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ABSTRACT
PURPOSE OF REVIEW: Surgical vascular intervention is an important tool in
reducing the risk of stroke. This article examines the evidence for using the
available options.

RECENT FINDINGS: Carotid endarterectomy is an effective treatment option
for reducing the risk of stroke in appropriately selected patients. Patients
should be stratified for future stroke risk based on both the degree of
stenosis and the presence of symptoms referable to the culprit lesion.
Carotid stenting is also useful in reducing stroke risk, again in carefully
selected patients. Because of the publication of significant data regarding
both carotid endarterectomy and carotid artery stenting in the last several
years, selection can be far more personalized and refined for individual
patients based on demographics, sex, patient preference, and medical
comorbidities. Routine extracranial-intracranial bypass surgery remains
unproven as a therapeutic option for large vessel occlusion in reducing the
incidence of ischemic stroke although some carefully screened patient
populations remaining at high risk may benefit; procedural risks and
pathology related to alterations in blood flow dynamics are challenges to
overcome. Indirect revascularization remains an appropriate solution for
carefully selected patients with cerebral large vessel steno-occlusive
disease, and multiple variations of surgical technique are patient specific.
Indirect revascularization may benefit from clinical trials with larger
patient populations for validation in specific pathologies and offers the
advantages of lower surgical complication rates and reduced risk of
pathologic responses to altered cerebral flow dynamics.

SUMMARY: Surgical solutions to reduce stroke risk provide important
alternatives in appropriately selected patients and should be considered in
addition to medical management and lifestyle modification for optimizing
patient outcomes.
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mitigate this burden has been and is an appealing option for reducing
the risk of this often-devastating condition. This article reviews current
clinical data in using these options for best patient care. Although some

surgical techniques have demonstrated efficacy in reducing stroke risk, others
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remain with serious limitations and applicability, and still others hold promise
but not yet robust clinical supportive studies to rely on them as a mainstay of
surgical risk reduction for stroke.

REDUCING RISK OF STROKE IN EXTRACRANIAL DISEASE
Surgical risk reduction in ischemic stroke has long been implemented successfully
in addressing extracranial cervical carotid artery disease. Although the history
of this technique goes back even further, unequivocal evidence of its efficacy
began mounting through multiple landmark studies in the 1980s and 1990s.

Carotid Endarterectomy and Carotid Artery Stenting
In large part, the guidelines ushered from early trials have remained relatively
consistent. However, recommendations are now far more patient specific, and
the advent of proven medical management risk reduction can often narrow the
scope of patients likely to benefit from surgical intervention. Even with these
early trials, recommendations bifurcated depending on whether the patient had
clinical events attributable to the carotid stenosis and were stratified based on the
degree of stenosis. It is also worth noting that medical management varied in
these trials from “the discretion of the investigator,” to aspirin monotherapy.
Statin use became more standardized only in much later trials, and diabetes
mellitus management was not a major feature of medical management. Further,
the methodology for determining the degree of stenosis was not consistent
among various trials. Despite these caveats, ample clinical trial evidence confirms
FIGURE 11-1
Illustration of carotid endarterectomy. A, The typical operative incision (blue dashed line)
running along the anterior border of the sternocleidomastoid muscle. B, The carotid
bifurcation is exposed as well as the external carotid artery (ECA), common carotid artery
(CCA), internal carotid artery (ICA), and superior thyroid artery (SThA). C, The ICA is opened
with dissection of the intima and ulcerative atherosclerotic plaque. D, Dissection of proximal
plaque. E, The closure may be completed with or without a patch graft depending on the
patient’s anatomy and surgeon’s preference. Long-term outcomes are similar with each
technique.
Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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KEY POINTS

● In select patients, carotid
endarterectomy remains an
effective and durable
solution to reducing the risk
of stroke.

● For optimal care, patients
should be risk stratified by
both the degree of carotid
stenosis and symptomatic
status.
the benefit of carotid endarterectomy (CEA) (FIGURE 11-1) in stroke risk
reduction for selected patients.

For symptomatic patients, several sentinel trials buttress surgical
recommendations. These include NASCET (the North American Symptomatic
Endarterectomy Trial)1 and ECST (the European Carotid Surgery Trial).2

NASCET demonstrated a reduction in stroke from 26% in bestmedical treatment
to 9% in patients with CEA with a stenosis in the range of 70% to 99% at
18 months and from 22.2% (best medical treatment) to 15.7% (CEA) at 5 years in
patients with symptomatic stenosis between 50% and 69%. In ECST, the
estimated 3-year stroke or death rate was 14.9% in CEA patients and 26.5% in
patients in the best medical treatment group.

In patients with carotid stenosis discovered incidentally who present without
associated symptoms, the ACAS (Asymptomatic Carotid Atherosclerosis Study)3

and the first ACST (Asymptomatic Carotid Surgery Trial)4 provided guidelines
for surgical management. Again, medical management was not the equivalent of
today’s standards. However, the ACAS showed a reduction in 5-year incidence
of ipsilateral stroke or periprocedural stroke or death from 11% to 5.1% in patients
with a 60% to 99% stenosis. Similarly, the ACST demonstrated an aggregate
risk reduction of stroke at 10 years in patients with 70% to 99% stenosis from
17.9% in best medical treatment to 13.4% in those undergoing CEA.4

The first CREST (Carotid Revascularization Endarterectomy versus Stenting
Trial)5 provided additional corroborating data further substantiating the value of
CEA in preventing stroke in patients with extracranial carotid artery disease.
Although this trial was designed and undertaken to compare patient outcomes
for carotid endarterectomy versus carotid artery stenting and concluded that
these procedures were essentially equivalent in the primary outcomes of death,
stroke, or myocardial infarction (MI) in symptomatic or asymptomatic patients,
important differences emerged. The periprocedural stroke rate was higher in
carotid artery stenting, and MI as an end point was higher in carotid
endarterectomy. After the publication of CREST, an executive summary issuing
practice guidelines for the treatment of extracranial carotid artery disease was
published with the support of multiple professional societies and organizations
summarizing a comprehensive review of the literature on carotid artery disease
interventions through May 2010.6 Class I evidence existed for patients
undergoing carotid endarterectomy if they were symptomatic within 6 months,
had noninvasive imaging documentation of greater than 70% luminal narrowing
or catheter angiographic narrowing of greater than 50%, and had anticipated
perioperative stroke or mortality of less than 6%. Intervention is encouraged
within 2 weeks of symptoms referable to the carotid lesion, and carotid artery
stenting was a reasonable alternative in patients with surgically unfavorable
cervical anatomy. Stenting is indicated as an option for patients with average- or
low-risk cardiovascular profiles. Class IIa evidence expanded the carotid
endarterectomy qualifying cohort to asymptomatic patients with greater than
70% luminal narrowing if the risk of stroke, MI, and death is low, especially in
older patients or those with unfavorable endovascular anatomy.

Due to a wealth of subsequent clinical trials as well as the data-rich CREST
trial, the current recommendations for carotid endarterectomy can be much
more nuanced and patient specific than in the past. These considerations include
high-risk status (addressed below), patient sex,7,8 angiographic characteristics of
the stenosis,9 age,10 and long-term follow-up.11
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Multiple studies have provided comment on the performance of carotid
revascularization in patients at higher risk of periprocedural complications.12,13

The difficulty in interpreting these data is the absence of consensus on what
constitutes a high-risk patient and which particular aspects of this designation
apply to individual patients. There is the high-risk classification split by anatomic
and physiologic features (TABLE 11-1),which has been adopted by theCenters for
Medicare & Medicaid Services, pulling from multiple trials to identify patients
better suited for stenting. Additionally, the Charlson Comorbidity Index14 has
been applied whereby patients are defined as being at high risk when the
Charlson Comorbidity Index score is ≥3 following the assignment of points for
various comorbidities (TABLE 11-2). Unfortunately, neither of these approaches
has been validated for patient selection in these populations, and clinicians are
left to rely considerably on their judgment in making recommendations. Despite
the limitations, the suggestion is that carotid artery stenting independently
increased the odds of an in-hospital stroke in high-risk patients and in-hospital
mortality in high-risk symptomatic patients. Dua and colleagues15 took the
approach of examining data from 1.7 million patients undergoing carotid
endarterectomy or carotid artery stenting in the Agency for Healthcare Research
and Quality National Inpatient Sample and State Ambulatory Services Databases
to look for predictors of poor outcomes. They concluded that female sex was
associated with a high risk of stroke in asymptomatic and symptomatic patients,
congestive heart failure and peripheral artery disease predicted MI, and, in
Centers for Medicare & Medicaid Service High-Risk Classification for
Carotid Endarterectomya

Anatomic High Risk

◆ Tandem stenosis >70%

◆ Bilateral carotid stenosis

◆ Contralateral carotid occlusion

◆ Recurrent carotid stenosis

◆ Previous cervical radiation therapy or dissection

◆ Bifurcation above C2 or below the clavicle

Physiologic High Risk

◆ Age ≥75 years

◆ Congestive heart failure class III/IV

◆ Ejection fraction <30%

◆ Coronary artery disease involving ≥2 vessels

◆ Unstable angina

◆ Myocardial infarction within 6 weeks

◆ Chronic renal insufficiency

◆ Chronic obstructive pulmonary disease

a Modified with permission from Jones DW, et al, Stroke.13 © 2018 Wolters Kluwer Health.
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symptomatic patients, predictors of bleeding included peripheral artery disease
and chronic obstructive pulmonary disease. Despite the ambiguity in what
constitutes a high-risk patient, there is likely great value in arriving at some
consensus in the future, not only to assist in vetting patients for carotid
endarterectomy versus carotid artery stenting but especially in informing if
intervention is indicated versus medical management in the lower range of
stenosis for asymptomatic patients.

Several additional studies have examined particular comorbidities, whichmay
assist with this determination. Although women bear a disproportionate burden
of stroke, their representation has been inadequate in most of the major trials
examining carotid revascularization. Generally, the female cohort has been
roughly one-third of all participants. This phenomenon has left a knowledge gap
in recommending the best management principles for women experiencing
stroke. However, several studies have provided information to consider when
advising female patients. A consensus statement by De Rango and colleagues8

was published after they examined all revascularization trials relevant to this
question. The women fared worse overall in periprocedural stroke and death
when undergoing carotid artery stenting in contrast to carotid endarterectomy.
This effect was punctuated by age and symptomatic status with an even greater
erosion of benefit after 2 weeks of symptoms, to the extent that delaying
treatment may provide no overall benefit at all in women. These results were
largely consistent with an early report of female-specific findings in CREST
(CASE 11-1).7

Because patients requiring carotid revascularization so often have cardiac
comorbidities, much effort has examined whether this should influence
recommendations toward carotid artery stenting versus carotid endarterectomy.
This concern is especially relevant when considering the higher incidence of
cardiac events in both the CREST and SAPPHIRE (Stenting andAngioplastywith
Protection in Patients at High Risk for Endarterectomy) trials. In CREST,
protocol-defined MI and biomarker elevation occurred with nearly twice the
TABLE 11-2Charlson Comorbidity Indexa

Medical Comorbidity Points

Myocardial infarction or congestive heart failure 1

Peripheral vascular disease 1

Chronic pulmonary disease 1

Diabetes mellitus 1

Cerebrovascular disease 1

Moderate or severe renal failure 2

Diabetes mellitus with end organ damage 2

Moderate or severe liver disease 3

a Modified with permission from Charlson ME, et al, J Chronic Dis.14 © 1987 Elsevier Inc.
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frequency in the cohort randomly assigned to carotid endarterectomy, which in
turn, was associated with a higher risk of subsequent mortality.16 Patients with
known cardiovascular disease or renal disease were shown to have a higher
incidence of periprocedural MI. This observation did not outweigh the overall
improved outcomes in this group, and the authors16 were careful to point out that
it is not sufficient to drive decisions on treatment alternatives. However, it is an
area deserving focused attention and ongoing study to ensure best patient
outcomes and reinforces the importance of medical optimization in patients with
medical comorbidities. In the study by Salzler and colleagues12 examining the
Nationwide Inpatient Sample, cardiac comorbidities were defined as congestive
heart failure, unstable angina, or recent MI. The authors determined that carotid
artery stenting increased the likelihood of periprocedural stroke as well as
in-hospital mortality in symptomatic patients with these identified cardiac
comorbidities. A more recent meta-analysis defining coronary heart disease as
angina, MI, or prior coronary revascularization demonstrated a higher and
similar odds ratio of stroke or death in both carotid endarterectomy and carotid
artery stenting cohorts with coronary heart disease.17 The risk was greater still in
the carotid artery stenting group but only after the age of 75 years, leading to the
overall conclusion that coronary heart disease does not modify stroke or death
risk in patients younger than 75 years.

Providing sound counsel depends on a better understanding of the effects of
age on outcome as many potential candidates are often in an older demographic.
Although CREST showed no difference in treatment efficacy for carotid artery
stenting versus carotid endarterectomy, a significant increase in stroke or death
in older patients treated with carotid artery stentingwas seen. In fact, there was a
A 78-year-old woman presented to the hospital 36 hours after
experiencing an acute onset of mild left hemiparesis involving the
face and arm. Although not an interventional or recombinant tissue
plasminogen activator (rtPA) candidate at that time, diffusion-weighted
MRI confirmed a small area of restricted diffusion in the right middle
cerebral artery territory with an embolic-appearing infarct. She had
long-standing hypertension and dyslipidemia that were well controlled,
and shewas otherwise in good health, living independently and attending
to all her activities of daily living.

Vessel imaging revealed an elongated tandem plaque just distal to the
right carotid bifurcation in the internal carotid that was 78% occlusive at
the maximum region of stenosis.

This patient meets several criteria that make her an excellent choice for
carotid endarterectomy. Because she is a woman older than 75 years, her
periprocedural risk with carotid stenting is greater than with carotid
endarterectomy. Furthermore, her overall health puts her at decreased
comparative risk for surgery and general anesthesia. Finally, the nature of
her lesion, tandem and elongated, is identified as a significant risk factor
for an embolism during a carotid artery stenting procedure.
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76% higher risk in stroke and death in this treatment group for every decade
increase in age (hazard ratio, 1.76; 95% confidence interval [CI], 1.35 to 2.31;
P<.0001). A nonsignificant increase was also observed in the carotid
endarterectomy group. Voeks and colleagues10 investigated the mediators of this
age effect. Two anatomic characteristics of the plaques were associated with
increased age: vessel tortuosity and plaque length. However, only plaque length
was found to be an age-mediated factor associated with an increase in stroke or
death. Importantly, this effect contributed only a small percentage of the
increased risk. Therefore, additional age-mediated risks are yet to be identified. It
is notable that other characteristics of plaquemorphology also posed an increased
risk of periprocedural events, such as eccentric, ulcerated, and sequential
plaques. However, none of these features was observed to increase with age and,
therefore, did not contribute to age-mediated risks (CASE 11-2).

Another area for improvement in patient care may also lie in reducing
procedural risks specifically associated with carotid artery stenting. Although
the long-term primary outcomes of periprocedural stroke, MI, subsequent or
postprocedural ipsilateral stroke, and death between the carotid artery stenting
and carotid endarterectomy groups did not differ, stenting for symptomatic
stenosis carries a higher risk of death or procedural stroke than carotid
endarterectomy.11 This risk has been shown in a meta-analysis of 4597 patients
to be due to an increase in events on the day of the procedure and not in the
CASE 11-2A 67-year-old man presented to the hospital after a transient episode
of right-sided monocular vision loss. He had recently been hospitalized
with a non–ST-segment elevation myocardial infarction and was
scheduled for cardiac catheterization with anticipated angioplasty and
stent placement. His medical comorbidities included hypertension,
dyslipidemia, and type 2 diabetes mellitus, none of which had been
adequately controlled in the preceding several years.

His neurologic status was at baseline, but during his preoperative
workup with carotid Doppler, a 60% to 70% stenosis of his right internal
carotid artery as well as 70% to 80% stenosis of the left internal carotid
artery was discovered.

COMMENTMultiple considerations suggest that right carotid artery stenting may
provide a preferable alternative to endarterectomy for further reducing
stroke risk. Importantly, the patient had recent cardiac events that likely
put him at an increased risk of further cardiac complications, especially in
the setting of general anesthesia. Furthermore, the critical nature of the
contralateral carotid stenosis increases the technical difficulty for
addressing the symptomatic carotid with carotid endarterectomy. Last, it
seems he will likely have coronary artery stent placement, which will
require dual antiplatelet therapy, making his carotid artery stenting
postsurgical medical care congruent with his cardiac care. In the future,
consideration of surgical risk reduction for the contralateral asymptomatic
internal carotid artery should be revisited for this patient.
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following 30-day period.18 The requirements of operator competence and the
fact that no reduction in stroke or death was observed with increasing frequency
of stenting procedures during CREST19 show that there may be areas for
improvement in procedural safety that could mitigate patient risk further.

It has been demonstrated that, in the appropriate patients, surgical
revascularization of carotid artery stenosis unequivocally reduces stroke risk.
What remains to be determined, however, is who are the most appropriate
patients to direct toward this therapy. Despite carotid endarterectomy/carotid
artery stenting being one of the most studied surgical procedures in stroke,
important questions remain. In particular, what is the best management in
patients who are asymptomatic in this era of proven efficacy with intensive
medical management? Further, what defines a patient as symptomatic?
Fortunately, ongoing trials will assist in making these determinations. The
existence of an active lesion has been long proposed, and the greatest risk of
further stroke is typically close to the sentinel event with risk steadily reducing
to a baseline over time. A 2016 study byMoore and colleagues20 sought to define
the necessary period of quiescence at which time a previously symptomatic
patient’s risk was equivalent to that of an asymptomatic patient. By assessing the
incidence of periprocedural death or stroke, stroke or death at 4 years, or primary
outcome at 4 years in the CREST cohort, it was determined that any patient
who was asymptomatic for longer than 180 days bears the same risk as a patient
who has never been symptomatic.

Marshall and colleagues21 are investigating whether cognitive impairment
may well be a consideration in assessing if a patient is indeed symptomatic. By
examining a subset of CREST-2 enrollees, the CREST-H (CREST-Hemodynamics)
study will assess the presence of cognitive impairment in patients at 1, 2, 3, and
4 years and whether this can be improved by revascularization; additional
outcomeswill determine if cognitive change compareswith perfusion changes and
whether silent infarcts in patients who have not undergone revascularization may
lead to progressive cognitive decline.

Ultimately, determining the best recommendation for the asymptomatic
patient population will be well served by the CREST-222 and ACST 223 trials. These
will study asymptomatic patients with greater than 70% carotid stenosis by
comparing carotid endarterectomy/carotid artery stenting to intensive medical
therapy. In this study, intensive medical therapy more closely resembles the
structure of the SAMMPRIS (Stenting and Aggressive Medical Management for
the Prevention of Recurrent Ischemic Stroke) trial.24 Previous trials comparing
carotid endarterectomy and carotid artery stenting have failed to approach the
level of medical intervention of SAMMPRIS, and it is widely agreed that most
patients with known medical risk factors fail to achieve optimal goals of therapy.
Even in the structure of the CREST clinical trial, optimal control of four risk factors
(low-density lipoprotein, systolic blood pressure, fasting glucose, and smoking)
improved significantly over 48 months but only in 36% of the patients overall,
leaving two-thirds of study participants without optimal medical management.25

In CREST-2, there is hope that risk factor management can be better optimized,
and that, ultimately, this success can be translated to the community at large.

Given the relatively high rates of ischemic strokes in patients with
symptomatic carotid artery stenosis, further developing surgical solutions is a
rational and appealing prospect. Recurrent transient ischemic attacks (TIAs) and
stroke rates remain unacceptably high, and this does not account for poorly
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KEY POINTS

● Carotid artery stenting is
an appropriate alternative to
endarterectomy in a subset
of patients, depending on
certain aspects of the
patient’s overall health and
demographic profile.

● Patients presenting with
asymptomatic internal
artery stenosis greater than
70% should be referred for
potential enrollment into
the CREST-2 clinical trial.

● Intensive medical
management remains an
important adjuvant for
stroke risk reduction
irrespective of the decision
regarding surgical risk
reduction with
revascularization by either
carotid endarterectomy or
carotid artery stenting
procedures.
understood contributions to vascular cognitive impairment and alternative
neuronal injury secondary to chronic hypoperfusion.

REDUCING RISKS OF STROKE IN INTRACRANIAL DISEASE
Given the high prevalence of ischemic stroke in the setting of comorbid internal
carotid artery (ICA) and middle cerebral artery (MCA) stenosis or occlusion,
surgical options for mitigating stroke risk became increasingly prevalent
following the first descriptions of direct bypass procedures.

Direct Revascularization Extracranial-Intracranial Bypass
Although there are many variations of direct bypass procedures, two common
techniques include creating an anastomosis between a harvested branch of the
superficial temporal artery and MCA or using a bypass graft to connect the
common carotid artery to a proximal portion of the middle cerebral artery
(FIGURE 11-2). In 1985, the EC/IC Bypass Study Group26 published a randomized
clinical trial in an attempt to validate the superficial temporal artery and cortical
branch of the middle cerebral artery bypass surgery as superior to available
medical management in reducing stroke risk. The study group included patients
with stenosis or occlusion of the MCA, stenosis of the ICA at the level of the
second cervical vertebra or above, and stenosis of the ICA and a TIA or minor
stroke in the ipsilateral ICA distribution. Patients were followed for an average of
55.8 months and assessed for the occurrence of a fatal or nonfatal stroke. In no
instance did the surgical group fare better, with mortality and major stroke rates
of 0.6% and 2.5%, respectively. In particular, patients with MCA stenosis and
FIGURE 11-2
Illustration of two variations of flow augmentation in extracranial-intracranial bypass
surgery. A, Bypass of the cervical internal carotid artery using a vein graft anastamosed to
the common carotid artery proximally and the middle cerebral artery distally. B, The
anastomosis of the superior temporal artery to branches of the middle cerebral artery.
Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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persistent ischemia following ICA occlusion did much worse than patients in the
medical group. This outcome occurred despite an observed 96% patency rate
in the majority of surgical patients at postoperative day 32.

In part, due to multiple criticisms of the extracranial-intracranial (EC-IC)
bypass study, COSS (the Carotid Occlusion Surgery Study) was undertaken and
reported in 2011.27 The results of the COSS trial are compelling and have been
well discussed and debated. Patients were preselected with hemodynamic
compromise based on an increased oxygen extraction fraction ratio on positron
emission tomography (PET). The surgical success of graft patency was also
outstanding and reported as 98% at 30 days and 96% at 2 years. Furthermore, the
effect of the successful bypass was evident in improving the oxygen extraction
fraction from 1.248 to 1.109, indicating improved perfusion to the previously
compromised hemisphere. Unfortunately, the rates of perioperative and 5-day
postoperative stroke were greater than predicted. In conjunction with the much
lower predicted rate of stroke in the nonoperative patients, this situation led to
an early cessation of the trial due to futility. The different complication rates
in the surgical arm before and after the trial may be of importance. Had the
complication rate remained unchanged during the trial from pretrial, it is
possible that COSS could have recruited to completion and could have shown a
benefit to revascularization in specific patients. The question remains whether
the screening criteria for hemodynamic compromise were ideal and whether
patients who could not be screened may represent a group that would have
benefitted the most from revascularization. Despite the clear results presented in
this trial, major criticisms were levied regarding the conclusion and futility of
surgical utility for this condition. In particular, concerns existed regarding the
selection of patients for inclusion given that many eligible patients at surgery
centers received the procedure without random assignment and no specific and
rigorous efforts were made to screen high-risk from low-risk patients with an
assessment of cerebrovascular reserve, perfusion, or other objective methods.
A publication articulated those concerns and reported a retrospective review of
65 patients undergoing EC-IC bypass for similar indications with the cessation of
ischemic symptoms in all of these patients with, remarkably, no postoperative
strokes or deaths.28 Unfortunately, therewas amixture of pathologies included in
this retrospective analysis, including both ICA and MCA stenosis or occlusions,
ICA dissections, and moyamoya disease. Some effort was taken to stratify
patients as high risk with xenon-enhanced CT with and without acetazolamide
challenge although, given the retrospective nature of this study, this was not
complete or rigorous.

Any rational strategy of reducing stroke risk in patients with large artery
occlusion must primarily account for the prevalence and risk of subsequent
stroke in conjunction with the surgical risks of the proposed procedure. In
examining the results of COSS, futility was driven by the higher than expected
surgical risks and the lower than expected rate of stroke or vascular events in the
sample population. It is important to note that the majority of periprocedural
events in COSS were not attributable to surgical technique but rather
hemodynamic fragility and patient operative risk.29 Prospective studies have
been published that examine the rates as well as significant associated factors,
which may assist in predicting the highest at-risk groups for whom a more
invasive prophylactic approach may be warranted. In 2011, Persoon and
colleagues30 published a prospective observational trial on 117 consecutive
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KEY POINTS

● Multiple large,
multicenter trials comparing
surgical with medical
management have failed to
demonstrate an advantage
for surgical revascularization
in patients with
symptomatic, intracranial
steno-occlusive arterial
disease. Routine
extracranial-intracranial
bypass surgery remains
unproven as a therapeutic
option for large vessel
occlusion in reducing the
incidence of ischemic
strokes, although some
carefully screened patient
populations remaining at
high risk may benefit.

● The majority of risk in
extracranial-intracranial
bypass surgeries is
immediate to the
periprocedural timeframe
and not secondary to
patency failure of the
revascularization bypass.
patients presenting with transient or, at most, mild retinal or cerebral symptoms
within 6 months of enrollment and an associated ipsilateral carotid occlusion
confirmed by digital subtraction angiography. Patients were monitored for a
mean of 10.2 years and were classified as having either the primary event of a
recurrent ischemic stroke or a composite of nonfatal ischemic or hemorrhagic
stroke, nonfatal MI, or death due to vascular causes. In this cohort, 20% of
patients had a recurrent ischemic stroke, the majority in the first 18 months
(8%). Moreover, 49% of patients had a composite outcome during the mean
follow-up period, of whom 44% died; 34% of the patients underwent some
revascularization procedure, 22 of which were carotid endarterectomies of the
contralateral carotid and 16 who underwent EC-IC bypass. Although no
statistical comparison of the medical versus surgical groups was possible, it is
notable that five patients undergoing EC-IC bypass had a stroke within 30 days
of the procedure, and four more had a recurrent stroke within an average of
5 years (22.5% of the interventional group). The risk factors associated with a
higher risk of stroke included cerebral symptoms, limb-shaking TIAs, previous
stroke, leptomeningeal collaterals, and age. Transcranial Doppler carbon dioxide
vasomotor reactivity did not predict recurrent strokes. This study could have
represented a lower-risk population because 20% of the patients had only retinal
ischemic symptoms as their qualifying event, a group that was further shown
to be among the lowest risk for a repeat event. So, the recurrence rate in this
study is substantial enough that further prevention strategies may be of merit,
but it did not directly compare medical and surgical therapies. Despite the long
follow-up time showing poor outcomes in a large percentage of patients, this was
followed quickly by the COSS study, which demonstrated medical therapy as
superior. Of interest, COSS used oxygen extraction to stratify risk, and as in the
study by Persoon and colleagues,30 transcranial Doppler carbon dioxide
vasomotor reactivity failed to predict recurrent risk.

In another study attempting to define a further refined population of
high-risk patients,31 JET (the Japanese Extracranial-Intracranial Bypass Trial 2
Study) investigated the true threshold of both cerebral blood flow and
cerebrovascular reactivity, which may predict subsequent ischemic stroke in
the absence of revascularization. Hoping to address the reasonable criticism
arguing for a more rigorous approach to patient risk stratification, the JET
group categorized patient hemodynamic characteristics into a multitiered
grouping based on cerebrovascular reactivity and cerebral blood flow. This
patient population included occlusions of the M1 segment of the MCA or of
the ICA; so arguably, it was not a homogeneous patient population on which
to base firm conclusions. Four groups were stratified at a time greater than
3 weeks after the last ischemic event by using PET, xenon inhalation with
single-photon emission computed tomography (SPECT), xenon-enhanced CT,
or N-isopropyl-p-[123I]iodo-amphetamine SPECT in conjunction with regional
blood flow measurements with acetazolamide challenge. Patients were stratified
by cerebral blood flow and cerebrovascular reactivity. In the initial JET study
with follow-up reported at 2 years, all adverse events were reported as 3.5% per
year and ischemic strokes at 0.8% per year despite the preliminary report that
patients who had undergone bypass had a significant reduction in stroke
recurrence compared with those who had medical management, 5% versus 14%
(P=.046). However, the final results of the initial study were never published,
with the conclusions from JET-2 supporting medical management given the
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remarkably low rate of stroke recurrence in all four hemodynamic cohorts. They
concluded that bypass surgery is unlikely to benefit any patient with cerebral
blood flow >80% or cerebrovascular reactivity >10% (CASE 11-3).

Reflecting the results of JET-2 and other trials that seek the highest-risk
patients for more aggressive intervention, a myriad of varying strategies for risk
stratification have been used, including multiple imaging modalities, physiologic
assessments, and vetting of compensatory capacity to vasodilatory challenge.
Although the intent is likely appropriate, the variety of assessments, frequently
within the same trial, adds confusion rather than clarity in how to sensibly
approach risk stratification. In a report by Hage and colleagues,32 three stages of
cerebrovascular hemodynamic failure were categorized. In stage I failure,
cerebral blood flow and oxygen fraction remain normal via autoregulatory
vasodilation. Stage II represents the condition whereby metabolic compensation
is achieved through increased oxygen extraction fraction despite a reduction in
cerebral blood flow secondary to maximized vasodilatory compensation. When
both the cerebral blood flow and oxygen extraction fraction are no longer able
to provide compensation, stage III failure is reached with accompanied ischemia
A 24-year-old woman presented to the clinic with intermittent dysarthria
and left upper extremity weakness for the previous 3 days. These spells
would last from seconds to minutes and resolved spontaneously without
residual deficits. She also reported that she had general malaise for the
last week with poor oral intake and diarrhea. She took no medications
and was generally in excellent health.

Vital signs on presentation included blood pressure of 95/60 mm Hg,
heart rate of 88 beats/min, respirations of 16 breaths/min, with oxygen
saturation of 99% on room air. Her neurologic examination was normal.

After an outpatient workup, which included a bilateral carotid Duplex
ultrasound followed by head CT and CT angiography of the head and
neck, it was discovered that she had a completely occluded right cervical
internal carotid artery just distal to the bifurcation. There was no
evidence of a prior stroke or hypoperfusion on CT perfusion of the brain.
Upon further questioning, she recalled a gymnastics-related cervical
injury as an early teen that resulted in brief, transient weakness, the
details of which she could not remember. She was concerned about the
result of her testing and wanted advice on how to proceed.

Given the very transient nature of this patient’s symptoms, the lack of a
fixed deficit on CT perfusion of the brain, and the setting of dehydration
and hypotension, it is unnecessary to offer invasive surgical intervention.
She likely has a carotid occlusion from her neck injury years ago and had
essentially been symptom-free since the initial injury. She should be
encouraged to stay well hydrated, especially during times of exertion and
hot weather, and reassured that over time, in the setting of maintaining
excellent health, she will continue to develop collateral circulation that will
preclude the need for any surgical revascularization.
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● Patients with refractory,
symptomatic, intracranial
steno-occlusive arterial
disease and ongoing
ischemic events, who are
carefully selected with
multimodal diagnostic
testing, may benefit from
surgical revascularization.
and infarction. With the use of a vasodilatory response challenge, these three
stages can be defined by proxy by comparing the compensation to the
contralateral hemisphere. This strategy was used following the original EC-IC
bypass trial and defines stage I as a reduced vasodilatory response; stage II is
characterized by an absence of cerebral blood flow increase in response to
challenge and stage III as a paradoxical reduction in cerebral blood flow presumably
secondary to being “stolen” by the healthy contralateral hemisphere. Based on
these criteria, the authors reported a 5.3% ischemic stroke risk at 2 years in
patients with stage II failure and a normal oxygen extraction fraction and a 26.5%
risk in patients with an increased oxygen extraction fraction (P=.004).33 Largely,
the criticisms levied at the COSS trial are centered on their modification of this
stratification strategy, the failure to include severely affected patients with
refractory symptoms, and the lack of vigorous assessment of symptom alleviation
in cognitive modalities irrespective of the occurrence of an overt clinical stroke.

Despite this, the currently available literature argues that only a very select
group of patients, if any at all, should be considered for bypass surgery. The 2015
report by Hage and colleagues32 outlines a rigorous approach based on criteria
including (1) recurrent ischemic events in the setting of maximal medical
management, (2) convincingly extensive hemodynamic disease with clinical
sequelae, and (3) the availability of a specialized surgical center with established
safety and low perioperative morbidity. This proposed intensive screening
includes an assessment of hemodynamic reserve with multimodal MRI with
quantitative magnetic resonance angiography (MRA), both with and without
acetazolamide challenge, and functional MRI with regional blood oxygenation
level–dependent (BOLD) sequences to determine whether areas of failed
activation demonstrate insufficient hemodynamic reserve. This functional
imaging is performed with a stimulus model designed to query reserve in the
anterior and posterior circulations. Lastly, an assessment of complete
cerebrovascular reserve in addition to regions affected by steno-occlusive disease
is characterized with carbon dioxide challenge to assess deficiencies in vascular
reactivity. For ensuring the success of the bypass graft, flow from the harvested
artery is measured both before and after anastomosis. These measurements
permit the calculation of a cut flow index, which is used to predict bypass
patency rates. If this is determined to be insufficient for likely success, the issue
can be addressed intraoperatively to ensure maximum likelihood of surgical
success (CASE 11-4).

In the setting of multiple failed trials supporting surgical intervention in
patients with carotid occlusion, Chen and colleagues34 sought to examine the
applicability of these trials in an Asian cohort. This study examined a large group
collected over nearly 10 years and attempted to homogenize the pathology by
observing outcomes in patients with an index ischemic event referable to an
occluded carotid artery who either underwent EC-IC bypass or received no
interventional treatment including EC-IC bypass, carotid endarterectomy, or
carotid stenting. Intracranial disease, a prior ischemic or hemorrhagic stroke,
moyamoya disease, cancer, and trauma served as exclusion criteria. Outcomes
included symptomatic ischemic stroke, hemorrhagic stroke, and mortality. This
study failed to demonstrate a statistically significant overall benefit of bypass
surgery in preventing ischemic strokes, although several trends were noted.
Reminiscent of COSS, the highest risk of a primary event in the surgical group was
within 6 months of the procedure. Added detriment to the surgical group was the
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significant increase in subsequent hemorrhagic stroke and mortality in this cohort.
These observations, in combination, had the effect of obscuring any potential
benefit of revascularization. This study suffered from its retrospective design,
case-control, and propensity-score matching and the lack of patient risk
stratification to select those who may most benefit from revascularization surgery.

Although some of these studies included patients with intracranial occlusions,
principally in the MCA, their primary focus was in evaluating treatment options
for cervical carotid occlusions. However, there are definitive clinical trials that
A 43-year-old woman presented to the emergency department with an
acute stroke resulting in left facial droop, severe dysarthria,
homonymous hemianopsia, left upper extremity weakness, and a
National Institutes of Health Stroke Scale score of 7. She had been at
work when the symptoms started and was evaluated in the emergency
department within 2 hours of symptom onset. A noncontrast head CT
showed a small area of hypodensity in the right middle cerebral artery
(MCA) territory but no evidence of hemorrhage. After a discussion of risks
and benefits, the decision was made to treat her with IV rtPA. With this
treatment and hydration, her NIHSS score decreased to a 3 at 24 hours
after administration.

Approximately 5 months earlier, she had been seen for similar
symptoms that were slightly less severe with a confirmed infarct in the
same territory and occlusion of the petrous portion of the right carotid
artery.

She was a nonsmoker and in generally good health. She had mild
dyslipidemia historically with a previous low-density lipoprotein of
96 mg/dL, which had been managed with simvastatin with good results.
She had an aspirin allergy and had been maintained on clopidogrel 75 mg
daily, which she adhered to.

On current imaging, shewas found to have an extension of the previous
infarct confirmed by diffusion-weighted MRI. Initially, she was medically
managed during the admission with an attempt to maintain her systolic
blood pressure at 130 to 140 mm Hg. Despite this therapy, she continued
to have fluctuating symptoms and on day 2 had yet another ischemic
event with an escalation of her National Institutes of Health Stroke Scale
score to 8.

This patient remained symptomatic from her occluded intracranial carotid
artery despite the best medical management over the previous year.
Moreover, she continued to accumulate deficits even in the setting of very
close management in the hospital. It would be reasonable to continue
maximum medical management with the potential addition of medication
to increase her resting blood pressure. However, given this patient’s young
age, the lack of medical risk factors, and ongoing accumulation of
potentially devastating neurologic impairments, discussing a surgical
bypass revascularization option would be reasonable.
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guide treatment decisions in intracranial atherosclerotic disease, as well. In
particular, the SAMMPRIS trial demonstrated unequivocally that patients with
symptomatic intracranial stenosis of greater than 70% but less than 99% did
better with maximum medical management in contrast to angioplasty with
stenting. Much of the increased risk was due to periprocedural risk, although
even out of the 30-day periprocedural timeframe, medically managed patients
continued to do better than those with endovascular intervention. Regarding
interventional risk, detailed analyses of periprocedural strokes,35 as well as
mechanisms thereof, were examined and published in separate reports. The
periprocedural complication rate was nearly 15% compared with 7% in the
medical arm; one-third of these complications were hemorrhages occurring
in the distribution of the stenotic artery with the remainder being ischemic.
These were accounted for by 34% perforator, 9% embolic, and the remainder a
mixture or delayed stent occlusion. Notably, all but five of the ischemic events
occurred in the periprocedural period. The remaining five all occurred within
6 days. Of the symptomatic hemorrhages (11), six were parenchymal, most were
noted within hours of the procedure, and four of which were ultimately fatal.
The five remaining complications were attributable to subarachnoid
hemorrhage, determined to be secondary to wire perforations or vessel rupture.

This body of evidence is reminiscent of the EC-IC bypass literature, whereby
substantiating these approaches as beneficial for patients depends greatly on
reducing the errors and complications of the procedures.

Despite the superiority of medical management in these patients, like in
the bypass population, an unacceptably high rate of recurrent disease in this
population remains. In SAMMPRIS, during a mean follow-up period of
36 months, 15% of the patients had an additional stroke. Important studies
have delineated at-risk subpopulations that may represent a study cohort for
improved treatment options in the future. In particular, of the 101 patients in
SAMMPRIS, 37% with a repeat stroke had impaired collateral flow and a border
zone infarct as the initial qualifying event.36 Further support for this high-risk
population is the finding that the highest risk for a subsequent stroke was
associated with patients who had a previous stroke in the vascular territory of
the stenotic vessel as well as a new stroke in the same distribution as the
qualifying enrollment event. These features will assist in identifying patients
most at risk for studying potential surgical treatment options with the
understanding that evenwith the bestmedicalmanagement in place, this specific
population remains at a high risk of further ischemic pathology. Alternatives
such as angioplasty alone remain to be tested for efficacy in a rigorous fashion.
A 2019 meta-analysis involving 674 patients with greater than 70% stenosis
treated with balloon angioplasty alone failed to demonstrate improved safety
compared with the SAMMPRIS trial (CASE 11-5).37

INDIRECT REVASCULARIZATION FOR LARGE ARTERY
INTRACRANIAL DISEASE
Indirect surgical revascularization for large artery intracranial disease has been
used for many years in treating conditions such as moyamoya disease, especially
in pediatric populations. Several different techniques are used, all of which
aim to capitalize on pial synangiosis and propagate collateralization between
external carotid artery branches through the middle meningeal artery and
intracranially to hypoperfused areas. Unlike EC-IC bypass, these techniques
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are considered indirect revascularization in that the ultimate restoration of
blood supply is achieved over time through improved collateral supply rather
than direct anastomoses of large caliber arteries. The three most widely
used techniques are encephaloduroarteriosynangiosis (FIGURE 11-3),
encephalomyosynangiosis (FIGURE 11-4), or a combination of the two,
encephaloduroarteriomyosynangiosis (FIGURE 11-5). In the first procedure, the
superior temporal artery is dissected free and subsequently sutured to the cut
dura. Encephalomyosynangiosis involves creating a flap of the temporalis muscle
and placing this on the cortical surface to encourage collateralization, and
encephaloduroarteriomyosynangiosis combines both techniques. Multiple
variations of all three techniques have been developed and well described.38

Although these techniques have traditionally been used for treatment of
moyamoya disease in pediatric populations, indirect vascularization has more
recently been studied in treating symptomatic intracranial arterial stenosis in
adult populations. These techniques are being increasingly studied in light of the
A 36-year-old man was admitted to the hospital with an acute ischemic
stroke (National Institutes of Health Stroke Scale score of 4), consisting
of mild aphasia, facial droop, dysarthria, and right upper extremity
weakness. He stated that he had experienced these symptoms multiple
times over the past several years and previously had complete resolution
of the symptoms after several hours. This reoccurred the previous
evening and upon awakening the next morning had persisted, explaining
why in this instance he came to the hospital.

His current vascular risk factors included smoking 1 to 2 packs of
cigarettes per day, poorly controlled diabetes mellitus (hemoglobin A1c,
12.2%), dyslipidemia (low-density lipoprotein cholesterol, 179 mg/dL),
and hypertension (admission blood pressure, 168/92 mm Hg).

Imaging studies included magnetic resonance angiography that
revealed critical left middle cerebral artery stenosis estimated to be 85%,
and a small chronic infarct referable to this territory with a slight
diffusion-weighted MRI extension of the previous lesion.

This patient has symptomatic intracranial steno-occlusive disease. Much
of the conversation with him should be focused on convincing him to
improve the medical management of his underlying risk factors.
The follow-up plan should include frequent visits to optimize his medical
management. The patient should be presentedwith the very likely scenario
that if he continues with his current risk factor management, there is a very
high probability that he will have additional ischemic events and continue
to accumulate increasing neurologic impairments. Although it would not be
entirely unreasonable to mention surgical options to him, the best
evidence suggests that maximummedical management remains the safest
and most efficacious path forward. His presentation, an acute stroke
referable to the middle cerebral artery lesion in which a chronic stroke
exists, places him in a high-risk category for additional infarcts.
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FIGURE 11-3
Illustration of encephaloduroarteriosynangiosis. A, Both the frontal and parietal branches
of the superior temporal artery (STA) may be harvested depending on the patient’s need
(potential incision sites shown by the blue dashed lines). B, The frontal STA branch is used
with a wide cuff of galea rotated to place dura on the cortex, which is subsequently
sutured onto the adjacent dura.
MMA = middle meningeal artery.

Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

FIGURE 11-4
Illustration of encephalomyosynangiosis. A, A flap of the temporalis muscle and overlying
fascia are cut and freed on three sides (arrow). B, The muscle flap is then sutured to the
superior, anterior, and posterior edges of the dural opening. C, A cross-sectional view of split
temporalis muscle of which half overlays bone and the other half is sutured to the dura.
Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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FIGURE 11-5
Illustration of encephaloduroarteriomyosynangiosis, a combined indirect procedure. A, The
parietal superior temporal artery (STA) is used for encephaloduroarteriosynangiosis and
the posterior temporalis muscle is used for encephalomyoarteriosynangiosis. B, Both the
frontal and parietal STA are dissected free and sutured to the edges of the dura and
temporalis muscle.
Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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results of SAMMPRIS and COSS, the incidence of symptomatic steno-occlusive
disease of intracranial arteries, and the high recurrence rate of ischemic stroke in
this patient population despite the efficacy of medical management. A small
retrospective study involving 13 patients with TIA or nondisabling stroke in
combination with a greater than 70% stenosis in a large artery supplying the
clinically correlated territory and a suspected hemodynamic etiology, who
underwent encephaloduroarteriosynangiosis indirect vascularization after medical
management or endovascular therapy, was unsuccessful.39 These patients were
monitored for a mean of 54 months. Eleven of these patients had both
preoperative and postoperative angiography, revealing an increased caliber of the
superior temporal artery and middle meningeal artery, vascular blush, and
spontaneous anastomoses from extracranial arteries to the MCA suggesting
successful revascularization of the previously hypoperfused territory.
Importantly, no patient during the follow-up period reached the primary end
point of a stroke or death, and in all but two, long-term resolution of the ischemic
symptoms was achieved after a 3-month postoperative period. None of the
patients had a hemorrhage or infarction.

Given the positive findings in the initial cohort of patients who underwent
encephaloduroarteriosynangiosis indirect vascularization after failing medical
management and/or endovascular therapy, a more comprehensive retrospective
study was undertaken.40 In this cohort, a total of 107 operations were performed
on 82 adult patients, of whom 36 had intracranial atherosclerotic steno-occlusive
disease (two with bilateral disease). Mean follow-up in this subgroup was
24 months. The stenotic lesions ranged from 70% to complete occlusion with
median stenosis of 99%. All patients selected had persistent clinical symptoms
referable to the stenotic lesion, hypoperfusion on diagnostic imaging, and
evidence of poor collateral flow. After encephaloduroarteriosynangiosis, the
calculated probability for TIA-free survival was 89.4% (95% CI, 74.7% to 96%).
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● Randomized clinical trials
are needed to validate the
appropriateness and
efficacy of indirect
revascularization in
mitigating stroke risk in
patients with symptomatic
intracranial atherosclerotic
disease.
Two patients had strokes in the revascularized territory over 2 years, one
perioperatively and one at 3 months postoperatively. These results showed a
2-year probability of stroke-free survival of 94.3% (95% CI, 80.0% to 98.6%).
Importantly, collaterals improved in all patients, and good functional
outcomes, as defined by amodified Rankin Scale score of 2 or lower, improved
from 77.8% before surgery to 83.3% after surgery. Although these were not
case-controlled prospective studies, in aggregate they suggest the potential
efficacy of indirect revascularization in patients with symptomatic
intracranial atherosclerosis.

Whether these surgical techniques gain more widespread adoption in
lowering stroke risk in symptomatic intracranial steno-occlusive disease remains
to be seen. However, they offer the advantages of straightforward procedures
with lower complication risks, prevention of substantial alterations in cerebral
blood flow patterns, avoiding the necessity of temporary vessel occlusion, and
the allowance of developing an extracranial source of collateral flow as
demanded by areas of hypoperfusion.41
CONCLUSION
Regarding surgical approaches to reducing stroke risk, a great deal of literature
exists, but not necessarily concrete guidelines that define the practice. A plethora
of conflicting data exists, and many patients do not fit in a category that is
defined by the inclusion and exclusion criteria of existing clinical trials. Variables
abound and argue for a nonrobotic approach to identifying patients who would
potentially benefit from surgical procedures for which they may be appropriate
candidates. Certainly, patient preference and appropriateness as surgical
candidates should weigh heavily in any decision that is made. Further,
neurologists should play a central role in vetting patients for their various options
to minimize stroke risk.
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