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Chapter 32
Evolution of Thrombectomy Approaches, 
Philosophy, and Devices for Acute Stroke

Alejandro M. Spiotta and Ferdinand K. Hui

Since its approval in 1995–2015, the administration of systemic intravenous tissue 
plasminogen activator (tPA) was the only FDA-approved treatment modality for 
acute ischemic stroke [1, 2], despite rapid advances in thrombectomy devices. 
However, the restrictive time window after symptom onset (up to 3–4.5 h) and edu-
cational, sociocultural, and geographical barriers to accessing rapid care resulted in 
only a small minority of patients with ischemic stroke receiving treatment with intra-
venous tPA [3, 4]. In addition, intravenous tPA was demonstrated to be less effective 
in large vessel occlusions [5]. Intra-arterial techniques were attempted to treat large 
vessel occlusions, initially using urokinase and prourokinase as described in the 
PROACT I and II trials [6, 7], which were followed by the development of devices 
designed for intra-arterial thrombectomy and thromboaspiration. Despite the initially 
futile thrombectomy trials [8–11], which failed to show a benefit over intravenous 
tPA of intra-arterial intervention using devices available at the time, patients outside 
the intravenous tPA window were still considered candidates for intra-arterial proce-
dures. One of the critiques of these trials was that the lack of imaging identification 
of actual large vessel occlusions in both arms likely masked any treatment effect. 
Another was the long enrollment course, and they did not employ modern revascu-
larization devices to achieve safe, efficacious, and expedient vessel revascularization. 
As such their results did not reflect modern practice at the time they were reported.
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Fortunately, the “negative trials” did not temper the enthusiasm of intervention-
alists committed to improving stroke care but rather served as a rallying call to 
improve thrombectomy techniques further, streamline stroke triaging processes 
with an emphasis on LVO identification, and learn from the lessons of the past 
“futile” trials. Under mounting pressure to have evidence in support of thrombec-
tomy over iv-tPA, five randomized controlled trials [12–16] were launched shortly 
after the release of the negative trials. An impressive collective effort and rapid 
enrollment culminated in the halting of the trials in 2015 due to overwhelming sta-
tistical efficacy of thrombectomy over medical management. That year marked the 
largest improvement in the therapeutic options for acute ischemic stroke care since 
the NINDs trial in 1995 and armed us for the first time with a mechanical thrombec-
tomy device, the stent retriever, with level 1A evidence supporting its use. We now 
review the technological advances that led to these developments and review next-
generation thrombectomy approaches.

�Intra-arterial Thrombolysis

Historically, the mainstay of intra-arterial therapy for clot lysis in acute ischemic 
stroke was the administration of a thrombolytic agent into the vessel of interest [6, 
17, 18]. The PROACT II study was a randomized trial of intra-arterial infusion of 
recombinant prourokinase (r-proUK) versus placebo (heparinized saline) in patients 
with angiographically documented proximal middle cerebral artery occlusion [7]. 
Thrombolytic infusion was associated with significantly higher recanalization rates 
and improved patient outcomes with acceptable complication rates [6, 7]. Despite 
this significant difference, the FDA did not approve prourokinase for this indication. 
Local thrombolytic infusions have been performed since the PROACT II study in 
“off-label” fashion to treat both anterior and posterior circulation occlusions [4, 
17–20]. In addition, some operators employed intra-arterial infusions of tPA or 
abciximab to further promote clot lysis [21]. Despite the lack of evidence support-
ing its use, many operators adopted thrombolysis as an adjunct to mechanical 
thrombectomy. Anecdotally, it became commonplace to administer small doses of 
either tPA or abciximab intra-arterially to treat smaller, more distal vessel occlu-
sions following a thrombectomy attempt [22–25].

�Adjunctive Endovascular Thrombectomy Strategies

To overcome the limitations of intra-arterial thrombolytic infusions alone, neuroin-
terventionalists initially began attempting clot disruption with microwire manipula-
tion. Shaping the microwire into a “J” or “C” shape and repeatedly advancing it 
through the thrombus were sometimes successful at recanalizing an occluded ves-
sel. For more aggressive attempts, the microcatheter could be repeatedly advanced 
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through the thrombus while leaving the microwire purchased in the distal vascula-
ture to “plow” through the thrombus. The hope was that any mechanical disruption 
of the thrombus, however rudimentary, may promote its lysis especially in the set-
ting of systemic or intra-arterial thrombolysis [26–29]. Early methods of thrombec-
tomy included the use of the gooseneck snare for clot capture and removal [30, 31].

In 2005, flexible intracranial balloon catheters were introduced. They were ini-
tially designed for vessel angioplasty and later for balloon remodeling during aneu-
rysm coil embolization. Shortly thereafter, these balloons were used to achieve 
mechanical clot disruption by repeated angioplasty of the thrombus itself [32]. The 
introduction of intracranial stents presented another potential tool to achieve throm-
bectomy [33]. The Enterprise vascular reconstructive device (Codman, Raynham, 
Massachusetts, USA) is a retrievable closed-cell design stent that could be partially 
deployed within the segment of the occluded vessel to achieve both mechanical 
disruption and partial flow restoration without committing to permanent stent 
deployment [34, 35]. Some operators reported deploying intracranial stents in the 
occluded vessel, even in cases not involving underlying intracranial stenosis [36, 
37]. The SARIS trial [35, 38] was an FDA-approved pilot study of stent placement 
within occluded vessels in acute stroke that showed high recanalization rates and 
good functional outcomes; however, the technique was limited by the need for dual 
antiplatelet therapy and the concern for hemorrhagic complications including con-
versions of core infarcts.

All of these devices were not primarily designed for stroke intervention and 
therefore were used in acute ischemic stroke in an “off-label” fashion. However, 
these devices and creative strategies set the stage for the design and development of 
dedicated thrombectomy devices. The following section outlines the various 
approaches, with a recognition that iterative improvements of each approach con-
tinue to be made.

�Thrombectomy Techniques

Acute stroke thrombectomy approaches have evolved rapidly. Spurred primarily by 
advances in catheter technology as well as the thrombectomy device itself, we are 
now able to achieve higher recanalization rates than ever before. We review the key 
technological advances and design modifications that have allowed for navigation 
around the ophthalmic turn for more distal delivery of larger-bore catheters provid-
ing more aspiration force directly applied at the thrombus interface.

�The First Device: The Merci Retriever

In 2004 the Merci retriever (Concentric Medical, Mountain View, California, 
USA) became the first mechanical thrombectomy device cleared for human use in 
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the USA by the FDA [39]. The Merci device primarily works by engaging the 
thrombus with a “corkscrew” distal wire and suture tip deployed from within the 
clot and then removing the thrombus en bloc to achieve recanalization. The device 
itself is delivered within a microcatheter (18 L, Concentric Medical). The original 
iterations of the Merci X series included the 2.5, 3.0, and 3.5  mm diameters. 
Later, the L series was introduced in 2006 and the V series in 2008. All of these 
systems were employed using a balloon guide catheter that was positioned at the 
carotid bifurcation or internal carotid artery. Balloon inflation was intended to 
cause temporary flow reversal, allowing the Merci to be retrieved into the guide 
catheter while mitigating the possibility of emboli showering to distal territories. 
However, clot retrieval into the guide catheter still required a long distance to be 
traveled while maintaining purchase on the thrombus, most commonly from the 
M1 segment of the middle cerebral artery to the proximal cervical internal carotid 
artery. The vector force applied while pulling on the thrombus was suboptimal 
(downward along the long axis of the cervical carotid artery, not horizontally 
along the axis of the middle cerebral artery). This caused considerable torqueing, 
stretching, and distortion of the parent vessel and presented a biomechanical dis-
advantage to thrombus removal. Traction on the vasculature results in pain for the 
patient. To avoid the inevitable movement that is induced, many operators chose 
to perform thrombectomy under general anesthesia. In addition, the Merci tech-
nique required a long distance to be traveled while remaining engaged with the 
thrombus.

Revascularization rates in the Merci studies range from 43% to 55% [40–42] 
and as such represented a vast improvement to thrombolysis alone for LVO, with 
the caveat that distal embolization rates were incompletely captured by recanali-
zation scales. However, thrombectomy with the Merci device as frontline ther-
apy was not associated with a higher percentage of good functional outcomes 
(defined as modified Rankin Scale score≤ 2 at 90 days), reported in up to 36% of 
patients [42]. Recanalization rates with the Merci system are thought to have 
increased since the initial trial from design refinements as well as increased 
operator experience [43].

A landmark advancement came in 2010 with the approval of the outreach distal 
access catheter (DAC; Concentric Medical), which would have repercussions for 
the application of the Merci device and also for future iterations of thrombectomy 
approaches. The DAC was designed for the purpose of buttressing access for the 
Merci thrombectomy device, affording stable access to the target vessel. Use of the 
DAC optimized the vectors at play during pulling of the device. With further under-
standing of clot fragmentation and distal embolization, the DAC was used as an 
intermediate aspiration device which aided in preventing showering of distal emboli 
during clot retrieval, increased the aspiration power applied directly to the thrombus 
[44, 45]. The development of large-bore flexible catheters that could be delivered 
into the intracranial circulation represented a major advancement in thrombectomy 
technology and also in intermediate catheter technology [45, 46]. The DAC has a 
flexible distal shaft with increased proximal shaft strength and axial load-bearing 
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characteristics as well as good hoop strength, allowing it to be delivered to the intra-
cranial circulation around the ophthalmic bend when navigated over a coaxial cath-
eter system. A major drawback to the Merci retrieval system was that it necessitated 
navigating past the ophthalmic bend with every pass, decreasing the efficiency of 
the system and adding to procedure times.

�The EKOS MicroLysUS Catheter

The EKOS microcatheter system (Bothwell, Washington, USA) and family of 
devices were designed to provide ultrasonic vibration to facilitate thrombolysis. 
Earlier studies employed a 2.5 F infusion catheter with an ultrasound-generating 
2 mm transducer ring [47]. The current EndoWave system (Bothwell) is a 5.2 F 
106-cm-long device using ultrasonic waves delivered via core wire and designed to 
be used in conjunction with intra-arterial tPA [48]. Data regarding this device 
remain limited, but further development and experience may prove the approach 
beneficial. Indeed, transcranial ultrasonic disruption remains an approach undergo-
ing research and development [49, 50].

�Second Generation: Penumbra Aspiration System

The Penumbra aspiration system introduced in 2008 involves maceration of the 
thrombus with a separator which is repeatedly introduced and withdrawn from the 
thrombus under direct aspiration to prevent showering of fragments [51]. While the 
Merci system relied primarily on a delivery microcatheter (the 18  L; Stryker, 
Kalamazoo, Michigan, USA) to the site of occlusion, the Penumbra aspiration sys-
tem relied on the delivery of a relatively large-bore catheter to the thrombus (up to 
effectively a 5 F device). The introduction of highly flexible lubricious polymers 
with good hoop strength allowed for safe placement of large intermediate-class 
catheters directly into the large intracranial vessels. While the later introduction of 
the DAC catheter resulted in similar catheter profiles in the distal vasculature, the 
development of large-bore flexible catheters was essential to the function of the 
Penumbra system.

The original iteration of the Penumbra reperfusion catheter system included 
several different sized catheters (internal diameter 0.026″, 0.032″, and 0.041″) 
and accompanying separators to maximize clot interaction and force of aspira-
tion in vessels of differing diameters (internal carotid artery terminus, M1, M2, 
M3) to address both proximal and distal thrombi [52]. The largest device had a 
lumen diameter of 0.041 inch, and it tracked suboptimally and required a median 
45 min to achieve acceptable recanalization [53]. In 2009, the reperfusion cath-
eter 054 became available which dramatically improved the aspiration efficiency 
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to a median 20 min [53] due to its much larger tapered lumen. As the aspiration 
force is proportional to the square of the diameter of the catheter, the 054 cath-
eter provided an estimated 4× aspiration force over the next smaller catheter, the 
041 [53].

Despite the improved technology, the 054 still required a coaxial catheter for 
delivery to the middle cerebral artery. Although a larger catheter lumen provides 
higher suction and more rapid removal of material, it also results in a larger catheter 
profile and more difficult distal navigation. Owing to its size, the 054 catheter often 
required the use of a coaxial technique to facilitate navigation to the site of occlu-
sion. When navigated over a 0.014 inch microwire alone, a significant ledge would 
get held up at the origin of the ophthalmic artery. To overcome this obstacle to the 
target lesion, access with the 054 catheter can be optimized with a coaxial technique 
(Fig. 32.1). The smaller 032 and 026 reperfusion catheters can be delivered simply 
over either a 0.014 or 0.016 inch wire and the larger 054 delivered over those. One 
of the major advantages of the Penumbra aspiration system was that once the cath-
eter system was delivered to the target vessel, separator clot maceration could be 
performed without having to reaccess (additional “passes”), as was the case for the 
Merci device [54].

Despite these advances in catheter technology, navigating past the carotid siphon 
was still a relative challenge during thrombectomy cases. In patients with very acute 
angulation in the ophthalmic segment, adjunctive techniques could be performed to 
obtain the necessary distal access. One approach used the Merci retriever system as 
an adjunct to improve the trackability of the 054 reperfusion catheter by altering the 
angle with which the catheter engages the ophthalmic segment and M1 origin. By 
deploying an appropriately sized Merci retriever (Concentric Medical), such as a 
V.2.0 or V.2.5 soft, in the mid-M1 segment through either the 032 catheter or an 
18  L microcatheter and then applying gentle traction on the Merci retriever, the 
course of the wire straightens, approximating the inner curve of the vasculature, 
pulling the catheter complex away from the ledge of the vessel origins (“grappling 
hook” technique) [44, 55], an approach now used routinely using stent retrievers 
and intermediate catheters. The 054 catheter can then be more readily advanced into 
the target vessel. Once the 054 reperfusion catheter is in place, the retriever is 
resheathed into the 18 L microcatheter and then removed prior to separator place-
ment and aspiration.

The next iteration of the Penumbra aspiration catheter family (Max series) was 
introduced in 2012 and included larger inner diameters at the distal end as well as 
the proximal end to increase the aspiration power. The larger proximal lumen 
reduces resistance to flow and therefore increases aspiration force at the catheter tip. 
Improvements in polymer and braid and ring reinforcement provide more catheter 
tip flexibility and an increased number of transition zones to improve trackability 
while maintaining hoop strength. The newly introduced intermediate catheters were 
named 5Max, 4Max, and 3Max. An increased number of transition zones in the 
catheter design and manufacturing allowed these catheters to be delivered primarily 
over either a 0.014 or 0.016 inch microwire, even past the ophthalmic origin.
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Fig. 32.1  (a) While a larger catheter lumen provides higher suction and more rapid removal of 
thrombus, it results in a larger catheter profile and “ledge effect” which renders navigation past the 
ophthalmic artery origin challenging. (b) To overcome this obstacle, access with an intermediate 
catheter is optimized with a coaxial technique resulting in a more tapered construct that minimizes 
the “ledge effect”
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�Third Generation: Stent Retrievers

The next generation of mechanical thrombectomy devices includes the “stent 
retriever” family: Solitaire (ev3 Endovascular, Plymouth, Minnesota, USA), Trevo 
Pro (Stryker Neurovascular, Kalamazoo Michigan, USA), and arguably the 
Penumbra 3D separator (Penumbra, Alameda, California, USA). The formal stent 
retrievers are literally stents that are fully recapturable and fused to the delivery 
microwire. Differences in cell design and lubricity and end portion variations have 
also been introduced in pre-market stent retrievers and are beyond the scope of this 
article. The Penumbra 3D separator differs from formal stent retrievers in that there 
is no “stent.” A larger portion of the separator design by mass is designed to engage 
at the center of the vessel lumen rather than in an actual stent where the material is 
primarily at the outer margins of the vessel near the intima. These devices have the 
advantage of efficacious recanalization like a stent but are able to be removed, 
which obviates the need for clopidogrel and aspirin. While the Solitaire was the first 
to be released, all major device manufacturers produce similar devices [56]. The 
design differences in these devices have yet to show statistical differences in effi-
cacy or safety.

Stent retrievers (SR) capitalize on the advantages observed with partial stent 
deployment and recapture during thrombectomy. The microcatheter is delivered 
across the thrombus, and the SR is unsheathed from within the thrombus itself. The 
outward radial force of the SR as it deploys promotes engaging the clot. While 
doing so, cerebral blood flow to the involved territory is temporarily restored, func-
tioning as an “endovascular bypass.” Once the SR has engaged the thrombus, it is 
pulled back (“retrieved”) into a guide catheter. Application of suction with either a 
pump or manual syringe aspiration during retrieval may promote clot purchase and 
reduce the showering of emboli. Operators may also opt to employ a balloon guide 
catheter as an adjunct to decrease the likelihood of emboli to new territory. 
Recanalization rates with SR were found to be superior to the Merci device in sev-
eral studies [49, 51], leading to rapid and widespread adoption.

To minimize the distance, the SR must travel while engaging the thrombus, espe-
cially into larger-caliber vasculature such as the internal carotid artery from the 
middle cerebral artery, and mitigating the possibility of losing purchase of the clot, 
variations to the SR technique have been employed with incorporation of Penumbra 
reperfusion catheters. For example, a 5Max catheter can be advanced over an 025 
microcatheter and microwire up to the site of occlusion and left at the face of the 
thrombus. The SR is then deployed and the microcatheter is removed, leaving the 
SR in place. The SR is then pulled directly into the 5Max while maintaining aspira-
tion (the so-called “Solumbra” technique since it combines a stent retriever 
(Solitaire) with a Penumbra aspiration catheter), and both are removed together 
(Fig. 32.2), much in the same way as the Merci retriever device was removed with 
a DAC. However, traction is minimized as compared with the Merci system since 
the force vectors are horizontal in orientation from the aperture of the aspiration 
catheter in parallel to the M1. This eliminated the painful stimulus that patients were 
formerly experiencing. Thus, in addition to representing a more effective technique, 
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Fig. 32.2  “Solumbra” (Solitaire and Penumbra) technique. (a) Anteroposterior (AP) and (b) lat-
eral digital subtraction angiography (DSA) demonstrates an M1 occlusion. (c) A Solitaire stent 
retriever (SR) is deployed across the M1 segment occlusion (large white arrow), with the aspiration 
catheter in the proximal M1 segment (small white arrow) and the guide catheter in the distal cervi-
cal internal carotid artery (black arrow). (d) The SR is then withdrawn back into the aspiration 
catheter under direct aspiration applied locally at the M1. Operator may choose to withdraw the SR 
entirely into the aspiration catheter or to partially withdraw and then pull both the SR and the 
aspiration catheter together back to the guide catheter. Aspiration can also be applied at the guide 
catheter. Some may choose to perform this technique with a balloon guide catheter to affect flow 
reversal for added protection against distal emboli in the event of thrombus fragmentation. (e) AP 
and lateral DSA demonstrates recanalization of the M1 occlusion (TICI 2B) with showering of 
distal fragments and small vessel occlusions
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the now painless procedure had the added advantage of reintroducing the concept of 
the awake thrombectomy, with many operators now electing to perform the proce-
dure with minimal conscious sedation. Advantages included the ability to examine 
the patient’s neurological status throughout the procedure, shorter CT to groin stick 
times, and avoiding the imminent risk of systemic hypotension from induction of 
general anesthesia. In refractory cases in which the thrombus cannot be extracted 
using a standard SR approach, two SR deployed in “Y” configuration (coined 
“Y-stent retriever”) have been described (Figs. 32.3 and 32.4).

SR technology was employed exclusively in the ESCAPE, EXTEND-IA, SWIFT 
PRIME, and REVASCAT trials. While the MR CLEAN trial did not dictate which 
thrombectomy device was to be utilized, the majority of cases were also SR based. 
Given that SR were used in the overwhelming majority of patients enrolled in the 
positive trials, they have often been referred to as the “Stent Retriever trials,” which 
are reflected in the updated June 2015 American Heart Association/American Stroke 
Association guidelines recommending thrombectomy to be performed with a 
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Fig. 32.3  Illustration of the “Y-stent retriever” technique with schematic illustrations to depict the 
procedure. (a) A Headway 27 microcatheter (MicroVention Terumo) was navigated into the 
occluded vessel. (b) A 4 × 20 mm Solitaire SR (Covidien) was deployed from the right superior 
M2 branch to M1. (c) The microcatheter is removed to leave more space in the lumen of the guide 
catheter for another system and for more potent aspiration. Another system is navigated using a 
Headway 21 microcatheter is advanced to the right inferior M2 artery passing through the inter-
stices of the stent previously deployed. (d) Once in this “Y” configuration, a 4 × 20 mm Catch stent 
retriever (Balt) is deployed from the right inferior M2 artery to M1, leaving the proximal tip of the 
Catch SR inside the Solitaire SR, thus forming the “Y-stent retriever.” (e) Both devices are slowly 
recovered by simultaneously pulling them together into guide catheter under continuous aspiration 
and fluoroscopic imaging control
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Fig. 32.4  (a) Anteroposterior projection of right internal carotid digital subtraction angiography. 
An occlusion at the level of the right proximal MCA-M1 is detected, TICI 0. (b) Angiographic 
imaging of the Y-SR technique procedure: front projection showing 4  ×  20  mm Solitaire SR 
(Covidien) already deployed from the right superior M2 branch to M1 (white arrow). Another 
system is advanced to the right inferior M2 artery passing through the interstices of the stent previ-
ously deployed (black arrow). (c) Once in this “Y” configuration, a 4 × 20 mm Catch stent retriever 
(Balt) is deployed from the right inferior M2 artery to M1 (white arrow), leaving the proximal tip 
front projections of right internal carotid angiography. This resulted in complete recanalization of 
the branch with normal antegrade flow, Thrombolysis in Cerebral Infarction (TICI) scale 3, of the 
Catch SR inside the Solitaire SR. (d) AP view showing the stent retrievers in place. (e)
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SR.  However, thrombectomy techniques evolved even while those trials were 
enrolling, setting the stage for the next-generation strategy as detailed below. 
Although controversial, it is the belief of many stroke experts that it’s more impor-
tant that the LVO is recanalized quickly and effectively (outcome specific), rather 
than how it is recanalized (device specific). This philosophy has allowed continued 
improvements in thrombectomy techniques which are now being tested in a ran-
domized controlled trial setting (COMPASS), as detailed in the next section.

�New Generation: Direct Aspiration

Direct aspiration [57–60] has become possible due to advances in catheter technol-
ogy that allow large-caliber aspiration catheters to be advanced intracranially to the 
thrombus. In general, the largest size aspiration catheter that the vessel can accom-
modate should be utilized. In the first iteration, this was most commonly a Penumbra 
5Max reperfusion catheter (Penumbra, Oakland, CA) for M1 or carotid terminus 
occlusions. The 5Max can be advanced to the level of the thrombus over any micro-
catheter and microwire the operator chooses but most commonly a Velocity micro-
catheter (Penumbra, Oakland, CA) over a 0.016 inch Fathom wire (Boston Scientific 
Corp., Naidich, MA). The microcatheter and wire are removed, and aspiration is 
applied by either a 20 or 60 cc syringe or the use of the Penumbra aspiration pump 
that is part of the Penumbra thrombectomy/aspiration system [38]. Inability to draw 
back blood on aspiration confirms optimal position of the 5Max catheter abutting 
the thrombus. The next iteration involved advancing the catheter slightly to ensure 
firm engagement with the thrombus. The 5Max catheter is then slowly withdrawn 
while maintaining aspiration. Aspiration is also applied to the side port of the guide 
catheter to prevent dislodging the thrombus from the 5Max aperture as it is with-
drawn into the sheath. Clots are typically removed en bloc, minimizing the risk of 
downstream emboli (Fig. 32.5). When this technique is successful, it eliminates the 
need to introduce stent retriever or Penumbra separator devices, leading to an over-
all much lower procedure device cost. [57, 58] Thus, we have found the initial appli-
cation of this technique to provide the highest cost-effective value in acute stroke 
treatment.

This approach was facilitated by the development of the Penumbra Max aspira-
tion catheter technology which significantly increased the ease and speed of naviga-
tion of a large-bore catheter into the intracranial circulation. The direct aspiration 
technique differs from prior thrombectomy methods, as it focuses on engaging and 
removing the clot in its entirety rather than the use of the separator that was designed 
to macerate the thrombus and clear the tip of the aspiration catheter [40]. Historically, 
due to the challenges with tracking an aspiration catheter into the intracranial circu-
lation, catheters had to be telescoped with other catheters together or other tricks 
employed to advance through the siphon [32, 34, 41, 54, 55]. However, the superior 
trackability of the Penumbra Max catheters has given us the confidence to attempt 
direct aspiration alone without the fear that it will be a significant time and danger 
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Fig. 32.5  ADAPT illustrations. Direct aspiration typically removed the thrombus en bloc, mini-
mizing the risk of distal emboli. The largest-bore aspiration catheter that the occluded vessel will 
accommodate is advanced to the level of the thrombus. Aspiration is applied to engage the throm-
bus, which is then removed as demonstrated in the illustrations. (a,b,c) Carotid terminus occlusion 
recanalized in 15 min from groin puncture with direct aspiration thrombectomy in a single pass. (d, 
e, f) Basilar apex occlusion recanalized in 10 min with two passes of direct aspiration thrombec-
tomy. (g, h, i) MCA bifurcation occlusion recanalized in 12 min with a single pass direct aspira-
tion. (j, k, l) MCA bifurcation occlusion recanalized in 7 min with a single pass direct aspiration
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Fig. 32.5  (continued)
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impediment to the patient if intracranial access is lost. The second iteration of the 
aspiration catheter, the 5Max ACE, has an increased inner diameter of 0060 at the 
distal 30  cm while housing a 0.068 proximal end for larger aspiration forces. 
Advances in catheter technology would soon follow, allowing for even larger-bore 
catheters to be safely delivered to the intracranial circulation. With the introduction 
of the ACE 064 and the ACE 068 (Penumbra, Oakland, CA), the direct aspiration 
technique was refined further. Owing to the larger aperture of these catheters, the 
aspiration catheter can now be advanced over the thrombus, to “ingest” the throm-
bus which is now typically aspirated directly into the catheter without having to 
remove it (Fig. 32.6).

Perhaps most importantly, if aspiration alone is not successful at revascularizing 
the occluded vessel, the Penumbra 5Max catheter can also function as a distal con-
duit for other devices such as a smaller 3Max catheter for direct aspiration in more 
distal branches (e.g., M2, P2, or P3) or stent retrievers, balloons or stents. This 
forms the basis of the “ADAPT” technique (a direct aspiration first pass technique) 
which is gaining popularity. If direct aspiration attempts are unsuccessful, other 
attempts including SR thrombectomy can then be performed. At the time of this 
writing, enrollment is well on the way for the COMPASS trial, a randomized con-
trolled trial of anterior circulation LVO treated within 6 h of symptom onset with 
thrombectomy technique randomized to either SR or direct aspiration first. If unsuc-
cessful after three attempts, another technique is then allowed. Trial completion is 
expected in early 2017.

The newest iteration of direct aspiration involves its application in more distal 
vasculature. In smaller-caliber vessels, the technique can be employed with either a 
4 Max or 3Max reperfusion catheter (Penumbra Inc., Oakland, CA). In principle, 
the largest-bore catheter that the occlude vessel can accommodate is selected for 
aspiration (Fig.  32.7), with effective (TICI ≥2B 97.1%) and fast recanalization 
(mean 35.7 min) achieved safely [59].

l
Fig. 32.5  (continued)
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Fig. 32.6  Aspiration catheter technology has rapidly advanced. With the introduction of the ACE 
064 and the ACE 068 (Penumbra, Oakland, CA), the direct aspiration technique has been refined 
further. Owing to the larger aperture of these catheters, the aspiration catheter can now be advanced 
directly over the thrombus to “ingest” the thrombus under aspiration. The thrombus is now typi-
cally aspirated directly into the catheter aspiration tubing without having to remove it

A. M. Spiotta and F. K. Hui



503

Fig. 32.7  (a) Illustration demon-
strating aspiration catheter size 
recommendations for anterior 
circulation thrombectomy. The guide 
catheter is positioned in the ICA, 
providing a platform for thrombec-
tomy with aspiration catheters. (b) 
CT perfusion imaging demonstrating 
elevated mean transit time in the left 
frontal lobe consistent with a left M2 
occlusion. (c) AP and (d) lateral 
projection cerebral angiogram 
during a left internal carotid 
injection demonstrating M2 
occlusion with no flow past the site 
of thrombus (arrows). (e). AP and (f) 
lateral projection cerebral angiogram 
during a left internal carotid 
injection following thrombectomy 
demonstrating resolution of M2 
occlusion and opacification of distal 
branches. (g) CT perfusion imaging 
demonstrating elevated mean transit 
time consistent with a left A2 
occlusion. (h) Lateral projection 
cerebral angiogram demonstrating 
A2 occlusion (arrow), (i) post-
thrombectomy lateral projection 
cerebral angiogram with resolution 
of A2 occlusion and complete 
opacification of distal branches. (j) 
CT perfusion imaging demonstrating 
elevated mean transit time in the 
right occipital lobe consistent with 
right P2 ischemia. (k) Cerebral 
angiogram with AP projection from 
a left vertebral artery injection 
demonstrating right P2 occlusion 
and no opacification distal to the 
thrombus (arrow). (l) Post-
thrombectomy cerebral angiogram 
with AP projection from a left 
vertebral artery injection demonstrat-
ing resolution of the thrombus with 
opacification of the distal PCA 
branches
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Fig. 32.7  (continued)
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�Future Devices

On-label intra-arterial devices for acute stroke intervention are developing rapidly 
with the introduction of both iterative changes and new classes of devices. With new 
generations of devices, increasingly high rates of recanalization are being reported. 
It is likely new techniques and devices will continue to evolve offering a more 
robust tool set and combination of devices for interventional management of acute 
stroke. However, futile recanalization remains a problem [43].

10.0

i

k l

j

Fig. 32.7  (continued)
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�Conclusion

There have been rapid advances in thrombectomy devices and approaches over the 
past decade, from rudimentary mechanical disruption, followed by intra-arterial 
thrombolytic infusions to increasingly effective thrombectomy devices (Fig. 32.8) 
[61]. While it remains unknown what combinations of techniques, devices, selec-
tion criteria, and medicines will yield the best outcomes, ongoing improvements in 
the devices and techniques are yielding improved angiographic and clinical out-
comes. Device technology, selection strategies, and medical management will likely 
evolve in tandem, and we look forward to the continued evolution of thrombectomy 
approaches for acute stroke in the future. We remind our colleagues in the neuroin-
terventional field that high enrollment in clinical trials will be required to secure the 
role of intra-arterial therapy in the management of stroke.
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