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Abstract
Acute ischemic stroke continues to be one of the leading causes of disability and death and is a financial burden to an
already taxed health care system. Much research and investigation has been carried out over the past decade on various
recanalization devices aimed at restoring cerebral blood flow. Despite the rapidly improving technical abilities of these devices,
it has been difficult to demonstrate corresponding improved clinical outcomes. This article will describe the application of the
most recent generation of these devices and briefly discuss the ongoing discrepancy between these technical achievements
and stroke outcomes

Introduction
Stroke remains the fourth leading cause of death in the United
States, with a yearly incidence of nearly 800,000; it also is the
leading cause of disability, with a projected cost of more than $60
billion for the year 2015.1, 2 Roughly 85% of strokes are ischemic
in nature, with the majority being thromboembolic and thus
potentially amenable to various treatment strategies to restore
blood flow.3 The restoration of cerebral perfusion by vessel
recanalization, either spontaneously or therapeutically, has been
shown in the literature to improve outcomes and reduce mortality
in the setting of acute ischemic stroke,4, 5 and several generations
of both pharmacological therapies and interventional mechanical
devices have been developed with the goal of achieving this.

Intravenous Fibrinolysis
Intravenous tissue plasminogen activator (IV rt-PA) was
approved by the U.S. Food and Drug Administration (FDA)
following publication of the National Institute of Neurological
Disorders and Stroke rt-PA Stroke Study more than 16 years ago,
and numerous further studies have demonstrated its success.6 IV
rt-PA remains to this day the only level 1 evidence-supported,
FDA-approved treatment for acute ischemic stroke (AIS). Despite
the undeniable success of IV rt-Pa, there are limitations to its
ability and widespread application. First, the total number of
patients with AIS who ultimately are candidates for therapy is
a small fraction of the total volume (7%-15%), since many are
hemorrhagic in nature, small-vessel occlusions, transient ischemic
attacks, end-of-life strokes, and mild strokes—all of which are
contraindications.7 Despite evidence in recent years validating
the extension of the recommended time window for IV rt-PA
administration from 3 hours to 4.5 hours following the onset of
symptoms,8 in most communities only somewhere between 1%
and 7% of patients seek or receive medical care within the time
constraints for revascularization therapy.9 These factors collectively
result in a small volume of patients ultimately receiving the drug.
Another severe limitation of IV rt-PA is in the setting of large vessel
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occlusions, in which the overall recanalization rate less than 50%.4
These and other factors have garnered interest in various intraarterial therapies aimed at improving reperfusion in this setting.

Intra-arterial Fibrinolysis
Initial efforts beyond IV therapy first focused on the intra-arterial
(IA) administration of fibrinolytics, proven effective for use up to 6
hours after the onset of symptoms in the Pro-Urokinase for Acute
Cerebral Thromboembolism II (PROACT-II) trial.10 In this study, 180
patients with proximal middle cerebral artery (MCA) occlusions
were treated in randomized fashion with IA pro-urokinase and
compared to those receiving IV heparin alone. Patients receiving
IA pro-urokinase demonstrated a 66% recanalization rate, with 40%
having good clinical neurological outcomes after 90 days (i.e., a
modified Rankin score of 2 or less). These numbers have remained
comparable to all other advancements seen with mechanical
devices. While other trials have demonstrated a trend in favor of IA
fibrinolytic therapy,11 statistical significance was not achieved due
to inadequate powering of the studies. Unfortunately, PROACT-II
remains the only randomized trial definitively supporting this
therapy, and pro-urokinase, which was used in the trial, is not
available in the United States. Thus despite its effectiveness, the
use of IA rt-PA technically remains off label. This, along with the
perception that mechanical devices allow for timelier and easier
recanalization, has resulted in a somewhat limited application in
favor of mechanical thrombectomy. Most operators currently seem
to use IA rt-PA as adjunctive therapy to mechanical devices or for
distal small branch occlusions that may be difficult to access with
larger, more robust mechanical devices.

Mechanical Thrombectomy
Subsequent technical developments have centered on various
mechanical thrombectomy devices that have the theoretical
advantage of improved and timelier recanalization rates compared
to that seen with IV or IA fibrinolytics, giving these devices the
advantage of extended time windows for their application. It
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was also hoped that these devices would result in lower rates of
hemorrhagic conversion, and ultimately a better safety profile,
compared to systemically administered fibrinolytics. These devices
are primarily used for patients ineligible for IV rt-PA or those
who have failed IV therapy, although data supporting the later
indication has recently been brought into question.
The Mechanical Embolus Removal in Cerebral Ischemia (Merci
Retriever®, Concentric Medical, Inc., Mountain View, CA) was the
first mechanical retrieval device to be cleared by the FDA for IA
mechanical thrombectomy in 2004. The Merci Retriever system is a
microcatheter-based device that is deployed after the microcatheter
navigates its way through an occlusive clot. The corkscrew nature
of the device immerses into the clot, which can then be withdrawn
with the microcatheter into an extracranial balloon occlusion guide
catheter for removal. Suction aspiration on the guide catheter is
also performed to aid retrieval. The device went through several
generational modifications and three nonrandomized, prospective,
single-arm feasibility trials demonstrating the effectiveness of the
procedure, the largest being the Multi-MERCI trial that enrolled
164 patients. In this study, patients were treated on average at
4.3 hours after the onset of symptoms, and the device achieved
a recanalization rate of 57.3%. In patients also receiving adjuvant
therapy, the recanalization rate increased to 69.5%. There was a
9.8% rate of symptomatic intracranial hemorrhage (SICH) and
a 90-day mortality of 34%, with 36% of patients showing good
neurologic outcome at 90 days (modified Rankin score, mRS, of
0-2).12
The second major generation of mechanical thrombectomy
devices arrived with the release of the Penumbra system
(Penumbra, Inc., Alameda CA) in 2006. This microcatheter-based
system is navigated into the proximal face of an occlusive clot
rather than through the lesion, and the clot is removed through
suction aspiration and clot “maceration” by a separation wire.
The system was tested in the prospective, single-arm, multicenter
Penumbra Pivotal Stroke Trial, which enrolled and treated 125
patients with acute ischemic stroke. All subjects had National
Institutes of Health Stroke Scale scores (NIHSS) ≥ 8 presenting
within 8 hours of symptom onset, and they had an angiographic
occlusion of a treatable large intracranial vessel (Thrombolysis In
Myocardial Infarction [TIMI] grade 0 or 1). Revascularization of
TIMI 2-3 was achieved in 81.6% of patients, with an 11.2% rate of
SICH and a 32.8% mortality rate at 90 days. Good clinical outcome
(mRS 0-2) of 25% at 90 days also was achieved.13 Although the
82% recanalization rate proved excellent angiographic success
exceeding that achieved with fibrinolytics or the Merci Retriever,
the corresponding improvement in clinical outcome (> 4 point
improvement in NIHSS; mRS 0-2 at 90-day follow-up) was less
than expected and did not follow in linear fashion the degree
of improved revascularization. This was one of the first studies
to note the growing disparity between technical success of
recanalization and lack of significant improvement in clinical
outcomes compared to previous therapies.
One of the most exciting technical advancements in stroke
in recent years is the release of stent retriever technology. Two
main devices are currently being marketed in the United States:
the Solitaire™ FR Revascularization Device (Covidien, Mansfield,
MA) and the Trevo® Pro Retriever (Concentric Medical, Mountain
View, CA). The Solitaire FR device is an intracranial stent initially
designed for assistance in aneurysm embolization; it subsequently
was found to have significant capabilities as a mechanical clot
retrieval device for AIS.14-21 Both devices have a similar design and
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are essentially modified intracranial stents deployed by a standard
microcatheter technique, yet they have the unique property of
being fully retrievable. When the stent retriever is migrated into an
occlusive clot and deployed, the radial force of the stent compresses
thrombus against the arterial wall, allowing immediate partial
restoration of flow and enhancing the effects of any previously
administered thrombolytic agents. While the stent is deployed over
several minutes, the clot becomes trapped within the interstices
and is subsequently retrieved, along with the stent, into the
extracranial guide catheter (Figure 1).17 The stent can be applied
repeatedly to remove residual or resistant clot and is accessible to
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Figure 1. (A) Left internal carotid artery (ICA) arteriogram demonstrates
complete thrombotic occlusion (TICI 0) of the M1 segment of the left
middle cerebral artery (MCA). (B) Intraprocedural left ICA injection
demonstrates microcatheter deployment of a 4 x 20 mm Solitaire™ stent
revascularization device (ev3 Endovascular, Inc., Plymouth, MN). Distal
markers can be seen deployed against the nonopacified distal vessel (grey
arrow). (C) After removal of the Solitaire device, left ICA injection shows
complete (TICI 3) reperfusion of previously noted left M1 occlusion. (D)
Back table image of the Solitaire stent reveals significant retrieved clot from
the left MCA.

small distal arteries (M2 and P2 branches, for example).
The device is enhanced by the use of a balloon occlusion guide
catheter. Placed in the target carotid or vertebral artery, these
catheters allow for flow arrest while the stent retriever is being
withdrawn. In addition, the balloon guide allows for high-volume
suction aspiration of the proximal vessel to hopefully remove any
free clot that becomes dislodged from the interstices of the stent
during removal. The combination of flow arrest with proximal
suction aspiration has the potential advantage of preventing
downstream emboli during clot removal and seems to be a critical
adjunct to the success of this new technology. In an oral abstract
presented at the 2013 Society of NeuroInterventional Surgery
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annual meeting, investigators reviewed 354 patients treated with
the Solitaire device in the North American Solitaire Stent-Retriever
Stroke Registry (NASA).22 They compared the effectiveness of the
procedure both with and without the balloon guide catheter and
found some interesting results. Procedure time was found to be
shorter with the balloon guide catheter (120 vs. 161 minutes, P =
0.02), less rescue therapy was required (20% vs. 28.6%, P = 0.05),
good recanalization rates were higher (TICI 2b/3: 75% vs. 70%;
TICI 3: 53% vs. 32.5%, P > .001), discharge NIHSS was lower (mean
12 vs. 17.5; P = .02), and 3-month clinical outcomes were improved
(51.6% vs. 35.8%; P = .02) with this adjunctive procedure.22 One
outcome that was not different between the two groups, and
somewhat a surprise as this is a touted potential advantage,
was the occurrence of downstream emboli or emboli to new
territories.22 While randomized head-to-head comparisons still
need to be performed to completely delineate the advantages of the
balloon guide catheter, many operators are finding it highly useful
and routinely incorporating it into their thrombectomy procedures.
The hope is that stent retrievers will allow more complete and
faster thrombectomy compared to currently available devices. The
recent release of the Solitaire with the Intention for Thrombectomy
(SWIFT) study indeed supported this hypothesis. SWIFT was
an open-label, randomized, blinded, multicenter trial evaluating
the effectiveness of the Solitaire FR Revascularization Device
against the Merci Retriever for mechanical revascularization of
large vessel occlusions in the setting of AIS. SWIFT demonstrated
a significantly higher recanalization rate without SICH with the
Soltaire device compared to the Merci Retriever (61% vs. 24%).23,24
If only successful recanalization is considered (with or without
SICH), the Solitaire device was able to open 88.9% of occluded
vessels compared to 67.3% with the Merci device. 23, 24 In those
patients treated with the Solitaire device, 58% had good 3-month
neurological outcome (mRS ≤ 2) compared to 33% with the Merci
device.24 In addition, the 3-month mortality rate with the Solitaire
and Merci devices was 17% and 38%, respectively.23, 24
The Trevo Pro Retriever also demonstrated significant
superiority to Merci in a randomized controlled trial. In the
TREVO 2 study (Trevo versus Merci retrievers for thrombectomy
revascularization of large vessel occlusions in acute ischemic
stroke), the device was able to achieve thrombolysis in cerebral
infarction (TICI) scores of 2 or greater in 86% of treated patients
compared to 60% in the Merci group.25 In addition, a 90-day good
clinical outcome (mRS 0-2) was achieved in 40% with Trevo versus
22% with Merci.25
Like all new devices, stent retriever technology carries its own
set of problems. One issue is emboli to new territories when the
stent retriever and clot are withdrawn, reported to occur in up
to 14% of cases (Figure 2).24, 25 In addition, although uncommon,
unintentional breakage and inadvertent deployment of the
Solitaire device has been reported.15
Recent advances in catheter design to help navigate larger
bore devices into the intracranial circulation have facilitated the
development of the ADAPT technique—a direct aspiration first
pass technique for stroke thrombectomy. This technique was
recently introduced as a faster, cheaper, and potentially more
efficacious alternative to stent retriever technology.26 Recently,
Penumbra has modified their suction retrieval system with the
new 5Max™ Reperfusion Catheter, which has an increased surface
and improved trackability compared to the older Penumbra 054
catheter. This allows the catheter to be navigated into the face of
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Figure 2. (A) Left internal carotid artery (ICA) injection reveals complete
thrombotic occlusion (TICI 0) of the M1 segment of the left middle cerebral
artery (MCA) (grey arrow). (B) The microcatheter has been migrated
past the occlusive clot with contrast injection (grey arrow) confirming
intraluminal location distal to the embolus. A 4 x 15 mm Solitaire stent
was subsequently deployed, spanning the lesion. (C) After removal of the
Solitaire device, left ICA injection reveals inadvertent embolization of the
previously noted M1 occlusive thrombus into the left anterior cerebral
artery (grey arrow). While TICI 3 flow was restored in the MCA, inadvertent
embolic events in new vascular territories are being seen with stent
retriever technology. The new embolus was partially treated with intraarterial t-PA and Penumbra system suction aspiration (not shown).

an occlusive intracranial clot using a 0.016-inch microwire alone
or with the aid of a second telescoping microcatheter.26 Once the
clot is engaged, the reperfusion catheter can be aspirated while
withdrawn into the guide catheter to remove the clot in its entirety.
In a recent retrospective analysis of 37 patients at six institutions,
the ADAPT technique was successful alone (with no adjunctive
therapy or device) in 28 of the cases (75%).26 All patients were
ultimately successfully revascularized with a remarkable average
time of 28.1 minutes (7 min. in one case) from groin puncture to at
least TICI 2b recanalization.26 In addition, TICI 3 recanalization was
achieved 65% of the time, with a number higher than that reported
in previous series.24, 25, 27, 28 On average, patients presented with an
admitting NIHSS score of 16.3 and improved to 4.2 by the time of
discharge.26 This technique has created much interest as a potential
way of improving the quality of thrombectomy, with complete
thrombus removal without downstream emboli, and is potentially
faster than other mechanical devices. Direct suction aspiration also
has a potential cost-saving advantage, as stent retrievers remain
expensive devices for hospital budgets. This technique has not yet
been compared head to head with stent retrieval devices, and the
complete implementation of this technique remains to be seen.
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Recent Trials—Technology and Revascularization vs.
Patient Outcomes
It is clear that our technical ability to open occluded vessels
with the newer generations of mechanical devices has advanced
to an impressive level. Attempts to prove the clinical effectiveness
and adequacy of these devices as compared to IV therapy alone
or in combination over the last decade has been difficult. The
recent halting and subsequent data release of the Interventional
Management of Stroke (IMS) III trial was yet another discouraging
blow to the field. IMS III was a randomized, multicenter, openlabel clinical trial designed to determine if a combination of IV
rt-PA and an approved IA therapy (an FDA approved mechanical
thrombectomy device and/or intra-arterial rt-PA) was superior
to IV rt-PA alone.29 The trial was to be stopped if it was unlikely
that a 10% difference in favorable outcomes (mRS 0-2) would
be seen at 90 days between the two groups.29 The data safety
monitoring board stopped the trial after enrolling 656 of the
intended 900 patients, as initial data seemed unlikely that the
combined treatment was going to show a more favorable outcome
than IV rt-PA alone. The number of patients with mRS ≤ 2 at 90
days did not differ significantly according to treatment (40.8%
with endovascular therapy and 38.7% with IV rt-PA). Findings
in the endovascular-therapy and IV rt-PA groups were similar
for mortality at 90 days (19.1% and 21.6%, respectively) and
SICH within 30 hours after initiation of treatment (6.2% and
5.9%, respectively).30 More discouraging was that no clinical
improvement was seen despite the fact that significantly higher
recanalization rates at 24 hours were seen in the endovascular
arm (85.7% vs. 60.8%),30 further pointing towards the discrepancy
between recanalization and improved clinical outcomes. However,
there were nonsignificant trends toward benefit for endovascular
therapy in patients with the most severe stroke symptoms (NIHSS
≥ 20) and in those treated most rapidly.31, 32 Post-hoc analysis
also showed better outcomes in patients with occlusion of the
internal carotid artery terminus but no difference in those with
M1 occlusions.31, 32 It is important to note that the monitoring
board clarified that safety concerns were not the reason for halted
enrollment. There was no statistical difference with regards
to SICH or mortality, and outcomes were similar. Therefore,
mechanical thrombectomy remains an acceptable alternative
to patients ineligible for IV rt-PA who present within 4.5 hours
of symptom onset. At this point endovascular therapy remains
investigational or an alternative only for selected patients in
expanded time windows or for those not responding to IV rt-PA.
Recently, the Italian SYNTHESIS Expansion trial attempted
to ascertain if endovascular therapy would be superior to IV
therapy in patients presenting within eligible time windows for
either option. This trial randomized 362 patients to treatment
with IV rt-PA alone within 4.5 hours of symptom onset (n = 181)
or with endovascular therapy alone (IA rt-PA or mechanical
thrombectomy at the operator’s discretion, n = 181) within 6
hours of symptom onset.33 As with the other studies, primary
endovascular therapy in this trial was not superior to IV therapy
alone, with the proportion of patients achieving an mRS of 0 to 1 at
90 days, showing no statistical difference (34.8% IV rt-PA vs. 30.4%
endovascular therapy; P = .16).33 It should be noted that time from
stroke onset to treatment was one hour longer in the endovascular
arm (3.75 vs. 2.75 hrs; P < .001).33
Much effort has also been aimed at using advanced imaging
methods to identify patterns of ischemic penumbra and to select
patients most likely to benefit from intervention based on these

108

patterns. This approach was evaluated in the MR RESCUE trial, in
which AIS patients presenting within 8 hours of symptom onset
who were ineligible for IV rt-PA or were IV rt-PA nonresponders
were randomized to additional endovascular therapy (mechanical
thrombectomy with the Merci retriever or Penumbra System) or
no additional acute therapy; patients were stratified based on a
favorable penumbra pattern determined prior to treatment by
computed tomographic (CT) or magnetic resonance (MR) perfusion
imaging.34 A favorable penumbral pattern was defined as a
predicted infarct core of ≤ 90 cc, which also was < 70% of the tissue
at risk. Among 118 eligible patients, the mean time to enrollment
was 5.5 hours, and 58% demonstrated a favorable penumbral
pattern. Revascularization was achieved in 67% of patients in
the endovascular arm, with a 90-day mortality of 21% and an
SICH rate of 4%. Mean scores on the mRS did not differ between
embolectomy and standard care (mean score 3.9 vs. 3.9; P = .99).
Embolectomy showed no improvement over standard care in those
patients with or without a favorable penumbral pattern.34

Discussion
Despite accruing data showing that mechanical devices give
higher rates of recanalization than IV rt-PA, there has been
difficulty demonstrating a concurrent improvement in patient
outcomes.35-38 Given the recent failure of several randomized
trials to show clinical benefit of endovascular therapy alone or in
combination with IV therapy as compared to IV treatment alone,
one must ask “Where do we go from here?” The data from IMS
III is sound and convincing, making a compelling argument that
a combination of IV and IA therapy is not superior to IV therapy
alone. However, several main counterpoints must be considered.
The trial did not require vascular imaging to document largevessel occlusions or select for IV rt-PA failures, which is often
the case with large-vessel occlusions—for which endovascular
therapy is currently considered most useful and for which IV
therapy is known to have a lower efficacy.5, 39 Data has further
shown decreased efficacy of IV rt-PA for clot burdens ≥ 8 mm in
the middle cerebral artery.40 These factors collectively limit the
ability of the IMS III trial design to focus evaluation of mechanical
devices on the specific subset of AIS patients for whom they are
thought to be most useful.
Next, and perhaps more importantly, given the results of the
SWIFT and TREVO 2 trials, it must be noted that the majority of
IMS III was completed without the use of stent retriever devices.
These devices were incorporated into the trial so late that of the
434 patients in the endovascular arm, only 14 patients were treated
with stent retrievers.5 Given recent data suggesting significant
superiority of these devices for vessel recanalization, the data from
IMS III must be considered with this potential technical limitation.
It is unclear if stent retrievers would have changed the outcome
of these recent trials; however, this question must be answered
before abandoning mechanical thrombectomy in all but those
patients ineligible for IV therapy. This also emphasizes the need
for operators to enroll patients in clinical trials whenever possible
and to incorporate changes in device technology into the trials as
soon as possible to avoid controversial outcomes related to lack of
inclusion of current technology. All too often in stroke studies the
lag time for trial design and enrollment is being overshadowed by
the more quickly evolving technical developments.
In pooled data from endovascular studies including IMS III,
it is clear that functional outcome and reduced mortality are
associated with decreased times to reperfusion, a factor that
mirrors improved outcome seen with earlier administration of IV
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thrombolytics.41-44 Future clinical efforts and trials must focus on
improving time to patient evaluation and ultimately reperfusion
as all treatment strategies hinge on this. We still have an extremely
limited understanding of and ability to predict many variables
in the setting of AIS, including the amount of reversibly injured
and salvageable brain tissue versus core infarction, collateral flow,
and clot-specific characteristics that may predict outcomes of
intervention.36 We do not understand nor can we accurately predict
which patients will benefit from reperfusion and which patients
will have potentially devastating complications from it. The MR
RESCUE trial had hoped to clarify this with perfusion imaging
and penumbral characterization but failed, leaving us with even
more questions. Hopefully, future investigators will be able to
better understand these factors and help.
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