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Abstract: This chapter discusses the evolution of devices and techniques in endo-
vascular stroke therapy, beginning with the development of effective intra-arterial
thrombolysis in the late 1990s. We discuss the subsequent rise of early mechani-
cal devices such as the Merci Retriever and Penumbra System, which, despite
culminating in a series of failed trials in 2013, set the stage for the modern throm-
bectomy era. These first-generation devices gave way to the stent retriever, which
would change the standard of care for acute large vessel occlusion stroke follow-
ing a series of landmark trials in 2015. Finally, we discuss the more recent estab-
lishment of aspiration thrombectomy as an alternative to stent retrievers, as well
as current investigations into novel devices and techniques that might further
improve patient outcomes. Throughout, attention is paid to the regulatory land-
scape and evidentiary standards that shaped the field during its development in
order to better understand how lessons from this history can guide future
studies.
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INTRODUCTION

The past three decades have seen a revolution in the treatment of acute ischemic
stroke caused by large vessel occlusion (LVO). Beginning in the 1990s with intra-
arterial (IA) thrombolysis, the field of endovascular stroke intervention (ESI) has
cycled rapidly through multiple generations of devices and techniques that have
established mechanical thrombectomy as the standard of care in select patients
suffering from acute large vessel occlusive stroke. Progress has been incremental,
as techniques and devices are modified and evaluated based on standards set by
the previous generation. This chapter aims to outline the evolution of modern
ESI, while highlighting the continuity between technological advancements and
the factors informing how new techniques are evaluated and adopted.

INTRAARTERIAL THROMBOLYSIS

Investigations into endovascular stroke intervention began over a decade before
intravenous (IV) thrombolysis became the standard of care in select patients suf-
fering from acute ischemic stroke. In 1983, Zeumer et al. were the first to perform
basilar thrombolysis via catheter injection of streptokinase in five patients, report-
ing exceptional outcomes when compared to the known natural history of the
disease (1). The majority of early thrombolysis trials, however, would focus on IV
as opposed to TA administration, and culminated in the pivotal 1995 trial that led
to FDA approval of IV tissue plasminogen activator (tPA) for the treatment of
acute ischemic stroke within 3 hours of symptoms onset (2).

Despite this leap forward, IV tPA administration had significant limitations
that continued to spark interest in endovascular stroke therapy. The most signifi-
cant limitation was the narrow 3-hour time window for the initiation of therapy.
Between 1995 and 1998, six randomized trials failed to show an overall benefit
for IV thrombolytic therapy initiated within 6 hours of stroke onset, and it would
be nearly 15 years before the tPA window saw a modest increase of 1.5 hours in
select patients (3-9). Aside from the issue of time-to-administration, it also
appeared that IV tPA was relatively ineffective at recanalizing large vessel occlu-
sions, as evidence from the unpublished Thrombolytic Therapy of Acute
Thrombotic/Thromboembolic Stroke Study (TTATTS), which suggested recanali-
zation rates of no more than 30% for tPA-treated middle cerebral artery (MCA)
occlusions (10).

In hopes of addressing these shortcomings, Drs. Anthony Furlan, Gregory Del
Zoppo, Randall Higashida, and Michael Pessin made a proposition to Abbott
Laboratories that prompted the company to fund a large 1A thrombolysis trial
aimed at obtaining FDA approval of their new thrombolytic agent, recombinant
pro-urokinase (r-proUK), for the endovascular treatment of MCA occlusions
within 6 hours of onset (11). Two studies resulted from this, known as the Prolyse
in Acute Cerebral Thromboembolism (PROACT) trials, which were conducted
between 1994 and 1998.

PROACT was a randomized control trial (RCT) designed to demonstrate the
safety and recanalization efficacy of IA r-proUK compared to IA saline in the treat-
ment of MCA occlusion within 6 hours of stroke onset (12). The injection technique



Devices and Techniques in Endovascular Stroke Therapy

required the proceduralist to embed a microcatheter (< 3 French) into the body of
the thrombus, followed by the infusion of 9 mg of r-proUK over the course of two
hours. During the recruitment period, IV tPA was approved by the FDA, and thus
the study was terminated early due to ethical concerns regarding the use of an evi-
dently inferior placebo group. Nonetheless, PROACT was able to report results on
46 randomized cases, which showed that IA r-proUK was significantly more likely to
result in partial or complete recanalization (57.7% vs. 14.3%; p = .017). The vast
majority of patients were treated beyond the three-hour IV tPA window.

Encouraged by the results of PROACT, Abbott Laboratories agreed to fund
PROACT-IL, a phase III trial that compared the safety and clinical efficacy of 1A
r-proUK plus IV heparin vs. IV heparin alone in patients with MCA occlusion
strokes within 6 hours of onset (13). This study followed the same technique
established in PROACT, and enrolled a total of 180 patients. The primary out-
come measure was defined as slight or no neurological impairment at 90 days
post-procedure, corresponding to a modified Rakin Scale (mRS) score of 2 or less.
In the final analysis, IA r-proUK resulted in a 15% absolute increase in the rates of
mRS < 2 outcomes (40% vs. 25%; p = 0.4), with recanalization rates of 66% vs.
18% for the IV heparin control group (p < 0.001). Intracranial hemorrhage with
neurological deterioration within 24 hours occurred in 10% of r-proUK patients
and 2% of control patients (p = 0.06).

Despite these positive results, the FDA would not go on to approve r-proUK
for 1A stroke therapy, and to this day, the PROACT trials stand as the only ran-
domized, controlled trials of IA thrombolysis to show a statistically significant
clinical benefit. While other IA studies have demonstrated trends towards
improved outcomes, they have been inadequately powered to show statistically
significant improvement (14). Despite these smaller failed trials, meta-analysis of
combined data in 395 patients from five trials provides a strong indication of sta-
tistically significant good (odds ratio [OR[, 2.05; 95% confidence interval [CI],
1.33t03.14; p = 0.001) and excellent outcomes (OR, 2.14; 95% CI, 1.31 to 3.51;
p = 0.003).

Though TA thrombolysis never entered widespread use as first-line therapy for
stroke intervention, PROACT-II would set the standard against which future
attempts at endovascular stroke intervention would be judged.

DAWN OF THE DEVICE ERA: THE MERCI RETRIEVER

Encouraged by the prospect of TA stoke therapy as demonstrated by the PROACT
trials, a flurry of new devices emerged with the goal of achieving cerebral reperfu-
sion without the hemorrhage risks inherent to pharmacologic thrombolytics.
Early attempts included lasers, microsnares, and rheolytic thrombectomy sys-
tems, all of which failed to demonstrate adequate safety and efficacy profiles (15).
But among these early devices was the Concentric Thrombus Retriever (Concentric
Medical, Mountain View, CA), later renamed the Mechanical Embolus Removal in
Cerebral Ischemia (Merci) Retriever, which would become the first clot retrieval
device to achieve regular use in the United States.

The initial design patent for the Merci Retriever belonged to DrY. Pierre Gobin,
and was cleared by the FDA for use in the retrieval of foreign bodies misplaced
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during interventional radiological procedures in the cerebral, peripheral and cor-
onary vascular systems (510(k) Number K003410). The retriever consisted of a
corkscrew shaped nitinol wire of five helical loops that gradually decreased in
diameter (Figure 1). During use, the device was unsheathed from a catheter within
a foreign body in order to ensnare and remove the target by retrieval through a
guide catheter. Though the device was never used widely, Concentric Medical
(Mountain View, CA) would go on to acquire the license for the device and pursue
clearance for a new indication: the restoration of neurovascular blood flow by
thrombus removal in patients experiencing ischemic stroke.

In the United States, medical device regulations differ significantly from drug
regulations in ways that were fundamental to the viability of the Merci Retriever
and other devices like it. While all drugs must go through a full approval process—
typically necessitating large phase III trials — devices have the option of pursuing
510(k) clearance, for which they must only show that a device is sufficiently simi-
lar to one already on the market. In order to change the stated indication for a
device, a 510(k) application can be submitted with data showing that it is safe and
effective for the new intended use. To this end, the exact language of the indica-
tion sought for the Merci Retriever was critical. It did not state that the device was
intended for the treatment of stroke per se (as this would require clinical outcomes
data), but rather, for the restoration of blood flow by thrombus removal. As such,
the data submitted to the FDA was only required to show that the device could
achieve recanalization without significant safety events (16).

Thus, the single-arm MERCI Trial was conducted and reported results in 2005
(17). The study enrolled 153 patients and, while it did not contain a control group
of its own, it compared recanalization rates using the Merci Retriever to those
achieved in the control arm of PROACT-IL. The procedure involved an IV bolus of
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Figure 1. Photograph showing the Merci Retriever and 2 thrombi. Reproduced from Gobin et al.
“MERCI 1” published in Stroke 2004. Reprinted with permission.



Devices and Techniques in Endovascular Stroke Therapy

3000 U of heparin, followed by standard femoral access using a balloon guide
catheter (BGC). Next, a microcatheter was guided into the occluded vessel and
passed beyond the thrombus. The Merci Retriever was then advanced through the
microcatheter and 2 to 3 helical loops were deployed beyond the clot. The device
was then retracted in order to contact the distal end of the clot, and the proximal
loops were deployed within the thrombus. The BGC balloon was inflated, and five
clockwise rotations were applied to the device to further ensnare the thrombus.
Finally, the microcatheter, device, and ensnared thrombus, were withdrawn
together into the BGC lumen under continuous aspiration. This procedure was
repeated up to six times in the event of unsuccessful reperfusion (18). Descriptions
of the reperfusion scales referred to in this chapter are available in Table 1.

Final analysis of the MERCI Trial showed that the device achieved recanaliza-
tion (defined as Thrombolysis in Myocardial Infarction (TIMI) II or III flow in all
treatable vessels) in 48% of patients when the Merci Retriever was used alone,
compared to 18% in the PROACT-II controls (p < 0.0001). Clinically significant
procedural complications occurred in 7% of patients, and only 28% went on to
have a good neurologic outcome (mRS < 2) at 90 days. Importantly, a significant
direct relationship was demonstrated between successful recanalization and good
90-day outcomes (46% vs. 10%; p < 0.0001).

Troublingly, however, mortality in the MERCI Trial was high (32%), and over
the course of the trial design modifications were introduced in order to address
recurrent device fractures, which occurred in 11 of 153 cases (7%). An FDA
advisory panel expressed concerns about these issues, as well as the lack of a
randomized control group. Nonetheless, the FDA granted clearance for the new
indication (16).

TABLE 1

Description of common reperfusion scales

TIMI TICI mTICI

0: Complete occlusion  0: Complete occlusion 0: Complete occlusion

1: Penetration with minimal
perfusion

1: Flow beyond
occlusion but no
distal perfusion

1: Penetration with minimal perfusion

2: Delayed flow
with sluggish or
incomplete filling
of distal branches

3: Normal flow filling
distal branches
(including M3/M4)

2a: Partial filling of <2/3 previously
occluded territory

2b: Complete filling of previously
occluded territory, but filling is
slower than normal.

3: Complete perfusion without flow
defects

2a: Partial filling of <1/2 previously
occluded territory

2b: Partial filling of >1/2 previously
occluded territory

3: Complete perfusion without
flow defects

mTICI, modified Treatment in Cerebral Ischemia; TIMI, Thrombolysis in Myocardial Infarction; TICI, Thrombolysis

in Cerebral Infarction
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One year later, Multi MERCI, a second single arm trial, would report prospec-
tive multi-center results using an updated version of the Merci Retriever in 111
patients with LVO stroke treated within 8 hours of symptom onset (19). Compared
to the original MERCI Trial, treatment with the new Merci Retriever reported
higher device-only recanalization rates (54% vs. 48%), better 90-day clinical out-
come (mRS <2 in 34% vs. 28%), fewer clinically significant procedural complica-
tions (4.5% vs. 7.1%), and lower 90-day mortality (31% vs. 44%). Following the
use of adjunctive techniques (clot disruption and IA thrombolysis), the final rate
of successful recanalization was 68%.

Largely as a result of the confidence instilled by these two studies, more than
10,000 Merci thrombectomies would be performed worldwide by 2010, and
years would pass before randomized studies would be funded to evaluate the true
efficacy of mechanical thrombectomy (11). Perhaps most importantly, the Merci
devices would serve as the primary predicate devices for a litany of new 510(k)
applications throughout the late 2000s and early 2010s.

THE PENUMBRA SYSTEM

The most significant entrant into the immediate post-Merci world of thrombec-
tomy devices was the Penumbra System (Penumbra Inc., Alameda, CA), which
received 501(k) clearance in 2007 using the Merci Retriever as its predicate device
(510(k) Number K072718). Rather than rely on a single retrieval device, Penumbra
offered a system of devices that utilized aspiration as the primary mechanism for
revascularization (Figure 2). In this technique, a reperfusion catheter was advanced
to the face of the clot, followed by a separator passed through the reperfusion
catheter. Reperfusion was achieved by debulking the clot with the separator as
continuous aspiration was applied via a pump through the reperfusion catheter. If
this method was unsuccessful, direct mechanical retrieval using a thrombus
removal ring was attempted (20).

In line with the standard set by the Merci Retriever, the efficacy of the Penumbra
System was demonstrated through a single-arm prospective trial (Penumbra

Figure 2. The original Penumbra System. A. Aspiration catheters and separators. B. Thrombus
removal ring. Reproduced from Bose et al. “The Penumbra System: a mechanical device for
the treatment of acute stroke due to thromboembolism” published in the American Journal
of Neuroradiology 2008. Reprinted with permission.
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Pivotal Stroke Trial, 2009) in 125 patients presenting within 8 hours of stroke
onset (21). Successful revascularization (TIMI 2 or 3 flow at the site of primary
occlusion) was achieved in 82% of cases, compared to 69% in Multi-MERCI,
however clinical outcomes remained poor with only 25% achieving a 90-day
mRS<2. Mortality was also high (33%), and complications occurred in 12.8% of
patients. It is also important to note that the Penumbra Pivotal Stroke Trial used a
less stringent definition for recanalization success when compared to the Merci
trials, looking only at flow across the primary site of occlusion as opposed to flow
in all treatable vessels (which extended to the M2 MCA for anterior [VOs and the
basilar artery for posterior IVOs).

Though underwhelming, these results deemed the Penumbra System a reason-
able alternative to the Merci Retriever, and would set the stage for the develop-
ment of subsequent devices dedicated to aspiration thrombectomy.

THE STENT RETRIEVER

Perhaps as a result of the poor outcomes and recanalization rates reported in the
Merci and Penumbra trials, interest in the development of effective clot retrieval
devices persisted throughout the mid-to-late 2000s. Self-expanding stents, which
at the time were cleared for the treatment of cerebral aneurysms and intracranial
atherosclerotic disease, had begun to be used off-label with some success in recan-
alizing occluded vessels (22). However, permanent stent implantation came with
major disadvantages that were especially concerning in the setting of ischemic
stroke, including the need for long term platelet inhibition.

In an interesting display of off-label creativity, some neurointerventionists
began to circumvent the risks of stent implantation by using partially deployed
stents to achieve a “temporary endovascular bypass” in cases of thrombotic occlu-
sion (23). In this technique, a stent was delivered across the site of occlusion and
partially unconstrained, circumferentially displacing the clot and temporarily
restoring flow. Antiplatelet medication was then infused through the guide cath-
eter, and the stent was resheathed after about 20 minutes. As the temporary
bypass was left in place, flow restoration was thought to facilitate thrombolysis via
the dissipation of prothombotic factors within the clot, mechanical disruption of
the thrombus, and increased penetration of antiplatelet or thrombolytic medica-
tion (23).

Though investigations into temporary bypass never expanded beyond small
case series, the concept of clot lysis by flow restoration spawned the development
of novel retrievable stents, which were attached to push-wires that allowed the
device to be fully deployed, resheathed, and subsequently removed (Figure 3). In
an unexpected turn of events, early testing in animal models showed that flow
restoration alone was not able to effectively dissolve thrombi, but that these
devices were highly effective at mechanical clot retrieval (24).

Thus the “stent retriever” emerged as a new category of thrombectomy devices,
first produced in the form of the Solitaire FR (Micro Therapeutics Inc., Irvine, CA),
which was followed soon after by the Trevo Retriever (Concentric Medical,
Mountainview, CA). After a series of promising early experiences (25-28), the
effort to attain FDA clearance for these devices would yield the first ever
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Figure 3. Solitaire FR after clot retrieval. Adapted from Castano et al. “Mechanical
Thrombectomy With the Solitaire AB Device in Large Artery Occlusions of the Anterior
Circulation” published in Stroke 2010. Reprinted with permission.

head-to-head RCTs comparing two techniques for acute endovascular stroke
intervention, which were published simultaneously in October 2012.

The SWIFT Trial was first to begin enrollment in February 2010, and was
designed as a randomized, parallel-group, non-inferiority trial comparing the
Solitaire FR to the Merci Retriever in patients harboring angiographically con-
firmed occlusions with moderate to severe neurological deficits within eight hours
of symptom onset (29). The study randomized 103 patients, and the primary
endpoint was TIMI scale 2 or 3 flow in all treatable vessels without symptomatic
intracranial hemorrhage, which was adjudicated by an masked independent core
lab. If the primary endpoint was not achieved following 3 passes with the assigned
device, the case was categorized as failure. In this trial, Solitaire vastly outper-
formed the Merci Retriever, and a prespecified efficacy stopping rule triggered an
early halt. The primary efficacy endpoint was reached in 61% of Solitaire group
vs. 24% of the Merci group (Payperioriyy = 0-0001). Clinically, SWIFT defined “good
neurologic outcome” as any one of the following: an mRS < 2 at 90 days, an
unchanged mRS if the patient’s pre-stroke mRS was greater than 2, or an NIHSS
score improvement of 10 points or more. Solitaire achieved superior results with
regard to this clinical metric (58% vs. 33%; Psyperioriy=0.02), and also resulted in
lower 90-day mortality (17% vs. 38%; Psuperioriy=0-02). The rate of mRS < 2 out-
comes, however, did not differ between groups.

As determined by the core lab, three or fewer passes with the assigned device
resulted in TIMI 2 or 3 recanalization of all treatable vessels in 69% patients
treated with Solitaire, and only 30% of those treated with the Merci Retriever
(p < 0.0001). Though recanalization rates in both groups were lower than those
that had been published in previous studies, this difference was attributed to the
more rigorous core lab design of SWIFT. When assessed by the treating sites, suc-
cessful recanalization rates of 83% and 48% were reported in the Solitaire and
Merci groups respectively, and rose to 89% and 67% following rescue therapy.

The TREVO 2 trial was also a randomized non-inferiority trial, this time com-
paring the Trevo stent retriever to the Merci Retriever (30). Inclusion criteria were
similar to those utilized in SWIFT, the most significant difference being that
TREVO 2 only included patients with no significant pre-stroke deficits (mRS < 1).
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In contrast to the SWIFT trial, TREVO 2 used reperfusion alone (as opposed
to reperfusion without hemorrhage) as the primary endpoint. Additionally, up to
6 passes (as opposed to 3) were allowed with the assigned device before treatment
was considered a failure. The core lab adjudicating angiographic outcomes in
TREVO 2 was unmasked, and reperfusion was graded on the more modern
Thrombolysis in Cerebral Infarction (TICI) scale, using the liberal threshold of
TICI = 2a to define success (31).

One hundred seventy-eight patients were randomized, and final analysis
showed once again that the stent retriever group outperformed the Merci group,
achieving the primary endpoint in 86% vs. 60% of cases (Pgyperioriy < 0.0001)
without a significant difference in procedure-related adverse events. Unlike in
SWIFT, the stent retriever group in TREVO 2 also achieved higher rates of good
outcome at 90-days (40% vs. 22%; p = 0.013).

While direct comparison of these trials is complicated by their use of different
outcome measures, each clearly established the superiority of stent retrievers over
the Merci Retriever. These devices would go on to serve as predicates for the pro-
liferation of stent retrievers that have entered common use today. However, before
stent retrievers could become the dominant thrombectomy devices in use, doubt
would be cast over the entire field of endovascular stroke intervention following a
series of negative RCTs published in 2013.

THE FAILURES OF 2013

Autributable in part to the low threshold for device clearance that gave rise to first
generation of thrombectomy technology, the field had progressed for more than a
decade without conducting a large RCT comparing endovascular stroke interven-
tion to standard medical management. This would change in 2013 with the
simultaneous publication of MR RESCUE, IMS III, and SYNTHESIS, all of which
failed to show a benefit of ESI.

MR RESCUE was completed over an 8-year period, and compared ESI using
the Merci Retriever or Penumbra System to standard medical care in 118 patients
presenting with angiographically confirmed ICA or MCA occlusions and
NIHSS > 6 symptom severity within eight hours of stroke onset (32). There was
no significant difference in clinical outcomes between groups. Stent retrievers
were not tested in this study, which may in part explain why reperfusion scores
were poor in the ESI group (67% TICI = 2a, and 27% TICI > 2b).

IMS TIII was the largest of the three trials and compared ESI plus bridging IV
thrombolysis (IVT) (stopped at 40-minutes) to IVT alone in 656 patients with
stroke onset occurring less than 5 hours prior to the start of the procedure (33).
The ESI group in this study consisted of a heterogeneous mix of devices and tech-
niques chosen by the interventionalist, including thrombectomy with the Merci
retriever, Penumbra System or Solitaire FR, and endovascular delivery of t-PA.
When this trial commenced in 2004, computed tomography (CT) angiography
was not in widespread use, and thus patients were included on the basis of NTHSS
> 10 symptom severity. A later protocol modification allowed for the inclusion of
patients with NTHSS 8 or 9 symptoms if an occlusion was confirmed using CT
angiography. The trial was terminated due to futility when interim analysis showed
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no clinical benefit of ESI. Stent retrievers were used in only 3% of cases, and
reperfusion scores in the ESI group were once again lower than those reported in
TREVO 2.

SYNTHESIS Expansion was an Italian trial that compared ESI to IVT alone in
362 patients presenting within 4.5 hours of stroke symptom onset, but did not
use either CT angiography or NIHSS severity as a criteria for inclusion (34). Both
mechanical thrombectomy devices and TA thrombolysis were allowed, and while
this trial did include a higher percentage of stent retriever cases (13%), more than
two-thirds of patients in the ESI group (69%) were treated with A thrombolysis
alone. There was no difference in 90-day mRS < 1 outcomes, and recanalization
rates were not reported.

The failure of these three trials dealt a blow to the field of endovascular stroke
therapy, but more importantly they carried with them a number of important les-
sons regarding patient selection, workflow, and device selection that would influ-
ence the design of future stroke trials. Two years after these negative RCTs, a series
of positive ESI trials completely changed the landscape of stroke intervention.

THE SUCCESSES OF 2015

Exhaustive reviews of the major 2015 RCTs are available elsewhere in the litera-
ture, and, as the focus of this chapter is on the evolution of thrombectomy devices
themselves, they will be discussed here only briefly. MR CLEAN was the first posi-
tive trial to publish out of the Netherlands in January 2015, and compared ESI to
standard therapy in 500 patients who presented with angiographically confirmed
anterior circulation IVOs within six hours of symptom onset (35). Stent retrievers
were used in 81.5% of patients in the ESI group, and final analysis showed an
absolute difference of 13.5% (95% CI, 5.9 to 21.2) in the rate of functional inde-
pendence (mRS < 2) in favor of endovascular intervention. The ESI group demon-
strated a shift towards better outcomes across all mRS categories, and there was no
significant difference between groups with regard to mortality or hemorrhage.

These positive results prompted early interim analysis in seven other ongoing
thrombectomy trials at the time, and ultimately led to early termination of each of
them as a result of either positive outcomes or loss of clinical equipoise. By the
end of 2015, four additional trials demonstrating the benefit of ESI over standard
therapy would be published (summarized in Table 2) (36—-39). Results from these
trials would prompt multiple standard-setting organizations around the world to
update their guidelines to reflect ESI as the standard of care for select patients
presenting with acute IVO stroke (40—42). The next year saw the publication of
three additional RCTs, one of which showed a clinical benefit of ESI with bridging
IVT over IVT alone (43), while the other two were terminated before reaching
sufficient power to show statistical significance (Table 2) (44, 45).

Through careful patient selection, efficient thrombectomy workflows, and uti-
lization of stent-retriever devices, the 2015 trials succeeded in establishing throm-
bectomy as the standard of care for select LVO patients. Further studies since that
time have extended the treatment window of certain patients as far out as 24-hours
after symptom onset (46-48). As of 2017 however, there was still one popular
method for thrombectomy that remained untested by randomized clinical trial.
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DIRECT ASPIRATION

In each of the pivotal RCTs that established the benefit of mechanical thrombec-
tomy, stent retrievers were utilized as the device of choice. Alongside stent retriev-
ers, however, clot retrieval through aspiration alone had gradually begun to rise as
an alternative technique. One technique in particular, known as a direct aspira-
tion first pass technique (ADAPT), had drawn considerable attention even before
the pivotal stent retriever trials.

In 2014, the single arm ADAPT FAST study showed that utilizing direct aspi-
ration though a large bore aspiration catheter as a first pass technique in 98
patients yielded similar outcomes to those reported by stent retriever studies at
the time (49). In the ADAPT technique, stent retrievers are used only as a rescue
device in the event that contact aspiration failed after 3 passes. Aspiration alone
was successful in achieving revascularization (TICI 2b or 3) in 78% of cases, and
the additional use of rescue stent retrievers improved that rate to 95%. Good func-
tional outcome (90-day mRS < 2) was achieved in 40% of patients. As of 2015,
however, the question remained: Was ADAPT as effective as stent retriever
techniques?

This question would be answered by two RCTs, both of which conducted
head-to-head comparisons of ADAPT vs. stent retrievers in patients with acute
ischemic stroke. The first to report results was ASTER (Contact Aspiration versus
Stent Retriever for Successful Revascularization), which was published in
2017 (50). Designed to demonstrate superiority of ADAPT over stent retrievers in
achieving successful reperfusion, ASTER was conducted in France and enrolled a
total of 381 patients with anterior circulation LVO stroke within six hours of
symptom onset.

An intention-to-treat analysis revealed that rates of successful reperfusion-
defined as a modified Treatment in Cerebral Ischemia (mTICI) score > 2b — were
not significantly different when comparing the ADAPT arm to the first-line stent
retriever arm (83.1% vs. 85.4%; p = 0.53). Secondary analysis showed that rates
of mTICI > 2¢ and mTICI 3 reperfusion were likewise nondifferent between the
groups and neither were rates of functional independence at 90 days (mRS < 2b
45.3% vs. 50.0%; p = 0.38). Aspiration alone achieved successful reperfusion in
63% of cases, which was lower than those reported in ADAPT FAST, but nonethe-
less comparable to those achieved by first-line therapy in ASTER’ stent retriever
arm (p = 0.34).

In failing to meet its primary endpoint, ASTER bolstered the notion that
ADAPT and first-line stent retriever techniques may yield similar outcomes.
However, the study was limited both by its superiority design and by its focus on
angiographic as opposed to clinical outcomes. For this reason, an additional study
would be required to finally establish the noninferiority of ADAPT when com-
parted to first-line stent retriever techniques.

The COMPASS trial, published in 2019, fulfilled this need (51). Designed to
demonstrate noninferiorty of ADAPT vs. first-line stent retriever thrombectomy
with regard to 90-day functional independence (mRS < 2), this study enrolled 270
anterior LVO patients within six hours of symptom onset. In order to mirror the
majority of the patient populations in the 2015 RCTs, patients were excluded if
they were found to have an Alberta Stroke Program Early CT Score (ASPECTS) of
less than 7.
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COMPASS was successful in meeting its primary endpoint, and showed that
functional independence at 90 days was observed in 52% of patients in the ADAPT
arm versus 50% in the first-line stent retriever arm (p = 0.001 for noninferiority).
Rates of mTICI = 2b reperfusion on final angiogram were 92% and 89% respec-
tively in the ADAPT and stent retriever arms (p = 0.54). Aspiration alone achieved
mTICI 2 2b reperfusion in 83% of patients, compared to 81% in the stent retriever
group (p = 0.75).

The results of COMPASS and ASTER provided Level 1 data that ADAPT is
non-inferior to using stent retrievers alone for the treatment of select patients
with acute large vessel ischemic stroke, a fact which as of 2021 is reflected in
both American and European guidelines (51, 52). Investigation persists in
search of indications that render one technique superior to the other, and while
observational data suggests that ADAPT may yield benefits in terms of earlier
reperfusion times and greater cost effectiveness, it is also possible that a proce-
duralist’s comfort with a given technique is a greater predictor of outcome than
the particular technique in question (53). Regardless of these narrow distinc-
tions, the demonstrated equivalence of ADAPT and stent retriever techniques
has led to a flourishing of device innovation that is of interest to neurointerven-
tionalists today.

CURRENT DIRECTIONS

In the years since the landmark thrombectomy trials, there has been a prolifera-
tion of devices and techniques aimed at maximizing rates of safe, successful reper-
fusion while minimizing the number of passes required. Several new stent
retrievers have come to market, though to date none have been compared directly
to one another in a head-to-head RCT. Similar to the early days of Merci and the
Penumbra System, the safety and efficacy of these devices is based largely on
uncontrolled single-armstudies (54—59), with the exception of 3D Revascularization
Device (Penumbra Inc., Alameda, CA), which underwent a successful noninferi-
ority RCT using aspiration thrombectomy as the control group (60). Current
interest in the field of stent retriever design has included the development of
interlinked adjustable nitinol cages to allow thrombus capture, as well as the pro-
duction of smaller stent retrievers that can safely be used in small distal vessels
(61, 62).

With regard to aspiration thrombectomy, the general goal has been to pro-
duce the largest possible aspiration catheter that can be safely navigated within
the intracranial vasculature. As opposed to the 0.054” lumen aspiration cathe-
ters evaluated in the original Penumbra Pivotal Stroke Trial, catheters as large as
0.072” are now in regular use. Retrospective studies have reported increased
rates of successful reperfusion (mTICI 2b) at first pass when using larger 0.68”
aspiration catheters compared to 0.060”, as well as an independent association
between larger lumen size (0.070” vs. 0.055”) and excellent reperfusion out-
comes (63, 64).

Recently, the limits of large bore aspiration have been pushed even further,
as early experiences have been published reporting the safe use of 0.088” lumen
aspiration catheters to perform MCA thrombectomies (Figure 4) (65). Other
0.088” aspiration catheters are currently undergoing benchtop testing (66), and
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Figure 4. An 0.088” catheter (ZOOM 88, Imperative Care, Fremont, CA) located in the M1 MCA
during thrombectomy.

more exotic designs (such as the R4Q, MIVI Neuroscience, Inc., Eden Prairie,
MN) have been offered to increase function lumen size without increasing the
outer catheter diameter (67). While it is thought that such large lumen sizes
may improve recanalization rates by offering higher suction force as well as a
degree of flow restriction proximal to the clot, evidence for the benefits
of large bore aspiration is not unequivocal, and controlled trials will be neces-
sary (68).

Though BCGs have been in use since the very first MERCI Trial, efforts are
ongoing to produce a design that will find widespread adoption in the neurointer-
ventional community. Studies reporting improved clinical and angiographic out-
comes using BGCs extend as far back as 2014 (69), and metanalyses corroborating
this benefit have been conducted in the years since (70). More recently, a large
multicenter Korean registry has found that these benefits are not limited to stent
retriever thrombectomy, and persisted even when an ADAPT technique was uti-
lized (71). Benchtop testing suggest that these benefits, if present, are likely a
result of improved flow reversal achieved by BGCs in comparison to conventional
guide catheters, which may result in decreased clot fragmentation and fewer distal
emboli (72). Despite the promise shown by recent reports, most available BGCs
are limited due to their larger outer diameter, increased rigidity, and smaller rela-
tive lumen size when compared to conventional guide catheters. Current efforts
in improving BGC design, such as the FlowGate2 (Stryker, Kalamazoo, MI) and
Walrus (Qapel, Fremont, CA) are aimed at overcoming these limitations.

In addition to new devices, the development of novel techniques for clot
extraction utilizing different device combinations has been a major area of interest
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within the neurointerventional community. The Solumbra technique was among
the first to be investigated and involves the retrieval of a stent retriever through an
aspiration catheter that is simultaneously applying suction to the face of the
clot (73). Despite seemingly sound mechanistic underpinnings, this technique
was found to yield inferior clinical outcomes when compared to ADAPT in a 2016
retrospective study (mRS < 2 in 30.9% vs. 55.6%, p=0.015) (74). Since that time,
a series of small studies have been conducted in order to refine Solumbra, result-
ing in techniques such as CAPTIVE (Continuous aspiration prior to intracranial
vascular embolectomy), ARTS (Aspiration (catheter)-(stent) Retriever Technique
for Stroke), and SAVE (Stent retriever Assisted Vacuum-locked Extraction)
(75=77). To date, ADAPT is the only alternative thrombectomy technique to be
evaluated in the setting of an RCT, and this standard will need to be met once
again before any new technique should be adopted into routine practice.

CONCLUSION

The evolution of devices and techniques in endovascular stroke therapy reveals
how new therapies are developed, evaluated, and adopted. Among the most
important lessons is the observation that liberal standards for FDA device clear-
ance enabled the development of first-generation thrombectomy devices, but also
resulted in a dearth of high quality RCTs that culminated in the failures of 2013.
After the positive results of PROACT 1II in 1999, more than fifteen years would
pass before another trial demonstrated superiority of EVSI over standard therapy.
Although that period of time was marked by a series of devices that added little to
the effective treatment of stroke, each of those steps led to the therapeutic break-
through in 2015. Suddenly, exciting new devices entered the world of stroke
intervention. But similar to the early days of thrombectomy, the current number
of available devices far outstrips the number of high-quality RCTs evaluating their
safety and efficacy. If further progress is to be made in improving stroke outcomes,
more rigorous investigation must be undertaken to identify the next significant
development in endovascular stroke therapy.
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