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Abstract

Thrombolytic treatment of Acute Ischemic Stroke (AIS) patients with
recombinant tissue plasminogen activator (r-tPA) may not restore flow
in the occluded vessel. Thrombolysis is a complex process involving a
biochemical process of clot lysis but it is also occurring in a physically
dynamic environment that involves mechanical stresses on the clot.
Numerous studies using in-vitro models have been carried out to
understand the mechanism of thrombolysis. However, the focus of these
in-vitro models has been largely on biochemical fibrinolysis and not on
hydromechanical forces. In vivo studies using animals and clinical studies
in humans incorporate both biochemical and hydromechanical effects,
however they don’t allow for direct visualization of the clot breakdown
during thrombolysis, making it difficult to separately study both modes
of action. Having an in-vitro model that gives a clear visualization of the
process may help to better understand the hydromechanical component
of thrombolysis. To achieve this visualization, we set out to develop an
in-vitro model that can be used to observe the mechanical break-down
of clot analogues during lysis by r-tPA by simulating physiological flow
and pressure conditions in a transparent model of the M1 segment of the
middle cerebral artery. In our experiments conducted in a constrained
vessel, RBCrich clots and fibrin rich clots showed no significant difference
in clot size after thrombolysis. However, in a compliant vessel, RBC rich
clots were found to experience faster reduction in clot size in comparison
to the fibrin rich clots. RBC rich clots were observed to have a wider
range of movement under pulsed flow than fibrin rich clots resulting in
a more rapid reduction in clot size through clot fragmentation. These
findings may prove beneficial in understanding the treatment effect of
thrombolysis for different AIS patients.
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Introduction

Large vessel occlusions (LVOs) in Acute Ischemic Stroke (AIS) are
one of the major causes of disability and mortality globally. The medical
recanalization route involves treating patients with recombinant-tissue
plasminogen activator (r-tPA) referred to as intravenous thrombolysis
(IVT). The mechanism of action involves r-tPA attaching to fibrin on the
surface of the clot. Consequently, fibrin bound plasminogen is changed
to its active form, plasmin, which cleaves fibrin. Cleavage of the fibrin
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mesh eventually leads to degradation of thrombus and
recanalization of the occluded blood vessel. The rate of
successful LVO recanalization in AIS patients is still low for
IVT treatment, but outcomes for these patients have been
improved greatly with the introduction of the complimentary
therapy of mechanical thrombectomy (MT) [1-3]. For
patients that undergo fibrinolysis followed by MT, structural
changes of partially lysed clots may affect subsequent
endovascular treatment by mechanical thrombectomy (MT)
[4,5]. Adverse effects of thrombolysis include increased risk
of haemorrhage, while partial clot lysis can cause thrombus
migration or fragmentation which may still occlude distal
arteries [6,7]. To identify advantages and disadvantages
of thrombus migration following thrombolysis, an in-
depth evaluation of changes in thrombus characteristics is
required [5,8-10].

An animal study in rats using differentimaging techniques
has shown changes in clot location during thrombolysis
resulting in downstream clot displacement [11]. In addition
to this, it has been shown that poor collaterals inhibited the
effect of thrombolysis resulting in poor outcomes [12,13].
Friction, shear stress and compression may act on the clot in
an occluded vessel, potentially leading to clot movement or
fragmentation, which may be determined by the mechanical
properties of the clot itself [14-16]. Structural, shape and
mechanical changes occurring in clots due to fibrinolysis are
largely unknown and have not been represented very well
in the existing in-vitro studies [17-21]. Due to the gaps in
in-vitro modelling and lack of experimental data, accurate
translation to numerical studies has been a challenge [22].

Clinical studies have shown that thrombolytic therapy
changes the biochemical composition over time [23].
Characteristics such as clot size and red blood cell (RBC)
content have been shown to influence responsiveness to
r-tPA [24,25]. Evaluation of the effect of thrombolysis in
an animal model has highlighted clot composition as a
critical factor affecting the rate of re-perfusion, which was
attributed to different mechanical and molecular changes
occurring during clot preparation [26]. In vitro tests have
confirmed that administration of r-tPA significantly affects
clot mechanical properties [27]. We hypothesized that direct
visualization of in-vitro thrombolysis experiments would
enhance our understanding of how these changes manifest
in LVO treatment.

Using clots with different cellular composition,
we developed an in-vitro model of thrombolysis that
incorporates the physical parameters of blood flow and
pressure in an LVO. The model allowed visualization of
occlusion dynamics during the time of lysis. In this way it
was observed that differences in clot physical behaviour
during r-tPA treatment are associated with recanalization
rate, which may help to understand treatment effects for AIS
patients.

Materials and Methods

R-tPA treatment of LVO’s of the middle cerebral
artery (MCA) were conducted using two artery models, to
investigate the effect of thrombolysis on different types

of clots. One model was made from compliant silicone
and the other from rigid glass. These vessel models were
incorporated in a flow system that circulated ovine serum
in a loop. R-tPA was infused for over one hour using the
recommended dose. Ovine clots were prepared with 10-
20% red blood cell (RBC) and 60%-80% RBC composition to
develop fibrin rich and RBC rich clots, respectively. Changes
in the vessel occlusions were measured visually and using
pressure and flow sensors.

Blood clot preparation

Ovine blood was obtained from Ash Stream Ltd, Co. Mayo,
Ireland in a sterile blood bag pre-loaded with anti-coagulant
solution ACPD (adenine citrate phosphate dextrose). Whole
blood was spun in a centrifuge at 2200g to separately collect
plasma and red blood cells (RBC). Clots were prepared by
varying the RBC content and plasma in the blood mixture
to create blood clots of desired RBC composition using
previously reported methods [28]. To develop RBC rich
clots (60-80% RBC approximately by histology), a 30%
RBC blood mixture was used and for preparing fibrin rich
clots (10-20% RBC approximately by histology), a 5 % RBC
blood mixture was utilized. The clot analogues were stored
under controlled temperature conditions and allowed to
mature overnight. Serum from clots prepared from the
same sheep was collected and stored at -20°C for use during
thrombolysis.

Flow model

An in-vitro flow system was set up with inlet and outlet
reservoirs placed at different heights to generate a flow,
and to achieve controlled pressure conditions in the model.
Serum flowed from a primary header tank, which was placed
at a height of 130 cm to generate mean arterial pressures
(MAP) of approximately 110 mm Hg, which acted on the
proximal face of the occlusion. A secondary header tank
set at a lower height above the occlusion model was used
to generate pressure on the distal face of the occlusion.
High- and low-pressure gradients across the clots of 70 +/-
10 mm Hg and 10 +/-2 mm Hg were achieved by adjusting
the height of the secondary header tank to 40 cm or 90
cm, respectively. These pressure gradients span the range
of clinical measurements in AIS patients as described by
Sorimachi et al [29]. In this study, the pressure proximal,
and distal of the occlusions was 95+/13.2 mm Hg and 35.9
+/- 13.5mm Hg respectively.

The schematic flow model is shown in figure 1. Pulsed
flow was achieved using a modified peristaltic pump attached
proximally to the occluded vessel via a branch from the main
flow loop, which terminated in a close-ended compliant tube
of 8.5 mm internal diameter and 150 mm length. Pulsatile
flow was achieved by removing one roller from the 2-roller
pump-head, which allowed a pulsed reflux of the fluid drawn
from the main flow loop. The pulse generator is based on a
design from Desjardins et al [30]. The total volume of the
system was 350 ml approximately. The two interchangeable
vesselmodels made fromsilicone and glass were alternatively
attached to the flow system, which were referred as the “test
vessel” and “control vessel”, respectively. Clot analogues
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Figure 1: Schematic of the thrombolysis flow model showing flow paths in the system incorporating pulsatile flow.

were allowed to flow into the vessels and lodged at the same
location every time. A flow meter was attached to the distal
vessels beyond the occlusion along with pressure sensors,
whilst a proximal pressure sensor was also used to monitor
antegrade pressure. Movement of the clot was captured
using a camera.

The test vessel comprised of a compliant silicone
bifurcated vessel which was manufactured using silicone
with 13% compliance for a change in 100 mm Hg (BDC
Laboratories, Colorado, USA). The vessel consists of a main
trunk with 3.5 mm internal diameter (ID) (representing
the M1 segment of the MCA) that bifurcates to 2 vessels
with 2.5 mm ID tapered to 2.0 mm ID over a length of 70
mm (Figure 2 A,B). Recanalization was achieved when
full flow was restored in either of the branches of the test
vessel. The experiment was halted after full recanalization
of a branch was achieved. Two timepoints were identified to
describe the speed of recanalization, (i) the starting point of
recanalization, when any flow was detected in a distal vessel,
and (ii) the time when full recanalization was achieved,
when flow through a distal branch reached its pre-occlusion
flow rate. Orthogonal confirmation of these timepoints was
achieved by observation of simultaneous pressure increase
recorded in the distal pressure sensors.

The controlvesselmodelis a tapered glass vessel, designed
to prevent clot migration and to enable continuous flow
to both the proximal and distal faces of the occlusion. The
gradual taper combined with a focal restriction at the distal
end of the vessel act to prevent distal migration of the clot,
while still allowing diffusion or flow through the occlusion if
possible. Additionally, flow to the proximal and distal faces
of a clot could be adjusted so that either continuous flow or
stagnant flow conditions could be replicated (Figure 3 C,D).

r-tPA infusion and dosing

A concentration of 1mg/ml of rt-PA (Alteplase,
Boehringer Ingelheim) was prepared by reconstituting 50
mg of the Alteplase lyophilized powder with 50 ml of sterile
water. Alteplase was infused over time after administration
of a 10% initial bolus to achieve the equivalent of a 0.9 mg/
kg dose, which equates to a concentration of 14 ug/ml in the
serum.

Pre-conditioning of clots

To understand the changes in the clot analogues due
to compression under fluid pressure, clot analogues were
placed in a mock vessel without thrombolysis. In this
evaluation, RBC rich and fibrin rich clots were exposed to
pulsatile flow under blood pressure for a duration of three
hours. Clots were observed for movement and change in size
periodically over this time. Furthermore, it was assessed if
the compression of clot in a constrained vessel under blood
pressure alters the response to thrombolysis. Thrombolysis
of clots was performed in a test tube on a compacted clot
removed from the flow model after 1 hour and a non-
compacted clot that was not introduced to the flow model.

Flow model experimental method

For all experiments, clots were lodged in the vessels
prior to adding rt-PA for one hour under continuous flow
conditions and constant pulsatile pressure to allow clot
compaction to reach a stable level. All test conditions are
provided in the table 1. r-tPA was administered to the
primary reservoir and from there it could circulate through
the full flow model. Each experiment was carried out in
triplicate. In the test vessel, both a high-pressure gradient
and a low-pressure gradient were evaluated at 70+/-10 mm
Hg and 10+/-2 mm Hg, respectively. In the control vessel all
experiments were carried out at a pressure gradient of 10
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Figure 2: (A) schematic of the test vessel integrated with the flow model. (B) Image of clot analogue occluding the test vessel; (C) Simplified schematic of
the test (non-compliant tapered glass) vessel depicting an occlusion in the M1 vessel of MCA. (D) Image of a clot analogue occluding the control vessel. H1
and H2 are heights determining proximal and distal pressure in the occlusion model.
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Pressure drop

Duration of

Nearest branch Nearest branch

Starting clot

Test Condition Vessel Clot to proximal to distal face Replicates
(mm Hg) test fa(I;’e of clot of clot length (mm) b
Until full flow
1 Test RBC Rich 70 restored in the 2-3 mm 60 mm 12 mm 3
vessel
Until full flow
2 Test RBC Poor 70 restored in the 2-3 mm 60 mm 12 mm 3
vessel
Until full flow
3 Test RBC Poor 10 restored in the 2-3 mm 60 mm 12 mm 3
vessel
4 Control RBC Poor 10 2 hr 0 mm 0 mm 18 mm 3
5 Control RBC Rich 10 2 hr 0 mm 0 mm 18 mm 3
6 Control RBC Rich 10 2 hr 30 mm 60 mm 18 mm 3
7 Control RBC Rich 10 2 hr 10 mm 0 mm 8 mm 3
8 Control RBC Poor 10 2 hr 10 mm 0 mm 8 mm 3
9 Testtube | RBC Rich (No pre- Not-applicable 1 hr NA (Nor-tPA 1 NA (No r-tPA 18 mm 5
compaction) treatment) treatment)
RBC Poor (No pre-|  Not-applicable NA (Nor-tPA | NA (No r-tPA
10 Test tube compac(tion)p (IEIITA) I hr tre(;\tlment) tre(atment) 18 mm >
. . NA (Fully NA (Fully
11 Test tube RBSOIESZC(tIi\(I)(r)x)p re- Not-e(tipil)cable 1 hr immersed in immersed in 18 mm 5
r-tPA) r-tPA)
RBC Rich (Pre- 10 (Pre- NA (Fully NA (Fully
12 Test tube compacted in . 1 hr immersed in immersed in 18 mm 5
control vessel) compaction) r-tPA) r-tPA)

Table 1: Test conditions; Starting clot length: Indicates length of the clot in the occluded vessel.

+/-2 mm Hg. The effect of changing the clot size was also
evaluated in the control vessel.

Changes in pressure were recorded in real time proximal
and distal to the clot and flow rate was also monitored using
a flow meter. Mean arterial pressure (MAP) was recorded
proximal and distal to the clot in both branches of the test
vessel which were referred as left or right branches. Pulse
pressure (PP), which is the difference between the maximum
and the minimum pressure was also recorded proximally
and distally to the clot. To investigate the effect of r-tPA
on clot size reduction, images of the clots were recorded at
different intervals for the duration of 2 hours; change in clot
area was calculated by analysing the images using Image]
software (version 1.53] 2021).

Statistical analysis

All data are presented as mean #* standard deviation.
A two-sample t-test was used to examine significant
differences between two variables or a one-way ANOVA
with Bonferroni test was used if more than 2 variables were
compared. Differences were considered significant at p <
0.05. Statistical analyses were performed using Graph Pad
Prism 8 or Minitab (version 17.3.1).

Results

Pre-conditioning of clot before

thrombolysis

undergoing

Duringthe pre-conditioning ofthe clots before undergoing
thrombolysis, it was observed that clots reduced in size
due to compaction within the first hour after lodgement
but did not reduce in size after one hour. Therefore, clot
samples were allowed to lodge for an hour under the desired

pressure conditions in the flow model before thrombolysis
treatment (Supplementary figure 1A). An average reduction
of 3.7 +/- 1.75 % (N=5) and 8.9 +/- 5.38 % (N=5) in clot size
was observed in RBC rich and fibrin rich clots respectively in
one-hour duration.

Thrombolysis performed in a test tube on a compressed
and a non-compressed clot revealed that compression of clot
in a constrained vessel under blood pressure slowed down
thrombolysis of the clots when subsequently placed in a
test tube containing r-tPA. Clots that were not placed in the
flow model underwent a significantly greater reduction in
mass during thrombolysis as compared with clots that had
undergone compression in the flow-model (49.5 +/- 7.5 % vs.
31.9 +/- 7.9 %; Mean +/- SD; N=5; p=0.007) (Supplementary
figure 1B).

Thrombolysis of clots in the flow model

Flowrate readings obtained in the test vessel at regular
intervals distal to the occlusion showed that vessels with
RBC rich clots re-established full flow through the occluded
vessel faster in comparison to fibrin rich clots (Figure 3A).

During thrombolysis at a pressure gradient of 70 mmHg
across the clot, it took an average of 15.6 minutes for RBCrich
occlusions and 44.3 minutes (average, N=3) for fibrin rich
occlusions to fully recanalize the vessel after onset of vessel
opening. after onset of vessel opening (Table 2). Occlusions
involving fibrin rich clots with a 10 mm Hg pressure gradient
across the clot, took a slightly faster time of 36.3 minutes
(average, N=3). Pressure measurements obtained proximal
and distal of the clots are shown in figure 3B. The pressure
curves showed a similar pattern to the that of the flow rate
measurements. Controls with no r-tPA treatment shown in
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Figure 3: (A) Representative graphs showing real time lysis profiles of a typical fibrin rich (10-20% RBC content) and RBC rich clots (60-80%
RBC content), RBC rich clots attained 50% through a branch of the vessel faster than fibrin rich clots, N=3; The first red dotted line denotes start
of recanalization, then the next grey line depicts time when 50% flow was restored in a branch of the vessel and the last red line denoted time when
full recanalization occurred in the vessel. LHS= Left hand side; PP= Pulse pressure; RHS= Right hand side, MAP = Mean Arterial Pressure. (B)
Representative graph showing lysis profiles of a typical fibrin rich (10-20% RBC content) and RBC rich clot (60-80% RBC content) depicting changes
in pressure proximal and distal to the clot during thrombolysis; Centimetre square (cm?®) = cm-sq. (C) Representative images of an RBC and fibrin rich
clot getting lysed over a period of time, showing reduction in clot size at high pressure gradient.
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Figure 4: Graph showing minimal changes in clot size between RBC rich and fibrin rich clots at high pressure gradient. Small changes were observed in RBC
rich clots with flow and poor flow up to the face of the clot in the glass vessel model. Please note data was combined here for long and short clots as no difference
was observed in clot size between these conditions during thrombolysis (N >=6).

Clot type Reduction in clot size o q
. Reduction in clot size o .
Test and pressure T, . = before any opening s . Reduction in clot size overall
o . RS after initial opening
condition gradient (mm (mins) (Ts-Ty o (T-Toyy) (%)
Hg) A (s Tenp) (0) o
1 RBC rich 70 21, 47,86 [51.3] 15, 10, 22 [15.6] 10.5, 6.5, 24.8 [14.0] 29.2,20.3 15.3 [21.6] 39.7,26.8, 40.1 [35.5]
2 RBC poor 70 = 43, 53,72 [56.0] 43,55, 35 [44.3] 2.8,5.1,9.4 [5.76] 20.1,10.4,9.9 [13.5] 22.9,15.5,19.3 [19.3]
3 RBC poor 10 | 50,28, 87 [55.0] 37,29, 41 [35.7] 4.3,0.81, 1.73 [2.26] 28.2,30.0, 21.0 [26.4] 32.5,30.8, 22.7 [27.6]
4 RBC poor 10 10.3, 6.1, 10.0 [8.8]
5 RBC rich 10 11.8 +/- 4.8; N=6
RBC rich
6 10(poor flow) 12.3,5.4,7.4 [8.4]
, RBC rich No recanalization, Experiment stopped at 120 mins 156,124,296 [19.2]
10(short clot) T )
RBC poor
8 10(short clot) 14.8,17.3,21.7 [17.9]
RBC rich
9 (No pre- 3.7 +/- 1.7;N=5
compaction)
RBC poor
10 (No pre- 8.9 +/- 5.4; N=5
compaction)
No Recanalization, Experiment stopped at 60 mins
RBCrich
11 (Non- 49.5 +/- 7.5; N=5
compacted)
RBCrich
9 +/-7.9;N=
12 (Compacted) 31.9 +/- 7.9; N=5

T, = Starting time point of the experiment; T ¢ = Time for beginning of recanalization (mins); T, , = Time to achieve full recanalization through a vessel or end of

experiment if no recanalization was achieved. dT = (T T )

Table 2: Depicting time period required by different clot types to achieve flow restoration in the test vessel. Average of the individual values has been shown in the
brackets [ ] +/- depicts standard deviation. Time here depicts time since start of the thrombolysis experiment in minutes. NA (Not applicable)
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Figure 5: Graph showing minimal changes in clot size between RBC rich and fibrin rich clots.

Supplementary figure 3, did not recanalize at all in the same
time period.

Significant pulsatile movement of the RBC rich clots was
visible in the vessel while fibrin rich clots moved minimally,
which is captured in supplementary video 1. RBC rich clots
also shed clot fragments once a channel opened through the
occlusion as shown in supplementary video 2, which was not
observed with fibrin rich clots. In the test vessel, fibrin rich
clots displayed an average of 7.97% reduction in clot size
while RBC rich clots displayed average of 25.36 % reduction
in clot size 60 minutes after addition of r-tPA (N=3). A
representative image of the clots has been shown in Figure
3C and corresponding table highlights average reduction in
clot size (N=3).

The control vessel was used to study the effect that clot
composition has on the rate of lysis when clot movement
is restricted. None of these evaluations resulted in the
restoration of flow in the occluded vessel even after 2 hours.
Minimal reduction in the size of the clots was observed and
there was no significant impact on the rate of lysis due to
the RBC content of the clots. Fibrin rich and RBC rich clots
showed a similar reduction of 4.4 % and 4.0 % after 1 hour
and 12.8 % and 14.5 % after 2 hours respectively (Average
N =6). Comparing stagnant flow to good flow to the clot faces
in RBCrich clots, they reduced in size by 8.4 % for the former
in comparison to 14.5 % for the latter (average N=3) (Figure
4).

Fibrin rich and RBC rich clots with different lengths
(occupying the full 18mm vessel length or only 8 mm vessel

length) showed 8.2% and 8.8% reduction in clot size after
2 hours, respectively. Whereas the short length fibrin rich
and RBC rich clots showed 17.9% and 19.2% reduction in
clot size (Figure 5). However, loss in clot size for each clot
type was similar, with 0.047 cm? and 0.045 cm? for the large
and short length RBC rich clots and 0.044 cm? and 0.058 cm?
(Average, N=3) for the large and short length fibrin rich clots
after r-tPA treatment; thus indicating that the mode of clot
attrition is likely caused by erosion of material from the clot
faces rather than through diffuse fibrinolysis throughout the
clots.

Discussion

Models of thrombolysis that have been developed
mostly include in-vitro models, microfluidic models, and
computational numerical models [20,31-36]. However,
they all lack the ability to combine the biochemical factors
with the mechanical factors of realistic thrombi, pressure,
flow, vessel compliance, and general blood flow conditions
[20,31]. In numerical studies, assumptions were needed to
reduce complexity, such as ignoring the intrinsic pathway
of thrombolysis, clot fragmentation ability during lysis,
migration of clots after fragmentation, pulsatility and vessel
compliance [36-39]. Furthermore, there is a lack of sufficient
experimental data to validate the numerical models of
thrombolysis, and the experimental studies generally don't
correspond well to physiological mechanisms in-vivo [22].

To overcome these challenges, we developed an in-
vitro model with different types of vessel compliance and
vessel design to help explain the mechanism of clot lysis. In
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previous work we confirmed that r-tPA has similar efficacy
on human and ovine blood clots in an in-vitro setting [27]. In
this present study, we observed that the compaction of clot
slowed down clot lysis, which suggests that compression
reduced permeability of r-tPA into the clot structure. This
is congruent to other studies that showed a compacted
clot structure with reduced pores increased resistance to
clot lysis [40-42]. In our in-vitro model setup consisting of
a compliant bifurcated vessel, recanalization was achieved
quicker with RBC rich clots in comparison to fibrin rich
clots. As expected, when recanalization occurred, flow
rate increase was matched by pressure equalization in the
recanalized vessel. It has been well reported that RBC rich
clots are more susceptible to thrombolytics than fibrin rich
clots, possibly due to microstructural differences. In our
model, as the occluded vessels started to recanalize, this was
preceded by observation of a pulse pressure registering in
the distal vessel, indicating some movement of the clot as it
started degrading. RBC rich clots in our experiment moved
more and visibly fragmented during thrombolysis, creating
a sharper rate of recanalization than fibrin rich clots which
didn’t move as much and didn’t break apart into visible
fragments. Mechanistically, this may be explained by studies
that showed RBC rich clots are more prone to fracture
[14,43].

We believe, increased fragmentation of RBC rich clots can
also be attributed to more rapid clot movement facilitated
by differences in the mechanical properties’ clots with
different clot composition. Clot composition dependant
properties such as friction coefficient, stiffness and fracture
toughness, have been reported [15,44]. We propose that
reduced stiffness and lower friction coefficient in RBC clots
result in more movement, which may lead to higher fatigue.
In addition to this, RBC rich clots have lower fracture
toughness, also resulting in greater fatigue in a pulsed flow.
Combining all these factors, suggests that RBC rich clot
occlusions open up faster than similar sized Fibrin rich clots
when treated with r-tPA.

In order to separate the influence of clot movement and
direct r-tPA access, the compliant test vessel was swapped
with a non-compliant glass vessel model (control vessel)
that kept the clot in one place while giving r-tPA access in
a controlled manner to both the proximal and distal face of
the clot. This test showed no difference in clot degradation of
RBC rich clots compared to fibrin rich clots. Suggesting clot
material was removed from the faces (proximal and distal)
of both clot types in a layer by layer fashion, as suggested
by other studies. An interesting study highlighted that
when r-tPA is introduced at the edge of the clot, lysis occurs
spatially advancing from the front of the clot over time,
restricting the amount of r-tPA available to the deep sections
of the clots [45-47].

This study had several limitations. The number of
replicates for each condition in these experiments were
low (N=3) due to limited blood that could be collected
from an animal at a time. This study was performed in an
in-vitro flow model which limits the direct applicability to
in vivo animal and human studies. Human blood clots were

not used for all the experiments due to limited availability
of human blood and easier working conditions with animal
(specifically ovine) blood. However, we have previously
shown ovine blood clots to behave similarly to human blood
clots in a thrombolysis model. Despite these limitations, this
study represents a foundation for translating thrombolysis
findings to in-vivo studies. The in-vivo clot vessel interaction
and extracellular matrix could not be created in this in-vitro
model which might have implications on thrombolysis.
Homogenous clots prepared for this study do not clinically
represent thrombi retrieved from AIS patients but for the
purpose of this study these clot analogues enabled us to
carry out repeatable testing and compare results.

Further investigations to fully elucidate the effect of r-tPA
on clots would prove beneficial for physicians in making
treatment decisions for AIS patients [48]. These findings
should be considered to evaluate thrombus dynamics in
a clinical trial for achieving acute reperfusion. This work
may also provide outputs to support computational model
generation of thrombolysis treatment as part of the in-silico
trials [14,49-52].

Conclusion

We successfully developed an in-vitro model of LVO
thrombolysis that replicate in-vivo physiological conditions.
Using these models, we identified the importance of
thrombus composition on the speed of LVO recanalization,
which may explain some of the clinical observations related
to clot composition and thrombolysis efficacy. RBC rich
clots oscillated more under pulsed pressure than fibrin rich
clots. The lower stiffness and friction coefficient result in
more movement of RBC clots, which may lead to higher clot
fatigue during the fibrinolysis process. Once a channel opens
through the occluded vessel, there is significant shearing of
the clot, resulting in more fragmentation of RBC rich clots.
Clot mechanical properties, which are closely linked to their
histological composition may have a large role in the efficacy
of IVT. This novel thrombolysis model may have utility in
evaluating the efficacy of different thrombolysis treatments
in the in-vitro setting.
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