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Foreword

Stroke Intervention is a revolution.
It can be argued that the discovery of penicillin in 1928 revolutionized medicine, 

providing a method to counter bacterial infections, a lethal condition so commonly 
encountered during the Great War. Stroke intervention is a highly impactful inter-
vention that can improve the lives of a tremendous number of patients constrained 
by the high cost of devices, the need for highly experienced operators, and the 
exquisite coordination of many experts and stakeholders.

This book aims at those constraints, bringing together in one place technical, 
systemic, and procedural insights that the Stroke Interventionalist needs in prepara-
tion and in reflection for our patients.

It is with humility we place our thoughts in the reader’s hands, hoping to speed 
up the delivery of care our patients so desperately need.

Citius, Fortius

Ferdinand K. Hui
Department of Radiology, Johns Hopkins Hospital

Baltimore, MD, USA

Alejandro M. Spiotta
Department of Neurosurgery, Medical University of South Carolina

Charleston, SC, USA

Michael J. Alexander
Department of Neurosurgery, Cedars-Sinai Medical Center

Los Angeles, CA, USA

Ricardo A. Hanel
Baptist Neurological Institute

Jacksonville, FL, USA

Blaise William Baxter
Department of Radiology, Lehigh Valley Health Network

Allentown, PA, USA
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Preface

Therapeutic nihilism prevailed when stroke thrombectomies were done even as 
recently as 10 years ago. The entire thrombectomy process, including interfacility 
communication, triage, transportation, image acquisition, and the procedure itself, 
was unnecessarily physically and mentally cumbersome. The observed angio-
graphic improvement was exciting but the actual functional improvement was mod-
est. The delivery of stroke thrombectomy was painstaking. This therapeutic futility 
magnified the burden of being on call. Expectations were low.

Now, it is both surprising and gratifying to see residents and trainees talk about 
stroke thrombectomy with a much higher expectation of efficacy. The triage work-
flow at most busy thrombectomy-capable hospitals largely automates much of these 
once-cumbersome processes. Effective devices that have been proven with level 1A 
evidence are now available and familiar. The focus on stroke thrombectomy is now, 
fortunately, no longer on its effectiveness, but how to meaningfully improve access 
and optimize delivery.

As such, Twelve Strokes aims to provide the critical knowledge that can help 
readers achieve these aims. Improving access to stroke is of particular importance 
because patients often misinterpret their symptoms or can’t speak for themselves if 
they have aphasia. More importantly, access needs to be organized because stroke 
therapies are all extremely time-sensitive. Scalable, choreographed protocols are 
necessary for our emergency medical systems to “capture” stroke patients and auto-
matically transport and triage to time-sensitive treatments. Many of the chapters in 
the first part on Fundamentals and Systems provide valuable insight in improving 
access to stroke care.

As much as the literature may represent stroke thrombectomy as an efficient, 
effective, reproducible procedure, anyone in practice can attest to the myriad of 
often challenging technical details that can easily complicate one procedure to the 
next. C Miller Fisher’s famous quote that neurology is learned stroke by stroke 
speaks of the tremendous variability in stroke syndromes. As such, our treatment 
approaches should certainly not be comprised of a one-size-fits-all approach.

Twelve Strokes examines the primary technical principles that underlie the cur-
rent thrombectomy approaches. Instead of continuing the conceptual dichotomy of 
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stent versus aspiration, many of the chapters look at underlying principles and then 
discuss ways in which the currently available devices and approaches can best 
exploit them. The variety, creativity, and detail in many of these chapters help the 
reader develop a deeper understanding that might assist their ability to successfully 
take care of their next patient that “doesn’t follow the textbook.”

The anatomic and pathophysiologic classification of the core 12 chapters will 
help the reader organize their thinking and approach. This knowledge, particularly 
because it is organized based on common, challenging syndromes, will arm the 
reader to be able to quickly recognize patterns and deftly adapt their management 
approaches to the needs of the patient. Oftentimes, it is the recognition of a particu-
larly challenging anatomy or pathology ahead of time that will force a physician to 
take a few more moments to prepare a variety of possible approaches and mentally 
prepare for a complex and difficult procedure, which can contribute to a favorable 
final outcome.

Our expectations have become and should be quite high for patients treated with 
thrombectomy. The thought, detail, insight, and organization of Twelve Strokes will 
help the reader meet these needs of stroke patients with large vessel occlusions.

Michael Chen, MD
Department of Neurological Surgery 

Rush University Medical Center 
Chicago, IL, USA  

Preface
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Chapter 1
Evidence on Mechanical Thrombectomy 
in Acute Ischemic Stroke

Matias Negrotto and Sami Al Kasab

 Goals of This Chapter

 1. Review the literature that forms the basis of mechanical thrombectomy in acute 
ischemic stroke for large vessel occlusion.

 2. Critically analyze steps to follow on stroke protocol and the decision to make 
endovascular treatment.

 3. Critically analyze the importance of imaging studies in this pathology.

 Landmark Papers

 Langhorne P1, Williams BO, Gilchrist W, Howie K. Do Stroke 
Units Save Lives? Lancet. 1993 Aug 14; 342(8868): 395–8

This seminal paper initiated the fertile ground for stroke treatment. This paper 
clearly demonstrated the newly introduced meta-analysis technique and identified 
that stroke units improved patient outcomes.

The authors performed a statistical overview of randomized controlled trials 
reported between 1962 and 1993 in which the management of stroke patients in a 
specialist unit was compared with that in general wards. They identified ten trials, 
eight of which used a strict randomization procedure. 1586 stroke patients were 

M. Negrotto (*) 
Hospital Maciel, Montevideo, Uruguay 

S. Al Kasab 
Medical University of South Carolina, Department of Neurology, and Neurosurgery, 
Charleston, SC, USA
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included: 766 allocated to a stroke unit and 820 to general wards. The odds ratio 
(stroke unit vs. general wards) for mortality within the first 4 months (median fol-
low- up of 3 months) after the stroke was 0.72 (95% CI 0.56–0.92), consistent with 
a reduction in mortality of 28% (2p < 0.01). This reduction persisted (odds ratio 
0.79, 95% CI 0.63–0.99, 2p < 0.05) when calculated for mortality during the first 
12 months. The conclusion was that management of stroke patients in a stroke unit 
was associated with a sustained reduction in mortality.

 The National Institute of Neurological Disorders and Stroke 
rt-PA Stroke Study Group. Tissue Plasminogen Activator 
for Acute Ischemic Stroke. N Engl J Med 1995; 333 
(24): 1581–7

r-tPA treatment: In 1995 the first study with a positive impact was published, being 
statistically significant regarding the use of IV r-tPA in ischemic stroke: NINDS2. It 
showed, at n = 333, that patients treated with IV r-tPA compared to placebo within 
3 hours of onset of symptoms had at least 30% better outcome in terms of disability 
at 3 months. The patients with IV r-tPA had a 3-month mortality rate of 17% vs. 
21% (p = 0.30); however, the percent hemorrhage was 6.4% vs. only 0.6 in control 
(p < 0.001). The findings were statistically significant with a clear benefit of IV 
r-tPA treatment, with a required number of treatment (NNT) of eight to obtain 
favorable results.

 Hacke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti 
D, et al.; ECASS Investigators. Thrombolysis with Alteplase 3 
to 4.5 Hours After Acute Ischemic Stroke. N Engl J Med 2008; 
359 (13): 1317–29

In 2008, the second statistically significant study was published that supported treat-
ment with IV r-tPA: ECASS III.  This work increased the therapeutic window, 
extending the use of IV r-tPA within the first 4.5 hours of symptom onset. There was 
no difference in mortality, but it was favorable in terms of morbidity with an NNT 
of 14 for “favorable results.” Thus, from the results of these two seminal works, we 
have begun to implement this technique, with a level of evidence class 1A in the 
guidelines of the American Heart Association/American Stroke Association (AHA/
ASA) of 2013/2014. Restoration of blood flow in patients with ischemic stroke is 
effective in reducing long-term morbidity. For patients meeting national and inter-
national eligibility guidelines, IV r-tPA improves functional outcomes at 3 and 
6 months when given within the first 4.5 hours. It should be delivered as soon as 

M. Negrotto and S. Al Kasab
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possible, with better results shown the early it is given. Therefore, its administration 
must be initiated whenever there is a correct indication. This approach will help 
minimize start-to-treat times, a key efficacy factor for r-tPA [11, 12].

Acute large vessel ischemic strokes pose a significant challenge to intravenously 
administered thrombolytic therapy. Large vessel occlusion (LVO) is defined as the 
presence of occlusion of a large intracranial vessel (including both the anterior and 
posterior circulations) with a corresponding perfusion deficit on CT perfusion imag-
ing indicative of an acute ischemic stroke that would be technically eligible for IA 
endovascular intervention. Specific segments (intracranial internal carotid artery 
(ICA), M1 and M2 segments of the middle cerebral artery, A1 and A2 anterior cere-
bral segments of the anterior cerebral artery, the basilar artery, V4 segment of the 
vertebral artery, and P1 and P2 segments of the posterior cerebral artery) are 
included [13].

Presence of an LVO is a significant predictor of outcome in patients undergoing 
stroke therapy, and unless recanalized, these patients do poorly [14, 15]. IV r-tPA 
has not been shown to be effective for recanalization of these proximal vessels [16] 
due to a large thrombus burden [17]and hence has limited efficacy in impacting 
outcomes [18].

Large vessel occlusions (LVOs) are responsible for significant proportions of 
AIS [19]and portend a dismal prognosis [20]. They are a major source of morbidity, 
mortality, and healthcare cost, and developing a focused treatment strategy for these 
patients was important. The data presented below strongly support endovascular 
therapy as a significant independent predictor of outcome compared with IV throm-
bolysis alone for large vessel occlusions.

 Endovascular Treatment

The EVT of AIS has rapidly evolved rapidly over the past 20 years [21–23]. The 
first three multicenter, prospective, randomized, controlled trials (IMS III, 
SYNTHESIS, MR RESCUE) using first-generation devices (MERCI system) failed 
to show benefit of intra-arterial revascularization. In 2015, controlled clinical trials 
with a level of evidence class 1A (MR CLEAN, ESCAPE, EXTEND-IA, SWIFT 
PRIME, REVASCAT) forever changed the treatment paradigm for ischemic stroke. 
These studies demonstrated clear efficacy of endovascular treatment by mechanical 
thrombectomy in patients with ischemic stroke of less than 6 hours of evolution, 
with occlusion of large vessels of the anterior circulation. It was not only a crucial 
point in history of stroke but also in the history of medicine. For those who have 
lived through the transition from having no proven acute intervention to the intro-
duction of thrombolytic and now endovascular therapy, this was an unforgettable 
moment. It was the most important event in stroke since the introduction of tPA 
in 1995.

1 Evidence on Mechanical Thrombectomy in Acute Ischemic Stroke
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 Broderick JP, Palesch YY, Demchuk AM, Yeatts SD, Khatri P, 
Hill MD, et al. Endovascular Therapy After Intravenous t-PA 
versus t-PA Alone for Stroke. N Engl J Med. 2013;368:893–
903 (IMS 3)

In March 2013, in a single issue the New England Journal of Medicine published 
three studies that evaluated the efficacy of endovascular treatment for ischemic 
stroke (IMS III, MR RESCUE, SYNTHESIS). In IMS III, a total of 656 participants 
underwent randomization (434 participants to endovascular therapy and 222 to 
intravenous tPA alone) at 58 study centers between August 25, 2006, and April 17, 
2012  in the United States, Canada, Australia, and Europe. Eligibility criteria 
included receipt of intravenous tPA within 3  hours after symptom onset and a 
moderate- to-severe neurologic deficit (defined as an NIHSS score ≥10 or, after 
approval of amendment 3, a score of 8 to 9 with CT angiographic evidence of an 
occlusion of the first segment of the middle cerebral artery [M1], internal carotid 
artery, or basilar artery at institutions where CT angiographic imaging at baseline 
was the standard of care for patients with acute stroke). Participants randomly 
assigned to the endovascular-therapy group underwent angiography as soon as pos-
sible, either at the hospital that initiated treatment with intravenous tPA or at another 
participating hospital. Participants who had no angiographic evidence of a treatable 
occlusion received no additional treatment, and those with a treatable vascular 
occlusion received endovascular intervention. The angiographic procedure had to 
begin within 5 hours and be completed within 7 hours after the onset of stroke.

Reperfusion rates, as measured by a TICI score of 2b (partial reperfusion of half 
or more of the vascular distribution of the occluded artery) to 3, were 38% for an 
occlusion in the internal carotid artery, 44% for an occlusion in M1, 44% for a sin-
gle M2 occlusion, and 23% for multiple M2 occlusions.

The trial was stopped early because of futility, according to the prespecified cri-
teria. There was no significant difference between the endovascular-therapy and 
intravenous tPA groups in the overall proportion of participants with a modified 
Rankin score of 2 or less. It failed to show a benefit in functional outcome with the 
use of additional endovascular therapy, as compared with the standard therapy of 
intravenous tPA alone. The safety profiles were similar in the two treatment groups.

In MR RESCUE, 127 patients were randomized to embolectomy and studied 
clinical outcomes in subgroups with and without a “penumbral pattern” on MRI or 
CT of each treatment arm. They did not observe better revascularization, tissue 
reperfusion, and clinical outcomes in the embolectomy group compared to the stan-
dard care group.

The other trial, SYNTHESIS, compared the efficacy of thrombolytic treatment 
with respect to endovascular treatment with stent during the first 4.5 h. It included 
362 patients (181 in each group). The study did not show significant differences in 
the rate of good prognosis (30.4% endovascular vs. 34.8% intravenous), in the hem-
orrhagic complications or mortality.
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Numerous concerns regarding various aspects of these trials were raised by the 
neurointerventional community. First, only one of the three trials, MR RESCUE, 
routinely identified LVO with either computed tomography or magnetic resonance 
angiography (CTA or MRA, respectively). In IMS III, CTA was performed in only 
47% of patients, and approximately 20% of patients in the interventional arm either 
did not have an LVO or had an inaccessible, distally located thrombus. In 
SYNTHESIS Expansion, approximately 10% of patients in the interventional arm 
did not have a LVO. Moreover, modern devices, such as retrievable stents (stentriev-
ers) and the Penumbra System (Penumbra, Inc., Alameda, California, USA), were 
used in only a minority of patients. The use of older, less effective endovascular 
technology resulted in significantly low rates of successful recanalization, defined 
as thrombolysis in cerebral infarction (TICI) grade 2b or 3. The rates of TICI 2b or 
3 recanalization were 40% in IMS III, 27% in MR RESCUE, and not reported in 
SYNTHESIS Expansion. In the IMS III trial, Solitaire was used in 5 of 434 patients 
randomized to endovascular treatment. In the SYNTHESIS Expansion trial, 
Solitaire (ev3/Covidien) and Trevo (Concentric/Stryker) were used in 23 of the 181 
patients assigned to endovascular treatment. In MR RESCUE, no patient was treated 
with Solitaire or Trevo retriever. The low rates of Solitaire or Trevo use in all the 
abovementioned studies could partially explain the relatively low rates of partial or 
complete recanalization seen in these studies. Furthermore, patients with minor 
ischemic deficits were included, so these trials demonstrated that the benefit of 
endovascular treatment may be seen in patients with major ischemic deficits and not 
in those with minor ischemic stroke. Last but not least, patients in the interventional 
arm of SYNTHESIS Expansion were not administered IV-tPA, the use of which is 
supported by class I evidence, and were treated in a delayed fashion compared to the 
medical arm.

Despite the negative results, these studies pointed the way for new trials that 
justified this treatment modality (Table 1.1).

Table 1.1 Characteristics of trials mentioned above

Trial Trial period Location
Total no. of 
patients

No. of 
centers

MR CLEAN 2010–2014 Europe 500 30
ESCAPE 2013–2014 North America, Europe, South 

Korea
315 22

EXTEND-IA 2012–2014 Australia and New Zealand  70 14
SWIFT PRIME 2013–2014 North America, Europe 196 39
REVASCAT 2012–2014 Spain 206  4
DAWN 2014–2017 North America, Europe, 

Australia
206 32

DEFUSE 3 2016–2017 North America 182 38

1 Evidence on Mechanical Thrombectomy in Acute Ischemic Stroke
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 O. Bekhemer, F. Beumer, V. Berg, H Lingsma, Y. Schonewile, 
V. Nederkoom: The Randomized Trial of Intraarterial Treatment 
for Acute Ischemic Stroke (MR CLEAN). The New England 
Journal of Medicine, January 2015, vol 372

The MR CLEAN was the first positive trial to be published in January 2015. It 
included 500 patients (233 intervention and 267 control group), aged more than 
18 years and whose NIHSS was more than 2, with less than 6 hours of evolution 
since the onset of symptoms to treatment, confirming proximal vascular occlusion 
by CT angiography, with ASPECTS score of 7–10. IV r-tPA was performed on 90% 
of the patients (87% intervention vs. 91% control) with the disadvantage of a wait 
between the initiation of IV thrombolytic and endovascular therapy. No significant 
changes were observed in terms of mortality; however, there was a statistically sig-
nificant decrease in morbidity with an mRS of 0–2: 33% with endovascular treat-
ment vs. 19% control group. It had a relatively low reperfusion rate (59% TICI 
2b/3), which was also explained by delayed onset of endovascular therapy.

One concern is that the sample size was rather small (500 patients); however, it 
allowed to estimate the primary effect parameter with sufficient precision. The use 
of multiple IAT modalities per patient was not restricted. This is a limitation of the 
trial design, because it will restrict the possibilities of comparing different treatment 
modalities and only allowed to give a global judgment whether or not IAT is effec-
tive. On the other hand, this pragmatism allows us to follow current practice closely 
and allows new mechanical devices and treatment strategies into the trial.

Time since onset is a serious concern. The arguments for a 6- or even 8-hour time 
window from onset of stroke symptoms to treatment are mostly based on tradition 
(previous studies of IAT also used this window) and the absence of an association 
of complications and treatment effect with time since onset in previous, mostly 
neutral trials [5].

 M. Goyal, A. Demchuk, B. Menon, M. Eesa, J. Rempel, 
J. Thornton, D. Roy: Randomized Assay of Rapid Endovascular 
Treatment of Ischemic Stroke (ESCAPE). The New England 
Journal of Medicine, February 2015

ESCAPE included a total of 315 patients (165 intervention vs. 150 control), with an 
NIHSS of more than 12, an ASPECTS of more than 5, and a therapeutic window of 
12 hours, with diagnosis of proximal occlusion by CT angiography and perfusion 
for evaluation of circulation. IV r-tPA was made in 76% of the patients (72.7% 
intervention vs. 78.6% control group). This study was stopped early because of the 
clear benefit and efficacy of endovascular treatment in the control group. A TICI 
2b/3 reperfusion rate of 72% was observed, with a favorable outcome mRS of 0–2 
of 53% with intervention vs. 29% control group (NNT = 4) and a decrease in mor-
tality of 10% vs. 19% in the control group.
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The trial was based on the premise that patients with large vessel occlusion of the 
anterior circulation with small to moderate infarct core and moderate to good col-
laterals identified on computed tomography (CT)-based imaging would benefit 
most from endovascular treatment if reperfusion was achieved quickly after imag-
ing. In the ESCAPE trial, achieving a short imaging-to-reperfusion time signifi-
cantly improved the chance of achieving a functionally independent outcome. Speed 
of treatment can be achieved in dedicated stroke centers with teamwork, parallel 
workflow, and a focus on quality improvement. Endovascular-capable hospitals 
should identify eligible patients by using quick and reliable imaging techniques and 
focus on achieving reperfusion as quickly and efficiently as possible [24].

 B. Campbell, P. Mitchell, T. Kleinig, H. Dewey, L. Churilov, 
N. Yassi: Endovascular Therapy for Ischemic Stroke 
with Perfusion-Imaging Selection (EXTEND -IA). The New 
England Journal of Medicine, February 2015

EXTEND-IA was the smallest trial with n = 70 (35 intervention vs. 35 control). The 
selection criteria were based on perfusion images in patients with LVO, no age lim-
its, no NIHSS limits, and time to treatment of less than 4.5 hours. RAPID software 
imaging was used for all the patients. IV r-tPA was done in 100% of patients; a TICI 
2b/3 reperfusion rate of 86% was observed, with a favorable outcome mRS of 0–2 
of 71% with intervention vs. 40% control group and a decrease in mortality of 9% 
vs. 20% in the control group.

They concluded that early endovascular thrombectomy with Solitaire FR after 
IV r-tPA resulted in greater reperfusion and early neurologic recovery than r-tPA 
alone in a population with LVO and salvageable tissue on CT perfusion imaging.

 J. Saver, M. Mayank, A. Bonafe, M. Diener, P. Elad, I. Levy: 
Stent-Retriever Thrombectomy After Intravenous t-PA vs. t-PA 
Alone in Stroke (SWIFT PRIME). The New England Journal 
of Medicine, February 2015

In SWIFT PRIME, 196 cases were recruited (98 intervention vs. 98 control), aged 
18–80 years, with an NIHSS of between 8 and 29 and ASPECTS of more than 6. 
98% received IV r-tPA before 4.5 hours. Large vessel occlusion was diagnosed by 
CT angiography or MR angiography. RAPID software imaging was used for 80% 
of patients. A TICI 2b/3 reperfusion rate of 88% was achieved, with a favorable 
outcome mRS of 0–2 of 60% with intervention vs. 36% control group, with no sig-
nificant changes in symptomatic intracranial hemorrhage (0% vs. 3%, P = 0.12).

There was no significant decrease in mortality.
In the SWIFT PRIME publication, the rate of functional independence, defined 

as a modified Rankin scale (mRS) score of 0 to 2, in the intervention group was 60% 
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which was higher than that in MR CLEAN (33%) and similar to that observed in the 
ESCAPE trial (53%) and the EXTEND-IA trial (71%).

The better outcome results probably reflect “the earlier start of the intervention, 
the exclusion of patients with large core infarcts on the basis of imaging, and the 
greater reperfusion rate in this trial.”

 Jovin, A. Chamorro, E. Cobo, M. Miquel, C. Molina, A. Rovira: 
Thrombectomy Within 8 Hours After Symptom Onset 
in Ischemic Stroke (REVASCAT). The New England Journal 
of Medicine, February 2015

REVASCAT assessed the efficacy of mechanical thrombectomy within 8 hours of 
symptom onset. 206 patients were included (103 vs. 103), aged between 18 and 
80 years, with an NIHSS of more than 6, diagnosis of proximal occlusion by CT angi-
ography, and ASPECTS of greater than 7. 73% received IV r-tPA; TICI 2b/3 was 
66%, with clear favorable outcome mRS of 0–2 of 44% with intervention vs. 28% 
control group, with no significant changes in mortality. This study contributed evi-
dence to support the efficacy of neurovascular thrombectomy in patients with anterior 
circulation stroke who could be treated within 8 hours after the onset of symptoms.

THE REVASCAT was stopped before formal stopping boundaries were reached, 
because of ethical considerations.

The magnitude of the observed benefit in the abovementioned trials was dra-
matic. The findings clearly show a superior outcome following treatment with IV 
thrombolysis and thrombectomy using modern thrombectomy devices compared 
with best medical treatment alone. The successes from these RCTs have been 
mostly attributed to improved thrombectomy devices with faster and higher rates of 
recanalization and better study protocols with documentation of vessel occlusion 
before randomization.

 Raul G. Nogueira, MD; Ashutosh P. Jadhav, MD, PhD; Diogo 
C. Haussen, MD; Alain Bonafe, MD; Ronald F. Budzik, MD; 
Parita Bhuva, MD; et al. Thrombectomy 6 to 24 Hours After 
Stroke with a Mismatch Between Deficit and Infarct. N Engl J 
Med. January 4, 2018

The DAWN Trial is the first to evaluate the late-window and wake-up stroke patient 
population. This was a multicenter, prospective, randomized, open-label trial with a 
Bayesian adaptive-enrichment design and with blinded assessment of end points. 
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This study supports the use of the Trevo retriever beyond the 8-hour time limit in 
wake-up, unclear-onset, and late-presenting ischemic stroke subjects.

The investigators selected patients arriving after 6 hours from symptom onset for 
inclusion in the trial by using imaging and clinical scores to identify those with “target 
mismatch” – a small core infarct volume but a large area of brain at risk for ischemia 
yet still potentially salvageable. RAPID software imaging was used for all the patients.

From September 2014 through February 2017, a total of 206 patients were 
enrolled in the trial; 107 were randomly assigned to the thrombectomy group and 99 
to the control group.

For the DAWN trial, patients with a large vessel occlusion stroke presenting 
between 6 and 24 hours (average of 13 hours) underwent computed tomographic 
(CT) perfusion or magnetic resonance diffusion-weighted imaging. Patients were 
selected for inclusion and randomization to thrombectomy or control if they had a 
small infarct core in relation to their National Institutes of Health Stroke Scale 
(NIHSS) score. The exact requirements varied with age.

Patients had to have a mismatch between the severity of the clinical deficit and 
the infarct volume, which was defined according to the following criteria: Patients 
aged over 80 had to have an NIHSS score of over 10 and a core volume of less than 
21 mL. For patients younger than 80 years, requirements were an NIHSS score of 
over 10 and a core volume of less than 31 mL or an NIHSS score of over 20 and a 
core volume of less than 51 mL.

Results showed a 2-point difference in the 90-day weighted modified Rankin 
scale (mRS) score in favor of the thrombectomy group, which translated into a 73% 
relative reduction of dependency in activities of daily living. In addition, there was 
a 35% absolute increase in the number of patients achieving functional indepen-
dence (mRS score, 0 to 2), with a number needed to treat for this end point of 2.8.

The results of this trial expanded the population of patients who can benefit from mechani-
cal thrombectomy for stroke, to significantly reduce functional impairment in the mostly 
severely affected patients.

The DAWN trial also showed that patients treated earlier had better outcomes, so the 
concept “time is brain” is unchanged, it is just that eligibility for treatment should not be 
restricted by time windows.

 G.W. Albers, M.P. Marks, S. Kemp, S. Christensen, J.P. Tsai, 
S. Ortega-Gutierrez, et al. Thrombectomy for Stroke at 6 
to 16 Hours with Selection by Perfusion Imaging. The New 
England Journal of Medicine, January 24, 2018

DEFUSE 3 was a multicenter, randomized, open-label trial, with blinded outcome 
assessment, of thrombectomy in patients 6 to 16 hours after they were last known to 
be well and who had remaining ischemic brain tissue that was not yet infarcted.

1 Evidence on Mechanical Thrombectomy in Acute Ischemic Stroke



12

From May 2016 through May 2017, a total of 182 patients underwent random-
ization (92 to the endovascular-therapy group and 90 to the medical-therapy group) 
at 38 centers in the United States (Fig. 1.1).

Patients with proximal middle-cerebral-artery or internal-carotid-artery occlu-
sion, an initial infarct size of less than 70 ml, and a ratio of the volume of ischemic 
tissue on perfusion imaging to infarct volume of 1.8 or more were randomly assigned 
to endovascular therapy (thrombectomy) plus standard medical therapy 
(endovascular- therapy group) or standard medical therapy alone (medical-therapy 
group). RAPID software imaging was used for all the patients.

The primary outcome was the ordinal score on the modified Rankin scale (range, 
0 to 6, with higher scores indicating greater disability) at day 90. Endovascular 
therapy plus standard medical therapy was associated with a more favorable distri-
bution of disability scores on the modified Rankin scale at 90 days than standard 
medical therapy alone. Mortality at 90 days was 14% in the endovascular-therapy 
group and 26% in the medical-therapy group (P = 0.05). The rate of symptomatic 
intracranial hemorrhage did not differ significantly between the two groups.

DAWN
Clinical – infarct mismatch

DEFUSE 3
Target mismatch

• Age ≥ 80
• NIHSS ≥ 10
• Ischemic core ≤ 21 ml

• Age ≤ 80
• NIHSS ≥ 10
• Ischemic core ≤ 31 ml

• Age  < 80
• NIHSS ≥ 10
• Ischemic core 31 ml – 51 ml

• Mismatch volume ≥ 15

• Mismatch ratio  ≥ 1.8

• Ischemic core < 70 ml

Fig. 1.1 DAWN and DEFUSE 3 selection criteria
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 Recommendations and Level of Evidence

• Pre-hospital stroke management: Stroke patients are dispatched at the highest 
level of care available in the shortest time possible. Travel time is equivalent to 
trauma or myocardial infarction calls [25].

• Emergency evaluation and diagnosis of acute ischemic stroke: The evaluation 
and initial treatment of patients with stroke should be performed expeditiously. 
Because time is critical, a limited number of essential diagnostic tests are recom-
mended [25].

• Early diagnosis and brain and vascular imaging: An emergency brain imaging 
study is recommended prior to initiating any specific treatment for acute stroke 
(class I, level of evidence A) [26].

• Noninvasive intracranial vascular study: If endovascular therapy is contemplated, 
this study is strongly recommended during the initial imaging evaluation of the 
acute stroke patient but should not delay intravenous r-tPA if indicated (class I, 
level of evidence A) [26].

• When evaluating patients with AIS within 6 hours of last known normal with 
LVO and an Alberta Stroke Program Early Computed Tomography Score 
(ASPECTS) of ≥6, selection for mechanical thrombectomy based on CT and 
CTA or MRI and MRA is recommended in preference to performance of addi-
tional imaging such as perfusion studies (class I, level of evidence B) [26].

• When selecting patients with AIS within 6 to 24 hours of last known normal who 
have LVO in the anterior circulation, obtaining CTP or DWI-MRI, with or with-
out MRI perfusion, is recommended to aid in patient selection for mechanical 
thrombectomy, but only when patients meet other eligibility criteria from one of 
the RCTs that showed benefit from mechanical thrombectomy in this extended 
time window (class I, level of evidence A) [26].

• Intravenous r-tPA (0.9  mg/kg, maximum dose 90  mg) is recommended for 
administration to eligible patients who can be treated in the time period of 3 to 
4.5 hours after stroke onset (class I, level of evidence B) [26].

• Patients eligible for intravenous r-tPA should receive intravenous r-tPA even if 
endovascular treatments are being considered (class I, level of evidence A) [27].

• Observing patients after intravenous r-tPA to assess for clinical response before 
pursuing endovascular therapy is not required to achieve beneficial outcomes and 
is not recommended (class III, level of evidence B-R) [26].

• Endovascular treatment 0 to 6 hours after onset: Patients should receive this ther-
apy if they meet the following criteria (class I, level of evidence A) [26]:
 (a)  Prestroke mRS score 0 to 1.
 (b)   Acute ischemic stroke receiving intravenous r-tPA within 4.5 hours of onset 

according to guidelines from professional medical societies.
 (c)  Large vessel occlusion.
 (d)  Age ≥ 18 years.
 (e)  NIHSS score of ≥6.
 (f)   ASPECTS of ≥6.
 (g)   Treatment can be initiated (groin puncture) within 6 hours of symptom onset.

1 Evidence on Mechanical Thrombectomy in Acute Ischemic Stroke
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• Endovascular treatment 6 to 24 hours after onset: Patients should receive this 
therapy if they meet the following criteria (class I, level of evidence A) [26]:
 (a)   In selected patients with AIS within 6 to 16 hours of last known normal who 

have LVO in the anterior circulation and meet other DAWN or DEFUSE 3 
eligibility criteria, mechanical thrombectomy is recommended (class I, level 
of evidence A).

 (b)   In selected patients with AIS within 16 to 24 hours of last known normal 
who have LVO in the anterior circulation and meet other DAWN eligibility 
criteria, mechanical thrombectomy is reasonable (class IIa, level of evi-
dence B-R).

• The technical goal of the thrombectomy procedure should be a TICI 2b/3 angio-
graphic result to maximize the probability of a good functional clinical outcome 
(class I, level of evidence A) [26].

A finding of intracranial large vessel occlusion(s) during the initial diagnostic 
evaluation is strongly associated with worse functional outcome and higher mortal-
ity rate. Patients with emergent large vessel occlusion (ELVO) are a heterogeneous 
group requiring rapid and effective revascularization with the likelihood of benefit 
decreasing over time elapsed from symptom onset [27].

As already mentioned, endovascular treatment in cases not meeting strict criteria 
is allowable. Each patient should be discussed quickly, analyzing the level of occlu-
sion, NIHSS at presentation, vascular anatomy, established infarct core, Alberta 
Stroke Program Early CT Score (ASPECTS), age, baseline functional status, and 
collateral circulation.

The role of mechanical thrombectomy could be significantly expanded if patients 
are selected based on risk of severe disability and favorable parenchymal/collateral 
imaging findings, instead of time and occlusion location [28].

• Type of device: The use of retrievable stents is recommended with the highest 
level of evidence by American Heart Association (AHA), Canadian Stroke Best 
Practices (CSBP), and European Stroke Organisation (ESO) guidelines, with 
lower levels of recommendations given to consider other devices based on local 
protocols. An analysis of the MR CLEAN data showed that choice of device did 
not influence outcomes in that data set. The majority were treated with the Trevo 
device at 53%, Solitaire device at 13%, and other devices at 17% [29]. The other 
devices which can be used for mechanical thrombectomy is the aspiration 
Penumbra System (Penumbra, Inc., California, USA). Two randomized con-
trolled trials compared the safety and efficacy of aspiration thrombectomy com-
pared to stentriever and showed similar safety and efficacy profiles between the 
two techniques. The ASTER trial concluded that among patients with ischemic 
stroke in the anterior circulation undergoing thrombectomy, first-line thrombec-
tomy with contact aspiration compared with stent retriever did not result in an 
increased successful revascularization rate at the end of the procedure [30]. The 
second trial is the COMPASS trial which confirmed the findings in ASTER 
[31, 32].
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Interestingly, COMPASS showed that the use of aspiration first-line technique 
was associated with lower cost of approximately 4551 USD compared to 
stentriever.

• Type of anesthesia: Conscious sedation is preferred over general anesthesia 
(unless medically indicated) by both AHA and CSBP recommendations, albeit 
with reduced levels of evidence (class IIb level C and level B, respectively), 
whereas the ESO guideline leaves this as an individual patient decision. Several 
RCTs are underway to address this issue [33].

 Time – RAPID Software to Select Patients for Late-Window 
Endovascular Therapy

The substantial clinical benefits of late-window thrombectomy that were recently 
documented in the DAWN and DEFUSE 3 studies led to expansion of the treatment 
window for thrombectomy from 6 to 24  hours in the 2018 American Heart 
Association stroke guidelines.

DEFUSE and DAWN trials had a great impact on how ischemic stroke patients 
who present between 6 and 24 hours are assessed and treated. They had profound 
implications for treatment of stroke due to LVO, because they validate the biologi-
cal (rather than chronological) approach to patient selection for endovascular ther-
apy. They also allow many more patients with LVO stroke to be treated with 
mechanical thrombectomy.

The new clinical trial data and guidelines have led a large number of stroke cen-
ters to begin using advanced imaging with computed tomography perfusion (CTP) 
or magnetic resonance imaging (MRI) to evaluate patients who present with a pos-
sible large vessel occlusion in an extended time window. These techniques can pro-
vide quantitative estimates of ischemic core and penumbra without user input and 
have excellent interobserver agreement [34].

The new AHA guidelines recommend that DAWN or DEFUSE 3 eligibility 
should be strictly adhered to in clinical practice; therefore, it is important to under-
stand how these trials selected eligible patients as it is explained in Fig. 1.1. The 
only imaging modalities that have been shown to be effective for selecting patients 
for late-window thrombectomy are CTP and MRI.  Both trials used the Rapid 
Processing of Perfusion and Diffusion (RAPID) automated software platform 
(iSchemaView, Menlo Park, CA) to determine imaging eligibility for all patients. 
Imaging selection for patients in both DEFUSE 3 and DAWN required either CTP 
or MRI, with the majority being selected by CTP.  As it was mentioned above, 
RAPID was also used in EXTEND-IA and SWIFT PRIME trials. RAPID software 
provides automated analysis in less than 2 minutes. In evidence-based trials, RAPID 
imaging technology has given healthcare professionals the data needed to make 
more informed treatment decisions, becoming an extremely valuable tool in the 
treatment of acute stroke.
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 Summary

 1. The understanding of the natural history of ischemic stroke and its treatment 
relies on multiple landmark papers. Endovascular thrombectomy is of benefit to 
most patients with acute ischemic stroke caused by occlusion of the proximal 
anterior circulation, irrespective of patient characteristics. Medical systems of 
care must be equipped to provide this life-saving treatment in a timely fashion to 
patients with acute ischemic stroke due to large vessel occlusion.

 2. We think that the concept “time is brain” is unchanged but we should have in 
mind the concept of “penumbra is brain.” Eligible patients should still be treated 
as quickly as possible; it is just that eligibility for treatment should not be 
restricted by time windows. No matter the time, if we have salvageable tissue in 
imaging studies, endovascular treatment should be done. We have to validate the 
biological (rather than chronological) approach to patient selection for endovas-
cular therapy.
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Chapter 2
In Vitro Clot Modeling and Clinical 
Applications

Sarah Johnson, Juyu Chueh, Ajit S. Puri, Peter E. McHugh, 
Rose A. Arslanian, and Matthew J. Gounis

 Introduction

Stroke is a leading cause of death and disability in the USA and poses a significant 
economic burden to society. According to the heart disease and stroke statistics 
from 2018, an additional 4% of the adult population will have experienced a stroke 
by 2030 [1]. Recent randomized controlled trials have demonstrated a convincing 
benefit from stent retriever-mediated mechanical thrombectomy for selected acute 
ischemic stroke (AIS) patients with large vessel occlusion in the anterior circulation 
[2–5]. Early reperfusion of ischemic penumbra is associated with favorable out-
comes and reduced mortality. The dependencies of the efficacy and safety of endo-
vascular treatment on clot composition and mechanics were highlighted in prior 
studies [6, 7]. Understanding the clot composition prior to thrombectomy using 
imaging modalities such as MR or CT may help determine the most appropriate 
treatment strategy. Current in vitro clot modeling techniques produce clinically rep-
resentative clot analogs with different mechanical features for device efficacy test-
ing and with various histological patterns for improving clot imaging quality. In this 
chapter, we will review several methods of clot preparation and characterization and 
discuss the clinical applications of the clot analogs.
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 In Vitro Clot Modeling

 Clot Analogs Made with Biological Blood Components

There are many protocols in the literature to produce clot analog material. It is 
important to make clot models that represent mechanical features of clots that cause 
stroke in order to predict efficacy of thrombectomy technology. There is large vari-
ability of the composition and mechanical features in emboli that cause large vessel 
occlusions likely related to the source of clot. Common variables to generate clot 
analogs include donor species, the addition of thrombin, the use of radiopacifying 
media, and the variation in red blood cell (RBC) and fibrin content. The variation in 
hematologic values from different donors, as well as varying concentrations of 
thrombin, contrast agent, fibrinogen, platelets, and calcium, can result in very dif-
ferent clot composition and structure [8].

Bovine, porcine, ovine and human blood are commonly used for the preparation 
of clot analogs. Thrombin-induced clotting is initiated by mixing whole blood with 
thrombin [9, 10]. The blood-thrombin mixture is then injected into a silicone tube 
for clotting and aging prior to use. Barium sulfate is incorporated into the blood to 
enhance or offer radiopacity and can decrease elasticity leading to being prone to 
fragmentation. Calcium-mediated clotting can also be achieved without the addition 
of thrombin. Asakura et al. [11] collected porcine blood without heparin. The blood 
was added to citric acid to remove calcium. The mixture was centrifuged and the 
plasma was mixed with lactic acid Ringer’s solution to produce a fibrin clot. Fibrin 
clots were also formed using human blood from healthy volunteers for rheologic 
analysis [12]. The blood samples were centrifuged at a slow spin of 110  g for 
15 minutes to remove the platelet-rich plasma (PRP). The PRP was spun at a high 
spin at 1000 g for 15 minutes to yield the platelet-poor plasma (PPP). Gel-filtered 
platelets were prepared from the PRP and were stored in platelet buffer at 37 °C for 
up to 2 hours. Human fibrinogen was partially purified from the PPP by adding satu-
rated ammonium sulfate and incubating at 4 °C for 1 hour. Thrombin-induced clot-
ting was used in this study. The rheologic results revealed that introducing platelets 
to human plasma and fibrin during clot preparation increases the clot stiffness and 
reduces strain hardening. Recently, Fitzgerald et al. have shown that platelet-rich 
emboli harvested during thrombectomy correspond to or are more frequently 
encountered in LVO cases with large artery atherosclerosis as the underlying etiol-
ogy [13].

Ovine blood has been demonstrated to be a suitable substitute for human blood 
for coagulation studies [14] and the corresponding blood clots have been shown to 
be histologically similar to human clots [7, 15]. Citrated ovine blood was used to 
prepare different clot analogs with varying RBC and fibrin content [15]. The whole 
blood was centrifuged and separated into the plasma, buffy layer, and RBC-rich 
layer. The plasma and RBCs were harvested separately and then recombined in 
controlled ratios to give clot analogs with varying compositions – 0%, 5%, 40%, 
and 80% RBC content. Calcium chloride (CaCl2) was added to the solution to 

S. Johnson et al.



21

reverse the action of the sodium citrate, and the samples were incubated at 37 °C for 
30 minutes to initiate clotting. Murine blood has also been used in the formation of 
clot analogs. Citrated murine blood was centrifuged at a low spin [16]. The PRP 
layer was then collected and brought to 37 °C in a water bath. The clot analog was 
formed by adding CaCl2 and thrombin to the PRP and was left at room temperature 
for 2 hours until fully coagulated before testing.

 Clot Models Formed Under Dynamic Conditions

One experimental approach to in  vitro thrombogenesis is Chandler’s loop tech-
nique, whereby the clot is formed under dynamic flow conditions in a closed loop. 
This technique has been found to produce a more heterogeneous clot [3, 17]. A 
modified version of the Chandler’s loop technique was developed to make a fibrin- 
rich clot analog [15]. Silicone tubing was mounted on a multi-rotator device and 
partially filled with citrated ovine whole blood. Calcium chloride was injected into 
the tubing and the ends of the tubing were then fixed, thus forming a closed loop. 
The tubing was rotated at a rate of 25  rpm for 1 hour. The resulting clot analog 
revealed a predominance of fibrin with several clumps of RBCs. A similar method 
was adopted by Shao et al. forming clots from swine blood mixed with barium sul-
fate and bovine thrombin [18]. The mixture was injected into a polyvinyl chloride 
tube, ensuring there were no air bubbles. The tube was coiled using a connector and 
set into a plexiglass ring rotation unit, which was mounted on a rotating shaft of an 
MR-16 blood clot detector and slowly rotated for 15 minutes at 15 rpm. Poole et al. 
also produced clots using a similar modified Chandler method from citrated human, 
bovine, rat, and rabbit blood mixed with CaCl2 [19].

 Clot Analogs Made of Polymeric Materials

In training environments, it is not always possible to use clot analogs that are derived 
from blood products due to local regulations. Furthermore, clot analogs derived 
from blood products are always subject to biological variability associated with 
normal variations in hematological values as well as a variability associated with 
techniques deployed to collect blood. Therefore, it is attractive to have synthetic 
alternatives. Moderately stiff synthetic clots made from polyacrylamide were used 
to evaluate the clot capture efficiency of various vena cava filters in a physiological 
venous flow loop [20]. These devices were also tested using clots formed in vitro 
from both human and ovine blood. This study found that although the polymeric 
clots were more convenient and easier to use than the clots formed from blood, there 
were differences in shape, density, and elasticity, and this in turn affected the device 
performance.

Synthetic clot material formed by combining polyacrylamide and alginate 
(PAAM-Alg) with a cross-linking agent was tested by Merritt et al. [21]. Rheometry 
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was used to compare the shear and dynamic moduli of the synthetic polymeric clots 
with clots formed in vitro using human blood. The PAAM-Alg analogs were found 
to closely mimic the clots formed using human blood and were easily adjustable to 
mimic various thrombi classifications.

 Clot Characterization

 Mechanical Characterization

Clot analogs are an attractive option for the preclinical testing and development of 
treatment devices, as they can be produced from blood proteins and components 
present in the clotting cascade and have a similar chemical structure to native clots 
[22]. In addition, they are also a useful tool for the investigation and characteriza-
tion of clot material properties and their mechanical behavior as a function of their 
constituents. As discussed earlier, there are many protocols in the literature for the 
manufacture of clot analogs. The mechanical properties of these analogs, such as 
strength, permeability, and elasticity, can easily be manipulated by altering the con-
centrations of fibrinogen, thrombin, platelets, RBCs, and calcium [23]. Many stud-
ies have investigated the effect of clot composition on their mechanical properties. 
It is important to use clot models that have similar bulk mechanical characteristics 
as the emboli that lead to LVO in stroke patients in order to optimize device technol-
ogy and techniques on the bench.

Tensile Testing

Krasokha et al. investigated the tensile strength of clot analogs, produced in vitro 
from porcine blood and combined with thrombin and barium sulfate [24]. They 
found that the analog material reached high levels of stress and strain, approxi-
mately 9k Pa and 240%, respectively, before failure. This indicates that the material 
is highly elastic. Similar results were obtained by Brown et al. [25] from their exten-
sion testing of fibrin clots, formed from purified human fibrinogen. The samples 
were stretched to three times their relaxed length before failing. Similar failure 
strains were observed by Saldivar et al. [26] during the tensile testing of their clot 
analogs formed in vitro from thrombin and human fibrinogen. It was found that 
mechanical failure was a consequence of fibrinolytic activity due to an increased 
concentration of plasmin. This finding has clinical relevance in that it shows that 
fibrinolysis has a profound impact on the mechanical properties of the clot suggest-
ing that pre-thrombectomy administration of recombinant tissue plasminogen acti-
vator severely damages the fibrin structure which may produce more clot 
fragmentation during thrombectomy. Ongoing trials will answer the question if pre- 
thrombectomy r-tPA versus direct to thrombectomy for LVO patients imparts any 
difference in clinical outcomes.
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Compression Testing

Mechanical testing of soft tissues, such as clot material, can be quite challenging 
particularly for tensile testing where grasping the clot material is necessary. 
Therefore, very soft tissues are often tested in compression to determine their 
mechanical behavior. Krasokha et al. performed unconfined compression testing of 
clots formed in vitro using porcine and human whole blood and investigated the 
effect of the addition of barium sulfate. It was found that both the porcine and 
human clot analogs demonstrated increased stiffness due to the addition of barium 
sulfate. Similarly these results were validated by Chueh et al. [10], who also deter-
mined that the addition of barium sulfate greatly reduced the elasticity of clot ana-
logs formed from bovine, porcine, and human whole blood. However, differences in 
structure and composition were observed between analog clot material and the 
specimens retrieved from the AIS patients.

Compression testing was employed to determine the mechanics of fibrin clot 
under compression [27]. Fibrin clot analogs were prepared by mixing human 
citrated PPP with calcium chloride and human thrombin. The origin of the nonlinear 
rheology of the fibrin networks under compression was investigated using confocal 
microscopy and rheological measurements [22]. Visual observations of the 3D net-
works displayed buckling of the fibrin fibers along the direction of the compressive 
force. Fiber bending was also found to increase with compressive force and the 
deformation of the individual fibers depended greatly on their orientation in the 
network. Fibrin clots formed in vitro showed plastic deformation under compres-
sive loading as cross-linked clot samples did not recover or spring back [26]. This 
suggests that fiber integrity is essential for sustaining consistent clot response when 
samples experience large levels of stress both in vitro and in vivo.

Other Test Methods

Rheology and large-amplitude oscillatory shear (LAOS) deformations were used to 
study the nonlinear viscoelastic properties of clot analogs, formed from whole por-
cine blood, PRP, and PPP [28, 29]. The rheology results indicate that clots formed 
from PRP had the highest stiffness, followed by clots formed with whole blood and 
PPP, respectively. This behavior can be explained by platelet contraction, which 
causes the increased stiffness of the network [30]. The high volume of RBCs in the 
whole blood prevents this contraction. This can be noted between clots formed from 
PRP and whole blood during the LAOS experiments as the fibrin network is stiffer 
when there are no RBCs present [28].

Nanoindentation was performed to determine the mechanical properties of 
murine clot material produced from PRP in vivo [16]. This test method has many 
advantages over other test methods as it can obtain small-scale measurements. The 
indenter tips are easily customizable and high-resolution load and displacement 
measurements can be obtained. The moduli values for the clot material were found 
to be within the range for soft materials. Indentation testing may be very appropriate 
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for studying the response of clot analogs specific to stent retriever thrombectomy, 
where the struts impose chronic outward force into the clot as the mechanism of 
action for thrombectomy [31].

During the thrombectomy procedure, the clot experiences sliding contact along 
the inside of the vessel and/or the inside of the catheter. The resistance to sliding 
(friction) of clot material as a function of composition was studied to investigate if 
clot composition may contribute to friction and the resistance to clot removal [7]. 
The results from the study found that fibrin-rich clots had a significantly larger coef-
ficient of friction than clots with high RBC content, which may contribute to fibrin- 
rich clots requiring more retrieval attempts [32]. Moreover, the emboli tend to roll 
along the surface of the stent retriever, which may help to explain the recent finding 
that longer stent retrievers have a statistically higher first-pass effect [33]. Essentially, 
the longer stent provides more real estate for the rolling clot so that the risk of com-
plete disengagement during the first pass is reduced.

 Histological Characterization

Clot composition has a definite impact on the performance of mechanical thrombec-
tomy devices and can be assessed using various histological methods [34]. Clots 
with high RBC content are associated with a high rate of successful intra-arterial 
thrombectomy [35], whereas fibrin-rich clots are often resistant to mechanical 
thrombectomy, resulting in an extended procedure time and unfavorable clinical 
outcome. The most commonly used staining methods are hematoxylin-eosin stain-
ing (H&E) and Martius Scarlet Blue (MSB) [10, 15]. H&E highlights nuclei in 
blue-black, RBCs in orange red, and fibrin in deep pink. MSB stains fresh fibrin red, 
aged fibrin blue, and RBCs yellow. Immunostaining is conducted to identify plate-
lets using antibodies for platelet glycoprotein IIIa with CD61 [36]. Inflammatory 
cells such as neutrophils have recently been found to have impacts on clot stability 
and can be detected with neutrophil elastase staining [37]. Other methods such as 
Elastica van Gieson staining stain nuclei black-brown [38]. Clinical samples are 
stained with Gomori methenamine silver for fungus [39]. For quantitative measure-
ments of clot components, the stained slide is imaged at low magnification and the 
clot image is subjected to segmentation to differentiate each clot constituent 
(Fig. 2.1).

 Thermal and Electrical Characterization

The efficacy of ultrasound-assisted thrombolysis as a treatment of ischemic stroke 
is being widely investigated. To determine the role of ultrasound hyperthermia in 
blood clot disruption, the acoustic-mechanical and thermal properties of both human 
and porcine blood clots formed in vitro were measured [40]. Direct calorimetric 
measurements using E-type thermocouples were performed to evaluate the specific 
heat of the clots, and the comparative steady-state method was used for the determi-
nation of their thermal conductivity. An insertion loss method was used to measure 
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the ultrasound attenuation in the clots. The specific heat values of human and por-
cine clots were found to be 3.5 ± 0.8 × 103 J/kg.K and 3.2 ± 0.5 × 103 J/kg.K, respec-
tively, and the coefficients of thermal conductivity were 0.55 ± 0.13 W/m/K and 
0.59 ± 0.11 W/m.K, respectively. The magnitudes of amplitude attenuation varied 
between 0.10 and 0.3 Np/cm in the porcine clots and 0.09 and 0.23 Np/cm in the 
human samples. The measured attenuation coefficients were in the range of pub-
lished values for other soft biological materials such as liver, kidney, and brain [40]. 
The results obtained from this study will allow for the numerical estimates of a 
magnitude of the thermal evaluation during ultrasound sonification of thrombus for 
enhanced thrombolysis. This knowledge may be useful in the development of high- 
intensity focused ultrasound and other therapies.

 Aging and Storage

It has been found that aged clot material behaves differently to fresh clot material. 
Previously published experiments have been carried out on clot material with sub-
stantial variations in age, from 1 hour to 10 days [17]. Aged human thromboemboli 
were found to have a reduced elasticity when compared to soft, highly elastic fresh 

a c

b d

Fig. 2.1 Paraffin-embedded sections of human clot (a) erythrocyte-rich clot. (c) fibrin-rich clot. 
The corresponding (b and d, respectively) segmented masks show erythrocytes in green, fibrin in 
blue, and fibrin/erythrocyte mixed area in purple. (Table) Quantitative analysis of the percentage 
of erythrocytes, fibrin, and mixed erythrocytes and fibrin by area
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red thromboemboli. These fresh thromboemboli are also less likely to fragment 
when compared to aged specimens. Similar results have been produced with analog 
clot material, where increased stiffness was observed as the clot samples aged [24]. 
This is an important consideration particularly relevant to LVOs in patients with 
atrial fibrillation, where the clot material may have formed over long periods of time.

Krueger et al. investigated the effect of clot aging and storage temperature on clot 
samples [17]. Spontaneous and thrombin-induced samples were aged for 1 or 5 days 
at 4 °C or 37 °C. The results from the study show that thrombus can affect the results 
of the thrombectomy procedure and clot stability appeared to decrease with age. It 
was hypothesized that this was due to cell lysis. Storage temperature as a singular 
factor was not found to affect the results and only had an effect in combination with 
other parameters tested.

 Clinical Applications

 Comparison with Human Clots – Microstructure/
Mechanical Behavior

Analog clot material is becoming increasingly prevalent in preclinical testing of 
devices as a cheaper and more readily available alternative to human clot tissue 
[22]. However, a limitation of this material is the fundamental difference between 
the clot analogs formed in vitro and the complex human material [10]. Research into 
the morphology of AIS thrombi has revealed that no two thrombi are histologically 
identical, due to ranging fibrin and RBC composition [39, 41, 42], presence of neu-
trophil extracellular traps [43] and von Willebrand factor [44], and platelet con-
tent [45].

Human thrombi have been found to be very heterogeneous, with large variation 
in structure and composition [10, 21, 39, 41, 46, 47]. Most analog clot materials 
have a homogeneous composition, though some heterogeneous clots have been 
formed [21, 48, 49]. A paper by Chandler et al. proposed forming the clot samples 
in a closed loop in order to simulate the physiological blood flow environment [48]. 
Clots formed using this method are found to have a fibrin-rich pattern and are more 
firm and elastic in comparison to clots formed under static conditions, which are 
generally RBC dominant with increased heterogeneity [15]. Similarly, an experi-
mental approach by Kan et al. [49] prepared the clot analogs by sedimentation to 
ensure that the clots had a layered structure consisting of a fibrin-rich and a RBC- 
rich component.

Clot analogs have been developed with ranging compositions that are mechani-
cally relevant and histologically similar to thrombi removed from AIS patients 
(Fig. 2.2) [10, 15, 39]. Recalcified porcine analogs and thrombin-induced analogs 
formed from human blood were found to have similar elasticity and stiffness to clots 
from cerebral thromboemboli [10]. In addition, it was noted that there was no 
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significant difference in stiffness between thrombin-induced bovine or porcine 
in vitro analogs and clot samples collected by carotid endarterectomy. Calcifications 
in AIS thrombi are rare but often challenging. Previous SEM results demonstrated 
that the calcified materials found in the cerebral thromboemboli were mainly com-
posed of calcium phosphate apatite [10]. An innovative method has been developed 
to facilitate calcium phosphate mineralization in the fibrin gel by diffusion to incor-
porate calcification into the clot modeling process [50].

 Clot Attachment to the Wall

Various animal models of vascular occlusion for thrombectomy device testing 
are created by injecting the clot analogs into the target vessels [51–53]; however, 
the extent of clot attachment to the vessel wall is still undetermined in these 

Fig. 2.2 Characterization of clots stiffness is conducted using dynamic mechanical analyzer. The 
stress-strain curves demonstrate the similarity in stiffness between the clinical and experimental 
clot specimens
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embolic models. The potential effects of clot-vessel wall interaction on the per-
formance of the thrombectomy devices have been mentioned in previous work 
[54, 55].

Clot stability in injured arteries has been widely discussed from the viewpoint 
of molecular and cellular biology [56–61]. In the cases of hemostasis or rupture of 
atherosclerotic plaque, exposure of the underlying fibrous matrix triggers deposi-
tion and activation of platelets which are mediated by von Willebrand factor (vWF)/
glycoprotein (GP)Ib-IX-V and/or collagen/GPVI interactions, depending in part on 
the shear condition [62–67]. The activated GPIIb/IIIa interacts with adhesive pro-
teins in plasma to aggregate the platelets, which accelerates the thrombus forma-
tion [68]. The thrombus stability on the vessel wall is associated with platelet 
myosin contractility [59], fibrin, and GPIIb/IIIa-dependent contraction [62]. 
Similar platelet reactions initiated by the intact inflamed endothelium are described 
in the previous work. During the inflammatory state, adhesion molecules like vWF 
and P-selectin are secreted from the Weibel-Palade bodies (storage granules of 
endothelial cells) and interact with platelets via GPIb-IX-V.  The vWF released 
from the Weibel- Palade bodies is stickier than that found in the plasma [68]. 
Dynamic platelet aggregation not only occurs during thrombosis but also at the 
occlusion site after embolization. Zhang et al. observed cluster of platelets at the 
site of embolus 1 hour after the embolization; in addition, GPIIb/IIIa and plasmino-
gen activator inhibitor-1 immunoreactivity was present between the embolus and 
the vessel wall [69].

Several methods have been developed to analyze the force required to detach the 
adherent cells from the substrates [70]. Cells, including cultured fibroblasts, osteo-
blastic cells, cancer cells, or leukocytes, are often seeded on the tissue engineering 
scaffolds such as glass or tissue-culture polystyrene plate coated with endothelial 
cells, collagen, or fibronectin [71–74]. Cells may then be mechanically separated 
from the substrate by using centrifuge assay, spinning disk device, flow chambers, 
or micromanipulation [72, 75, 76]. Although these approaches provide insight into 
single cell-scaffold interactions, the typical measurement range of force (of the 
order of piconewtons to nanonewtons) is not sufficient to remove the clot from the 
vessel wall [70, 74, 76, 77].

Clot-vessel wall adhesion analysis was performed with the use of the rabbit 
stenosis model that was developed for creation of embolic occlusion. The clot was 
injected into the common carotid artery and lodged at the stenosis for 6 hours to 
allow clot attachment to the vessel wall. The occluded vessel segments were 
explanted and subjected to the debonding test with the use of a customized rig [78]. 
Investigation of the clot-vessel interactions in terms of adhesion force and histo-
logical characteristics can be used as a means of bridging the gap between patho-
physiological consequences of endothelial dysfunction and performance of 
thrombectomy devices. Such information will provide important information to 
establish physiologically representative models of cerebrovascular occlusion and 
prevent overestimating the successful rate of the mechanical thrombectomy in pre-
clinical tests.
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 Mechanical Thrombectomy for Treatment of Acute 
Ischemic Stroke

Recent randomized clinical trials have shown that mechanical thrombectomy is an 
effective treatment for patients with large vessel occlusion in the anterior circula-
tion. The US Food and Drug Administration in early 2018 further cleared the 
extended use of the Trevo clot retrieval device (Stryker Neurovascular) from 6 to 
24 hours after stroke onset, based on the results of the DAWN trial [79]. There has 
been rapid evolution in thrombectomy devices and approaches over the past decade; 
however, to date, there are no universally accepted standards for device or treatment 
selection due to little-known scientific information about what combinations of 
techniques or devices will yield the best outcome [80].

 Device Safety: Distal Embolization

While several clinical trials have shown better recanalization rate with the newer 
thrombectomy devices, improved recanalization rates with the newer thrombec-
tomy devices are not synonymous with better clinical outcomes [2–5]. The leading 
hypothesis to explain this conundrum is that patients who benefit from thrombec-
tomy need to be correctly identified. Therefore, most comprehensive stroke centers 
currently deploy advanced imaging to identify patients with viable penumbra. Other 
plausible contributors to poor patient outcome may be related to creation of distal 
emboli, arterial wall response to the thrombectomy devices, baseline NIH stroke 
scale, and time to recanalization [81–83]. Among these parameters, generation of 
clot fragmentation during treatment with subsequent distal shower of emboli is a 
procedure-related adverse event which can be technically modified.

Clot debris generated during mechanical thrombectomy or that form in situ due 
to local vessel damage during thrombectomy can result in distal embolization. 
According to the previous in vitro studies with the use of the thrombin-induced clot 
models, thousands of microemboli were formed during the thrombectomy proce-
dure [6, 84]. The impact of these microemboli on the microcirculation remains 
unknown. This may lead to poor clinical outcomes, even in the setting of good 
proximal revascularization. Several adjunctive endovascular techniques such as bal-
loon guide catheter-assisted stent retriever thrombectomy as well as stent retriever 
thrombectomy with aspiration via a distal access catheter are used in acute stroke 
interventions to reduce the risk of distal embolization [6]. Subsequently, numerous 
clinical studies have shown that deployment of balloon guide catheters during 
thrombectomy is significantly associated with improved rates of good clinical out-
comes [85–89]. This evidence strongly suggests that reducing distal embolization 
during thrombectomy improves functional outcomes in patients.

The growing use of the experimental clot models for thrombectomy device test-
ing continues with a goal to provide clinicians with treatment strategies based on 
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laboratory findings; therefore, it is critical to have clot models that are clinically 
representative in terms of their bulk mechanical behaviors as well as compositional 
features. The prior in vitro work used the clot models that have similar mechanical 
characteristics to the clot specimens retrieved from the patients with AIS.  The 
results suggested that applying proximal flow control with the use of a balloon 
guide catheter during clot removal not only achieved effective and successful 
mechanical thrombectomy but also significantly reduced the risk of distal 
embolization.

 Particle Characterization

Continuous detection of microembolic signals in a number of clinical conditions 
has been performed using the technique of transcranial Doppler ultrasonography 
[90–93], but this technique is associated with the following limitations. Firstly, 
an acoustic temporal bone window required for the Doppler signal to reach the 
cerebral vasculature is unsatisfactory in certain patients. Secondly, the operator 
must be highly trained and experienced with the technique to be successful; oth-
erwise this technique may lead to high levels of variability in signal-to-noise 
ratio. For particle detection in the in  vitro systems, there are a wide range of 
characterization methods that can be used to measure particles [94]. These meth-
ods include but are not limited to dynamic imaging particle analysis [95], light-
scattering technique [96–98], the Coulter counter [6, 99], and filtration methods 
[100, 101].

Dynamic imaging particle analysis uses digital images to measure the size and 
shape of each particle. Real-time detection of emboli generation during thrombec-
tomy is particularly useful in optimizing techniques, since each action during the 
procedure can have an associated impact on clot fragmentation. The sample con-
taining the particles streams by the microscope optics in the flow cell, and thousands 
of particle images are captured per second. The camera triggering frequency is 
determined based on the sample flow rate and is fixed during the experiment. 
Consequently, particles may be counted multiple times if flow rate is significantly 
reduced during the counting operation. Data post-processing is required to remove 
the particles that are imaged more than once. During the dynamic light-scattering 
(DLS) measurement, the Brownian motion of particles in suspension scatters the 
laser light and causes variations in scattering intensity. The fluctuations in the scat-
tered light intensity are used to gain information about the particle size. Only small 
sample volume is required to obtain the mean particle size. However, this method 
does not provide detailed information about the particle size distribution. The size 
and size distribution of the particles can be measured in electrolytes using the 
Coulter principle (Fig. 2.3). When a particle travels through an orifice, the resulting 
current fluctuation is converted to a voltage pulse, which is proportional to the vol-
ume of the particle. Analysis of a broad size distribution can be achieved by using 
different apertures/orifices.
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b

Fig. 2.3 (a) Images of the clot fragments acquired using dynamic imaging particle analysis. (b) 
The imaging results are correlated well with the Coulter counter data. Both techniques show that 
there are 11 emboli with size >200  μm generated during mechanical thrombectomy in an 
in vitro setup
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 Device Efficacy: Clot Integration Factor

Successful first-pass recanalization is associated with better clinical outcomes and 
is a new measure for thrombectomy device testing [102]. During the stent retriever 
thrombectomy, the ability of the stent retriever to retain the clot in the stent struts 
during clot retrieval is affected by the device design. Loss of interaction between 
clot and stent retriever when passing the tortuous cerebral arteries can result in par-
tial or failed thrombectomy. The clot retriever is in a collapsed configuration for 
deployment across the occlusion and self-expands radially to compress the occlu-
sive clot against the vessel wall prior to clot retrieval [103]. The recommended time 
for the clot to be fully engaged within the stent retriever prior to withdrawal in the 
instructions for use varies from 3 to 5 minutes, depending on the thrombectomy 
device. However, in actual clinical practice, the interaction time between clot and 
device ranges from 30 seconds to more than 5 minutes [104–107]. The invention of 
the clot integration factor (CIF) made quantitative assessment of device-clot inter-
action possible during stent retriever thrombectomy (Fig. 2.4) [108]. By comparing 
the CIF immediately following device deployment as well as 5 minutes following 
device deployment, it was found that a better device-clot interaction was achieved 
by increasing the interaction time. Sufficient image contrast level between the clot 
analog and the stent strut allowed successful segmentation of the stent retriever dur-
ing post-image processing during CIF measurements; however, it is not always 
achievable in daily clinical practice. However, evaluating the angiogram carefully 
during stent engagement of the clot may inform the time required for optimal 
device-clot interaction [109].

 Thrombolytic Drug Testing

Early reperfusion of ischemic penumbra is associated with favorable outcomes and 
reduced mortality. The only approved pharmacological treatment, IV recombinant 
tissue plasminogen activator (r-tPA), is available for approximately 5% of stroke 
patients due to the narrow time window and several contraindications that limit its 
use. Moreover, with large clot burdens in proximal vessels, r-tPA is less effective in 
achieving recanalization.

Marosfoi et  al. investigated a novel shear-activated nanotherapeutic (SA-NT) 
that releases recombinant tissue-type plasminogen activation when exposed to high 
levels of hemodynamic stress, combined with temporary endovascular bypass 
(TEB) [55] . The aim of this study was to determine if this approach could be used 
to concentrate r-tPA at occlusion sites by utilizing the high shear stresses that are 
created by stent placement. The microscale aggregates remain intact when flowing 
in blood under physiological conditions and break up into individual nanoscale 
components when exposed to high shear stress [110]. These nanoparticles adhere to 
the surface of the clot and concentrate the r-tPA at these sites.
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A rabbit model of a carotid occlusion was used to test this hypothesis. The angio-
graphic recanalization of three cases, TEB alone, intra-arterial delivery of soluble 
r-tPA alone, and TEB combined with two doses of intra-arterial infusion of SA-NT 
or soluble r-tPA, was analyzed. Vascular injury was also compared with thrombec-
tomy using a stent retriever. The results show that the shear-targeted delivery of the 
r-tPA using the SA-NT resulted in the highest rate of complete recanalization when 
compared to the controls. SA-NT also had a higher likelihood of achieving com-
plete recanalization when compared with TEB alone, intra-arterial r-tPA alone, or 
TEB with soluble r-tPA. The histological analysis showed loss of endothelium in 
the area where the TEB was deployed. However, there was significantly less vascu-
lar injury using a TEB compared to the stent retriever procedure.

r-tPA results in early reperfusion in only 13–50% of patients with occlusions 
of the intracranial internal carotid artery or the first segment of the middle 

a b

c d

Fig. 2.4 Example views with three orthogonal planes of a reconstructed VasoCT image (a), the 
location of the three marker wires (b), the result of the level-set segmentation of the clot (c), and 
the determination of the inner volume of the device bounded by the extracted marker wires (d)
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cerebral artery [111–113]. Recent studies have shown that combining intravenous 
thrombolysis (IVT) using r-tPA with mechanical thrombectomy (MT) is superior 
to direct MT in terms of clinical outcomes at 90 days [2, 3, 5, 114, 115]. However, 
most of these studies compared IVT-eligible and IVT-ineligible patients, although 
both groups are inherently different [115, 116]. In contrast, when analysis was 
confined to studies with a low risk of selection bias (i.e., comparable IVT-eligible 
patients in both treatment groups), the results indicate that direct MT may offer 
comparable safety and efficacy to IVT+MT [117]. On the contrary, it has also 
been suggested that r-tPA may cause harm as it may promote the blood-brain bar-
rier breakdown, potentiate vessel wall damage by stent retrievers, and induce 
thrombus fragmentation, leading to more challenging interventions [116].

 Clot Imaging

Distinguishing between red and white thrombi and determining clot age could 
potentially be very useful in evaluating what treatment strategy to pursue [118]. The 
definition of clot characteristics that are associated with successful recanalization 
could help to inform treatment decisions and identify patients at risk [119]. From a 
clinical aspect, imaging of a clot in situ before treatment could assist in establishing 
the clot type and, in turn, could assist the physician in selecting the most appropriate 
treatment method to administer or establish what device to use that would ensure a 
greater success rate in each case [22].

Non-invasive imaging techniques are a promising tool in the characterization of 
clot material. Huang et al. [120] used shear-wave dispersion ultrasound vibrometry 
to measure elasticity and viscosity of clot analogs formed from porcine whole 
blood. This approach was found to provide accurate estimations for shear elasticity; 
however, it did not measure viscosity accurately. Alternatively, dynamic ultrasound 
elastography was implemented by Schmitt et al. [121] to evaluate the storage and 
loss moduli of similar analogs also formed from porcine whole blood. Fang et al. 
[118] also used ultrasound to distinguish between newly formed and aged clots 
formed in vitro from porcine whole blood. This study recognized ultrasound as a 
useful tool to distinguish between clot types that, in turn, may be used to assist in 
establishing personalized thrombolytic treatment planning.

Computed tomography (CT) imaging has been shown to be a feasible option for 
differentiating thrombi according to their hematocrit. The study by Kirchhof et al. 
[47] supported this hypothesis by demonstrating that CT is a suitable technique for 
distinguishing clots as white, mixed, and red by estimating the number of erythro-
cytes present based on the attenuation number. Phantom clot samples were prepared 
in vitro with varying hematocrit levels. The results from the study show that the CT 
numbers of white, mixed, and red clots vary significantly and suggest that clots with 
a larger hematocrit level have larger CT numbers than clot samples with a lower 
hematocrit level. These findings were supported by Riedel et al. [122] who found 
that erythrocyte-rich clots were shown to have higher attenuation values than 
platelet- rich clots using non-contrast CT.
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Magnetic resonance imaging (MRI) has also been utilized to analyze the histo-
logical composition of clots [123]. Erythrocyte-rich and fibrin-rich clots were cre-
ated in vitro and injected into the common carotid artery in a swine model. Some of 
the samples were imaged in vivo, while other samples were randomly selected for 
in vitro imaging. The erythrocyte component of the clots were found to show high 
fluid-attenuated inversion recovery (FLAIR) signal intensity and iso-intensity in 
T2-weighted imaging, compared to the fibrin-rich samples which demonstrated low 
FLAIR and low-intensity T2-weighted signals. Similar results were achieved in 
both the in vitro and in vivo stroke models.

Liebeskind et  al. [41] provided a correlative study of the hyperdense middle 
cerebral artery sign (HMCAS) and gradient-echo MRI blooming artifact (BA) with 
the pathology of thrombi retrieved from patients with AIS. This study combined 
noncontrast CT and gradient-echo MRI to study 50 consecutive cases of acute mid-
dle cerebral artery occlusion before mechanical thrombectomy was performed. The 
occlusions retrieved from the thrombectomy procedure were analyzed using histol-
ogy. It was found that the CT HMCAS and gradient-echo MRI BA reflected the 
pathology of the thrombus and that the RBC content determined the appearance of 
HMCAS and BA. The absence of HMCAS or BA was found to indicate a fibrin- 
predominant occlusion. Thus, using CT and MRI, characteristics have been found 
to aid in the differentiation of clot compositions within thrombi [124, 125].

 FEA Model Development/In Silico Models

Finite element analysis (FEA) is commonly accepted as a powerful tool used in the 
medical device industry to analyze the performance of devices during development. 
While predictive computational models simulating clot behavior in vivo are valu-
able for vascular research and device design, relatively little has been reported on 
the computational modeling of clot tissue mechanics in the literature to date. Simple 
finite element models have been developed to simulate simple experiments to vali-
date the results [16, 126, 127]. However, few complex computational models of clot 
material and the thrombectomy procedure exist.

Under the current FDA guidance for non-clinical testing of neurothrombectomy 
devices, devices must be shown to have the capability of capturing clots of variable 
size, coagulation, and composition in order to determine device effectiveness [128]. 
Currently the majority of this testing is performed in vitro; however, the use of finite 
element modeling to simulate these procedures could significantly reduce the num-
ber of in vitro experiments required and provide a more time- and cost-effective 
approach to device testing and development.

A recent study by Gu et al. [129] used FEA as a method to evaluate the mechani-
cal performance of a semi-enclosed tubular mechanical embolus retrieval device. 
This model was also used to optimize the geometric design of the device. The FE 
model successfully modeled the shape-setting, crimping, and deployment of the 
device, followed by the embolus capture. The results showed that the maximum 
stress value was not exceeded at any point during the procedure and a number of 
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recommendations were obtained to further improve and optimize the structure of 
the device. Similarly, Romero et al. [130] developed computational models of their 
“GP” thrombus aspiration device. These models were used to examine the perfor-
mance of the device under different blood flow conditions. The models were also 
used to evaluate the device performance with clots of varying size. The minimum 
pressure necessary to extract the clot was also established through the simulations.

FEA is recommended by the FDA in the guidelines for the non-clinical testing of 
stents and associated delivery systems, for conducting stress and fatigue analysis on 
the devices seeking approval [22, 131]. Although this recommendation is not cur-
rently included in the guidelines for non-clinical testing of neurothrombectomy 
devices, as these devices are experiencing increased use for the treatment of stroke, 
it is possible that the criteria for FDA approval may become more rigorous in the 
future and this may lead to the requirement of finite element analysis of these devices.

The INSIST project has been recently funded by the European Commission as 
part of the Horizon 2020 research and innovation program. This is a collaborative 
project between nine laboratories from all over Europe. The main goal of the project 
is to perform in silico clinical trials for biomedical products for the treatment of 
acute ischemic stroke. This involves the generation of populations of virtual stroke 
patients, in silico models of treatments, and in silico models of the biophysical 
aspects of the human response to stroke. This project aims to validate these models 
and to provide proof of concept by running and validation of in silico clinical stroke 
trials from the perspective of the three participating stakeholders – pharmaceutical, 
the medical device industry, and health professionals.

 Conclusion

Clot analogs are valuable tools to develop and characterize the next generation of 
thrombectomy technologies. Fully characterized clinically relevant clot material 
has been developed in vitro with varying compositions and mechanical properties to 
mimic the large range of stiffness and elasticity of AIS thrombi found in  vivo. 
Development of advanced imaging technologies is desired to visualize clot compo-
sition for prediction of device performance. Finally, exciting developments are 
underway to analyze the clot material extracted during thrombectomy as a diagnos-
tic assay to inform stroke etiology.
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Chapter 3
Pediatric Acute Ischemic Stroke: Nuances 
for the Neurointerventionalist

Matias Negrotto, Ronil V. Chandra, and Todd A. Abruzzo

 Introduction

Acute ischemic stroke (AIS) is unusual in childhood. Nevertheless, childhood AIS 
accounts for substantial mortality in the first two decades of life, and most survivors 
have long-term neurological impairment resulting in negative impact on quality of 
life for affected patients and their families. The relative rarity, age-related peculiari-
ties, and the variety of manifested symptoms make the clinical diagnosis of pediat-
ric AIS extremely difficult [1]. In particular, the disproportionately greater frequency 
of clinical stroke mimics presenting in children demands advanced neuroimaging 
studies for diagnostic confirmation and confounds the goal of rapid diagnosis of 
AIS. Most pediatric AIS patients are therefore ineligible for reperfusion with intra-
venous thrombolytic therapy by the time they come to diagnosis. Furthermore, pedi-
atric protocols for intravenous thrombolytic therapy are not supported by clinical 
trial data and are lacking at most centers. The clinical outcomes of pediatric AIS are 
thus worsened by delayed diagnosis and lack of well-established, readily available 
treatment protocols.

Mechanical thrombectomy for adults with AIS is supported by multiple well- 
designed randomized clinical trials. Based on limited case series reported to date, 
and suboptimal study design, the quality of the data does not support level I 
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recommendations for endovascular intervention in pediatric AIS [2]. Nonetheless, a 
growing body of clinical data suggests that endovascular mechanical thrombectomy 
improves clinical outcomes in properly selected children with AIS due to large ves-
sel occlusion [3]. Neuropediatric specialists remain concerned that endovascular 
interventions may cause harm in children with cerebral arteriopathies. Despite this, 
an increasing majority of neuropediatric specialists agree that endovascular inter-
ventions should be considered for pediatric AIS patients with large vessel occlu-
sions on a case-by-case basis [4].

 Epidemiology and Impact of Childhood AIS

In the population less than 18 years of age, the incidence of stroke is estimated at 
4.6/100,000 person per year, which is greater than the incidence of leukemia or 
pediatric brain tumors. Approximately half of all pediatric stroke is ischemic, and 
half of ischemic stroke in the pediatric population occurs in the perinatal period. 
Perinatal stroke frequently manifests as periventricular leukomalacia (PVL) in pre-
mature neonates. PVL does not involve an arterial occlusive process but is the con-
sequence of watershed injury in the immature brain subjected to a severe 
hemodynamic insult.

Non-perinatal pediatric AIS affects patients between 29 days and 18 years of age 
and has an incidence of 1–3 per 100,000 per year in Western developed countries [5, 
6]. Non-perinatal pediatric AIS has a mortality of 3–6% (among the top 10 causes 
of death in children) [7] and is associated with significant neurological morbidity in 
70% of affected patients. The majority of children with AIS experience life-long 
disability, and decreased quality of life [2], including long-term motor deficits in 
65%, psychiatric illness in 50%, and epilepsy in one third [8].

In light of this, it is not surprising that pediatric AIS is associated with a high cost 
of care [9] and a significant impact on health care economics. The average adjusted 
5-year cost of care is estimated to be $135,161 per pediatric patient. The annual cost 
of inpatient pediatric stroke care in the United States is estimated to be 42 million 
dollars [8].

 Etiology of Childhood AIS

The common underlying causes of AIS in children differ from those observed in the 
adult population [5]. In clinical practice, a useful approach to the etiological dif-
ferential diagnosis of AIS in a child is to group patients into one of three different 
categories: cardioembolic stroke, cervical artery dissection, and intracranial arteri-
opathy. This differentiates patients into easily recognized groups that are routed into 
distinct treatment pathways. Children with intracranial large vessel occlusions sec-
ondary to cardioembolism and cervical artery dissection are excellent candidates for 
endovascular mechanical revascularization. It is the opinion of the authors that 
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children with intracranial arteriopathy are not likely to benefit from endovascular 
mechanical therapies. Furthermore, we believe that children with intracranial arte-
riopathy are specifically at higher risk of suffering serious procedure-related harm 
during endovascular mechanical revascularization.

Cardioembolic stroke accounts for approximately 30% of non-perinatal pediatric 
AIS.  Most cases affect children with complex congenital heart disease, children 
undergoing transcatheter cardiac procedures, and children with acquired disorders 
of the myocardium or cardiac valves. Cyanotic cardiac lesions with right to left 
shunting (particularly uncorrected and in the perioperative period) and children sup-
ported by extra-corporeal circulatory assist devices have an especially high risk of 
stroke [6, 10–12].

Cervical artery dissection accounts for another 20% of non-perinatal pediatric 
AIS cases. Cervical artery dissection may be traumatic or non-traumatic. Non- 
traumatic cervical artery dissection is sometimes the result of a well-defined arteri-
opathy such as fibromuscular dysplasia, Loeys-Dietz, Marfans, and Ehlers-Danlos 
spectrum disorders. Some authors have estimated that specific extracranial arteriop-
athies account for as much as 7.5% of childhood stroke [13]. Childhood arteriopa-
thies that have not been characterized as distinct entities account for some proportion 
of this group [14]. In children with non-traumatic vertebral artery dissection, a Bow 
Hunter’s type syndrome must be considered and carefully evaluated [15].

Intracranial arteriopathy accounts for as much as 45% of non-perinatal pediatric 
AIS [16]. Sickle cell disease (SCD), which is responsible for 10% of non-perinatal 
pediatric AIS, is an important subgroup within this category. The majority of AIS 
cases in SCD are the result of an acquired multifocal intracranial steno-occlusive 
large vessel arteriopathy that has peak onset at 5 years of age [17–19]. The moy-
amoya arteriopathies are another subgroup within the intracranial arteriopathy cat-
egory, which partially overlaps the SCD subgroup. The moyamoya subgroup is a 
heterogeneous group of disorders, all characterized by progressive bilateral occlu-
sion of the carotid termini and/or their first-order branches. It is estimated that moy-
amoya arteriopathies account for 5–10% of childhood stroke [20].

The subgroup of intracranial arteriopathies known as the focal cerebral arteriopa-
thies (FCAs) account for as much as 25% of non-perinatal pediatric AIS. This sub-
group characteristically involves a monofocal steno-occlusive lesion of the intradural 
internal carotid artery and its first-order branches, most commonly the M1 segment 
of the middle cerebral artery (MCA). The FCA subgroup includes transient (tran-
sient cerebral arteriopathy of childhood) and progressive forms that are defined by 
clinical and imaging behavior over time. Recently, FCA has been differentiated into 
an intracranial arterial dissection (FCA-d) subgroup and an inflammatory subgroup 
(FCA-i) [21]. In patients with FCA-i, evidence suggests that an infectious or para-
infectious process leads to localized vessel inflammation, mural swelling, luminal 
narrowing, and thrombus formation culminating in cerebral infarction. Postvaricella 
arteriopathy is a specific entity within this subgroup that occurs in children 2 to 
10 years of age, weeks to months after an uncomplicated chickenpox infection due 
to reactivation of latent infection housed in trigeminal ganglia with transaxonal 
spread of reactivated virus to intracranial arteries through afferent nerve fibers and 
secondary infiltration of affected arteries with inflammatory cells [6].
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Severe forms of hereditary thrombophilia such as homozygous factor V Leiden 
mutations and acquired prothrombotic states sometimes play an important role in 
the pathogenesis of pediatric cerebral sinovenous thrombosis. On the other hand, 
hereditary thrombophilia and acquired prothrombotic states are not considered to be 
an important primary driver of pediatric AIS. It is likely that prothrombotic states 
synergistically interact with otherwise subclinical arteriopathies to precipitate cere-
bral thromboembolism. Alternatively, a prothrombotic disorder may function as a 
cofactor to promote thromboembolism in a child with Bow Hunter’s physiology and 
prolonged stasis of blood in an affected vertebral artery segment. As a general rule, 
coagulopathy plays a secondary adjunctive role to the primary pathology in pedi-
atric AIS.

 Clinical Presentation of Childhood AIS

The presentation of childhood AIS has similarities and differences compared with 
adult stroke. In adults, focal neurologic symptoms, such as sudden-onset hemipare-
sis with or without facial weakness and language problems, constitute the hallmark 
presenting features of stroke. Children may also present with focal neurologic 
symptoms. The study by Mallick et al. [22] found hemiparesis to be the most fre-
quent presenting feature at 72%. Facial weakness and speech disturbances were 
present in 41% and 33%, respectively. However, focal neurologic symptoms occur 
less frequently in isolation. In 67% of children, diffuse neurologic symptoms, such 
as decreased consciousness, headache, vomiting, and papilledema, as well as sei-
zures accompanied focal symptoms [5].

In most cases, clinical presentation of the child with AIS is non-specific. Stroke 
mimics including complicated migraine, seizures with post-ictal paralysis, central 
nervous system infection, central nervous system tumor, and sickle cell crisis with 
painful extremity are more common than AIS in the pediatric population [2]. All of 
these conditions may be very difficult or impossible to clinically differentiate from 
acute AIS in a child. Consequently, definitive diagnosis relies heavily on advanced 
neuroimaging studies. As a result, the diagnosis of AIS is often delayed in the pedi-
atric population [1]. Although children are often brought in early after symptom 
onset (on average 1.7 hours after onset), there is a 12.7-hour median time to diagno-
sis, with >50% of diagnoses made >24 hours after arrival.

 Neuroimaging of Acute AIS in Children

The clinical goal of acute neuroimaging is to confirm the diagnosis, to illumi-
nate the etiology, and to establish eligibility for acute reperfusion therapy. 
Consequently, the imaging study must rapidly assess for intracranial hemor-
rhage, localize and quantify irreversible infarction (and reversible ischemia if 
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possible), and identify intracranial large vessel occlusions. Overall, cerebral 
magnetic resonance imaging (MRI) is the preferred modality for the initial diag-
nosis of childhood AIS. It allows the confident diagnosis of infarction and accu-
rate diagnosis of large vessel occlusion. A brain MRI with the following 
sequences is generally utilized for initial evaluation of children with suspected 
AIS – diffusion weighted imaging (DWI) completed in 1 minute, T2 fluid atten-
uated inversion recovery (FLAIR) imaging completed in 5 minutes, and time of 
flight (TOF) MR angiography completed in 6 minutes. This initial evaluation, 
often referred to as the “Acute Brain Attack” neuroimaging protocol, can be 
quickly performed in most children as young as 5 years of age without general 
anesthesia. In the majority of pediatric patients, this initial evaluation provides 
sufficient information to guide decisions about acute reperfusion therapies. 
Susceptibility weighted imaging (SWI) or gradient recalled echo (GRE) 
sequences can be quickly added if hemorrhage cannot be confidently excluded. 
In patients that do not require rapid transfer to a neurointerventional suite, addi-
tional sequences should be obtained to facilitate diagnosis. MR angiography 
and fat-suppressed T1-weighted imaging of the neck are useful to identify cervi-
cal artery dissection due to its sensitivity in the detection of intramural hema-
toma. MR venography, gadolinium-enhanced sequences, and flow sensitive 
arterial spin labeling (ASL) sequences are useful to refine the differential diag-
nosis and plan clinical management. Stroke mimics including migraine and sei-
zures may be associated with reversible perfusion abnormalities on cerebral 
perfusion imaging studies.

Increasingly, at pediatric stroke centers, advanced perfusion imaging with 
dynamic susceptibility contrast or arterial spin labeling perfusion methods are being 
utilized to assist in reperfusion therapy decisions. Such utilization relies on extrapo-
lation of principles learned from the treatment of stroke in adults because the quan-
titative perfusion metrics that define infarction, penumbra, and benign oligemia in 
children of different ages have not been established.

To assist in determining the presence of cervical artery dissection or intracranial 
arteriopathy, MR angiography of the brain and head and neck vessels is preferred 
over computed tomography angiography (CTA) due to radiation-related concerns. 
When MR techniques are utilized, fat-saturated T1-weighted sequences should be 
performed to increase the sensitivity for detection of intramural hematoma in cervi-
cal arterial dissection. Advanced MR vessel wall imaging techniques are useful in 
the differential diagnosis of intracranial arteriopathies, particularly in differentiat-
ing FCAi and FCAd.

Although digital subtraction angiography (DSA) is rarely necessary for diagnos-
tic purposes in children, it remains the gold standard for the assessment of the cer-
vical and cerebral vasculature. It is particularly useful in the definitive diagnosis of 
FCA and subtle arterial dissections. The luminal beading that is characteristic of 
FCAi is clearly delineated by DSA, but often below the detection threshold of CT 
and MR imaging (Fig. 3.1). Small intimal flaps missed by CT and MR imaging are 
easily detected by DSA (Fig. 3.2). In children, a false-positive diagnosis of dissec-
tion on CT angiography is sometimes caused by extreme pulsatility and elasticity 
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of the cervical arteries (Fig.  3.3). DSA should be considered where diagnostic 
uncertainty persists after MRA or CTA. In patients with segmental narrowing of 
cortical branch arteries, intra-arterial vasodilator infusion during the DSA study 
can differentiate reversible vasoconstriction from non-constrictive arteriopathies. 
Serial imaging of arteriopathies to monitor for progression or recurrent events is 
best performed with MRI.  Vessel wall imaging (VWI) may be a useful tool in 
assessing wall enhancement associated with inflammatory vasculopathies and vas-
culitides [23].

 Medical Management of Acute AIS in Children

With the lack of data driving the development of clinical practice guidelines, there 
are no level 1 recommendations offered by the American Heart Association (AHA) 
for pediatric acute stroke care [2]. Despite substantial advances in pediatric stroke 

a b

c d

Fig. 3.1 (a, b) Typical DSA findings of FCAi in a 9 year-old male presenting with acute left 
middle cerebral artery territory infarction (a). Note the series of concentric linear ring-like con-
strictions along the intradural left internal carotid artery (ICA) and proximal left middle cerebral 
artery. Coronal reformatted CT angiography in the same patient fails to demonstrate the diagnostic 
features. DSA in another child with FCAi involving the left ICA, A1, and M1 (c). DSA findings in 
another child with FCAd (d)
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research and clinical care, many unanswered questions remain concerning both 
acute treatment and secondary stroke prevention. Consequently, treatment recom-
mendations are mainly extrapolated from studies on the adult population [1]. As a 
general rule, AHA guidelines recommend conservative management of childhood 
stroke (e.g., control fever, maintain good oxygenation, blood pressure, and glucose 
levels), and provide guidelines for antiplatelet or anticoagulation therapy, left to the 
clinician’s discretion if they are to be used [24].

Intravenous (IV) thrombolytic therapy with tissue-type plasminogen activator 
(tPA) has been shown to significantly benefit adults with acute AIS when adminis-
tered within 4.5 hours of stroke onset [25–27]. Recent studies suggest that properly 
selected adult stroke patients identified by cerebral perfusion imaging may benefit 
from IV thrombolytic therapy administered within 9 hours of stroke onset, or within 
4.5 hours of a wake up stroke [28, 29]. Whether and how to apply this therapy in 

a bFig. 3.2 A 9-year-old 
male with acute stroke 
(same patient shown in 
Fig. 3.1a, b) incorrectly 
diagnosed with cervical 
left ICA dissection due to 
artifact caused by marked 
ICA pulsatility on CTA 
(a). DSA and un-subtracted 
companion imaging 
confirmed absence of 
cervical ICA dissection (b)
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childhood remains controversial. In childhood stroke, the emergence of specialized 
pediatric stroke expertise, institutional pathways, and increased access to rapid stroke 
neuroimaging makes IV thrombolytic therapy for children potentially feasible [6].

Although level 2 recommendations for IV tPA exist for selected children with 
stroke secondary to cerebral venous sinus thrombosis, all randomized controlled 
trials for IV tPA in acute AIS have excluded patients <18  years of age [2]. The 
National Institutes of Health (NIH)-funded Thrombolysis in Pediatric Stroke Study 
(TIPS) was the only prospective clinical trial of IV tPA in children with acute AIS 
[30, 31]. Although the study was closed because of low patient enrollment, the mul-
tidisciplinary TIPS investigators succeeded in establishing systems for the evalua-
tion and care of children with hyperacute AIS [31]. In the absence of clinical trial 
data, a consensus opinion suggests that when intravenous tPA is considered in chil-
dren, the adult dose of 0.9 mg/kg may be used. It is noted that this is most likely a 
conservative dose given developmental differences in plasminogen levels may actu-
ally make the effective dose for children higher [32].

The first-line management of acute AIS in patients with SCD includes supple-
mental oxygen, hydration with intravenous D5 1/2 normal saline and rapid blood 
transfusion to a hemoglobin S of <30%, and total hemoglobin level of 10–11 g/
dL. There is some evidence that thrombolytic therapy may be beneficial for acute 
AIS in adults with SCD.

Fig. 3.3 A 15-year-old 
boy with recurrent 
posterior circulation 
strokes eventually found to 
be the result of Bow 
Hunter’s syndrome due to 
vertebral artery 
impingement by a 
ponticulus posticus. DSA 
clearly shows subtle 
dissection of V3 segment 
of vertebral artery missed 
by multiple MR and CT 
angiography 
imaging studies
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Anticoagulation is recommended for secondary stroke prevention in children 
with cardioembolic stroke, cervical artery dissection, and arteriopathy. Historically 
the moyamoya arteriopathies (MMAs) were excluded, but preliminary data suggest 
a benefit in selected patients with MMA. Steroids are currently under investigation 
as a therapeutic agent in children with FCA-i.

 Rationale for Mechanical Thrombectomy in Children 
with Acute AIS

Multiple RCTs show that mechanical endovascular thrombectomy (EVT) substan-
tially increases disability-free survival in adults with AIS. Consequently, guidelines 
for the management of adults with AIS emphatically stress EVT as a first-line ther-
apy in eligible patients with large vessel occlusions (LVOs). In contrast, published 
guidelines for treatment of pediatric AIS with mechanical thrombectomy are ambig-
uous due to a paucity of supporting high-quality scientific evidence. In 2015, AHA 
guidelines [33] for the early management of acute AIS stated that EVT with stent 
retrievers may be reasonable for some patients <18 years of age if initiated within 
6 hours of symptom onset, acknowledging that the benefits and risks are not estab-
lished. In 2018, the updated guidelines did not introduce any changes to this state-
ment [27]. In the absence of randomized clinical trial data, one rational approach to 
the problem is to compare clinical outcomes in pediatric AIS patients treated with 
mechanical thrombectomy to clinical outcomes in a cohort of historical controls 
treated with standard of care. Since the standard of care for acute AIS in children is 
limited to supportive management, natural history outcomes are suitable for 
comparison.

Published studies show that the clinical outcome of untreated AIS in the pediatric 
population is generally poor, particularly in patients with cardiogenic strokes involv-
ing large portions of the MCA territory. Although most published pediatric AIS 
studies do not systemically report the results of vascular imaging studies, infarc-
tions covering a majority of the MCA territory are most consistent with LVO, par-
ticularly in patients with cardiogenic stroke. The authors consider a large MCA 
territory infarction in a child with cardiogenic stroke to be a surrogate marker of 
LVO. Consequently, the literature indicates that acute pediatric AIS secondary to 
LVO is highly likely to end in a poor clinical outcome if only supportive care is 
administered. In unselected pediatric stroke patients, the majority of which have 
mild strokes, the likelihood of a poor clinical outcome is in the range of 40%. In 
children with acute LVO affecting the MCA territory, the likelihood of a poor clini-
cal outcome is in the range of 70%.

Having established that the natural history of acute pediatric AIS with LVO is 
generally associated with a poor clinical outcome, it is necessary to determine if 
EVT is feasible, safe, and associated with better clinical outcomes than would 
otherwise be expected for the untreated natural history. In 2005, the first reported 
case of an early stent retriever used in a child with a basilar artery occlusion 
resulted in an excellent clinical result with the reversal of a patient with locked-in 
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syndrome [34]. However, most early clinical reports of EVT for acute AIS used 
outdated modalities (intra-arterial thrombolysis) and ineffective first-generation 
devices [2]. These cases were associated with low rates of technically successful 
recanalization, and less than satisfactory clinical outcomes. More recent reports 
using modern revascularization technologies have shown high rates of successful 
reperfusion (~ 90%), and most patients show an improvement in neurological defi-
cit after thrombectomy. The proportion with excellent clinical outcomes is signifi-
cantly better than expected natural history outcomes [3]. Moreover, the literature 
shows that EVT with modern revascularization technologies is safe, with a low 
rate of peri- interventional complications, and low rates of symptomatic intracra-
nial hemorrhage [35]. Observational data thus support the utilization of EVT to 
improve clinical outcomes in properly selected pediatric AIS patients. Familiarity 
with non-embolic causes of pediatric large vessel occlusions is necessary to appro-
priately recognize the pathology and plan accordingly (Table 3.1). It is important 
to engage in interdisciplinary partnerships with experienced pediatric stroke pro-
viders and neurointerventional teams to establish consensus-based best practices 
prior to offering mechanical thrombectomy in order to minimize adverse outcomes 
[36, 37].

 Technical Aspects of EVT in Pediatric AIS

Pediatric neuroscience specialists have expressed many concerns about the applica-
tion of transcatheter revascularization therapies to children with acute AIS. One 
concern is that the underlying vascular pathology may be too dangerous for 
mechanical instrumentation. Opponents of EVT cite the high incidence of dissect-
ing steno-occlusive and inflammatory cerebral arteriopathies in children with AIS 
and express concerns that affected intracranial vessels are too vulnerable to perfo-
ration and rupture. The authors agree that indiscriminate application of mechanical 
devices to high-risk “arteriopathic vessels” does involve excessive and unjustified 
risk. On the other hand, embolic intracranial LVO, which accounts for a significant 
proportion of non-perinatal pediatric AIS cases, can be safely and effectively 
treated by EVT.

Table 3.1 Consideration of thrombectomy according to AIS etiology

Etiology Plan

Cardioembolic – 30% Consider thrombectomy
Cervical dissection – 20% Consider thrombectomy/stent/angioplasty
Intracranial arteriopathy – 45% (SCD, FCA) No accepted endovascular treatment
Moyamoya – 5–10% No accepted endovascular treatment
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Another concern that pediatric specialists have raised is that the amount of 
procedure- related contrast media is too high for small children. The position of the 
authors is that contrast nephropathy is not a clinically significant problem in the 
pediatric population when patients receive adequate intraoperative and postopera-
tive hydration. This fundamental holds true over a wide range of contrast loads in 
excess of 6 ml/Kg particularly at the rate of administration that is typical for neuro-
interventional practice. Furthermore, only small amounts of contrast are necessary 
in the relatively short EVT procedures for pediatric AIS.

Another concern that pediatric specialists often express is that the procedure- 
related radiation exposure is dangerous for small children. The authors assert that 
EVT procedures are very short and exposure rates are very low using modern 
equipment and technique. Moreover, these concerns are generally outweighed by 
the potential benefit from reperfusion therapy in well-selected pediatric patients 
who will benefit from neurological recovery and prevention of long-term 
disability.

In 2019, the AHA published a scientific statement on stroke in children and neo-
nates [6]. The report stated that it is reasonable to limit EVT to “larger children” 
with persistent NIHSS score of 6 or more with confirmed LVO (Table 3.2). The 
authors emphasized that smaller children may be more vulnerable to vascular injury 
at the arterial access site and the intracranial treatment site due to small size and 
fragility of the vessels, in addition to a higher tendency toward vasospasm.

In the vast majority of pediatric patients, the common femoral artery will be the 
access artery of choice for EVT. Femoral artery diameter correlates closely with age 
and height. The incidence of procedure-related femoral artery thrombosis and its 
outcome correlates with the size of the indwelling arterial introducer sheath and the 
duration of the procedure. Since EVT procedures are usually very short by most 
standards, access strategies can usually be safely adjusted to facilitate success even 
in very young patients. Table 3.3 summarizes example access strategies for different 
age groups and compatible intracranial revascularization devices  – though it is 
worth noting that these devices are subject to regional availability, and new devices 
are becoming available with similar ID, OD, and material characteristics and may 
represent valid alternative device choices.

Table 3.2 AHA scientific statement on endovascular thrombectomy in children [6]

Persistent disabling neurological deficits (e.g., Pediatric NIH Stroke Scale score ≥6 at the time 
of intervention or higher if DAWN trial criteria are being applied).
Radiographically confirmed cerebral large artery occlusion.
Larger children because of concerns about introducing catheters into small groin and cerebral 
arteries and size-based limitations on contrast dye and radiation exposure.
Treatment decision made in conjunction with neurologists with expertise in the treatment of 
children with stroke.
Intervention performed by an endovascular surgeon with experience in both treating children 
and performing thrombectomy in adult stroke patients.
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Our experience shows that some pre-school children, 2 to 5 years of age, can be 
safely treated using modern adult embolectomy devices and techniques (Fig. 3.4). 
Using modified techniques and devices we have successfully performed mechanical 
embolectomy in children as young as 14 months of age (Fig. 3.4). The reason for this 
is that although the major intracranial arteries of the circle of Willis do not reach full 

Table 3.3 Access approaches and revascularization device compatibility chart. Stryker 
Neurovascular, Fremont, CA; Medtronic Neurovascular, Irvine, CA; Penumbra, Alameda, CA

Age 
group

Transfemoral-carotid 
access

Compatible stent-retriever and 
microcatheter delivery options

Compatible 
thromboaspiration options

1–3 
years

Long 5 F sheath 
extended from 
transfemoral arterial 
access site into 
carotid artery
  Medtronic Asahi 

Fubuki™ sheath

Trevo XP ProVue™ stent-retriever 
[3 mm × 20 mm, 4 mm × 20 mm, 
6 mm × 25 mm]
  Stryker Trevo Pro 14™ 

microcatheter [157 cm, 2.0 F 
distal tip, 2.4 F proximal shaft]
Medtronic Solitaire X™ 
stent-retriever 
[4 mm × 20/40 mm, 
6 mm × 20/40 mm]

  Penumbra Velocity™ 
microcatheter [160 cm, 2.6 F 
distal tip, 2.95 F proximal shaft]

  Medtronic Phenom 21™ 
microcatheter [160 cm, 2.3 F 
distal tip, 2.6 F proximal shaft]

Penumbra 3 MAX™ 
tapered thromboaspiration 
catheter [0.043″ → 
0.035″]- 3.8 F distal tip
Penumbra 4 MAX™ 
straight thromboaspiration 
catheter [0.041″]- 4.1 F 
distal tip

≥4 
years

Long 6 F sheath 
extended from 
transfemoral arterial 
access site into 
carotid artery
  Penumbra Neuron 

MAX™

Trevo XP ProVue™ stent-retriever 
[3 mm × 20 mm, 4 mm × 20 mm, 
6 mm × 25 mm]
  Stryker Trevo Pro 14™ 

microcatheter [157 cm, 2.0 F 
distal tip, 2.4 F proximal 
shaft]Medtronic Solitaire X™ 
stent-retriever 
[4 mm × 20/40 mm, 
6 mm × 20/40 mm]

  Penumbra Velocity™ 
microcatheter [160 cm, 2.6 F 
distal tip, 2.95 F proximal shaft]

  Medtronic Phenom 21™ 
microcatheter [160 cm, 2.3 F 
distal tip, 2.6 F proximal shaft]

Penumbra 3 MAX™ 
tapered thromboaspiration 
catheter [0.043″ → 
0.035″]- 3.8 F distal tip
Penumbra 4 MAX™ 
straight thromboaspiration 
catheter [0.041″]- 4.1 F 
distal tip
Penumbra 4 MAX™ 
tapered thromboaspiration 
catheter
[0.064″ → 0.041″]- 4.3 F 
(1.43 mm) distal 20 cm
Penumbra JET D™ 
thromboaspiration 
catheter[0.054″ → 
0.064″]- 4.9 F (1.65 mm) 
distal 20 cm
Penumbra ACE 60™, ACE 
64™, ACE 68™, JET7™ 
thromboaspiration catheters
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Fig. 3.4 (i–l) CT perfusion imaging (i, j) in a 4-year-old female with Berlin heart awaiting second 
heart transplant (patient #4 in table above) shows predicted core infarction in red (cerebral blood 
flow </=30% of contralateral normal) and penumbra in green (TTP >/= 6 seconds). It is notable 
that unaffected left posterior cerebral artery territory shows quantitative perfusion levels in the 
penumbral range, likely due to chronically reduced tissue perfusion in this child with severely 
depressed cardiac function. CT imaging obtained 48 hours after revascularization (k, l) demon-
strates that CT perfusion imaging overestimated the patient’s core infarction

a b

c d

e f
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g h

i j

Fig. 3.4 (continued)
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k l

Fig. 3.4 (continued)

adult size until 12–14 years of age, most growth is completed by 2 to 5 years of age 
(Fig. 3.5). In children as young as 3 months of age, vasospasm can be safely man-
aged with intra-arterial boluses of verapamil up to 100 micrograms per kilogram.

After EVT procedures, pediatric patients should receive supportive care with par-
ticular attention to optimization of glycemia, euvolemia, oxygenation, blood pressure 
and to prevent and correct hyperthermia and infections. Although there are no data to 
demonstrate the benefit of pediatric stroke units, care of pediatric AIS patients often 
occurs in pediatric intensive care settings. A minority of patients may develop raised 
intracranial pressure, which should prompt early supportive care and early neurosur-
gical referral for consideration of decompressive craniectomy, particularly for AIS 
patients with malignant middle cerebral arterial territory infarction. Given the plas-
ticity of the young brain, rehabilitation for children following stroke can likely lead 
to vast improvements in long-term outcomes, with a favorable impact on long-term 
morbidity, quality of life, and emotional health for the child and the family [1].

 Imaging Selection of Children 
for Endovascular Thrombectomy

In contrast to adults with suspected AIS, where CT and CTA are often used for first- 
line imaging, children presenting with acute neurological deficits are best imaged 
with MRI and MRA. This is because there is a high prevalence of stroke mimics that 
are indistinguishable from early AIS on CT. CT has been reported to miss as many 
as 47% of AIS later confirmed by MR imaging in children. Most pediatric medical 
centers have “rapid stroke MR imaging protocols” that can be performed in awake 
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children in 12 minutes or less. Such protocols are usually limited to a DWI sequence, 
a T2 FLAIR sequence, a hemorrhage-sensitive sequence such as gradient echo or 
susceptibility weighted imaging, and a time-of-flight MRA sequence. It should be 
noted that MR imaging is contraindicated in patients with extracorporeal circulatory 
assist devices and some types of implantable devices.

One of the greatest challenges involved with EVT in the pediatric population 
concerns the implementation of perfusion imaging-based patient selection. 
Experience has shown that perfusion imaging biomarkers of infarction and isch-
emia are altered by patient age and chronically impaired cardiopulmonary func-
tion. In particular, profoundly altered cerebral perfusion may be present in children 
with Fontan circulation or children requiring prolonged support from extracorpo-
real circulatory assist devices such as a Berlin heart. Furthermore, CT perfusion 
thresholds, which predict infarction in adults, may be different in the pediatric 
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Fig. 3.5 Diameter of the cavernous segment of the internal carotid artery (ICA) as a function of 
age for 318 pediatric subjects without stroke, cerebrovascular disease, or vascular risk factors. ICA 
diameters were measured on axial and coronal T2-weighted images of the brain obtained for evalu-
ation of trauma, headaches, or hearing loss. The mean ICA diameter for all patients within a given 
age range is indicated as a circle, and error bars show + and – one standard deviation. The growth 
curve is divided into 3 growth regions by 3 red lines. The subject’s age, and the percent of fully 
mature ICA diameter in the plateau of the curve corresponding to each of the red lines, is annotated 
above each red line. The measured ICA diameter corresponding to each of the red lines is indicated 
in red text to the left of each read line
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brain (Fig.  3.4i–l). Consequently, for accurate core infarct assessment, DWI is 
preferred. In addition, direct translation of adult Tmax threshold values may be 
misleading for estimation of penumbra in childhood AIS (Fig. 3.4i–l). It may be 
prudent to weight clinical assessment and relative perfusion measures to estimate 
the territory at risk.

A general approach to imaging-based patient selection should begin with exclu-
sion of patients with malignant core infarctions that are likely to render revascular-
ization futile and potentially harmful. Rankin shift analysis in two recent large adult 
cohorts shows thrombectomy is beneficial in adults with core infarctions <100 ml 
[38]. Assuming that 100 ml is roughly 40% of the adult MCA territory, ASPECT 
score of 6, this translates to an adjusted core infarct volume of 70–80 ml in children 
5 to 10 years of age [39].

The quantitative cerebral perfusion imaging metrics, which define penumbral 
tissue fated to infarction in the absence of revascularization therapy, are under inves-
tigation. One study reported that the results of DSC cerebral perfusion imaging 
correlated with cardiac status in five children with LVO strokes. In one child with 
heart failure, symptomatic cerebral ischemia correlated with a Tmax >6 seconds, 
but in two children without cardiac insufficiency, symptomatic cerebral ischemia 
correlated with a Tmax >4  seconds. One explanation for the findings is that the 
brains of younger, rapidly growing children with normal cardiopulmonary function 
demand a higher perfusion relative to adults due to increased metabolic activity in 
the developing brain. Neuronal metabolic activity may be adapted to a lower perfu-
sion level in children with chronically impaired cardiopulmonary function. Patient 
selection will improve with advances in imaging biomarker research and new trials 
such as the PETITE trial (Pediatric Endovascular Therapy after Imaging in acuTE 
stroke).

 Conclusion

Level 1 evidence for the effectiveness of pediatric stroke intervention remains 
unavailable, and, due to the heterogeneity of stroke causation and prevalence of 
mimics, an efficient randomized trial will be difficult to perform. However, the pre-
sentation of a child with a large vessel occlusion will undoubtedly present in major 
comprehensive stroke centers with increasing frequency. Familiarity with non- 
embolic causes of pediatric large vessel occlusions will guide the interventionalist 
in interpreting real-time imaging on non-invasive imaging and catheter angiography 
to appropriately recognize the pathology and plan accordingly. The role of catheter- 
based therapy in many of the non-embolic causes of vessel occlusion is presently 
limited, but there are numerous case series indicating feasibility and safety in the 
interventional treatment of large vessel embolic occlusions and dissection. Until 
such time that more substantial trial data are available, individual treatment plans 
should be made on a case-by-case basis.
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Chapter 4
ELVO in Urban Areas: Evolution of Stroke 
Systems of Care

Johanna T. Fifi and Jacob Morey

 Introduction

Endovascular therapy (EVT) is now the standard of care for emergent large vessel 
occlusion (ELVO) acute ischemic stroke (AIS) in the early time window following 
positive outcomes from multiple randomized trials [1]. Furthermore, based on the 
results of the DWI or CTP Assessment with Clinical Mismatch in the Triage of 
Wake-Up and Late-Presenting Strokes Undergoing Neurointervention with Trevo 
(DAWN) [2] and Endovascular Therapy Following Imaging Evaluation for Ischemic 
Stroke (DEFUSE 3) trials [3], guidelines for the treatment of patients with ELVO 
AIS now recommend an extended time window for EVT up to 24 hours after onset 
[1]. This extended window for stroke thrombectomy also expands the number of 
patients who qualify for treatment, but time to treatment continues to be critical to 
patient outcome. An analysis on Solitaire with the Intention for Thrombectomy as 
Primary Endovascular Treatment (SWIFT PRIME) data found patients with a last 
known well to reperfusion time of less than 150 minutes had 91% estimated prob-
ability of functional independence. The probability of a good outcome decreased by 
10% over the next hour and 20% after each subsequent hour [4]. Therefore, timely 
and direct access to thrombectomy is important for outcome in ELVO stroke.

Stroke systems of care were developed in the prior decades to optimize the timely 
delivery of intravenous (IV) tissue plasminogen activator (tPA) in the first 3 hours 
after stroke onset [5]. This required development and geographic distribution of 
certified Primary Stroke Centers (PSC) able to perform neuroimaging and deliver 
tPA. Comprehensive Stroke Centers (CSC) were then created for more specialized 
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care often involving neurosurgical or neurointerventional procedures. The more 
recent development has been the creation of another level of certification for 
thrombectomy- capable hospitals (TSC). Recent guidelines estimate at least 1500 
PSCs in the United States, with about 200 CSCs [6], and the number of TSC-type 
hospitals is growing. Despite the fact that many CSCs and TSC-type hospitals are 
localized to urban areas, access to EVT for many patients in urban settings is chal-
lenging. Strategies to improve timely access to EVT are necessary and optimal 
implementation of stroke systems of care will vary depending on geography and 
population density.

Stroke services in urban areas face unique challenges to coordination of care and 
timely treatment of patients with EVT. A challenge to minimizing onset-to- treatment 
times in urban environments is that patient transfer is often subject to gridlock and 
prone to delay. These obstacles are especially problematic in New York City, which 
has the largest population and highest population density of any major city in the 
United States. Onset-to-door times are a critical area of improvement in stroke care, 
as prehospital delays are the most common cause of patients missing the therapeutic 
window for IV-tPA, with only 20–25% of patients presenting to the emergency 
department within 3 hours of stroke onset [7, 8]. Since the demonstration of over-
whelming efficacy of EVT, many urban health-care systems, from the EMS to the 
hospital and hospital network level, have rapidly transformed to care for the ELVO 
patient importantly under the guidance of state and local regulations and stake-
holder groups.

 Historic Stroke Care Delivery Models

The two most common models of stroke care delivery, “drip and ship” and “mother-
ship,” have their roots in IV-tPA protocols [5, 9]. Initially IV-tPA was available only 
in largely academic stroke centers with significant resources for the comprehensive 
care of the stroke patient’s entire clinical course from the emergency department 
(ED) through rehabilitation. However, in order to allow for this time-sensitive treat-
ment to be brought into the community, more hospitals became equipped to deliver 
IV-tPA in the ED followed by transfer. This “drip and ship” model allowed com-
munity hospitals to quickly administer the time-sensitive tPA to AIS patients and 
then immediately transport them to a more advanced medical center for comprehen-
sive stroke care including EVT. In the mothership model, stroke patients are instead 
transported directly to a CSC, which minimizes delays surrounding transfer between 
hospitals. The drip and ship model worked well for IV-tPA administration, enlarg-
ing the patient pool eligible for stroke therapy [10]. However, EVT often necessi-
tates a transfer to a comprehensive center before initiation. There is growing 
evidence that transfer is associated with worse outcome in ELVO patients. In the 
urban setting, there are typically several EVT-capable centers frequently in close 
proximity while PSCS will be distributed throughout the city, often creating dispa-
rate geographical, and sometimes socioeconomic, access to care within the same 
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urban area. The paradigm shift to EVT has created a strong impetus for stroke sys-
tems of care to adjust to meet patient’s needs. Strategies to increase access are dis-
cussed below.

 Prehospital Triage

The delays to EVT in the drip and ship model have led to a recommendation by the 
AHA/ASA (American Heart Association/American Stroke Association) Mission 
Lifeline algorithm to consider direct transport to CSCs, bypassing a PSC, if the 
additional travel time is less than 15 minutes [11, 12]. Recent implementation of 
prehospital triage has included a 30-minute bypass window in large cities such as 
Los Angeles [13] and New York City. More recent guidelines have suggested fur-
ther evidence is needed to establish optimal time parameters [6]. Evidence in favor 
of the mothership model is accumulating for select patients, especially in cases of 
efficient prehospital stratification of patients with high clinical suspicion for LVO 
[14, 15]. Probability models and prediction models suggest the relative benefit of 
the mothership model over drip and ship is based on distance between PSC and 
CSC as well as fast door-to-needle times at the CSC [16, 17]. The mothership 
model in this context requires field triaging of the patient, typically via clinical 
examination and standardized scales administered by first responders. Prehospital 
triage of ELVO stroke and bypass to stroke centers capable of thrombectomy has 
been initiated in several regions across the United States, including New York City. 
This type of triage appears well-suited for urban areas where bypass distances and 
times will be small for the majority of patients compared with rural or remote areas 
where thrombectomy centers can be hundreds of miles away. There is concern for 
delay of initiation of IV-tPA in eligible patients when bypassing a PSC. However, 
recent studies in Providence, Rhode Island, and Los Angeles, California, have 
demonstrated that faster door-to-IV-tPA times at CSCs mitigate any delay in time 
to IV-tPA when bypass is performed [13, 18]. The RACECAT trial based in 
Barcelona and Catalonia is currently ongoing and directly compares these two 
models [19].

The decision for direct transport to a CSC is based on protocols utilizing various 
prehospital stroke severity scales that vary greatly in sensitivity and specificity from 
49% to 91% and 40% to 94%, respectively [20]. Among other factors, this means 
that a significant proportion of patients will still present to PSCs. Algorithm for the 
evaluation and triage of patients in the prehospital setting is the perfect problem for 
computer-aided solutions. The development of machine learning software for such 
finite parts of the problem such as ELVO detection by video examination of the 
patient to GPS-aided routing of the ambulance is currently ongoing. The accuracy 
of prehospital triage is also likely to increase with new technology, such as portable, 
non-invasive ELVO detection visors and mobile stroke units. This is an active field 
of research and device development [21–23].
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 Mobile Interventional Stroke Teams

Despite prehospital triage, some pockets of large urban areas are without timely 
access to a TSC or CSC. Transformation of certain PSCs to include interventional 
capability has occurred over the last few years. There are still unanswered questions 
on how these facilities fit into the model with CSCs present. A further alternative 
model to drip and ship has also developed wherein the interventional team based at 
a large-volume CSC covers an integrated system by traveling to the patient for EVT 
performed at a PSC or TSC [24]. This type of model is likely best suited to urban 
environments where travel time between multiple centers can be shorter as com-
pared with rural areas. Instead of the patient transferring to the CSC, a Mobile 
Interventional Stroke Team (MIST) travels from the CSC to treat the patient at the 
PSC or TSC. One form of a MIST, as described in the literature from New York 
City, consists of an attending neurointerventionalist physician, a fellow or assistant, 
and radiologic technologist. Use of a MIST allows patients to receive IV-tPA and 
medical management while the MIST is mobilized and reduces risks and delays 
inherent inpatient transfers. Since 2016, similar models to the MIST (nine total) 
have been proposed with inter-hospital transfers of an endovascular-trained attend-
ing physician [24–31]. The majority of these models utilize ground transportation, 
with air being less common, and are primarily located in Germany, Japan, and 
New  York City (USA). Helistroke has also been described in the literature and 
involves transporting a neurointerventionalist to the patient via helicopter, which 
may further expand application of the “trip and treat” paradigm [30, 31]. All rele-
vant published reports demonstrated a reduction in the initial door-to-puncture time, 
with the New York trip and treat model publishing an onset-to-treatment time that 
was 79 minutes faster than drip and ship [32]. One advantage of this model is born 
out as more and more patients qualify for endovascular treatment for stroke, and 
growing case volume taxes bed capacity at CSCs. Furthermore, this model allows a 
single neurointerventional team to expand coverage across multiple hospitals poten-
tially saving costs and concentrating procedural experience. The MIST model cur-
rently exists alongside and complements EMS triage, mothership, and DS models 
creating a more complete stroke care system.

 Mobile Stroke Units

First pioneered in Germany and introduced in the United States in the city of 
Houston, a Mobile Stroke Unit (MSU) allows stroke patients to be diagnosed and 
treated with IV-tPA en route to the hospital [33, 34]. The MSU is a specialized 
ambulance equipped with a CT scanner, laboratory testing, and tPA. The ambulance 
is staffed by a radiology technologist and paramedics and has either a vascular neu-
rologist on board or has telestroke capacity. Studies have demonstrated that MSUs 
are associated with faster times to treatment with tissue plasminogen activator 
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compared with conventional ambulance transport followed by tPA delivered in 
emergency departments [33]. A recent publication looking at the MSU out of 
NewYork-Presbyterian in New York City demonstrated that faster times hold true 
even in dense urban areas [35]. Despite, the ambulance pick-up location often being 
in close proximity to several designated stroke centers, the MSU was able to deliver 
tPA 29.7 minutes faster than conventional ambulance transport. An additional step 
of performance of CT angiography in the scanner can accurately identify ELVO 
patients and triage them in the field for delivery to CSC [36]. The capability for CTA 
varies in the MSUs in service today. One hurdle is the need for on-board power 
generation and additional size and weight of the ambulance. While in use in various 
cities around the United States and Europe, the cost-effectiveness of the MSU and 
potential for universal availability are still being studied [37].

 Conclusions

Health-care systems in urban regions have incorporated a broad range of models 
into their stroke systems of care to minimize times to treatment. The high popula-
tion density, relatively close proximity of hospitals, and inefficiencies in patient 
transfer associated with traffic congestion make traditional “drip and ship” prone to 
treatment delays. No one model is sufficient in these complex environments, and the 
best solution is likely one that allows and integrates various pathways for getting the 
patient to the treatment. The systems implemented include prehospital triage, moth-
ership, MIST models, and rapid stroke transfer, including drip and ship. MSUs 
incorporating specialized stroke ambulances have also been introduced. Systems of 
stroke care have continued to evolve rapidly over the past few years, and, in a large 
urban environment, coordination and cooperation between existing multiple hospi-
tal systems, government agencies, professional organizations, and other stakehold-
ers for each region will be key to improving efficiencies and access to this 
revolutionary therapy for the larger population.
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Chapter 5
Surviving Large Vessel Occlusions 
in Uruguay: Current Challenges 
and Solutions

Roberto Crosa

Uruguay is a relatively small South American country (175,215 km2). It lies between 
Argentina and Brazil, in one of the most flagrantly unequal regions of the world, 
from an economical and cultural point of view. Taking into account its geography, 
its demography, its culture, and its health system, it should be a model for successful 
stroke treatment in the region and the world at large, but in these last years, the 
country has been going in the wrong direction. Consider demography: the number 
of inhabitants is just over 3.4 million and the percentage of elderly population is one 
of the highest in this part of the world (more than half the population is over 50 years 
of age). In addition, nearly half the population of the country lives in the capital, 
Montevideo (metropolitan area: approximately 530 km2) (Fig. 5.1). Currently, life 
expectancy for both sexes is 76.5 years [1]. From the geographical point of view, 
Uruguay is an extended plain with some hills, with no outstanding landforms. The 
climate is subtropical, with no dangerous weather events.

As to cultural level, the United Nations rates it as the second Latin American 
country regarding easy access to education with a literacy rate of 98.5%. Education 
in Uruguay is secular, free, and compulsory. University is free as well.

The health system reunites a public and a private sector, both ruled by the guide-
lines of the Ministry of Public Health. Our country defines the right to health as an 
essential human right and a public resource; the government and the State are held 
responsible for health and this responsibility cannot be delegated. According to this 
definition, the State and the government must ensure that the health needs of every 
inhabitant are completely covered, regardless of his personal ability to pay (law 
18211). The system for the transportation of patients in critical condition is always 
provided with physicians, most of them emergency specialists. The rate of available 
ambulances is quite acceptable for this region. Uruguay also disposes of a broad 
experience regarding the management of hemorrhagic or ischemic stroke patients in 
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intensive care and emergency care and can offer a center for mechanical thrombec-
tomy that was a model for Latin America and a pioneer in this medical area.

For all these reasons, it would stand to reason that implementation of universal 
access to all forms of stroke treatment should be relatively straightforward in 
Uruguay. However, despite all those positive factors, the results of stroke treatment 
are paradoxically quite unsatisfactory. According to PAHO stroke mortality in 
Uruguay is one of the highest in Latin America [2]. The main cause of death in 
Uruguay for both sexes is stroke, with a rate of 74.6 per 100,000 inhabitants, which 
is far higher than the rates of other countries in the same region of the world. Stroke 
is one of the leading causes of severe disability, loss of healthy life years, and years 
of life lost on account of premature death.

The reason for these statistics is easily discovered: there are no campaigns of 
health promotion to educate the population about stroke and the recognition of its 
symptoms. That is why by and large the population of Uruguay cannot identify 
stroke symptoms. On the other hand, the health system operates separately, in a 
disjointed manner. For example, transportation systems, whether public or private, 
do not follow the same stroke protocol. Each facility decides priorities according to 
its protocol, without input from the Ministry of Public Health. There are practically 
no centers offering stroke patients all forms of prompt study and treatment for this 
epidemic. In Uruguay a stroke patient has more chances to be admitted into a hos-
pital devoid of protocol for the prompt care of this disease (on account of lack of 
specialists, no access to emergency CT angiography, and no possibility of treatment 
with r-tPA or thrombectomy) than to be hospitalized in a center offering compre-
hensive stroke management.

Fig. 5.1 Map of Uruguay 
with comparative 
populations for 
Montevideo (1.3 million) 
and the whole country (3.4 
million)
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These difficulties, which may seem to be beyond the understanding of people 
used to patient-centered thinking, have nevertheless spurred our imagination and 
resulted in some techniques that have solved difficult cases and have been accepted 
internationally, as outlined in the following illustrative cases:

 Case Illustration 1

The year was 2016. In our hospital center we had developed a protocol for acute 
management of ischemic stroke according to the last evidence presented at the AHA 
[3]. We had successfully treated scores of patients with mechanical thrombectomy 
following those guidelines. We operated within a private system, with no State sup-
port whatever, and activated the protocol if the patient chanced to arrive in the thera-
peutic window. It was a matter of luck.

We were dining with colleagues from the 2nd International Stroke Course in 
Montevideo, Professor Alex Spiotta, MD (Charleston, USA), and W. Casagrande, 
MD (Buenos Aires, Argentina), sitting next to me, when the protocol was activated 
for a stroke patient 2 hours after onset, with a proximal occlusion of right M1 con-
firmed by CT angiogram (CTA). At this untimely moment, I explained the situation 
and left, although I was president of the congress. To their credit both colleagues 
decided to join me, in an effort to learn about stroke treatment in a country unfamil-
iar to them. The patient was an obese 57-year-old man with hypertension and dys-
lipidemia. He had right facial deviation, right gaze deviation, and left hemiparesis. 
His NIHSS amounted to 12 and he had an early ALBERTA score of 10. The patient 
had exclusion criteria for r-tPA, so he went directly to the angiographic suite we had 
inaugurated the previous year, where we had a last-generation angiography system, 
the first in Uruguay to be exclusively dedicated to neurologic procedures. With the 
patient under conscious sedation, we were able to reach the occlusion site at right 
M1, and we tried to perform mechanical thrombectomy with a stent retriever, using 
Solitaire (Covidien) FR 4 × 20. We could not aspirate because no aspiration system 
had been authorized for use in Uruguay at that time. After several passes (three tries 
with Solitaire FR) without noticeable effects, Dr. Spiotta decided to make a drawing 
of a possible way to dislodge this resilient clot which adhered so firmly to the M1 
endothelium. Very quickly and racing against time, he proposed using Y-stenting 
[4]. I must say I was by no means convinced and feared we would only damage the 
artery further, but the patient was getting worse and we decided to act. I put a 
Solitaire stent in the upper branch of M2 toward M1 with a Catch SR stent inside it 
and then inserted it in the lower branch, covering the lesion. The whole system was 
removed and aspiration was performed by means of the guide catheter. I was sur-
prised to see complete recanalization of M1 with a normal anterograde flow 
(Fig. 5.2). TICI score amounted to 3. Having performed this feat, born of a combi-
nation of the creative intelligence of colleagues I admire and the local lack of 
resources, we were surprised to see that many colleagues all round the world had 
began to use this technique in case of failure of better-known methods. It involves 
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the addition of extra technical challenges, but in spite of that in expert hands we 
have not seen complications.

 Case Illustration 2

A 61-year-old female patient consulted at another center and was diagnosed with 
ischemic stroke. This center performs neither CTA nor mechanical thrombectomy 
and has no Stroke Unit. On admittance, the patient had an NIHSS of 8. CT was 
performed and hemorrhagic stroke was ruled out. Therefore r-tPA was started, 
2 hours after onset of symptoms. When administration of r-tPA finished (3 hours 
after onset), the neurologist suggested “waiting for the drug to take effect.” The 
patient did not improve at all; in fact she worsened. Her relatives wanted to try 
another method and exerted pressure on the attending physicians, who consulted us. 
We suggested CTA at that center, but were denied that possibility, because although 
they have the technology their technicians do not work on call. At that stage, sur-
vival of the patient being our priority, we decided that it would be better to send her 
over to our comprehensive center, which is 700 meters away from their facility. 
Transport was delayed for 1 hour because “no ambulances were available.” When 
the patient arrived, 5.5 hours had elapsed since onset and NIHSS increased to 10. 
Internal carotid occlusion was confirmed. The clot was T-shaped and was located at 
the distal segment of the internal carotid, extending to proximal segments of A1 and 
M1. The patient had atrial fibrillation and had been treated with warfarin but her 
compliance had been poor. We tried to perform a thrombectomy, first with a Solitaire 
FR 6 × 20 stent and later with an FR 4 × 20 (Medtronic). The carotid segment and 
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Fig. 5.2 (a)Thrombus occluding M1. (b) Solitaire FR stent (Medtronic) is deployed from upper 
branch of M2 toward M1. (c) A microguide catheter is inserted through the Solitaire FR stent 
toward the lower branch of M2. (d) A microcatheter containing a Catch stent (BALT) has been 
inserted from the lower branch of M2. (e) The Catch stent is deployed from M2 to M1, forming 
aY. (f) The Y-stent was retrieved, the whole clot was extracted, and the vessel recovered its 
permeability
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A1 were recanalized, but not the M1 segment. We noticed that while the 4 × 20 stent 
was deployed, M1 was reperfused but on withdrawing the stent it became occluded 
again. Six hours and 20 minutes had elapsed since onset of symptoms. We decided 
to change to an AB Solitaire 4 × 20 detachable stent, we deployed it, and the vessel 
restored recanalization as before. We then decided to detach the stent and start anti-
aggregation therapy on the patient. The outcome was hugely satisfactory in spite of 
everything that had happened. But this was not the only time we chose to leave the 
deployed stent in M1 and not the only one to have the very good results shown in 
Fig. 5.3.

Five years have gone by, anecdotes (good and bad) and experience have accumu-
lated and the different governments have disregarded scientific evidence and also 
the factual evidence of the democratization of access to health that the 
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Fig. 5.3 61-year-old female patient. Hypertension, chronic atrial fibrillation, under treatment with 
warfarin and diltiazem, bad adherence to treatment. Door-to-puncture time 244 min, NIHSS 10. 
Diagnostic angiography at (a) shows tandem occlusion, while (b) demonstrates mTICI 3 reperfu-
sion after mechanical thrombectomy and stent deployment in the M1 segment. Note previous ste-
nosis at the initial segment of M1. One year later, follow-up conventional angiography in (c). 
Functional outcome was excellent. Distal mark of the stent is evident in (d)
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implementation of such protocols mean. A foundation has emerged (APECV), sup-
ported by 34,000 people who promote and demand a general access to education on 
stroke, as well as viable and timely means of transportation and treatment of stroke 
patients. We have come to realize that these therapies cannot be made available to 
the whole population through individual efforts. It must be done through the devel-
opment of intelligent systems as a State policy, in order to achieve national solutions 
for this serious situation.

At this moment Uruguay is undergoing a political change and we hope the medi-
cal situation will change as well. The mechanisms are not operating yet but there is 
an agreement to consider stroke as an epidemic requiring high priority. A special-
ized unit will be implemented in the Ministry of Public Health, whose goals will be 
to teach the population how to recognize stroke symptoms, to organize an orderly 
and coordinated system for transportation where the protocol will give first priority 
to stroke, and to create model centers offering ALL the possible forms of study and 
treatment in real time (Fig. 5.4). Should this initiative succeed, Uruguay will serve 
as the model and inspiration for the remainder of Latin America, as is evident in 
many other aspects.

Fig.  5.4 Dr. Crosa, 
Director of the 
Endovascular Center 
(CEN) in Montevideo 
visits President-elect 
Dr. Luis Lacalle Pou in 
his office
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Chapter 6
Direct to Angiography—An Emerging 
Paradigm in Large Vessel Occlusion 
Stroke: Rationale, Feasibility, 
and Preliminary Results

Tudor G. Jovin

 Introduction

Acute ischemic stroke (AIS) is a neurological emergency characterized by ces-
sation of cerebral blood flow due to arterial occlusion, resulting in rapid loss of 
neurons in the territory supplied by the occluded vessel and consequent cerebral 
infarction. Large vessel occlusion (LVO) [1], defined as internal carotid artery 
(ICA), middle cerebral artery (MCA) M1 and M2 segments, and basilar artery 
(BA) occlusion, causes approximately one-third of ischemic stroke but accounts 
for more than 60% of morbidity and 90% of mortality due to AIS [2]. Thus, LVO 
stroke constitutes prognostically the most severe form of AIS with outcomes 
that to date have only been shown to be improved by timely reperfusion of the 
ischemic brain. This can be accomplished either with intravenous therapy (using 
lytic drugs such as tissue plasminogen activator [t-PA] or tenecteplase [TNK]) 
or with endovascular therapy (EVT), typically in the form of mechanical 
thrombectomy.

“Direct to Angiography” (DTA) is a recently coined term used to describe a time- 
efficient method of delivery of LVO stroke patients directly to the neuro- angiography 
suite without valuable time spent on additional evaluations including neuroimaging 
studies in the emergency department. This new approach may be employed both in 
transferred cases from a non-thrombectomy-capable stroke center (nTSC) to the 
thrombectomy-capable stroke center (TSC) and in directly presenting cases to the 
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TSC.  The primary rationale for DTA is to significantly reduce the time elapsed 
between hospital arrival and achievement of successful brain reperfusion. To better 
understand the rationale for this emerging approach, it is useful to review the impor-
tance of time, the role of imaging, the utility of the emergency room evaluation, and 
existing models of triage and transfer of LVO strokes.

 Why Is Time Important?

 Time and Outcomes

The time-dependent benefit demonstrated by the National Institute of Neurological 
Disorders and Stroke (NINDS) IV tissue plasminogen activator (t-PA) trial brought 
about a paradigm shift in the treatment of acute ischemic stroke [3]. Time became a 
fundamental patient selection criterion for reperfusion therapy as early reperfusion 
has long been considered a vital factor in achieving favorable outcomes as exempli-
fied by the widespread use of the aphorism, “time is brain.” In 2015, five landmark 
randomized controlled trials demonstrated the superiority of EVT over medical 
therapy alone (which included intravenous thrombolysis in eligible patients) for 
LVO stroke [4–8], leading to a dramatic change in the landscape of acute reperfusion 
therapy for AIS. An individual-level meta-analysis of these five trials (HERMES) in 
which the vast majority of patients were treated in the 0–6-hour time window con-
firmed that thrombectomy is a highly effective treatment, with a number- needed-to-
treat (NNT) of less than 5 to obtain an independent level of functioning at 3 months 
post-stroke [9]. Further knowledge gained from this meta- analysis revealed that 
similar to the benefit conferred by intravenous t-PA for stroke, the benefit of throm-
bectomy in non-selected patients is exquisitely time-dependent. The magnitude of 
the treatment effect is strongly correlated to the time from stroke onset to reperfusion 
and treatment benefit can no longer be demonstrated with high degree of certainty 
after 7.3 hours after stroke onset [10]. There are abundant data confirming the impact 
of time on outcomes post-thrombectomy [10–13]. On average, in the setting of an 
LVO stroke, 2 million neurons are lost per minute, and the earlier blood flow is 
restored to the brain, the higher the likelihood of a good clinical outcome [14]. The 
HERMES collaborators reported that for every 100 patients treated, every 15 min of 
earlier reperfusion results in a 2.5% higher chance of achieving independence in 
activities of daily living [10]. Retrospective data suggest that every minute of delay 
to recanalization leads to the reduction of 4.2 days of disability-free survival [15].

 Heterogeneity in Stroke Pathophysiology

Two years after the publication of the early time window trials, the DAWN and 
DEFUSE-3 trials led to a dramatic expansion of the therapeutic time window for 
thrombectomy, with benefit demonstrated up to 24 hours from stroke onset [16, 17]. 
These trials, however, were highly selective with regard to inclusion criteria and 
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only enrolled patients with “mismatch” (i.e., small infarct volumes in the presence 
of large areas at risk) presenting >6 hours after the patient was last seen well (TLSW).

The seemingly difficult-to-reconcile discrepancy between the finding of a strong 
relationship between timing of reperfusion and outcomes in the early time window 
and the finding of strong benefit from thrombectomy in the late time window can be 
explained by patient selection with respect to speed of infarct progression. Whereas 
the early time window trials enrolled largely unselected patients, the late time window 
trials restricted enrollment to “slow progressors,” a term derived from the recognition 
of two distinct phenotypes with respect to infarct growth rate following proximal large 
vessel occlusion, the “slow” and “fast progressors” [18]. At a cellular level, the corre-
sponding rate of neuronal loss following vessel occlusion has been described to be 
highly variable, ranging from <35,000 to >27 million neurons per minute [19]. The 
variability in the rate of infarct growth in the setting of LVO is highly dependent on the 
individual degree of leptomeningeal collateral blood flow [20–22]. Not surprisingly, 
leptomeningeal collaterals have also been shown to be an independent predictor of 
good outcome in LVO stroke [23]. Factors influencing the presence and extent of col-
laterals and consequent susceptibility to ischemic damage include genetic factors; 
physiologic parameters such as blood pressure, body position, CO2, temperature, and 
glucose; and demographics [18]. Long-standing intracranial stenosis can lead to the 
development of more extensive collaterals but comorbidities promoting its develop-
ment (e.g., hypertension, diabetes) are associated with impaired collateral blood flow 
during acute stroke [24, 25]. Cerebral edema has also been shown to impair blood flow 
through collateral vessels, and this may explain the decreased final infarct size seen in 
studies evaluating sulfonylurea use for the reduction of cerebral edema [26].

When patients with M1 MCA occlusion are defined as fast progressors if harbor-
ing an infarct in the MCA territory greater than 70 ml within 6 hours of TLSW and 
slow progressors if their infarct is less than 30 ml beyond 6 hours of TLSW, about 
50% of LVO strokes can be described as “slow progressors” and 25% can be 
described as “fast progressors” [27]. This latter category of individuals with acute 
stroke due to LVO experiences rapid infarct growth and represents the most sensi-
tive group with respect to delays in time to recanalization [28]. The identification of 
predictive biomarkers for the rate of stroke progression is an active area of research. 
One recent study which utilized sequential brain MRI studies in patients with LVO 
strokes showed that an initial infarct growth rate of <4.1 ml/hr and core volume of 
<19.9 ml detected on MRI at a median of 5 hours post-TLSW had high accuracy in 
predicting an infarct core of <50 ml at 24 hours post-stroke onset and thus having a 
higher likelihood of good outcome with thrombectomy [29].

 Time and Neuroimaging

Current AHA/ASA guidelines recommend the use of neuroimaging to select patients 
for thrombectomy according to time window. In the 0–6-hour window, head CT and 
CT angiography alone are deemed sufficient, but in the 6–24-hour window, advanced 
imaging with CT perfusion or MRI is recommended to select patients with small 
infarct volume and large tissue at risk (mismatch) [30].
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 What Is the Role of the Emergency Department?

 Evaluation and Emergency Care

Acute ischemic stroke patients, either presenting directly to the thrombectomy cen-
ter or transferred from another hospital, are routinely admitted to the emergency 
department (ED). There, they undergo a focused evaluation to rule out immediately 
life-threatening conditions that may be associated with acute stroke such as acute 
cardiac or respiratory failure, severe hyper- or hypotension, etc. Another critical 
element of the initial stroke patient evaluation is the National Institutes of Health 
Stroke Scale (NIHSS) score which can determine the likelihood of stroke as pre-
senting diagnosis and, by measuring the degree of stroke severity, also determine 
the likelihood of large vessel occlusion given that higher NIHSS scores reflect a 
higher likelihood of large vessel occlusion [31].

 Neuroimaging for IV t-PA and Thrombectomy Eligibility

Acute clinical evaluation is typically followed by relevant neuroimaging, which is 
comprised at most centers of head CT, with or without CT angiography. Alternatively, 
MRI-based imaging (MRI and MR angiography) is used instead at some centers 
although its use even at the most efficient centers is associated with significant addi-
tional delays compared to CT. This, along with implanted devices or other metallic 
structures that constitute absolute contraindications to MRI use, represents the main 
disadvantage of MRI use in acute stroke. Originally, the main goal of acute imaging 
was to rule out intracerebral hemorrhage for the purpose of administering IV 
t-PA. However, since the advent of thrombectomy as standard of care in LVO stroke, 
imaging has been increasingly utilized to assess for thrombectomy eligibility by 
confirming the presence of an LVO, by ruling out a large infarction and by confirm-
ing the presence of reversible ischemic tissue. While the exclusion of intracerebral 
hemorrhage is the only prerequisite with respect to IV t-PA administration, all other 
neuroimaging studies are essentially performed for screening purposes with the ulti-
mate goal of accurately identifying patients considered ineligible for thrombectomy 
for the purpose of excluding them from angiography. Furthermore, stroke patients 
transferred to thrombectomy-capable stroke center (TSC) from a non- thrombectomy- 
capable stroke center (nTSC) routinely undergo repeat evaluation and neuroimaging 
upon arrival in the TSC emergency department prior to activation of the thrombec-
tomy team. Oftentimes, repeat imaging occurs despite already having established 
thrombectomy eligibility at the referring hospital with the justification that the 
imaging study obtained at the referring hospital no longer accurately reflects tissue 
viability status [32].
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 What Are the Pitfalls of the Current Approach?

 Multi-step Approach and Time Delay

Current intrahospital stroke systems at most hospitals continue to reflect a workflow 
that is designed around IV t-PA administration. Emergency department evaluation 
and treatment by ED physicians and nurses, along with head CT performed in the 
ED CT scanner and (if available) emergent evaluation by a neurologist, represent 
the typical steps preceding IV t-PA administration, followed at some centers by 
additional imaging and admission to a specialized care unit. Despite the widespread 
adoption of thrombectomy, stroke systems of care have lagged behind in the evolu-
tion of workflow paradigms best suited to the particular aspects of endovascular 
therapy and continue to use approaches that lend themselves to delays in thrombec-
tomy initiation including a serial rather than parallel workflow typically pursued at 
most centers. First, the patient is evaluated in the ED, head CT is obtained, IV t-PA 
is administered if appropriate, and, in many instances, only subsequently the patient 
undergoes further imaging (CTA,CTP,MRI, MRA) to assess for thrombectomy eli-
gibility which is primarily determined by the presence of LVO and by exclusion of 
a large infarct. If the patient is then deemed eligible, transfer to the angio-suite for 
thrombectomy ensues. This serial, multi-step approach often results in significant 
time delays [33].

 Large Ischemic Core Volume in the Early Time Window

A long-held belief among stroke experts has been that reperfusion of large volumes 
of infarcted brain tissue is detrimental to patient’s outcomes due to the development 
of symptomatic intracerebral hemorrhage, malignant edema, or other reperfusion- 
related deleterious effects. Important unresolved questions related to this concept 
include the definition of large infarct and the accuracy of available imaging-based 
tools for infarct measurement. While definitive evidence against a net detrimental 
effect of reperfusion is still lacking, the results of recent studies have shed consider-
able doubt on its validity as to date no category of patients defined by imaging or 
otherwise has been found to be harmed by thrombectomy.

Most commonly used imaging-based methods to estimate the ischemic core in 
LVO stroke patients are non-contrast CT, CT perfusion, and MRI. The score of 7 on 
the Alberta Stroke Program Early CT Score (ASPECTS) [34] as baseline infarct 
volume threshold associated with benefit from reperfusion was initially described in 
the first-generation endovascular trials [35, 36]. However, advances in technology 
and workflow have shifted this cut-off to lower values. Indeed, in the initial 
HERMES collaborator’s publication, a statistically significant benefit from mechan-
ical thrombectomy could be demonstrated using an ASPECTS cut-off of 6 and 
above. Subsequent to this publication, in the prospective study ETIS [37], Panni 
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et al. reported a rate of good outcome, defined as a modified Rankin Scale (mRS) 
score of 0–2 at 3 months, of 32% in the subgroup of patients with ASPECTS of 4–5. 
Similarly, analysis of patients with ASPECTS 0–5, who underwent thrombectomy 
in the BEYOND-SWIFT registry, showed that 40% had favorable outcome (mRS 
0–3) at 90 days [38]. These outcome rates are superior to what would be expected 
in non-treated LVO stroke patients with similar baseline ASPECTS scores.

CT perfusion is considered superior to non-contrast CT in its ability to estimate 
the core although some studies have shown that with respect to its ability to estimate 
a large infarct (> 70 ml), a non-contrast CT cut-off of <7 is equivalent to CT perfu-
sion when compared to the gold standard of DWI MRI [39]. Furthermore, in the era 
of modern thrombectomy, with fast and complete reperfusion achieved in an 
increasingly higher proportion of patients, CT perfusion-derived thresholds defin-
ing infarct are being redefined and seem to be a “moving target.” Indeed, as early as 
2015, d’Esterre et al. showed that the cerebral blood flow (CBF) thresholds defining 
infarct were dependent on both the timing of reperfusion relative to the CT perfu-
sion study and on the timing of reperfusion relative to the stroke symptom onset 
[40]. These findings were confirmed by Qiu et  al. based on patients from the 
HERMES database [41]. Earlier reperfusion necessitates lower CBF thresholds in 
order to estimate infarct volume with same accuracy as those used in patients who 
achieve reperfusion later. However, even with these adjustments, thresholds used 
for infarct measurement on CTP are far from being 100% reliable.

Improvements in stroke systems of care, coupled with advances in thrombec-
tomy technology, make it likely that high-quality reperfusion will be achieved ear-
lier and earlier in the future. As such, it is not clear that the thresholds defining 
infarct on CT perfusion are ever going to have sufficient accuracy. Indeed, the final 
infarct volumes in patients who undergo successful reperfusion are not uncom-
monly shown to be smaller than predicted by CT perfusion imaging on the pre- 
thrombectomy CTP.

DWI MRI is widely considered as the most precise method for core estimation 
in clinical practice but it is associated with significant delays. Furthermore, even 
though superior to all other imaging modalities in clinical use, MRI is also prone to 
inaccurate characterization of the infarcted brain especially in the context of reper-
fusion. The earlier the pre-reperfusion MRI scan is performed relative to ischemia 
onset and the faster reperfusion occurs following completion of the MRI scan, the 
higher the likelihood that the DWI lesion noted on the initial MRI scan will no lon-
ger be demonstrated on a follow-up MRI scan. This phenomenon, termed DWI 
reversibility, has been noted to occur in up to a quarter of patients with acute 
stroke [42].

Data from HERMES collaboration indicate strong signals of benefit in favor of 
thrombectomy in patients with large (>70 ml) and even very large (>100 ml) base-
line infarct volumes [43]. Thus, both the limitations of CTP or MRI in accurately 
measuring the core and the lack of convincing evidence of lack of benefit (or harm) 
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with thrombectomy in patients with large core measured by these imaging modali-
ties call into question the utility of advanced imaging (CTP or MRI) in determining 
thrombectomy eligibility in the early time window.

Perhaps the most compelling data showing the benefit of EVT, even in patients 
with large baseline infarcts, come from the expanded dataset making up the 
HERMES collaboration which included seven randomized endovascular stroke tri-
als showing superiority of EVT plus best medical therapy (that included IV lysis in 
eligible patients) over best medical therapy alone [4–8, 44, 45]. Although most of 
the participating trial’s protocols largely excluded patients with large baseline 
infarctions, some of these patients were inadvertently enrolled due to lack of recog-
nition of large infarcts on initial imaging by local investigators. In a meta-analysis 
of these trials, of the 1764 patients enrolled, 126 underwent thrombectomy with 
core lab-adjudicated baseline ASPECTS <5 on CT (61 patients) or MRI (65 patients) 
[46]. Both in the MRI and CT groups there was a trend in favor of benefit with EVT, 
while in the combined analysis of CT- or MRI–imaged patients the benefit from 
EVT reached statistical significance (OR 2.15, 95% CI 1.06–4.37). Additionally, in 
228 patients with evidence of hypodensity involving greater than one-third of the 
MCA territory, another measure of large baseline infarct, benefit from EVT was 
also demonstrated (OR 1.70, 95%CI 1.04–2.78) [46]. Using the same expanded 
HERMES dataset, similar results were seen on a CT perfusion-based analysis of 
patients with large core infarcts (>70  ml and even >100  ml) with no significant 
reduction in absolute treatment effect with EVT and no net signals of harm despite 
a higher incidence of sICH in the thrombectomy group compared to controls [43]. 
Findings from these studies suggest that patients with LVO who have large baseline 
infarcts are likely to benefit from EVT compared to medical treatment alone and 
that although a large baseline infarct represents a prognostic factor, it does not rep-
resent a treatment effect modifier.

Efforts to identify patients with large baseline infarcts for the purpose of exclu-
sion from thrombectomy may lack justification not only due to the observed strong 
trends of benefit but also because in patients presenting in the early time window, 
the prevalence of large infarctions without significant salvageable tissue is exceed-
ingly low, as demonstrated by the 95% of patients who had mismatch by SWIFT 
PRIME criteria and by the 78% of patients who had large penumbral volumes 
(>60 ml) in the HERMES collaboration-derived CT perfusion-based study [43]. In 
fact, the prevalence of large infarcts (ASPECTS 0–5) has been estimated to be no 
more than about 15% of patients with M1 MCA occlusion presenting within 6 hours 
after last seen well [38] while within the first 3 hours after symptom onset the preva-
lence of ASPECTS 0–5 in patients with MCA occlusion is 4% [47]. As such, not 
only there is no evidence to suggest a lack of benefit of EVT for LVO strokes with 
large baseline core infarcts, but also the prevalence of large infarcts in the early time 
window is low.
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 The Tradeoff Between Advanced Imaging and Delays in Time 
to Reperfusion

Advanced imaging requires not an insignificant time for completion. In SWIFT 
PRIME, the median time from start of CT to post-processing of CT perfusion imag-
ing was 24 min while MRI-based selection was associated with a delay from door 
to groin puncture of a median of 16  min compared to CT-based selection [48]. 
Considering that based on data derived from HERMES every 15 min of delay in 
reperfusion results in a 3.9% lower chance of reduction in disability, if the delay in 
reperfusion caused by CTP in SWIFT PRIME was a conservative 15 min, this delay 
translates into 3.9% higher chance of disability in those patients who achieved 
reperfusion in the interventional arm of the trial. The delays incurred by advanced 
imaging can be inferred from the fact that in DAWN and DEFUSE-3, studies with 
protocol requirements of advanced imaging (CT perfusion or MRI), median ED 
arrival-to-groin puncture times were 109 and 112 min, respectively, compared to 
89 min in the ESCAPE trial, 60 min in the ESCAPE NA-1 trial, and 60 min in the 
ARISE II study [5, 16, 17, 49, 50], none of which required advanced imaging. The 
limited usefulness of advanced imaging in the early time window is reflected in the 
AHA guidelines which endorse thrombectomy as level I evidence only for patients 
harboring an LVO and a limited core volume defined as an ASPECT score >5 [30] . 
However, based on data published after the publication of the AHA guidelines, in 
the early time window (0–6  hours), following exclusion of intracerebral hemor-
rhage (typically accomplished with a non-contrast head CT), it is justified to ques-
tion the necessity for patient selection for thrombectomy based on any baseline 
infarct size.

 Is Vessel Imaging Always Necessary?

Currently, the vast majority of stroke centers still perform a CT angiogram in a 
conventional CT scanner to confirm the presence of large vessel occlusion prior to 
the decision to proceed with transport to the angiography suite. Studies examining 
workflow efficiency in intrahospital systems of care have shown that when only a 
plain CT (showing arterial thrombus) is utilized in lieu of the standard CTA for the 
purposes of large vessel occlusion diagnosis, the time required for imaging decreases 
by an average of 28 min and the time elapsed from hospital presentation to access 
site puncture times decreased by 36 min [51]. Thus, in situations when there is an a 
priori high likelihood of large vessel occlusion, forgoing of the CTA and transport 
directly to the angiography suite after the initial head CT may save substantial time 
to brain reperfusion. Although a combination of findings on a plain CT combined 
with clinical information is likely to result in highest yield for prediction of LVO, an 
NIHSS cut-off of 10 or above has been shown to predict the presence of LVO with 
80% accuracy in the early time window [52].
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In the cardiology literature, the well-known entity of myocardial infarction with 
non-obstructive coronary arteries (MINOCA) is characterized by patent coronary 
arteries during emergent cardiac catheterization despite clinical, electrocardio-
graphic, and biomarker features consistent with myocardial infarction. The finding of 
MINOCA is encountered with a frequency of 5–25% and typically results in no coro-
nary intervention at the time of the emergent cardiac catheterization procedure [53]. 
However, despite this non-insignificant frequency of instances where an emergent 
cardiac catheterization in a patient with acute myocardial infarction results in no 
intervention, it is the standard of care in virtually all cardiac catheterization laborato-
ries across the world to assess coronary patency via emergent coronary angiography 
without prior non-invasive studies (coronary CTA or MRI). The widely accepted fact 
among cardiologists that substantial savings in time to reperfusion for the entire pop-
ulation of reperfusion candidates are likely to offset any negative repercussions of 
invasive angiography in the minority of patients of reperfusion candidates who have 
patent arteries in the setting of myocardial infarction should equally apply in the set-
ting of acute stroke. Therefore, it is reasonable to question the need for non-invasive 
vessel imaging prior to transfer to the neuro-angiography suite when the pre-test 
probability of large vessel occlusion is high and thus the likelihood of no intervention 
is low. The threshold for what constitutes an acceptable likelihood of patent vessel on 
angiography is likely to vary depending on resources available at each individual 
stroke center. However, based on cardiology data, a 15–20% such likelihood may 
represent a reasonable trade-off between the increase in necessary cath lab resources 
and the clinical benefit derived from timelier reperfusion associated with this 
approach. Furthermore, recent advances in flat panel angiography technology have 
made possible identification of both intracranial hemorrhage and presence of large 
vessel occlusion on the angiography table which represents a non-invasive way of 
answering the questions relevant for triage of LVO patients in the most time-efficient 
manner [54]. Flat panel CT and CTA, obtained by low-dose contrast injection to cre-
ate CTA-like images, demonstrated high accuracy in their respective ability to rule 
out hemorrhage and detect LVO in the neuro- angiography suite [55, 56].

 Cost Considerations

In the era of increased cost awareness related to healthcare utilization, economic 
considerations should also be taken into account when assessing the overall value of 
a DTA approach. At a first glance, the DTA approach requires a higher level of 
resources compared to the conventional approach. However, there is a decrease in 
cost associated with bypassing the CTA and other advanced imaging for all patients 
and a decrease in healthcare cost associated with earlier brain reperfusion. Because 
earlier reperfusion leads to lower infarct volumes and infarct volume is the main 
driver of hospitalization costs in LVO stroke patients [57], earlier reperfusion leads 
to lower hospitalization costs. In addition the economical benefit of reperfusion 
therapy has been shown to translate beyond the acute hospitalization [58]. Therefore, 
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the cost reduction associated with a DTA approach which will lead to intervention 
and earlier reperfusion in a majority of patients without additional CTA or CTP 
must be weighed against the increase in cost associated with the performance of 
cerebral angiography with findings of no occlusion in a minority of patients.

Thus, if assumed conservatively that in the 0–6-hour time window an NIHSS 
cut-off of 10 and above predicts the presence of treatable large vessel occlusion 
80% of the time; that patients with largest baseline infarcts, which constitute a 
minority, are not harmed by thrombectomy; and that forgoing of any type of CT or 
MRI imaging prior to transfer to the angiography suite (because intracerebral hem-
orrhage has been already performed at the transferring hospital or will be performed 
with flat panel detector in the angiography suite), then per hundred evaluated 
patients, a direct to angio approach saves on average 45 min to reperfusion for 80 
patients and saves 100 CTAs or CTPs at the expense of 20 negative angiograms 
(conventional or flat panel CTA).

 How to Address Time Delays in the Emergency Department?

 Existing Transfer Paradigms

Most transfer paradigms currently in use include transfer of patients from site of 
stroke onset (home or field) to the emergency room at the non-thrombectomy center 
or at the thrombectomy center (either directly or via the non-thrombectomy center 
or via the mobile stroke unit, an increasingly utilized transfer modality). These are 
portrayed in Fig. 6.1 in black arrows and are indirect ways of patient transfer to the 
angio-suite.

Fig. 6.1 Triage and transfer paradigms. nTSC non-thrombectomy-capable stroke center, TSC 
thrombectomy-capable stroke center, ED emergency department, MSU mobile stroke unit, DTA 
Direct to Angiography
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 Bypassing the Emergency Department: Direct to Angiography

Given that emergency department admission leads to time delays, a novel way of 
transferring patients directly to the angio-suite involves bypassing the emergency 
department. Broadly, three types of Direct to Angiography pathway may occur—
Route ADTA, ED at non-thrombectomy-capable center to angio-suite at TSC; 
Route BDTA, home or field direct to angio-suite at TSC; or Route CDTA, home or 
field to mobile stroke unit (MSU) to thrombectomy center angio-suite at TSC (red 
arrows in Fig. 6.1).

 Initial Experience with Direct to Angiography (Table 6.1)

Several single-center series have reported their experiences with Direct to 
Angiography. All studies have reported significant reductions in door-to-groin 
puncture time using the Direct to Angiography approach [32, 59–63]. Jadhav et al. 
reported a time saving of 1 hour using the Direct to Angiography approach [32]. 
Across studies, median door-to-groin puncture times in the DTA paradigm were 
between 16 and 33  min and clinical benefit compared to historical controls was 
observed in three of these studies [60, 61, 63] (Table 6.1). Other studies did not 

Table 6.1 Published experience regarding the DTA approach

Author 
group

Publication 
date

Method of 
screening

Sample 
size of 
DTA 
patients 
(vs. 
non- 
DTA)

False-positive 
angio-suite 
activations

Door-to- 
puncture 
time Outcome

Jadhav 
et al.

May 2017 Transferred 
patients with 
confirmed 
LVO and/or 
NIHSS ≥9

111 (vs. 
150)

6.3% - Vessel 
open

22 min vs. 
81 min 
(p = 0.001)

90-day
mRS 0–2
44% vs. 43% 
(but more 
patients with 
large infarcts 
treated in DTA 
group)

Psychogios 
et al.

October 
2017

Direct and 
transferred 
patients
NIHSS ≥10

30 (vs. 
44)

13.5% 
-hemorrhage
13.5% 
-Todd’s 
paralysis

20.5 min 
vs. 
54.5 min 
(p < 0.01)

Not available

Ribo et al. March 
2018

Direct and 
transferred 
patients 
NIHSS ≥10

40 (vs. 
161)

7.5% - 
hemorrhage
17.5% - open 
vessels

17 min vs. 
60 min 
(p < 0.01)

Early 
improvement
49% vs. 24% 
(p < 0.01)

(continued)
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report significant improvement in outcomes via the DTA approach compared to 
historical controls highlighting the importance of trials utilizing active controls in 
this area. Nonetheless, these data uniformly point toward substantial gains in door 
to access site puncture while demonstrating that the DTA approach is feasible and 
safe. Furthermore, recent data suggest that patients who stand most to benefit from 
a DTA approach are those who present to the thrombectomy center in the earliest 
time window (0–3 hours) [63].

Table 6.1 (continued)

Author 
group

Publication 
date

Method of 
screening

Sample 
size of 
DTA 
patients 
(vs. 
non- 
DTA)

False-positive 
angio-suite 
activations

Door-to- 
puncture 
time Outcome

Mendez 
et al.

September 
2018

Direct 
admissions 
RACE ≥4 
and NIHSS 
>10

79 (vs. 
145)

7.2% - open 
vessels

16 min vs. 
70 min 
(p < 0.01)

90-day
mRS 0–2
41% vs. 28% 
(p = 0.05)

Brehm 
et al.

July 2019 Transferred 
patients with 
confirmed 
LVO and 
NIHSS >7

15 (vs. 
23)

None 24 min vs. 
53 min 
(p < 0.01)

Mortality
27% vs. 17% 
(0.14)

Bouslama 
et al.

June 2019 Direct and 
transferred 
patients with 
(flat panel 
angio-suite 
vs. ED)

61 (vs. 
156)

None 33 min vs. 
55 min 
(p < 0.01)

90-day
mRS 0–2
45% vs. 41% 
(p = 0.68)

Requena 
et al.

May 2020 Direct and 
transferred 
patients AIS 
patients 
within 
6 hours of 
onset with 
RACE score 
≥4 and/or 
NIHSS >10

174 (vs. 
175)

Not 
applicable 
(case 
controlled 
study of 
patients 
undergoing 
EVT)

16 min vs. 
70 min 
(p < 0.01)

90-day
mRS 0–2
43% vs. 29% 
(p = 0.01)

DTA indicates Direct to Angiography, LVO large vessel occlusion, NIHSS National Institutes of 
Health Stroke Scale, mRS modified Rankin Scale, RACE Rapid Arterial oCclusion Evaluation, AIS 
acute ischemic stroke, ASPECTS Alberta Stroke Program Early CT Score, ED emergency 
department
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 Practical Considerations of Bypassing 
the Emergency Department

 Evaluation and Emergency Care

Evaluation and treatment of stroke-related acute medical complications begin in the 
ambulance, the MSC, or the ED of the nTSC. To decrease time delays, ED care can 
be bypassed and initial in-hospital care can be provided in the neuro-angiography 
suite at the thrombectomy center. For judicious use of resources, only patients with 
high likelihood of LVO and those deemed to be most sensitive to time delays 
(NIHSS >9 presenting within 6 hours of TLSW) will be evaluated under the DTA 
model. Ideally, the mandatory (according to US law—EMTALA) [64] ED evalua-
tion for patients presenting directly to a thrombectomy-capable center should occur 
very rapidly either by the patient passing through (without stopping) in the ED or by 
the patient being evaluated by ED staff in the angiography suite in those cases where 
the angiography suite is in close proximity to the ED.

 IV t-PA

A majority of LVO stroke patients present beyond the 4.5-hour time window for 
t-PA administration. Of the LVO strokes presenting within this window, a large 
percentage are transferred from an NTSC [65] and can receive IV t-PA there while 
transfer is being coordinated. The same holds true for patients being transferred 
from home or the field using a mobile stroke unit. Hence, Direct to Angiography 
from an NTSC or MSU (Fig. 6.1, Route ADTA and CDTA) is feasible for most 
patients who are treated with IV t-PA.

In cases of t-PA-eligible thrombectomy candidates who present directly to a TSC 
(the minority of patients in the USA [65], bypassing the emergency department is 
dependent on the feasibility of obtaining acute brain imaging to rule out intracranial 
hemorrhage without stopping in the ED. Neuro-angiography suites that are equipped 
with multi-detector flat panel CT imaging can serve as a single location where 
imaging, t-PA administration, and endovascular therapy for LVO can all be per-
formed without intrahospital time delays [59]. This would enable Route BDTA on 
Fig. 6.1 (home or field to angio-suite). It has been shown that administration of IV 
t-PA based on flat panel CT technology has a similar safety profile to IV t-PA treat-
ment when hemorrhage is excluded with conventional CT scanners [62]. 
Furthermore, the need for IV thrombolytic administration in IV thrombolysis- 
eligible thrombectomy candidates presenting directly to a TSC has been called into 
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question, and recent randomized trials showed no difference in outcomes when IV 
t-PA is administered prior to thrombectomy compared to thrombectomy without 
prior IV t-PA [66, 67]. If this finding is confirmed by other ongoing randomized 
trials, in the future IV thrombolysis may no longer be indicated for thrombectomy 
candidates presenting directly to TSC, and thus, the issue of ruling out intracerebral 
hemorrhage for the purpose of IV thrombolysis administration may become moot.

 Conclusions

Acute stroke due to large vessel occlusion is a prognostically ominous stroke subset 
with clinical outcomes that to date have only been shown to be improved by reperfu-
sion therapy in the form of IV thrombolysis, endovascular thrombectomy, or a com-
bination of both. Multiple randomized trials have shown that thrombectomy with or 
without IV thrombolysis is associated with the strongest clinical response in LVO 
stroke and that the benefit of this approach is exquisitely time dependent especially 
in the early time window (0–6 hours). Therefore, system-based approaches aiming 
at reducing times from stroke onset to reperfusion have been a priority in the quest 
to improve acute stroke care. The Direct to Angiography (DTA) suite represents a 
new paradigm which aims to dramatically reduce reperfusion times through bypass 
of conventional pathways for early-presenting LVO stroke patients and consists of 
clinical and imaging evaluation on the angiography table using either no additional 
imaging (in the case of transferred patients) or flat panel technology (in case of 
patients presenting directly to a thrombectomy-capable center) (Table  6.2). This 
model relies on emerging data suggesting that knowledge of baseline infarct volume 
may no longer be necessary for patient selection in the early time window and that 
the presence of LVO can be estimated with high likelihood either based on the 
NIHSS or even more accurately with a flat panel CTA performed after patient arrival 
in the angiography suite. DTA has been shown to be feasible and safe and is associ-
ated with significant decreases in time to treatment initiation. There are logistical 
challenges in adopting this model, but preliminary experience has shown that most 
if not all of them can be overcome. Because of these challenges, widespread imple-
mentation of this concept akin to the cardiology model for STEMI is unlikely to 
occur without level I evidence. Therefore, planned randomized trials will need to 
clarify whether the substantial time savings associated with this approach will ulti-
mately translate into clinical benefits.
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Table 6.2 Conventional neuroimaging and alternatives under DTA approach

Role
Prevalence of 
specific condition

Conventional 
imaging 
modalities

Alternatives under DTA approach
Transfers
(nTSC/MSU)
(Route ADTA/
CDTA on Fig. 6.1)

Direct
(home/field)
(Route BDTA on 
Fig. 6.1)

Rule out 
intracranial 
hemorrhage

~13% of all 
strokes have 
intracranial 
haemorrhage [68]

Head CT 
(preferred)
MRI (more 
time 
consuming)

Can be done in 
non-thrombectomy 
centers/MSU

Can be done with 
multi-detector flat panel 
angio-suite

Rule out 
absence of 
LVO

~20% of all 
strokes [69] and 
~80% of strokes 
with NIHSS 
score >9 have 
LVO [31, 70]

CTA 
(preferred)
MRA

Can be done in 
nTSC/MSU

Flat panel CTA
DSA
LVO screening tools to 
enrich population with 
LVO (RACE scale >5 
NIHSS >9) [31, 70, 71]
Alternative tools 
include EEG [72], 
transcranial Doppler 
[73], infrared 
spectroscopy [74], and 
accelerometers [75] to 
reduce rate of patent 
vessels on angio

Rule out 
large infarct

Prevalence is low 
in 0–6-hour time 
window 
(10–15%)

Head CT
CTP/MRI

Can be done in 
nTSC/MSU by 
ASPECTS
Due to core growth 
during transfer and 
significant delays 
CTP/MRI not 
recommended at 
nTSC/MSU

Flat panel ASPECTS
Unclear if exclusion 
from thrombectomy is 
even necessary based 
on recent data
randomized trials in 
progress

Rule out 
absence of 
mismatch

~95% of LVO 
strokes have 
mismatch in the 
0–6-hour window 
[43]

CTP/MRI Due to core growth 
during transfer and 
significant delays, 
not recommended 
at nTSC/MSU

Flat panel CTP for 
patients beyond 6 hours
No longer considered 
necessary in the 
0–6-hour time window
No evidence for lack of 
benefit in patients 
without mismatch

ED indicates emergency department, nTSC non-thrombectomy-capable stroke center, MSU mobile 
stroke unit, CT computed tomography, LVO large vessel occlusion, CTA computed tomography 
angiography, MRA magnetic resonance angiography, DSA digital subtraction angiography, CTP 
computed tomography perfusion, MRI magnetic resonance imaging, ASPECTS Alberta Stroke 
Program Early CT Score
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Chapter 7
Thrombectomy Techniques: Stent 
Retriever – Balloon Guide

Dennys Reyes, Italo Linfante, and Guilherme Dabus

 Introduction

Mechanical thrombectomy has emerged as a powerful treatment modality for acute 
ischemic stroke from large vessel occlusion. Several recent randomized controlled 
clinical trials (RCTs) have demonstrated the effectiveness of mechanical thrombec-
tomy with stent retrievers compared to IV tPA or best medical management [1–3]. 
Furthermore, approximately 40% of patients suffering from a large vessel occlusion 
arrive to the emergency department more than 6 hours after symptom onset making 
them not eligible for IV tPA. In these cases, if a large vessel occlusion is the culprit, 
mechanical thrombectomy is the only treatment available. Endovascular therapy 
has also been demonstrated to be effective in selected cases presenting from 6 to 
24  hours after symptom onset according to the recent data from DEFUSE and 
DAWN clinical trials [1, 2].

Various techniques are used to maximize the results of mechanical thrombec-
tomy with stent retrievers, including proximal flow arrest with balloon guide cath-
eter (BGC), conventional large-bore proximal catheter (CGC), or combination with 
local aspiration through a large-bore distal catheter positioned at the clot interface 
(aspiration-retriever technique for stroke [ARTS]) [4]. A recent publication from the 
NASA registry reported comparable results from the ARTS and BGC techniques in 
regard of the time from arterial puncture to reperfusion [4].
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 Data on Balloon Guide Catheter

Mechanical thrombectomy recanalization results using the combination of BGC 
and stent retriever have been consistently reported from 65% to almost 90% accord-
ing to multiple RCTs [3]. A recent study also demonstrated the benefit of BGC 
compared to non-BGC to reduce distal embolization during thrombus aspiration 
under flow arrest. Time from arterial puncture to reperfusion or end of procedure 
has been found to be shorter for the BGC and ARTS techniques when compared to 
CGC technique [4]. The overall mean procedure time can be significantly shorter 
for BGC-treated stroke patients when compared to those treated with non-BGC 
techniques based on a meta-analysis study [5].

Despite similar amount of passes in a study evaluating recanalization results 
after mechanical thrombectomy while comparing BGC and non-BGC techniques, 
the thrombolysis in cerebral infarction (TICI) 3 or 2b recanalization scores were 
higher for patients treated with BGC with less frequent findings for distal emboliza-
tion [6]. The use of BGC technique has higher odds of first-pass recanalization as 
well as lower need for additional passes resulting in higher TICI 3 or 2b/3 scores, 
good clinical outcome (mRS < 2), and lower mortality odds [5, 7]. Additionally, not 
using BGC mechanical thrombectomy techniques carries an increased risk of poor 
outcome (modified Rankin Scale, mRS > 2) as demonstrated by the data from the 
North America Solitaire Stent Retriever Acute Stroke (NASA) registry [8] despite 
having similar occurrence of distal emboli and emboli to new territory. Additionally, 
the NASA registry has demonstrated that the use of BCG resulted in more TICI 3 
recanalization and lower NIHSS at discharge [8].

The recently described first-pass effect (FPE) is the result of a single thrombec-
tomy device pass achieving complete recanalization [9]. A recent study demon-
strated that FPE is an independent predictor of good clinical outcome and that FPE 
is more frequently associated with the use of BGC and the use of BGC was shown 
to be an independent predictor of FPE [9].

Recent data from the TRACK registry demonstrated that despite the fact that 
time from symptom onset to groin puncture being longer in the BGC group (357 vs. 
319 min, P = 0.06) and that no difference in reperfusion time, first-pass effect, num-
ber of passes, or rescue therapy was seen comparing BGC to non-BGC groups, TICI 
2b/3 scores were higher in the BGC cohort (84% vs. 75.5%, P = 0.01). Furthermore, 
good clinical outcome at 3 months was superior in patients with BGC (57% vs. 
40%, P = 0.0004) with a lower mortality rate (13% vs. 23%, P = 0.008). In the mul-
tivariate analysis, BGC use was an independent predictor of good clinical outcome 
(OR 2, 95% CI 1.3 to 3.1, P = 0.001) [10].

Large-bore balloon guide catheters can also be used to support distal catheters 
for combined proximal and distal aspiration. Unfortunately, most of the new larger 
distal aspiration catheters will not be compatible with most BGC.  The operator 
should be aware of this incompatibility and plan accordingly. Another use of BGC 
is what has been described as simple aspiration with balloon catheter technique 
(simple ABC technique). This technique has been used for proximal internal carotid 

D. Reyes et al.



105

artery occlusion and it is useful in removing large amount of thrombus, shortening 
procedure time, and providing an easy pathway to shift for either stent retriever or 
ADAPT techniques [11]. Also remote aspiration thrombectomy in large vessel 
occlusion of supraclinoid internal carotid artery through balloon guide catheter 
positioned at the cervical segment has been reported [12] (Fig. 7.1).

 Stent Retriever – Balloon Guide Catheter Technique

Appropriate consenting process remains an important first step in this emergent 
situation while a patient is suffering from acute ischemic stroke such as a large ves-
sel occlusion. This implies the emergency in discussing the rationale, risk, and ben-
efits of the endovascular therapy typically with a family member over the phone or 
in person. This first process establishes expectations for recanalization and potential 
good clinical outcome but also treatment failure and complications.

The use of anesthesia for mechanical thrombectomy remains debatable depend-
ing on the preference of the neuro-interventionalist and the patient’s clinical status. 

a b c d

e f g h i

Fig. 7.1 Patient in the late 40s who presented with right MCA syndrome and had an NIHSS of 15. 
CT, CTA, and CTP revealed intracranial large vessel occlusion with clot extending from the ICA 
into the M1 and A1 (“T” occlusion) with a large area of elevated mean transit time (a–c, respec-
tively). Left ICA angiography demonstrated poor collaterals to the right MCA territory (d). There 
was collusion of the cervical right ICA immediately distal to the origin which was severely stenotic 
(e). Angioplasty was performed (f). The BCG was then advanced into the proximal RICA where 
the balloon was inflated and vigorous aspiration performed with a 60-cc syringe (g). A large clot 
was aspirated which completely blocked the BGC requiring it to be removed (h). Follow-up angi-
ography demonstrated successful intracranial reperfusion (TICI 2B) (i)
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In our practice, most stroke treatments are still performed through a transfemoral 
approach, leaving transradial or transcarotid access to selective cases. Access to 
common femoral artery by using a modified Seldinger technique is the most fre-
quent scenario with placement of either an 8 or a 9 French arterial sheath. A 5 
French Berenstein 2 catheter is typically introduced and selective catheterization 
with angiography of the suspected occluded vessel is performed. Once there is con-
firmation of intracranial vessel occlusion, the mechanical thrombectomy technique 
is determined depending on the occluded vessel and patient’s specific anatomy. 
When the use of BGC is planned, an exchange-length wire is introduced into diag-
nostic catheter and exchange maneuver performed. In our experience exchange 
maneuver can be consistently performed in less than 30 seconds. Another option is 
to use longer 125-cm diagnostic catheters inside the BGC allowing for direct cath-
eterization of the compromised vascular territory. The balloon guide catheter is 
carefully positioned at cervical segment of the internal carotid artery with aid of its 
introducer. Rarely a balloon guide catheter is positioned within the vertebral artery 
given the reduced lumen size of the artery. Once the exchange-length wire and the 
introducer are removed, back flow and gentle contrast injection can be used to dem-
onstrate cervical vessel patency. Then the balloon guide catheter is connected to 
continuous heparinized saline while preventing air emboli from the lines. Manual 
injections through the balloon guide catheter at this point will not only confirm suc-
cessful positioning of the catheter but also the presence of continuous flow, demon-
strate no injury of the vessel intima during the exchange and better opacification of 
the cervical and cranial vessels, and serve to determine working AP and lateral 
projections and confirm the location of the vessel occlusion.

In the scenario of internal carotid occlusion extending from the cervical level, a 
simple aspiration through the balloon catheter technique (simple ABC) can be used 
as a starting point especially if the tip of the catheter is well positioned facing the 
thrombus. In this scenario, the balloon is inflated and vigorous aspiration is per-
formed through the BGC.  The use of this technique is usually technically more 
difficult for mid- to distal thrombus since navigation of the BGC is usually limited 
due to frequent tortuosity of the cervical segment of the internal carotid artery and 
higher risk for dissection at that level. Therefore the larger available stent retriever 
(6 mm) associated with balloon inflation and aspiration through the BCG is used for 
those thrombus located in tortuous cervical segments of the internal carotid artery 
as well as for distal cervical and petrous/cavernous locations (Fig. 7.2).

It has been our preference for thrombectomy of intracranial clots to position the 
BGC as distal as possible allowing for better support and control as well as more 
effective aspiration. It is important to understand that the ideal position of the BGC 
in the parent vessel is limited by its tortuosity (Figs. 7.3 and 7.4); therefore, in cases 
where the cervical segment of the parent vessel is fairly straight, the BGC can be 
safely navigated and positioned in the distal cervical segment.

The effectiveness of stent retriever thrombectomy has been proven by multiple 
RCTs in a recent past [3], including extended windows up to 24 h after onset as 
demonstrated by DAWN and DEFUSE trials [1, 2]. These types of devices work 
primarily by self-expanding inside occluded vessel and integrating the thrombotic 
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a b c

Fig. 7.2 Case demonstrating presence of a long clot affecting the entire cervical extension of the 
left ICA (a arrows). Thrombectomy was successfully performed using a combination of BGC at 
the left ICA origin for flow arrest and aspiration and a large 6 mm × 30 mm stent retriever (b 
arrows) resulting in complete recanalization (c) and no distal embolization

a b c

Fig. 7.3 A patient presenting with right M1 occlusion with a vascular loop in the cervical right 
ICA (a). It is our preference in these cases to keep the BGC immediately below the loop where the 
balloon can be safely inflated and thrombectomy performed, decreasing the risk of vascular injury 
and dissection (b, c)
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material into the stent’s struts after waiting between 1 and 5 minutes. Additionally 
the stent retriever applies a radial force compressing the thrombus against the vessel 
wall partially restoring blood flow within the ischemic penumbra [13]. Successful 
positioning of a stent retriever across the thrombus is frequently influenced by the 
support provided from the balloon guide catheter to the delivering microcatheter 
with or without an intermediate catheter.

Once successful positioning of the stent retriever is achieved within the occluded 
segment, a time period is needed to allow thrombus integration within the stent 
retriever. In our experience, this is accomplished waiting from 2 to 5 minutes with 

a b

Fig. 7.4 Another example of vascular tortuosity in the cervical right ICA in a patient with distal 
right M1 occlusion (a arrows). Figure (b) demonstrating the position of the BGC immediately 
below the tortuosity and the stent retriever positioned for thrombectomy (b)
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the stent retriever in place. Immediately prior to pulling the stent retriever, the bal-
loon of the BGC is inflated, preferably within cervical segment of the parent artery 
(Fig. 7.5). Blood flow arrest with vigorous continuous aspiration within the parent 
artery facilitates retrieving the stent retriever with the integrated thrombus under 
negative pressures, theoretically decreasing the risk of distal embolization of throm-
bus fragments and better recanalization results. During the maneuver to pull the 
stent retriever, it is important to monitor the tip of the BGC as it can migrate distally 
increasing the risk of vasospasm or dissection within the parent vessel. After retriev-
ing the stent retriever with the thrombus, the balloon is deflated during continuous 
aspiration. Further manual aspiration from the BGC is recommended for removal of 
residual thrombus. After any residual thrombus is cleared from the lumen of the 
BGC, recanalization status is determined by repeating a cerebral angiography. 
Before completion of the procedure, a cervical angiography is advisable to check 
for the presence of focal dissection secondary to the BGC manipulation. The bal-
loon guide catheter is finally removed and the puncture site is closed with the stan-
dard devices.

a b c

Fig. 7.5 A case demonstrating our usual technique for thrombectomy using BGC and stent 
retriever in a patient who presented with a right M1 occlusion (a). As usual, the BGC is advanced 
as distal as safely possible; the microcatheter is advanced over the microwire to cross the occluded 
segment; a small amount of contrast is gently injected through the microcatheter to confirm intra-
luminal position; the stent retriever is then advanced and deployed covering the occluded segment 
where the clot is located. After 2 to 5 minutes, the balloon is inflated and the stent retriever (b) 
withdrawn under continuous vigorous aspiration through the BGC. Angiography is then repeated 
to assess recanalization (c)
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 Conclusion

Balloon guide catheter is a valuable tool in the neuro-interventionalist armamen-
tarium. Its use is safe and technically easy with no need for advanced maneuvers. 
Understanding its advantages and disadvantages may increase the chances of 
obtaining an effective recanalization. The use of stent retriever in association with 
BGC seems beneficial to the patients when compared to use of stent retrievers with 
conventional large-bore guide catheters.
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Chapter 8
Direct Aspiration Thrombectomy for Acute 
Stroke: Evolution of Technique 
and Evidence

Sami Al Kasab and Alejandro M. Spiotta

 Introduction

Mechanical thrombectomy (MT) is the standard of care for patients presenting with 
large vessel occlusion and salvageable brain tissue [1–3]. Most MT trials predomi-
nantly used stentriever devices as the first-line device [3–5]. Over the past few years, 
multiple large-scale studies and most recently two randomized trials have estab-
lished non-inferiority of direct aspiration thrombectomy as first-line thrombectomy 
technique compared to stentriever [6–11]. Herein we review the key technological 
advances and design modifications that have allowed for navigation around the oph-
thalmic turn for more distal delivery of larger-bore catheters providing more aspira-
tion force directly applied at the thrombus interface.

 Direct Aspiration Origins: The Penumbra 054 
Aspiration Catheter

The Penumbra aspiration system was first introduced in 2008. It involved macera-
tion of the thrombus with a separator which was repeatedly introduced and with-
drawn from the thrombus under direct aspiration to prevent distal embolization [12, 
13]. While its market competitor at the time, the Merci system [14, 15], relied pri-
marily on delivery of a microcatheter (the 18 L; Stryker, Kalamazoo, Michigan, 
USA) to the site of occlusion, the Penumbra aspiration system relied on the delivery 
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of a much larger-bore catheter to the thrombus (up to effectively a 5 F device) [16]. 
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. The development of large-bore flexible catheters was 
essential to the function of the Penumbra system [7, 9, 17].

The original iteration of the Penumbra reperfusion catheter system included sev-
eral different-sized catheters (internal diameter 0.026″, 0.032″, and 0.041″) and 
accompanying separators to maximize clot interaction and force of aspiration in 
vessels of differing diameters (internal carotid artery terminus, M1, M2, M3) to 
address both proximal and distal embolization [9, 17]. The largest catheter at the 
time of first launch had a lumen diameter of 0.041 inch, yet it tracked sub-optimally 
around the carotid siphon and required a median of 45 min to achieve acceptable 
recanalization [18]. The 054 reperfusion catheter became available in 2009; the 
large bore of this catheter has significantly improved the aspiration efficiency to a 
median 20 min by providing an estimated 4× aspiration force over the next smaller 
catheter, the 041 [19, 20].

Although a larger catheter lumen provides higher suction and more rapid removal 
of thrombus, a drawback of its larger size was that the 054 catheter often required 
the use of a coaxial technique to facilitate navigation to the middle cerebral artery. 
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 could be optimized with a coaxial technique 
(Fig. 8.1). The smaller 032 and 026 reperfusion catheters could 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 re-access (additional “passes”), as was the case for the 
Merci device.

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) [21], an approach now used routinely using stentrievers and inter-
mediate 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 placement and 
aspiration.
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The most recent generation of the Penumbra aspiration catheters is called the 
“MAX” series. This was introduced in 2012 and also intended to be used with sepa-
rators of varying sizes [22, 23]. The MAX series catheters 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 

a

b

Fig. 8.1 (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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reinforcement provide more catheter tip flexibility and an increased number of tran-
sition 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.

 Direct Aspiration Origins: The Distal Access Catheter

In 2004 the Merci Retriever (Concentric Medical, Mountain View, California, USA) 
became the first mechanical thrombectomy device cleared for human use in the 
USA by the FDA [24]. 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 was employed 
using a balloon guide catheter that was positioned at the carotid bifurcation or inter-
nal carotid artery 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 dis-
tance 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 subopti-
mal (downward along the long axis of the cervical carotid artery, not horizontally 
along the axis of the middle cerebral artery). This caused considerable torquing, 
stretching, and distortion of the parent vessel and presented a biomechanical disad-
vantage to thrombus removal. Traction on the vasculature resulted in pain for the 
patient. To avoid the inevitable movement induced, many operators chose to per-
form thrombectomy under general anesthesia. In addition, the Merci technique 
required a long distance to be traveled while remaining engaged with the thrombus.

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 [17]. 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 
understanding 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 and increased the aspiration power applied directly to 
the thrombus [9, 17]. 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. The DAC 
has a flexible distal shaft with increased proximal shaft strength and axial 
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load- bearing characteristics as well as good hoop strength, allowing it to be deliv-
ered to the intracranial circulation around the ophthalmic bend when navigated over 
a coaxial catheter 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.

 Current-Generation Aspiration: “Solumbra” Technique

Another key milestone in the evolution of thrombectomy technique was developed 
in the early stages of widespread stentriever (SR) incorporation, the combined sten-
triever-Penumbra (“Solumbra”) technique, which laid the foundation for direct 
aspiration alone (without the need for an SR) [25]. To minimize the distance, the SR 
must travel while engaging the thrombus, especially 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 a 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 aspiration (so-called Solumbra technique since it 
combines a stentriever (Solitaire) with a Penumbra aspiration catheter), and both are 
removed together (Fig. 8.2), 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 effec-
tive technique, the now painless procedure had the added advantage of reintroduc-
ing the concept of the awake thrombectomy, with many operators now electing to 
perform the procedure 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.

SR technology was employed exclusively in the ESCAPE, EXTEND-IA, SWIFT 
PRIME and REVASCAT trials [5, 26–28]. While the MR CLEAN trial did not dic-
tate which thrombectomy device was to be utilized, the majority of cases were also 
SR based [4]. Given that SR were used in the overwhelming majority of patients 
enrolled in the positive trials, they have often been referred to as the “stentriever 
trials,” which is reflected in the updated American Heart Association/American 
Stroke Association guidelines recommending thrombectomy to be performed with 
an SR [29]. However, thrombectomy techniques evolved even while those trials 
were enrolling, setting the stage for the next-generation strategy as detailed below.
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a b

c

d e

Fig. 8.2 “Solumbra” (Solitaire and Penumbra) technique. (a) Anteroposterior (AP) and (b) lateral 
digital subtraction angiography (DSA) demonstrates an M1 occlusion. (c) A Solitaire stentriever (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 cervical internal carotid 
artery (black arrow). 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 cathe-
ter, 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. (d, 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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 Next Generation: Direct Aspiration

Direct aspiration has become possible due to advances in catheter technology that 
allow large-caliber aspiration catheters to be advanced intracranially to the throm-
bus [8, 22]. In general, the largest-sized aspiration catheter that the vessel can 
accommodate 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 microcatheter and microwire the operator chooses, but most commonly a 
Velocity microcatheter (Penumbra, Oakland, CA) over a 0.016-inch Fathom wire 
(Boston Scientific Corp, Natick, MA). The microcatheter and wire are removed and 
aspiration is applied by either a 20- or 60-cc syringe or use of the Penumbra aspira-
tion pump that is part of the Penumbra thrombectomy/aspiration system [6, 8, 9]. 
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 
sideport of the guide catheter to prevent dislodging the thrombus from the 5MAX 
aperture as it is withdrawn into the sheath. Clots are typically removed en bloc, 
minimizing the risk of downstream emboli (Fig. 8.3). When this technique is suc-
cessful, it eliminates the need to introduce stentriever or Penumbra separator 
devices, leading to an overall much lower procedure device cost57,58. Thus, we have 
found the initial application 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 [6]. 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. However, the superior trackability of the 
Penumbra MAX catheters has given operators the confidence to attempt direct aspi-
ration alone without the fear that it will be a significant time and danger 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 0.060 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 and later the 072 Jet 7 (Penumbra, Oakland, CA), the direct aspira-
tion technique was refined further. Owing to the larger aperture of these catheters, 
rather than placing the catheter at the proximal extent of the thrombus and relying 
on the aspiration force to draw in the thrombus into the catheter, the aspiration cath-
eter can now be advanced over the thrombus, to “ingest” the thrombus. Once 
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Fig. 8.3 ADAPT illustrations. Direct aspiration typically removed the thrombus en bloc, minimiz-
ing 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–c) Carotid terminus occlusion 
recanalized in 15 minutes from groin puncture with direct aspiration thrombectomy in a single 
pass. (d–f) Basilar apex occlusion recanalized in 10 minutes with two passes of direct aspiration 
thrombectomy. (g–i) MCA bifurcation occlusion recanalized in 12  minutes with a single-pass 
direct aspiration. (j–l) MCA bifurcation occlusion recanalized in 7  minutes with a single-pass 
direct aspiration

a b

c d

e f
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Fig. 8.3 (continued)

8 Direct Aspiration Thrombectomy for Acute Stroke: Evolution of Technique…



122

ingestion is achieved, aspiration then clears the lumen of the catheter, and the 
thrombus is now typically aspirated directly into the catheter without having to 
remove it (Fig. 8.4).

a

b c

Fig. 8.4 Aspiration catheter technology has rapidly advanced. With the introduction of the ACE 
068 and later 072 Jet 7 (Penumbra, Oakland, CA), the direct aspiration technique has been refined 
further (a, b). 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 (c). The thrombus 
is now typically aspirated directly into the catheter aspiration tubing without having to remove it
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Another advantage of this approach is that if aspiration alone is not successful 
at achieving revascularization of the occluded vessel, the Penumbra aspiration 
catheter can also function as a distal conduit for other devices such as a smaller 
3MAX catheter for direct aspiration in more distal branches (e.g., M2, P2, or P3), 
stentrievers, balloons, or stents. This forms the basis of “ADAPT” (A Direct 
Aspiration First-Pass Technique) which is gaining in popularity. If direct aspira-
tion attempts are unsuccessful, other attempts including SR thrombectomy can 
then be performed.

To date, two randomized controlled trials have compared the efficacy and 
adverse events using ADAPT compared to stentriever as a first-line thrombectomy 
technique [10, 11]. The first trial was the Contact Aspiration Versus Stentriever for 
Successful Revascularization (ASTER) trial [11]. This trial was done in Europe. 
ASTER was a randomized, open-label, blinded end-point clinical trial. Patients 
were randomly assigned to first-line aspiration or first-line stentriever. Total of 381 
patients were randomized (174 women, mean age 69.9 years). Successful revascu-
larization was achieved in 164 (85.4%) in the aspiration group compared to 157 
(83.1%) in the stentriever group (OR 1.2 [95% CI, 0.68–2.10], p = 0.53). Similarly, 
there was no difference in adverse events, time to revascularization, or long-term 
functional outcome between the two groups. The second randomized trial was the 
Aspiration Thrombectomy Versus Stentriever Thrombectomy as First- Line 
Approach for Large Vessel Occlusion (COMPASS): a multicenter, randomized, 
open-label, blinded outcome, non-inferiority trial [10]. In COMPASS, 270 patients 
were enrolled (125 men, mean age 71 years). Patients who presented with anterior 
circulation large vessel occlusion within 6 hours of symptom onset, with a non-
contrast computed tomography (CT) Alberta Stroke Program Early CT Score 
(ASPECTS) of 6 or more, were randomized to either direct aspiration first-pass 
technique (n = 134) or stentriever first-line thrombectomy (n = 136). A good func-
tional outcome of modified Rankin Scale (mRS) of 0–2 at 90 days was achieved in 
52% in the aspiration group and 67% in the stentriever group (p = 0.0014 for non- 
inferiority). While the recanalization rates were similar between the two modali-
ties, ADAPT resulted in faster recanalization times (11 minutes). An important 
finding of COMPASS was a cost-benefit to direct aspiration. A pre-specified cost 
analysis showed that the use of aspiration first-line technique was associated with 
lower cost of approximately 4541 USD compared to stentriever.

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 
4MAX or 3MAX reperfusion catheter (Penumbra Inc., Oakland, CA). In principle, 
the largest-bore catheter that the occluded vessel can accommodate is selected for 
aspiration (Fig. 8.5), with effective (TICI 2B 97.1%) and fast recanalization (mean 
35.7  min) achieved safely. In addition, newer-generation catheters (Sofia 070 
Microvention, Vecta 071 Stryker, Jet 7 072 Penumbra) are being introduced with 
potential benefits including the promise of higher first-pass success and shorter pro-
cedure times.
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Fig. 8.5 (a) CT perfusion imaging demonstrating elevated mean transit time in the left frontal lobe 
consistent with a left M2 occlusion. (b) AP and (c) lateral projection cerebral angiogram during a 
left internal carotid injection demonstrating a distal M2 occlusion with no flow past the site of 
thrombus (arrows). (d) AP and (f) lateral projection cerebral angiogram during a left internal 
carotid injection following thrombectomy demonstrating resolution of M2 occlusion and opacifi-
cation of distal branches. (e) CT perfusion imaging demonstrating elevated mean transit time con-
sistent with a left A2 occlusion. (f) Lateral projection cerebral angiogram demonstrating A2 
occlusion (arrow). (g) Post-thrombectomy lateral projection cerebral angiogram with resolution of 
A2 occlusion and complete opacification of distal branches. (h) CT perfusion imaging demonstrat-
ing elevated mean transit time in the right occipital lobe consistent with right P2 ischemia. (i) 
Cerebral angiogram with AP projection from a left vertebral artery injection demonstrating right 
P2 occlusion and no opacification distal to the thrombus (arrow). (j) Post-thrombectomy cerebral 
angiogram with AP projection from a left vertebral artery injection demonstrating resolution of the 
thrombus with opacification of the distal PCA branches (k)

a b

c d

e f
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Fig. 8.5 (continued)
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 Conclusions

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. 8.6). 
Ongoing improvements in the devices and techniques are yielding improved angio-
graphic and clinical outcomes, allowing patients to enjoy the best outcomes follow-
ing LVO in recorded history. Direct aspiration, once considered the next-generation 
thrombectomy approach, is now an established methodology with two randomized 
controlled trials supporting its use as a frontline modality. Direct aspiration has also 
undergone considerable evolution and refinement, not only with the introduction of 
larger, more trackable catheters but also in the technique of ingesting the thrombus 
with the catheter prior to applying aspiration force. Device technology, selection 
strategies, and medical management will likely evolve in tandem, and we look for-
ward to the continued evolution of thrombectomy approaches for acute stroke in 
the future.

2004 2009 2010 2012 2013

Engage the thrombus with deployment
of a ‘corkscrew’ distal tip then remove
en bloc. Proximal balloon inflation
allows device retrieval into the guide
while minimizing the risk of emboli.

Engage the thrombus with stent retrive
deployment, which also temporarily restores
flow across the occlusion. Proximal balloon
inflation allows device retrieval into the guide
while minimizing the risk of emboli.

The penumbra aspiration system involves
maceration of the thrombus with a
separator under direct aspiration to prevent
showering of fragments. Once the catheter
system is delivered to the target vessel,
ongoing clot maceration is performed
without the need to re-access.

The DAC is positioned immediately
adjacent to the thrombus and
aspiration is applied to minimize
emboli and optimize the vectors
during pulling of the device.

To minimize the distance the stentriever
must travel while engaging the thrombus and
mitigate the possibility of losing purchase of
the clot, the stentriever is then pulled
directly into a large bore intermediate catheter
while maintaning aspiration.

A large caliber aspiration
catheter that is advanced up to
the thrombus. Direct aspiration
is employed to engage and 
then remove the thrombus.

SOLUMBRA (late 2012)

ADAPT (2013)
STENTRIEVER (early 2012)

MERCI (2004)

DAC (2010)PENUMBRA (2009) 2ND GENERATION

3RD GENERATION

1ST GENERATION

Fig. 8.6 Illustration depicting the major steps in evolution of thrombectomy devices, beginning 
from the first-generation concept to state-of-the-art approaches

S. Al Kasab and A. M. Spiotta



127

References

 1. Albers GW, et al. Thrombectomy for stroke at 6 to 16 hours with selection by perfusion imag-
ing. N Engl J Med. 2018;378(8):708–18.

 2. Nogueira RG, et al. Thrombectomy 6 to 24 hours after stroke with a mismatch between deficit 
and infarct. N Engl J Med. 2018;378(1):11–21.

 3. Goyal M, et al. Endovascular thrombectomy after large-vessel ischaemic stroke: a meta- analysis 
of individual patient data from five randomised trials. Lancet. 2016;387(10029):1723–31.

 4. Fransen PS, et al. MR CLEAN, a multicenter randomized clinical trial of endovascular treat-
ment for acute ischemic stroke in the Netherlands: study protocol for a randomized controlled 
trial. Trials. 2014;15:343.

 5. Saver JL, et al. Solitaire with the intention for thrombectomy as primary endovascular treat-
ment for acute ischemic stroke (SWIFT PRIME) trial: protocol for a randomized, controlled, 
multicenter study comparing the solitaire revascularization device with IV tPA with IV tPA 
alone in acute ischemic stroke. Int J Stroke. 2015;10(3):439–48.

 6. Turk AS, et al. Initial clinical experience with the ADAPT technique: a direct aspiration first 
pass technique for stroke thrombectomy. J Neurointerv Surg. 2013;6:231.

 7. Alawieh A, et al. Lessons learned over more than 500 stroke thrombectomies using ADAPT 
with increasing aspiration catheter size. Neurosurgery. 2018;86:61.

 8. Vargas J, et al. Long term experience using the ADAPT technique for the treatment of acute 
ischemic stroke. J Neurointerv Surg. 2017;9(5):437–41.

 9. Vargas J, et al. Experience with A Direct Aspiration First Pass Technique (ADAPT) for throm-
bectomy in distal cerebral artery occlusions causing acute ischemic stroke. World Neurosurg. 
2017;99:31–6.

 10. Turk AS 3rd, et  al. Aspiration thrombectomy versus stent retriever thrombectomy as first- 
line approach for large vessel occlusion (COMPASS): a multicentre, randomised, open label, 
blinded outcome, non-inferiority trial. Lancet. 2019;393(10175):998–1008.

 11. Lapergue B, et al. Effect of endovascular contact aspiration vs stent retriever on revasculariza-
tion in patients with acute ischemic stroke and large vessel occlusion: the ASTER randomized 
clinical trial. JAMA. 2017;318(5):443–52.

 12. Bose A, et al. The Penumbra system: a mechanical device for the treatment of acute stroke due 
to thromboembolism. AJNR Am J Neuroradiol. 2008;29(7):1409–13.

 13. Nogueira RG, et  al. Trevo versus Merci retrievers for thrombectomy revascularisation of 
large vessel occlusions in acute ischaemic stroke (TREVO 2): a randomised trial. Lancet. 
2012;380(9849):1231–40.

 14. Tenser MS, Amar AP, Mack WJ.  Mechanical thrombectomy for acute ischemic stroke 
using the MERCI retriever and Penumbra aspiration systems. World Neurosurg. 2011;76(6 
Suppl):S16–23.

 15. Smith WS. Safety of mechanical thrombectomy and intravenous tissue plasminogen activa-
tor in acute ischemic stroke. Results of the multi Mechanical Embolus Removal in Cerebral 
Ischemia (MERCI) trial, part I. AJNR Am J Neuroradiol. 2006;27(6):1177–82.

 16. Yoo AJ, et  al. The penumbra stroke system: a technical review. J Neurointerv Surg. 
2012;4(3):199–205.

 17. Spiotta AM, et  al. The versatile distal access catheter: the Cleveland Clinic experience. 
Neurosurgery. 2011;68(6):1677–86; discussion 1686.

 18. Turk AS 3rd, et al. An investigation of the cost and benefit of mechanical thrombectomy for 
endovascular treatment of acute ischemic stroke. J Neurointerv Surg. 2014;6(1):77–80.

 19. Turk AS, et al. Initial clinical experience with the ADAPT technique: a direct aspiration first 
pass technique for stroke thrombectomy. J Neurointerv Surg. 2018;10(Suppl 1):i20–5.

 20. Frei D, et  al. The SPEED study: initial clinical evaluation of the Penumbra novel 054 
Reperfusion Catheter. J Neurointerv Surg. 2013;5(Suppl 1):i74–6.

 21. Hui FK, et al. Merci retrievers as access adjuncts for reperfusion catheters: the grappling hook 
technique. Neurosurgery. 2012;70(2):456–60; discussion 460.

8 Direct Aspiration Thrombectomy for Acute Stroke: Evolution of Technique…



128

 22. Turk A, et al. Initial experience with distal guide catheter placement in the treatment of cere-
brovascular disease: clinical safety and efficacy. J Neurointerv Surg. 2012;5:247.

 23. Turk AS, et al. ADAPT FAST study: a direct aspiration first pass technique for acute stroke 
thrombectomy. J Neurointerv Surg. 2014;6(4):260–4.

 24. Devlin TG, et al. The Merci retrieval system for acute stroke: the Southeast Regional Stroke 
Center experience. Neurocrit Care. 2007;6(1):11–21.

 25. Delgado Almandoz JE, et al. Comparison of clinical outcomes in patients with acute ischemic 
strokes treated with mechanical thrombectomy using either Solumbra or ADAPT techniques. 
J Neurointerv Surg. 2016;8(11):1123–8.

 26. Jovin TG, et al. Diffusion-weighted imaging or computerized tomography perfusion assess-
ment with clinical mismatch in the triage of wake up and late presenting strokes undergoing 
neurointervention with Trevo (DAWN) trial methods. Int J Stroke. 2017;12(6):641–52.

 27. Campbell BC, et al. Endovascular therapy for ischemic stroke with perfusion-imaging selec-
tion. N Engl J Med. 2015;372(11):1009–18.

 28. Jovin TG, et al. Thrombectomy within 8 hours after symptom onset in ischemic stroke. N Engl 
J Med. 2015;372(24):2296–306.

 29. Powers WJ, et  al. 2018 guidelines for the early management of patients with acute isch-
emic stroke: a guideline for healthcare professionals from the American Heart Association/
American Stroke Association. Stroke. 2018;49(3):e46–e110.

S. Al Kasab and A. M. Spiotta



129© Springer Nature Switzerland AG 2021
F. K. Hui et al. (eds.), 12 Strokes, https://doi.org/10.1007/978-3-030-56857-3_9

Chapter 9
The Stentriever-Mediated Aspiration 
Thrombectomy (SMAT) Technique

Benjamin Zussman, Ashutosh Jadhav, and Tudor G. Jovin

 Clinical Case Vignette

A 42-year-old male with a mechanical mitral heart valve awoke with left-sided facial 
droop, dysarthria, left hemiparesis, and a right gaze preference. He was last seen well 
the night before. His NIH Stroke Scale (NIHSS) was found to be 14. His interna-
tional normalized ratio (INR) was found to be sub-therapeutic at 1.2 (goal 2.5–3.5). 
A CT of the head did not show any hemorrhage and the Alberta Stroke Program 
Early CT Score (ASPECTS) was nine. A CT angiogram showed a right middle cere-
bral artery (MCA) M2 segment occlusion. Based on the presence of substantial mis-
match between the clinical exam and radiographic imaging, he was transferred 
urgently from the emergency department to the neuroendovascular surgery suite for 
endovascular thrombectomy. Door-to-groin puncture time was 35 minutes.

 Description

Radial expansion of a stent retriever device within a clot pushes thrombus circum-
ferentially against the vessel wall and creates a functional vessel lumen that restores 
anterograde blood flow. The trapped thrombus becomes entangled in the stent 
retriever struts and removal of the stent retriever may drag the clot along with it. 
Aggressive suction aspiration during removal of the stent retriever performed with 
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a 60-cc syringe attached to a large-bore aspiration catheter positioned at the face of 
the clot facilitates thrombus capture and reduces the risk of distal embolization.

 Key Principles

Rapid thrombectomy that achieves effective reperfusion requires robust catheter 
support, precise stent retriever deployment, and aggressive suction aspiration.

 Indications

Primary treatment of acute large vessel occlusion of the proximal intracranial arter-
ies in patients with suspected salvageable brain, second-line treatment after failure 
of primary stent retriever thrombectomy, primary manual aspiration, and primary 
pump aspiration to achieve satisfactory reperfusion.

 Contraindications

Lack of salvageable brain distal to the occluded vessel. Occlusion of small, distal intra-
cranial arteries that – in the judgment of the operator – cannot withstand the mechani-
cal and shearing forces of stent retriever deployment and aggressive suction aspiration.

 Special Considerations

There are myriad technical permutations for performing intracranial thrombectomy. 
The SMAT technique described herein utilizes a stent retriever, a large-bore aspira-
tion catheter, and manual syringe suction aspiration. This technique does not use a 
balloon guide catheter or pump suction. There remains significant controversy 
regarding optimal aspiration methods. We feel that manual syringe aspiration may 
be more effective than pump aspiration and it is less expensive [1].

A key element of this technique relates to the diameter of the aspiration catheter. In 
general, the larger the catheter, the more effective the reperfusion results. For carotid 
terminus and proximal MCA occlusions, we attempt to use a 0.070-inch range size 
catheter (e.g., 0.072″ Navien, Medtronic; 0.070″ Sofia, Microvention; 0.068″ ACE, 
Penumbra), while for distal MCA M1 and M2 segments, we prefer a 0.060-inch range 
(e.g., 0.064″ or 0.060″ ACE, Penumbra; 0.060″ AXS Catalyst 6, Stryker). For smaller 
branches, we prefer smaller-diameter catheters (e.g., 0.050″ Sofia, Microvention; 
0.054″ 5MAX and 0.041″ 4MAX, Penumbra; 0.044″ DAC, Concentric Medical).
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No published, prospective randomized trials compare SMAT to other thrombec-
tomy techniques, although the ASTER trial [2] – which showed equivalence between 
first-line contact aspiration and first-line stent retriever with balloon guide cathe-
ter – comments that evaluating stent retriever with local aspiration in combination 
versus aspiration alone versus stent retriever alone in a randomized trial is a poten-
tial area of future study. Nevertheless, the SMAT technique is probably the most 
effective first- line strategy to achieve reperfusion [3]. When it is used as a first-line 
strategy, non- randomized trials suggest it may be associated with increased likeli-
hood of patient functional independence [4]. And, based on studies utilizing first-
generation aspiration catheters only, SMAT is associated with faster 
access-to-reperfusion times than manual aspiration thrombectomy alone [5].

 Special Instructions, Positioning, and Anesthesia

If possible, no sedation or conscious sedation should be used instead of general 
anesthesia. The patient’s blood pressure should not be lowered unless it is greater 
than 200–220 mm Hg systolic, in order to support collateral flow to the ischemic 
penumbra. Once reperfusion is achieved, especially when reperfusion is complete 
or near complete (i.e., mTICI 2B or 3), the systolic blood pressure may be capped 
at 140 mm Hg for 12–24 hours to prevent any reperfusion injury or perioperative 
intracranial hemorrhage.

 Step-By-Step Description of the Technique

• Obtain access using a transfemoral or transradial artery approach.
• Advance a 6 Fr or larger base (support) catheter to the aortic arch under road- 

map guidance.
• Advance a 5 Fr diagnostic catheter and guidewire into the target supra-aortic 

artery and then, typically over a glidewire, serially track the base catheter to the 
cervical internal carotid or distal vertebral V2 segment.

• Remove the diagnostic catheter and guidewire. Perform an angiographic run 
through the base catheter (Fig. 9.1) to confirm persistence of a large vessel occlu-
sion and to delineate the relevant arterial anatomy.

• Advance a coaxial system consisting of an aspiration catheter, a microcatheter, 
and a microwire through the base catheter up to the cavernous internal carotid or 
vertebral V4 segment under road-map guidance

• Serially track the base catheter as distal as possible, typically up to the petrous or 
proximal cavernous internal carotid or proximal vertebral V3 segment.

• Advance the microcatheter and microwire across the clot and then gently remove 
the microwire.

• Aspirate blood through the microcatheter and optionally perform an angio-
graphic run through the microcatheter to confirm that the microcatheter position 
is both within the vessel lumen and distal to the clot.
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• Advance the stent retriever device through the microcatheter up to its tip and then 
slowly unsheathe the stent retriever by withdrawing the microcatheter. During this 
maneuver, the aspiration catheter should remain proximal to the occlusion,  generally 
in the cavernous internal carotid or proximal vertebral V3 segment (Fig. 9.2).

• Wait 2 minutes with the stent retriever deployed and perform a run through the 
aspiration catheter to assess for flow restoration.

• Advance the aspiration catheter toward the clot.
• Once the aspiration catheter reaches the proximal aspect of the clot, remove the 

microcatheter from the body and subsequently steadily withdraw the stent 
retriever into the base catheter followed by removal of the stent retriever from the 
body while applying continuous suction at the level of the aspiration catheter.

a b

Fig. 9.1 Anteroposterior (a) and lateral (b) runs through the base catheter placed in the proximal 
right ICA confirm the right MCA large vessel occlusion

ba

Fig. 9.2 AP (a) and lateral (b) views show the unsheathed stent retriever (arrow heads) in the 
occluded right MCA M2 division. The aspiration catheter (arrows) is parked proximal to the occlu-
sion in the cavernous segment. The base catheter (circle) has been tracked as distally as possible in 
the petrous segment
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• Steadily withdraw the aspiration catheter while applying continuous syringe suc-
tion and assess for captured thrombus.

• Perform additional aspiration from the base catheter prior to performing a post- 
pass angiographic run.

• Perform additional passes until satisfactory reperfusion is achieved or until the risk 
of further attempts outweighs the benefit. Be certain to thoroughly flush the coaxial 
system and clean the stent retriever of debris before re-inserting it into the body.

• Remove the coaxial system and withdraw the base catheter to the common 
carotid or vertebral V2 segment. Perform control angiography (Fig. 9.3).

• Remove the base catheter and achieve hemostasis with a closure device or man-
ual pressure.

a b

c

Fig. 9.3 AP (a), lateral (b), and oblique (c) post-thrombectomy control runs through the base 
catheter show revascularization of the occluded branch and modified treatment in cerebral isch-
emia (TICI) 2C reperfusion
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 Tips, Pearls, and Lessons Learned

• Advancement of the aspiration catheter to the clot face is facilitated by traction 
on the deployed stent retriever that functions as an anchor for the system.

• Following stent retriever removal, clot is often “corked” at the tip of the aspira-
tion catheter, and swift, vacuum force applied using a 60-cc syringe transforms 
the aspiration catheter into a suction grasper that is then removed from the body 
while manual suction is maintained.
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Chapter 10
Transradial Approach for Stroke

Stephanie H. Chen, Robert M. Starke, Dileep R. Yavagal, 
and Eric C. Peterson

 Introduction

Mechanical thrombectomy has become the standard of care for acute large vessel 
occlusion ischemic strokes, with time to reperfusion being the critical factor in 
determining outcomes [1]. Complex aortic arch and carotid arterial anatomy is asso-
ciated with increased technical difficulty and thus prolonged procedural times and 
complication rates [1–3]. In particular for mechanical thrombectomy, patients with 
complex aortic arch anatomy and ICA tortuosity are associated with significant 
increases in puncture-to-reperfusion times [4]. A transradial approach (TRA) from 
the right subclavian artery offers a technically favorable trajectory in folded over 
arches and tortuosity (Fig. 10.1). Furthermore, as compared to TFA, TRA is associ-
ated with a greater than 60% reduction in vascular complications, overwhelming 
patient preference, and reduced post-procedure nursing care, hospital stay, and cost, 
although this is primarily from the coronary literature [5–10]. In this chapter, we 
review the TRA technique for mechanical thrombectomy.

 Patient Selection

There are currently no formal guidelines for TRA vs. TFA approach in mechanical 
thrombectomy. A primary transradial approach is used for posterior circulation strokes. 
Due to the short, direct catheterization of the vertebral artery from the subclavian artery, 
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it has been shown that the transradial approach is associated with significantly shorter 
puncture-to-recanalization time in posterior circulation strokes (29.2 ± 17.6 min in the 
transradial group vs. 63.9 ± 56.7 min in the transfemoral group) [11]. For anterior cir-
culation strokes, we evaluate the pre-procedural CTA of the head and neck including 
the aortic arch that is obtained in all acute stroke patients. In cases of a bovine arch 
variant, aortic arch type II, or aortic arch type III, an initial transradial approach is pre-
ferred. In our initial experience, we found equipoise between TRA and TFA undergo-
ing MT with challenging vascular anatomy [12]. However, with more experience, 
efficiency, and equipment improvements, we anticipate improved outcomes and a tran-
sition to default radial akin to interventional cardiology. Finally, we also consider pri-
mary TRA in patients with large body habitus, previous iliac stenting or bypass, or 
femoral occlusion or on antiplatelets and anticoagulation.

a b c

d e f

Fig. 10.1 A transradial approach (TRA) from the right subclavian artery. (a) CTA reconstruction 
revealing bovine arch more favorable for TRA. (b) DSA of left ICA demonstrating acute left M1 
occlusion. (c) Right radial artery angiogram demonstrating a normal brachial bifurcation. (d) TRA 
with 0.088″ guide catheter inserted sheathless in the radial artery. (e) DSA s/p first pass with aspi-
ration alone, TICI 3 recanalization. (f) Closure of radial artery arteriotomy with TR band
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 Procedure Details

 Radial Artery Access

The right radial artery is used for MT of the anterior circulation or for posterior 
circulation LVOS from the right vertebral artery. The left radial artery is used in 
cases of posterior circulation LVOS with a left dominant vertebral artery. The patient 
is placed supine with an extension arm board under the patient. For right radial 
access, the arm is positioned tightly against the hip of the patient and the palm supi-
nated approximately 45 degrees. Towels are placed under the arm and caudal to the 
hand to elevate it to the level of the hip, thus creating a flat surface for the catheters 
to lie on. A pulse oximeter is attached to the ipsilateral hand and the radial artery 
area is prepped and draped in usual surgical fashion. If the patient is awake, the peri- 
arterial tissue is infiltrated with 1 cc of lidocaine (± nitroglycerin). Under ultrasound 
guidance, the RA is cannulated using a 20 gauge needle. A 6 or 7 French (F) tran-
sradial introducer sheath (Glidesheath Slender, Terumo, Somerset, New Jersey) is 
placed and a radial angiogram obtained. Prophylactic spasmolytic agents (2.5 mg 
verapamil, 200 μg nitroglycerin) are diluted in saline or blood and given intra- 
arterially through the sheath. For TRA MT, prophylactic intravenous heparin to 
prevent radial artery occlusion is not given, due to the potentially devastating risks 
of hemorrhagic conversion after stroke as compared to clinically insignificant and 
low radial artery occlusion rates (4%) [13].

 Catheter Selection

Our preferred technique for mechanical thrombectomy is to use a 0.088″ Infinity 
guide catheter (Stryker Neurovascular, Kalamazoo, Michigan, USA) which is 
placed into the radial artery without a sheath. After access is obtained, the 7 Fr 
Glidesheath Slender (Terumo, Somerset, New Jersey, USA) is exchanged over a 
0.035″ guidewire for the 0.088″ Infinity guide catheter with the stylet. The catheter 
is advanced over the wire into the subclavian artery, and the stylet and wire are then 
removed. A 125 cm Simmons 2 Select catheter (Penumbra, Alameda, California, 
USA) is navigated over a guidewire into the target ICA. A 125 cm Berenstein Select 
catheter is used for VA catheterization from the subclavian artery. The guide cathe-
ter is tracked over the Select catheter and thrombectomy is performed with either 
“Solumbra” technique or first-pass aspiration alone with the operator’s aspiration 
catheter of preference (0.068″ or 0.071″).

Although that is our preferred approach, various other systems have been 
employed. In patients with posterior circulation occlusions and/or small radial arter-
ies, a 6 F Benchmark (Penumbra, Alameda, California, USA) or Envoy DA guide 
catheter (Codman Neuro, Raynham, Massachusetts, USA) can be coaxially 
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navigated into distal ICA/VA over a 125 cm Simmons 2/Berenstein Select diagnos-
tic catheter (Penumbra, Alameda, California, USA). The stent retriever is then 
deployed using standard procedure and retrieved with manual aspiration of the 
guide catheter. For balloon guide plus stent retriever techniques, a 5 F Simmons 2 
catheter is introduced into a 6 or 7  F sheath and used to navigate to the target 
ICA. Over an exchange- length guidewire, the sheath and catheter are removed, and 
a 6 or 7 F Cello balloon guide (Medtronic, Irvine, California, USA) is brought into 
the ICA or VA. However, this can be time-consuming and cumbersome and is thus 
not preferred.

At this time catheter and device selection for mechanical thrombectomy is lim-
ited for the transradial approach. A 6F and 7F system limits use of larger balloon 
guide catheters. Additionally, access catheters and guide systems have been designed 
for TFA primarily and there are no commercially available systems designed spe-
cifically for navigating the cervical and cranial vasculature via TRA at this time. 
Furthermore, with our preferred approach of using a 0.088″ guide catheter sheath-
less in the radial artery, the lack of hydrophilic coating can increase risk of severe 
radial artery spasm prohibiting completion of the procedure. With the advent of 
newer devices and technology, there is great potential for taking better advantage of 
the anatomical configuration of the great vessels approached via the right or left 
subclavian artery. Finally, it should be noted that there is a significant learning curve 
to the transradial approach, which should be traversed in non-emergent procedures, 
to prevent unnecessary prolongation of TRA MT.

 Closure

Radial artery arteriotomy closure with patent hemostasis decreases risk of 
RAO. While RAO is rare and almost always clinically silent, RAO can preclude any 
future use of the radial artery for procedures or grafting. Patent hemostasis describes 
holding the bare amount of pressure needed to prevent bleeding. A radial armband 
is snugly secured 1–2  cm proximal to the point of the arteriotomy and inflated 
10–15 cc. The guide catheter or sheath is removed with the band inflated. Then the 
band is slowly deflated until oozing is seen from the puncture site, at which time 
1–2 cc of air is reintroduced to the band to achieve hemostasis. A reverse Barbeau 
test wherein the ulnar artery is compressed manually and the pulse oximetry wave 
is monitored for radial artery patency can be performed. If the RA does not appear 
to be patent, compression of the ulnar artery can be continued. The band is slowly 
deflated after 30 minutes and removed if there is no evidence of bleeding.

Case Example A. CTA reconstruction revealing bovine arch more favorable for 
TRA. B. DSA of left ICA demonstrating acute left M1 occlusion. C. Right radial 
artery angiogram demonstrating a normal brachial bifurcation. D. TRA with 0.088″ 
guide catheter inserted sheathless in the radial artery. E. DSA s/p first pass with 
aspiration alone, TICI 3 recanalization. F. Closure of radial artery arteriotomy with 
TR band.
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*CTA  =  computed tomography angiogram, TRA  =  transradial approach, 
DSA = digital subtraction angiography
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Chapter 11
Thrombectomy Techniques: Remote 
Aspiration

David Dornbos III, Tarek Abuelem, David J. Fiorella, and Adam S. Arthur

 Case Presentation

An otherwise healthy 90-year-old female presented with sudden-onset right-sided 
hemiplegia, right facial droop, and dysarthria, 4 hours following stroke onset. On 
presentation to the hospital, her National Institutes of Health Stroke Scale (NIHSS) 
score was 10. A non-contrast CT was unremarkable, while CT angiography revealed 
a left proximal supraclinoid ICA occlusion. CT-perfusion imaging identified a large 
penumbra and no ischemic core within the left MCA territory (Fig. 11.1). Given the 
compelling clinical history and radiographic findings, the patient was taken for 
intervention.

Angiography revealed an occlusion of the left supraclinoid ICA (Fig.  11.2). 
Utilizing an 8F FlowGate2 balloon-guide catheter (BGC), proximal flow was 
arrested and aspiration was employed with the use of a large-volume locking hand 
syringe in an attempt to reverse flow through and deliver the thrombus into the BGC 
(Fig. 11.3). Following aspiration, clot material was noted within the suction tubing, 
followed by arrest of backflow. Shortly thereafter, backflow resumed within the 
aspiration tubing. The BGC was deflated and control angiography revealed TICI 3 
revascularization (Fig. 11.4). The patient had no neurological deficits after the pro-
cedure and was discharged home after a short hospital stay.
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 Introduction

While the benefits of endovascular intervention for ELVO have been well estab-
lished over the past several years, the optimal method of mechanical thrombectomy 
(MT) is largely dependent on various patient factors. Stentrievers (S-R), heavily 
utilized in the trials establishing the efficacy of MT, have been shown to provide 
excellent recanalization [1–4], either used alone or in combination with distal aspi-
ration [5].

Fig. 11.1 CT perfusion imaging revealing a large area of penumbra with no ischemic core

Fig. 11.2 Initial control angiography (A/P and lateral) identifying an occlusion of the supraclinoid 
internal carotid artery
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Direct aspiration alone has also proven to be a highly effective and efficient 
means by which to achieve revascularization. In two prospective randomized con-
trolled trials (ASTER and COMPASS), investigators found no difference in patient 
outcomes between the two techniques. The ADAPT technique proved to be slightly 
faster in both studies [6, 7]. Moreover, the direct aspiration first-pass technique 
(ADAPT) provided a more cost-effective method of revascularization when com-
pared to S-R-based thrombectomy [8, 9].

Fig. 11.3 Fluoroscopic imaging (lateral) of the inflated balloon-guide catheter and theoretical 
flow diagram depicting flow reversal following proximal balloon occlusion and remote aspiration

Fig. 11.4 Final control angiography (A/P and lateral) revealing TICI 3 revascularization follow-
ing successful aspiration thrombectomy
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In both S-R-based thrombectomy and ADAPT, the risk of embolization to new 
territories (ENT) remains a significant concern. With S-R thrombectomy, the avail-
able data indicate that the use of a balloon-guide catheter decreases this risk. Less 
data is available regarding the utility of a BGC within the context of ADAPT and its 
potential role in decreasing ENT.

The increasingly routine application of BGCs during thrombectomy procedures 
provides the opportunity to assess the potential for extraction of remote intracranial 
clots through aspiration on the BGC located within the proximal cervical carotid 
artery. We discuss this technique of remote aspiration and its application in clinical 
practice.

 Balloon-Guide Catheters

While nearly 90% of patients experience successful recanalization following MT in 
most published series, less than 50% will achieve functional independence in long- 
term follow-up studies. The reasons underlying this discrepancy are multifactorial, 
but premorbid functional status, delayed time to recanalization, incomplete revascu-
larization, showering of distal thromboemboli, and other factors likely contribute in 
some capacity.

Embolization of clot into a new territory (ENT) represents a major limitation of 
both major thrombectomy techniques. ENT is particularly detrimental as it not only 
results in new, previously uninvolved, vascular territory strokes, but it can also 
result in the occlusion of collaterals that are imperative for maintaining perfusion of 
the penumbra, thus worsening the extent of the presenting infarct [3, 10, 11]. 
Several studies have revealed new occlusions of the anterior cerebral artery in 
greater than 10% of patients following M1 thrombectomy, demonstrating the sig-
nificant rate at which ENT occurs during these procedures [10, 11]. Furthermore, 
among patients with ENT, 70% experienced clinical deterioration with a mortality 
rate that was double that of the remainder of patients without new post-procedural 
emboli [11]. While these studies predominantly evaluated radiographically visible 
occlusions, other studies have also revealed thousands of microemboli being 
released during MT [12].

Balloon-guide catheters (BGCs) were brought into use in MT to ameliorate some 
of this secondary injury, given their ability to arrest ipsilateral flow during MT 
whether using stentrievers, distal aspiration, or a combination of these methods. The 
combination of BGCs and aspiration can potentially reverse flow in the ipsilateral 
vasculature. Previous in vitro studies have identified that BGCs are particularly use-
ful to prevent fragmentation of small elastic thromboemboli during MT [13] and 
can decrease embolic events when used in conjunction with distal devices [14]. 
Furthermore, the use of BGCs has been shown to increase suction effectiveness dur-
ing distal aspiration, leading to a decrease in distal thromboemboli and improved 
thrombectomy efficiency [12, 15–17].
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Given these beneficial effects of BGCs, their use has clinically been associated 
with improved rates of recanalization compared to MT without a BGC [15, 18]. 
Utilizing BGCs and distal aspiration as adjunctive applications to stentriever throm-
bectomy is both safe and effective and limits new occlusions following the proce-
dure [13, 19, 20]. BGCs have also been shown to decrease the number of 
thrombectomy attempts, adjunctive treatment modalities, and overall procedural 
times [15, 18]. Most importantly, the use of BGCs during thrombectomy has been 
shown to be an independent predictor of good clinical outcome [18]. While BGCs 
carry theoretical risks of local vascular injury and increased procedural costs, these 
have not been demonstrated clinically nor studied systematically.

 Remote Aspiration

In addition to arresting antegrade flow during MT and subsequently reducing new 
distal thromboemboli in previously affected (or unaffected) vascular territories, 
BGCs have also been used as a standalone vehicle for primary aspiration of proxi-
mal large vessel occlusions. Following flow arrest with BGC inflation, subsequent 
aspiration through a large-bore BGC theoretically generates flow reversal and pro-
vides an avenue for subsequent clot retrieval. This form of remote aspiration was 
initially described as an adjunctive treatment to decrease overall thrombus burden 
prior to distal thrombectomy modalities [21].

Remote aspiration is particularly useful in cases with extensive clot burden in 
the proximal internal carotid artery (ICA), although consideration can be given to 
distal ICA and proximal anterior cerebral and middle cerebral artery occlusions, 
depending on collateral vasculature. Proximal aspiration through an inflated BGC 
for such cases has been shown to decrease overall procedural times, and it 
improves revascularization rates with subsequent distal MT procedures when 
used as an augmentation procedure for proximal anterior circulation thrombecto-
mies [21].

More recently, remote aspiration has been used with success without the need for 
subsequent treatment measures. Principally used for proximal petrous to supracli-
noid ICA occlusions, aspiration through a BGC can eliminate the need for intracra-
nial catheterization [22, 23]. Remote aspiration in such a manner has proven to be 
especially useful for occlusive thrombi originating from a cardiogenic etiology and 
with a high degree of clot burden [23]. This particular technique relies on flow 
reversal, not just flow arrest, for clot retrieval.

Utilization of remote aspiration yields faster time to reperfusion than other 
thrombectomy techniques with reported mean times from puncture to reperfusion of 
14 minutes [22, 23]. These faster reperfusion times are observed in spite of the addi-
tional time required to prepare the BGC prior to use. In instances where this tech-
nique is not successful, the operator simply proceeds with conventional intracranial 
thrombectomy techniques, using the BGC as the guiding catheter [24].
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 Theoretical Considerations

Remote aspiration provides a technically straightforward, fast, effective, and safe 
technique, which can be readily transitioned to other treatment modalities if needed. 
Another substantial benefit to this technique is that catheter manipulation remains 
entirely extracranial, eliminating potential injury posed by distal intracranial throm-
bectomy modalities. While the risks remain relatively small, distal thrombectomy 
with microwires, microcatheters, and stentrievers carries standard risks of vessel 
perforation, dissection, and vasospasm, all of which are minimized with the sole use 
of proximal aspiration on a BGC.

Patent collateral circulation is helpful in promoting reversal of flow during 
remote aspiration. Depending on the precise location of the occlusion, flow reversal 
within the carotid system can be augmented by leptomeningeal collateral support, 
which provides a pressure head against the distal aspect of the in situ thrombus. This 
phenomenon may actually assist in delivering the thrombus into the 
BGC. Unfortunately, robust direct collateral flow through a large posterior commu-
nicating artery or the ophthalmic artery may diminish suction effectiveness, particu-
larly if a large component of the clot burden is distal to these vessels. In contrast, the 
efficacy of remote aspiration on a thrombus entirely proximal to the posterior com-
municating artery is likely aided by robust flow reversal with a large collateral vessel.

 Methodology

A variety of devices are currently commercially available for use with the remote 
BGC aspiration technique. Typically, operators have used 8F (FlowGate2, Stryker, 
Minneapolis, MN) or 9F (Concentric, Stryker, Minneapolis, MN; Cello, Medtronic, 
Irvine, CA) BGCs through similarly sized femoral sheaths. The BGC is placed as 
distally as technically feasible and safe within the cervical segment of the carotid 
artery ipsilateral to the anterior circulation occlusion. Once in position and initial 
control angiography is performed, the operator can arrest antegrade flow by inflat-
ing the balloon on the guide catheter. Next, aspiration is applied to the BGC in order 
to reverse flow. This can be achieved with either a large-volume locking hand 
syringe or one of the commercially available aspiration pumps (e.g., Pump MAX 
aspiration pump, Penumbra, Alameda, California). Please note that the use of com-
mercially available aspiration pumps for this purpose represents an off-label use.

At the point of connection to the aspiration pump, several phenomena can be 
observed. First, a column of blood is typically aspirated into the tubing. Observation 
of the tubing for obvious clot material provides an indication that thrombus is being 
evacuated successfully. In this setting, the operator simply monitors the tubing until 
a continuous free backflow of blood (without clot material) is noted. The balloon is 
then deflated under continuous aspiration. Once fully deflated, aspiration may be 
halted, and angiography can be performed to assess efficacy.
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Second, after initial backflow of blood, the column becomes arrested within the 
tubing. This likely indicates that either thrombus has occluded the tip of the BGC or 
that the vessel has collapsed around the outside of the BGC. In this scenario, the 
balloon can be deflated under continuous aspiration. If there is thrombus at the tip 
of the BGC, it will remain occluded and flow within the tubing will remain arrested. 
In this scenario, with aspiration still connected, the BGC can be removed from the 
cervical target artery and withdrawn through the femoral sheath. The operator then 
must re-access the cervical artery with a diagnostic catheter for control angiogra-
phy. This technique often yields voluminous clot material extraction and typically 
results in complete or substantial target artery revascularization.

On the other hand, if the BGC is deflated and flow is immediately restored 
through the system, this indicates that aspiration resulted in collapse of the parent 
artery around the orifice of the BGC. This collapse of the vessel negates the trans-
mission of the full vacuum to the intracranial circulation, and the procedure is not 
successful in yielding thrombus. The operator at that point can decide to reposition 
the BGC (more distal position is often helpful) and attempt the maneuver again or 
can abandon the technique and proceed with a conventional distal aspiration or S-R- 
based thrombectomy procedure.

 Conclusion

Numerous studies have demonstrated the ability of BGCs to increase the efficiency 
and extent of revascularization during traditional intracranial thrombectomy proce-
dures. With the described technique, remote aspiration through a cervical BGC is 
sometimes able to not only arrest flow but also to reverse it within the affected vas-
culature, facilitating delivery of the thrombus into the BGC. In some circumstances, 
this provides a safe, efficient, and efficacious means of MT, particularly in distal 
cervical or proximal intracranial ICA occlusions. Furthermore, in instances where 
this thrombectomy modality is insufficient, the BGC provides an excellent platform 
for subsequent attempts. Preliminary, retrospective series have demonstrated this 
technique to be feasible and successful in some cases. A prospective study will be 
required to better define the success rate of the procedure.

References

 1. Nogueira RG, Lutsep HL, Gupta R, Jovin TG, Albers GW, Walker GA, et al. Trevo versus 
Merci retrievers for thrombectomy revascularisation of large vessel occlusions in acute isch-
aemic stroke (TREVO 2): a randomised trial. Lancet. 2012;380(9849):1231–40.

 2. Saver JL, Jahan R, Levy EI, Jovin TG, Baxter B, Nogueira RG, et al. Solitaire flow restora-
tion device versus the Merci Retriever in patients with acute ischaemic stroke (SWIFT): a 
randomised, parallel-group, non-inferiority trial. Lancet. 2012;380(9849):1241–9.

11 Thrombectomy Techniques: Remote Aspiration



148

 3. Berkhemer OA, Fransen PS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ, et  al. 
A randomized trial of intraarterial treatment for acute ischemic stroke. N Engl J Med. 
2015;372(1):11–20.

 4. Nogueira RG, Jadhav AP, Haussen DC, Bonafe A, Budzik RF, Bhuva P, et al. Thrombectomy 
6 to 24 hours after stroke with a mismatch between deficit and infarct. N Engl J Med. 
2018;378(1):11–21.

 5. Humphries W, Hoit D, Doss VT, Elijovich L, Frei D, Loy D, et al. Distal aspiration with retriev-
able stent assisted thrombectomy for the treatment of acute ischemic stroke. J Neurointerv 
Surg. 2015;7(2):90–4.

 6. Turk AS, Siddiqui AH, Mocco J. A comparison of direct aspiration versus stent retriever as a 
first approach ('COMPASS'): protocol. J Neurointerv Surg. 2018;10(10):953–7.

 7. Lapergue B, Blanc R, Gory B, Labreuche J, Duhamel A, Marnat G, et al. Effect of endovascular 
contact aspiration vs stent retriever on revascularization in patients with acute ischemic stroke 
and large vessel occlusion: the ASTER randomized clinical trial. JAMA. 2017;318(5):443–52.

 8. Turk AS, Frei D, Fiorella D, Mocco J, Baxter B, Siddiqui A, et al. ADAPT FAST study: a 
direct aspiration first pass technique for acute stroke thrombectomy. J Neurointerv Surg. 
2014;6(4):260–4.

 9. Turk AS, Spiotta A, Frei D, Mocco J, Baxter B, Fiorella D, et al. Initial clinical experience 
with the ADAPT technique: a direct aspiration first pass technique for stroke thrombectomy. J 
Neurointerv Surg. 2014;6(3):231–7.

 10. Kurre W, Vorlaender K, Aguilar-Perez M, Schmid E, Bazner H, Henkes H. Frequency and 
relevance of anterior cerebral artery embolism caused by mechanical thrombectomy of middle 
cerebral artery occlusion. AJNR Am J Neuroradiol. 2013;34(8):1606–11.

 11. Gascou G, Lobotesis K, Machi P, Maldonado I, Vendrell JF, Riquelme C, et al. Stent retrievers 
in acute ischemic stroke: complications and failures during the perioperative period. AJNR Am 
J Neuroradiol. 2014;35(4):734–40.

 12. Chueh JY, Kuhn AL, Puri AS, Wilson SD, Wakhloo AK, Gounis MJ.  Reduction in distal 
emboli with proximal flow control during mechanical thrombectomy: a quantitative in vitro 
study. Stroke. 2013;44(5):1396–401.

 13. Chueh JY, Puri AS, Wakhloo AK, Gounis MJ. Risk of distal embolization with stent retriever 
thrombectomy and ADAPT. J Neurointerv Surg. 2016;8(2):197–202.

 14. Gralla J, Schroth G, Remonda L, Nedeltchev K, Slotboom J, Brekenfeld C. Mechanical throm-
bectomy for acute ischemic stroke: thrombus-device interaction, efficiency, and complications 
in vivo. Stroke. 2006;37(12):3019–24.

 15. Velasco A, Buerke B, Stracke CP, Berkemeyer S, Mosimann PJ, Schwindt W, et al. Comparison 
of a balloon guide catheter and a non-balloon guide catheter for mechanical thrombectomy. 
Radiology. 2016;280(1):169–76.

 16. Ansel GM, Hopkins LN, Jaff MR, Rubino P, Bacharach JM, Scheinert D, et al. Safety and effec-
tiveness of the INVATEC MO.MA proximal cerebral protection device during carotid artery 
stenting: results from the ARMOUR pivotal trial. Catheter Cardiovasc Interv. 2010;76(1):1–8.

 17. Chartrain AG, Awad AJ, Mascitelli JR, Shoirah H, Oxley TJ, Feng R, et al. Novel and emerg-
ing technologies for endovascular thrombectomy. Neurosurg Focus. 2017;42(4):E12.

 18. Nguyen TN, Malisch T, Castonguay AC, Gupta R, Sun CH, Martin CO, et al. Balloon guide 
catheter improves revascularization and clinical outcomes with the Solitaire device: analysis 
of the North American Solitaire Acute Stroke Registry. Stroke. 2014;45(1):141–5.

 19. Matsumoto H, Nishiyama H, Tetsuo Y, Takemoto H, Nakao N.  Initial clinical experience 
using the two-stage aspiration technique (TSAT) with proximal flow arrest by a balloon 
guiding catheter for acute ischemic stroke of the anterior circulation. J Neurointerv Surg. 
2017;9(12):1160–5.

 20. Stampfl S, Pfaff J, Herweh C, Pham M, Schieber S, Ringleb PA, et al. Combined proximal 
balloon occlusion and distal aspiration: a new approach to prevent distal embolization during 
neurothrombectomy. J Neurointerv Surg. 2017;9(4):346–51.

D. Dornbos III et al.



149

 21. Kim YW, Kang DH, Hwang YH, Park J, Kim YS. Efficacy of proximal aspiration thrombec-
tomy for using balloon-tipped guide catheter in acute intracranial internal carotid artery occlu-
sion. J Korean Neurosurg Soc. 2016;59(4):379–84.

 22. Haussen DC, Bouslama M, Grossberg JA, Nogueira RG. Remote aspiration thrombectomy in 
large vessel acute ischemic stroke. J Neurointerv Surg. 2017;9(3):250–2.

 23. Okamura A, Kuroki K, Shinagawa K, Yamada N. Simple aspiration with balloon catheter tech-
nique (simple ABC technique) against proximal internal carotid artery occlusion in cases of 
cardiogenic cerebral embolism. Interv Neuroradiol. 2018;24(3):317–21.

 24. Demerath T, Reinhard M, Elsheikh S, Keuler A, Urbach H, Meckel S. Balloon guide catheter 
in complex anterior circulation mechanical thrombectomy: beyond proximal occlusion and 
flow reversal. Clin Neuroradiol. 2016;26(3):369–73.

11 Thrombectomy Techniques: Remote Aspiration



Part III
Core



153© Springer Nature Switzerland AG 2021
F. K. Hui et al. (eds.), 12 Strokes, https://doi.org/10.1007/978-3-030-56857-3_12

Chapter 12
Endovascular Therapy for Middle 
Cerebral Artery Occlusions

Ansaar T. Rai

 Introduction

The middle cerebral artery is the most common large vessel occlusion presenting 
with acute ischemic stroke. Traditionally the MCA segments are numerically 
labeled from its origin to its first-, second-, and third-order branches. This numerical 
classification is based on anatomical landmarks primarily for microsurgical plan-
ning. From a neurological perspective, the more proximal the occlusion, the larger 
the deficit. However, due to variations in anatomy, it is possible that an MCA branch 
is functionally dominant affecting a large part of the brain demonstrable by cerebral 
perfusion and the severity of the clinical deficit.

The mean length and diameter of the M1 segment (from the origin to branching) 
was measured as 22.5 ± 8 mm (95% CI 20.9–24.1) and 3.1 ± 0.4 mm (95% CI 
3–3.1) in one study using CT angiography and a vascular post-processing software. 
The study also found that the MCA diameter marginally increased with age (>60 
versus 40–60). This information can be pertinent when positioning large-bore cath-
eters in the MCA. It is important to know not only the inner but also the outer diam-
eter of a catheter that may be placed in a small blood vessel. Typically, these sizes 
are listed on the packaging. The units in which these diameters are reported can be 
in French, millimeters, or inches. One French equals exactly 1/3  mm or 0.013 
inches. Conversely 1 mm is equal to 3F. So, for example, an intermediate catheter 
with an inner diameter of 5.5F (0.072 inches or 1.83 mm) may have an outer diam-
eter of 6.5F (0.085 inches or 2.17 mm). A 3-mm MCA can potentially accommodate 
a 9F (outer diameter) catheter; obviously at this size it will be approaching the 
lumen diameter and can be dangerous. Navigation of such a large catheter may also 
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be challenging. However, as the quest to develop large-bore catheters for boosting 
aspiration increases, we will likely see and use catheters with outer diameter up to 
or slightly larger than 8F (0.1 inches or 2.67 mm) – which will be just under the 
average lumen diameter of the middle cerebral artery. It is important to note that an 
occluded MCA with a thrombus may be less receptive to the larger catheters and 
diseased vessels with less compliance may be less tolerant to stretching, increasing 
the risk of vessel injury.

The critical component in treatment planning for a stroke intervention is access. 
Stable and distal access can make the difference between a speedy recanalization 
versus a prolonged frustrating procedure. Vascular imaging from the aortic arch to 
the cranial vertex outlays the roadmap and helps plan access, for example, multi- 
axial catheter constructs in tortuous access.

The current mechanical thrombectomy techniques generally involve retrieval 
devices, aspiration catheter, or increasingly a combination of both. In clinical trials 
no one technique has been shown to be clearly superior to another. The use of bal-
loon guide catheters has been associated with improved recanalization and out-
comes presumably by reducing clot fragmentation and distal emboli. The general 
current consensus is that some form of flow arrest and flow reversal aids in recana-
lization with or without a retrieval device.

Over the past decade, refinement in devices, access catheters, and techniques 
has steadily improved recanalization rates. With high recanalization rates reported 
in clinical trials, the current and future goals of measuring the efficacy of a tech-
nique are not only procedural recanalization but complete recanalization in the first 
pass. As such technical factors such as stable access, flow reversal, and ability to 
capture and retain the clot are important determinants of efficient recanalization. 
Peri- procedural factors such as general anesthesia have been the topic of much 
debate, and some studies have shown them to have a negative impact on outcomes; 
however, others show no effect. Generally, if there is maintenance of blood pres-
sure parameters and efficiency in administering intubation, then the negative 
effects are mitigated. Like in other aspects of intervention planning, a case-by-case 
approach over a dogmatic paradigm will give the most tailored patient care.

 Case – 1 (Primary Aspiration of an M1 Occlusion)

 Presentation

A 56-year-old man presented 9 hours after onset of acute left-sided hemiplegia with 
an NIHSS of 24. The patient had a history of uncontrolled atrial fibrillation, hyper-
lipidemia, and previous history of congestive heart failure. CT imaging (Fig. 12.1) 
confirmed a right MCA occlusion at the M1 origin. The non-contrast head CT did 
not show any significant early ischemic changes with an ASPECTS of 9. The perfu-
sion parameters showed an elevated mean transit time (MTT) and time to peak 
(TTP) involving the right hemisphere in the MCA distribution. Interestingly, the 
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cerebral blood flow (CBF) and cerebral blood volume (CBV) were elevated which, 
in the absence of any non-contrast CT ischemic changes, are likely related to robust 
cerebral autoregulation and good collaterals.

 Intervention and Outcome

The procedure was performed under conscious sedation. Access was via an 8F 
sheath in the right common femoral artery. A 90-cm Infinity guide catheter was 
advanced to the mid-cervical ICA on the right. An angiogram confirmed the right 
M1 occlusion and also showed good pial collaterals from the right anterior cere-
bral artery reaching the proximal M2 branches in a retrograde fashion (Fig. 12.2). 
A 6F (0.079 inches, 2 mm) intermediate catheter with an inner diameter of 4.6F 
(0.06, 1.53 mm) was advanced through the guide catheter over a 0.027″ micro-
catheter and a 0.014″ microwire into the proximal MCA.  The microwire and 
microcatheter were removed. Manual aspiration through the intermediate catheter 
was performed with a 60-cc syringe which did not yield any aspirate (Fig. 12.3). 
The syringe was locked in aspiration and gently withdrawn out. The catheter was 
flushed on the table yielding clot material. Angiogram following aspiration 

Fig. 12.1 The non-contrast component of the CT examination shows a favorable ASPECTS of 9. 
The volume-rendered 3D image in the center shows a mid-right M1 occlusion. The last column 
shows from top to bottom: MTT, CBF, and CBV. Notice the elevated CBV in this case
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showed recanalization of the M1 segment and the M2 divisions. A prefrontal 
branch of the inferior division demonstrated persistent occlusion; however, 
because of the small size of the blood vessel and relatively distal occlusion, this 
was not treated (Fig.  12.4). There was good capillary perfusion over the right 
hemisphere (Fig. 12.5). A non-contrast CT scan performed at 48 hours showed 
small patchy infarcts in the right inferior division but no major vascular territory 
infarction. The patient had significant clinical improvement (NIHSS returning to 
6) over the 72 hours post-procedure.

 Discussion

Even though this patient presented fairly late after symptom onset, his imaging 
especially the CT perfusion was interesting in that it showed an elevated cerebral 
blood volume and blood flow compared to the normal side. In this patient this was 
likely related to good collaterals and robust cerebral vascular autoregulation without 

Fig. 12.2 A selective injection of the right internal carotid artery with an anteroposterior projec-
tion in early arterial and late capillary phase shows good retrograde pial collaterals from the ante-
rior cerebral artery reaching the Sylvian middle cerebral artery distribution

Fig. 12.3 The first picture 
shows placement of the 
microcatheter in the 
mid-M1 segment followed 
by the intermediate 
catheter as shown in the 
second picture
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any ischemic changes on the non-contrast brain CT. The second discussion point is 
whether the small prefrontal branch arising from the inferior division should have 
been recanalized. Treatment options would have been placement of a stent retriever 
or a small-bore aspiration catheter. The concern with stent retrievers in the small 
branch at an angulation would be vessel injury or spasm and proximal migration of 
the clot potentially occluding the inferior division or even the MCA. A small-bore 
aspiration catheter and clot ingestion could be a safer option possibly with less risk 
of proximal clot migration. A third option would be the administration of local 
intra-arterial thrombolytics such as r-tPA through a microcatheter. The typical dose 

Fig. 12.4 An AP and lateral projection from a right internal carotid injection shows recanalization 
of the right middle cerebral artery. Persistent occlusion of a prefrontal branch is demonstrated by 
an arrow on the lateral projection

Fig. 12.5 Pre- and post-parenchymal perfusion maps created from the lateral angiogram show 
significantly improved perfusion in the right middle cerebral artery distribution
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used in a small artery is between 2 and 6 mg administered in 2-ml aliquots diluted 
in saline and administered over 10–15 minutes. Availability of newer thrombolytics 
such as tenecteplase may increase the use of adjunct thrombolytics when consid-
ered safe.

 Case – 2 (Stent Retriever and Intermediate Catheter 
for a Low NIHSS M1 Occlusion)

 Presentation

A 77-year-old woman with history of atrial fibrillation, hypertension, and hyperlip-
idemia was transferred with left-sided weakness. She had stopped her anticoagula-
tion (apixaban) for 3 months. At arrival, the patient was 9 hours after symptom 
onset and had an NIHSS of 5. Imaging work-up confirmed a right M1 occlusion 
(Fig. 12.6). Time-resolved CT angiography showed good collaterals to the MCA 
distribution. Perfusion parameters showed increased time to peak and mean transit 
time over the entire right MCA distribution. Apart from focal diminished cerebral 
blood volume at the right basal ganglia, there was no core infarct on CBV. Due to 
the large tissue at risk, it was decided to intervene despite the patient’s relatively 
low NIHSS.

 Intervention and Outcome

The procedure was performed under conscious sedation. An 8F sheath was placed 
in the right common femoral artery and an 8F (0.088″) guide catheter was navigated 
over a diagnostic catheter into the right proximal cervical internal carotid artery. 
The guide catheter was positioned just proximal to a loop in the cervical 
ICA. Angiograms performed in the standard AP and lateral projections confirmed 
the right M1 occlusion at the origin with good pial collaterals from the anterior 
cerebral artery up to the proximal MCA branches in the Sylvian fissure (Fig. 12.7). 
A construct of a 125-cm 6.3F (OD 0.083″, ID 0.070″) intermediate catheter and a 
150-cm 2.9F (OD 0.038″, ID 0.027″) microcatheter was navigated over a 0.014 
microwire through the guide catheter into the cervical and intracranial internal 
carotid artery in a tandem fashion. The microwire was advanced beyond the 
occluded MCA into the inferior division; this was followed by the microcatheter. 
The position of the microcatheter was confirmed by a very gently puff of contrast. 
A 6x25-mm stent retriever was advanced through the microcatheter and deployed 
from the proximal inferior division to the internal carotid artery terminus centering 
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the device over the occluded MCA (Fig. 12.8). An injection performed through the 
intermediate catheter showed some recanalization through the deployed stent 
retriever with flow past the occlusion into the inferior division branches. Keeping 
the stent retriever in place, the microcatheter was carefully removed leaving the 
stent retriever inside the intermediate catheter which was advanced up to the ICA 
terminus and connected to pump aspiration. The stent retriever was then slowly 
withdrawn toward the intermediate catheter under constant aspiration. About 

Fig. 12.6 Top row shows images from time-resolved CTA with a right M1 occlusion at the origin. 
The bottom two rows show elevated TTP and MTT with slightly reduced CBF but mostly pre-
served CBV
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one- third of the device was withdrawn into the intermediate catheter with cessation 
of aspirate; at this time these were removed in tandem. An angiogram performed 
through the 8F guide catheter showed complete recanalization of the middle cere-
bral artery and its branches (Fig. 12.9).

Fig. 12.7 The first three images are from a right internal carotid artery injection showing an M1 
occlusion at the origin with good pial collaterals from the anterior cerebral artery. The last image 
is a lateral projection showing the M1 occlusion in the early arterial phase. Notice position of the 
guide catheter proximal to a bend in the cervical ICA

Fig. 12.8 The AP and lateral angiograms show recanalization of the middle cerebral artery with 
the stent retriever in place. The intermediate catheter is in the communicating segment of the inter-
nal carotid artery and the microcatheter has been removed
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 Discussion

The interesting feature of the case is the late presentation combined with the low 
NIHSS. The decision to treat was not based on one factor but a combination of her 
functional and independent status prior to the stroke and the large tissue at risk on 
parametric perfusion imaging. The patient had good collaterals explaining her 
minor neurological symptoms and low NIHSS despite a completely occluded mid-
dle cerebral artery and a large perfusion deficit. The patient had arrived late in the 
evening and there was concern of neurological worsening with any hypotensive 
episode in the middle of the night. In cases such as these, the trend is moving toward 
earlier intervention than relying on medical management to sustain and preserve the 
collateral circulation.

 Case – 3 (Stent Retriever and Intermediate Catheter for M1 
Occlusion in Tortuous Cervical ICA)

 Presentation

An 88-year-old woman with atrial fibrillation and hypertension but not on antico-
agulation fell in the bathroom and was found by her son. She presented with pro-
found right hemiplegia and aphasia with an NIHSS of 28. Prior to this presentation, 
she lived independently performing all her activities of daily living. She presented 
about 3 and a half hours after symptom onset and was given intravenous r-tPA on 
arrival. Imaging at presentation showed a left M1 occlusion with favorable param-
eters on perfusion and non-contrast CT (Figs. 12.10 and 12.11). The patient was 
taken for endovascular treatment.

Fig. 12.9 Post- 
thrombectomy AP and 
lateral angiogram shows 
complete recanalization
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 Intervention and Outcome

The procedure was performed under conscious sedation. Femoral access was estab-
lished with an 8F sheath. A 90-cm 8F (0.88″) guide catheter was advanced over a 5F 
diagnostic catheter into the left common carotid artery just proximal to its bifurca-
tion. Angiography performed through the guide catheter confirmed the left MCA 
occlusion with good pial collateral (Fig. 12.12).

Because of the cervical ICA tortuosity observed on the CT angiography, a 6F 
(OD 0.079″, ID 0.060″) was advanced over a 150-cm 2.9F (OD 0.038″, ID 0.027″) 
microcatheter and a 0.014″ microwire through the cervical ICA into the intracranial 
circulation. The 8F guide catheter was then advanced over this construct into the 
proximal cervical ICA past the carotid bulb. The microcatheter over the wire was 
then advanced into the left inferior division and the position was confirmed with 
small puff of contrast. A 6 × 25-mm stent retriever was then deployed through the 
microcatheter with a push and pull technique from the inferior M2 division to proxi-
mal to the M1 origin. With the stent retriever in place, the microcatheter was 
removed allowing the intermediate catheter to advance up to the M1 origin. 
Angiography through the intermediate catheter showed recanalization through the 
stent retriever (Fig. 12.13).

Under vigorous manual aspiration from the intermediate catheter with a 60-cc 
syringe, the stent retriever was gently partially withdrawn into the intermediate 
catheter. Once there was loss of aspiration, the syringe suction was locked in place 
using a one-way valve switch. The partially withdrawn stent retriever and the inter-
mediate catheter were then removed in tandem through the guide catheter. Post- 
first- pass angiography showed minimal recanalization through the occluded MCA 
(Fig. 12.14).

The procedure was repeated a second time without the intermediate catheter with 
just the microcatheter which was navigated over a 0.014 microwire through the 8F 
guide catheter past the occluded MCA. However, this time the wire was advanced 

Fig. 12.10 The 24-hour MRI shows focal basal ganglia infarct (first image – diffusion-weighted 
image) with petechial hemorrhage (second image  – gradient echo) corresponding to the pre- 
procedure focal CBV core. The last image shows normalization of the CBF
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into the superior division followed by the microcatheter with position confirmed 
through gentle microcatheter injection. The same stent retriever was then deployed 
from the superior division into proximal to the M1 origin in the ICA terminus. 
Recanalization through the deployed device was observed on angiography. The 
device was then gently withdrawn under vigorous aspiration from the guide cathe-
ter. Once the device reached the guide catheter and was partially withdrawn into it, 
there was loss of aspiration. In a similar fashion as the previous case, aspiration was 

Fig. 12.11 The top half shows NCCT in the first column without significant early ischemic 
change. The middle column which is a coronal multiple intensity projection image of the CTA 
shows significant tortuosity in the cervical internal carotid arteries bilaterally, and the last column 
shows complete abrupt occlusion of the left M1 at its origin
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Fig. 12.12 AP projection from a left internal carotid artery angiogram confirms the tortuous left 
ICA with an M1 occlusion. The capillary phase shows good pial collaterals from the ACA

Fig. 12.13 The first image shows a gentle microcatheter injection in the M2 branch followed by 
deployment of the stent retriever in the second image. Intermediate catheter injection after removal 
of the microcatheter shows flow through the occluded M1 segment on the AP and lateral projections

Fig. 12.14 The first image shows almost no recanalization following the first pass. The second 
image shows microcatheter placement in the superior division followed by deployment of the stent 
retriever in the third image. The fourth image confirms flow through the stent retriever in the 
occluded middle cerebral artery
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locked at the 60-cc syringe and the guide catheter along with the microcatheter and 
the stent retriever were removed. Clot was observed on the microcatheter outside 
the body. The cervical ICA was accessed with the guide catheter for angiography 
which showed recanalization of the occluded left M1 segment with good distal per-
fusion (Fig. 12.15).

The patient had partial clinical recover post-operatively. Over the next 48 hours, 
she had persistent aphasia but improvement in the right hemiplegia. An MRI at 
48 hours showed left basal ganglia and localized frontal opercular infarct and pete-
chial hemorrhagic conversion in the basal ganglia without mass effect (Fig. 12.16).

Fig. 12.15 There is complete recanalization following the second pass with good capillary 
perfusion

Fig. 12.16 An MRI at 24 hours shows localized left basal ganglia infarct and petechial hemor-
rhage with normalization of the CBF
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She was discharged 6  days later to a rehabilitation unit and followed up at 
3 months at which time other than mild upper extremity deficit she had recovered 
from her neurological acute stroke presentation.

 Discussion

From a technical perspective, the discerning feature of the case is the cervical ICA 
tortuosity because of which an intermediate catheter was deployed. The first pass 
that was done with the intermediate catheter and the stent retriever did not result in 
meaningful recanalization. The second pass even though it was performed without 
an intermediate catheter and despite the cervical ICA tortuosity resulted in good 
recanalization (TICI 2B). The difference from the first pass was that the device was 
deployed in a different MCA branch than the first time, i.e., the superior division 
versus the inferior division. In vitro flow modeling studies show that an embolic clot 
to the MCA bifurcation often flips on itself with “limbs” of the clot extending into 
and occluding the bifurcation branches. Repeating the procedure after a failed first 
attempt by catheterizing the other M2 branch (in this case the superior division 
second time versus the inferior division in the first attempt) may help capture the 
longer “limb” of the flipped MCA clot and thus provide better traction in removing 
the entire clot.

From a clinical perspective, the relevant feature of the case is the patient’s 
advanced age. The life expectancy at birth continues to increase in the devel-
oped world, and the life expectancy at age 65 is increasing at a much higher rate 
than life expectancy at birth. The incidence and prevalence of stroke is highest 
in patients ≥80 years of age. The randomized clinical trials did show a benefit 
in all age groups, although some recent studies have shown persistent chal-
lenges in achieving good outcomes in the elderly. A major factor in elderly 
patients undergoing any surgical or interventional procedure, other than the 
comorbidities, is the baseline functional and cognitive status. A well-developed 
social or family support structure can be very helpful in the recovery of an 
elderly patient. Depression is a significant independent risk factor for stroke 
and depression and social isolation is significantly associated with poor recov-
ery following a stroke. Conversely, better cognitive and mental health corre-
lates with improved physical function and pre-stroke physical activity is 
associated with good outcomes following a large vessel stroke. Thus, older age 
by itself should not be an exclusion to therapy; however, patient selection 
should be more rigorous including an assessment of the level of independence 
and functional status and the level of family support versus isolation.
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 Case – 4 (Stent Retriever with Balloon Guide Catheter)

A 77-year-old man presented 50 minutes after acute onset of left-sided weakness. 
His presentation NIHSS was 23. Imaging was consistent with a right MCA syn-
drome secondary to an M1 occlusion (Fig. 12.17). The patient was administered 
intravenous thrombolytics and taken to the neurointerventional suite.

 Intervention and Outcome

The procedure was done under conscious sedation via a right transfemoral approach 
through an 8F sheath. An 8F balloon guide catheter was placed in the right common 
carotid artery; however, due to abdominal aortic tortuosity, this could not be 
advanced beyond the carotid bifurcation into the internal carotid artery. The femoral 
sheath was removed over the wire and the BGC was directly placed through the 
femoral artery increasing its workable length. It could now be advanced into the 
proximal internal carotid artery. An angiogram performed through the BGC 

Fig. 12.17 Coronal CTA 
image shows an occlusion 
beginning at the ICA 
terminus extending into the 
right M1
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confirmed the right M1 occlusion with pial collateralization from the anterior cere-
bral artery up to the proximal MCA branches (Fig. 12.18).

A 150-cm 2.9F (OD 0.038″, ID 0.027″) microcatheter and a 0.014″ microwire 
were navigated into the right internal carotid artery. The wire was manipulated 
across the occlusion through a very firm clot based on the tactile feedback. Attempts 
to advance the microcatheter over the wire were met with resistance at the clot face 
resulting in prolapse of the BGC. To stabilize the BGC, the balloon was inflated and 
“locked” in the cervical internal carotid which allowed the microcatheter to be 
advanced over the wire up to the mid-M1. A 6x25-mm stent retriever was then 
deployed from the distal M1 segment into the internal carotid artery in a standard 
unsheathing and push fashion to allow opening of the device (Fig. 12.19). A post- 
deployment angiogram showed good expansion of the device and flow through the 
MCA (Fig. 12.20). The microcatheter and device were then withdrawn under flow 
arrest and vigorous manual aspiration through the BGC using a 60-cc syringe. The 

Fig. 12.18 AP and lateral 
projections from a right 
internal carotid artery 
angiogram confirm the 
occluded right M1 with 
occlusion slightly 
extending into the ICA 
terminus

Fig. 12.19 The first image shows navigation of the microcatheter over the microwire with the tip 
of the microcatheter in the proximal M1. The second image shows balloon inflated at the guide 
catheter in the cervical ICA to help stabilize the guide catheter. The third image shows the deployed 
stent retriever
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device was withdrawn into the BGC and removed. There was visible clot entangled 
with the stent retriever. Post-retrieval angiogram showed complete recanalization 
(Fig. 12.21). The puncture to closure time was 28 minutes.

The patient had steady recovery over the next 24 hours and was discharged to 
home after 6  days with a discharge NIHSS of 2. The patient’s 24-hour MRI 
showed right basal ganglia and caudate infarct with petechial hemorrhage 
(Fig. 12.22).

Fig. 12.20 Angiogram shows flow through the stent retriever in the occluded middle cere-
bral artery

Fig. 12.21 Post-thrombectomy AP and lateral projections from a right ICA injection show com-
plete recanalization
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 Discussion

This is a relatively straightforward case of mechanical thrombectomy with a stent 
retriever and BGC. The use of a BGC has been associated with improved recanali-
zation and outcomes and reduced clot fragmentation in clinical studies as well as in 
in vitro experiments. However, randomized trials have shown relatively equal effi-
cacy of stent retriever and aspiration thrombectomy. Advances in novel stent 
retriever designs and large-bore aspiration catheters are aiming to enhance recanali-
zation rates, and the measure for procedural success for these newer devices will 
move to fast and complete recanalization with one pass. Inflation of the balloon in 
this case helped lock it in place and prevent prolapse during microcatheter 
advancement.

Administration of costly intravenous thrombolytics prior to mechanical throm-
bectomy has not been shown to improve procedural success or long-term clinical 
outcomes. As access to endovascular stroke care improves, it is possible that it will 
follow the trajectory of acute coronary syndromes where intravenous thrombolytics 
are reserved for cases when immediate endovascular intervention is not available. 
Newer thrombolytics with shorter administration duration and safer profiles may 
enhance the endovascular procedure. Similarly, clinical trials studying efficacy of 
neuroprotective agents may also show improved stroke outcomes with adjunctive 
use of these agents in endovascular stroke interventions.

Fig. 12.22 The 24-hour MRI shows focal basal ganglia infarct (first image – diffusion-weighted 
image) with petechial hemorrhage (second image  – gradient echo) corresponding to the pre- 
procedure focal CBV core. The last image shows normalization of the CBF
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Chapter 13
Thrombectomy for Basilar Occlusion: 
Approach and Strategy

Amin Aghaebrahim, Mohamad A. Asfour, John J. Entwistle, 
Manuel F. Granja, and Ricardo A. Hanel

 Background

Posterior circulation strokes represent 20% of all ischemic strokes. Several different 
factors including onset of symptoms, location of the occlusion, infarct size, and 
management strategies constitute major challenges for the treating physicians [1]. 
Vertebrobasilar occlusion strokes (VBOS), also known as posterior circulation 
emergent large vessel occlusions (pc-ELVO), represent 1% of all ischemic strokes 
and 5% of all large vessel occlusion strokes. They are associated with a mortality 
rate of approximately 90% as well as severe neurological dysfunction in 65% of 
post-VBOS survivors [2, 3].

The basilar artery is the main vessel of the posterior circulation and supplies the 
majority of the brainstem, occipital lobes, and parts of the cerebellum and thalami. 
Because of the diversity and sensitivity of the areas that are supplied by this crucial 
vessel, patients with acute basilar artery occlusion can present symptoms that range 
from cranial nerve palsy or hemiparesis to locked-in syndrome or coma. Basilar 
artery occlusive disease most commonly presents as ischemia in the pons with the 
most extensive damage subjected to the midline.

Modern endovascular thrombectomy (ET) approaches have demonstrated supe-
riority in reducing the mortality and disability in selected patients with anterior 
ischemic stroke (AIS) secondary to a large vessel occlusion [4]. However, none of 
the previous randomized trials included a population of patients with posterior 
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circulation stroke [5–9]. Although the American Heart Association guidelines rec-
ommend ET for select patients with VBOS (class IIb, level of evidence C) [10], 
there have not been any definite randomized trials in this population to date [11]. 
There are however retrospective and prospective trials looking at this disease. 
BASIC, for example, was a prospective trial which analyzed 592 patients, of which 
183 were treated with medical therapy, 121 received IV-tPA, and 288 received intra- 
arterial therapy. Overall, 68% of those studied had poor outcomes with no one treat-
ment showing any statistically significant superiority over the others. The BEST 
trial [12] randomized 131 patients at 28 Chinese sites within 8 hours of stroke onset. 
Although slow recruitment and crossovers significantly fogged the results of the 
intention-to-treat analysis, the per-protocol and as-treated analysis both showed 
superiority of thrombectomy when compared with best medical management. The 
study’s primary endpoint of a modified Rankin Scale (mRS) of 0–3 at 90 days after 
treatment was 44% in 63 patients who underwent thrombectomy and 26% in the 51 
patients randomized to best medical therapy. This trial reached statistical signifi-
cance unlike the BASIC trial. The progressive loss of equipoise for endovascular 
therapy for severe ELVO makes this data the best evidence available up to date. Due 
to the superiority in therapeutic effect of thrombectomy in anterior circulation 
strokes, it is unlikely that there will ever be a randomized trial comparing thrombec-
tomy vs. medical management in VBOS attempted in the USA.

 Anatomy

 The Vertebrobasilar Arterial System (VBAS)

The vertebral arteries (VAs) originate from the right and left subclavian arteries. 
They run posterosuperiorly behind the anterior scalene muscle and travel through 
the foramina of the transverse processes of the sixth and seventh cervical vertebrae. 
From here, they traverse the transverse foramen at C6 and ascend vertically to C2 to 
finally reach the foramen magnum where they pierce the dura. The VAs are com-
monly divided in four classic anatomical segments described by Huber in 1979 
(Table 13.1, Figs. 13.1, and 13.2).

Table 13.1 Segments of the vertebral artery

V1 Is the most proximal segment from the origin of the vertebral artery to the point of entry in 
the transverse foramen of C6

V2 Ascends along with vertebral veins and sympathetic nerves through the transverse foramina 
of C6 to C2

V3 From the exit of the transverse foramen of C2 to its entrance into the spinal canal and 
piercing of the posterior atlanto-occipital membrane

V4 Intracranial portion after entering the dura. It reaches the pontomedullary sulcus where it 
forms the basilar artery
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Fig. 13.1 Magnetic 
resonance angiography 
(MRA) showing an 
otherwise normal basilar 
artery (BA) with a 
left-sided deviation in the 
context of a hypoplastic 
left vertebral artery 
(L-VA). P1 to P4 segments 
of the posterior cerebral 
artery can also be 
identified (P1-P4)

Fig. 13.2 Lateral 
angiogram showing the 
V2-V4 vertebral artery 
segments

13 Thrombectomy for Basilar Occlusion: Approach and Strategy



174

 The Basilar Artery (BA)

The VAs merge at the pontomedullary junction giving rise to the basilar artery 
(BA). This important vessel travels rostrally along the ventral medulla and basis 
pontis to bifurcate into the right and left posterior cerebral arteries at the ponto-
mesencephalic junction. The BA is embryologically derived from the fusion of 
the longitudinal neural system and often deviates to one side, as its curvature 
usually tends toward the opposite side of the larger vertebral artery (Fig. 13.1). 
This may result from a congenital asymmetric blood flow to the vertebrobasilar 
junction with consequent asymmetric vessel wall tension and elongation of the 
BA. The stress may result in endothelial injury, thrombosis, and pre- and post-
junctional infarctions. Pontine infarctions usually occur contralateral to the site 
of the BA displacement in 72% of patients, whereas PICA territory infarcts 
occurred ipsilateral to the hypoplastic vertebral artery in almost the same rate of 
patients [13, 14].

 Common Anatomical Variations of the Vertebrobasilar System

The vertebrobasilar system and its major cerebellar arteries are characterized by 
a high degree of variability in comparison to the vascular anatomy of the ventral 
brainstem which is more constant and reliable. Viewing the arterial system of 
the brainstem and cerebellum as a natural extension of the segmental arrange-
ment found in the spinal cord will facilitate the understanding of the myriad 
variations to which the basilar artery and its daughter vessels are subjected 
[15, 16].

• Asymmetric vertebral arteries (VAs) are present in up to two-thirds of individu-
als. Approximately 70% of people have a left dominant vertebral artery which is 
associated with pontine infarcts and posterior circulation strokes affecting the 
brainstem and cerebellum [17].

• An incomplete circle of Willis is another common anatomical variation that can 
be seen in up to 60% of the population and has no significant pathologic associa-
tions [18].

• The most common carotid-vertebrobasilar anastomosis is a persistent primitive 
trigeminal artery (PPTA). It is usually unilateral and can be observed in 0.1–0.6% 
of cerebral angiograms. PPTA usually arises from the junction between the 
petrous and cavernous internal carotid artery (ICA) segments (Figs.  13.3 
and 13.4).

• Fenestration of the vertebrobasilar junction is present in 0.3–0.6% of the popula-
tion and is usually associated with the formation of aneurysms of the posterior 
cerebral arteries [19].
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 The Artery of Percheron

The rostral mesencephalon and both paramedian thalami are supplied by the artery 
of Percheron that originates from P1, the most proximal segment of the posterior 
cerebral artery (PCA). Strokes in the aforementioned territories are often secondary 
to proximal embolisms of this well-known variant ending up with asymmetric tha-
lamic involvement in approximately 66% of cases and midbrain infarction in almost 
50% of the cases [20].

a b

Fig. 13.3 Vertebral angiogram. (a) AP view and (b) lateral view of a persistent trigeminal artery 
(PPTA) that originates from the left internal carotid artery (L-ICA)

Fig. 13.4 Vertebral 
angiogram, AP view. The 
P1 to P4 segments of the 
posterior cerebral artery 
(PCA) can be identified 
along with mild vasospasm 
of the basilar artery 
(arrows)
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 Fetal Posterior Cerebral Artery (fPCA)

An fPCA is a posterior cerebral artery that arises directly from an intracranial seg-
ment of the ICA. A complete fPCA originates from the internal carotid artery with-
out any connection to the basilar artery. On the other hand, a partial fPCA has a 
hypoplastic connection with the BA. Every time that two fPCA coexist, there is a 
small-caliber BA because no mesencephalic, temporal, or occipital blood flow 
comes from it. There is no proven association between bilateral or unilateral fPCAs 
and stroke in any vascular territory [1, 21].

 Posterior Cerebral Artery (PCA)

In the human embryo, the PCA originates as a branch of the ICA. The basilar artery 
divides into the two PCAs at the level of the interpeduncular fossa under the floor of 
the third ventricle. Hypertension and atherosclerosis can elongate this artery which 
bulges to the floor of the third ventricle. The posterior communicating artery 
(PComA) originates as a connection between the PCA and the ICA, but it can also 
regress creating an incomplete circle of Willis. The PCAs are classically divided 
into four anatomical segments described by Huber in 1979 (Fig. 13.5 and Table 13.2).

a b c

Fig. 13.5 Acute basilar tip occlusion. (a) Computed tomography angiography and coronal maxi-
mal intension projection demonstrating a total obstruction of the basilar artery in a patient with an 
NIHSS of 16. (b) Digital subtraction angiography left vertebral injection demonstrating suboc-
clusive clot at the tip of the basilar and right P1 occlusion. (c) Post-thrombectomy angiography 
demonstrating complete revascularization of the basilar artery and P1 segment (TICI 3)

Table 13.2 Segments of the posterior cerebral artery

P1 From the origin at the basilar artery to the junction with the PComA
P2 Surrounds the midbrain
P3 Over the surface of the quadrigeminal plaque
P4 Give rise to parieto-occipital branches supplying the medial surface of the parietal 

lobe
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 Clinical Presentation of Posterior Circulation Stroke

Basilar occlusion is usually associated with a significant delay in primary presenta-
tion mostly due to its non-specific presentation. Gradual loss of consciousness, nau-
sea, headache, dizziness, imbalance, gait disturbance, double vision, and unilateral 
weakness may suggest an ongoing posterior circulation stroke. There is significant 
variation in symptoms presentation according to the specific segment of the BA that 
is occluded.

• An occlusion of the proximal BA can result in “locked-in” syndrome with quad-
riplegia, bilateral facial plegia, anarthria, horizontal gaze paresis, and sparing of 
the vertical gaze movements and blinking. Reduced consciousness and several 
cranial nerve palsies may also be seen.

• A mid-basilar occlusion may result in lateral and mid-pontine syndrome with 
ipsilateral loss of facial sensation and ipsilateral ataxia.

• Distal BA artery occlusion also known as top of the basilar syndrome usually has 
an embolic etiology and may present as motor dysfunction, vivid hallucinations, 
and somnolence. This anatomical location can also present with decreased con-
sciousness and oculomotor and pupillomotor dysfunction.

One of the major considerations in the clinical evaluation of patients with a 
stroke of the posterior circulation is the inherent limitation of the National Institutes 
of Health Stroke Scale (NIHSS). Its main focuses are on limb and speech impair-
ment, specifically involving the more common left-dominant hemisphere with less 
emphasis on cranial nerve lesions. The NIHSS is not as accurate for posterior circu-
lation stroke diagnosis. Even patients with a posterior circulation emergent large 
vessel occlusion can score 0 on the NIHSS with non-specific symptoms such as 
nausea, vertigo, or headache. Due to difficulty in timely recognition of the posterior 
circulation stroke, there may be significant delay in neurological evaluation and 
door to needle time for intravenous tPA or longer time from door to groin puncture 
in these patients that are considered candidates for endovascular thrombectomy 
(Figs. 13.6 and 13.7).

 Role of Computed Tomography, Digital Subtraction 
Angiography, and Magnetic Resonance Imaging in Acute 
Occlusion of the Basilar Artery

Vascular imaging should always be included in the evaluation of any patient with 
clinical signs that suggest a pc-ELVO. Computed tomography angiography (CTA), 
digital subtraction angiography (DSA), and magnetic resonance angiography 
(MRA) are the primary imaging modalities to identify large vessel occlusion in a 
patient with a posterior circulation stroke. Non-contrast CT is usually the first-line 
imaging modality to exclude intracranial hemorrhage even though it may not be 
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very accurate to show early signs of ischemia in the posterior circulation. Up to 
83% of patients with a partial or complete basilar artery occlusion can have a 
hyperdense basilar artery visible on a non-contrast CT scan [22]. CTA evaluation 
of patients with posterior circulation stroke also carries an important prognostic 
value. A hyperdense basilar artery has been identified as an independent predictor 
of a poor outcome at 6 months. A favorable posterior circulation collateral score 
and patency of the distal third of the basilar artery has been linked to a modified 
Rankin Score (mRS) of ≤3 at 90 days [22, 23]. Similarly, the presence of bilateral 
posterior communicating arteries in the pretreatment CTA was associated with a 
favorable outcome after endovascular treatment, whereas having a posterior circu-
lation ASPECTS (pc-ASPECTS)  <  8 has been linked with an increased risk of 
mortality [24–26]. Although initially described using CTA source images, pc-
ASPECTS is frequently calculated using diffusion-weighted sequences (DWI). 
When scoring a pc- ASPECTS, one point is subtracted for any ischemic change in 
the right or left thalamus, cerebellum, or posterior cerebral artery territories, 
whereas two points are subtracted whenever an ischemic change is observed in the 
midbrain or pons [27]. Another important CTA-based scoring tool is the Basilar 
Artery on Computed Tomography Angiography (BATMAN) score. This score is a 
ten-point grading system that incorporates thrombus burden and the presence of 
collaterals. The BATMAN score allocates two points for each PCom or one point 

a b

c d

Fig. 13.6 Acute basilar tip occlusion in an 89-year-old female who presented with altered mental 
status and an NIHSS of 13. Patient last known well was 10 hours before presentation. (a) CT perfu-
sion demonstrates a favorable mismatch volume as well as good collateralization with a hypoper-
fusion intensity ratio (hypoperfusion index) of 0.1. Pre-thrombectomy CT coronal MIP projections 
(b) and lateral angiography (c) demonstrating a basilar tip obstruction. Post-thrombectomy coronal 
angiography (d) after first pass with aspiration catheter only (TICI 3). Neuron MAX + ACE 68 
aspiration only
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for a hypoplastic PCom defined as being smaller than 1 mm. It also allocates one 
point if either intracranial vertebral artery is patent, one point for each open seg-
ment of the basilar artery (i.e., the proximal, middle, and distal basilar segments), 
and one point for each permeable P1 segment of the PCA for a total of ten points. 
When compared with the posterior circulation collateral score (PC-CS), BATMAN 
score was found to be more prognostically accurate than PC-CS in both ROC and 
logistic regression analysis with a higher interrater agreement for the BATMAN 
score [28]. DWI sequences are considered a powerful imaging tool, especially for 
late arrivals to exclude patients with a poor pc-ASPECTS or large core infarcts 
before they are taken to the angiosuite for further intervention (AHA class I, level 
of evidence c-LD).

a b

c

d e

Fig. 13.7 Basilar tip occlusion in a 79-year-old male presenting with aphasia and global weak-
ness. NIHSS of 20. Intravenous thrombolysis was given 2  h after symptoms onset. (a) Pre- 
thrombectomy lateral angiography demonstrating a mid-basilar obstruction (TICI 0). (b) 
Post-thrombectomy coronal angiography after manual aspiration. There is flow through the basilar 
artery (TICI 3); however, there is evidence of high-grade mid-basilar atherosclerotic stenosis. (c) 
CT perfusion demonstrates a favorable mismatch volume with an 8-mL infarct core. (d) Coronal 
angiography while performing balloon angioplasty, 2.75 × 15 mm. (e) Coronal angiography pro-
jection after successful (TICI 3) recanalization, balloon angioplasty, and Wingspan stent, 4x20 mm 
(arrow points to proximal stent marker)
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 Thrombectomy Techniques for the Treatment of Acute Basilar 
Artery Occlusion

Early recanalization is the standard of care for stroke. Interventions have included 
intravenous tissue-type plasminogen activator (IV-tPA), intra-arterial tissue-type 
plasminogen activator (IA-tPA), and mechanical thrombectomy. Randomized trials 
have shown the safety and efficacy of intravenous thrombolysis given within 
4.5 hours, and more recently they have shown very good clinical outcomes after 
endovascular thrombectomy as it has been evidenced in both early and late window 
trials for strokes in the anterior circulation [29, 30]. The BASICS (Basilar Artery 
International Cooperation Study) registry [31] reported no benefit from intra- arterial 
treatment versus medical therapy alone. However, modern thrombectomy devices 
were not utilized during this prospective registry.

A more recent published registry, ENDOSTROKE, enrolled 148 patients with 
angiography-proven BAOs between January 2011 and June 2013. A total of 84% of 
patients were treated with a stent retriever either as the only device or in combina-
tion with others. Good clinical outcome (mRS = 0–2) was reached by 34% and 
moderate clinical outcome (mRS = 0–3) by 42%. In this cohort of patients, lower 
National Institutes of Health Stroke Scale (NIHSS) score, use of MRI, and better 
collateralization status independently predicted a good clinical outcome. 
Recanalization was achieved in 79% but was not found to be a predictor of good 
outcome [32].

Although mechanical thrombectomy has been validated through multiple inter-
national randomized controlled studies for anterior stroke [29], BAO patients have 
been commonly excluded from all of these papers except for one of them, the 
THRACE trial (THRombectomie des Artères CErebrales) that only included few 
patients with acute BAO [33]. The exact relationship between reperfusion and out-
come is not fully understood at this moment. However, recent studies have shown a 
full range of imaging and clinical predictors based on retrospective case series [12, 
34, 35].

In general, patients who present with acute basilar artery occlusion are taken for 
thrombectomy if plain CT does not show a large stroke or bleed. If a significant 
amount of time has passed since initial presentation, an MRI can be utilized to 
assess infarct burden. However, the prognosis of an acute basilar artery occlusion 
is very poor if not revascularized as soon as possible. Due to presence of contralat-
eral vertebral artery and vertebral artery luminal size, a balloon catheter for proxi-
mal occlusion is typically not used. Otherwise the technique can be similar to 
thrombectomy for the anterior circulation. When symptoms are mild, thrombotic 
occlusion secondary to a plaque rupture of intracranial atherosclerotic disease 
(ICAD) is the most likely etiology. In this scenario close attention should be given 
to the CT angiography looking for proximal cervical occlusion or multiple seg-
mental ICAD. On the other hand, young patients with a history of trauma or cervi-
cal manipulation suggest dissection. No matter the etiology, adequate access to the 
BA needs to be achieved. In most cases, since BA occlusion has less tortuosity, 
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pure aspiration by accessing the proximal clot can be achieved without crossing the 
clot. A trial with primary aspiration thrombectomy using the Direct Aspiration 
First-Pass Technique (ADAPT) should always be considered first. A retrospective 
review of 436 acute ischemic stroke patients who underwent mechanical throm-
bectomy using ADAPT included 57 (13%) patients with vertebrobasilar occlu-
sions, and the posterior circulation group had a similar likelihood of good outcome 
compared with the anterior group (42.9% vs. 43.2%, respectively). A stent retriever 
can also be utilized for thrombectomy. Oftentimes, it may be necessary to access 
the proximal PCA in order to deploy the stent or to be able to get a more distal 
position for the aspiration catheter. A retrospective review of 161 patients with 
large vessel occlusion who underwent thrombectomy with stent retriever included 
a total of 24 BAOs. In this study, mortality was higher in the group with a BA 
occlusion, but successful recanalization was associated with a more favorable mRS 
at 90 days [36]. If the aspiration catheter is unable to access the face of the clot 
without crossing the lesion with microcatheter and microwire, a stent retriever 
deployment can be achieved after delivery of the microcatheter distal to the 
assumed location of the clot. Challenging cases such as those presenting with 
chronic bilateral vertebral artery occlusions have limited anterograde access. In 
this case, a retrograde access though a trans- PCom may be considered a feasible 
alternative. Another challenging case may be seen when an embolic basilar occlu-
sion is secondary to a thrombotic occlusion of the vertebral ostium. A contralateral 
approach should be used to open the BA. However, a revascularization of the larger 
vertebral ostium is often required with upfront stenting allowing a large-bore aspi-
ration catheter through the stenotic segment to continue to the intracranial 
occlusion.

 Anticoagulation and Antiplatelet Therapy After Endovascular 
Treatment of Acute Basilar Artery Occlusion

Dual antiplatelet therapy (DAT) was found to reduce the incidence of early neuro-
logical deterioration and early recurrent ischemic strokes by 15% in patients with 
posterior circulation or basilar artery stenosis.

After thrombectomy in patients with an acute BAO, some hospitals elect to start 
adjunctive anticoagulation therapy in the hyperacute setting. A study conducted at 
the University of Helsinki examined 211 patients with angiography-proven basilar 
artery occlusion who were subsequently treated with IV thrombolysis and either 
unfractionated heparin (UFH) or LMWH. The study concluded that in patients with 
BAO, the rate of symptomatic intracranial hemorrhage (sICH) was 0% vs. 14.9% in 
LMWH and UFH, respectively, in patients with an mRS score of 0–2. On the other 
hand, patients with an mRS score of 5–6 showed a significant difference in the risk 
of ending up bedridden or deceased with 34.5% vs. 63% in favor of LMWH [37]. In 
another study at the Semmelweis University Heart and Vascular Center in Budapest, 
it was concluded that the immediate treatment of occlusion underlying stenosis, 
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particularly BAO, with stents and DAT correlated to an overall improved survival 
and better functional outcomes [38]. Thus the role of DAT and anticoagulation ther-
apy is quite promising in the overall prognosis of patients with basilar artery 
occlusion.
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Chapter 14
Carotid Terminus Occlusion

Sami Al Kasab, Eyad Almallouhi, and Alejandro M. Spiotta

 Characteristics and Classification

Acute carotid terminus occlusion (CTO) causes about 5% of ischemic strokes sec-
ondary to emergent large vessel occlusion (ELVO) and about 20% of internal carotid 
artery (ICA) occlusions [1–4]. The term“CTO” has also been used to describe ICA 
occlusions in the supra-clinoid segment or ICA bifurcation [3, 5]. Previous studies 
have reported that approximately 80% of CTOs are caused by cardioembolic etiol-
ogy [3]. Patients with CTO present with higher stroke severity and infarction vol-
ume compared to patients who present with proximal middle cerebral artery (MCA) 
or more proximal ICA occlusions [1–3, 6–9], likely as an end result of disruption of 
direct circle of Willis collaterals across the anterior communicating artery (Acom). 
However, collateral cerebral circulation plays an important role in determining out-
comes of CTO, and multiple classifications have been proposed depending on the 
clot morphology and the collaeral circulation at the circle of Willis [9, 10]. One 
classification categorized CTOs on conventional cerebral angioram into (1) ICA-I 
clot, occlusion of the ICA terminus with reconstitution of the proximal portions of 
the MCA and anterior cerebral artery (ACA); (2) ICA-L clot, occlusion of the ICA 
terminus and proximal portion of the MCA with a partial or complete patency of the 
ipsilateral proximal ACA; and (3) ICA-T clot, occlusion of ICA terminus with the 
proximal portions of MCA and ACA [10]. A study by Liebenskind et al. included 
72 patients with CTO and found that ICA-I occlusions required a smaller average 
number of attempts to recanalize with the MERCI device [10]. Also, the authors 
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found that collateral flow through the Acom was a strong predictor of recanalization 
success and long-term independence.

Another classification suggested by Lee et al. categorized CTO into (1) simple 
CTO, with patent A2 segment of ACA (via Acom) and posterior cerebral artery 
(PCA) (via posterior communicating artery (Pcom) of P1 segment of PCA), or (2) 
complex CTO, if they do not meet any of the previous criteria [9]. The authors 
found that infarction volume for simple CTO was about one-fifth and favorable 
outcome was about five times higher compared to complex CTO [9].

 Imaging

Although CTOs are commonly seen in daily practice, diagnosis remains a chal-
lenge without invasive cerebral vascular imaging [11–15]. Originally described 
by Kniemeyer et  al., multiple studies evaluated the cervical carotid “pseudo-
occlusion” phenomenon, which describes non-opacification of contrast on single-
phase computed tomography angiography (CTA) in the cervical portion of ICA, 
resulting from a downstream occlusion in distal portions of the intracranial ICA 
[14, 16]. The resultant stagnant column of blood in the cervical ICA without an 
outlet creates an apparent filling defect on CTA by lack of contrast penetration, 
giving the appearance that the cervical carotid is occluded just beyond the bifur-
cation. As a result, CTA may overestimate the extent of occlusion compared with 
conventional cerebral angiogram [16]. One suggested solution to determine a real 
cervical occlusion vs. pseudo-occlusion is to use delayed contrast-enhanced com-
puted tomography (CT) [16]. However, Wareham et  al. showed that delayed 
imaging was able to show contrast beyond the cervical segment in only 2 out of 
11 acute stroke patients with cervical pseudo-occlusion [12]. On the other hand, 
Munich et al. were able to identify CTO in three out of three patients who had 
cervical pseudo-occlusion on traditional CTA using time-resolved whole-head 
CTA (4D CTA). Finally, color Doppler-assisted duplex imaging (CDDI) or mag-
netic resonance angiography (MRA) can be used to identify cervical pseudo-
occlusion, but their use may not be feasible in the setting of acute stroke in most 
centers [17, 18]. In addition, Furst et al. found that the specificity and sensitivity 
for traditional CDDI, 2D MRA, and 3D MRA in identifying cervical pseudo-
occlusion vs. complete occlusion were 0.92 and 0.70, 1.0 and 0.65, and 0.89 and 
0.47, respectively.

A study by Diouf et al. included 37 stroke patients with CTA showing lack of 
attenuation in the cervical portion of ICA, and 12 (32.4%) of them had pseudo- 
occlusion [11]. Another study in the United Kingdom evaluated the imaging char-
acteristics of 26 patients with CTO, 13 of which had cervical pseudo-occlusion, and 
found that predictors of having this phenomenon are thrombus extension to the 
ophthalmic segment of ICA and patency of the posterior communicating artery and 
ophthalmic artery [12]. Importantly, Grossberg et al. found that while patients with 
cervical pseudo-occlusion had significantly lower chances of achieving complete 
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reperfusion with mechanical thrombectomy, there was no difference in the long- 
term mortality and functional independence [13].

 Prognosis and Response to Treatment

Acute ischemic strokes secondary to CTO are associated with worse prognosis 
compared to other ELVOs in general [1, 2, 6–8]. In a study by Lee et al., three out 
of ten patients with acute CTO achieved complete recanalization with mechanical 
thrombectomy (using a combination of the stent retriever and Penumbra system), 
and none of the patients who received intravenous thrombolysis without mechanical 
thrombectomy achieved complete recanalization [6].

Another study evaluated the recanalization rate with intravenous thrombolysis 
according to the occlusion site [1]. Authors found that the odds of achieving com-
plete recanalization for a proximal MCA was seven times higher than CTO [1]. In 
addition, none of the 14 patients with CTO who were included achieved early recov-
ery (National Institutes of Health Stroke Scale ≤ 2 at 24 hours), and only 2 of them 
had favorable functional outcome (modified Rankin scale ≤ 1) at 90 days [1]. In 
addition, von Kummer et al. demonstrated that the recanalization rate for patients 
with CTO is about half compared to patients with proximal MCA occlusion with a 
combination of intraarterial and intravenous thrombolysis [19]. The authors hypoth-
esized that CTO clots are more likely to be organized or calcified which can explain 
the poor response rate to thrombolysis [19].

In our experience, we have found that successful recanalization of CTO can be 
achieved with a similar approach to M1 occlusions utilizing a direct aspiration first- 
pass technique (ADAPT). With ADAPT, the most common protocol we use is an 8 
French sheath, commonly a Neuron 088 Max (Penumbra, Oakland, California, 
USA) or 088 Infinity (Stryker Neurovascular, Fremont, California, USA). This is 
advanced to the distal cervical internal carotid artery over an insert and guidewire. 
The insert and guidewire are then removed, and a large-bore aspiration catheter is 
advanced over a microcatheter and microwire to the level of clot. We commonly use 
a 3MAX microcatheter (Penumbra) and 0.016 inch Fathom wire (Boston Scientific 
Corp., Natick, Massachusetts, USA). Most commonly used aspiration catheters in 
our practice are a JET 7 0.072 (Penumbra) and AXS Vecta 0.071 (Stryker). First the 
microcatheter and microwire are advanced past the clot to the distal M1 segment in 
cases of CTO. Then, as the large-bore aspiration catheter is approaching the clot, the 
microcatheter and microwire are withdrawn while advancing the aspiration catheter 
“railroad technique.” The simultaneous pushing forward of the aspiration catheter 
while removing the 3MAX and wire helps deliver the catheter smoothly and navi-
gate tortuosity including the carotid siphon. As the aspiration catheter is advanced 
to the level of the occlusion and beyond, the 3MAX and microwire should be with-
drawn into the aspiration catheter so the clot is ingested with an “open mouth” 
catheter tip. As the 3MAX and microwire are withdrawn entirely from the catheter 
system, gentle forward pressure on the aspiration catheter will allow it to travel 
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another 0.5–1 cm into the M1 segment. At this point, the aspiration catheter has 
entirely ingested the thrombus, and connecting the proximal end of the catheter to 
aspiration tubing and applying negative pressure via the pump will purge the cath-
eter of the thrombus. In our experience, this technique helps in better engagement of 
the clot with the aspiration catheter and prevents distal embolization. It is critical to 
size the aspiration catheter closely to the target vessel and select the largest catheter 
that the vessel can safely accommodate.

 Case Presentation

 Case 1

A middle-aged man presented with acute-onset left-sided weakness. Patient had a 
past medical history of hypertension, hyperlipidemia, diabetes mellitus, atrial fibril-
lation, congestive heart failure, and end-stage renal disease. He was last seen well 
40 minutes prior to arrival to the emergency department. His National Institutes of 
Health Stroke Scale (NIHSS) was 21. Computed tomography of the head showed 
hypoattenuation of the gray-white matter junction in the right frontal area. Computed 
tomography angiography (CTA) of the head and neck showed tapered occlusion of 
the cervical right internal carotid artery (Fig. 14.1a). Patient received intravenous 
alteplase and was taken for mechanical thrombectomy. Angiography of the common 
carotid artery showed sluggish antegrade flow of the cervical internal carotid artery 
with complete occlusion at the carotid terminus (Fig. 14.1b, c). Aspiration throm-
bectomy was performed with resultant TICI 3 flow (Fig. 14.1d).

 Case 2

A middle-aged woman presented with right-sided weakness and inability to speak. 
Patient had a history of hypertension, coronary artery disease, and end-stage renal 
disease. She was last seen well 11 hours prior to presenting to the hospital. Her 
National Institutes of Health Stroke Scale (NIHSS) was 22. Computed tomography 
of the head showed subtle loss of the gray-white matter differentiation in the left 
insular region. Computed tomography angiography of the head and neck showed 
occlusion at the left carotid terminus and M1 segment (Fig.  14.2a). Patient was 
taken for mechanical thrombectomy with resultant TICI 3 revascularization follow-
ing 1-pass aspiration (Figs. 14.2b, c).
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a b

c d

Fig. 14.1 (a) CTA of the neck shows tapered occlusion of the internal carotid artery just distal to 
the bifurcation. (b) DSA shows patent cervical internal carotid artery. (c) DSA shows complete 
occlusion at the carotid terminus. (d) DSA shows complete revascularization of the carotid termi-
nus following mechanical thrombectomy
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Chapter 15
Thrombectomy for Acute Occlusion 
in Intermediate-Sized Distal Arteries

Angelique Sao Mai S. Do, Robin M. Babadjouni, and Michael J. Alexander

 Introduction

The evolution of endovascular treatment for acute stroke due to large vessel occlu-
sion (LVO) has rapidly progressed since the publication of the major mechanical 
thrombectomy trials in 2015 and subsequent studies [1–5]. This has provided class 
1, level A evidence that mechanical thrombectomy should be performed in patients 
with acute large vessel occlusion within 6 hours if there is not already a large com-
pleted infarction and in patients within 24 hours of onset of stroke symptoms if their 
brain perfusion profile is favorable and they have met other clinical criteria [6, 7]. 
Most mechanical thrombectomy studies have focused on LVO within the intracra-
nial internal carotid artery and M1 segment of the middle cerebral artery (MCA) 
(Table 15.1). Several trials have also included M2 MCA occlusions [8–15] and ver-
tebral artery or basilar artery occlusions. There has been less emphasis on acute 
stroke due to intermediate-sized arterial occlusions, such as anterior cerebral artery 
(ACA), M3 or M4 MCA, or posterior cerebral artery (PCA) occlusions [16, 17].

Occlusions in the more distal intermediate-sized arteries are less likely to have 
very high National Institutes of Health Stroke Scale (NIHSS) scores, but can have 
very functionally incapacitating strokes. ACA occlusions can result in hemiparesis 
or hemiplegia, abulia, supplementary motor region strokes, and other symptoms. 
M3–M4 occlusions may result in aphasia or hemiplegia, particularly if the occlu-
sions are in frontal opercular or rolandic branches, respectively. PCA occlusions 
may lead to severe thalamic strokes, cortical neglect syndromes, pronounced visual 
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field deficits, and others. Distal artery occlusions may present primarily, or may 
occur as a sequela of an LVO thrombectomy. The latter may be distal embolus from 
the primary occlusion, e.g., M4 occlusion following an M1 thrombectomy, or an 
incipient embolus from thrombectomy of an adjacent vessel, e.g., de novo A1 occlu-
sion following an M1 thrombectomy.

Intravenous lytic therapy for intermediate-sized arteries is more effective than 
for treatment of large vessel occlusions, since the clot burden is considerably less 
[18]. However, intravenous lytics may still be an ineffective therapy for revascu-
larization, or patients may be out of the time window for such treatment. This 
leaves endovascular thrombectomy as the only interventional treatment for these 
patients.

While several studies included a sparse number of these intermediate artery 
occlusions within the larger studies, the AHA/ASA (American Heart Association/
American Stroke Association) guidelines only gave recommendation for thrombec-
tomy in LVO (large vessel occlusion) strokes. For more distal, intermediate-sized 
arteries, the AHA/ASA does not state that thrombectomy is recommended but does 
state that it may be reasonable [19].

Table 15.1 Early mechanical thrombectomy trials for LVO (large vessel occlusion) and the 
incidence of distal artery thrombectomies in these trials

Intervention Location (number and percentage)

MR CLEAN 
[1]

SOC vs SOC + IA treatment
Intra-arterial thrombolytic (alteplase 
or urokinase) +/− thrombectomy

Intracranial ICA = 1/233 (0.4)
ICA with M1 = 59/233 (25.3)
M1 = 154/233 (66.1)
M2 = 18/233 (7.7)
A1 or A2 = 1/233 (0.4)
Extracranial ICA = 75/233 (32.2)

ESCAPE [2] SOC vs. SOC + thrombectomy ICA with M1 = 45/163 (27.6)
M1 or all M2 = 111/163 (68.1)
Single M2 = 6/163 (3.7)

REVASCAT [3] SOC vs. SOC + thrombectomy with 
solitaire stent retriever

ICA with M1 = 26/102 (25.5)
M1 = 66/102 (64.7)
M2 = 10/102 (9.8)
Ipsilateral cervical carotid = 19/102 
(18.6)

SWIFT PRIME 
[4]

IV tPA vs. IV tPA + thrombectomy 
with stent retriever

ICA = 17/93 (18)
M1 = 62/93 (67)
M2 = 13/93 (14)

EXTEND IA 
[5]

IV tPA vs. IV tPA + thrombectomy 
with solitaire stent retriever

ICA = 11/35 (31)
M1 = 20/35 (57)
M2 = 4/35 (11)

DEFUSE [6] SOC vs. SOC + thrombectomy ICA = 32/92 (35)
M1 = 60/92 (65)

DAWN [7] SOC vs. SOC + thrombectomy ICA = 22/107 (21)
M1 = 83/107 (78)
M2 = 2/107 (2)

Note the very low enrollment of patients with distal artery occlusions (in bold)
SOC standard of care, IA intra-arterial, ICA internal carotid artery, tPA tissue plasminogen activator
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Grossberg et  al. [16] retrospectively analyzed a single-institution series of 69 
patients with distal occlusions. This included 45 patients with the distal occlusion as 
the primary treatment location, 23 patients with a distal occlusion following an LVO 
thrombectomy, and 1 patient who had both primary and rescue treatment. The ves-
sels treated included 32 M3 segments, 25 ACA segments, and 7 PCA segments, 
with the remainder being a combination of arterial locations. In this series, they 
obtained a TICI (thrombolysis in cerebral infarction) revascularization grade of 
TICI 2b or TICI 3 in 83% of the patients and a rate of intraparenchymal hematoma 
in the region of the treated artery of 4%. The primary thrombectomy method in 
these distal occlusions included 56% stent retrievers and 45% aspiration.

The recently reported multi-center STAR (Stroke Thrombectomy and Aneurysm 
Registry) data [20] analyzed the treatment of patients with distal arterial occlusions 
who underwent mechanical thrombectomy. Although it was a retrospective analysis 
of registry data, it did provide interesting insight into some of the key differences 
between large vessel and distal vessel thrombectomy. In their series of 2819 patients 
undergoing mechanical thrombectomy for acute stroke, 130 patients (4.6%) were 
distal occlusions. They defined a distal artery as M3 or M4 segments of the MCA, 
any segment of the ACA, and any segment of the PCA. The breakdown of the loca-
tions is as follows: M3, 41 cases; A1/A2, 23 cases; P1, 37 cases; and P2, 20 cases. 
The study found that patients presented with generally lower NIHSS scores than the 
LVO cohort, as would be expected. The mean NIHSS was 16 in the LVO group and 
11 in the distal artery group, which was statistically significant (p < 0.001). In their 
series, they were more likely to use the ADAPT (A Direct Aspiration First-Pass 
Technique) [21] for revascularization in the distal group (57%) compared to ADAPT 
cases in the LVO group (44%), versus use of a stent retriever.

Interestingly, the procedural complication rate of 5% was the same in both the 
LVO and distal artery thrombectomy cases. Post-procedure successful revascular-
ization rates of TICI 2b or TICI 3 were similar between the LVO thrombectomy 
group (84%) and the distal artery thrombectomy group (82%). Regarding clinical 
outcomes, the rate of mRS (modified Rankin Scale) score 0–2 was better in the 
distal group compared to the LVO group (51% vs. 40%), but since the distal groups 
started with a better functional baseline, the p value in the adjusted analysis did not 
show a statistical difference in good outcomes.

We will review several of the more common distal artery segments in this chap-
ter. While each has its unique clinical presentation and angiographic anatomy, there 
are certain principles that are universal in the thrombectomy procedures of the dis-
tal vessels. (1) Thoughtful consideration should be given regarding whether throm-
bectomy is prudent. Just because we can technically perform the procedure does 
not necessarily mean we should do it. The benefit must clearly outweigh the risk 
and the patient or family should be thoroughly consented that there is a relative 
paucity of data on distal vessel thrombectomy. (2) Either a short-length stent 
retriever or aspiration catheter alone may be used. In our practice, this is fairly 
dependent on regional arterial anatomy and the interventionalist’s preference. (3) 
Microwire access to the distal circulation should be seamless, and if the microwire 
cannot be advanced easily through and past the clot, it should not be advanced. 
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Arterial perforation in these smaller distal vessels has the potential for making 
patient’s worse clinically. (4) We universally inject a vasolytic agent, such as nitro-
glycerin, into the artery before advancing the microcatheter and wire. Even a small 
amount of mechanically induced vasospasm can increase the difficulty in these 
small vessels exponentially.

 M2 Segment Occlusion

Several of the mechanical thrombectomy studies focused specifically on M2 seg-
ment vessels (Table  15.2). While the percentage of cases treated with aspiration 
alone and stent retriever is variable in these studies, the revascularization rates and 
complication rates are very similar to, if not better than, M1 revascularizations. 
Because an M2 segment vessel may supply 50% or more of the entire MCA terri-
tory, an occlusion of this branch can lead to a significant neurologic deficit. Often, 
if the occlusion is in the dominant M2 branch, it may even be the same diameter as 
the M1 segment (Fig. 15.1a). As the M2 segment is vertical and the M1 segment is 
horizontal, however, the added hurdle of overcoming the angulation of the stent 
retriever or aspiration catheter with respect to the intermediate catheter is involved 
in the M2 vessel. Situating the aspiration intermediate catheter either in the distal 
M1 or very proximal M2 helps obviate this problem. Most interventionalists, from 
a technical standpoint, treat M1 and M2 occlusions similarly, although some prefer 
to use large-bore catheters directly on the M1 clots and somewhat smaller, more 
flexible, intermediate catheters for M2 to negotiate the 90-degree angulation and 
engage the M2 clot with the intermediate catheter. Either technique can result in 

Table 15.2 Mechanical thrombectomy studies focused on the treatment of M2 occlusions

Study
Number of 
patients Thrombectomy mode TICI 2b or TICI 3

Flores, 2015 [8] 65 86% stent retriever, 4.6% IA tPA, 
9% none (angiogram only)

78%

Dorn, 2015 [9] 15 Stent retriever 93%
Park, 2016 [10] 32 Aspiration 4MAX 84%
Countinho, 2016 
[11]

50 Stent retriever 85%

Kim, 2017 [12] 41 25 aspiration, 16 stent retriever 64% aspiration, 81% 
stent retriever

Sarraj, JAMA 
Neurol, 2017 [13]

288 Stent retriever or aspiration 78%

Saber, 2017 [14] 337 200 stent retriever, 156 aspiration 87% stent retriever, 
80% aspiration

Salahuddin, 2018 
[15]

59 Stent retriever or aspiration 85%
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TICI 3 revascularization (Fig. 15.1b). Kim et al. [12] reported a lower success rate 
of aspiration thrombectomy if the M2 occlusion was distal to the angulation of M2, 
presumably due to less effective engagement with the face of the clot.

 M3–M4 Occlusions

The decision to perform a thrombectomy in patients with M3–M4 occlusions must 
be engaged with a greater reliance on the perceived risk-benefit ratio. There is cur-
rently no good randomized data on these distal occlusions. In our practice, if the 
deficit is pronounced, such as aphasia or monoplegia, then we believe thrombec-
tomy is merited, particularly if tPA is not an option. However, more subtle deficits, 
such as a pronator drift, would not merit intervention.

 Technical Considerations

We will often use a smaller intermediate catheter (1.65 mm outer diameter) that 
can access the distal M2 branch, which makes it technically easier to perform a 
stent retriever thrombectomy in the distal M3 or M4 vessel. In very tortuous anat-
omy, a “grappling hook” technique [22] can be used to anchor the stent retriever in 
the distal artery, pull some backward force on the stent retriever, and push forward 
force on the intermediate catheter to advance it closer to the face of the clot. 

a b

Fig. 15.1 Case example 1 – M2 segment occlusion. This nonagenarian patient presented with a 
left M2 occlusion (a); however, this branch supplied over 75% of the entire MCA territory as the 
dominant M2 branch. There is a 90% angulation between M1 and M2, but successful revascular-
ization was achieved (b) with the intermediate aspiration catheter advanced to the end of the M1 
segment and stent retriever past the M2 thrombus
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Particularly in older patients with rigid, atherosclerotic vessels, the use of a stent 
retriever may transiently straighten or stretch a vessel that is not particularly 
mobile. In these more distal vessels, altering the shape of these arteries when 
retrieving the stent retriever may tear a small perforator vessel in the area, leading 
to subarachnoid hemorrhage. These may not be seen on the post-thrombectomy 
angiogram, but easily diagnosed on the post-intervention head CT (Fig.  15.2). 
Fortunately, these are typically self- limited bleeds, usually not requiring any addi-
tional intervention.

Likewise, ADAPT can be used in an M3–M4 branch using a smaller-sized aspi-
ration catheter. A 4.7 French catheter will fit into vessels in the 1.2-mm range. These 
clots are typically small, so if one can get the catheter up to or slightly beyond the 
proximal face of the clot, then aspiration alone is highly successful with a single 
pass (Fig. 15.3).

 Anterior Cerebral Artery Occlusions

A proximal A1 segment occlusion may potentially be of no clinical significance if 
there is an ample anterior communicating artery that supplies the distal ACA terri-
tory. One key exception would be if the artery of Heubner originated from the 

Fig. 15.2 Subarachnoid 
hemorrhage seen 
post-thrombectomy within 
the left Sylvian fissure 
following a left M3 
segment mechanical 
thrombectomy. No contrast 
extravasation was seen 
during the procedure, and 
the bleed did not extend on 
follow-up scanning
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occluded A1 segment. If the clot extends to the A1–A2 junction, however, then the 
opportunity for collateral flow from the anterior communicating artery is obviated. 
Typically, collateral blood flow from the pial MCA vessels or the PCA collaterals 
via the pericallosal artery is insufficient with acute ACA occlusion.

It may be more challenging to advance an intermediate aspiration catheter into 
the ACA as often this vessel originates at an acute angle from the ICA, whereas the 
MCA originates at an obtuse angle (Fig. 15.4). Smaller intermediate catheters have 
a better chance of accessing the A1 segment, especially if the “grappling hook” 
technique, which was described above, is employed. If A1 access with the interme-
diate catheter cannot be achieved, then it is best to leave the aspiration catheter in 
the distal ICA in an effort to engage at least the origin of the ACA as the stent 
retriever is being pulled back, to avoid inadvertent secondary embolization of the 
clot into the MCA branches.

Once the microcatheter is navigated into the A2 segment, the distal ACA is typi-
cally not tortuous, so it can be navigated fairly distal into the pericallosal artery, if 
needed. Typically, we will infuse 100 μg of intra-arterial nitroglycerin into the ACA 
prior to advancing the microcatheter to avoid mechanically induced vasospasm. 
Although it is still oversized, we prefer using a short, 3-mm-diameter stent retriever 
in the ACA to avoid arterial injury to the intima.

In more distal ACA occlusions in the A2 or distal pericallosal arteries, it is 
important to place the long sheath (with 0.088-inch inner lumen or larger) as distal 
as possible in the internal carotid artery and the intermediate catheter (in the 
1.65-mm-outer-diameter range) in at least the A1 segment. This will not only give 
more support for the retrieval system but also will make it technically easier to track 
the stent retriever or small aspiration catheter to the distal clot. Particularly in cases 
of distal ACA occlusions or in the distal pericallosal artery, extra support and length 
is necessary to access distal vasculature (Fig. 15.5).

a b

Fig. 15.3 Case example 2 – M4 segment occlusion. The patient presented with aphasia from this 
left M4 angular artery branch occlusion (a, arrow). The occluded artery appears very straight; 
however, the post-ADAPT thrombectomy angiogram demonstrates that the artery branches are 
very angulated past the initial occlusion, but full revascularization was possible with aspiration 
only (b)
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a

b c

Fig. 15.4 Case example 3 – A1 segment ACA occlusion – The patient presented with abulia, did 
not speak or follow commands, and demonstrated right arm and leg weakness. CT perfusion dem-
onstrated penumbra tissue along the entire ACA distribution (a). The initial angiogram demon-
strated a distal A1 segment occlusion of a large ACA (b). Following a single-pass stent retriever 
and aspiration thrombectomy, there was revascularization of the ACA territory (c) with resolution 
of the patient’s symptoms

A. S. M. S. Do et al.
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 Posterior Cerebral Artery Occlusions

Occlusion of the PCA may initially present as a top of the basilar syndrome, and as 
the clot advances, it occludes the PCA (Fig.  15.6). Therefore, the patient may 
appear to improve significantly, but still have persistent unilateral deficits. The P1 
segment occlusions are often the most devastating occlusions, particularly if they 
obstruct the thalamoperforators, which can result in a significant unilateral tha-
lamic stroke, or in the rare occasions in which patients have an artery of Percheron, 
a bilateral thalamic stroke. If the clot is small, then the posterior communicating 
artery may supply blood to the distal PCA, but often the clot will transverse the 
P1–P2 junction or the posterior communicating artery is small or absent, so the 
entire PCA territory is at risk. The P1 segments, however, are often in the 2-mm-
diameter range, so performing a thrombectomy is very similar to that of an M1 
thrombectomy, with the exception that access through the vertebral arteries is 
smaller and more tortuous than that of ICA access. Also, similar to an M1 throm-
bectomy, in which a perfect TICI 3 revascularization can still have lenticulostriate 
perforator strokes in the basal ganglia, a technically perfect P1 thrombectomy 
could still have a thalamus stroke, due to the thalamoperforator vessel occlusion 
(Fig. 15.6d).

More distal PCA occlusions have no thalamic stroke symptoms but may have 
hemianopsia or hemi-sensory deficit or neglect which is significant for the patient. 
Thrombectomy in the more distal PCA branches technically is somewhat dependent 
on the distal tortuosity and size of the vessels (Fig. 15.7). With minimal deficits 
intervention is likely not indicated; however, reversal of visual and sensory deficits 
is achievable if the artery is of significant size.

a b

Fig. 15.5 Case example 4 – distal ACA segment occlusion – The patient presented with right- 
sided weakness and was found to have a distal ACA occlusion at the genu (a, arrow). Following 
the use of a 1.65-mm-outer-diameter intermediate catheter to the proximal A2 segment and 3-mm 
stent retriever, we obtained full revascularization of the ACA territory (b)
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Fig. 15.6 Case example 5 – P1 segment PCA occlusion – The patient presented with confusion, 
left-sided neglect, hemi-sensory loss, visual field deficit, and left-sided weakness. The CTP dem-
onstrated a right PCA perfusion deficit, including the thalamus (a). The initial angiogram showed 
a right P1 PCA occlusion (b). Following a single pass with a stent retriever and large-bore (0.072- 
inch inner diameter) aspiration catheter in the P1 segment, there was full revascularization of the 
PCA territory (c). Post-thrombectomy MRI at 24 hours shows no distal PCA infarct; however, 
there is a right thalamic infarct seen (d)
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 Conclusions

While the use of mechanical thrombectomy of the M2 segment in the initial throm-
bectomy trials was less focused upon, compared to other LVO occlusions, the sub-
sequent literature places thrombectomy of the vessel more likely in the LVO 
occlusion category, than distal or intermediate-sized artery. Thrombectomy in the 
more distal vessels, such as M3 and M4, the ACA branches, and the PCA branches 
is far less common in most series and clinical experiences. This may partially be due 

a

b c d

Fig. 15.7 Case example 6 – distal PCA segment occlusion. The patient presented with an acute 
right hemianopsia as well as right-sided neglect. CTP showed a large penumbra area in the left 
PCA territory (a). The angiogram showed a left P3–P4 occlusion (b); however, the P1 and P2 seg-
ments are large and not tortuous, making access of the M3–M4 branch occlusion possible with the 
stent retriever (c). The post-thrombectomy angiogram demonstrated full extensive revasculariza-
tion of the entire PCA territory (d), and the patient’s symptoms immediately resolved
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to the fact that IV tPA is more effective at lysing these smaller clots quickly, com-
pared to LVO. Therefore, we generally encounter persistent distal vessel occlusions 
less frequently. However, in situations in which either IV tPA is not possible or has 
not lysed the distal clot, mechanical thrombectomy of distal arteries appears to be 
as safe and as effective as thrombectomy in LVO, based on the STAR registry data.

Either a stent retriever with aspiration or ADAPT with a smaller intermediate 
aspiration catheter than the ones used in LVO appears to be a viable treatment option 
in these distal vessels. As our experience with intermediate-sized, distal vessel 
occlusions grows, we will likely be able to help more patients with distal artery 
occlusions in which management options are limited.
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Chapter 16
The Tandem Occlusion

Charlotte Y. Chung, Liwei Jiang, Ferdinand K. Hui, 
and Blaise William Baxter

The treatment approaches for large vessel anterior circulation acute ischemic strokes 
with concomitant extracranial internal carotid artery tandem occlusions remain con-
troversial. Our first area of debate surrounds the “what to tackle first” dilemma and 
deciding on the treatment order of approach. This order of approach dilemma 
encompasses all possible technique combinations and permutations for addressing 
the intracranial and extracranial target lesions. The order is not the only debated 
issue, however. How best to treat the extracranial carotid occlusion is also debated – 
whether to use the Dotter technique, angioplasty alone, or angioplasty plus carotid 
stenting. Our second area of debate is similar to Hamlet’s Shakespearean dilemma, 
but in this setting to stent or not to stent, that is the question. The main concern sur-
rounding the “to stent or not to stent” controversy is unrelated to technical difficulty 
of stent placement in this clinical setting. The hesitancy to definitively treat the 
carotid occlusive stenosis by stenting lies in committing the patient to dual anti-
platelet therapy (DAPT). The antiplatelet regime and the symptomatic hemorrhagic 
transformation rate in this acute stroke patient population are debated and have not 
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been the specific focus of endovascular stroke trials. Here we present cases from our 
practices to highlight several of the technique options for approaching the typical as 
well as the more complex tandem occlusions.

 Case 1

First, we describe the commonly used proximal-to-distal (extracranial-first) strategy 
for treating tandem occlusions.

 Presentation

A 42-year-old woman presented 5 hours after onset of aphasia, right-sided weak-
ness, and right facial droop, with a National Institutes of Health Stroke Scale 
(NIHSS) score of 12. Pertinent history included hypertension and smoking. Initial 
non-contrast CT of the head revealed a hyperdense MCA sign on the left, with no 
appreciable parenchymal hypodensities (ASPECTS 10) (Fig. 16.1a). CT angiogra-
phy of the head and neck showed tandem occlusions of the left cervical internal 
carotid artery (ICA) (Fig. 16.1b) and carotid terminus (Fig. 16.1c).

The patient was brought to the angiography suite 7 hours after symptom onset. 
Initial angiogram showed occlusion of the left ICA at its origin (Fig.  16.2a). 
Intracranially, the left MCA and ACA were non-opacified, consistent with concomi-
tant carotid T occlusion (Fig. 16.2b).

a b c

Fig. 16.1 Tandem occlusions of the left cervical ICA and ICA terminus in a woman with left 
MCA syndrome. (a) Axial non-contrast CT of the head shows a dense left MCA. (b) Coronal CT 
angiogram of the neck demonstrates tapering occlusion of the proximal left cervical ICA. (c) 
Concomitant non-opacification of the left ICA cavernous segment and terminus with minimal 
opacification of the left A1 and M1 segments is seen on coronal CT angiogram of the head. 
Reconstitution of the distal territories from the contralateral circulation is noted
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 Technique

Treatment of the tandem occlusion was approached in a proximal-to-distal manner. 
An 8F (10 cm length) Terumo Pinnacle (Terumo Corporation, Tokyo, Japan) femo-
ral access sheath was placed. 6F (80 cm length) straight-tip Penumbra Neuron MAX 
088 sheath (Penumbra Inc., Alameda, California, USA) was then advanced coaxi-
ally over a 6F (125 cm length) Penumbra Berenstein Select catheter and angled-tip 
035 (180 cm length) standard Terumo glidewire. With the Neuron MAX tip in the 
distal left common carotid artery (CCA), an arteriogram was performed to identify 
the site of the occlusion at the origin of the left internal carotid artery (ICA) 
(Fig. 16.3a). A 4F (120 cm length) angled Terumo Glidecath tip was pointed at the 
ICA stump and the 035 Terumo glidewire advanced across the occlusive stenosis. 
With the Glidewire beyond the occlusive stenosis, the 4F Glidecath was then 
advanced over the wire until the catheter tip was in the distal cervical segment of the 
left ICA. The glidewire was then exchanged for a 014 J-tip (300 cm length) Boston 

a b

Fig. 16.2 Pre-intervention angiogram with AP views at the neck and head. (a) Cervical view of 
left CCA injection shows abrupt cutoff at the left ICA origin (arrow). The left ECA and distal 
branches are opacified. (b) Cranial view demonstrates no filling of the intracranial left ICA, MCA, 
ACA, or their distal branches, with absent retrograde flow to distal ICA vasculature. Distal 
branches of the left ECA are opacified
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Scientific PT Graphix intermediate guidewire (Boston Scientific, Marlborough, 
Massachusetts, USA). The occlusive stenosis at the left ICA origin was then angio-
plastied using a 5.5 × 20 mm Abbott RX Viatrac 14 plus peripheral dilatation bal-
loon (Abbott Laboratories, Abbott Park, Illinois, USA) (Fig. 16.3b). During balloon 
deflation the Neuron MAX tip was advanced across the stenosis. A Medtronic 027 
Marksman microcatheter (ev3/Medtronic Plc, Dublin, Ireland) was advanced over a 
014 (205 cm length) Transcend soft-tip guidewire (Stryker, Kalamazoo, Michigan, 
USA). When the microcatheter tip reached the clot, the guidewire was removed and 
4 mg of tissue plasminogen activator (tPA) were administered intra-arterially within 
the clot. Two thrombectomy passes were then performed using a Medtronic 6 × 
20 mm Solitaire FR stent retriever and a large clot burden was removed (Fig. 16.3d). 

ba

c d

Fig. 16.3 Angioplasty of the proximal cervical left ICA occlusion followed by intracranial throm-
bectomy. (a) Complete occlusion at the ICA origin is seen on pre-interventional lateral cervical 
view of the left CCA injection. (b) Non-subtracted lateral cervical view demonstrates the inflated 
Viatrac 5.5 × 20 mm balloon across the expected location of the left ICA origin, when compared 
to the pre-intervention subtracted view (a). (c) AP cranial view of left ICA injection after 4 mg 
intra-arterial tPA and one pass of the 6 × 20 mm Solitaire FR stent retriever shows improved flow 
at the left carotid terminus, ACA, MCA, and distal vasculature. (d) Multiple passes with the stent 
retriever were performed with removal of significant clot burden
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Post-two passes, TICI 2B cerebral revascularization was achieved (Fig. 16.3c). The 
sheath tip was then withdrawn into the distal left CCA. Arteriogram was performed 
to assess patency of the angioplastied occlusive stenosis at the origin of the left ICA 
(Fig. 16.4a). With there being patency at the stenosis and robust flow within the 
ICA, stent placement was deemed unnecessary and the procedure was terminated. 
Total procedural time was 50 minutes. The patient recovered uneventfully and was 
discharged on post-procedural day 4, with NIHSS score of 1 and residual infarct 
involving only the left basal ganglia (Fig. 16.4b). On follow-up, 30- and 90-day 
mRS were 0.

 Comments from Authors: Extracranial-First Approach

The proximal-to-distal (or extracranial-first) approach was employed in this case 
by first addressing the proximal lesion with balloon angioplasty. Since the proxi-
mal lesion can be recanalized easily and quickly in the majority of cases with 
angioplasty alone, this is a straightforward approach to gain rapid access to the 
intracranial occlusion. Following treatment of the intracranial occlusion, re-exam-
ining the recanalized proximal occlusion allows one to determine the need for 
further angioplasty and/or stenting. Instead of aiming for complete vessel patency, 
the objective at this juncture is to eliminate significant flow limitation, which 
would predispose to re-thrombosis and possible recurrent distal embolization. 
Angioplasty alone is our preferred recanalization technique for the emergent 

a b

Fig. 16.4 Post-intervention outcome. (a) Lateral cervical view of left ICA injection demonstrates 
widely patent left ICA at the site of prior occlusion and angioplasty. (b) Axial diffusion-weighted 
MRI of the brain obtained 24 hours after intervention demonstrated residual restricted diffusion at 
the left basal ganglia, consistent with acute infarction
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procedure. (The need for an antiplatelet regimen, which potentially increases the 
risks of hemorrhagic conversion and intracranial bleeding, makes stenting a less 
attractive option in the acute peri-stroke period.) Vessels with residual stenosis can 
subsequently be interrogated with noninvasive imaging (CT or MR angiogram) 
and definitive treatment with stenting (if necessary) deferred until the risks of ini-
tiating DAPT are deemed reasonable. However, if maintaining patency of the ICA 
is of concern at the time of the thrombectomy procedure, then antiplatelet therapy 
can be initiated and stent placement performed (Fig. 16.5a–f). The rationale for 
each procedural step described above and the materials/devices selected will now 
be addressed. In gaining femoral access, the choice to place a short femoral sheath 
rather than use the Neuron MAX as the stand- alone sheath is twofold. Firstly, it 
allows the long sheath to be placed in a one-step fashion coaxially over the Select 
diagnostic catheter, and this one-step approach is often a time-saving procedural 
maneuver. If there is challenging arch anatomy, then the short sheath allows the 
operator to address the challenging access with their favorite “tough arch” catheter 

a b c

d e f

Fig. 16.5 A 55-year-old man presents with right MCA syndrome and an NIHSS score of 14. 
Initial lateral cervical angiogram (a) shows complete occlusion of the cervical right ICA (arrow). 
Treatment with balloon angioplasty, stenting, and post-stenting balloon dilation (b) resulted in 
resolution of the occlusion (c). Subsequent AP cranial angiogram (d) demonstrates tandem occlu-
sion of the right MCA M1 segment, which was successfully revascularized with two-pass direct 
aspiration with a Penumbra ACE reperfusion catheter (e). (f) MRI axial FLAIR image of the brain 
obtained post-intervention demonstrates an infarct limited to the right basal ganglia
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and exchange over a “stiffer” exchange-length guidewire for placement of the long 
carotid access sheath. Secondly, the occluded ICA may have a significant clot 
burden to address. The long sheath can be used to aspirate and remove this ICA 
clot. If the long sheath becomes occluded, then it is easily removed to clear the 
lumen with the short sheath maintaining femoral access. When attempting to cross 
the occlusive stenosis, the support of a 035 guidewire vs. a 014 guidewire is often 
required. The angled 035 Glidewire already opened for the long carotid sheath 
placement often works well. The angled tip in some cases may catch on the under-
lying plaque and may make crossing the narrowed lumen at the stenosis site diffi-
cult. In these cases, pointing the tip of the 4F angled catheter at the apex of the ICA 
stump and using a straight-tip 035 Glidewire to explore the stenosis can often be 
successful to gain access across the occlusion. Once across the occlusive stenosis, 
the 014 J-tip (300 cm length) Boston Scientific PT Graphix intermediate guidewire 
was employed as the exchange-length 014 guidewire for angioplasty. The PT 
Graphix guidewire was selected as it provides good support during angioplasty 
and subsequent sheath advancement across the stenosis. Sheath advancement 
across the stenosis is also facilitated by using a “balloon anchoring” technique. 
When the balloon is inflated to angioplasty the stenosis, the operator can begin 
advancing the Neuron MAX tip. When the Neuron MAX tip gets to the proximal 
end of the balloon, deflation is initiated and simultaneously the Neuron MAX tip 
is advanced over the partially deflated balloon. This “balloon anchoring” tech-
nique helps protect the stenotic site and reduces the shoulder that is present if the 
Neuron MAX is advanced over the bare wire. With access to treat the intracranial 
occlusion gained, a small dose of intra-arterial tissue plasminogen activator (tPA) 
was delivered into the intracranial occlusive clot. Presently, the shorter procedural 
times and improved TICI 2B/3 revascularization scores with thrombectomy 
devices alone have largely eliminated this practice of adjunctive administration of 
intra-arterial tPA.  During performance of the thrombectomy passes, a balloon 
guide catheter was felt to be unnecessary as the sheath advanced across the proxi-
mal ICA stenosis was occlusive providing arrest of antegrade flow within the 
ICA. During withdrawal of the stent retriever into the sheath tip, sheath aspiration 
was applied in order to help deliver the clot into the sheath lumen and avoid strip-
ping the clot from the thrombectomy device. Once successful intracranial revascu-
larization was achieved, the sheath tip was withdrawn into the distal left CCA and 
an arteriogram performed in order to ensure patency of the left ICA (Fig. 16.4a). 
With there being patency of the stenosis and robust flow within the ICA, stent 
placement was deemed unnecessary.

 Case 2

Alternatively, tandem occlusions can be approached in a distal-to-proximal 
(intracranial- first) fashion, first targeting the distal occlusion. In this case we 
describe the modified Dotter technique for proximal recanalization.
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 Presentation

A 73-year-old man was found down in the early morning with symptoms consistent 
with left MCA syndrome and an NIHSS score of 24. On arrival, non-contrast CT of 
the head showed a subtle hypodensity at the left basal ganglia and no intracranial 
hemorrhage (Fig. 16.6a). He was deemed not to be a candidate for IV-tPA due to 
uncertain symptom onset time. Arterial cutoffs at the left ICA origin and the M1 
segment of the left MCA were seen on CT angiogram, consistent with a tandem 
occlusion (Fig. 16.6b, c). A relatively small area of restricted diffusion isolated to 
the left basal ganglia on MRI (Fig. 16.6d) was a mismatch to the severity of his 
clinical deficits, prompting the decision for endovascular intervention. Initial diag-
nostic angiograms showed occlusions of the left ICA origin (Fig. 16.7a) extending 
to the petrous portion and the proximal M1 segment of the left MCA (Fig. 16.7b).

 Technique

The modified Dotter technique [1] was employed. A coaxial system of a Penumbra 
Neuron MAX, a Penumbra 054 reperfusion catheter, a Marksman microcatheter 
(ev3/Medtronic Plc, Dublin, Ireland), and a 016 Fathom guidewire (Boston 
Scientific, Marlborough, Massachusetts, USA) was used to select the left common 
carotid artery proximal to the occlusion. The proximal left ICA occlusion was tun-
neled through sequentially with the guidewire and then the microcatheter. The 
Penumbra 054 reperfusion catheter was then advanced through the occlusion. 
Control angiogram with the catheter tip distal to the proximal occlusion demon-
strated the proximal left M1 occlusion (Fig. 16.8a). Mechanical thrombectomy of 

a b c d

Fig. 16.6 Left basal ganglia infarct in a patient with left ICA origin and M1 segment tandem 
occlusions. (a) Axial non-contrast CT image of the head demonstrates loss of gray-white differen-
tiation and hypoatttenuation of the left putamen and globus pallidus. (b) Sagittal CT angiogram 
image of the neck shows non-opacification of the left ICA at the carotid bifurcation, with athero-
sclerotic calcifications of the proximal ICA, suggestive of atherosclerotic disease as the underlying 
cause of the proximal occlusion. (c) Axial CT angiogram of the head shows arterial cutoff of the 
left MCA proximal M1 segment, with reconstitution of the distal M3 territory (likely from ACA- 
MCA leptomeningeal collaterals). (d) Axial diffusion-weighted MRI image of the brain obtained 
1.5 hours after arrival demonstrates restricted diffusion limited to the left basal ganglia, consistent 
with infarction
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the M1 occlusion was performed with a Medtronic Solitaire FR stent retriever 
under aspiration (Fig. 16.8b), with successful TICI 3 recanalization (Fig. 16.8c). 
No further intervention was needed for the proximal ICA occlusion. Aspiration 
time was 2 minutes, with total case time of 1.25 hours. Post-procedure, the patient’s 
symptoms completely resolved and he was discharged to home with an NIHSS 
score of 0.

a b

Fig. 16.7 Pre-intervention angiogram with lateral views at the neck and head. (a) Cervical view 
of left CCA injection shows abrupt occlusion of the left ICA origin. (b) Cranial view demonstrates 
distal reconstitution from the ophthalmic artery, with occlusive thrombus at the left ICA petrous 
segment (arrow) and proximal left M1 segment (arrowhead)

a b c

Fig. 16.8 Injections and thrombectomy after advancement of the 0.054″ aspiration catheter 
beyond the proximal left ICA occlusion. (a) AP cranial view shows the tip of the 0.054″ catheter 
at the left ICA petrous segment (arrow). Tapering occlusion of the proximal left M1 segment is 
seen just distal to an early anterior temporal branch (arrowhead). (b) The 0.054″ catheter was fur-
ther advanced until the tip was at the supraclinoid segment (arrow). The Solitaire FR stent retriever 
was deployed under aspiration across the proximal M1 occlusion (arrowhead). (c) Repeat angio-
gram with 0.054″ catheter (arrow) pulled back to the clinoidal segment demonstrates resolution of 
the proximal M1 occlusion
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 Comments from Authors: Modified Dotter Technique

In this case, the tandem occlusion was approached in a distal-to-proximal (intracranial- 
first) manner. Using the modified Dotter technique allowed recanalization of the 
proximal occlusion without balloon angioplasty or stenting. Traditionally, the intra-
cranial-first strategy involves first treating the distal occlusion and then addressing 
the proximal occlusion with balloon angioplasty and/or stenting. Those in favor of 
the intracranial-first strategy cite a shorter time from groin puncture to end-organ 
reperfusion [2]. In treating tandem occlusions, MCA flow improvement post-throm-
bolysis was strongly associated with clinical benefit, even in the setting of failed ICA 
recanalization [3], supporting the importance of addressing the distal lesion. One 
should be aware that treating the extracranial occlusion after restoring flow distally 
risks distal embolization of dislodged thrombi. Lockau et al. state that continuous 
clot aspiration may reduce this risk [2], while Hui et  al. advocate deploying an 
embolic protection device distal to the carotid occlusion [4]. Woodward et al. describe 
a modified Dotter technique that achieves proximal patency without stenting and 
thus obviates the need for antiplatelet therapy, akin to the manner in which Dotter 
and Judkins in the 1960s crossed an occlusion with a guidewire and recanalized the 
vessel with progressively larger stiff catheters [5]. The modified Dotter technique 
employs a hydrophilic guidewire (or a microwire, if desired) to cross the occluded 
segment, followed by sequential forceful advancement of a diagnostic catheter and 
then a sheath over the guidewire through the occlusion while under vigorous aspira-
tion; once proximal patency is achieved, the intracranial clot is treated with catheter 
aspiration. Limitations of the modified Dotter technique include unknown long-term 
proximal patency, the possibility of extending an occlusion due to dissection, and the 
risk of iatrogenic clot embolization. Woodward et al. contend that the risk of distal 
embolization is low, given the combination of vigorous aspiration and a state of flow 
arrest created by the long carotid sheath filling the lumen at the stenotic site [1].

 Case 3

Tandem occlusions secondary to cervical carotid dissection with intracranial emboli 
often require definitive emergent treatment with stenting, necessitating initiation of 
DAPT in the acute peri-stroke period.

 Presentation

A 37-year-old woman with several days of headache suddenly collapsed with symp-
toms of lethargy, right hemiparesis, aphasia, and left gaze preference. NIHSS 
score was 24.
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On arrival, non-contrast CT of the head showed a hyperdense left MCA with 
basal ganglia parenchymal hypodensity consistent with ASPECTS of 7. CT angio-
gram of the head and neck revealed eccentric tapering stenosis of the proximal 
cervical left ICA (Fig. 16.9a) and cutoff of the left M1 (Fig. 16.9b). The patient’s 
age, clinical presentation, and imaging findings were consistent with a tandem 
occlusion caused by cervical carotid dissection. Initial diagnostic angiogram dem-
onstrated tapered occlusion of the proximal cervical left ICA characteristic of dis-
section (Fig. 16.10a). A gentle repeat injection was performed within the occluded 
ICA (Fig. 16.10b). This arteriogram was used to better define the dissection site at 
the cervico-petrous junction of the ICA and help guide coaxially a Penumbra 
ACE64 reperfusion catheter over a Penumbra Velocity microcatheter and a 014 
Transcend soft-tip guidewire. With the ACE64 positioned as a distal access catheter 
to address the intracranial occlusion, an arteriogram was performed defining the left 
M1 origin cutoff (Fig. 16.10c).

 Technique

Given the ability to navigate across the segment of stenotic/occluded left ICA dis-
section, an intracranial-first approach was used to first revascularize the left M1 
occlusion. The base catheter was a Neuron MAX catheter. A Solitaire FR stent 
retriever and ACE64 catheter system was advanced into the left MCA (Fig. 16.10d, 
e), and one-pass thrombectomy under aspiration was performed with restoration of 
TICI 3 flow (Fig. 16.10f). The Solitaire was removed through the ACE64 leaving 

a b

Fig. 16.9 Tandem occlusion with proximal left ICA carotid dissection in a 37-year-old woman 
presenting with altered mental status and left MCA syndrome. (a) Lateral CT angiogram of the 
neck demonstrates eccentric tapering of the proximal left ICA. (b) Axial CT angiogram of the head 
shows an arterial cutoff at the left MCA proximal M1 segment

16 The Tandem Occlusion



218

a b c

d e f

g h i j

Fig. 16.10 Intracranial-first approach requiring stenting of the proximal carotid dissection. (a) AP 
cervical view of left CCA injection demonstrating eccentric luminal narrowing of the proximal 
cervical left ICA, similar in appearance to that seen on CT angiogram. (b) AP cervical view of 
repeat angiogram through the microcatheter now advanced into the petrous segment of the left ICA 
shows long left ICA cervical and petrous segment irregular narrowing with a focal area of severe 
stenosis in the distal petrous segment. (c) AP cranial view of left CCA injection shows retrograde 
flow opacifying the left ICA terminus and ACA. Occlusions at the left ICA supraclinoid segment 
and left MCA origin are seen. (d) On lateral view, a Solitaire FR stent retriever was successfully 
navigated into the left MCA with distal markers (arrowhead) at the M2 bifurcation. (e) Non- 
subtracted AP cranial view showed advancement of a large-bore aspiration catheter (arrow) into 
the proximal M1 segment. Distal markers of the Solitaire FR stent retriever are noted (arrowhead). 
(f) Following one-pass thrombectomy under aspiration, there is successful revascularization of the 
left M1 and M2 branches as seen on AP cervical angiogram through the 0.054″ catheter at the 
distal cervical left ICA. (g, h) Non-subtracted cervical views demonstrate sequential placement of 
an Enterprise 4.0 × 30 mm stent (arrow) and a 6 × 8 × 40 mm taper stent (arrowhead) along the 
petrous and cervical segments of the left ICA. (i) Repeat left CCA injection after stenting shows a 
widely patent proximal left ICA on AP cervical view. (j) Post-intervention, AP cranial view of a 
left CCA injection demonstrates successful TICI 3 revascularization
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the aspiration catheter tip distal to the dissected ICA segment in order to maintain 
distal access. The proximal carotid dissection was then addressed. A 014 J-tip 
(300 cm length) Boston Scientific PT Graphix intermediate guidewire was advanced 
through the ACE64 and the ACE64 exchanged for a Medtronic 027 Marksman 
microcatheter. An Enterprise 4.0 × 30 mm stent was deployed across the leading 
edge of the dissection at the cervico-petrous junction. Abbott Acculink 6 × 40 mm 
and 6 × 8 × 40 mm carotid stents were then deployed over the microwire in series 
covering the entire length of the cervical segment of the ICA to create a full metal 
jacket (Fig. 16.10g, h). Post-stenting, the left ICA was widely patent (Fig. 16.10i) 
and there remained TICI 3 intracranial revascularization (Fig.  16.10j). Post- 
procedure MRI revealed infarction predominantly within the left basal ganglia, with 
minimal involvement of the left insula region.

 Comments from Authors: Approach to Antiplatelet Therapy

In this case employing the intracranial-first approach, a large-bore aspiration cath-
eter was advanced across the carotid dissection and then maintained distal to that 
segment, doubling as a guide catheter for Solumbra technique thrombectomy. For 
reconstruction of the proximal carotid dissection, we recommend deploying a flex-
ible stent that would conform to the curvature of the vessel, for example, an 
Enterprise intracranial stent, across the cervical-petrous junction. Overlapping 
straight carotid stents in the more proximal cervical segment can be used to tack 
down the dissection flap and obliterate the false lumen.

Definitive treatment of the proximal carotid dissection at the time of emergent 
intervention prevents persistent minimal flow (with the potential of recurrent distal 
emboli) or complete occlusion (which may compromise intracranial circulation). 
One may entertain the idea of delaying treatment of an occluded carotid dissection 
if contralateral or collateral flow is sufficient to maintain perfusion in the immediate 
period; however, success of this strategy is uncertain with scarring of the dissection 
flap over time. Medical treatment with anti-coagulation is contraindicated in the 
acute peri-stroke period; thus, most would employ endovascular angioplasty fol-
lowed by stenting.

Regardless of the choice between extracranial-first and intracranial-first strate-
gies, carotid stenting requires the initiation of an antiplatelet regimen, which 
increases the risk of hemorrhagic conversion. The meta-analysis by Wilson et al. 
demonstrated a slightly higher rate of symptomatic intracranial hemorrhage after 
endovascular treatment of tandem occlusions compared to the general mechanical 
thrombectomy population in the HERMES collaboration (8% versus 4.4%), attrib-
uting the difference to the need for more aggressive antiplatelet therapy after stent-
ing, which was performed for the majority of the patients included in the analysis 
[6]. Antiplatelet regimens usually involve aspirin and/or clopidogrel and have been 
highly variable across published studies.
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Angioplasty alone would theoretically reduce the risk of bleeding. When both 
stenting and angioplasty alone are viable strategies, the decision for one over the other 
is controversial. Wilson et al. found no significant difference in outcome, complication 
rate, technical success rate, or procedural time between the two extracranial treatment 
approaches, although the sample size in the angioplasty-only group is small [6]. The 
angioplasty alone strategy is preferred in our practices, primarily driven by the desire 
to minimize risk of intracranial hemorrhage associated with antiplatelet therapy.

 Case 4

In certain situations, both the extracranial-first approach and modified Dotter tech-
nique may not be feasible due to rigidity or size of the proximal clot. In these com-
plex cases, innovative approaches may be required, as presented in the following case.

 Presentation

A 65-year-old woman presented with left-sided hemiplegia and an NIHSS score of 
25. MRI on arrival demonstrated sparse diffusion restriction in the left basal gan-

glia, and the patient was brought directly to the angiography suite.

 Technique

Initial diagnostic angiograms showed a large occlusive thrombus at the distal left 
CCA extending into the proximal left ICA, with non-opacification of the ECA 
(Fig. 16.11a). A microwire followed by a 0.054″ Penumbra reperfusion catheter was 
advanced through the proximal occlusive thrombus. Angiogram performed with the 
catheter distal to the left distal CCA/ICA origin thrombus revealed extensive sub- 
occlusive thrombus throughout the petrous and cavernous segment, occlusive 
thrombus of the clinoid segment, and complete non-opacification of the left ICA 
terminus, left MCA, ACA, and distal branches (Fig.  16.11b, c). Given the large 
thrombus burden within the left ICA, decision was made to proceed with mechani-
cal thrombectomy of the extracranial left ICA at this point. Several passes were 
made with ensemble suction and withdrawal of an aspiration catheter and Solitaire 
stent retriever together (6 mm diameter) while applying suction also in the 7F guide 
catheter, and recanalization of the left MCA was eventually achieved (Fig. 16.11d). 
Repeat angiogram demonstrated resolution of the intracranial left ICA thrombus 
with TICI 3 revascularization (Fig. 16.11e). The 0.054″ catheter was pulled back 
into the proximal left CCA for a repeat angiogram, which showed no appreciable 
residual distal left CCA/proximal left ICA thrombus (Fig. 16.11f). The left ECA 
remained occluded at its origin; however, given the low risk of ischemic 
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complications due to robust collaterals and the possibility of re-embolization when 
mobilizing the ECA clot, further interventions were not pursued to avoid distal 
emboli into previously normal territories. Post-intervention, the patient’s symptoms 
completely resolved. She was discharged in stable condition with NIHSS score of 0.

 Comments from Authors: Management of Extensive Occlusions

Endovascular management of acute ischemic stroke remains a young procedure. 
Encountering unusual anatomy, mechanisms of occlusion, and frankly surprisingly 
large clot burdens remain definite possibilities. Remembering the goal of 

a b c
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Fig. 16.11 Massive left CCA to MCA occlusion requiring multiple thrombectomy attempts. (a) 
Non-subtracted AP cervical view of left CCA injection demonstrates occlusive thrombus at the 
distal left CCA extending into the proximal left ICA (arrows). The left ECA is also non-opacified. 
A 0.054″ aspiration catheter was advanced through the proximal occlusion until its distal tip was 
at the petrous segment. Repeat angiogram in the AP (b) and lateral (c) views shows sub-occlusive 
and occlusive thrombus throughout the petrous, cavernous, and clinoid segments of the ICA. The 
ICA terminus and distal MCA and ACA are not opacified (gray dotted line in b). Multiple passes 
with the Solitaire FR stent retriever (arrow) under aspiration from the 0.054″ catheter (arrowhead) 
within the left ICA were performed, with eventual advancement of the reperfusion system into the 
left MCA, as shown in (d). Post-intervention, repeat injection with AP cranial view of the head (e) 
demonstrates resolution of the large clot burden with the intracranial left IC, with TICI 3 cerebral 
blood flow. (f) AP view of the neck on left CCA injection shows widely patent distal left CCA and 
cervical ICA. The left ECA remains completely occluded at its origin
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therapy – efficient, safe restoration of flow – will help the operator decide the best 
among uncertain options. In this case, recognizing that the clot burden likely 
required the largest-bore catheter possible, and that direct suction through both 
catheters would be useful in reducing clot re-embolization, resulted in the favorable 
outcome.

 Discussion

Acute ischemic stroke presents with severe extracranial carotid disease in 20% of 
patients and acute carotid occlusion in 2% of patients [7, 8]. Atherosclerotic disease 
or dissection occluding the extracranial carotid artery can concurrently cause occlu-
sive emboli in the distal intracranial vasculature, resulting in acute stroke symptoms 
[8, 9]. In contrast to intracranial occlusion alone, tandem occlusions respond poorly 
to IV-tPA therapy, and its presence predicts poor clinical outcome [3, 10, 11]. As 
open embolectomy can only be directed toward the extracranial occlusion, the intra-
cranial lesion in a tandem occlusion would require treatment with endovascular 
thrombectomy. However, the proximal occlusion blocks access to the distal occlu-
sion, complicating the approach to such lesions. Indeed, increased severity of the 
proximal lesion (occlusion versus stenosis) is associated with lower rates of com-
plete reperfusion [12].

In 2015, five randomized stroke intervention trials – MR CLEAN [13], ESCAPE 
[14], SWIFT PRIME [15], EXTEND-IA [16], and REVASCAT [17]  – showed 
superiority of endovascular thrombectomy (primarily utilizing stent retrievers) over 
standard medical care. Patients with tandem occlusions were notably included in all 
five trials, although SWIFT PRIME excluded tandem occlusions on a case-by-case 
basis if the operator felt that the proximal occlusion would require stenting. The 
HERMES collaboration, which pooled data from the five trials, found overall treat-
ment benefit in not only the 1132 patients with single intracranial occlusions but 
also in the 122 patients with tandem occlusions, concluding that the tandem occlu-
sions should be treated [18].

Despite technical challenges to the interventionalist, tandem occlusions are ame-
nable to endovascular mechanical thrombectomy [19–21]. Effective and, impor-
tantly, safe restoration of flow is the ultimate goal. There is controversy in whether 
the extracranial or the intracranial occlusion should be treated first. A 2018 meta- 
analysis of greater than 1000 patients found no significant difference in outcome, 
complication rate, technical success rate, or procedural time between extracranial- 
first and intracranial-first strategies [6]. The recent TITAN (Thrombectomy in 
TANdem Lesions) registry showed similar conclusions [22].

Additionally, it remains unclear how exactly the extracranial lesion should be 
treated, although growing evidence suggests acute stenting of the proximal lesion as 
an effective and safe strategy [23–26]. Currently, avoidance of the antiplatelet ther-
apy required with stenting drives our preference toward angioplasty alone or the 
modified Dotter strategies. Further prospective and randomized trials to define an 
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optimal antiplatelet regimen that minimizes reperfusion injury and hemorrhagic 
risks while adequately preventing thrombotic complications would greatly expand 
the feasibility of strategies involving metal implants/devices such as stenting. There 
is continued room for high-quality evidence and innovation that not only looks to 
break new ground but also pays homage to the masters of the past.

 Quick Reference

Extracranial-First Approach:
 1. Cross proximal occlusion with wire (0.016″ or even 0.035″).
 2. Treat proximal occlusion: Angioplasty with balloon catheter and stent if needed.
 3. Obtain stable guide catheter access across treated proximal occlusion.
 4. Stent retriever/aspiration thrombectomy of distal occlusion.
 5. Verify patency of proximal occlusion.

Modified Dotter Approach:
 1. Select the occluded common carotid artery with a coaxial system of an outer 

sheath/catheter (e.g., Penumbra Neuron MAX/0.054″ reperfusion catheter), 
inner catheter/microcatheter (e.g., Marksman microcatheter), and a guidewire/
microwire (e.g., 0.016″ Fathom).

 2. Tunnel through the occlusion with the guidewire.
 3. Tunnel through the occlusion with the inner catheter.
 4. Tunnel through the occlusion with the outer catheter and obtain stable access 

across proximal occlusion.
 5. Stent retriever/aspiration thrombectomy of distal occlusion.
 6. Verify patency of proximal occlusion.
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Chapter 17
Acute Stroke Thrombectomy 
and Emergent Management of Tandem 
Cervical Dissections

Madhav Sukumaran, Ramez N. Abdalla, Donald R. Cantrell, 
Matthew B. Potts, and Sameer A. Ansari

 Introduction

Cervical dissections are a rare etiology of acute ischemic stroke accounting for 
approximately 2% of all cases. However, cervical dissections remain the most com-
mon cause of ischemic stroke among younger patients (16–45 years of age), con-
tributing to 10–25% of thromboembolic mechanisms [1]. Various spontaneous, 
traumatic, and iatrogenic etiologies of cervical dissections may be related to under-
lying genetic and inherited connective tissue disorders such as fibromuscular dys-
plasia, osteogenesis imperfecta type 1, Ehler-Danlos type 4, Marfan, and Loyes-Dietz 
syndromes. In general, the prognosis of isolated cervical dissections is favorable, 
and medical management with anticoagulation or antiplatelet therapy is the stan-
dard of care with spontaneous healing or stable imaging findings in the vast major-
ity of patients. Delayed endovascular treatment of isolated cervical internal carotid 
artery (ICA) dissections is reserved for patients presenting with (1) recurrent isch-
emic symptoms and/or thromboembolic strokes refractory to medical management, 
(2) progression of dissection-related stenoses at risk for occlusion, or (3) symptom-
atic/enlarging dissecting aneurysms or pseudoaneurysms.
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Emergent endovascular treatment may be required for cervical ICA dissections 
presenting with concomitant large vessel occlusion (LVO), flow-limiting and long- 
segment lesions with impending occlusion, and/or hypoperfusion-related ischemia at 
risk for infarction. Since superimposed extracranial carotid/intracranial atheroscle-
rotic disease or dissections are often an etiology of emergent LVO, it may be neces-
sary to combine cervical angioplasty  and/or  stenting techniques with intracranial 
thrombectomy. Endovascular angioplasty/stenting techniques are valuable adjunctive 
treatments to mechanical thrombectomy in tandem carotid- intracranial occlusions 
secondary to acutely ruptured carotid atherosclerotic plaques or cervical dissection 
related intimal tears with in situ thrombosis/occlusions or severe flow-limiting steno-
ses resulting in distal intracranial emboli. Furthermore, extracranial carotid angio-
plasty/stent placement may be necessary in emergent settings to provide distal access 
for intracranial thrombectomy, vessel salvage, and/or revascularization in hypoperfu-
sion ischemic syndromes without sufficient intracranial collaterals [2–5].

Due to the importance of cervical revascularization in these settings, several groups 
have demonstrated the feasibility of emergency ICA angioplasty and/or stenting com-
bined with intracranial thrombectomy for tandem ICA-middle cerebral artery (MCA) 
occlusions with acceptable rates of successful recanalization, complications, and clin-
ical outcomes. In the recent randomized controlled trials that demonstrated a benefit 
of endovascular thrombectomy for acute ischemic stroke, carotid artery stent place-
ment was performed in 8.6–12.9% of patients [6]. These studies suggest that emergent 
endovascular treatment of extracranial ICA pathology with concomitant intracranial 
thrombectomy may be safe and effective. However, there is no consensus or standard-
ization regarding the indications or techniques for emergent endovascular treatment of 
cervical dissections. Few studies have focused on the management of cervical dissec-
tions with or without tandem intracranial ELVOs in the acute ischemic stroke setting, 
often limited to small sample sizes and non-standardized treatment techniques. For 
example, there are no clear thresholds or definitions of flow-limiting cervical dissec-
tions that would warrant emergent endovascular stenting over medical management, 
with various approaches reported in the literature including symptomatic or clinical 
ischemia assessment, perfusion imaging-based selection, long segment pathology, 
and/or inadequate intracranial collaterals. In addition, the basic procedural methodol-
ogy whether to first revascularize the intracranial occlusion (distal-to-proximal) or 
cervical stenosis/occlusion (proximal-to-distal) remains controversial.

We describe our protocol and  techniques for the emergent stenting of cervical 
dissections presenting with tandem intracranial occlusions in the setting of acute 
ischemic stroke. We present three cases that presented to our institution and the 
treatment strategies employed. Each case highlights important considerations for the 
endovascular management of cervical dissections. We hope the following applica-
tions will be of general interest and utility to neurointerventionalists in their practice/.

 Patient Selection/General Procedural Considerations

As for all interventional procedures, the impact of appropriate patient selection for 
endovascular therapy cannot be overstated. While there have been multiple 
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randomized controlled trials demonstrating the benefit of mechanical thrombec-
tomy for acute ELVO in both early [6] and delayed presentations (DAWN and 
DEFUSE-3), [7, 8] patients presenting with tandem lesions were limited or excluded 
from these trials. In our practice, we evaluate tandem pathology patients with analo-
gous clinical and imaging inclusion/exclusion criteria to the mechanical stroke 
thrombectomy trials for isolated ELVO.

Following femoral or alternative arterial access, we advance a 6 French guide sheath 
(0.088 inch inner diameter) coaxially over a guidewire into the affected common 
carotid/vertebral artery, proximal to the cervical dissection. Alternatively, an 8F balloon 
guide catheter may be utilized for protective flow arrest techniques during both intracra-
nial thrombectomy and cervical stent reconstruction. We then perform digital subtrac-
tion angiography (DSA) with craniocervical projections to assess the cervical and 
intracranial vasculature. Depending on the severity of the cervical dissection, the distal 
cervical pathology and intracranial vasculature may or may not be visualized. Through 
the guide sheath/catheter, we carefully probe and advance a guidewire/microwire 
(0.014–0.035 inch) and coaxial catheter complex (including an outer large bore distal 
access aspiration catheter and stent retriever microcatheter for intracranial thrombec-
tomy) across the narrowed true lumen of the dissection under biplane fluoroscopic guid-
ance. It is imperative to advance cautiously across the cervical dissection, remaining 
within the true vessel lumen to avoid progression of subintimal pathology. If intramural 
thrombus with intraluminal extension is suspected, the thrombectomy aspiration cath-
eter can be advanced under aspiration to reduce the thrombus burden. Intermittent prox-
imal guide and/or microcatheter check angiograms with gentle contrast hand injections 
are used to confirm access and progress through the true lumen, opacifying the normal 
distal cavernous carotid and intracranial vasculature. Additionally, the entire length of 
the dissection flap, presence of flow-limitation, mural thrombus, and/or associated dis-
secting aneurysms may be better appreciated on DSA after coaxial catheter recanaliza-
tion, which may not have been clearly opacified on initial CTA findings.

Following successful access across the cervical dissection flap, we are typically 
able to perform mechanical thrombectomy effectively. We prefer to target the intra-
cranial occlusion first and reestablish cerebral blood flow for time-sensitive tissue 
salvage using traditional aspiration and/or stent retriever thrombectomy techniques. 
Since we typically utilize 6 French flexible distal guide sheaths (DGSs) with 
> 0.088 inch inner diameters for proximal carotid or vertebral access, we attempt to 
safely  advance these trackable guide sheaths across the entire carotid dissection 
flap, even across the skull base into the ICA petrocavernous segments, coaxially 
over both the large bore distal access aspiration catheter and stent retriever micro-
catheter system for efficient intracranial thrombectomy (GUARD technique) [9]. In 
the setting of a tandem dissection, this technique further augments coaxial catheter 
recanalization across a severe  dissection, expanding the true lumen, promoting 
realignment of the intimal flap, improving antegrade flow, and potentially avoiding 
stent reconstruction in the emergent setting.

After intracranial thrombectomy, cervical and intracranial angiograms are 
repeated to plan further intervention of the cervical dissection, if needed, as flow 
limitation across the dissection can be best evaluated after reestablishing intracra-
nial outflow. Cervical dissection pathology must be carefully evaluated as a large 
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bore coaxial microcatheters or distal guide sheath is retracted across the intimal flap 
over an exchange length safety guide/microwire to maintain access and under aspi-
ration if any residual intraluminal thrombus associated with the dissection is sus-
pected. Consideration of treatment options include stent reconstruction, angioplasty 
alone, or conservative medical management with anticoagulation/antiplatelet ther-
apy if sufficient coaxial catheter recanalization and antegrade flow has been restored. 
Various clinical and imaging criteria have been described in the literature to assess 
if stent reconstruction of a carotid dissection will be required or whether conserva-
tive medical management can be initiated: (1) persisting severe neurological symp-
toms and/or cerebral ischemia (as per CT/MR perfusion imaging) despite intracranial 
thrombectomy or no large vessel occlusion; (2) long segment >3.5 cm and severe 
flow-limiting dissections at risk for impending occlusion; (3) angiographic observa-
tion for 30–60 minutes with interval vessel occlusion despite intraprocedural hepa-
rin anticoagulation or antiplatelets (IV cangrelor/eptifibatide or pre-existing ASA/
thienopyridine therapy); (4) flow-limiting dissections with inadequate circle of 
Willis collaterals resulting in an angiographic venous delay >2 seconds in the down-
stream cerebral hemisphere [4, 5].

 Stent Reconstruction of Cervical Dissections

If stent reconstruction is deemed necessary, we precisely calculate the degree of 
dissection related stenosis, normal arterial diameter measurements proximal and 
distal to the dissection pathology, length of the injured vessel segment and stent 
construct (single vs. tandem/partially overlapping stents) required to cover the prox-
imal inflow zone and the distal intimal flap, using both CTA and intraoperative DSA 
measurements. 3D DSA techniques may be helpful in visualization and measure-
ment of complex dissection pathology such as spiral intimal flaps, dissecting aneu-
rysms, and tortuous vascular anatomy.

Self-expanding carotid stents have been designed for atraumatic deployment 
with decreased, yet adequate, radial force to treat atherosclerotic lesions. Successful 
treatment of internal carotid artery dissections with these stents has been exten-
sively described with single or partially overlapping tandem stent constructs. We 
perform stent reconstruction of proximal and mid cervical carotid dissections pre-
dominantly with self-expanding, open cell carotid stents (e.g., Precise stent, Cordis, 
Miami Lakes, FL or Acculink, Abbott Vascular, Galway, Ireland), which are flexi-
ble, atraumatic, and relatively trackable into mildly tortuous cervical vasculature. 
Stent deployment expands the true lumen, tacking the intimal flap to the outer vessel 
wall, and immediately improves vessel diameter and antegrade flow. Alternatively, 
if anatomy permits, the higher metal-mesh ratio of stiffer, closed cell self-expanding 
carotid stents may further decrease the porosity across the inflow zone to allow 
intimal healing, promote pseudoaneurysm thrombosis, and secure pre-existing 
thrombus along the dissected vessel wall preventing intracranial migration. Self- 
expanding carotid stents have also been designed with both enhanced radial force 
and/or greater metal matrix with closed cell (e.g., Wallstent, Boston Scientific, 
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Marlborough, MA, X-Act, Abbott Vascular, Galway, Ireland) or hybrid (NexStent, 
Boston Scientific, Marlborough, MA, Protégé, Medtronic, Plymouth, MN) nitinol 
construction, providing equally effective and safer alternatives to balloon- expanding 
stents in proximal to mid cervical dissections and dissecting aneurysms.

Although lower-profile peripheral stent delivery systems are promising develop-
ments, the high profile and rigid construction of self-expanding (open or closed cell) 
carotid stents or balloon-expanding peripheral stents  prevents their utilization in 
distal cervical or skull base lesions (petrocavernous ICA or V2-V3 segment verte-
bral arteries), which are often involved in long segment, flow-limiting dissections 
requiring emergent revascularization. The limited flexibility and trackability of 
these stents prohibits deployment in the tortuous anatomy and redundant vascular 
loops of high cervical/skull base segments. In these situations, the off-label utiliza-
tion of self-expanding intracranial stents for aneurysm or atherosclerotic diseases 
have been shown to be effective in the treatment of distal cervical and intracranial 
dissections due to their inherent lower-profile, flexible nitinol construction, and 
trackable delivery systems. Furthermore, intracranial stents provide sufficient radial 
force and atraumatic luminal expansion for the treatment of distal cervical, skull 
base, and intracranial dissection pathology [10]. Newer flow diverter intracranial 
stent technology may also be employed for the salvage of distal cervical and skull 
base dissections, albeit with relatively decreased radial force and more challenging 
deployment than traditional intracranial stents. However, these braided flow- 
diverting intracranial  stents provide markedly improved metal coverage for flow 
remodeling to induce dissecting aneurysm thrombosis, flexibility for deployment in 
tortuous anatomy/vascular loops without kinking, and availability of stent diameters 
approaching 5.5–6 mm for large caliber vasculature.

Lower profile balloon-expanding coronary and peripheral stents have been 
described in the treatment of cervical dissections, but they are relatively inflexible and 
less trackable in tortuous or redundant vasculature in comparison to self- expanding 
intracranial stents. Since balloon-expanding coronary stents are more rigid than intra-
cranial stents, they may be predisposed to kinking and deformation, especially in 
tortuous and mobile distal cervical segments with neck flexion, rotation, or extension. 
Although they possess enhanced radial force with balloon expansion delivery sys-
tems with advantages in severe dissections with intramural hemorrhage in the osseous 
petrous canal, excessive radial force during deployment in dissected, fragile distal 
cervical or intracranial vasculature can lead to complications of propagating dissec-
tion or vessel rupture. Furthermore, balloon-expanding stents do not possess metal 
memory like nitinol-based self-expanding stents, and therefore, problems in stent siz-
ing of segments with non-uniform diameters could result in poor apposition proxi-
mally or overinflation/vessel injury distally. Finally, the greater metal matrix and 
radial force of coronary stents may predispose to increased foreign body reaction and 
platelet aggregation resulting in thromboembolic complications or myointimal prolif-
eration, especially in the setting of pre- existing endothelial injury. If drug-eluting 
coronary stents are utilized to minimize effects of intimal hyperplasia, extended dual 
antiplatelet therapy >1 year is required due to delayed stent endothelialization.

Covered stent grafts have shown utility in the simultaneous treatment of dissec-
tions and dissecting aneurysms and are convenient devices in excluding giant 
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pseudoaneurysms [1]. Adverse properties include large-profile delivery systems, 
limited trackability in tortuous vasculature, occlusion risk to perforating arteries, 
and lack of long-term patency data. For these reasons, covered stent grafts are not 
typically employed in the emergency setting of tandem dissections/dissecting aneu-
rysms and stroke thrombectomy.

During stent deployment, we avoid distal filter protection devices in the treat-
ment of cervical dissections, unlike carotid atherosclerotic lesions, which have a 
greater potential for thromboemboli during carotid angioplasty/stenting. If utilized 
in the treatment of dissections, filter protection devices may risk further intimal 
injury or dissection progression during advancement of relatively rigid delivery 
systems over less supportive rapid exchange/monorail systems. Furthermore, a safe 
landing zone for a filter protection device within a normal vessel segment may not 
be possible in symptomatic cervical dissections requiring stent reconstruction, that 
often involve long segments extending to the skull base and tortuous vasculature. 
Proximal flow arrest techniques using large profile balloon guide catheters with 
concomitant aspiration during carotid stent deployment may be feasible and offer 
advantages over filter protection devices in the treatment of cervical dissection. 
Pre- and post-stent balloon angioplasty has been reported in the endovascular treat-
ment of carotid artery dissections. However, the indications for angioplasty alone in 
the treatment of dissections are limited, usually reserved to obtain access across a 
severe stenosis, or for salvage of an incompletely expanded stent.

Final cervical and intracranial angiograms assess interval changes status post 
stent reconstruction of a cervical dissection: adequacy of luminal expansion, stent 
coverage across the inflow zone and entire intimal flap, uniform stent apposition to 
the vessel wall with overlapping coverage of tandem stents, improvement in flow 
dynamics and intracranial flow, and complications of  in-stent thrombus, in-stent 
kinking/stenosis, or distal intracranial thromboembolic complications. Stent place-
ment expands the true lumen of a dissected vessel to immediately re-establish blood 
flow, realign the intimal flap, and trap the subintimal hematoma. Over the next sev-
eral weeks to months, hematoma resorption, intimal healing, and stent endothelial-
ization reconstructs the parent artery.

 Post-procedure Antiplatelets and Follow-Up Imaging

Acute/subacute thromboembolic stroke, in-stent thrombosis, and parent vessel 
occlusion are well-documented complications following metallic stent placement in 
the cervical and intracranial vasculature. Preventing thromboembolic complications 
entails the routine use of systemic heparin (activated clotting time 2.0–2.5 times 
baseline) during endovascular procedures. Patients undergoing elective stenting 
procedures are invariably placed on pre-procedural dual antiplatelet therapy for pro-
phylaxis, but emergent presentation of an acute ischemic stroke with tandem cervi-
cal dissection and large vessel occlusion is a high risk setting for both thromboembolic 
complications post-stent reconstruction and intracranial hemorrhage complications 
post-thrombectomy. Our emergent antiplatelet loading protocol has evolved from 
an oral/rectal administration of clopidogrel 600 mg and aspirin 300–600 mg to safer 
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shorter-acting agents with intravenous (IV) cangrelor (~15 μg/kg loading dose and 
2 μg/kg maintenance, titrated with P2Y12 assays) or glycoprotein IIb/IIIa inhibitors 
(eptifibatide 180 μg/kg loading dose). We reserve the transition from IV antiplatelet 
therapy to aspirin/clopidogrel loading until post-procedure or serial CT head studies 
exclude reperfusion or infarct transformation hemorrhagic complications. 
Subsequently, dual antiplatelet therapy (clopidogrel 75 mg and aspirin 81–325 mg 
daily) is continued for at least 12 weeks after stenting depending on the metallic 
stent construct burden and follow-up imaging results. Due to a non-negligible popu-
lation that may be resistant to clopidogrel, P2Y12 testing is recommended to assess 
antiplatelet efficacy and increased dosing or alternative potent thienopyridines 
(ticagrelor 180 mg loading dose and 90mg BID) may be required.

If a tandem cervical dissection after stroke thrombectomy is managed medically, 
we will attempt loading immediately with at least aspirin 325  mg and consider 
delayed loading with a dual antiplatelet (clopidogrel) or transition to oral anticoagu-
lation after stable serial CT head imaging findings.

We perform early (<1 month) post-procedure MRA/CTA and carotid Doppler 
ultrasound imaging for either baseline assessment or to identify unstable progres-
sion of severe pathology (especially for cervical dissections that are managed con-
servatively with medical management). Serial follow-up MRA/CTA imaging at 
1 month, 3–6 months, and every 1–2 years can be performed until resolution, but 
allows interval assessment of vessel wall healing, normalization of vessel caliber, 
residual dissection related stenosis/subintimal hematoma, in-stent thrombus, 
delayed intimal hyperplasia/in-stent stenosis, and stability or thrombosis of associ-
ated dissecting aneurysms. MRA may be a suboptimal technique in the evaluation 
of cervical dissections status post stent reconstruction secondary to metallic suscep-
tibility artifact, but if utilized to minimize CT radiation exposure, contrast enhanced 
techniques are recommended. For proximal cervical lesions status post stent recon-
struction, routine carotid Doppler ultrasound studies may be sufficient follow-up 
at 3-month intervals for 1 year and then biannually similar to post-carotid stenting 
algorithm for atherosclerotic lesions.

 Case 1: Stent Reconstruction of Severe Flow Limiting 
and Long Segment Cervical Dissection Restores 
Cerebral Perfusion

A 37-year-old male presented to our institution after acute onset of severe neuro-
logical deficits, left middle cerebral artery (MCA) syndrome with an NIH Stroke 
Scale of 19, and transient improvement of symptoms after intravenous r-tPA (recom-
binant tissue plasminogen activator) thrombolysis. CTA head/neck studies demon-
strated a severe left ICA cervical dissection without an intracranial LVO, but poor 
circle of Willis collaterals. Subsequent MR DWI/PWI studies identified small foci 
of acute infarcts in the left frontal and parietal-temporal lobes (watershed and/or 
embolic), but a large peripheral region of elevated mean transit time and decreased 
cerebral blood flow consistent with an ischemic penumbra and salvageable tissue 
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(Fig. 17.1a). Due to the patient’s relatively young age and persisting, fluctuating 
symptoms not responsive to hemodynamic augmentation, emergent endovascular 
recanalization and stent reconstruction of the acute cervical dissection was initiated 
to prevent left MCA infarct progression.

In this case, general anesthesia was induced with a goal systolic blood pressure 
of 160–180  mm Hg to augment pial collaterals and cerebral perfusion during 
attempted revascularization. Intravenous heparin anticoagulation was administered 
throughout the procedure.

A 6 French standard guide sheath (0.088 inch inner diameter, 90  cm) was 
advanced into the distal left common carotid artery over a 5 French vertebral diag-
nostic catheter; initial angiograms redemonstrated the acute left ICA cervical dis-
section with the characteristic tapered “flame sign” and “string sign” extending to 
the C1–C2 level resulting in complete occlusion and no antegrade intracranial flow 
(Fig. 17.1b). Retrograde reconstitution of the cavernous and supraclinoid segments 
was noted through external carotid collaterals via the middle meningeal-ophthalmic 
arteries and internal maxillary artery (foramen rotundum)-inferolateral trunk con-
sistent in a setting of poor circle of Willis collaterals.

The 5 French vertebral diagnostic catheter was removed and microcatheter/0.014 
inch microwire complex were carefully advanced through the 6F guide sheath across 
the true lumen of the left ICA cervical dissection to the C1–C2 level. Intermittent 
biplane check angiograms demonstrated recanalization and improved visualization 
of the severely narrowed and irregular proximal to mid cervical segments of the left 
ICA terminating in a large dissecting pseudoaneurysm in the distal cervical segment, 
just proximal to the skull base. We carefully advanced the microwire through the 
true lumen to achieve recanalization of the long segment LICA dissection extending 
past the skull base into the petrocavernous segments, again using intermittent check 
angiograms, until the microcatheter was advanced safely into the intracranial M2 
segment of the left MCA (Fig. 17.1b). For adequate access and purchase across the 
nearly occlusive and flow-limiting left ICA dissection, the microcatheter was 
removed over a 300 cm 0.014 inch exchange microwire with a safe distal J loop for 
planned stent reconstruction and revascularization of the cervical LICA dissection.

Following loading bolus of intravenous eptifibatide (0.18 mg/kg), a Neuroform 4 
× 20  mm intracranial stent (Stryker Neurovascular, Fremont, CA) was deployed 
across the posterior genu segment of the cavernous left ICA to trap the distal exten-
sion of the intimal flap. Next, a Wingspan 4.5 × 20 mm intracranial stent (Stryker 
Neurovascular, Fremont, CA) was advanced and deployed with partial overlap from 
the precavernous segment distally and across the horizontal petrous segment proxi-
mally. Finally, a Neuroform 4.5 × 20  mm intracranial stent was deployed with 

grams demonstrate successful and complete stent reconstruction of the cervical and petrocavern-
ous left ICA dissection with robust antegrade flow into the intracranial circulation consistent with 
TICI 3 reperfusion. Note decreased inflow into the distal cervical pseudoaneurysm after stent 
remodeling, but a 50% residual dissection-related stenosis related to the intramural hematoma. (e) 
Follow-up biplane cervical angiograms at 6 months demonstrate vessel wall healing of the long 
segment ICA dissection status post stent reconstruction with near-complete restoration of vessel 
caliber, interval involution of the distal cervical pseudoaneurysm with no residual stenosis, and 
robust antegrade flow into the intracranial circulation
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Fig. 17.1 Stent reconstruction of severe flow limiting and long segment cervical dissection 
restores cerebral perfusion. (a1) CTA head/neck studies with coronal MIP and axial images dem-
onstrate long segment, severe internal carotid artery dissection/occlusion without intracranial 
LVO, but poor circle of Willis collaterals due to hypoplastic anterior communicating and posterior 
communicating arteries. (a2) MR DWI/PWI axial images identify acute embolic frontal-temporal 
infarcts with large region of elevated mean transit time (MTT) and decreased cerebral blood flow 
(CBF) in the left MCA distribution consistent with an ischemic penumbra. (b1) Lateral DSA 
image of left common carotid artery injection demonstrates a severe flow-limiting/occlusive dis-
section, just past the proximal cervical segment of the left ICA with a characteristic flame sign. 
(b2) During microcatheter recanalization of the long segment cervical dissection extending into 
the petrocavernous segments, lateral DSA images identify re-establishment of slow antegrade flow 
with prominent subintimal contrast extravasation and dissecting pseudoaneurysm in the distal cer-
vical segment. (c1) Oblique radiographs demonstrate partially overlapping intracranial stent 
reconstruction of the distal intimal flap in the petrocavernous segments with deployed Neuroform 
4 × 20 mm and Wingspan 4.5 × 20 mm stents over an exchange length microwire in the MCA. (c2) 
Further stent reconstruction of the vertical petrous segment with a Neuroform 4.5 × 20 mm intra-
cranial stent at the skull base as well as distal to proximal cervical intimal flap reconstruction with 
self-expanding Precise 6 × 40 mm and 7 × 40 mm carotid stents. (d) Final biplane cervical angio-
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partial overlap within the Wingspan stent and across the vertical petrous segment, 
extending just below the skull base, enabling proximal vessel reconstruction with 
traditional self-expanding carotid stents. Two partially overlapping Precise 6 × 
40 mm and 7 × 40 mm carotid stents were serially deployed from the distal to proxi-
mal cervical segments covering the most severe dissection related stenosis and large 
pseudoaneurysm in the distal cervical segment resulting in intimal flap reconstruc-
tion of the cervical left ICA and impaired inflow into the dissecting pseudoaneu-
rysm (Fig. 17.1c).

Final cervical and intracranial angiograms demonstrated successful recanaliza-
tion and stent reconstruction of the long segment left ICA dissection with markedly 
improved vessel diameter and robust antegrade intracranial flow through the multi-
ple, tandem carotid/intracranial stents, consistent with TICI 3 reperfusion. A promi-
nent 50% residual stenosis remains in the distal cervical segment at the site of the 
prior pseudoaneurysm and severe dissection-related stenosis with mild residual sub-
intimal opacification, probably due to a large intramural hematoma. Improved cali-
ber in the vertical petrous segment is also noted with mild residual 20–30% stenosis 
at the skull base transition of the carotid and intracranial stents (Fig. 17.1d).

 Case 2: Mechanical Thrombectomy with Coaxial Catheter 
Revascularization of Tortuous Tandem Cervical Dissection

A 65-year-old male was transferred to our institution approximately 10 hours after 
his last known well with severe neurological deficits of global aphasia, right facial 
droop, hemiplegia, and left gaze preference consistent with an NIH Stroke Scale of 
17. CTA head/neck and CT brain perfusion studies demonstrated a small core infarct 
limited to the lentiform nucleus (ASPECTS 9), secondary to suspected tandem cer-
vical and intracranial left ICA occlusions extending into the left M1 MCA, but with 
a large ischemic penumbra suggestive of salvageable tissue. Since the patient was 
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eligible for intervention as per the DAWN and DEFUSE-3 trial criteria, emergent 
mechanical stroke thrombectomy was initiated.

As the patient’s airway was secure and he appeared cooperative, monitored anes-
thesia care was provided with arterial line monitoring and systolic blood pressures 
of 160–180  mm Hg to augment pial collaterals until revascularization could be 
achieved. Intravenous heparin anticoagulation was provided throughout the 
procedure.

A 6 French flexible DGS (0.088 inch inner diameter, 100 cm) was advanced into 
the left common carotid artery over a 5 French vertebral diagnostic catheter. Initial 
angiograms revealed abrupt tapering of the proximal cervical left internal carotid 
artery, resulting in complete occlusion secondary to severe, flow-limiting left ICA 
dissection involving the mid and distal cervical segments (Fig. 17.2a).

After multiple attempts, a shapeable 0.038 inch glidewire was able to achieve 
access across the compressed true lumen and prominent intimal flap involving a 360 
degree loop of the distal cervical lCA dissection, eventually migrating into the nor-
mal petrous segment of the left ICA.  Next, a 0.068 inch reperfusion/aspiration 
thrombectomy catheter was advanced across the cervical ICA segments over the 
glidewire to maintain recanalization of the severe dissection-related stenosis/occlu-
sion. Furthermore, coaxial advancement of the 6 French DGS was performed across 
the cervical dissection to augment dilatation of the true lumen, maintain intimal flap 
realignment, and provide support for planned stroke thrombectomy (Fig. 17.2b).

With 6 French DGS access across the cervical dissection, intracranial thrombec-
tomy was initiated using a 0.068 inch reperfusion catheter, 0.027 inch microcathe-
ter, and a 0.016 inch microwire. The triaxial catheter system was advanced past the 
normal petrocavernous segments, traversing the supraclinoid ICA and M1 MCA 
occlusions into the M2 inferior division segment, confirmed on intermittent check 
angiograms. A 6 × 40 mm stent retriever was deployed across the large thromboem-
bolic burden for several minutes to optimize clot integration. Mechanical thrombec-
tomy was performed with 2 serial stent retriever passes under vacuum aspiration via 
the 0.068 inch reperfusion catheter abutting the proximal aspect of the clot as well 
as manual aspiration via the triaxial 6 French DGS, which was further advanced into 
the distal petrous segment consistent with the GUARD technique [9], resulting in 
TICI 2c reperfusion (Figs. 17.2c).

The DGS was retracted under vacuum aspiration to retrieve any extraneous 
thrombus along the left ICA into the proximal cervical segment, but a safety 
exchange length 0.035 inch glidewire was maintained across the dissection pathol-
ogy. Delayed cervical and intracranial angiograms were performed over 15–30 min-
utes to confirm successful intracranial thrombectomy and stability of cervical 
revascularization, especially across the severe distal cervical dissection and tortuous 
vascular loop segment. Although a prominent residual dissection flap with subinti-
mal opacification remained in the mid and distal cervical ICA (possibly with early 
dissecting aneurysm formation), there was stable vessel caliber with no residual 
flow-limitation or intraluminal thrombus (Fig. 17.2d). Therefore, we deferred stent 
reconstruction of the cervical dissection, that  would have also been difficult or 
impossible with existing stent technology at the time, due to distal cervical tortuos-
ity and large vessel diameter. The patient was medically treated with 
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Fig. 17.2 Mechanical thrombectomy with coaxial catheter revascularization of tortuous tandem 
cervical dissection. (a) Lateral DSA image of left common carotid artery injection demonstrates a 
severe flow-limiting/occlusive, mid to distal cervical left ICA dissection with the characteristic 
flame sign on initial angiography. (b1–b3) Serial oblique DSA images after coaxial catheter and 
flexible DGS recanalization of distal cervical ICA dissection with a prominent intimal flap, and 
progressive advancement across the involved 360 degree cervical loop, but persisting distal intra-
cranial thromboembolic occlusion of the supraclinoid ICA and M1 left MCA. (c1–c3) AP DSA 
images demonstrate intracranial microcatheter access into the left MCA and two serial post- 
thrombectomy passes with stent retrieval under proximal aspiration, resulting in successful TICI 
2c reperfusion. (d1–d4) Final serial AP/lateral DSA images status post revascularization of cervi-
cal dissection and intracranial thrombectomy confirm a stable intimal flap without flow limitation 
or reocclusion over 30 minutes, obviating the need for stent reconstruction
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anticoagulation for 3 months and subsequent transition to aspirin antiplatelets with 
stable CTA and carotid Doppler ultrasound imaging findings on serial 
follow-up studies.

 Case 3: Mechanical Thrombectomy with Stent Reconstruction 
of Unstable Tandem Cervical Dissection

A 54-year-old male with a history of hyperlipidemia presented 23 hours after last 
known well with severe neurological deficits consisting of left facial droop, hemi-
paresis, hemineglect, dysarthria, and right sided gaze deviation, consistent with an 
NIH Stroke Scale of 13. Noncontrast CT and CTA head/neck studies demonstrated 
early ischemic changes (ASPECTS 6), suspected tandem LVO of the mid cervical 
right ICA, and large thromboembolic burden in the cavernous/supraclinoid intracra-
nial ICA extending into the M1–M2 segments of the right MCA. Additionally, CT 
brain perfusion studies confirmed a small core infarct volume (~20 mL) and large 
ischemic penumbra as per quantitative post-processing analysis  software. Due to 
the salvageable tissue profile as per the DAWN trial criteria, emergent mechanical 
thrombectomy was initiated.

Since the patient was able to follow simple commands and remain stationary for 
the procedure, monitored anesthesia care was provided with arterial line monitoring 

Fig. 17.2 (continued)
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and goal systolic blood pressures of 160–180 mm Hg to augment pial collaterals 
until revascularization could be achieved.

A 6 French, flexible DGS was coaxially advanced into the proximal cervical 
right ICA over a 5 French vertebral catheter. Initial angiography demonstrated con-
trast reflux into the carotid bifurcation with normal antegrade opacification of the 
right external carotid artery, but with tapering of the mid cervical right ICA segment 
that terminated in a complete distal cervical ICA occlusion (Fig. 17.3a).

An 0.035 inch glidewire was carefully navigated across the occluded true lumen 
of the mid and distal cervical ICA dissection for vessel recanalization and placed in 
the distal horizontal petrous segment for purchase and support. A 0.072 inch reper-
fusion/aspiration thrombectomy catheter was then advanced over the glidewire 
under vacuum aspiration for local thrombectomy, yielding a significant burden of 
intraluminal clot. Subsequently, coaxial advancement of the 6 French DGS was 
performed into the petrous segment of the right internal carotid artery across the 
entire dissection flap to maintain vessel recanalization, potential intimal flap stabi-
lization via its large diameter, and guide sheath support for planned intracranial 
thrombectomy. Intermittent angiography demonstrated complete recanalization of 
the mid and distal cervical ICA segments with reflux opacification of a large 10 × 
15 mm fusiform carotid pseudoaneurysm associated with the tortuous distal cervi-
cal segment and significant proximal vessel irregularity in the mid cervical segment, 
consistent with dissection-related stenoses. Additionally, a small dissection flap was 
observed extending into the junction of the vertical-horizontal petrous segments, 
but antegrade flow remains obstructed distally due to an extensive intracranial 
thrombus burden in the cavernous/supraclinoid ICA extending into the MCA 
(Fig. 17.3b).

Intracranial thrombectomy was initiated with coaxial advancement of the 0.072 
inch reperfusion catheter and 0.027 inch microcatheter over a 0.016 inch microwire 
across the cavernous/supraclinoid ICA and M1–M2 MCA occlusions. A 6 × 40 mm 
stent retriever was deployed across the thromboembolus for several minutes to opti-
mize clot integration. Mechanical thrombectomy was performed with 3 serial stent 
retrieval passes under vacuum aspiration via 0.072 inch reperfusion catheter abut-
ting the proximal aspect of the clot. Additionally, manual aspiration was 
applied through the 6 French DGS, which was further advanced with triaxial sup-
port across the petrous segment into the posterior genu cavernous ICA for the 
GUARD technique, resulting in TICI 2b reperfusion (Fig. 17.3c).

Post-thrombectomy, the 6F DGS was retracted into the distal right common 
carotid artery over a safety 0.014 inch exchange microwire to maintain access across 
the severe cervical and petrous ICA dissection.

Although initial angiography demonstrated patency of the true lumen with near- 
normal antegrade opacification across the cervical dissection after successful throm-
bectomy and coaxial catheter revascularization, delayed serial angiography over 
15–30  minutes identified interval collapse of the intimal flap due to a severely 
refractory, unstable dissection with flow limitation and impending reocclusion 
(Fig. 17.3d). Therefore, stent reconstruction across the cervical and petrous segment 
dissection was required for vessel salvage.
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An intraoperative flat detector CT head study was performed demonstrating sta-
ble infarct volume with contrast staining, but importantly, no evidence of reperfu-
sion hemorrhage or hemorrhagic transformation status post thrombectomy. An 
eptifibatide loading bolus (0.18 mg/kg) was infused intravenously in preparation for 
stent reconstructions across the long segment cervical ICA dissection.

a

d1 d2 e1 e2 e3

b c1 c2 c3

Fig. 17.3 Mechanical thrombectomy with stent reconstruction of unstable tandem cervical dissec-
tion. (a) Lateral DSA image of right common carotid artery injection demonstrates a severe, flow- 
limiting cervical right ICA dissection with tapering in the mid cervical segment and terminal 
occlusion in the distal cervical segment. (b) Lateral DSA image after coaxial catheter and DGS 
recanalization (with local aspiration thrombectomy) and access across the entire dissection flap 
into the horizontal petrous segment of the right ICA. Contrast reflux also opacifies a large fusiform 
dissecting pseudoaneurysm in the distal cervical ICA. However, there is persisting obstruction of 
antegrade flow due to intracranial thromboembolic occlusions of the cavernous/supraclinoid ICA 
extending into the M1–M2 MCA. (c1–c2) Lateral radiographs demonstrate serial mechanical 
thrombectomy passes with stent retriever deployment, under vacuum aspiration via proximal 
reperfusion catheter, and manual aspiration via the DGS that was advanced into the posterior genu/
cavernous segment (GUARD technique), resulting in TICI 2b reperfusion on final post- 
thrombectomy AP DSA image (c3). (d1, d2) Serial cervical angiograms over 15 minutes with 
lateral (early) and AP (delayed) DSA images after retraction of the DGS identifies interval reoc-
clusion of the cervical ICA dissection due to an unstable intimal flap, refractory to coxial catheter 
revascularization. (e1–e3) Oblique radiograph and final cervical DSA images demonstrate 
Neuroform 4.5 × 30 mm and 4.5 × 20 mm intracranial stent reconstruction across the distal extent 
of the dissection flap at the junction of the horizontal and vertical petrous segments, as well as 
cervical ICA reconstruction with self-expanding Precise 6 × 30 mm and 7 × 30 mm carotid stents. 
Note complete stent reconstruction of the vessel wall with no residual intimal flap or dissection 
related stenosis, and decreased opacification of the fusiform dissecting aneurysm due to flow 
remodeling
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Using a 0.027 inch microcatheter for access across the petrous extension of the 
cervical dissection, two Neuroform 4.5 × 30 mm and 4.5 × 20 mm intracranial stents 
were deployed with partial overlap across the horizontal and vertical petrous seg-
ments of the right ICA resulting in distal intimal flap reconstruction with no residual 
stenosis. Next, a Precise 6 × 30  mm self-expanding carotid stent was deployed 
across the tortuous distal cervical segment and associated dissecting pseudoaneu-
rysm with minimum gap abutting the intracranial stent. Subsequently, a Precise 7 × 
30 mm carotid stent was deployed with partial overlap within the Precise 6 × 30 mm 
carotid stent, extending across the mid cervical segment of the right ICA, com-
pletely reconstructing the intimal flap from the proximal inflow zone to the distal 
extent of the dissection.

Final cervical and intracranial angiograms demonstrated successful recanaliza-
tion and stent reconstruction of the long segment cervical and petrous segment right 
ICA dissection with robust TICI 2b reperfusion of the intracranial circulation. 
Excellent vessel wall apposition of the stent constructs is seen with no residual ste-
nosis, flow limitation, in-stent kinking, or thrombus, as well as diminished opacifi-
cation of the large fusiform dissecting aneurysm in the distal cervical segment 
secondary to flow remodeling (Fig. 17.3e).

 Discussion

As the above cases demonstrate, tandem occlusion due to cervical dissection and an 
intracranial thromboembolus is a complex pathology that requires emergent, but 
thoughtful preoperative planning as well as intraoperative assessment of treatment 
options. Technical efficacy of intracranial thrombectomy with adjunctive stent 
reconstruction techniques can be performed with low complication rates and trans-
late into favorable clinical outcomes. Although not always necessary as was evident 
in Case 2, stent reconstruction can salvage acutely occluded or severe flow-limiting 
dissections refractory to coaxial catheter revascularization, and confer an ability to 
navigate larger guide or intermediate catheters for the management of associ-
ated distal occlusions. Moreover, re-establishing robust cervical antegrade flow can 
be inherently thrombolytic for small-vessel intracranial occlusions, prevent recur-
rent thromboemboli or reocclusion after successful cervical and intracranial recana-
lization, and provide hemodynamic augmentation to pial collaterals supplying any 
residual ischemic tissue. Even in the absence of a LVO or distal small intracranial 
thromboemboli, severe flow-limiting cervical dissections without adequate circle of 
Willis or pial collateral supply can present with profound hypoperfusion-related 
ischemia, requiring emergent endovascular stent reconstruction for cerebral reper-
fusion to salvage the ischemic penumbra, as in Case 1.

 Proximal-to-distal approaches for tandem occlusions have been described with 
angioplasty/stent placement to re-establish antegrade flow and access to the intra-
cranial circulation for thrombectomy, but a coaxial catheter/dilator recanalization 
(Dotter technique) may also be sufficient. Although severe calcified atherosclerotic 
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carotid stenoses may require angioplasty/stenting for distal access, acute cervical 
dissections can usually be traversed with current guidewires/microwires and distal- 
access  catheter/microcatheter technology for coaxial recanalization  to first  target 
the distal intracranial LVO, for rapid cerebral reperfusion with standard aspiration 
and/or stent-retriever thrombectomy techniques . In our experience, the use of prox-
imal balloon-guide catheters is deferred in preference for  lower-profile DGS and 
distal-access aspiration catheters to prevent further injury to the cervical carotid 
wall during thrombectomy. We prefer the GUARD technique with a 6F DGS as a 
valid substitute for balloon guide catheters, due to the atraumatic construction of 
these flexible guide sheaths and presumably less risk of further intimal injury [9].

After cerebral blood flow has been restored, the cervical dissection requires care-
ful diagnostic assessment; delayed angiography may demonstrate that the intimal 
flap is stable after coaxial catheter recanalization and true lumen expansion. 
Furthermore, a patient may possess an adequate circle of Willis or pial collaterals to 
supply the affected hemisphere without ischemia, despite a residual cervical 
dissection- related stenosis or flow limitation. Serial angiography over 15–30 min-
utes must identify a stable dissection flap and vessel patency without interval reoc-
clusion, and/or of an adequate circle of Willis (anterior/posterior communicating 
arteries) with <2-second venous phase delay in the affected cerebral hemisphere 
before concluding that vessel recanalization is sufficient and the cervical dissection 
will be managed medically. In the case of medical management, early transition to 
antiplatelets or anticoagulation is recommended after excluding intracranial hemor-
rhage complications, as well as early follow-up MRA/CTA imaging to monitor ves-
sel stability and patency.

If the dissection flap is unstable with severe flow limitation, early reocclusion, 
and/or poor intracranial collaterals, tandem stent reconstruction of long segment 
cervical dissections can be performed as described above, from a distal-to-proximal 
approach, maintaining access across the true lumen and securing the distal exten-
sion of the intimal flap to the proximal inflow zone. Multiple groups have demon-
strated the successful use of self-expanding carotid/peripheral stents and covered 
stent grafts in the endovascular reconstruction of cervical dissections and dissecting 
aneurysms. In fact, after stent realignment of the intimal flap, acute dissecting aneu-
rysms will often undergo spontaneous thrombosis due to flow diversion and reduced 
inflow into the false aneurysm lumen after stent realignment of the intimal flap. 
Long-segment carotid dissections may extend into the distal cervical, skull base/
petrocavernous, and even intracranial segments, requiring off-label applications of 
lower-profile balloon-expanding coronary stents or flexible/navigable self- 
expanding intracranial stents. Although intracranial stents are highly trackable and 
accommodating to the tortuous distal cervical vasculature with sufficient radial 
force for the treatment of cervical dissections, this application is considered an off- 
label use, and may need institutional review board and manufacturer notification for 
HDE (Humanitarian Device Exemption) devices. Flow-diverting intracranial stents 
are an evolving technology and may have a future role in the stent reconstruction of 
highly tortuous dissection flaps in large diameter distal cervical vasculature, includ-
ing the simultaneous  treatment of associated dissecting pseudoaneurysms. 
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Alternatively, balloon-expanding coronary stents can be advantageous in severe 
dissection-related stenoses with focal intramural hemorrhage, spiral dissections, or 
in the constrained osseous compartment of the petrous carotid canal, provide greater 
angioplasty-dependent radial force and precise placement for vessel reconstruction, 
albeit with increased risk of vessel injury and stent sizing mismatch.

Dual antiplatelet therapy is mandatory when deploying cervical/intracranial stents, 
even in the emergent acute stroke intervention setting, in order to prevent in-stent 
thromboembolic/vessel  occlusion complications. Deployment of multiple tandem 
stents, as in two of the cases detailed above, results in extensive vessel wall exposure 
to foreign metallic material and increases the risk of platelet aggregation and throm-
boemboli. However, antiplatelets and anticoagulation may be contraindicated or used 
with trepidation in the acute stroke setting, as patients may have received intravenous 
r-tPA thrombolysis and/or may have just underwent mechanical thrombectomy; cau-
tion is warranted, especially if there is a high risk of intracranial hemorrhage from 
reperfusion or infarct transformation complications. We have used several antiplatelet 
strategies in this precarious setting including intravenous glycoprotein IIb/IIIA inhibi-
tors (eptifibatide) and a novel intravenous P2Y12 inhibitor (cangrelor) during carotid 
stent reconstruction. Several advantages of IIb/IIIa inhibitors and cangrelor include 
immediate antiplatelet protection without the need for oral aspirin/clopidogrel load-
ing and a reduced time to peak platelet inhibition (minutes versus hours depending on 
dose and class of oral thienopyridines). As a reversible competitive inhibitor with a 
short half-life, eptifibatide rapidly decays with normalizing platelet function over 
hours, providing time to initiate aspirin/clopidogrel loading or terminate antiplatelet 
therapy if hemorrhagic complications are suspected. Cangrelor is also a reversible 
P2Y12 inhibitor with an even shorter half-life and normalization of platelet function 
over 30 minutes, and a viable alternative to eptifibatide. If CT head findings are equiv-
ocal or concerning, clopidogrel loading can be delayed until repeat follow-up imaging 
definitively excludes evolving intracranial hemorrhage. New dual-energy CT applica-
tions may assist in  the earlier diagnosis of infarct related  contrast staining versus 
hemorrhagic complications after endovascular stroke thrombectomy, allowing confi-
dent initiation of dual-antiplatelet therapy and prophylaxis from stent-related throm-
boembolic complications.

In conclusion, endovascular revascularization with coaxial catheter recanaliza-
tion or stent reconstruction techniques is an effective technique for restoring cere-
bral perfusion in the setting of tandem cervical dissections and LVO requiring acute 
stroke thrombectomy. If the dissection flap is stable without significant stenosis or 
flow-limitation, conservative catheter recanalization and medical management with 
antiplatelet/anticoagulation therapy can be effective to promote spontaneous vessel 
wall healing. Furthermore, adequate circle of Willis or pial collaterals to the affected 
cerebral hemisphere without persisting ischemia (clinical and/or imaging evalua-
tion) may also warrant a trial of medical management. However, in refractory cervi-
cal dissections with long segment, severe flow-limiting stenoses, and impending 
occlusion on serial delayed angiography and/or in patients with a poor circle of 
Willis, intravenous antiplatelet loading followed by stent reconstruction should be 
the preferred revascularization technique.
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Chapter 18
Acute Stroke Following Carotid 
Endarterectomy: Approach and Strategy

Eleonora Francesca Spinazzi, Pavan S. Upadhyayula, Belinda Shao, 
and Philip M. Meyers

 Introduction

Stroke is the second leading cause of mortality and the third leading cause of dis-
ability  – adjusted life years (DALYs) worldwide [1]. First described in 1951 by 
C. Miller Fisher, internal carotid artery stenosis (ICAS) has been identified as a 
major cause of ischemic stroke, with atherosclerosis and thrombosis representing 
the most common occlusive etiologies, accounting for roughly 60% of all strokes 
[2]. Several large, multicenter, randomized, prospective clinical trials have demon-
strated the benefits of carotid revascularization for stroke prevention in selected 
patients with extracranial ICAS. For prevention of ischemic stroke due to carotid 
bifurcation stenosis, carotid endarterectomy (CEA) remains a common procedure 
for the treatment of symptomatic [3, 4] and selected asymptomatic [5–7] patients 
with ICAS.  More specifically, the North America Symptomatic Carotid 
Endarterectomy Trial (NASCET) and the European Carotid Surgery Trial (ESCT) 
proved the benefit of CEA and led to American Heart Association Class I, Level of 
Evidence A Recommendation for surgical intervention in patients with severe 
symptomatic carotid stenosis. The benefit of CEA is directly proportional to the 
degree of stenosis in symptomatic patients with ≥70% ICAS. By contrast, in asymp-
tomatic patients, the size of this treatment effect is more limited. ACAS and ACST 
demonstrated only 5.4–5.9% absolute risk reduction of CEA; thus, maintaining a 
periprocedural risk less than 3.1% becomes particularly important to maximize sur-
gical benefit [6, 7] (Table 18.1). Utilization of CEA varies significantly throughout 
the developed world: in the United States, about ¾ of all CEAs are performed on 
asymptomatic patients [8].
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Because the purpose of carotid revascularization is stroke prevention, periopera-
tive stroke is a serious complication. Moreover, perioperative stroke is associated 
with poor neurological and functional outcomes. Patients experiencing a stroke fol-
lowing CEA have an almost threefold increase in mortality at 4-year follow-up [5]. 
Even for experienced surgeons, the rate of CEA-associated perioperative stroke 
reportedly ranges as high as 3.24–6% [3, 4]. Stroke risk during surgery must be 
weighed against the risk of stroke in untreated ICAS, which ranges from 2% in 
asymptomatic patients to 26% in symptomatic patients at 2-year follow-up [3]. In 
two studies, operative factors such as intraoperative neurophysiology monitoring 
changes, and use of a vascular shunt were significantly associated with postoperative 
neurological events [9]. It is difficult to determine whether the increased operative 
stroke risk is due to patient or surgeon characteristics, since shunts are used more 
frequently in conjunction with general anesthesia. Periprocedural stroke usually 
occurs in symptomatic patients, who have a more tenuous neurological status [10]. 
This ambiguity in the data highlights one of the critical shortcomings of the litera-
ture. The rarity of postoperative stroke precludes rigorous prospective trials studying 
optimal management strategies. This chapter will highlight the various etiologies 
and management strategies available for the treatment of postoperative CEA stroke. 
Our goal is to bring together a previously dichotomized literature to provide the 
surgeon with a single action algorithm in cases where this were to present.

 Etiologies and Time Course of Stroke After CEA

Effectively managing perioperative CEA stroke requires prompt determination of the 
pathologic cause. Broadly, postoperative CEA stroke falls into four categories: throm-
boembolic, hemorrhagic, clamp-related ischemia, and incidental/unrelated [10].

Table 18.1 Natural history of carotid stenosis: medical versus surgical management

RTC

Degree of 
stenosis 
(%)

Follow-up 
period 
(years)

Long-term primary event rate:
30-day 
surgical 
CSM (%)

ARR 
(%)

RRR 
(%)

Medical 
management 
(%)

Carotid 
endarterectomy 
(%)

Asymptomatic:
ACAS
ACST

60–99
60–99
60–99

5
5

10

11.0
11.8
17.9

5.1
6.4
13.4

2.3
3.1
3.1

5.9
5.4
4.5

53
46
25

Symptomatic:
NASCET 50–69

70–99
5
2

22.2
26.0

15.7
9.0

6.7
5.8

6.5
17

29
65

ESCT 50–69a

70–99a

3
8

18.4
21.9

15.6
12.3

7.9
7.5

2.8
9.6

None
44

Abbreviations: ACAS Asymptomatic Carotid Atherosclerosis Study, ACST Asymptomatic Carotid 
Surgery Trial, ARR absolute risk reduction, CSM combined stroke and/or mortality rate, ECST 
European Carotid Surgery Trial, NASCET North American Symptomatic Carotid Endarterectomy 
Trial, RRR relative risk reduction
a(%) stenosis by ECST = 0.6 × (%) stenosis by NASCET + 40% [33]
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A majority of post-CEA stroke occurs within the first 24  hours after surgery 
(Fig. 18.1). Between 54.5% and 66.6% of postoperative neurologic events occur in 
this window [10–12]. Immediately postoperatively, the risk of thromboembolic 
strokes is the highest. Multiple studies, both using CT angiography as well as surgi-
cal re-exploration, have shown that in patients presenting with a new-onset neuro-
logical deficit within 24 hours of CEA, the rate of carotid luminal irregularities such 
as an intraluminal thrombus exceeds 80% [10, 13]. Other findings such as intimal 
flaps or step-offs of the CCA, ECA, or ICA have not been correlated with neuro-
logic deficits and seem to be inevitable consequences of the surgical procedure [14]. 
Reasons for postoperative thromboembolic complications are not clear. One possi-
bility is mechanical dislodgement of clot during surgery, leading to intraoperative 
emboli [9, 15]. A second possibility is a systemic inflammatory response creating a 
prothrombotic environment during surgery [9, 16]. In one of the largest studies to 
date of 2250 CEA patients, Radak et al. showed that these two pathophysiologic 
mechanisms may have unique temporal distributions [17]. Intraoperative strokes 
were associated with thromboembolic events and patent carotid arteries. 
Postoperative strokes were associated with carotid artery thrombosis [17]. Some 
authors argue that intraoperative ischemia is more likely due to clamp intolerance. 
As mentioned previously, clamp intolerance and use of a shunt are both indepen-
dently associated with postoperative neurological outcomes, morbidity, and mortal-
ity [10]. Notably, this type of stroke affects anterior cerebral circulation in over 70% 
of cases [9].

A second type of post-CEA stroke is hemorrhagic. This complication occurs 
later during the recovery period – namely, 24–72 hours postoperation – and accounts 
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Fig. 18.1 Relationship between timing and etiology of perioperative stroke events. Intraop = intra-
operative. (Figure adapted from Rockman et al. [10])
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for up to 13% of postoperative neurological deficits [9–11]. Patients usually present 
with signs and symptoms consistent with increased intracranial pressure or neuro-
nal irritation. These may include headache, lethargy, obtundation, and seizures 
along with elevations in systolic blood pressure [10]. Based on the clinical time 
course and patient presentation, emergent CT is the diagnostic tool of choice. 
Cerebral hyperperfusion syndrome and hemorrhagic transformation of ischemic 
regions are two pathophysiologic mechanisms that can cause postoperative hemor-
rhage [18, 19].

The final group to consider are patients suffering strokes that are incidental, or 
unrelated, to the operation. Causes for this finding may include diffuse global 
hypoxia due to improper medical management, cardio-embolic stroke, or contralat-
eral thrombo-embolic stroke. It is possible, however, for ipsilateral intraluminal 
defects to cross over, causing contralateral deficits [10]. These incidental neurologic 
events may occur any time during the operative and the postoperative period.

 Existing Management Algorithms: Two Schools of Thought

Current approaches to the evaluation and treatment of perioperative stroke after 
CEA remain controversial. The infrequent occurrence of this perioperative compli-
cation has translated into scant literature; small case series and retrospective data 
diminish the quality of conclusions drawn. For this reason, no consensus has been 
reached regarding optimal evaluation and treatment of neurologic deficits post CEA, 
with recommendations varying according to the clinician’s experience and discre-
tion. Controversy mainly exists over the role for diagnostic imaging, the clinical 
criteria that warrant surgical reoperation, and the window of opportunity in which 
restitution of blood flow can still reverse ischemic damage and rescue neurologic 
function [10, 20]. These areas of disagreement have dichotomized management of 
acute stroke post-CEA into two schools of thought: the time-honored approach, 
which advocates for immediate surgical exploration, versus the imaging- first para-
digm, which stresses the value of diagnostic imaging in guiding optimal manage-
ment. Newer technology has rapidly changed the cost-benefit analysis associated 
with each technique. Without comparative literature, postoperative management is 
often based on surgeon preference rather than scientific evidence. Such an approach 
can be problematic in times of emergency, when acute occlusion is suspected and 
the surgeon has no preplanned validated strategy to guide management [10, 19].

 Pearls and Pitfalls for Early Reoperation

Management of acute stroke during or immediately after CEA presents a unique 
neurosurgical situation; the patient’s cerebral circulation has often been assessed 
during preoperative testing, and the new neurological defect can be ascribed to the 
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surgical site with a high degree of certainty. Neuronal viability is tied to both the 
degree of collateral circulation as well as the duration of ischemia [21]. To minimize 
the duration of ischemia and optimize neurological outcomes, some surgeons have 
recommended early reoperation in the setting of new-onset neurologic deficits 
[17, 22].

Review of the published data, however, provides a mixed picture. Treiman et al. 
reported on 26 patients with acute post-CEA stroke [22]. Twelve patients underwent 
immediate surgical exploration. Only 7 of 12 patients had successful thrombec-
tomy, and only 3 had symptomatic improvement. By contrast, 4 of 14 medically 
managed patients had symptomatic improvement. Also of note is that only 66% of 
reoperation patients had a thrombus at the surgical site [22]. Rockman et  al. 
described 25 patients who developed acute post-CEA stroke. Of these, 18 were 
reoperated with 15 (83.3%) demonstrating CEA site thrombus; 12 had significant 
neurological improvement [10]. Similarly, Paty et al. found that 100% of patients 
with early post-CEA stroke had thrombosis of the endarterectomy site with nearly 
60% good neurological outcomes [20].

The better rate of neurological improvement noted by Rockman et al. (66.6%) 
and Paty et al. (57.1%) may be related to the higher rates of thrombosis at the 
CEA surgical site [10, 20]. These findings are corroborated by the largest retro-
spective study of postoperative complications of CEA conducted by Radak et al. 
Out of 2250 CEA cases, 18 (0.80%) patients developed postoperative stroke and 
11 of the 18 had CEA-site thrombosis. With prompt reoperation, 8 of the 18 
patients made total recovery [17]. Beyond simply corroborating the importance 
for prompt reoperation, the authors also conclude most perioperative strokes are 
due to technical error. They advocate the use of intraoperative imaging including 
transcranial Doppler and EEG monitoring to help limit complications. In a range 
of smaller studies with fewer than ten reoperations each, the rate of symptomatic 
neurological improvement after urgent reoperation ranges anywhere from 25% 
to 100% [23–25]. Although these studies each report small case series, they all 
mention a correlation between neurologic recovery and time from symptom pre-
sentation to reoperation. The one case series that reported 100% (3/3) symptom-
atic improvement with reoperation had reoperation within 45  minutes of 
symptom onset [23]. When comparing reoperation to medical management for 
post-CEA stroke, Stewart et al. found no difference between the two treatment 
arms. The study is confounded by a low incidence of CEA site thrombus (25%) 
and a higher rate of early (<24 hours) postoperative stroke in the reoperation 
cohort [26].

While inconsistent in certain respects, these studies highlight three key princi-
ples. First, new-onset neurological deficit in the immediate postoperative window 
(0–24 hours) requires a high index of suspicion for CEA site thrombosis. Second, if 
reoperation is to be attempted, time to reoperation is critically important to long- 
term neurological outcome. Third, there may be a subset of patients for whom reop-
eration is not beneficial. For these patients, other management options including 
imaging should be considered.
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 Pearls and Pitfalls for Diagnostic Imaging

The benefits of emergent reoperation in the setting of CEA site thrombus are clear. 
However, this approach may oversimplify  – or fail to identify  – other potential 
causes of post-CEA stroke. In cases of intracranial ischemia/hemorrhage, intracra-
nial tandem occlusion, and carotid artery dissection extending beyond the petrous 
portion of the carotid artery, reoperation is of limited utility and does not provide 
any diagnostic or therapeutic value [12]. A handful of recent case series – each uti-
lizing advances in endovascular or neuroimaging techniques – explore the risks and 
benefits of this prompt imaging approach.

Case series that recommend emergent angiography prior to reoperation share a 
few characteristics. First, the rate of CEA site thrombus was lower than in the stud-
ies discussed previously, ranging between 42.8% and 55.5%, possibly due to smaller 
sample sizes or other selection biases. The rest of the patients demonstrated inoper-
able (through reexploration of surgical site) or inconclusive findings on angiogra-
phy [11, 27]. Second, these studies highlight the importance of minimizing time 
from diagnostic imaging to potential reoperation. Recent studies of acute stroke 
have demonstrated that the likelihood of a good neurological outcome decreases 
approximately 10% every 30 minutes that effective revascularization is delayed. It 
is important to note that bedside ultrasound provides an additional imaging tool that 
can provide diagnostic information about the extracranial carotid artery in a short 
period of time.

An endovascular approach allows for diagnostic assessment and therapeutic 
intervention of CEA site thrombus along with intracranial pathologies and may rep-
resent the best current solution to this clinical conundrum. Spiotta et al. described 
11 patients with post-CEA stroke, 81.8% with ipsilateral MCA stroke, and 36.4% 
with a tandem extracranial-intracranial occlusion [12]. These authors showed that 
endovascular carotid artery stenting (CAS) is a viable rescue therapy for patients 
with CEA site thrombus. Their findings corroborate other reports about the safety 
and efficacy of an endovascular approach with CAS for treatment of post-CEA 
stroke [28]. CAS, compared to open reoperation and thrombectomy, also facilitates 
mechanical thrombectomy for acute ischemic stroke with large cerebral artery 
occlusion, when indicated [12]. This approach may be particularly beneficial for 
treatment in tandem occlusions. As a technical consideration, the authors advocate 
a proximal-to-distal approach where the carotid artery thrombosis is stented first 
before mechanical thrombectomy of cerebral territories (MCA/ACA) is undertaken. 
Such an approach has been shown effective (56.3% with modified Rankin Score 
0–2) and, using endovascular methods for cerebral artery protection, has the theo-
retical benefit of decreasing thromboembolism into cerebral circulation [29]. The 
use of catheter cerebral angiography can be performed rapidly in the context of an 
endovascular stroke thrombectomy program to minimize ischemic damage by 
reducing occlusion time.
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 Proposed Management Strategy

When acute stroke is suspected in a patient with previously uneventful perioperative 
course, including normal intraoperative monitoring and asymptomatic awakening, 
surgeons should be familiar with their institutional stroke protocols for rapid activa-
tion of their local acute stroke system. Because these are relatively uncommon 
events, reports on the utility of this postoperative complication and best treatment 
remain anecdotal. Hence, controversy remains mainly over the role and type of 
diagnostic imaging necessary to direct further intervention. The window of oppor-
tunity in which restitution of blood flow can reverse ischemic damage and rescue 
neurologic function was not well established until recently [10, 20]. Now, there is a 
burgeoning literature on image-guided stroke therapy and patient selection even in 
the extended time interval up to 24 hours from stroke onset or last known well [30, 
31]. These areas of disagreement have dichotomized management of acute stroke 
post-CEA, with most authors advocating for immediate surgical exploration and 
stressing the delay in performing diagnostic imaging. However, a paradigm shift has 
emerged, with more recent acute stroke literature demonstrating the importance of 
imaging and mechanical thrombectomy, stressing the role of newer and faster tech-
nology in minimizing delay and guiding treatment. According to the 2018 AHA 
Stroke Guidelines, which address acute ischemic stroke following CEA, the useful-
ness of emergent surgical exploration is not well established [32].

With the foregoing recommendations in mind, we reviewed the literature and 
amalgamated it with our institutional experience in the attempt to propose treatment 
algorithm meant to guide the surgeon in the event post-CEA stroke were to be sus-
pected (Fig. 18.2). According to our proposed protocol, unless the patient is hemo-
dynamically unstable (i.e., has a growing neck hematoma at the arteriotomy site 
with impending airway compromise), a head CT without contrast should be per-
formed immediately as soon as an acute stroke is suspected. The acute stroke team 
should be activated according to local hospital acute stroke protocol. The nonen-
hanced CT brain scan is important to distinguish between hemorrhagic and poten-
tial ischemic etiologies of stroke. In the absence of hemorrhage, timely acquisition 
of CT angiogram of the head and neck, and CT perfusion is important to identify 
large cerebral artery occlusions that require immediate intervention. Assessment for 
completed ischemic infarction on the nonenhanced CT scan is a guide to the use of 
mechanical thrombectomy within 6 hours of stroke onset or last known well. After 
6 hours, CT-perfusion imaging using either DEFUSE 3 (6–16 hours) [30] or DAWN 
(6–24 hours) [31] criteria may be used according to the 2018 stroke guidelines [32]. 
If the occlusion is extracranial only, and located at the surgical site, prompt reopera-
tion with re-exploration is the treatment of choice. If intracranial large artery occlu-
sion is demonstrated, then endovascular mechanical thrombectomy by an 
experienced stroke interventionalist, according to current guidelines, is indicated as 
it has been proven to improve patient outcomes. If the occlusion is intracranial only, 
then endovascular mechanical thrombectomy is the treatment of choice (Fig. 18.2).
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 Conclusion

In conclusion, optimal management of post-CEA stroke remains controversial 
although the modern stroke literature provides greater direction. Most postoperative 
strokes present within 24 hours. The majority of these neurological events are sec-
ondary to thrombus formation at the arteriotomy site, are thrombo-occlusive in eti-
ology, extracranial, and ipsilateral to the operative site. Disagreement about 
treatment of these rare events historically dichotomized management of acute stroke 
post-CEA, with most authors advocating for immediate surgical exploration and 
stressing the delay in performing diagnostic imaging. However, the modern stroke 
literature demonstrates the importance of emergency stroke assessment, cerebral 
and vascular imaging to guide treatment. Endovascular mechanical thromboembo-
lectomy has recently emerged as first-line intervention for acute stroke with large 
cerebral artery occlusion. For tandem intracranial-extracranial occlusion, the data is 
less clear although there is evidence for use of an endovascular approach. For 
patients with local thrombus at the operative site, questions regarding optimal man-
agement strategy remain. Because these events are relatively rare, it is unlikely that 
a prospective, randomized trial comparing different management strategies is fea-
sible to address lingering questions. Multicenter registries such as the Society of 
Vascular Surgery (SVS) Carotid database may serve as a source of additional data 
over time to guide patient management in these cases. Adherence to modern stroke 
guidelines is important and should supersede historical disagreements.

Symptoms onset within first 24 hours post CEA
after normal awakening

Patient STABLE?

Consider Surgical Indications

No

No

Rapidly growing surgical site
hematoma?

Stabilize Patient

Extracranial ICA
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Tandem Occlusion:
Extracranial ICA +
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Intacranial occlusion
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Fig. 18.2 Flow chart of the proposed treatment algorithm in case of postoperative stroke after 
asymptomatic normal awakening within 24 hours post CEA. Abbreviations: CT, computed tomog-
raphy; CTA, computed tomography angiography; CT-P, computed tomography perfusion; ICA, 
internal carotid artery; NECT, nonenhancing computed tomography
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Chapter 19
Large Vessel Occlusion with Underlying 
Atherosclerosis: Approach and Strategy

Zachary R. Barnard and Michael J. Alexander

 Introduction

The majority of acute large vessel occlusions (LVOs) of the cerebral arteries are due 
to embolic clots from the heart; however, a distinct subset of LVOs have an underlying 
stenosis, which is the likely cause of in situ vessel thrombosis. An underlying stenosis 
in LVO may be secondary to an intracranial atherosclerotic stenosis (ICAS) or other 
etiologies such as intracranial arterial dissection. In the case of ICAS, the vessel 
lumen may become so constricted with atherosclerotic plaque that slow intravascular 
flow may lead to thrombosis. Similarly, arterial plaques may rupture, exposing an 
intramural thrombus or thrombogenic disrupted fibrous cap, which leads to local in 
situ thrombosis of the vessel [1]. However, even after the vessel is revascularized with 
a thrombectomy procedure, the relatively slower blood flow through the highly ste-
notic ICAS vessel and the hyperthrombotic local environment may lead to immediate 
or early rethrombosis of the vessel. Consequently, postthrombectomy adjunctive 
angioplasty or angioplasty and stenting to ensure persistent vessel patency may be 
considered. There are certainly regional variations in the incidence of underlying 
ICAS following thrombectomy for LVO. Underlying ICAS lesions are reported to be 
about 8–10% in patients in the United States [2, 3] and 15–30% in Asian countries [4].

 Prior Studies

Some early studies utilizing angioplasty and stenting indiscriminately for all large 
vessel occlusions, regarding of underlying ICAS lesion or embolic clot only, dem-
onstrated the feasibility of using intracranial stents acutely in large artery occlusive 
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stroke. Zaidat et al. [5] reported nine cases of nitinol self-expanding stents used in 
patients with acute ischemic stroke from large vessel occlusions in the anterior and 
posterior circulation with a mean time to revascularization from last known well 
time of 5.1 hours. They achieved a TICI 3 revascularization score in 67% of the 
patients and TICI 2 or TICI 3  in 89% of the patients. They had one hemorrhage 
(11%) and one acute in-stent thrombosis.

Levy et al. [6] performed a 20-patient prospective single arm trial utilizing self- 
expanding stent placement in large vessel occlusions, again, in consecutive patients, 
whether they had underlying ICAS or not. In their series, they achieved a TICI 3 
revascularization in 60% of the patients and TICI 2 in the remaining 40%. Following 
the procedure, 5% of patients had symptomatic hemorrhages and an additional 10% 
of patients had asymptomatic hemorrhages.

These early attempts to use intracranial stenting in large vessel occlusion, how-
ever, predate the availability of stent retrievers for thrombectomy. Prior to the devel-
opment of stent retrievers, the successful revascularization rates with endovascular 
therapies were not as effective [7]. Once primary thrombectomy with stent retriev-
ers and advanced aspiration techniques became widespread, the success rate of the 
intervention did not necessitate angioplasty and stenting for successful revascular-
ization in the majority of cases. Primary stenting in large vessel occlusion for 
embolic clot alone fell by the way side, and the concept of angioplasty and stenting 
as a rescue therapy for failed thrombectomy or recalcitrant underlying stenosis 
became more common.

When comparing patients with and without underlying ICAS in a series of 172 
thrombectomy patients for LVO, Yoon et al. [8] found a significantly higher rate of 
effective revascularization (TICI 2b or 3) in patients stented for underlying ICAS 
than those who underwent thrombectomy alone without underlying ICAS (95.0% 
vs. 81.8%, p = 0.04). They did not see any significant differences in the symptom-
atic hemorrhages or mortality, but did see better clinical outcomes in the stented 
patients with underlying ICAS (65% favorable outcome) compared to the 132 
patients who underwent thrombectomy alone (40.2% favorable outcome), which 
was statistically significant (p = 0.01). They speculated that patients who had under-
lying ICAD may have had better outcomes, since with gradual vessel narrowing 
over time, they may have had better development of collaterals compared to the 
acute total occlusions with no underlying ICAS.

Similarly, Jia et  al. [9] reported prospective data from the EAST trial 
(Endovascular therapy for Acute ischemic Stroke Trial) in which 140 patients with 
LVO who underwent thrombectomy were found to have an underlying ICAS lesion 
in 34% of the patients. Of the 30 patients with ICAS, 27 were stented acutely after 
thrombectomy. When they compared the thrombectomy plus stenting group to the 
thrombectomy group with no underlying ICAS, they saw no significant difference 
in recanalization rate, symptomatic hemorrhage, functional outcome, or death 
between the two groups.

In a consecutive series by Baek et al. [10], 208 patients who underwent anterior 
circulation thrombectomy with a stent retriever or aspiration were analyzed. Of this 
group, 163 patients achieved revascularization. Within the 45 remaining patients, 17 
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underwent angioplasty and stenting acutely and 28 did not. Follow-up assessment 
found that the patients in the stenting group clinically did better, with better postpro-
cedure modified Rankin scores, and a lower rate of cerebral herniation, although 
similar hemorrhage rates compared to the patients not stented.

A retrospective study from the United States of 435 thrombectomy patients by Al 
Kasab et al. [2] found 36 patients (8.3%) had underlying atherosclerotic stenoses. 
Patients were treated for their LVO with either direct aspiration or stent retriever and 
aspiration. Subsequently, directly following the thrombectomy procedure, two 
patients had balloon angioplasty alone and 34 patients had acute angioplasty and 
stenting. Patients were loaded with abciximab intravenously prior to the stent place-
ment and had subsequent treatment with aspirin and clopidogrel. They had four 
periprocedural hemorrhages and their inpatient mortality was 22%.

A multicenter experience reported by Chang et al. [11] evaluated rescue stenting 
in patients who failed thrombectomy for large vessel occlusion. In a combined 
series of 591 thrombectomy patients, 148 (25%) could not be revascularized. Within 
this group, 48 patients underwent angioplasty and stenting and 100 patients had no 
further intervention. Within the stenting group, the successful revascularization rate 
was 64.6%. The patients who underwent successful stenting had a similar rate of 
good outcomes as the patients who were successfully revascularized with thrombec-
tomy only, and superior outcomes to patients in whom revascularization was not 
achieved. There was a delayed stent thrombosis rate of 13% in the study. Clinically, 
however, in the patients who failed thrombectomy, patients with stenting did better 
than those without stenting (mRS 0–2, 39.6% in the stenting group, 22.0% in the 
nonstenting group, p = 0.031). It is unclear from this study if all the patients who 
underwent angioplasty and stenting actually had an underlying atherosclerotic 
lesion or alternatively a very firm or tenacious embolic clot. The medical comorbid-
ity assessment of patients in the stenting group indicated that 35.4% of the patients 
had a history of atrial fibrillation. Therefore, it is likely that an indeterminate per-
centage of these patients’ stroke etiology was embolic, and not in situ thrombosis of 
an ICAS lesion.

Wu et al. [12] reviewed a consecutive series of 113 patients who had underlying 
ICAS following thrombectomy for large vessel occlusion in the anterior circulation 
who had an underlying intracranial atherosclerotic stenosis of greater than 70%. Of 
those patients, they performed angioplasty and/or stenting in 81 of these patients 
(71.7%) at the time of the thrombectomy procedure, and 32 patients had no further 
intervention. In the cohort that underwent angioplasty and/or stenting, patients were 
significantly more likely to have persistent vessel recanalization at 24 hours post 
procedure than those patients who underwent thrombectomy alone (adjusted odds 
ratio 3.782, 95% confidence interval 1.821–9.125, p = 0.02) and less likely to have 
early neurologic deterioration (OR 0.299; 95% CI 0.110–0.821, p = 0.01). In addi-
tion, the emergent angioplasty and/or stenting group did not have a significant dif-
ference in the incidence of symptomatic or asymptomatic postprocedural intracranial 
hemorrhages compared to the thrombectomy-only group.

Feng et al. [13] performed a retrospective review of a single-center consecutive 
series of 458 thrombectomy procedures in patients with anterior or posterior 
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circulation large vessel occlusion, and reported that 55 of these patients underwent 
angioplasty and stenting as a salvage treatment for unsuccessful primary thrombec-
tomy due to underlying atherosclerotic stenosis. In the study, 65.5% of the patients 
had anterior circulation occlusions, and 34.5% had posterior circulation occlusions. 
In the cohort who underwent angioplasty and stenting, 98.2% of patients achieved a 
TICI grade 2b or 3 revascularization. The posttreatment intracranial hemorrhage 
rate was 12.7%, with symptomatic hemorrhage occurring in only 2 patients (3.6% 
of the cohort). The persistence of revascularization was assessed by CT perfusion 
3–5 days post stenting in 39 patients. Within this subgroup, 84.6% of patients dem-
onstrated stent patency, 5.1% had moderate stenosis of the target artery, and 10.3% 
demonstrated early stent thrombosis. The 90-day prognosis was good (modified 
Rankin scale score 0–2) in 79.1% of the patients and 20.9% of the patients died.

Although these major studies had slightly dissimilar inclusion criteria, tech-
niques, and periprocedural medical therapy, they all had the intention of revascular-
ization during the thrombectomy procedure and not staged for a later date. The 
summary data for these trials are summarized in Table 19.1. In total, these trials 
treated 372 patients with LVO and underlying ICAS acutely and achieved an 86.1% 
successful revascularization rate. The symptomatic intracranial hemorrhage rate 
was 8.3%, and all-cause mortality was 16.0%. Overall, these results, in very com-
plex patients with LVO and ICAS, are favorable when compared to acute LVO 
patient angiographic results and clinical outcomes, suggesting that early and com-
plete revascularization is the key to better patient outcomes, despite any potential 
risks of stent placement or the concomitant medical therapy necessary to prevent 
acute stent thrombosis.

Table 19.1 Major studies of underlying atherosclerosis in large vessel occlusion

Publication

Number of 
patients 
stented

Successful 
revascularization rate 
(%)

Symptomatic 
hemorrhage rate 
(%)

Mortality 
(%)

Yoon Neurosurgery 
2015

40 95.0 7.5 15

Baek Stroke 2016 17 83.3 11.8 23.5
Al 
Kasab

JNIS 2017 32 64.7 12.5 22

Chang Stroke 2018 48 64.6 16.7 12.5
Jia JNIS 2018 27 95.7 4.3 12.8
Wu Neuroradiology 

2019
81 91.1 8.6 11.1

Kang J of Neurosurgery 
2018

72 95.8 1.4 9.7

Feng World 
Neurosurgery 
2019

55 98.2 3.6 20.9

Total 372 86.1 8.3 16.0
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 Techniques

It may be difficult to determine, prior to thrombectomy, that there is an underlying 
severe atherosclerotic stenosis in the target artery of revascularization. While high- 
resolution (HR) MRI, vessel wall imaging may be able to determine this, HR MRI 
is not commonly used as a rapid screening study in acute large vessel occlusion [14]. 
Some of the factors that many indicate a higher likelihood of an underlying athero-
sclerotic lesion may include multivessel atherosclerotic disease in other intracranial 
arteries on the prethrombectomy CT angiogram, calcific density at the target artery 
on the noncontrast head CT, and a lack of other significant risk factors such as atrial 
fibrillation, patent foramen ovale, atrial appendage, and hypercoagulable state.

During the endovascular thrombectomy procedure itself, there may be some indi-
cation early that the large vessel occlusion may have underlying ICAS. An initial 
angiogram indicating an occlusion more proximal than would be expected for a soft 
red clot may indicate underlying ICAS. Embolic clot, particularly soft clot, tends to 
travel forward in the circulation until it engages the luminal artery diameter that 
matches its size, and at that point it corks into the vessel, or it may stop at arterial 
branch points, such as the middle cerebral artery bifurcation or the basilar apex. 
Occlusions at the proximal basilar artery, for example, may be more characteristic of 
ICAS lesions with in situ thrombosis. Similarly, difficulty in passing the occlusion 
with a microwire and microcatheter may be more indicative of underlying ICAS, or, 
in some more rare cases, an underlying arterial dissection. Some interventionalists 
prefer to pass an LVO with either a 0.010 inch or 0.014 inch microwire in a J-shape 
position to avoid entering perforators or smaller arteries, since they are blindly pass-
ing into an area in which the arterial anatomy is not seen. In this J-shape configuration 
of the wire, the microwire will not pass a significant ICAS lesion. Similarly, even with 
the microwire with a 45° angulated curve, it may be difficult to pass a severely athero-
sclerotic lesion. In contrast, it is not difficult to pass a red clot with either technique.

Given the uncertainty of whether there is an underlying ICAS lesion in large ves-
sel occlusion, Kang et al. [15] performed an analysis of 130 thrombectomy patients 
with underlying ICAS, comparing thrombectomy with a stent retriever with throm-
bectomy with contact aspiration of clot. In their series, 70 patients had first-line 
thrombectomy with a stent retriever and 60 patients had first-line therapy with direct 
aspiration. The femoral access to initial revascularization time was shorter in the 
stent retriever group compared to the aspiration-only group (17 minutes vs. 31 min-
utes, p < 0.001). Likewise, the probability of the first-line treatment not being suc-
cessful was higher in the aspiration group compared to stent retriever (40% vs 4.3%; 
OR 2.543, 95% CI 1.893–3.417, p < 0.001). Based on these data, the authors con-
clude that stent retrievers should be used as a first-line therapy with large vessel 
occlusion, since its success in revascularization was superior to aspiration in patients 
with underlying ICAS lesions. Having noted this, however, the clot burden within a 
stenotic ICAS lesion that has thrombosed is typically lower than those of embolic 
nature, and aspiration often is quickly effective, particularly with the most recent 
generation of larger, more effective primary aspiration catheters designed for throm-
bectomy, and more powerful aspiration pumps.
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Once successful thrombectomy is performed and an underlying atherosclerotic 
lesion is diagnosed, the decision to move forward with angioplasty or angioplasty 
and stenting may be based on several factors. It is certainly possible, though less 
common, that an intracranial artery plaque may rupture and cause in situ thrombosis 
when the ICAS lesion is less than 50% of the true luminal diameter. This lesion may 
still be highly thrombogenic and may lead to reocclusion of the vessel, but none of 
the single- or multi-center reports to date appear to have advocated stenting of these 
subcritical stenoses. Underlying ICAS lesions in the 50–69% range have been 
treated by stenting and medical therapy, and although these are less hemodynami-
cally significant lesions, they still can have a propensity for early recurrent throm-
bosis. In study cohorts that have compared stenting and medical therapy in these 
types of lesions, there is data to suggest better imaging and clinical outcomes in the 
stenting group. This difference becomes more significant in favor of stenting in the 
70% or higher stenosis group.

In patients undergoing thrombectomy for LVO with underlying ICAS, there has 
been noted a higher risk for immediate rethrombosis, compared to thrombectomy in 
which there is no underlying ICAD [16]. In a study of 40 consecutive patients with 
thrombectomy for LVO with underlying ICAS, Kang et al., found an early rethrom-
bosis in 65% of patients who underwent thrombectomy only with no subsequent 
angioplasty and/or stenting versus a 3% early rethrombosis rate in thrombectomy 
patients who did not have an underlying stenosis (p  <  0.001). In the cohort of 
patients who had underlying ICAS, their group began using low dose tirofiban infu-
sion, which resulted in an 85.7% successful revascularization rate, with no cases of 
symptomatic intracranial hemorrhage.

While angioplasty alone has not been extensively studied separately in LVO 
patients with underlying ICAS, several studies have included angioplasty-alone sub-
groups. Many interventionalists will not place a stent acutely after LVO thrombec-
tomy if the angioplasty procedure results in excellent luminal improvement, with no 
evidence of dissection, and markedly improved distal blood flow. The clinical exam-
ple in Fig. 19.1 demonstrates a patient with an acute basilar artery occlusion with CT 
evidence of hyperdense basilar artery. Following stent retriever and aspiration 
thrombectomy, there was a Mori A underlying ICAS lesion, which was treated with 
angioplasty alone with excellent revascularization and no subsequent restenosis or 
need for stent placement. The important factor in this type of decision making is to 
wait for at least 10–15 minutes after angioplasty and repeat angiographic imaging to 
assess for potential artery recoil or intraluminal thrombus accumulation. Vessels that 
demonstrate these delayed findings may require stenting to preserve luminal patency 
with the assistance of antiplatelet therapy. Figure 19.2 demonstrates a patient with 
an acute left middle cerebral artery occlusion who underwent direct aspiration 
thrombectomy revealing a severe underlying ICAS lesion. Balloon angioplasty 
alone did not yield satisfactory luminal diameter due to recoil, and stenting was 
performed acutely with a TICI3 revascularization result and mRS of 0 at 30 days.

Finally, there are more rare situations in which a firm embolus may mimic an 
underlying ICAS lesion. While red clots are easily passed with a microwire and 
microcatheter (Fig.  19.3a), white clots may be more firm in nature (Fig. 19.3b). 
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They may be more difficult to pass with a wire or microcatheter and may deform the 
stent retriever to make it appear that there is an underlying ICAS lesion. The key 
differentiating feature is that with subsequent passes of a thrombectomy device, the 
firm fibrous clots may either move or change shape on the follow-up angiographic 
run. This does not occur with an underlying ICAS lesion. Therefore, if these changes 
are seen, it would be best to attempt further embolus removal as opposed to stenting 
it in place. Similarly, embolic plaque from extracranial origin, as seen in the case 
shown in Fig.  19.3b, should be removed by thrombectomy procedure instead of 
stented. This was a patient who had just undergone a percutaneous artificial heart 
valve placement in which atherosclerotic plaque may break off from the old valve 
and embolize, so we were prepared for possible atherosclerotic embolus. It was 
retrieved with a large bore aspiration catheter in a single pass.

a b

c d

Fig. 19.1 (a) Noncontrast head CT demonstrating basilar artery occlusion. (b) Initial cerebral 
angiogram with patency of vertebral and proximal basilar artery. (c) Following thrombectomy with 
stent retriever and aspiration, a Mori A atherosclerotic stenosis was seen. (d) Following angio-
plasty alone, excellent luminal diameter of the basilar and no clear evidence of dissection with 
robust distal flow
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 Periprocedural and Postoperative Management

As opposed to thrombectomy in an otherwise normal target artery, in which we typi-
cally would avoid anticoagulant and antiplatelet therapy for 24 hours, thrombec-
tomy with an underlying atherosclerotic stenosis may necessitate acute management 
with antithrombotic therapy. Not only are ruptured plaques hyperthrombotic due to 
the irregular luminal surface and inflammatory local environment, but the perfor-
mance of angioplasty can incur further intimal injury and the placement of a stent, 
which is a foreign body, makes the artery more likely to thrombose or cause distal 
emboli in the immediate periprocedural period if appropriate therapeutic antiplate-
let therapy is not initiated.

a b

c

Fig. 19.2 (a) Acute large vessel occlusion of left middle cerebral artery baseline angiogram. (b) 
Following aspiration thrombectomy, and underlying atherosclerotic lesion seen. (c) Following 
angioplasty and stenting a TICI 3 revascularization result
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An oral load, or bolus per nasogastric tube, of clopidogrel with 600 mg may take 
approximately 6 hours to reach therapeutic effect. Therefore, in the acute stenting 
scenario, oral loading alone is insufficient immediate antiplatelet therapy and intra-
venous medications must be considered [17, 18]. Intravenous aspirin is available in 
Europe but not commercially distributed in the United States. This leaves the options 
of intravenous IIb/IIIa inhibitors or intravenous P2Y12 inhibitors. Both options can 
result in rapid therapeutic antiplatelet effects and following a bolus, a continuous 
drip may be initiated to provide intravenous coverage until oral agents take effect. 
Intravenous cangrelor provides antiplatelet action at the same receptor, P2Y12, that 

a b

c

Fig. 19.3 (a) Soft red clot aspirated during thrombectomy of large vessel occlusion. (b) Fibrin- 
rich firm white clot aspirated with ADAPT technique. (c) Atherosclerotic plaque embolus retrieved 
from the middle cerebral artery with a stent retriever following a percutaneous aortic valve replace-
ment procedure
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clopidogrel interacts with. The IIb/IIIa glycoprotein inhibitors, abciximab, eptifiba-
tide, and tirofiban, inhibit the final common pathway receptor IIb/IIIa glycoprotein. 
Inhibition at this level is very profound and these medications actually possess a type 
of pseudolytic effect. While the IIb/IIIa inhibitors are not a lytic in the same respect 
that tissue plasminogen activator is, they are tightly bound inhibitors, so they may 
break up platelet aggregations [19]. Since a fresh clot is in a dynamic process of clot 
formation and dissolution, when these agents bind to the receptors, clot dissolutes 
but does not have the ability to re-form, since the receptors are so competitively 
bound by the inhibitor. However, with such strong antiplatelet aggregation blockade, 
there is also a potentially higher risk for periprocedural intracranial hemorrhage [20].

Preliminary reports on cangrelor, an intravenous P2Y12 inhibitor, have demon-
strated safety for neurovascular patients requiring acute stenting. A single-center 
pilot study of eight patients by Aguilar-Salinas et al. showed no hemorrhages or 
stent thromboses in a consecutive series of carotid and intracranial stents [21]. 
Similarly, an early multicenter study by Godier et al. [22] demonstrated safety in 
patients undergoing intracranial stenting for cerebral aneurysms who were bridged 
with intravenous cangrelor during the interventional procedure and later managed 
with oral antiplatelet agents with no patients experiencing in-stent thrombosis or 
intracranial hemorrhage.

It appears from these studies that either intravenous low-dose IIb/IIIa inhibitors 
or intravenous P2Y12 inhibitors may be effective and safe at maintaining stent 
patency acutely with low incipient intracranial hemorrhage rate.

 Summary

The incidence of underlying ICAS following thrombectomy for LVO is reported to 
be about 8–10% in patients in the United States and 15–30% in some Asian coun-
tries. Although there may be some indications prior to thrombectomy that there may 
be a higher likelihood of underlying ICAS, these determinations are imperfect and 
the discovery of the ICAS may not occur until after the thrombectomy is performed. 
Both direct clot aspiration and stent retriever with aspiration techniques may revas-
cularize the LVO with underlying ICAS. Balloon angioplasty alone or angioplasty 
and stenting may be indicated in underlying lesions 50–99% or in reoccluded arter-
ies within a few minutes of thrombectomy. Some interventionalists prefer a staged 
process in which angioplasty alone is performed after thrombectomy, and if satis-
factory results are not obtained with the balloon alone, then to place a stent. Others 
prefer nonstaged angioplasty and stenting, believing there is a better chance of 
short- and long-term patency of the vessel with stenting, if proper medical therapy, 
such as an intravenous P2Y12 inhibitor or IIb/IIIa inhibitor, is initiated during the 
procedure [22]. Postprocedural blood pressure control is critical in any of these 
treatment pathways in an effort to reduce the postprocedural intracerebral hemor-
rhage rate. Even with these techniques and management protocols, however, it is 
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important to remember that the periprocedural thrombotic and hemorrhagic compli-
cation rates and outcomes in patients who are stented in LVO with associated ICAS 
should be compared to complications and outcomes in LVO patients and not com-
pared to angioplasty and stenting data from studies, such as the WEAVE intracranial 
stenting trial for ICAS [23], which demonstrated a 2.6% complication rate and 1.3% 
intracranial hemorrhage rate, since these stenting trials excluded patients with com-
plete occlusion. As is the theme in thrombectomy trials without ICAS, the principle 
in the management of LVO with underlying ICAS is that patients have better out-
comes with early and complete revascularization.
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Chapter 20
Large Vessel Occlusion with Low NIHSS: 
Approach and Strategy

Russell Cerejo and Gabor Toth

 Case Presentation/Clinical Vignette

A healthy nonagenarian male woke up with left-sided hemiplegia, facial droop, and 
dysarthria. On arrival to the hospital, his symptoms completely resolved with an 
initial National Institute of Health Stroke Scale (NIHSS) of 0. His blood pressure 
was 167/82, and he was hemodynamically stable. His noncontrast CT scan of the 
head was unremarkable for any intracranial hemorrhage, and he had an Alberta 
stroke program early CT (ASPECT) score of 10. He was not a candidate for intra-
venous (IV) thrombolysis as he was out of the approved time window. CT angio-
gram showed a right middle cerebral artery (MCA) M1 segment occlusion. He also 
underwent CT-perfusion imaging, which showed a large penumbra and no ischemic 
core in the right MCA territory (Fig. 20.1). The patient was able to walk without any 
assistance in the emergency department. However, after ambulation, he developed 
worsening and fluctuation of his symptoms with left arm drift and mild facial droop, 
corresponding with an NIHSS of 2. After discussion with the patient and family 
about medical management versus off-label endovascular therapy, the patient 
elected early intervention. He underwent successful mechanical thrombectomy 
(MT) with complete recanalization of the occluded M1 segment (Fig. 20.2). The 
patient had no neurological deficits after the procedure, and was discharged home 
the following day. His 24-hour postprocedure MRI brain showed only a very small 
ischemic stroke in the deep right MCA territory (Fig. 20.3).
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Fig. 20.1 CT-perfusion imaging showing no visible ischemic core (left panel, cerebral blood flow 
<30%), and a large penumbra (right panel, Tmax > 6 seconds)

Fig. 20.2 Cerebral angiogram showing occlusion of the right M1 segment of the middle cerebral 
artery, anteroposterior view (left panel). Cerebral angiogram showing complete recanalization of 
the occluded segment, oblique view (right panel)

Fig. 20.3 MRI brain 
(axial, diffusion weighted 
imaging) 24 hours post 
procedure showing a small 
area of restricted diffusion 
in the right basal 
ganglia (arrow)
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 Introduction

Acute stroke therapy has come a long way since the approval of recombinant tissue 
plasminogen activator (t-PA) for acute ischemic stroke in the mid-1990s. The suc-
cessful mechanical thrombectomy (MT) trials for large vessel occlusions (LVOs) in 
2014–15 cemented the role of endovascular therapy for moderate-to-severe strokes. 
The landscape has changed further with the addition of extended time window stud-
ies in late 2017 and early 2018, reaffirming MT as the standard of care for patients 
with LVO and disabling deficits [1–3]. However, acute stroke therapy in patients 
presenting with low NIHSS and LVO has been a clinical conundrum. These patients 
are usually referred to as “too good to treat” or “mild stroke.” However, the natural 
outcomes of this population may not be as benign as their initial presentation. The 
exact definition of “low NIHSS” or “mild stroke” has changed over time. Some 
earlier studies classified “mild” ischemic stroke as NIHSS of 8 or less [4–7], while 
others used NIHSS of 6 as a cutoff [8–13]. The majority of the landmark MT studies 
only included patients with an NIHSS of ≥6, which serves as the cutoff score in 
most current stroke treatment guidelines by major neurovascular societies [1]. In 
addition, it has been well known that the NIHSS has a poor representation for pos-
terior circulation ischemia, even though these strokes can be associated with signifi-
cant morbidity and mortality [14]. A possible explanation for mild symptoms 
despite LVO is temporary blood supply to the affected territory from robust collat-
eral vessels, the failure of which over time has been associated with infarct growth 
and clinical worsening [15].

 Incidence and Natural Outcomes

The exact incidence of patients presenting with low NIHSS and LVO is difficult to 
ascertain, as there may be delay in or lack of intracranial vessel imaging given the 
minimal symptoms. There may be a clinical and/or diagnostic challenge clarifying 
if the patient’s vessel occlusion is chronic or acute, and if it is the actual cause of the 
presenting stroke symptoms. Mimics may include chronic asymptomatic occlusions 
with unrelated stroke-like deficits due to seizure, Todd’s paralysis, migrainous phe-
nomenon, transient ischemic attack, metabolic derangement, or malingering [16]. 
Data from large thrombolysis databases from Europe and USA suggest that, in 
patients undergoing intravenous (IV) thrombolysis, the incidence of low NIHSS 
(<6) is around 21–22% [17, 18]. In a European database, about 25% of these low 
NIHSS patients had visible arterial occlusion on baseline imaging [18]. The inci-
dence of large vessel occlusion and low NIHSS varied from 14% to 54% in other 
smaller cohort studies, which is likely due to variability in the definition of low 
NIHSS and the vascular territory involved [18–22]. The natural course of the dis-
ease is unfavorable in several studies. A Swiss study showed that 22.7% mild 
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stroke-LVO patients deteriorated within 24  hours, 33.3% during hospital stay, 
41.4% within 3 months, and death occurred in 6.7% [9]. Patients with mild ischemic 
symptoms or rapidly improving symptoms, when IV thrombolysis was withheld, 
showed significant deterioration and poor 3-month outcomes despite their low ini-
tial NIHSS [23]. This effect was amplified in patients with LVO, leading to an early 
neurological deterioration and a sevenfold increase in poor outcomes [7, 24, 25]. 
Other studies found that about half of the patients who received no treatment for low 
NIHSS and LVO had an unfavorable outcome [4], while only 66.7% patients 
reached modified Rankin scale (mRS) 0–2 with conservative management [9], and 
only two-thirds of LVO patients who were excluded from thrombolysis could walk 
independently at discharge [7]. A large European observational cohort demonstrated 
that one-third of low NIHSS stroke patients with LVO did not have a successful 
recovery [8].

 Acute Stroke Therapy

 Basic Management and Intravenous Thrombolysis

Due to lack of randomized clinical trials, there is a clinical equipoise regarding 
acute stroke therapy in patients with low NIHSS and LVO.  Most centers admit 
patients with low NIHSS and LVO for close neurological monitoring, preferably in 
the intensive care unit. The most recent American stroke association guidelines do 
not definitely recommend IV thrombolysis in patients with mild nondisabling isch-
emic symptoms [1]. This guideline was revised after the Potential of t-PA for 
Ischemic Strokes With Mild Symptoms (PRISMS) trial was prematurely terminated 
due to slow recruitment, and failed to show benefit of IV thrombolysis over aspirin 
[26]. The identification of large vessel status was not required for PRISMS enroll-
ment. Intravenous t-PA has been shown to have decreased efficacy for proximal 
large vessel occlusions [27], which may discourage the use of the drug in LVO 
patients in some institutions. If IV thrombolysis is not administered, these patients 
are expected to be started on antiplatelet therapy. Methods to increase the cerebral 
perfusion pressure, including permissive hypertension, intravenous fluids, holding 
antihypertensive medications, keeping the head of bed flat, and bed rest, are usually 
considered, although there is no clear evidence to prove the efficacy of these mea-
sures. In a retrospective cohort comparing acute stroke therapy (mostly IV throm-
bolysis) versus conservative management, the odds of a favorable outcome (mRS 
0–2) was 4.5 times higher in patients undergoing acute therapy [4]. In an Austrian 
stroke unit registry, there was a shift toward improved outcome in patients with IV 
thrombolysis (OR, 1.49; CI, 1.17–1.89; p < 0.001) [28]. Thrombolysis therapy has 
been shown to be a predictor of favorable outcome (mRS 0–2; OR, 3.103; CI, 
1.021–9.428; p = 0.03) in another study where about 50% of the patients received 
IV thrombolysis [9]. In the largest observational study of low NIHSS and LVO, 
patients with internal carotid artery (ICA) terminus and tandem occlusion 
(ICA + MCA) had a tenfold increase in early neurological deterioration compared 
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with patients without visible occlusion, despite IV thrombolysis. At 3 months, 77% 
of these patients with deterioration had an mRS of 3–6 [18]. The rate of parenchy-
mal hemorrhage post IV thrombolysis was similar to patients without LVO (3%).

 Endovascular Therapy

Randomized data is lacking, but many tertiary care centers consider endovascular 
therapy in low NIHSS patients with acute stroke symptoms and documented 
LVO. While some advocate for immediate intervention, others recommend close 
monitoring and MT only if there is worsening of the neurological status. A smaller 
study looking at early MT versus late MT (at the time of neurologic deterioration) 
found excellent outcomes (mRS 0–1) in the early versus late group (75% vs. 33%), 
with no symptomatic intracranial hemorrhage (sICH) in either group [12]. Another 
study reported that patients who deteriorated early (within 3 hours) had better out-
comes with MT compared with patients who deteriorated after 3 hours from arrival 
[11]. A retrospective analysis of six international comprehensive stroke center data-
bases investigated immediate or delayed (rescue therapy after neurologic deteriora-
tion) MT versus best medical management for patients with mild stroke and 
LVO. The odds of good outcome were increased with immediate MT (adjusted OR, 
3.1; 95% CI, 1.4–6.9). At 90 days, in the matched analysis, there was a 14.3% abso-
lute difference in good outcome favoring immediate MT (84.4% vs. 70.1%; 
p = 0.03). There were no safety concerns in the study.

Retrospective data from multicenter cohort studies comparing MT to standard 
medical therapy has shown mixed results. In two European studies, there was no 
significant difference in excellent outcome at 90 days (mRS 0–1) between MT ver-
sus standard medical therapy [6, 8]. Both of these studies had a higher rate of sICH 
in the MT arm (11.8% and 16.5%). However, in one of these studies, 18.3% of the 
patients in the medical arm had early deterioration and underwent MT, but were still 
analyzed in the medical arm [6]. In a univariate analysis, patients with no early 
deterioration were noted to have a lower mRS score at 90 days, and outcomes were 
unrelated to initial collateral scores, likely due to the fact that both arms had good 
collateral scores [8]. In a North American multicenter study evaluating MT versus 
standard medical therapy, the authors noted favorable outcome (mRS 0–2) at 
3–6 months in patients undergoing MT versus medical management, which was 
significant after matched analysis (93% vs. 69.2%; p = 0.04) [29]. Endovascular 
therapy was statistically associated with a lower NIHSS score at discharge, a favor-
able NIHSS score shift, and independence rates increased at discharge. Parenchymal 
hemorrhage rate was 7.7% in the endovascular arm in the matched analysis.

In terms of safety, single arm cohort studies evaluating MT in this population 
found that the rates of symptomatic intracranial hemorrhage (sICH) ranged from 
0% to 6% [5, 10, 11, 13]. Data from the Multicenter Clinical Registry of Endovascular 
Treatment of Acute Ischemic Stroke in the Netherlands (MR CLEAN) registry eval-
uating 71 patients with low NIHSS and MT showed that almost half of the patients 
reached excellent functional outcome (mRS 0–1), 75% had good functional 
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outcome (mRS 0–2), and the peri-interventional complication rate was low (4%) 
[30]. A similar trend was seen in a north American study comparing acute stroke 
therapy in patients with NIHSS ≤ 5 and NIHSS > 5 [31]. One of the first prospective 
single-arm studies in this particular population showed excellent safety and feasibil-
ity of MT in the enrolled patients, with no evidence of symptomatic intracranial 
hemorrhage or other periprocedural complications, and a low incidence (5%) of 
postprocedural neurologic worsening [32]. This study enrolled patients with a 
median initial NIHSS of 3, with significant improvement of the last follow-up 
median NIHSS to 0 (p < 0.001). Excellent outcome (mRS 0–1) on last follow-up 
was seen in 95% of patients. In a small retrospective cohort, endovascular throm-
bectomy patients demonstrated an increased overall rate of intracranial hemorrhage 
(35.3% vs. 10.0%; p = 0.04), but symptomatic intracranial hemorrhage was similar 
between groups (p = 0.25) [33].

In a meta-analysis of five studies evaluating acute stroke therapy in this popula-
tion, the odds of a favorable outcome (mRS 0–2) at 90 days were 4 times higher 
with MT  +  IV thrombolysis compared with no acute stroke therapy (95% CI 
1.82–10.48, p = 0.001), and the odds of excellent outcome (mRS 0–1) was nearly 
two times higher with acute stroke therapy [34]. There was no significant difference 
in complication rates between the two arms, but there was substantial heterogeneity 
between the individual studies [34]. In the HERMES meta-analysis of the major 
MT trials, a subgroup analysis of patients presenting with NIHSS ≤ 10 favored a 
trend toward MT; however, this was not statistically significant [35]. In a more 
recent meta-analysis, there was no difference in outcomes with MT compared with 
medical management, and an increased risk of asymptomatic ICH with MT was 
demonstrated [36].

 Future Directions

There is an urgent need for randomized trials of MT in this population to establish 
efficacy and safety of this treatment approach. Two ongoing studies include the 
MOSTE, part of the IN EXTREMIS trial (https://www.inextremis-study.com/), and 
the ENDOLOW (https://med.emory.edu/departments/emergency-medicine/innova-
tion-discovery/academic-research-clinical-coordinating-center/index.html). 
Potential difficulties with such trials include expected slow enrollment rate owing to 
the small number of patients with both low NIHSS and LVO, the reluctance of 
patients and families to participate due to overwhelming evidence of MT benefit for 
more severe strokes, and the fact that many centers are already offering MT to these 
patients off-label.

Identifying LVO in patients with low NIHSS is often delayed, because symptoms 
are not concerning enough for rapid workup that includes vessel status. Inclusion of 
early vascular imaging in acute stroke protocols is increasing in many centers, and 
will undoubtedly help better identify and triage these patients. Determining if the 
occlusion is acute or chronic can be very challenging at times, especially given the 
mild symptoms. Advanced MRI techniques, like intra-arterial signal on arterial spin 
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imaging and susceptibility vessel sign, may be beneficial in determining the charac-
teristics and chronicity of the thrombus and vessel occlusion [37]. However, some 
of these imaging modalities may not be currently practical in the acute setting in 
most institutions. Quantifying the collateral blood supply, and the ability to deter-
mine patients susceptible to collateral failure and need for early intervention, is 
another important area of research.

Lastly, newer intravenous agents and more advanced endovascular devices may 
potentially offer faster and safer thrombolysis, and may improve the efficacy of 
interventional therapy. A recent study showed that IV Tenecteplase resulted in 
higher incidence of reperfusion compared to IV tPA in patients with LVO [38]. An 
ongoing study is looking at the efficacy of IV Tenecteplase compared to antiplatelet 
therapy in this population after establishing safety and feasibility in a phase II 
study [39].

 Conclusions

Patients with mild acute stroke and associated large vessel occlusion may have non-
disabling symptoms on presentation, but they have an elevated risk of deterioration 
and long-term disability. On the other hand, there is a concern for offering invasive 
MT for patients with only mild deficits. In the absence of any dedicated randomized 
trial data, acute stroke therapy, especially MT, needs to be individualized and tai-
lored to each patient based on the clinical scenario, comorbidities, collateral flow, 
operator experience, and patient preference. Randomized clinical trials will be nec-
essary to fully validate acute stroke therapy in this special patient population.
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Chapter 21
Challenges in Thrombectomy: Mega Clots

Monica Scarsella, Julian Hardman, Mark Bain, 
and Muhammad Shazam Hussain

 Background

Emergent large vessel occlusion (ELVO) strokes are among the most devastating 
stroke types seen. Fortunately, new device technology for mechanical thrombec-
tomy and better selection methods have led to more effective treatment and better 
outcomes from this devastating condition [1–8]. Mega clots with severe thrombus 
burden or continuous thrombus reaccumulation are among the most difficult types 
of clots to treat in the setting of ELVO, often resulting in unsuccessful recanaliza-
tion and poor patient outcome. In this chapter, we seek to share methods of mega 
clot management found successful in our clinical practice.

 Pathophysiology

Mega clots can result from a variety of factors. Large thrombus burden can accumu-
late with occlusion of a very large vessel such as the cervical or intracranial portion 
of the internal carotid artery or the basilar artery. Whether by embolism or in situ 
thrombosis, further thrombosis of other portions of the vessel can lead to propaga-
tion and new thrombus formation, and these same processes can also cause rapid 
thrombus reaccumulation despite transient recanalization. Thus, understanding the 
process of thrombosis is important in facilitating the development of strategies to 
assist with recanalization.
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 Predisposing Factors

Thrombosis is a pathologic state characterized by inappropriate activation of hemo-
static processes.

Multiple factors predispose to the development of a mega clot. Virchow’s triad 
presents the three main factors contributing thrombosis in general  – endothelial 
injury, hypercoagulability, and stasis of flow [9, 10]. Endothelial injury is often the 
primary inciting factor in arterial thrombus development. Causes of endothelial 
injury include alterations in shear stress associated with hypertension, hyperlipid-
emia, hyperglycemia, traumatic vascular injuries (e.g., dissection), and turbulent 
flow [9, 10]. Following endothelial injury, clot formation occurs in four stages. 
First, localized vasoconstriction occurs in response to both reflex neurogenic mech-
anisms and endothelin release. Primary hemostasis then takes place, where platelets 
are activated and adhere to the exposed subendothelial matrix via von Willebrand 
factor (VWF) and collagen interacting with the glycoprotein receptors on the plate-
lets [11]. These two steps form the primary hemostatic plug. The interaction of fac-
tor VII with tissue factor released from the endothelium initiates the coagulation 
cascade, thereby activating thrombin. Thrombin converts fibrinogen into a fibrin 
polymer, which forms the clot matrix [12]. Finally, platelet aggregation, via the GP 
IIb/IIIa receptor, and fibrin polymerization lead to the formation of a stable clot, or 
“permanent plug” [11, 12]. Natural antithrombotic mechanisms, including prosta-
cyclin, antithrombin III, protein C, tissue factor pathway inhibitor, and plasmin, 
whose function is catalyzed by tissue plasminogen activator (tPA), exist in order to 
restrict clot formation to the site of vessel injury [12]. Injured endothelium prevents 
naturally produced antithrombotic agents from functioning appropriately [12]. The 
combination of endothelial injury in the location of a large vessel plays a large role 
in the development of a mega clot. In addition, this is likely the primary reason for 
rapid reaccumulation of clot after transient recanalization during mechanical 
thrombectomy.

Stasis within larger vessels can also contribute to rapid development of large 
thrombus burden. Stasis causes thromboses in that it allows platelets to come closer 
to vessel walls for longer amounts of time, as well as limits flow of new blood, so 
activated coagulation factors are not removed [12]. Particularly in the carotid artery, 
a long column of stagnant blood can begin to thrombose, though the consistency is 
often softer than the primary thrombus. However, if given enough time, fibrin begins 
to form. Fibrin-rich thrombi, defined as <20% red cell content, possess an elevated 
coefficient of static friction and have been shown to have decreased rates of revas-
cularization [13]. Increased thrombus length also retains increased friction, which 
may shed light on the worse outcomes with aspiration thrombectomy seen in the 
THERAPY trial [14].

Hypercoagulability contributes to 5–10% of ischemic strokes [15]. A hyperco-
agulable state is an abnormally high coagulation response to vascular injury. The 
main genetic causes of arterial thrombosis are factor V Leiden mutation, ATIII defi-
ciency, protein C or S deficiency, prothrombin G20210A mutation, and MTHFR 
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gene mutation, due to the accumulation of homocysteine, causing endothelial dam-
age [15]. Acquired causes of hypercoagulability include malignancy, heparin- 
induced thrombocytopenia, oral contraceptive pill/estrogen replacement therapy, 
postpartum state, paroxysmal nocturnal hemoglobinuria, the presence of antiphos-
pholipid antibodies, polycythemia, hyperviscosity syndromes, increased lipoprotein 
(a), dysfibrinogenemia, nephrotic syndrome, subtherapeutic INR, obesity, smoking, 
surgery, and trauma [15]. Of note, two risk factors for venous thrombosis increases 
risk for arterial thrombosis [15, 16]. In our experience, mega clots are often associ-
ated with underlying occult malignancy, and should prompt age-appropriate cancer 
screening following the intervention.

 Review of Endovascular Management

Despite the challenges mega clots pose to neurointerventionalists, thrombectomy 
remains a viable option for successful recanalization. Due to the large thrombus 
burden, there is poor outcome in these cases with medical management, including 
with recombinant IV tissue plasminogen activator (tPA). In fact, recanalization rates 
with IV tPA are very poor for mega clots, with only 10% recanalization reported for 
ICA terminus clots [17]. Thus, endovascular therapy (EVT) is the treatment of 
choice for these most severe ELVO situations.

The approach for mega clots is similar to other EVTs, though the choice of 
devices should be made to accommodate the need for extraction of large thrombi. 
We will typically utilize a large groin sheath (8F or 9F), in case the guide sheath 
becomes occluded with thrombus and needs to be removed. In cases where we have 
utilized a shuttle sheath, removal like this is not an option. In this case, removing the 
thrombus from the intracranial circulation and out of the internal carotid artery, and 
placing in a nonessential vessel, such as the external carotid artery, may be the only 
option [18]. A balloon guide sheath may be helpful to arrest flow during aspiration 
or during withdrawal of the stent-retriever to prevent distal embolization. The 
advent of new larger lumen balloon guide catheters may improve their utilization on 
mega clot cases. Due to the very large inner diameters, large bore sheath should be 
placed as close to the thrombus/occlusion as possible, and aspiration performed 
through the guide sheath will often remove large amounts of thrombus. Large bore 
intermediate catheters, now with up to 74 inner lumen, can also be attempted, but 
often, these large mega clots will be too large for even these catheters. However, if 
a good seal is obtained, they may be helpful in acting as a mechanical thrombec-
tomy device. Stent-retrievers may also prove useful to pull from distal to proximal 
in the vessel under constant aspiration to pull clot through the vessel/guide sheath 
and may also mechanically disrupt the clot. Another beneficial strategy is to place a 
microcatheter with the thrombus and slowly infuse intra-arterial tPA into the throm-
bus along its length. This can also be effective in cases of rapid reaccumulation of 
the thrombus after recanalization. If suspected to have underlying arterial injury and 
denuding of the endothelium, platelet activation may be occurring and infusion of 
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glycoprotein IIb/IIIa inhibitor can rapidly cause dissolution of the platelet-rich 
occlusion.

For large thrombus burden in the carotid artery, we have also employed emergent 
surgical opening of the carotid artery. The surgeon, following exposure of the carotid 
in which care is taken to avoid significant manipulation of the carotid artery, obtains 
distal control with a temporary clip placed on the distal internal carotid artery, to 
lessen the risk of distal embolization. An incision is made in the carotid bulb/proxi-
mal internal carotid artery with the common carotid artery (CCA) and external 
carotid artery (ECA) clamped. Once the CCA and ECA are clamped, the ICA clip 
can be opened and back-pressure from the collaterals around the circle of Willis will 
often push the thrombus through the arteriotomy and clear the vessel. This can also 
be achieved by placing a Fogarty balloon distal in the vessel through the arteriotomy 
and with the balloon inflated pulling the balloon proximally to remove large thrombi.

It must be kept in mind, however, that with each attempt at thrombectomy, the 
chance of successful retrieval decreases due to thrombus compression [14]. 
Complicated techniques may also take longer and ultimately pose more negative 
consequences. Therefore, the primary goal should be a straight-forward approach 
with the goal of first-pass revascularization.

Case Illustrations:

Case 1: A 63-year-old right-handed male presented with transient vision changes 
of right eye. Initial National Institutes of Health Stroke Scale (NIHSS) in the emer-
gency room was 2 for left homonymous hemianopia, but shortly after arrival, the 
patient deteriorated, developing dysarthria, expressive aphasia, left facial droop, 
and left arm weakness (NIHSS 10). CT head revealed a hyperdense MCA in the 
right M1 segment. tPA was then administered. CTA displayed complete right ICA 
occlusion beginning 1 cm from its origin, as well as right M1 occlusion. The patient 
was taken for emergent thrombectomy. Initial angiographic runs (Fig. 21.1a and b) 
showed complete right ICA occlusion.

A 7F shuttle sheath was navigated into the right proximal ICA.  Upon back- 
bleeding, a large thrombus came out of the guide sheath. Several additional aspira-
tion attempts were made on guide sheath with additional thrombus removed. Due to 
a curve in the cervical internal carotid artery, which prevented further advancement 
of the guide sheath, a large bore intermediate catheter was introduced, with addi-
tional thrombus removed resulting in partial recanalization with a dissection seen in 
the mid cervical portion of the ICA (Fig.  21.1c). The intermediate catheter was 
advanced to the supraclinoid ICA and intracranial imaging showed the right M2 
thrombus had moved distally to the M3 segment (Fig. 21.1d). Due to its distal loca-
tion, it was felt that the risk outweighed benefit of thrombus removal; therefore, this 
was not undertaken. Upon withdrawal of the intermediate catheter, good flow was 
seen throughout the ICA including in the area of dissection (Fig. 21.1e). Patient was 
ultimately discharged home with NIH 0 and no focal neurological deficit.

This case illustrates the benefit of initial aspiration on the guide catheter or sheath 
in cases of ICA occlusion, as the large bore of these catheter can often result in large 
thrombus removal.
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Case 2: A 69-year-old left-handed female, with a past medical history significant 
for hypertension, hyperlipidemia, tobacco abuse, and prediabetes, woke up in the 
morning with sudden-onset expressive aphasia, dysarthria, and confusion (initial 
NIHSS 3.) CT head was notable for hypoattenuation within the left frontal centrum 
semiovale and dorsal insula. CTA demonstrated cutoff of the left M1 middle cere-
bral artery (MCA). MRI brain displayed restricted diffusion in the same regions of 
hypoattenuation seen on CT. Overnight patient progressed, developing right facial 
droop, right upper extremity and right lower extremity weakness, as well as worsen-
ing aphasia and confusion (NIH 11.) Hyperacute MRI showed minimal increase in 
infarct but large penumbra in the left MCA territory. Patient was then taken for 
endovascular recanalization. Initial angiographic runs confirmed the left M1 MCA 
occlusion with good collaterals (Fig. 21.2a). A balloon guide catheter was initially 
used with large bore intermediate catheter, with thrombus removed and TICI 3 flow 

a b c

d e

Fig. 21.1 (a) Right internal artery occlusion with minimal contrast penetration past the origin. (b) 
Intracranial runs show no opacification of the intracranial carotid artery. (c) Following placement 
of the guide sheath, which resulted in significant thrombus removal, slow opacification is seen in 
the supraclinoid segment. (d) After advancement of the intermediate catheter through the area of 
dissection, intracranial runs showed improvement in the intracranial circulation, with a parietal M3 
thrombus remaining. (e) Final runs of the right internal carotid artery show restoration of flow in 
the artery, with good intracranial filling
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achieved (Fig. 21.2b). However, the vessel quickly reoccluded. Multiple attempts 
with different stent retrievers were made under local aspiration and proximal flow 
arrest, with partial recanalization achieved but quick reocclusion occurring within 
minutes of recanalization and underlying new thrombus formation seen (Fig. 21.2c). 
Due to suspected underlying endothelial injury and platelet aggregation, intra- 
arterial abciximab was administration. This resulted in dissolution of the thrombus 
with TICI 3 perfusion ultimately achieved (Fig.  21.2d). Resulting transient 
 vasospasm was managed with intra-arterial infusion of verapamil. Postprocedure 
MRI was notable for new acute infarcts in the left caudate, temporal pole, and pari-
etal lobe. She was discharged to an acute rehabilitation center with NIH 3 for mild 
right facial droop, aphasia, and right lower extremity drift.

a b

c d

Fig. 21.2 (a) Left M1 middle cerebral artery occlusion with good collaterals. (b) After local direct 
aspiration, TICI 3 flow achieved. (c) Following reocclusion, several passes with stent-retrievers 
under local aspiration were attempted. However, reocclusion would occur quickly after reopening 
of the vessel. Subocclusive thrombus (white arrow) was seen as reocclusion occured. (d) Following 
administration of abciximab, dissolution of the thrombus was seen with TICI 3 flow achieved
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This case illustrates that underlying endothelial injury can result in platelet acti-
vation, causing reocclusion. Neurointerventionalists should be prepared to adminis-
ter glycoprotein IIb/IIIa inhibitors for this situation.

Case 3: A 58-year-old right-handed female with past medical history significant 
for prior right MCA stroke developed sudden-onset aphasia and right hand weak-
ness that initially fluctuated in severity, returning to normal (initial NIHSS 0). She 
was not given tPA due to resolution of symptoms. Later, her exam continued to 
progress with expressive and ultimately global aphasia, accompanied by right upper 
extremity and right lower extremity drift (NIH 11.) CT head was only notable for 
encephalomalacia from old stroke. tPA was not given at this point as patient was out 
of the time window. CTA revealed ulcerative plaque and large thrombus, causing 
severe left ICA stenosis (>90%) (Fig. 21.3a). Hyperacute MRI revealed minimal 
punctate infarcts in the left MCA territory (Fig. 21.3b) and repeat MRA displayed 
left M3 opercular branch occlusion as well as poor signal in the left ICA, suggesting 
poor flow past the thrombus (Fig. 21.3c). Due to the large clinical deficit with mini-
mal infarcts (clinical-diffusion mismatch), it was felt the carotid lesion was result-
ing in hypoperfusion with slow progressive infarction. After discussion with the 

a b

c

Fig. 21.3 (a) Large thrombus (solid white arrow) seen in the left ICA origin. (b) Hyperacute MRI 
revealed only small punctate infarcts despite large and worsening clinical deficit, suggesting 
clinical- diffusion mismatch. (c) Hyperacute MRA shows poor signal in the left ICA (dotted white 
arrow), suggesting poor flow around the thrombus
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multidisciplinary team, it was decided to take the patient for emergent carotid end-
arterectomy with thrombectomy. Following clamping of the distal ICA, the CCA 
and ECA were clamped. An incision was made into the left carotid bulb, revealing 
a complex ulcerated plaque with thrombus. The endarterectomy was completed. By 
the following morning, the patient had greatly improved. Patient was ultimately 
discharged home with NIH 1 for mild aphasia.

This case illustrates the option of endarterectomy with thrombectomy for large 
proximal carotid thrombus. Though endovascular options could be also considered, 
in our experience, the likelihood of distal embolization with endovascular methods 
is high. If an endovascular approach is attempted, techniques to minimize emboliza-
tion should be utilized, including balloon guide to arrest flow before crossing the 
thrombus and use of distal protection.

 Conclusion

Mega clots are among the most challenging situations in neurointerventional prac-
tice. Understanding the underlying pathophysiological processes that lead to mega 
clot formation and employing strategies to deal with large thrombus burden can lead 
to success in dealing with these most devastating types of strokes.
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Chapter 22
Challenges in Thrombectomy: Access 
Problems, Hard Clots, Relapsing 
Occlusions, and Embolization to New 
Territories

Tommy Andersson and Leonard Leong Litt Yeo

 Introduction

Acute ischemic stroke (AIS) is still the number one cause of dependency in the 
world, but over the last few years, thrombectomy has become the first-line therapy 
for large vessel occlusion and changed the way acute stroke is managed [1–4]. The 
later versions of thrombectomy devices have been designed to improve the rates of 
recanalization. However, up to 20% of AIS patients treated with mechanical throm-
bectomy do not have successful recanalization and the rate of good functional out-
comes is even less, remaining around 50% [5–10]. In addition, each failed 
thrombectomy attempt not only delay recanalization and have a progressing infarct 
size, with each additional pass, there are concerns for vessel injury, distal emboliza-
tion from clot fragmentation, or embolization into unaffected territories [7, 9].
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It is important to understand the factors that prevent us from recanalizing the 
culprit vessel during acute stroke as restoring blood flow is one of the most powerful 
methods of improving outcomes in AIS. This can be accomplished by looking at all 
the elements, which make it difficult to open the vessel, from anatomical variations 
to the full spectrum of clot properties to try to find ways to more efficiently extract 
them [11]. In this study, we review the literature surrounding each of these factors 
and the potential solutions that have been tried in this new era.

 Access Problems and Stroke Etiology

One of the commonly faced issues with failed thrombectomy is the problem of dif-
ficult vascular access. If the patient has problematic femoral arteries, an elongated 
unfolded aortic arch, or tortuous neck vessels, it can be challenging to reach the 
intracranial occlusion.

Variations of the aortic arch elongation can be classified according to the length 
measured vertically, of the beginning of the innominate artery to the top of the aortic 
arch [12]. The longer this is, the more difficult it can be to catheterize the cerebral 
vasculature. With higher grades, there is also a propensity for the guiding catheter 
to be less stable and collapse into the aortic arch during the procedure, requiring the 
operator to start over [13]. Other variations such as a bovine arch from the common 
origin of innominate artery and left CCA or the origin of the left CCA from the 
innominate artery can also exist and add to the complexity of the procedure [14]. 
After navigating the aorta, tortuosity of the carotid vessels can also be associated 
with failure of thrombectomy. This can be due to tortuous, looped, or kinked cervi-
cal vessels that prevent smooth navigation as well as take up a length of the catheter 
rendering them too short to reach the occlusion [15, 16].

In the intracranial circulation, the geometric anatomy of the middle cerebral 
artery can contribute to the inability of the stent to remove the clot; for example, a 
hair-pin loop can increase the friction of the clot and the vessel wall when it is being 
withdrawn, or a short vessel dilatation can trap the clot as it is being drawn past if 
the stent does not expand to accommodate the wider vessel [17, 18]. Similarly, an 
“S-configuration” vessel, withdrawal of a stentretriver may also pull on the vessel 
and cause avulsion injuries with bleeding of these small vessels (Fig. 22.1). Using 
an intermediate catheter will improve the vector of force and reduce the risk of avul-
sion injuries to the vessel or other complications such as inadvertent stent detach-
ment (Fig. 22.2). In fact, this was the initial idea behind the creation of the distal 
access catheter (DAC) (Concentric Medical), rather than as a distal aspirate catheter 
or for the pinning technique.

This is why a pretreatment computed tomography angiogram (CTA) from the 
aortic arch to the intracranial vessel is a very useful tool for preplanning of the 
thrombectomy procedure. It can be used to predict anatomical difficulties, after 
which specific tools such as a Simmons types catheter or an alternative access site 
such as a radial, brachial, or carotid access can be prophylactically chosen 
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[19–21]. Occlusions in certain vessel are sometimes much more easily reached 
with an alternative access site; a common example is a vertebral or basilar occlu-
sion with an unfolded aorta, which can be better accessed via a radial approach. 
This will cut down on the length of the procedure, reduce complications, and 
diminish wastage by avoiding changing catheters or wires that are not suitable 
(Fig. 22.3).

Intracranial atherosclerotic stenosis is a possible etiology for refractory throm-
bectomy or immediate reocclusion post thrombectomy [22]. This problem is much 
more commonly seen in Asian populations compared to Caucasian populations, 
although hypertension, diabetes, and hyperlipidemia are well-known risk factors for 
intracranial atherosclerosis in any population [23–25]. Vascular luminal imaging 
such as a CT angiogram or a digital subtracted angiography can sometimes differ-
entiate intracranial atherosclerotic occlusions from embolic occlusions and there-
fore the response to stentretriver thrombectomy [26]. In large vessel occlusion 
stroke due to underlying atherosclerotic lesions, there is a need to use other adjunct 
devices in addition to the stentretriver in most of the cases. Whereas in cardioem-
bolic lesions, the stentretriver alone was successful in 83.3% of the patients. In the 
same study, the need for adjunct devices meant that atherosclerotic lesions had 
much longer procedure times, which can be up to 50 minutes longer on average 
[27]. Other rarer causes for failure of recanalization are underlying vessel wall 
pathologies such as vasculitis or early Moyamoya disease, which can render the 
thrombectomy devices ineffective [28, 29]. In such cases a high index of suspicion 
and early recognition is key to prevent futile procedures.

a b

c d

Fig. 22.1 (a) Stentretriver without using the intermediate catheter in a hair-pin turn of a flow 
model. (b) On withdrawal of the stentretriver, the friction causes traction and force to be applied 
perpendicular to the line of vessel with resultant severe deformation of the vessel without moving 
the clot. (c) Stentretriver with an intermediate catheter in a hair-pin turn of a flow model. (d) The 
change in the direction of force with an intermediate catheter allows for the clot to be removed 
without deformation of the vessel
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Finally, the anatomical location of the occlusion can determine the thrombus 
burden. For example, the volume of the thrombus is largest in the internal carotid 
artery occlusions and smaller in middle cerebral artery (MCA) occlusions [30]. 
Greater thrombus length would be expected to yield increased friction and adhesion 
given the larger surface area for thrombus-vessel interaction. However, the associa-
tion between thrombus size and successful recanalization after endovascular treat-
ment is inconsistent. A higher clot burden scores has shown an association with 
increased likelihood of recanalization [31–37], but worse outcomes were seen after 
aspiration thrombectomy of longer thrombi in the THERAPY trial, which excluded 
thrombus length shorter than 8 mm [38].

The size of the thrombectomy device should therefore be chosen to optimally 
accommodate the thrombus burden and avoid complications. For example, a smaller 
intermediate catheter can result in sides of the thrombus being sheared off when the 

a b

c d

Fig. 22.2 (a, b) An angiogram showing an S-shaped tortuous vessel and the same winding path 
taken by the guidewire. (c, d) On stentretriver thrombectomy, the high friction between the sten-
tretriver and the wall caused a complication of an inadvertent detachment of the stentretriver 
(arrow in c and d)
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stentretriver is withdrawn into it. There is emerging evidence that the best throm-
bectomy technique may depend on the localization occlusion, whether it is an ante-
rior circulation or posterior circulation occlusion, for example, or the shape of the 
vessel housing the proximal occlusion site [39, 40]. Some occlusions, which are 
refractory to one technique, may respond favorably to a different approach [39]. In 
the future, we may be able to tailor not only our device but also the technique used 
with respect to different clot locations and compositions.

 Clot Properties

Thrombus composition is a key factor in determining its susceptibility to mechani-
cal and pharmacological methods and thus the degree of successful recanalization. 
Unfortunately, the makeup of the clot is currently unknown prior to treatment and 

a b

c

Fig. 22.3 (a) A widened unfolded aortic arch with difficulty advancing the guide catheter into the 
vertebral artery. (b, c) A radial access was chosen, which simplified the procedure
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thus, all thrombi are approached in the same manner. Research to determine optimal 
thrombectomy methodology before the procedure is sorely lacking and is a crucial 
gap that needs to be addressed.

The composition of a thrombus is made up of many different substances largely 
dependent on its source, but primarily consists of three components: fibrin, red 
blood cells (RBCs), and white blood cells (WBCs) [41, 42].

The distribution of platelets and fibrin within a thrombus varies between an ath-
erosclerotic vessel thrombus and a cardiac thrombus. In a thrombus, which origi-
nates from an atherosclerotic vessel, RBC tends to be massed near the center with a 
slim outer layer of fibrin-platelet complexes at the outer edges. Conversely, in car-
diac thrombi, fibrin-platelet complexes are distributed throughout the thrombus 
with corresponding larger amounts of fibrin [43]. The proportion of fibrin relative to 
the red blood cells in a clot substantially alters its physical properties, which affects 
how it responds to thrombectomy [44, 45] (Fig. 22.4).

In vitro experiments have shown that fibrin-rich thrombi with <20% red cell 
content have a significantly higher coefficient of static friction [46]. The prelimi-
nary literature available on clot composition tends to suggest that the proportion 
of fibrin is especially relevant in determining successful clot retrieval, with 
hypodense, fibrin-rich thrombi demonstrating decreased revascularization rates 
regardless of the technique employed [44, 47]. A mature, clot high in fibrin is thus 
more firm and less deformable with higher frictional properties and on compres-
sion by the struts of a stent, the friction between the clot and the vessel wall 
increases. This renders subsequent device passes substantially less effective with 
each attempt [46, 48]. As it becomes more compact, it will have greater tendency 
to “roll” over the struts of the stentretriver as it is withdrawn or not get properly 
aspirated into a catheter. The result is the clot remaining in the same position dur-
ing the thrombectomy attempt. Newer-generation stent retrievers with increased 
radial force or designed to scoop or capture the clot within its struts rather than 
penetrate the thrombus may be more effective in clots high in fibrin. In contrast, 
clots rich in red blood cells are soft but friable. They may be easier to remove but 
are prone to break off and cause distal embolization into the same or a previously 
unaffected territory.

The percentage of white blood cells (WBCs) in the thrombus is another charac-
teristic that determines the ease of recanalization and, by association, the procedure 
time [49]. According to histological studies, the development of a thrombus begins 
with platelets at the site of vessel injury, attracting other platelets to form a platelet 
clump. WBCs invade the sides of the clump after which fibrin strands form and trap 
RBCs to form a solid thrombus [50, 51]. WBCs are therefore a marker of the age of 
the thrombus and in cardioembolic thrombi, a higher proportion of WBCs exist in 
the clot, which may be related to the increased length of time to mature in the heart 
chamber before embolizing. Moreover, WBCs have more time to invade the cardio-
genic thrombus and this is associated with an increased degree of organization of 
the thrombus. This organization is closely associated with the stability of the clot 
and the friction to the vessel wall. More mature clots are therefore more difficult to 
remove [52].
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While there are different types of WBCs, neutrophils in particular seem to be 
important in ischemic stroke. Neutrophils catalyze the thrombotic pathway by for-
mation of neutrophil extracellular traps (NETs) [53]. These NETs are formed when 
neutrophils unleash decondensed DNA fibers into the extracellular matrix, which 
then act as supports for RBCs and platelets to bind to, and subsequently influence 
the coagulation cascade [54]. Studies recently showed that all thrombi contained 
NETs, but the neutrophil content in ischemic stroke thrombi was considerably 
higher, relative to coronary thrombi [54, 55]. A potential diagnostic use was put 
forth when an association between NETs and cardioembolic etiology was found 

a

b

c

d

Fig. 22.4 (a) Clots comprised predominantly of red blood cells with the corresponding histology 
(b) and (c). Clots predominantly made of fibrin with corresponding histology (d)
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[56]. The same study also had a potential therapeutic angle when it showed that 
ex  vivo targeting of these NETs by DNase 1 showed an increased thrombolytic 
effect; nonetheless, this will have to be replicated in animal and human trials [56].

Clots contain many other substances besides fibrin, RBCS, and WBCs. One 
interesting study showed that the level of von Willebrand factor varied in clots. Von 
Willebrand factor is a large multimeric plasma glycoprotein that links platelets in 
conjunction with fibrin, which results in the clot becoming more organized and 
firmer (Figs. 22.4 and 22.5) [57, 58]. Another sign that can represent resistance to 
thrombolysis and mechanical thrombectomy is partial endothelialization at the 
edges of the thrombus. This is thought to represent early organization and matura-
tion as the body attempts to grow endothelium over the thrombus [59]. Thrombi of 
nonthrombotic origin such as calcified or neoplastic content can be more difficult to 
remove [60, 61]. In a small series of cases with calcification of the plaque, multiple 
stent retriever attempts were unsuccessful, and adjunct treatment with intracranial 
balloon angioplasty was required. In one of the cases, a Solitaire FR became 
entrapped inside the dense calcification after its deployment and had to be resheathed 
with a microcatheter [44].

The distribution of the content of the clot and its architecture can also be altered 
during the process of thrombectomy. The longer the clot has to mature, the stickier 
it is and difficult to remove. This is amplified by the water-hammer effect of the 
systemic blood pressure that squeezes and compacts the thrombus, rendering it 
more recalcitrant to extraction. Failed thrombectomy attempts can also change the 
clot properties: for example, the clot can be compacted by the stentretriver and 
becomes more difficult to remove with each pass.

 Imaging to Predict Thrombectomy Failure

As mentioned earlier, preprocedural imaging, whether CTA or magnetic resonance 
MR-angiography (MRA), is crucial for planning the thrombectomy. It can predeter-
mine the best site for vascular access as well as anticipate any problems the operator 

Fig. 22.5 Clots removed 
after a thrombectomy and 
stained for von 
Willebrand factor
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is likely to face. Ideally, it can also determine which are the optimum tools and 
techniques to use, and prognosticate the chance of a successful recanalization or 
failed thrombectomy.

Historically, one of the earliest signs of an intracranial occlusion was the 
Hyperdense Middle Cerebral Artery Sign seen on a noncontrasted CT scan 
(Fig. 22.5). This correlated with a thrombus with a higher RBC content [44, 47, 62], 
although the proportion of fibrin, RBCs, and WBCs have all been shown to affect 
the thrombus density on a CT scan [44]. IV tPA has been shown to have be more 
effective with RBC-rich thrombi [63]. For endovascular thrombectomy, the litera-
ture available on CT thrombus density is conflicting especially with the older throm-
bectomy devices [32, 64, 65], although there is an association of stentrievers success 
with increased thrombus density [33]. RBC-rich thrombi can also be identified on 
MRI where the RBC in the thrombus induces a blooming artifact on GRE and SWI 
sequences. Longer and curved susceptibility vessel signs on MRI have been associ-
ated with reduced effectiveness of reperfusion therapies [66, 67].

Using thin-slice reconstruction, A non-contrasted CT can be used to estimate the 
thrombus length by minimizing partial volume averaging with adjacent lower den-
sity cerebrospinal fluid [68]. Another method of measuring the thrombus length is 
through the arterial filling defect on CT angiography. On a single phase CTA, the 
arterial filling defect is strongly dependent on the timing of imaging acquisition 
after the contrast and the presence of collaterals, which can allow the contrast to 
reach the distal end of the thrombus [69, 70]. In newer techniques such as the 
dynamic CT angiography or multiphasic CTA, this problem is less prominent as the 
delayed scans will allow the contrast time to reach the distal end of the thrombus 
[71]. As an alternative, the clot burden score is a semi-quantitative validated method 
of measuring clot burden on a single phase CTA, where points are subtracted for 
pre-specified vessel segments that are not opacified by contrast [72]. Longer and 
more proximally located thrombi are associated with worse clinical, imaging, and 
safety outcomes and are less successful recanalized by IV tPA [73, 74]. Longer 
thrombi have been shown to have better recanalization rates with aspiration throm-
bectomy when compared to IV tPA [74].

The perviousness of thrombus was determined by measuring the increase in 
Hounsfield unit (HU) on a CT scan before and after contrast administration. A study 
showed that a more pervious thrombus with an increase in HU ≥23 was associated 
with better recanalization, smaller infarct sizes and better functional outcome after 
IV tPA treatment [63, 71, 75]. A recent study done in vitro showed that fibrin-rich 
clots had a lower initial HU than RBC-rich clots but had a higher increase in HU 
after contrast was administered [76]. This imaging method can potentially be used 
to pre-determine clot characteristics and select devices more likely to capture such 
resistant clots, such as the later generation stentretrivers. This finding has yet to be 
replicated in vivo and will require clinical testing.

The angiographic pattern of occlusion can potentially help to determine the 
underlying pathology of the occlusion. A Korean group determined that an occlu-
sion at the arterial bifurcation in an anterior circulation stroke (defined as a “branch-
ing type” occlusion) was more likely to be an embolic thrombus. Conversely an 
occlusion in the middle of the artery with clear distal visibility of all the branches 
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was defined as a “truncal type” of occlusion (Fig. 22.6). This was associated with an 
underlying intracranial atherosclerotic cause of the occlusion. The authors noted 
that while truncal type occlusions were rarer, making up 12% of all angiographic 
occlusions, they were associated with a lower chance of stentriever’s success. 
Branching type occlusions had an 80% chance of successful recanalization, com-
pared to only 18.2% in truncal type occlusions. Truncal-type occlusion also had the 
propensity for immediate reocclusion after successful recanalization during 
stentriever- based endovascular procedures, which led to longer procedural times, 
more frequent adjunctive therapy use as well as poorer outcomes [77].

Good collaterals have been known to improve the chance of recanalization with 
IV tPA [78]. Good collateral circulation may also help in removing the thrombus in 
mechanical thrombectomy. It not only enhances thrombolytic penetration of the clot 
thereby softening it, but also breaks the water hammer effect of the systolic blood 
pressure and eliminating the pressure gradient across the clot. This enables easier 
withdrawal of the clot. A reflection of this was seen in the DAWN trial, which 
selected patients with good collaterals and had an 84% mTICI2b-3 rate [79].

 Distal Emboli and Futile Revascularization

Secondary distal embolization to the same or previously unaffected territories is a 
feared complication during thrombectomy, which can result in poor outcomes even 
when the original thrombus is removed [80, 81]. There are various ways by which 

a b

Fig. 22.6 (a) CT angiogram of an acute stroke with a gap indicating a “truncal” type occlusion of 
the MCA (arrow) with branches of the MCA bifurcation visible, rather than an “embolic” type 
where the branching portion would be unopacified. (b) The corresponding postthrombectomy 
angiogram showing an underlying atherosclerotic lesion (arrow)
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emboli can be generated during thrombectomy: Blood flow can break pieces off the 
clot. When the stentretriver is deployed, the struts can force pieces of the clot 
through the holes, thereby “cheese-grating” the clot using the mesh of the throm-
bectomy device. As the thrombus is withdrawn, the friction between the vessel wall 
and the thrombus may fragment it [81]. As the thrombus is withdrawn into a larger 
vessel from a smaller vessel, there can be a temporary loss of apposition between 
the stentretriver and the thrombus. Finally, the thrombus can be sheared off the sides 
of guide catheter if the lumen is too small as the thrombus is pulled into it.

Procedure-related embolic complications have been noted with various throm-
bectomy devices [82–85]. In the MR CLEAN study where a variety of different 
thrombectomy techniques were used, embolization to new territories was seen in 
8.6% of the patients, which resulted in 5.6% developing new neurological deficits 
[1, 86]. For studies predominantly using stent retrievers, 5–22% had distal emboli 
with 0–7% of these into new vascular territories [4, 7, 87–90]. Older thrombectomy 
devices like the MERCI device or the initial iteration of the Penumbra system 
(Penumbra, Almeda, USA) fragmented the clot more and had worse outcomes com-
pared to intra-arterial tPA thrombolysis, and therefore are no longer being used 
[86, 91–93].

Studies have shown that multiple distal emboli on the final angiographic runs are 
associated with worse functional outcomes [94]. However, in vitro bench studies 
have demonstrated that during a thrombectomy, the majority of clot fragments 
released are very small and not visible on standard digital subtracted angiography 
This means the actual incidence of distal emboli could be more than anticipated [91, 
95]. These clots can block collateral flow to potentially salvageable tissue or even 
cause ischemia in a previously unaffected territory [87, 96–98]. The presence of 
these fragmented clots has been shown to be associated with worse clinical out-
comes [96, 99].

Other causes of distal emboli are the use of conscious sedation, posterior circula-
tion occlusions, and increased thrombus length. Patients who underwent thrombec-
tomy with conscious sedation have more distal emboli than those under general 
anesthesia; this may be due to patient movement and its related technical difficulties 
[100]. Studies have shown that the use of balloon-guide catheter during a thrombec-
tomy enables the operator to create a state of flow arrest, which reduces distal 
emboli and prevents emboli in new unaffected areas as well as interrupts the pres-
sure gradient by breaking the forward force from the systemic blood pressure’s 
water hammer effect and allows easier retrieval of the thrombus; this then translates 
into better functional outcomes [90, 101–103]. Posterior circulation occlusions are 
significantly associated with distal emboli likely due to the lack of flow arrest dur-
ing such procedures [104]. Finally, the incidence of thromboembolic events into 
other vessels increases with the thrombus length. In in vitro experiments, the rate of 
thromboembolic events was 0% with 10-mm-long thrombi but increased to 7.4% 
with 20-mm thrombi and 14.8% with 40-mm thrombi [105].

A less obvious reason for futile revascularization is downstream injury caused by 
the reperfusion itself. Reperfusion into ischemic territory can activate the inflamma-
tory pathway and produce a cascade of other factors, which may be detrimental to 
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the brain. One such molecule is von Willebrand factor. We earlier described how it 
was associated with more organized clots, but it has also been linked to spontaneous 
thrombus formation in distal vessels. In the lab, blocking the function of von 
Willebrand factor in mice animal models was able to reduce damage due to stroke 
reperfusion [58, 106].

 Solutions for Failed Thrombectomy

Patients who have an acute stroke but fail thrombectomy are prone to worse func-
tional outcomes. Irrespective of the underlying cause, a rescue modality is necessary 
for such refractory cases. One such modality that has been used is intra-arterial infu-
sion of glycoprotein IIb/IIIa inhibitor, which is commonly used as an adjunct in 
endovascular procedures to prevent thromboembolic complications and reocclusion 
of the vessel. Unfortunately, on its own, it appears relatively ineffective in acute 
stroke patients. In studies where mechanical thrombectomy had failed, a glycopro-
tein IIb/IIIa inhibitor achieved further successful recanalization in only 2.8–3.8% of 
cases [5, 107]. The decision to use glycoprotein IIb/IIIa inhibitors must also be tem-
pered by the increased bleeding risk reported in studies using a combination of gly-
coprotein IIb/IIIa inhibitors and thrombolytics in stroke, as well as the poor results 
of the Abciximab in Emergency Treatment of Stroke Trial (AbESTT) [108–113].

Trifiban has been used as a strategy to treat recalcitrant cases where mechanical 
thrombectomy has failed [8]. When used intravenously in addition to mechanical 
thrombectomy or stenting, there was no improvement in the recanalization, but nei-
ther was there an increase in intracranial hemorrhage [114]. When it was used intra- 
arterially in conjunction with the next thrombectomy attempt, it appeared to prevent 
reocclusion after successful recanalization with no cases of symptomatic intracra-
nial haemorrhage (ICH) [115]. This may be a viable strategy but needs to be vali-
dated in further clinical trials.

In the era before stent retrievers, recanalization of occluded intracranial arteries 
via stenting was initially used as an experimental treatment in AIS [112, 116–120], 
but this was quickly replaced by the newer superior thrombectomy devices and 
methods. Nonetheless, these early trials established that stenting in AIS with LVO 
could be a plausible method to restore the patency of vessels, which reocclude after 
thrombectomy.

Underlying intracranial atherosclerotic stenosis may render the occlusion refrac-
tory to recanalization with swift and immediate reocclusion once the stentretriver or 
aspiration device has been withdrawn. In such situations of recurrent occlusions, 
intracranial artery stent placement might be considered a feasible option. Initially, 
intracranial stenting was performed with off-label use of balloon-mounted cardiac 
stents [110, 111, 121, 122]. The problems with these stents are their rigidity, making 
navigation through the tortuous intracranial circulation difficult and prone to com-
plications such as perforation [123, 124]. Levy et al. were the first to report the use 
of self-expandable stents in the setting of acute ischemic stroke [112]. The current 
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iterations of intracranial self-expanding stents are made of nitinol and provide suf-
ficient outward radial force at body temperatures to open up occluded vessels, yet 
are able to minimize the incidence of negative remodeling and in-stent restenosis 
that have been seen in the balloon mounted stents [112, 125].

Intracranial atherosclerotic stenosis is much more common in Asian patients and 
recently, a Korean series of patients have demonstrated a more favorable outcomes 
in the stented group than in the nonstented group of patients who failed thrombec-
tomy (Fig. 22.7) [5]. Other case series reported good clinical outcomes with few 
complications using self-expanding stents such as the Enterprise self-expanding 
stent (Codman & Shurtleff, Raynham, Massachusetts), Neuroform (Stryker 
Neurovascular, Kalamazoo, Michigan), Solitaire FR and Wingspan stent (Stryker), 
or as a rescue treatment for failed thrombectomy patients [112, 116, 117, 126–128]. 
In a study, which compared permanent stenting with the Solitaire FR against other 
self-expanding stents, it managed to provide mTICI 2b–3 recanalization in 84.6% 
versus 78.6% of patient in whom mechanical thrombectomy had failed with a sig-
nificantly shorter procedure time [129]. Another purported advantage of the Solitaire 
FR over other self-expandable stents is that it allows angiographic assessment of the 
patency of the vessel during its temporary placement before it is actually detached.

In another study, the author reported several patients where the Wingspan stent-
ing was not able to navigate the tortuosity of cerebral vasculature. The author 
switched to the more navigable Enterprise stent, which was able to overcome this 
and be deployed at the occlusion site with good angiographic results. The author 
however mentioned that in this series, 50% of the patients required adjunctive angio-
plasty after deployment of the Enterprise stent, which the author attributed to the 
weaker radial force of the stent [119]. However is a series of patients from Sweden 
mostly using the Enterprise stent for rescue of failed thrombectomy, there was 

a b

Fig. 22.7 (a) Post thrombectomy attempt, there is an underlying mid-MCA atherosclerotic steno-
sis seen on the final diagnostic angiogram, which keeps reoccluding after every pass. (b) Permanent 
stenting was performed under antiplatelet cover with TICI 3 recanalization
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seldom a need for angioplasty after the stent was deployed. Over time the follow-up 
vessel imaging showed that the stent would gradually expand, and any stenosis 
tended to resolve itself [133]. For more distal occlusions, a series has shown that 
endovascular treatment with a Wingspan stent can be a safe potential solution for 
M2 occlusions [118]. However, it needs to be said that stenting in distal small intra-
cranial arteries has a higher risk for vascular injury and subacute reocclusion or in-
stent restenosis, this is exacerbated by the situation in an acute stroke where there is 
no opportunity to preload antiplatelet or test antiplatelet activity, and should be per-
formed only when necessary and with some consideration of the risks [130, 131].

As with any other intracranial stents, dual antithrombotic therapy is recommended 
to prevent delayed thrombosis within the stent after rescue stenting for thrombectomy 
[132]. The optimum antiplatelet therapy after intracranial stenting is still controver-
sial with no clear guidelines. There is nonetheless a higher potential risk of intracra-
nial bleeding due to hemorrhagic conversion in the infarcted brain tissue and 
procedural complications [123]. A half-dose abciximab was safe and effective in a 
small series of patients from Sweden. In this series, three patients had abciximab used 
after treatment with IV tPA but did not lead to hemorrhage in these patients [133]. In 
another series of 42 patients, low-dose abciximab was associated with low risk of 
intracranial hemorrhage after permanent stenting for failed thrombectomy [134].

 Conclusion

Acute stroke that is refractory to recanalization has poor outcomes with high depen-
dency. There is an urgent need to develop techniques, medication, and devices that 
make it possible to more safely and efficiently remove these difficult clots. Ideally, 
this should be affordable with no need for extensive training so that it can be carried 
out in as many institutions as possible. The challenges highlighted here can serve as 
a roadmap to guide research into this area, which will translate into a high world-
wide impact.
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Chapter 23
Challenges in Thrombectomy: Impossible 
Aortic Arches and Tortuous Vessels

Jaims Lim, Muhammad Waqas, Kunal Vakharia, and Adnan H. Siddiqui

Abbreviations

ADAPT A direct aspiration first-pass technique
AIS Acute ischemic stroke
BCA Brachiocephalic artery
CCA Common carotid artery
CT Computed tomography
DI Divergence index
ICA Internal carotid artery
MR Magnetic resonance
rtPA Recombinant tissue plasminogen activator
TI Tortuosity index

 Introduction

The goal of endovascular treatment of acute ischemic stroke (AIS) is to achieve 
rapid, safe, and effective arterial recanalization of large intracranial vessel occlu-
sions. The likelihood of recanalization with intravenous thrombolysis using 
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recombinant tissue plasminogen activator (rtPA) is about 46.2% [1]. Since 2014, 
the results of several randomized controlled trials have confirmed the benefit of 
mechanical thrombectomy for large-vessel occlusions in the anterior circulation, 
shaping current AIS management [2]. Techniques including a direct aspiration 
first- pass technique (ADAPT) and the use of stent retrievers has significantly 
increased the likelihood of recanalization with mechanical thrombectomy. 
However, the neurointerventionist must also be aware of the challenges in access-
ing, maintaining, and supporting catheters while negotiating difficult aortic arches 
and tortuous vasculature. In this chapter, we describe the different variations of the 
aortic arch anatomy and discuss strategies to overcome the tortuosity of the arch 
and associated vessels to gain rapid access to intracranial vasculature for mechani-
cal thrombectomy.

 Diagnosis

Ischemic stroke therapy relies heavily on imaging modalities to help determine 
viable brain tissue. Computed tomography (CT) perfusion imaging and mag-
netic resonance (MR) perfusion imaging are important diagnostic tools in estab-
lishing an understanding of cerebral vascular supply, reserve, and viable 
penumbra in cases of intracranial occlusive disease. CT perfusion imaging 
allows quick assessment of normal and ischemic cerebral territories based on 
cerebral blood volume and time- to- peak blood flow as well as providing 
3-dimensional reconstructions of the cerebral and extracranial vasculature, 
including the aortic arch, which may indicate large-vessel cutoffs due to occlu-
sion and indicate vessel tortuosity. When such occlusions are identified, neuro-
endovascular treatments are often pursued. MR perfusion can provide similar 
information but in the setting of AIS is reserved for cases in which CT perfusion 
imaging is not possible.

 Preprocedure Imaging

CT angiography and magnetic resonance (MR) angiography are crucial in the 
assessment of aortic arch aberrancies and tortuosity of the vasculature when 
mechanical thrombectomy is a consideration for AIS treatment. They not only high-
light the spatial organization of extracranial and intracranial vessels, but also they 
help the interventionists to assess the severity of the stenosis (occlusion), both of 
which become very important considerations when trying to obtain endovascular 
access through the aorta and the carotid and vertebral arteries.
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 Development of the Aortic Arch

The primitive aorta first begins to take shape on day 21 of gestation with the forma-
tion of the endocardial tube [3]. Two ventral and dorsal segments of the aorta bridge 
to form six pharyngeal arches that gradually appear and regress in cephalocaudal 
order. During development, the first and second arches regress by the fourth week of 
gestation to give rise to the maxillary and hyoid or stapedial arteries, respectively [3]. 
During the time of first and second pharyngeal arch regression, the fourth, fifth, and 
sixth arches also begin to form and grow [3]. The third pharyngeal arch ultimately 
regresses to form the common carotid artery (CCA) and proximal cervical portions 
of the internal carotid artery (ICA), and the fourth forms the final adult aortic arch 
[3]. The fifth pharyngeal arch completely regresses without forming any structures, 
while the sixth arch forms the ductus arteriosus and central pulmonary arteries [3].

 Types of Aortic Arches

Congenital aortic arch variants are separated into three types: left-sided, right-sided, 
and double aortic arches. Each type is associated with specific branching patterns of 
the great vessels. Aortic sidedness is assigned and based on which bronchus, left or 
right, the aortic arch crosses over. The aortic arch forms with various regressions 
and remnant vessels in the fourth aortic arch, which bridges the primitive dorsal and 
ventral aorta. Different anomalies or variations of the aortic arch are shown in 
Figs. 23.1, 23.2, and 23.3.

a b c

Fig. 23.1 (a) Common arch. (b) and (c) are two bovine arch anomalies. Abbreviations: BCA, 
brachiocephalic artery; LCC, left common carotid artery; LSC, left subclavian artery; RCC, right 
common carotid artery; RSC, right subclavian artery. (© University at Buffalo Neurosurgery)
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a b

c d

Fig. 23.2 Different variations in the anatomy of the left aortic arch. (a) Kommerell’s diverticulum 
(circled) with an aberrant right subclavian artery. (b) Aberrant right subclavian artery. (c) Common 
origin of both common carotid arteries. (d) Bilateral brachiocephalic arteries. Abbreviations: 
LBCA, left brachiocephalic artery; LCC, left common carotid artery; LSC, left subclavian artery; 
RBCA, right brachiocephalic artery; RCC, right common carotid artery; RSC, right subclavian 
artery. (© University at Buffalo Neurosurgery)
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The most common aortic arch is the left aortic arch (present in 70–80% of 
patients undergoing CT scanning for various reasons) (Fig. 23.1a), which results 
from the regression of the distal right fourth pharyngeal arch between the subcla-
vian artery and the descending aorta, eliminating the right ductus arteriosus and 
right intersegmental artery. The remainder of the proximal fourth pharyngeal arch 
forms the proximal end of the right subclavian artery, and the left fourth pharyngeal 
arch forms the definitive aortic arch. The left subclavian artery originates entirely 
from the left seventh intersegmental artery with the left patent or ductus arteriosus 
bridging the proximal left pulmonary artery and the aorta just adjacent to the left 
subclavian artery [4].

Several variants of the left-sided aortic arches persist, with the most common 
being the left CCA arising directly from (in 9% of cases) or having a common origin 
with (in 13%) the right brachiocephalic artery, which is commonly referred to as the 
“bovine-type arch” (Fig. 23.1b, c) Another relatively common variant includes the 
left vertebral artery, which arises from the aortic arch proximal to the left subclavian 
artery (in 5–6% of cases) [5, 6].

a b c

d e

Fig. 23.3 (a) Right aortic arch with mirror image. (b) Aberrant left subclavian artery. (c) Isolated 
subclavian artery. (d) Double aortic arch with a vascular ring around the trachea and esophagus 
(circled). (e) Circumflex aortic arch. Abbreviations: BCA, brachiocephalic artery; LCC, left com-
mon carotid artery; LSC, Left subclavian artery; PA, pulmonary artery; RCC, right common 
carotid artery; RSC, right subclavian artery. (© University at Buffalo Neurosurgery)
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 Left Aortic Arch with Diverticulum of Kommerell

The diverticulum of Kommerell is a remnant of the dorsal aortic arch, and it is 
believed to arise from a persistent right sixth pharyngeal arch that becomes the right 
ductus arteriosus in most individuals (Fig.  23.2a). Kommerell’s diverticulum is 
shown in Fig. 23.2a [7]. It is a retroesophageal outpouching that exists at the origin 
of an aberrant right subclavian artery with left aortic arches, and it gives rise to an 
aberrant right subclavian artery in 15–30% of all left aortic arches with aberrant 
right subclavian arteries (Fig. 23.2a) [7].

 Left Aortic Arch with Aberrant Right Subclavian Artery

A left aortic arch with an aberrant right subclavian artery is a common congenital 
anomaly of the aortic arch (in 0.5–2% of cases) (Fig. 23.2b) [8, 9]. This anomaly 
occurs due to regression of the right pharyngeal arch between the right CCA and 
subclavian artery, eliminating the right ductus arteriosus, resulting in the distal right 
dorsal aorta becoming the proximal right subclavian artery [8, 9]. This anomaly 
sometimes may be associated with other congenital anomalies including aortic 
coarctation, patent ductus arteriosus, ventricular septal defect, and carotid or verte-
bral artery anomalies. Patients with this anomaly are usually asymptomatic but can 
at times have esophageal compression [8, 9]. Furthermore, patients with trisomy 21 
(Down syndrome) have a high prevalence of this aberrancy (in 35%) [8, 9].

 Right Aortic Arch with Aberrant Brachiocephalic Artery

This is a rare anomaly that results from regression of the fourth pharyngeal arch 
between the ascending aorta and the left CCA with a resultant persistent left dorsal 
aortic root and ductus arteriosus [7, 10]. Such a regression results in the develop-
ment of the following aortic vessels, from right to left: the right CCA, right subcla-
vian artery, and the left brachiocephalic artery; the aberrant brachiocephalic artery 
course left and posteriorly to the esophagus [7].

 Right Aortic Arch with Mirror-Image Branching 
of the Arch Vessels

A right aortic arch with mirror-image branching of the arch is the second most com-
mon right aortic arch that results from interruption of the left pharyngeal arch dur-
ing development, causing separation of the descending aorta and left subclavian 
artery [10]. Its incidence is 0.05–0.1% in normal population [11]. This creates a 

J. Lim et al.



317

right aortic arch with three branches from left to right: a left brachiocephalic artery, 
a right CCA, and a right subclavian artery (Fig. 23.3a) [10]. This anomaly is com-
monly associated with a congenital heart disease in 98% of cases, usually Tetralogy 
of Fallot, truncus arteriosus, tricuspid atresia, and/or transposition of the great arter-
ies with pulmonary valve stenosis [10].

 Right Aortic Arch with Aberrant Left Subclavian Artery

Most common among right aortic arch variants is a right aortic arch with an aberrant 
left subclavian artery (Fig.  23.3b). The incidence in the general population is 
0.025–0.5%. This is often an isolated anomaly that results from regression of the 
left arch between the left CCA and subclavian artery [7, 10]. This results in the 
proximal portion of the left arch to develop into the left CCA, while the distal por-
tion of the left arch persists as an enlargement, interchangeably known as the diver-
ticulum of Kommerell (as mentioned above) [7, 10]. From this diverticulum, the left 
subclavian artery arises at the borders of the right arch and descending aorta [7, 10].

 Right Aortic Arch with Isolation of the Left Subclavian Artery

The rarest of the right aortic arch aberrancies is a right aortic arch with an isolated 
left subclavian artery, which results from interruption and regression of the left arch 
at two levels between the left CCA and left subclavian artery and distal attachment 
of the left ductus arteriosus [7, 12]. The proximal portion of the left arch forms the 
left CCA as the first branch of the right aortic arch followed by the right CCA and 
right subclavian artery (Fig. 23.3c) [7, 12]. This results in the left subclavian artery 
branching off the left pulmonary artery through the left ductus arteriosus [7, 12].

 Double Aortic Arch

A double aortic arch results from the right and left pharyngeal arches failing to con-
nect. This results in each arch giving rise to separate pairs of carotid and subclavian 
arteries [3]. Typically, only one ductus arteriosus persists from the sixth pharyngeal 
arch in a double aortic arch. Clinically, this anomaly is the most common cause of 
a symptomatic vascular ring due to completely encircling the trachea and esopha-
gus (Fig.  23.3d) [3]. The ascending aorta divides and reunites, forming a circle 
around the esophagus and trachea. Infants with this congenital vascular anatomy 
present with wheezing, stridor, and dysphagia often worsened with tachypnea [3]. 
A double aortic arch is rarely associated with congenital heart disease, unlike a right 
aortic arch with mirror-imaging, which is usually associated with Tetralogy of 
Fallot [3].
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 Circumflex Aortic Arch

A circumflex aortic arch is also known as a right aortic arch with a left descending 
aorta and left ductus arteriosus. Rather than crossing the subclavian artery, the aortic 
arch crosses over the midline posteriorly to the esophagus above the carina 
(Fig. 23.3e). This deviant anatomy is due to one of two regressions during develop-
ment [3, 10]. First is the regression of the left dorsal aorta between the left carotid 
and left subclavian arteries, which results in the formation of a circumflex aorta with 
an aberrant left subclavian artery. Second, there can be regression of the left fourth 
pharyngeal arch between the left subclavian artery and the left ductus arteriosus.

There are two possible branching patterns with a circumflex aorta depending on 
whether the left subclavian artery is aberrant [10]. With no aberrant left subclavian 
artery, the first vessel ascending from the arch is the left brachiocephalic followed 
by the right carotid artery and the right subclavian artery, respectively. In the pres-
ence of an aberrant left subclavian artery, the first ascending vessel is the left carotid 
artery, followed by the right carotid artery, right subclavian artery, and lastly, the 
aberrant left subclavian artery [13].

 Origin of Carotid and Vertebral Arteries

The ICAs form and materialize approximately 24 days into gestation with fusing of the 
fourth branchial arch arteries and the distal segments of the two dorsal aortas. The 
ventral segment of the second branchial (pharyngeal) arch detaches from the dorsal 
aorta at the base of the ICA artery and becomes the ventral pharyngeal artery. The ICAs 
then combine with ventral pharyngeal arteries at the proximal origins of both arteries 
to form the CCA. The ventral pharyngeal artery becomes the external carotid artery.

Occipital lobe and brainstem growth further stimulates the posterior division 
beginning with development of the basilar artery followed by vertebral artery devel-
opment. The hind and posterior brain is supplied by two parallel arteries that are 
supplied by numerous carotid-vertebrobasilar anastomoses and connecting arteries 
including the trigeminal artery, otic artery, hypoglossal artery, and proatlantal artery. 
These anastomosing connecting arteries disappear, resulting in the creation of a 
single basilar artery, except for the proatlantal artery. The proatlantal artery later 
disappears after the transverse anastomoses form between the cervical intersegmen-
tal arteries down to the sixth pair of intersegmental arteries, which ultimately 
become the origin of the vertebral arteries from the subclavian arteries [14, 15].

 Endovascular Access

Cerebral endovascular procedures are conducted with the patient under general 
anesthesia or conscious sedation. It is imperative that the patient does not move dur-
ing the procedure to ensure an accurate road map for assessment of the anatomy and 
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origin of the vessels, particularly the distal branches. There are several options for 
vascular access, including femoral, radial, brachial, and direct carotid access. The 
femoral artery is the most common entry location for endovascular carotid and cere-
bral access [16]. Scenarios in which transfemoral access become difficult are iliac 
or femoral artery stenosis, coexisting abdominal aortic aneurysms, severe aortic 
atherosclerosis, elongated or calcified aortic arches, and congenitally anomalous 
aortic arches [17]. When such aforementioned obstacles are identified, other endo-
vascular access points are sought, including radial, brachial, and direct carotid 
access. These approaches can be selectively utilized to gain successful endovascular 
access to the carotid and cerebral system in the setting of tortuous vessels and aortic 
arch anatomy.

 Radial Access

Radial artery access to the carotid and distal cerebral vasculature has been shown to 
be technically feasible and a successful method of cerebrovascular access that could 
bypass tortuous aortic arch anatomy and vessels such as a tortuous right carotid 
artery or bovine left carotid artery [17, 18]. Technical considerations of this approach 
include the acute angle at the origin of the CCA once the catheter is at the left or 
right subclavian artery. Folmar et al. proposed a 2-step strategy that entails the use 
of a diagnostic catheter (S1 catheter; Cook Medical, Bloomington, Indiana) over an 
extra support guidewire into the external carotid artery [17]. A standard guidewire 
is then positioned through the S1 catheter into the external carotid artery for catheter 
exchange and deployment of a Shuttle sheath (Cook Medical) into the distal 
ICA system.

Radial artery access has great utility in patients with right ICA or bovine left 
carotid artery disease [19]. However, radial access can be difficult in patients with 
tortuous or occluded subclavian arteries, congenitally anomalous radioulnar loops 
or hypoplasia, or severe vasospasm with adequate collateral flow. Complications 
associated with radial access include radial artery vasospasm and occlusion, and 
thromboembolic events including stroke [20].

 Brachial Access

Brachial artery access has been effective in cases where transfemoral access is 
unsuccessful due to tortuous aortas and severe peripheral vascular disease. Brachial 
access is also more preferable to transradial access due to the large arterial diameter 
of the brachial artery (vs. the radial artery) as well as the shortened distance for 
access to the aortic arch and carotid vasculature. After initial catheter access through 
the brachial artery, the guide catheter is advanced proximally into the subclavian 
artery into the aortic cusp followed by careful guidance into either CCA.  The 
retrograde- engagement method is commonly used in which the proximal guide 
catheter is curved and supported by the right coronary cusp of the aortic valve, 

23 Challenges in Thrombectomy: Impossible Aortic Arches and Tortuous Vessels



320

which allows distal access with the proximal guiding catheter into the carotid ves-
sels [21].

Investigators in several studies have utilized transbrachial access for carotid 
access and endovascular treatment with complication rates ranging from 0% to 5% 
[18, 20, 22, 23]. Complications associated with brachial access include median 
nerve palsy, brachial artery occlusion, and pseudoaneurysm of the brachial artery 
[22, 24].

 Direct Carotid Access

Direct percutaneous puncture and transcervical access to the carotid artery is another 
method of cerebral endovascular access that bypasses tortuous vessels and aortic arch 
anatomy. This technique has been successfully utilized in conjunction with mechani-
cal thrombectomy in the setting of AIS, and it can be conducted in several ways.

Carotid access can be obtained using a simple percutaneous approach, as done 
with a femoral or transbrachial approach, or an open surgical cut-down approach to 
the carotid artery proposed around the idea of decreasing the risk of soft tissue 
hematoma formation [25, 26]. Surgical cut-down access takes more time than per-
cutaneous access and delays the time to recanalization of an occluded vessel in the 
setting of AIS. Furthermore, direct surgical access places patients with AIS who 
have received intravenous thrombolysis at high risk for bleeding complications [27].

Transcervical access has been successfully used in intracranial endovascular 
treatments and has been considered safe with no significant increased risk of com-
plications but has been associated with various complications including carotid 
artery dissections, cervical hematomas, puncture-related vasospasm, and small 
aneurysm formation at the puncture site [28–31]. Potential explanations for such 
complications include the unavailability of a dedicated vascular closure device for 
direct cervical carotid artery access. Although vascular closure systems such as the 
StarClose SE (Abbott Vascular, Chicago, Illinois) are available, the additional mus-
cle and soft tissue layers in the cervical region make the closure challenging [15]. 
Direct carotid access is a viable method for cerebral access after femoral or trans-
brachial access has failed in the setting of tortuous vessel and aortic arch anatomy.

 Case Illustration

A case of direct carotid access for mechanical thrombectomy in a patient with 
severe CCA tortuosity is illustrated in Fig.  23.4. The patient in this case is an 
84-year-old woman who presented with the sudden onset of left hemiparesis. Her 
National Institutes of Health Stroke Scale score at presentation was 16. A CT angio-
gram showed a right middle cerebral artery occlusion. Mechanical thrombectomy 
was planned. Right femoral access was obtained (Fig. 23.4a). Right brachiocephalic 
and CCA injections showed extreme tortuosity of the CCA (Fig.  23.4b, c). 
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Catheterization with multiple Select catheters (Penumbra Inc. Alameda, CA) was 
tried, but further access could not be achieved. A decision was made to pursue direct 
carotid access. An 8-French sheath was placed in the CCA (Fig. 23.4d). An M1 
cutoff (occlusion) was identified (Fig. 23.4e). A Sofia PLUS system (MicroVention) 
was used, and the clot was successfully removed with a direct aspiration first-pass 
technique (ADAPT). Complete revascularization was achieved (thrombolysis in 
cerebral infarction [TICI] grade 3) (Fig. 23.4f). The patient improved after the pro-
cedure to a modified Rankin scale score of 1 at 90 days.

 Access in Types I, II, and III Aortic Arches

Another classification of aortic arches is based on the distance of the brachioce-
phalic artery origin from the top of the aortic arch and pertains to endovascular 

a b c

d e f

Fig. 23.4 Case illustration. (a) Right femoral artery access. (b) Right brachiocephalic artery and 
(c) common carotid artery injections show the extreme tortuosity of the common carotid artery 
(arrows in b). After attempts with multiple Select catheters (Penumbra Inc., Alameda, California) 
failed to achieve further access, a decision was made to utilize a direct carotid access approach. (d) 
8-French sheath placed in the common carotid artery (arrow). (e) An M1 cutoff was identified 
(arrow). The clot was successfully removed with a direct aspiration first-pass technique (ADAPT) 
using the Sofia PLUS system (MicroVention, Aliso Viejo, California). (f) Postthrombectomy angi-
ographic run shows thrombolysis in cerebral infarction (TICI) grade 3 revascularization
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access. The Type I aortic arch gives rise to vessels from the outer curvature of the 
top of the arch in the same horizontal plane, and the vertical distance from the origin 
of the right brachiocephalic artery to the top of the arch is less than 1 CCA diameter 
(Fig. 23.5a). Types II and III are acquired variations of the arch. In a Type II aortic 
arch, the arch vessels arise between parallel planes defined by the outer and inner 
curves of the arch, and the right brachiocephalic artery is between 1 and 2 CCA 
diameters from the top of the aortic arch (Fig. 23.5b). In a Type III aortic arch, the 
arch vessel origins are from the proximal arch or at the top of the ascending aorta, 
and the vertical distance from the origin of the right brachiocephalic artery and the 
top of the aortic arch is greater than 2 left CCA diameters (Fig.  23.5c). Before 
attempting any approach for endovascular access, a CT angiogram can very helpful 
in assessing the aforementioned aortic arch types and the angles of tortuosity of the 
arch and the ascending greater vessels.

Arch anomalies are associated with increased technical difficulties and higher 
procedural risk of complications and failure [32, 33]. There are no definitive 
evidence- based techniques or materials proven to be more efficacious for Types II 
and III aortic arch access. However, the use of an 8-French Simmons-2 guide cath-
eter has been shown to effectively achieve distal access in tortuous aortic anatomy. 
Femoral access is obtained, and the diagnostic catheter is exchanged for the 
Simmons-2 guide catheter, which is advanced up the aorta. This unique catheter is 
easy to form into the needed shape, which allows it to gain access across sharp 
angles [34].

Fig. 23.5 Classification of aortic arches based on the distance of the brachiocephalic artery origin 
from the top of the aortic arch among aortas with typical anatomy: (a) Type I arch. Note that the 
origin of the brachiocephalic artery and top of the aortic arch are on the same plane. (b) Type II 
arch. The distance between the brachiocephalic artery origin and the top of the aortic arch is within 
1–2 diameters of the common carotid artery. (c) A Type III arch is more than 2 diameters of the 
common carotid artery arch. (© University at Buffalo Neurosurgery)
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 Access in Bovine Arches

Endovascular access into a bovine arch can be technically challenging with tradi-
tional femoral access due to the right brachiocephalic trunk and left CCA sharing a 
common vessel origin off the aortic arch. The double tight turn between the aortic 
arch and the right subclavian artery is challenging in addition to access to the distal 
right subclavian artery and the left CCA.

It is recommended that a CT angiogram is obtained prior to endovascular access 
to better access vessel angles and tortuosities. The transfemoral approach is 
attempted if the angle between the right brachiocephalic artery and left CCA is 
<50°. If unsuccessful or the angle is found to be wide, transradial or transbrachial 
access should be attempted. There is documented success of carotid access and 
stenting in patients with bovine arches with either radial or brachial access [35]. 
Brachial access may be preferable due to the aforementioned transradial complica-
tions. If all three access approaches fail, transcervical access can be obtained through 
the CCA, either with the simple percutaneous or open-surgical approaches [36].

 Access to Tortuous Proximal and Distal Carotid Arteries

There are documented reports in which carotid artery stenting procedures were 
aborted due to proximal and distal carotid artery tortuosity [37–41], but there has 
been a lack of tools and visual assessments that could aid in access and endovascu-
lar decision making. First explained by Dougherty and Varro, the tortuosity index 
(TI) of the carotid vasculature is utilized to measure and predict carotid stenting 
technical failure [42]. The TI in carotid stenting planning is a quantitative measure-
ment of carotid artery tortuosity and is defined as the sum of all angles diverging 
from the ideal straight axis of a vessel from one end to the other. Carotid vessel 
tortuosity can be further specified by proximal and distal TI. The proximal TI is 
defined as the TI measured from the aortic arch to stenotic ICA area. The distal TI 
is defined as the TI from the distal stenotic ICA area) to distal location of filter 
deployment [43]. Although the TI has not been used in assessing technical failure 
rates in AIS and large-vessel occlusion thrombectomies, this index has the potential 
to be utilized as a quantitative predictor for successful access in tortuous proximal 
and distal carotid arteries in such cases.

 Tower of Power

Difficult and tortuous aortic arches and vessels are responsible for 4–6% of failed 
endovascular cases. In response, various techniques have been described. The most 
standard is the exchange of a diagnostic catheter over a stiff exchange wire [44]. 
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However, this method commonly fails with Type III aortic arches due to the higher 
vessel tortuosity that causes guide catheter and wire pushback, thereby preventing 
distal cervical vasculature access. A newer technique, referred to as the “Tower of 
Power,” has had great success for navigation through difficult vessels [45]. This tech-
nique entails consecutively passing three smaller-diameter microguidewires together 
in parallel to secure and support wire access. The three smaller wires create a stable 
construct in which a distal wire allows passage of a diagnostic catheter or guide cath-
eter. The three wires collectively act as one larger wire, termed the “Tower of Power;” 
the kickback force seen with a single larger wire is also resolved. This system has 
been shown to be beneficial because of the support it provides for the use of different 
types of different catheters (depending upon the requirement of a specific procedure) 
[45, 46].

 Access to the Vertebral Artery and Posterior Circulation

Guidance and access to tortuosities of the vertebral artery and posterior circula-
tion are not well described in the current literature. In 1 case report and techni-
cal note, the use of ultrasound-guided direct percutaneous puncture of the 
vertebral artery was described in the treatment of a basilar artery occlusion [47]. 
A regular micropuncture access needle was successfully placed into the verte-
bral artery, and a micropuncture sheath was successfully inserted to allow stiff 
wire exchange and distal access to the occlusion. Other reports of posterior 
circulation access include the use of direct percutaneous punctures (without 
ultrasound guidance) and open surgical approaches [24, 48]. Complications 
associated with direct access to the posterior circulation include pseudoaneu-
rysm formation at the puncture site, injury to the caudal loop of the posterior 
inferior cerebellar artery, vasospasm secondary to arterial disruption, and cervi-
cal hematomas [49–51].

 Access in Vessels with Proximal Stenosis

When femoral access cannot to be obtained due to proximal stenosis secondary to 
iliac artery stenosis or abdominal aortic atherosclerosis, other routes of access 
including transradial, transbrachial, and direct transcervical are options, as men-
tioned in previous sections [27, 52]. These routes can be used to bypass the stenotic 
area or arch anomaly [24, 27]. The endovascular interventionist should be wary of 
each patient’s unique vascular anatomy and medical history when resorting to other 
options. Supplementary CT angiography, MR angiography, CT, and MR imaging 
will further aid in such decision making.
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 Conclusion

The goal of endovascular treatment is to achieve rapid and safe revascularization of 
brain tissue at risk for irreversible ischemic injury. Aortic arch anomalies can pose 
a difficult challenge to rapid access to the site of arterial occlusion. Therefore, it is 
important to study the anatomy of the aortic arch and its branches. A CT angiogram 
before endovascular intervention is valuable. Distal access in a type III arch is par-
ticularly difficult due to the higher pushback force of the guide catheter and wire. 
This can be overcome by using the “Tower of Power” technique, which utilizes 
three small wires acting together to provide greater stability against pushback force. 
Direct carotid access should be considered whenever timely access to the site of 
arterial occlusion through a conventional route is not possible.
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