechanical 
compression was associated with longer exposure time in r-tPA (p = 0.001) and a higher platelet concentration 
ratio (p = 0.018). The dose of r-tPA was not a significant factor in reducing clot mass or changing mechanical 
properties of the clots. Fibrinolysis reduces clot stiffness which may explain increased distal clot migration 
observed in patients treated with r-tPA and should be considered as a potential clot modification factor before 
mechanical thrombectomy.   

1. Introduction 

Treatment of acute ischemic stroke (AIS) involves restoring blood 
supply in the vessel occluded by a thrombus. The recanalization 
approach can either involve administration of intravenous recombinant- 
tissue plasminogen activator (r-tPA) within 4.5-hours of stroke onset 
and/or mechanical thrombectomy to recover the viable tissue in the 
penumbra region (Alonso de Leciñana et al., 2014; del Zoppo et al., 
1992). Fibrinolysis is mediated by specific molecular interactions be-
tween r-tPA, fibrin and plasminogen whereby r-tPA becomes activated 
in presence of fibrin. It converts inactive plasminogen into active 
plasmin to degrade fibrin fibers (Collen, 1987; Murray et al., 2010). AIS 
patients presenting within a 24-hour time window may qualify for 

mechanical thrombectomy (MT) regardless of the r-tPA treatment for 
the same ischemic stroke event. Difference in clot mechanical behav-
iour, due to extensive compositional variation, has been associated with 
different responses to AIS endovascular therapies (Abbasi et al., 2021; 
Simons et al., 2015). Therefore, it is important to understand the effect 
of thrombolysis on clot mechanical properties, which may in turn impact 
MT interventions for AIS patients. 

Recanalization rate in AIS patients using r-tPA is approximately 33% 
(Seners et al., 2016), while in some patients thrombolysis may lead to 
incomplete recanalization, re-occlusion or bleeding-related side effects. 
AIS thrombi composition, physical properties, thrombus length and 
location of occlusion have shown to impact fibrinolysis (De Meyer et al., 
2017; Linfante et al., 2002; Mehta and Nogueira, 2012; Riedel et al., 
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2011; Rohan et al., 2014). In an animal stroke model, red blood cell 
(RBC) rich thrombi were found to be more susceptible to thrombolysis 
(Jang et al., 1989), while white thrombi, composed mainly of fibrin and 
platelets, displayed more resistance to thrombolysis (Sambola et al., 
2016). Thrombolysis may also enhance clot fragility and fragmentation 
leading to distal embolization by softening the clot and facilitating 
reperfusion (Alves et al., 2019; Mistry et al., 2017; Tsivgoulis et al., 
2015). 

Many studies have focussed on understanding the efficacy of r-tPA on 
clots with different compositions, stiffness or viscoelasticity (Fang and 
Tsui, 2015; Jeong et al., 2021; Li et al., 2020; Longstaff et al., 2013; 
Mercado-Shekhar et al., 2018; Niessen et al., 2003; Weisel, 2007) while 
other studies have focussed on assessing clinical outcome post throm-
bolysis (Campbell et al., 2021; Hasnain et al., 2020; Poggio et al., 2018; 
Willeit et al., 2015). Some studies have focussed on examining the effect 
of fibrinolysis on fibrin fibres of different diameters and arrangements 
(Collet et al., 2000; Kolev et al., 2005); however, we didn’t find studies 
that have directly investigated the effect of r-tPA on whole-clot me-
chanical properties. The novelty of this study is that the effect of r-tPA on 
clots is examined for a broad range of known thrombus variables such as 
RBC, platelet and fibrin composition as well as compaction of the clots 
prior to thrombolysis. Considering that AIS clots present with a broad 
range of composition and material properties (Abbasi et al., 2021; Chueh 
et al., 2011; Fitzgerald et al., 2021), we feel that this study amounts to a 
comprehensive evaluation of the fibrinolysis effect on AIS thrombi. 

2. Materials and methods 

Ovine blood clots were used in this study; however, confirmatory 
tests were first performed to establish if r-tPA would have a similar effect 
on ovine blood clots as human blood clots. Retracted ovine and human 
clot analogues were prepared using whole blood for this assessment; 
their mass was recorded before and after r-tPA treatment. Scanning 
electron microscope (SEM) analysis of both types of clots was also car-
ried out to examine their microstructure as per the protocol described by 
Johnson et al. (2020). Following this comparative study, the main 
experiment analyzed clot mechanical properties using ovine clot ana-
logues. Clot samples were created using a design of experiment (DoE) 
approach from blood mixtures with different levels of RBCs, plasma and 
platelets. Following coagulation, the clots were exposed to different 
levels of compaction force to simulate the compressive effect of arterial 
blood pressure. Finally, the clots were treated with a range of r-tPA doses 
for different durations. Clot mass and mechanical properties were then 
analyzed to assess changes due to (i) Platelet driven contraction (ii) 
Compaction force and (iii) Thrombolysis as shown in Fig. 1. The main 
objective of the experiment was to examine the mechanical behaviour of 
the clots, therefore, to ensure acceptable test samples for compression 
testing, just partial reduction in mass by thrombolysis was targeted. 

2.1. Experiment design 

Having identified the experimental factors for inclusion as listed in 
Table 1, Design-Expert® software was used to design the experiment 
(Chang et al., 2013) using an optimal response surface model with a 
coordinate exchange type of design. A high and low setting for each of 
the factors was identified based on technical and clinical knowledge as 
shown in Table 1. The final design resulted in multiple levels for each 

factor, arranged in such a way to ensure that individual contributions 
from each factor, as well as combined effects could be identified. A 
random run order including 39 different experimental runs was arrived 
at (See Supplementary Table 1). Each test sample consisted of a corre-
sponding control sample that underwent the same treatment as the test 
sample except for exposure to r-tPA. The control samples were also 
prepared to account for changes in mass, which may occur due to 
handling of the sample during the experiment. 

2.2. Blood clot preparation 

2.2.1. Preliminary tests on ovine and human clots 
To compare efficacy of r-tPA on ovine blood clots and human blood 

clots, whole blood was drawn into a vacuette container. The whole 
blood spontaneously coagulated and it was then allowed to contract 
overnight to form a platelet retracted whole blood clot. Clot samples 
were stored at 4 ◦C for < 24 h before testing, as described by Duffy et al. 
(2016). The human and ovine blood clot analogues were cut into di-
mensions of 4 mm × 4 mm × 2 mm. Human whole blood was obtained 
by sterile venepuncture from healthy donors from the National Blood 
Centre, Dublin, Ireland. Ovine blood was obtained from Ash Stream Ltd, 
Co. Mayo, Ireland. All clot analogues were formed in a static 
environment. 

2.2.2. Ovine clot preparation for mechanical testing 
Fresh ovine blood was collected for clot preparation in a sterile 

container pre-loaded with anti-coagulant solution ACPD (adenine cit-
rate phosphate dextrose). The blood was maintained at room tempera-
ture prior to use and clots were prepared within 5 h of blood collection. 
Platelet rich plasma (PRP), platelet poor plasma (PPP) and red blood 
cells (RBC) were collected as described previously by Johnson et al. 
(2021, 2020). Clots with varying compositions were prepared according 
to the experimental plan (See Supplementary Figure 1). Blood mixtures 
were prepared by varying the RBC and plasma fractions to create blood 
mixtures in the range of 0–50% haematocrit. Platelet concentration was 
controlled by varying the quantity of PRP in the plasma fraction from 
0 to 100%. Additional plasma from the same sheep was prepared and 
stored at − 20 ◦C for use during fibrinolysis. Two volumes of blood 
mixture were prepared (10 ml and 20 ml) according to a randomized 
order, to ascertain any clot-size bias in the experiment. Blood mixtures 
were coagulated by adding calcium chloride. The samples were formed 

Fig. 1. Flow chart of the experimental plan showing step by step experimental set-up.  

Table 1 
Factors and their minimum and maximum ranges selected for experimental 
design; RBC: Red Blood Cells; Factor A, B and D refer to concentration in blood 
mixtures.  

Factor Name Minimum 
setting 

Maximum setting 

A % RBC 0 % 50% 
B Time in rt-PA 0 120 min 
C Compaction force 0 0.5 kg (equivalent to >70 mm 

of Hg1) 
D % PRP in plasma 0 % 100 % 
E Dose of r-tPA 7 (µg/ml) 21 (µg/ml) 
F Blood mixture 

volume 
10 ml 20 ml  

1 Compaction force on the clot resulted in generating pressure greater than or 
equivalent to 70 mm of Hg. 
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in the same size cylindrical containers (internal diameter of 28 mm). 
They were placed in an oven at 37 ◦C for 2 h and then maintained at 
room temperature at atmospheric pressure conditions overnight. The 
following day all the clots were weighed along with the serum expelled 
from the clot to measure mass loss due to platelet retraction. 

2.3. Mechanical compaction 

After the clots matured, clots were subjected to compressive loading 
to simulate the action of arterial blood pressure on the clot in an 
occluded artery. In order to compact the clots mechanically, samples 
were carefully placed in a cylindrical chamber between 2 flat plates as 
shown in Fig. 2. A fixed weight was applied to the top plate to compress 
the clots for 5 min, any fluid expelled from the clots could drain away 
through a circumferential gap between both platens and the wall of the 
chamber. The fixed loads of 0.25 kg and 0.5 kg exerted a force to the clot 
equivalent to a pressure of at least 35 or 70 mmHg, respectively. These 
settings were selected to approximate physiological pressure gradients 
measured (Sorimachi et al., 2011) in AIS patients (mean pressure = 60 
mm Hg, with proximal, distal pressures (mean ± SD) of 95.26 ± 13.2 
mm Hg and 35.96 ± 13.5 mm Hg respectively)). The mass of the clot 
sample was recorded immediately after the load was removed. Details of 
the calculation to measure the response have been displayed in sup-
plementary Figure 2. 

2.4. Fibrinolysis 

Following mechanical compaction, clots were treated with r-tPA 
(Actilyse®, Boehringer Ingelheim), at 37 ◦C. Rt-PA (1 mg/ml) was 
prepared by mixing 50 mg of Actylise lypholized powder with 50 ml of 
sterile water. Aliquots of r-tPA were stored at − 20 ◦C. Clots were sub-
jected to 7 µg/ml, 14 µg/ml or 21 µg/ml r-tPA concentration in plasma. 
The dose range was selected to span the target systemic r-tPA concen-
tration of 14ug/ml used for in clinical thrombolysis. Each clot was 
submerged in a fixed volume of plasma, which equated to twice the 
volume of plasma in the blood mixture from which the clot was pre-
pared. Trials were carried out on a selection of different size clots 
exposed to r-tPA for 2 h to choose a blood volume for the main experi-
ment. This was to prevent excessive reduction in mass of the clots, so 
that sufficient sample for mechanical testing remained and the clots did 
not become fragmented. 

Clots were exposed for 0, 1 or 2 h to r-tPA. The r-tPA dose was 

replenished after every 30 min. After the clots were exposed to r-tPA for 
the required duration, the clots were subsequently placed in serum from 
the same sheep from which the clot was derived. The clots were main-
tained in serum for 1 h following fibrinolysis until r-tPA activity had 
reduced to a negligible level. The control clots underwent the same 
process in parallel to the test samples with exception of r-tPA treatment. 
To assess relative mass loss post thrombolysis, the mass loss experienced 
by corresponding control samples was applied to the mass of the test 
samples. 

2.5. Mechanical compression testing 

Clots were tested under unconfined compression in saline at 37 ◦C 
using a Zwick Rowell instrument with a 10 N load cell, as outlined in 
Johnson et al. 2020. The samples were placed between two platens and 
the crosshead position of the machine was adjusted so that the top platen 
was slightly touching the top of the sample at the beginning of the test. 
The clot specimens were loaded to a compressive nominal strain of 50% 
at a constant axial strain-rate magnitude of 10% per second and then 
unloaded to their initial configuration at the same axial strain-rate 
magnitude. This strain value was chosen so that the clots did not frag-
ment during mechanical testing. Nominal stress-nominal strain plots 
were constructed and clot tangent modulus was calculated from the 
slopes of straight lines fitted to the initial and final linear portions of the 
non-linear nominal stress–strain curves: a low strain tangent modulus 
(initial 20% strain approximately), and a large strain tangent modulus 
(final 2% strain approximately). Energy dissipation ratio was calculated 
by normalizing area under the stress strain curve with respect to the 
applied loading energy (Bennett and Ker, 1990). 

2.6. Statistical analysis 

Design Expert® 12 software was used to design a reduced response 
surface model with a total of 39 runs for 6 factors and was also used to 
perform statistical analysis. ANOVA was used to evaluate statistical 
difference between model terms for each response after satisfying the 
requirement for normality (data transformation was used if required). 
Statistical significance was taken as p < 0.05 and model terms with a p- 
value < 0.05 were included in the model. A backwards elimination 
method was used to determine the model terms to remove or retain in 
the model until the best model was found. 

Fig. 2. Experimental set up to simulate compaction force on the clot acting due to arterial blood pressure (A) P1 and P2 represent antegrade and retrograde pressure 
respectively generating a pressure gradient across the clot. (B) Experimental set-up showing a clot being compacted inside a compaction chamber; 1 mm of 
circumferential gap was maintained between the top and bottom plate and the compaction chamber to allow expulsion of excess serum. 
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3. Results 

3.1. Comparison of human and ovine clot analogues following 
thrombolysis 

Human and ovine whole blood clot analogues had similar mass loss 
after r-tPA treatment for 2 h, with final mass of 18.75 ± 4.3 % and 24 ±
3.8 % remaining at 2 h as highlighted in Fig. 3A. Human and ovine clot 
microstructure was compared using SEM imaging. SEM images of 
human analogues had similar fibrin and RBC microstructural arrange-
ment, with evidence of both long, thick fibrin fibres and short, thin 
hyperbranched fibrin, as well as RBC polyhedrocytes (Fig. 3 B); as pre-
viously reported in ovine clot analogues (Johnson 2019). 

3.2. Effect of thrombolysis on clot mass and clot mechanical properties 

The mass of the clots was analysed after the clots matured. Following 
thrombosis, the clots were subjected to mechanical compaction and 
thereafter the clots were treated with r-tPA. The mechanical properties 
of the clots were measured after thrombolysis using an unconfined 
compression test. A summary of the statistical analysis of all results are 
provided in Table 2. Interactions between different factors are also noted 
where dependencies between two factors were uncovered. 

3.3. Changes in clot mass following platelet contraction, compaction and 
thrombolysis 

Change in clot mass was assessed following the cumulative effect of 
platelet contraction, mechanical compaction and thrombolysis 
(Table 2). Unsurprisingly, blood volume was an independent predictor 
of clot size (p < 0.001), (Supplementary Figure 1). Importantly for our 
analysis, clots with different size due to the blood volume behaved 
similarly which is indicated by the absence of significant interactions 
between blood volume and with RBC content, platelet contraction (p =
0.879), compaction force (p = 0.266) and thrombolysis parameters (p =
0.727). Considering that the eventual size of all clots varied significantly 
from one another, it was important to establish the impact of clot size on 
the experimental model. Thus, having established the independence of 
blood volume on the experimental conclusions, the percent fraction of 
clot mass after coagulation (% clot mass-thrombosis and mechanical 
compaction) and after thrombolysis (% clot mass-thrombolysis) were used 
for all subsequent data analysis. 

% Clot mass loss-thrombosis: We confirmed previous findings (John-
son et al., 2020) that clots with increasing platelet concentration (%PRP) 
in the blood mixture caused increased mass loss after coagulation (p <

0.001, graph not shown here), and that a decreasing % RBC leads to 
smaller clots , p = 0.029 (Supplementary Figure 1). 

% Clot mass loss-post mechanical compaction: Mechanical loading 
applied to clot samples to simulate compression due to arterial blood 
pressure conditions also changed the clot mass. Unsurprisingly, clots 
that experienced greater mechanical force underwent significant mass 
loss. Clots created from blood mixtures with lower % RBC displayed 
greater mass loss following mechanical loading, p < 0.001 (Fig. 4A). 
Clots that had previously undergone significant platelet contraction 
changed less due to mechanical compression than clots that hadn’t un-
dergone platelet contraction, p = 0.041 (Fig. 4A). 

% Clot mass-thrombolysis. Clots that were treated with r-tPA for a 
longer duration exhibited greater mass loss (p < 0.01). Mean clot 
degradation of 10.7 % (confidence interval range from 8.1 % − 13.5 %) 
and 24.6% (confidence interval range from 19.3 % to 30.5 %) was 
observed after 1 h and 2 h of exposure to r-tPA, respectively (Fig. 4B). 
The other factors varied in the experiment, (RBC concentration, platelet 
retraction, mechanical compaction, and drug dose) didn’t influence the 
rate of clot degradation. 

3.4. Effect of r-tPA on clot mechanical properties 

As shown for a typical sample in Fig. 5, mechanical compression 
testing of clots reveals a non-linear stress–strain relationship with sig-
nificant strain stiffening and hysteresis between loading and loading. 
Treatment of the clots with r-tPA resulted in reduced stiffness and 
reduced hysteresis between loading and loading. No variable was found 
to have a significant impact at low strain tangent modulus. However at 
large strain tangent modulus, increasing fibrin content (decreasing % 
RBC) in blood mixtures resulted in increased clot stiffness, while 
increasing %PRP, which determines the extent of contraction, was also 
found to increase clot stiffness (Fig. 6 A). Increased duration of exposure 
to r-tPA resulted in a significant decrease in clot stiffness (Fig. 6A). 

Additionally, clot energy dissipation ratio was calculated to examine 
clot viscoelasticity. Energy dissipation ratio relates to relative energy 
dissipation due to internal friction within the clots. This also affects clot 
viscoelasticity and its stiffness. Clots that underwent platelet driven 
contraction (i.e. high %PRP) showed a significant decrease in energy 
dissipation ratio (p = 0.018). Clots that were exposed to r-tPA for longer 
durations had a significant reduction in energy dissipation ratio (p <
0.001) (Fig. 6 B). 

4. Discussion 

Clinical studies for large vessel occlusions in AIS have proven that a 

Fig. 3. (A) Graph highlighting overall percentage clot mass remaining following fibrinolysis. Whole blood clot analogues were prepared from human and ovine blood 
respectively (B) SEM imaging of the interior of a human whole blood clot showing thin hyper-branched fibrin fibres along with compressed RBCs. Black arrow heads 
showing thin hyperbranched fibrin while black arrows are showing thick fibrin fibres. 
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combined approach involving thrombolysis and MT has shown 
improved recanalization rate, better functional outcomes, and reduced 
mortality than thrombolysis alone (Gariel et al., 2018; Goyal et al., 
2016). In comprehensive stroke centres, where patients present directly 
to a hospital capable of performing MT, there is an argument for 
bypassing clinical thrombolysis treatment altogether (Kaesmacher et al., 
2019; Schlemm et al., 2020; Suzuki et al., 2021; Yang et al., 2020). 
However, in the so-called hub-and-spokes treatment model, where 

patients are transferred from a primary stroke hospital to a compre-
hensive stroke hospital for MT, patients will continue to receive 
thrombolytics prior to MT. As thrombus mechanical properties may play 
a significant part in determining success of MT outcomes, it is important 
to understand the effect of r-tPA on clot mechanical behaviour 
(Hernández-Fernández et al., 2021; Johnson et al., 2020; Mercado- 
Shekhar et al., 2018; Niessen et al., 2003) 

Clot lysis has been shown to be affected by a number of factors 
influencing clot microstructure, such as clot composition (Collet et al., 
2000; Hudson, 2017), fibrin fibre diameter, orientation of fibrin fibres, 
porosity of fibrin network (Hudson, 2017) and platelet content in the 
clots (Tomkins et al., 2011). The current study investigates the influence 
of RBC content, platelet retraction, mechanical compaction, r-tPA dose 
and duration of r-tPA exposure on clot mass and mechanical behaviour. 
The interaction between these variables was also examined. A statisti-
cally significant reduction in clot mass occurred over time after the clots 
were exposed to r-tPA verifying that the experimental model using ovine 
blood is effective. 

RBC-rich clots have shown more favourable outcomes with throm-
bolysis while clots with high fibrin and platelet content have shown 
greater resistance to thrombolysis (Bagoly et al., 2019; Denorme et al., 
2016; Jolugbo and Ariëns, 2021; Shin et al., 2018; Tomkins et al., 2011; 
Weisel and Litvinov, 2008); highlighting that thrombus composition is 
an important factor that might influence clot degradation with r-tPA 
treatment. In contrast to these studies, we observed that factors such as 
clot RBC content and platelet concentration which greatly change the 
retracted size of clots, and change their microstructure, did not influence 

Table 2 
Statistical summary of all the variables that were analysed in the study.    

Final clot mass 
(g) 

Mass loss after 
thrombosis (%) 

Mass loss after 
compaction (%) 

Mass loss post 
thrombolysis (%) 

Tangent stiffness at 
high strain 

Energy dissipation 
ratio 

A % RBC P < 0.001 (AC; 
AD) (-) 

P = 0.029 (-) P < 0.001 (AC) (-) P = 0.116 P < 0.001 (-) P = 0.0811 

B r-tPA exposure 
time 

P = 0.0435 (+) NA NA P < 0.001 (+) P < 0.001 (-) P < 0.001 (-) 

C Mechanical 
compaction 

P = 0.0447 (AC) 
(-) 

NA P < 0.001 (AC) (+) P = 0.41 P = 0.188 P = 0.195 

D %PRP P = 0.002 (AD) 
(-) 

P < 0.001 (+) P = 0.041 (-) P = 0.683 P = 0.017 (+) P = 0.018 (-) 

E r-tPA dose P = 0.102 NA NA P = 0.445 P = 0.425 P = 0.0545 
F Blood Vol P < 0.001 (+) P = 0.879 P = 0.266 P = 0.727 P = 0.734 P = 0.349 

‘(+)’ indicates positive correlation; ‘(-)’ indicates negative correlation; The two variables in bracket indicate interaction and ‘NA’ indicates ‘not applicable’. 

Fig. 4. (A) % Mass loss from compaction as a function of contraction force and % PRP in blood mixture; (B) Relative mass loss post r-tPA treatment; Graph B 
represents main effects plot from the Design Expert model. The dotted lines in graph B represents 95% confidence interval bands. 

Fig. 5. Stress strain representative curve of a 50% RBC (blood mixture) platelet 
rich clot with (shown in green) and without (shown in black) r-tPA treatment. 
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the effectiveness of r-tPA in reducing clot mass. It should be stated 
however, that our experiment did not proceed to full or even significant 
clot lysis; furthermore, it was carried out using unconstrained clots 
under static flow conditions. As such, RBC composition and platelet 
retraction may have been more apparent in clots that experience greater 
mass reduction and/or are subjected to dynamic flow conditions. In our 
study, mechanical properties of the clots were affected by RBC content, 
platelet retraction and exposure time to r-tPA. Each of these variables 
were found to be independent predictors of clot mechanical properties. 
Interestingly, %RBC and platelet retraction of blood clot did not influ-
ence the r-tPA effect on clot mass reduction and mechanical properties. 

A significant observation in our investigation highlights that clot 
stiffness is impacted by fibrinolysis. Others have shown that clot fibrin 
conformation and network density significantly resisted clot lysis 
(Miniati et al., 2010; Niessen et al., 2003; Wohner et al., 2011). It sig-
nifies that changes in the stiffness of the material can occur without 
large changes in the mass of the clots, presumably brought about by 
cleavage of individual fibrin fibres within the clot’s fibrin mesh. Taken 
together with the observations that platelet retraction and RBC content 
are key determinants of clot stiffness even prior to the thrombolysis 
effect, it may explain, in-part, why some clots are more responsive to r- 
tPA than others. For example, the effect of reducing the stiffness of an 
already highly deformable RBC-rich clot may have a larger effect than a 
similar reduction in stiffness of a tough, fibrin rich clot. Indeed, studies 
have shown that r-tPA thrombolysis is less effective on fibrin rich clots 
than RBC rich clots (Jang et al., 1989; Kirchhof et al., 2004). 

We observed that clot samples that underwent r-tPA treatment for 
longer duration also showed significantly reduced viscoelastic behav-
iour. It can be proposed that reduction in modulus brought on by 
fibrinolysis may lead to continued distal clot migration which would 
reduce the size of the infarcted brain territory. However, it may also 
move occlusive clots into distal vessels that are inaccessible for me-
chanical thrombectomy. It is also notable that using a 50% or 150% dose 
of r-tPA did not impact the rate of clot lysis. A plausible reason could be 
that the available plasminogen attached to the fibrin fibres is the 
limiting factor rather than the amount of r-tPA available in the circu-
lating blood. Other studies have also reported similar results, 

highlighting that other blood components may play a superior role in 
determining clot lysis (Staykov et al., 2011; Ziai et al., 2012). 

The following limitations should be acknowledged in this study. This 
study was performed in an in vitro static condition which limits the direct 
applicability to the dynamic in vivo animal and human studies. The 
homogenous nature of the clots may are not representative of thrombi 
retrieved from AIS patients, which tend to be heterogenous in nature. 
However, for the purpose of this study the use of homogenous clot an-
alogues enables repeatable and comparable testing based on clot 
composition. The influence of r-tPA on the fracture properties of blood 
clots was not assessed in this study which may have implications on 
procedural embolization in MT. 

Our investigation established that thrombolysis has a significant ef-
fect on reducing clot stiffness. This may lead to increased clot migration 
prior to MT, thereby resulting in increased risk of incomplete reperfu-
sion for distal thrombus with challenging access; alternately it may lead 
to softening of the clot, which could be beneficial in retrieving clots 
during MT. Future work focused on examining the benefits and risks of 
changing the mechanical properties of clots prior to MT may help 
treating physicians decide the best treatment combination for AIS pa-
tients. Moreover, this experimental investigation may also prove bene-
ficial in supporting numerical models of thrombolysis for AIS (Konduri 
et al., 2020; Luraghi et al., 2021b; Luraghi et al., 2021a). 

5. Conclusion 

Our study examined the effect of thrombolysis on clot mechanical 
properties using ovine blood clot analogues that were reduced in mass 
by up to 25%. Thrombolysis was shown to significantly affect clot me-
chanical properties by reducing their stiffness, which may explain 
thrombus migration observed clinically (Alves et al., 2019). Such al-
terations of clot mechanical behaviour may also impact the outcome of 
MT and should be subject of future investigations. 
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