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Thrombolytic Recanalization of Carotid Arteries Is Highly Dependent

on Degree of Stenosis, Despite Sonothrombolysis

Amelia J. Tomkins, PhD; Rebecca J. Hood, BBiomedSci(Hons); Debbie Pepperall, DipPathTech; Christopher L. Null, BS; Christopher R. Levi,
MBBS, BMedSci, FRACP; Neil ). Spratt, FRACP, PhD

Background—Stroke associated with acute carotid occlusion is associated with poor effectiveness of tissue plasminogen activator
(tPA) thrombolysis and poor prognosis. Rupture of atherosclerotic plaques resulting in vascular occlusions may occur on plaques,
causing variable stenosis. We hypothesized that degree of stenosis may affect recanalization rates with tPA. Ultrasound+tPA
(sonothrombolysis) has been shown to improve recanalization for intracranial occlusions but has not been tested for carotid
occlusion. Our primary aim was to determine thrombolytic recanalization rates in a model of occlusion with variable stenosis, with
a secondary aim to investigate sonothrombolysis in this model.

Methods and Results—Rat carotid arteries were crushed and focal stenosis created (25% baseline Doppler flow) with a silk-suture
tie invoking thrombosis and occlusion. To model mild or severe stenosis, the tie was released pretreatment or left in place. Animals
were treated with tPA (10 mg/kg) or tPA+ultrasound (2-MHz) in each stenosis model (n=7 /group). Recanalization was assessed by
Doppler flow. Thrombolytic recanalization rates were significantly higher in mild stenosis groups (71% versus 0% with severe
stenosis; P<0.0001). Recanalization rates were not significantly higher with additional ultrasound in either model.

Conclusions—In this model, the degree of carotid stenosis had a large effect on thrombolytic recanalization. Sonothrombolysis
using standard parameters for intracranial sonothrombolysis did not increase recanalization. Further testing is warranted. The
degree of underlying stenosis may be an important predictor of thrombolytic recanalization, and clinical correlation of these
findings may provide new approaches to treatment selection for patients with carotid occlusion. (/ Am Heart Assoc. 2016;5:
€002716 doi: 10.1161/JAHA.115.002716)
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C arotid artery occlusion can lead to devastating conse-
quences such as stroke. Patients with carotid occlusion—
associated stroke have high rates of death and disability but
treatments are limited. Successful recanalization with intra-
venous tissue plasminogen activator (tPA), the current stroke
thrombolytic, is only achieved in 10% to 30% of patients with
carotid occlusion.’™ Although a severe carotid stenosis
predicts a greater risk of stroke for any individual,* the
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population frequency of mild stenosis is greater. Hence, acute
occlusion of the carotid artery that leads to stroke may occur
with varying degrees of carotid stenosis. We hypothesized that
the degree of underlying stenosis of carotid artery occlusion
may be an important predictor of successful thrombolytic
recanalization. Given the low efficacy of tPA in carotid athero-
thrombotic occlusion, approaches to enhance its effect are
required. Ultrasound+tPA (sonothrombolysis) appears promis-
ing for improving intracranial recanalization,® but has not been
tested in extracranial carotid artery occlusion. Therefore, our
primary aim was to determine whether the degree of carotid
stenosis affected rates of sustained recanalization with throm-
bolysis at 4.5 hours postocclusion. Our secondary aim was to
determine whether ultrasound enhances sustained tPA recanal-
ization rates in carotid occlusion.

Methods

General Animal Details

Experiments were approved by the Animal Care and Ethics
Committee of the University of Newcastle, Australia (Approval
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No. A-2010-128) and performed in compliance with require-
ments of the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes.® Male Wistar rats (n=28;
311-417 g; Animal Resources Centre, Perth, Australia) were
anesthetized with 5% isoflurane and maintained with 1.5% to
2% in 30/70% O,/N,. Rectal temperature was maintained at
37°C with a feedback-controlled heat mat (Faculty of Health
Workshop, University of Newcastle, Australia). Heart rate,
respiration, and oxygen saturation were monitored throughout
surgery.

Model of Carotid Artery Occlusion With Stenosis

To create carotid artery occlusion with variable degrees of
stenosis, a modification of the Folt’s model was used.” A
timeline and surgical schematic are presented in Figure 1.
The right carotid arteries were exposed and a 20-MHz, 0.8-
mm Doppler flow probe (lowa Doppler Products, USA) was
positioned over the external carotid artery, distal to the
intended injury/stenosis site. Flow was monitored audibly
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Figure 1. Experimental timeline (A) and surgery schematic (B) of
carotid artery occlusion with stenosis. Branching arteries were
cauterized (superior thyroid and occipital arteries), and the internal
carotid artery (ICA) was ligated to prevent embolism to the brain. A
flow probe was placed over the external carotid artery (ECA) and
baseline flow monitored for 5 minutes (depicted in blue in [B]). The
stenosis suture was placed around the common carotid artery
(CCA) but not tightened. Three 30-s crushes ([A] red) were made
over and immediately adjacent to the suture with 30 second rest
periods between crushes. The suture was tightened to reduce flow
by 75% and flow was monitored for occlusion. Following 45 min-
utes of stable occlusion, the stenosis suture was either loosened to
create mild stenosis or left in place for a severe stenosis.
Treatment began 60 minutes postocclusion. Flow was monitored
every 30 minutes post-treatment onset for any signs of recanal-
ization ([A] green arrows).

through the Doppler instrumentation and visually via
LabChart software (ADInstruments, Australia). Since the
primary outcome was recanalization of the occluded common
carotid artery, the internal carotid artery was ligated. This was
done to avoid the potential confounding effects of variable
strokes that may result from thromboembolism. A 5-0 silk
suture with a double throw tie was placed around the common
carotid artery at the intended stenosis site, but not tightened.
Using hemostats guarded with tape, the common carotid
artery was crushed 3 times (30-s crush, 30-s rest) to disrupt
the endothelium, exposing prothrombotic factors. Crushes
were made over and directly adjacent to the suture. Following
the third crush, a stenosis was created by tightening the
suture over the site of injury, reducing blood flow by 75% of
precrush baseline flow. Flow was monitored for cyclic
patterns until complete occlusion was achieved. Complete
occlusion was confirmed by cessation of audible flow and
irregular flow trace (Figure 2A and 2B). Up to 2 additional
crushes were made if: (1) continuous flow was maintained for
10 minutes after the crush cycle, or (2) if cyclic flow patterns
including occlusion/recanalization events were observed for
30 minutes postcrush with no complete occlusion.

To model mild or severe stenosis, the tie was loosened
(mild) or left in place (severe) after 45 minutes of stable
occlusion. If flow spontaneously returned pretreatment (n=1),
the vessel was recrushed and reobserved for 60-minute
occlusion. For each stenosis protocol, animals were random-
ized to tPA, or tPA+ultrasound. tPA (10 mg/kg; Alteplase,
Boehringer Ingelheim, Australia) was administered intra-
venously via the femoral vein at 60 minutes postocclusion
(10% bolus over 1 minute, remainder over 1 hour). For
ultrasound groups, the skin was sutured, covered with
Tegaderm™ (3M, North Ryde, Australia), and the ultrasound
probe was positioned over the occlusion using a laboratory-
manufactured spacer containing ultrasound gel. Insonation
began with the start of tPA delivery, continuing for 2 hours (2-
MHz, 720 mW/cmz, 25-mm depth, sample volume 10 mm;
EZ-Dop®, DWL Compumedics, Germany). Recanalization was
monitored at 30-minute intervals after tPA onset until
4.5 hours postocclusion. Recanalization was confirmed by
audible flow return and a regular LabChart flow trace
(Figure 2A and 2C).

Statistical Analysis

Baseline time for analysis was 60 minutes postocclusion,
immediately prior to tPA administration. Recanalization was
reported as sustained when a return of flow was observed and
remained until the final observation time (4.5 hours postoc-
clusion). Rates of sustained recanalization (number of animals
with sustained recanalization from the total cohort) were
compared using log-rank test with differences considered
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Figure 2. Example flow trace of crush, occlusion, and recanalization. A, Doppler Flow recorded via
LabChart (ADInstruments, Australia) demonstrating crush injury (A), stenosis (at —10 min), flow decrease
to occlusion (gray shading, B), and recanalization (gray shading, C). B, Flow decrease to occlusion,
correlating with gray shading labeled B in (A). At low flow rates, audible signal was a better indicator of flow
due to “noise” of the flow trace, as can be seen around the point of occlusion in (B). C, Recanalization

correlating with gray shading labeled C in (A).

significant if P<0.05 (Graphpad Prism 6). Investigation of
degree of stenosis was performed by pooling tPA and
tPA+ultrasound groups per stenosis model (Figure 3B). Effect
of treatment on sustained recanalization was analyzed for
each stenosis model.

Results

No animals were excluded. One animal died prior to final
observation (mild stenosis-tPA group). This animal had
fluctuating body temperatures throughout surgery and high
temperatures (>39°C) leading up to its death. It was included
in the primary analysis, and re-analysis excluding this animal
did not change the reported results.

Exact flow values relative to baseline are not presented
because closing the surgical site for ultrasound insonation
affected the Doppler flow trace relative to baseline, preventing
accurate judgment of the degree of recanalization. However,

flow return was clearly discernible irrespective of skin closure
(Figure 2C). Therefore, in the interests of accuracy, we chose
sustained recanalization as the marker of recanalization
success, rather than attempting to quantify percentage
recanalization.

The carotid artery of all animals had been occluded for
60 minutes at tPA onset. High rates of sustained recanaliza-
tion were observed in the mild stenosis model compared to
severe stenosis (P<0.0001; Figure 3A and 3B). In the mild
stenosis-tPA group, all animals exhibited recanalization.
Sustained recanalization was observed in 5/7 rats, and the
remaining 2 animals had recanalization/reocclusion. Reoc-
clusion occurred within 30 minutes of recanalization onset in
both cases. In all, initial recanalization occurred between 30
and 90 minutes post—treatment onset. In severe stenosis-
tPA, no recanalization was observed.

Sonothrombolysis had limited effects on recanalization in
either mild or severe stenosis groups (Figure 3A). In mild
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Figure 3. Carotid artery recanalization in the setting of mild or
severe stenosis. Recanalization rates are expressed as the
percentage of animals recanalized per group (n=7/group).
Recanalization was measured every 30 minutes post-treatment
onset for 240 minutes (4.5 hours postocclusion). A, Recanaliza-
tion/reocclusion events for all animals with mild or severe
stenosis treated with tissue plasminogen activator (tPA) alone or
tPA+ultrasound (n=7/group). B, Sustained recanalization (re-
canalization at end point) in mild (open triangle) and severe
stenosis models, pooled treatment (*P<0.0001, hazard
ratio=16.7 [4.2—67.4, 95% Cl]; n=14/group). Presence of ultra-
sound made no significant difference to the rates of sustained
recanalization in either mild or severe stenosis models.

stenosis-tPA+ultrasound, sustained recanalization occurred
within 30 minutes of treatment onset in 5/7 rats, as was also
seen without the addition of ultrasound (P=0.67). Recanaliza-
tion/reocclusion occurred in 2/7 of severe stenosis-tPA+ul-
trasound rats, but none had sustained recanalization
(Figure 3A).

Discussion

This study demonstrates a strong effect of the degree of
carotid stenosis on thrombolytic recanalization after throm-
botic carotid occlusion. Sustained recanalization rates were
>70% with mild stenosis, compared to 0% with severe
stenosis. These findings have potentially important clinical
implications. If the degree of carotid stenosis has similar
effects clinically and new imaging techniques enable degree
of stenosis to be assessed, this could guide the choice of
thrombolysis versus endovascular treatment for stroke

patients with acute carotid occlusion. The conventional “rat
dose” of tPA, 10 mg/kg, was chosen based on its common
use in the literature. There is evidence that this dose exerts a
maximum effect® and further dosage increases do not
enhance recanalization.” This study did not demonstrate a
benefit of sonothrombolysis over tPA alone for extracranial
carotid occlusion.

The results provide evidence of the influence of stenosis on
thrombolysis as well as providing a preclinical model for
testing thrombolytics in extracranial carotid occlusions.
Correlation with clinical data is, however, needed to confirm
this effect in patients. There are differences between our
acute stenosis model and patients with carotid stenosis and/
or occlusion. In patients, stenosis due to atherosclerosis is
generally due to chronic plaque build-up, while our model is an
acute stenosis. Our model is not an absolute replicate of the
human condition of atherothrombotic carotid stenosis and
occlusion, yet it is an important step forward for experimental
models of carotid occlusion. It mimics the stenotic narrowing
of the artery, reduced blood flow, endothelial damage, and
exposure of subendothelial matrix proteins that promote
thrombosis and cause carotid occlusion. Previous models of
carotid occlusion have used ex vivo prepared clots injected
into the vessel,'® or other nonphysiological forms of throm-
bosis induction, such as FeClz.'" Additionally, none of these
models have investigated stenosis as a factor of thrombolytic
efficacy. The results of our study indicate a clear difference in
recanalization response to thrombolytic therapy with differing
degrees of stenosis. It is this finding that should prompt
further investigation of this effect clinically, and whether
techniques can be developed to quantify the degree of
underlying carotid stenosis. Our experimental data suggest
that this may prove useful in the treatment allocation of
patients with carotid occlusion-associated stroke—particu-
larly in centers that may need to transfer patients for
endovascular therapies.

In this study, we used the standard ultrasound parameters
used for transcranial sonothrombolysis;>'? however, even in
the absence of skull attenuation, there did not appear to be a
large additive benefit over tPA alone. Ultrasound power is
attenuated through the skull by as much as 99%,'31% yet
evidence that higher power increases clot lysis'® indicates
that power attenuation likely limits the efficacy of intracranial
sonothrombolysis. Additionally, there is evidence that low-
frequency ultrasound facilitates clot lysis.'®'® However, for
intracranial occlusion, low-frequency ultrasound has the
potential to cause the propagation of standing waves within
the skull, causing intracerebral hemorrhage.'®'” In the setting
of carotid occlusion, where there is not the risk of standing
waves and brain bleeding, lower frequency and/or higher
ultrasound power may be more effective for thrombolysis.
This proposition requires further testing.
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Our data suggest that severe carotid stenosis is a likely
explanation for at least some of the failed tPA recanalization
in patients with carotid occlusion. In our model, as in human
atherothrombotic carotid occlusion, the bulk of the thrombus
forms distal to the stenosis, thereby limiting drug delivery to
the thrombus. This is likely to be different from intracranial
occlusions, which in Western populations are predominantly
thromboembolic in nonstenosed vessels. Advanced computed
tomography, magnetic resonance, and carotid duplex imaging
can evaluate both intraluminal flow and vessel wall charac-
teristics and are also now being used to evaluate patient
suitability for reperfusion therapies in acute stroke. The ability
to determine the degree of carotid stenosis in patients with
carotid occlusion may help guide the choice of therapy for
patients with this devastating form of stroke.
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