
Intracranial arterial stenoses: current viewpoints, novel
approaches, and surgical perspectives

Nestor R. Gonzalez,
Department of Neurosurgery, David Geffen School of Medicine at UCLA, 10833 LeConte Ave.,
Rm 18-251 Semel, Los Angeles, CA 90095-7039, USA

Department of Radiology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA

UCLA Stroke Center, Los Angeles, CA, USA

David S. Liebeskind,
UCLA Stroke Center, Los Angeles, CA, USA

Department of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA

Joshua R. Dusick,
Department of Neurosurgery, David Geffen School of Medicine at UCLA, 10833 LeConte Ave.,
Rm 18-251 Semel, Los Angeles, CA 90095-7039, USA

Fernando Mayor, and
Department of Radiology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA

Jeffrey Saver
UCLA Stroke Center, Los Angeles, CA, USA

Department of Neurology, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA
Nestor R. Gonzalez: ngonzalez@mednet.ucla.edu

Abstract
Ten percent of all strokes occurring in the USA are caused by intracranial arterial stenosis (IAS).
Symptomatic IAS carries one of the highest rates of recurrent stroke despite intensive medical
therapy (25 % in high-risk groups). Clinical results for endovascular angioplasty and stenting have
been disappointing. The objectives of this study were to review the contemporary understanding
of symptomatic IAS and present potential alternative treatments to resolve factors not addressed
by current therapies. We performed a literature review on IAS pathophysiology, natural history,
and current treatment. We present an evaluation of the currently deficient aspects in its treatment
and explore the role of alternative surgical approaches. There is a well-documented interrelation
between hemodynamic and embolic factors in cerebral ischemia caused by IAS. Despite the
effectiveness of medical therapy, hemodynamic factors are not addressed satisfactorily by
medications alone. Collateral circulation and severity of stenosis are the strongest predictors of
risk for stroke and death. Indirect revascularization techniques, such as
encephaloduroarteriosynangiosis, offer an alternative treatment to enhance collateral circulation
while minimizing risk of hemorrhage associated with hyperemia and endovascular manipulation,
with promising results in preliminary studies on chronic cerebrovascular occlusive disease.
Despite improvements in medical management for IAS, relevant aspects of its pathophysiology
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are not resolved by medical treatment alone, such as poor collateral circulation. Surgical indirect
revascularization can improve collateral circulation and play a role in the treatment of this
condition. Further formal evaluation of indirect revascularization for IAS is a logical and worthy
step in the development of intracranial atherosclerosis treatment strategies.
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Introduction
Of the 900,000 cases of stroke or transient ischemic attack (TIA) that occur each year in the
USA, approximately 90,000 to 100,000 are caused by intracranial arterial stenosis [44].
Symptomatic intracranial arterial stenosis carries one of the highest rates of recurrent stroke
despite medical therapy, with annual recurrence rates for ischemic stroke reported in the
Stenting Versus Aggressive Medical Management for Preventing Recurrent Stroke in
Intracranial Stenosis (SAMMPRIS) trial as high as 12.2 % in the intensive medical therapy
arm, treated with double antiplatelet medications (aspirin and clopidogrel), intensive
management of risk factors for vascular disease, in particular high blood pressure and
hyperlipidemia, and inclusion in a life-coaching program [11]. The incidence of recurrent
stroke can be even higher in some high-risk groups, up to 25 % in African-Americans and
females [55].

Despite improvements in the technical success of endovascular angioplasty and stenting, the
clinical results of stenting have been disappointing. In fact, SAMMPRIS was stopped early
because of negative results, with stroke or death within the first 30 days of enrolment
occurring in 14 % of patients treated with angioplasty and stenting compared to 5.8 % of
patients treated with medical therapy alone [11].

The high rates of stroke and death associated with intensive medical management and the
failure of recent attempts with endovascular interventions demand novel strategies for the
treatment of patients with this condition. In this paper, we review the current knowledge of
intracranial atherosclerosis pathophysiology and the role of medical and endovascular
treatments. We also explore the theoretical arguments in support of using alternative surgical
techniques such as indirect revascularization by encephaloduroarteriosynangiosis (EDAS) as
a potential approach to symptomatic intracranial stenosis.

Epidemiology
Approximately 100,000 patients every year suffer from ischemic events related to
intracranial atherosclerotic disease in the USA, with an estimated prevalence of 20 to 40
persons per 100,000 people worldwide [40]. Limited data on the prevalence of
asymptomatic intracranial atherosclerosis are available in the general population. In
asymptomatic predominantly white US patients referred for carotid Doppler ultrasound,
intracranial atherosclerotic stenosis was identified by transcranial Doppler ultrasound in 13
% of individuals [18]. Baker and colleagues [8] evaluated 5,035 intracranial arteries during
autopsy at 22 predefined anatomic areas and identified severe intracranial atherosclerosis in
43 % of individuals age 60 to 69, 65 % on those age 70 to 79, and 80 % on those older than
80 years.

The prevalence of this disorder in asymptomatic patients has great relevance from the
preventive perspective; however, the major clinical burden is produced by symptomatic
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intracranial arterial stenosis, which carries one of the highest rates of recurrent stroke despite
medical therapy, with annual recurrence rates for ischemic stroke reported in the Warfarin-
Aspirin Symptomatic Intracranial Disease (WASID) trial as high as 15 % in the aspirin arm
[12] and in the intensive medical treatment arm of SAMMPRIS as high as 12.2 % [11].
There are racial, ethnic, and gender variances in this disease, most severely affecting certain
minorities. Intracranial arterial stenosis is responsible for up to 10 % of ischemic strokes in
Whites, 29 % of ischemic strokes in Blacks, 11 % of ischemic strokes in Hispanics, and 26
% of ischemic strokes in Asians [55]. The risk of stroke and death with intracranial arterial
stenosis is disproportionally elevated in women, and it has been reported to be close to 29 %
[54].

Pathophysiology of intracranial atherosclerosis
Intracranial atherosclerosis is a disease of the arterial wall for which the etiology and
pathophysiology have not been completely elucidated. Traditionally, the process has been
considered an age-related, degenerative fibroproliferative disorder of the arterial wall that
would eventually induce ischemia of the tissues irrigated by those vessels [47]. However,
today, intracranial atherosclerosis can be considered more as a multifactorial process in
which risk factors for endothelial injury and lipid deposition in the arterial wall work in
concert with inflammation from the genesis to the development and dynamic variations in
the stability of the arterial atherosclerotic plaque (Fig. 1).

More than 20 years ago, Reaven introduced the concept that a series of related factors such
as hypercholesterolemia, hyperinsulinemia, hypertension, and hypertriglyceridemia tended
to co-exist in the same patients and that this risk factor clustering could be of critical
importance in the underlying etiology of cardiovascular disease [41]. This clustering of
factors, also known as metabolic syndrome, has been found consistently to be an important
risk factor for cardiovascular disease incidence and mortality [21]. Lipoprotein(a), which is
an atherogenic lipoprotein rich in cholesterol, similar to the low-density lipoprotein, has
been found to promote cholesterol depositions in the arterial wall and to inhibit endogenous
endothelial fibrinolysis [48]. Diabetes mellitus type 2 has been independently associated
with higher rates of intracranial atherosclerosis in Caucasian individuals, and it appears to
have a synergetic action with lipoprotein(a) in increasing the development of intracranial
atherosclerosis in patients with both risk factors [3].

Although abdominal obesity is a well-recognized risk factor for cardiovascular disease, the
actual mechanisms of its role in the genesis of atherosclerosis are not well known. The
discovery of the secretory role of adipose tissue and of adipokines has opened the
exploration of new mechanistic hypotheses. It appears that out of the known adipokines,
leptin could be related to stroke risk, while the data on adiponectin and resistin remain
conflicting [46].

Hypertension and smoking induce direct damage in the vessels by producing endothelial
dysfunction. This process generates disturbances of the laminar flow, which creates flow
separation and oscillatory shear stress [32]. In turn, the flow abnormalities precipitate further
endothelial and arterial wall damage in a cycle that, in concert with the risk factors
mentioned above, results in the inception and progression of atherosclerotic lesions [20]. In
this dynamic process, from the genesis of the first arterial wall abnormalities to the
development and progression of the atheromatous plaque, inflammation is believed to play a
crucial role.

In addition to the hemodynamic phenomena described above, the endothelial injury
generates a series of immunologically mediated events. According to the inflammatory
theory of atherosclerosis, the endothelial injury generates adhesion of monocytes and
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lymphocytes to the endothelial surface, migration of those cells beneath the endothelial
surface, and cellular aggregation in the subendothelial tissue. Macrophages then take up
lipid, forming foam cells, and these and other macrophages are activated and cytokines and
growth factors are released. This leads to smooth muscle cell proliferation and fibrous
plaque formation [43]. In support of this mechanism, several inflammatory biomarkers, and
particularly high sensitivity C-reactive protein, have been identified as predictors of the risk
of recurrent stroke in individuals with intracranial atherosclerosis [5]. The role of these
markers is, however, less clear in predicting a first stroke in individuals with asymptomatic
intracranial atherosclerotic stenosis [53].

Pathophysiology of ischemic stroke in intracranial arterial stenosis
The pathophysiology of ischemic stroke secondary to intracranial arterial stenosis involves
multiple mechanisms. Intracranial arterial stenosis may incite downstream ischemia in a
specific arterial territory due to hypoperfusion, in situ thrombosis, artery-to-artery emboli,
perforator vessel occlusion by the atherosclerotic plaque, or combined mechanisms [9].
There is an interrelated and complementary occurrence of hypoperfusion and embolism, in
which reduced blood perfusion distal to high-grade stenosis limits the ability of emboli from
the stenosis to be washed out of the cerebral circulation and therefore may accumulate in the
lowest perfusion pressure regions. Investigations using MRI and transcranial Doppler
studies have corroborated this hypothesis and have suggested additional mechanisms in
which stenosis and embolism act synergistically to produce ischemia [29, 49]. Kasner et al.
demonstrated that the strongest predictive factor of subsequent stroke in a territory of a
symptomatic intracranial artery was severe stenosis ≥70 % (HR 2.03; 95 % CI 1.29 to 3.22;
p=0.0025), which underlines the pathophysiologic significance of the degree of stenosis
[25]. While aggressive medical therapy can have a significant impact in reducing the risk of
embolic stroke, in cases of severe intracranial arterial stenosis with hypoperfusion of the
involved territory, there is a persistent risk of ischemia [57]. Hemodynamic impairment is a
risk factor for stroke in patients with intracranial occlusive disease, just as in those with
extracranial carotid artery occlusive disease [2]. Amin-Hanjani et al. measured quantitative
flow in the basilar artery and its branches in 50 patients with symptomatic vertebrobasilar
disease. Forty-seven of the 50 patients were followed for a mean of 28 months. None of the
31 patients with normal distal flow had a recurrent event. Several of the 16 patients with low
flow suffered recurrent strokes prior to intervention [2].

Angiogenesis and intracranial arterial stenosis
Angiogenesis is a complex process triggered by hypoxia that consists of creation of new
vessels from preexisting vascular structures [34]. Angiogenesis involves a delicate balance
between pro-angiogenic and anti-angiogenic factors that may play important roles at
different stages of cerebral ischemia and in the mechanisms of both atherosclerotic plaque
instability and collateral circulation formation [42].

In a study of 109 stroke subjects treated with intravenous standard thrombolytic therapy,
Navarro-Sobrino et al. showed that a pro-angiogenic predominance in plasma at admission,
before any intervention, was associated with milder short-term neurological deficits while an
acute anti-angiogenic status, primarily determined by a high endostatin level, predicted a
worse long-term functional outcome. The admission hepatocyte growth factor (HGF) level
and the ratio of HGF/endostatin were inversely associated with NIHSS score at 2 and 12 h
after treatment (p=0.02, R=−0.4 and p=0.04, R=−0.4, respectively). Other ratios of pro-/anti-
angiogenic factors, such as keratinocyte growth factor (KGF)/endostatin (p=0.04, R=−0.4)
or KGF/thrombospondin-1, were also higher in patients with mild neurological deficits
(p=0.001, R=−0.7; p=0.04, R=−0.4; and p=0.01, R=−0.5 at 1, 2, and 12 h, respectively). In
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addition, vascular endothelial growth factor (VEGF) and VEGF/endostatin ratio 1 h after
tPA treatment were strongly associated with a lower NIHSS score from 2 h to discharge
(p<0.05 at all time points). This association was also found for platelet-derived growth
factor-BB/angiostatin at 1 h (p<0.05) [38].

The actual mechanisms by which this pro-angiogenic status may induce beneficial effects in
the outcome of patients with stroke are not clear. Two theories have been postulated: (1) the
elevation of angiogenic factors induced by hypoxia facilitates the generation of collateral
channels to improve tissue perfusion in the areas of the penumbra [6], or (2) the new vessels
formed facilitate the migration of inflammatory cells, such as granulocytes and
macrophages, that can more efficiently “clean-up” the necrotic tissue [33].

The role of angiogenesis in the intracranial plaque destabilization is less clear. This effect
that has been demonstrated in the extracranial vessels [10] usually occurs in the setting of
large atherosclerotic plaques that may exceed the limit at which they require additional
sources of perfusion, which would be rare in the relatively small size of intracranial arteries
and atherosclerotic lesions [4].

Collateral circulation and intracranial arterial stenosis
The cerebral collateral circulation can be defined as the supplementary network of vascular
channels that stabilize cerebral blood flow when the principal conduits fail [30]. The arterial
anatomy of the collateral circulation is quite extensive and encompasses both intracranial
and extracranial sources of auxiliary vascular channels. Cases of moyamoya disease clearly
demonstrate the resourcefulness and capacity of the collateral network in a chronic arterial
steno-occlusive process, recruiting not only readily available primary collaterals from the
structural configuration of the circle of Willis, but secondary intracranial paths, such as
those provided by lenticulo-striate vessels and thalamoperforating arteries, and extensive
extracranial connections from dural and ethmoidal vessels (Fig. 2).

In the setting of chronic ischemia, preexisting collateral vessels are recruited and, according
to the demand of flow, enlarged [15, 36]. However, new vessels sprouting from available
and in-proximity arterial sources can also be formed to build the supplementary network, as
is clearly observed from the meningeal collaterals to the brain parenchyma in patients with
moyamoya [39] and postoperatively following indirect revascularization [28, 37]. In other
words, new collaterals can develop by angiogenic processes to form new pathways for
circulation.

The magnitude of collateral flow available for the territory irrigated by a compromised
artery is crucial. In a recent analysis of the role of collaterals in modifying stroke risk in the
WASID population, Liebeskind et al. demonstrated that when the degree of arterial luminal
stenosis was severe (≥70 %), collaterals had a dramatic role in averting stroke. The absence
of collaterals or presence of only poor collaterals increased the risk of stroke in the
compromised vascular territory sixfold (HR no collaterals or poor versus good, 6.05; 95 %
CI 1.41–25.92; log rank p=0.0056) [31].

Current treatment of symptomatic intracranial arterial stenosis
The results of two recent clinical trials exploring interventions for the management of
cerebrovascular disease in the setting of carotid occlusion with bypass surgery (Carotid
Occlusion Surgery Study—COSS) and intracranial stenosis with angioplasty and stenting
(SAMMPRIS) have shown improvement in the efficacy of aggressive medical treatment.
The estimated rate of recurrent stroke in patients with severe intracranial arterial stenosis
(≥70 %) based on the WASID trial was 24.7 % [13]; however, in the medical arm of the two
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recently halted COSS and SAMMPRIS trials, the rates of stroke and death were 21 % at 2
years in COSS and 12.2 % at 1 year in SAMMPRIS. Patients in the medical arm of
SAMMPRIS were managed with aggressive medical treatment including antiplatelet
medications (aspirin 325 mg and clopidogrel 75 mg daily) and intensive management of
vascular risk factors (blood pressure control to systolic below 140 or 130 mm Hg if diabetic,
and LDL<70 mg/dL). As supported by other studies, aggressive medical management
appears to reduce the risk of embolisms [56]; however, medical management alone may not
address the progression of intracranial arterial stenosis and the pathophysiologic components
of hypoperfusion and poor collateral circulation [14, 16, 19, 31].

Since the first report of angioplasty for the treatment of intracranial stenosis in 1980 [52],
several advances in stent technology and endovascular navigation led to a growing interest
in using angioplasty and stenting for the management of these lesions [22, 23, 26].
Percutaneous transluminal angioplasty and stenting (PTAS) was tested versus best medical
therapy in the SAMMPRIS trial [11]. This study aimed to compare the safety and efficacy of
intensive medical therapy plus stenting with intensive medical therapy only in preventing
stroke. After only 59 % (451 of 764) of the planned patients had been enrolled, the study
was stopped early because 14 % of patients treated with angioplasty and stenting
experienced stroke or died within the first 30 days after enrolment, compared to 5.8 % of
patients treated with medical therapy alone. This included five stroke-related deaths within
30 days of enrolment, all in the stent arm. The results of this study indicate that PTAS has a
high risk of peri-procedural complications. The rate of cerebral hemorrhage within 30 days
in the PTAS group was quite high. Ten out of the 46 patients that had events within 30 days
had intracerebral hemorrhages, four of which were fatal. Intracerebral hemorrhage alone
represented more than 20 % of the adverse events occurring within 30 days after
angioplasty, and it was responsible for 80 % of the fatalities (four out of five) in the PTAS
group. These hemorrhages were subarachnoid hemorrhages due to injury of the intracranial
vessels and intraparenchymal bleeding due to the sudden hyperperfusion produced after
reopening of severely stenotic arteries [11]. Clearly, any future therapeutic approach to the
treatment of symptomatic intracranial arterial stenosis should have lower peri-procedural
risks than those reported for PTAS and reduce the chances of intracerebral hemorrhage.

The surgical options for intracranial arterial stenosis have been limited. In particular, direct
revascularization techniques with bypass surgery have not been demonstrated to improve
clinical outcomes compared to the best medical management in terms of subsequent risk for
stroke [7]. The extracranial–intracranial (EC-IC) trial found that patients with intracranial
arterial stenosis, rather than complete occlusion, can actually fare worse following bypass
[7, 24]. Direct bypass induces an abrupt increase in flow that consequently may produce
hyperperfusion and hemorrhage. In addition to this effect, the competitive flow introduced
by the bypass on the stenotic arterial segment can precipitate stasis of flow and thrombosis
of adjacent perforators and the stenotic segment itself (Fig. 3). The more recent COSS trial
aimed to determine if EC-IC bypass could reduce subsequent ischemic stroke compared to
medical management alone in patients with arterial occlusion. This study did not include
individuals with symptomatic stenosis. The final COSS results have not been published yet,
but during the “Late Breaking Abstract” presentation in the International Stroke Meeting in
Los Angeles on February 10, 2011, the COSS investigators showed that despite good
patency of grafts and improvement in PET oxygen extraction fraction in the bypass patients,
the peri-operative stroke rate (within 30 days) was 15 %, not significantly different than the
earlier EC-IC bypass trial. The 2-year stroke and death rate in the surgical arm was not
significantly better than that in the nonsurgical arm (21 versus 23 %, respectively, p=0.7).
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Alternative surgical perspectives for the treatment of intracranial arterial
stenosis

Indirect revascularization techniques, such as EDAS, have been used for the treatment of
moyamoya disease, especially in children [1, 35, 45, 50]. The EDAS procedure aims to
bring scalp (superficial temporal artery) and dural (middle meningeal artery branches)
arteries into close approximation with the arteries on the brain surface, encouraging new
blood vessel growth to supply the brain from the extracranial carotid artery circulation. It is
considered a form of indirect revascularization because a direct bypass anastomosis is not
created. Instead, revascularization occurs where the brain needs it by endogenous
angiogenesis from the extracranial arteries, creating new blood vessel supply to the brain or
even spontaneous anastamoses to the intracranial circulation in some cases. The details of
the EDAS technique, as practiced at our institution, have been described in detail previously
in the literature [17].

The EDAS technique offers several advantages: (1) it obviates the need for temporary
occlusion of cerebral vessels, which is inherent to bypass; (2) it avoids hyperperfusion since
a direct anastomosis with immediate increase in blood flow is not established; (3) it prevents
the development of competing areas of flow in or close to the stenosis, which could generate
focal thrombosis and embolisms; (4) it provides a source of extracranial collaterals that
develops as needed; and (5) it is technically less demanding than bypass surgery. The use of
EDAS in adults was controversial in the past, chiefly because some authors doubted the
ability of mature blood vessels to exhibit robust neovascularity [51]. In a recently published
study, we have demonstrated that in adults with moyamoya disease, EDAS offers robust
revascularization with a quantifiable increase in collateral circulation that develops
gradually, avoiding the potential problems of abrupt flow restoration of direct bypass and
stenting [17]. In that study, we showed that 97 % (32 of 33) of adults (≥18 years of age) and
89 % (eight of nine) of pediatric patients had a good response to EDAS without new
ischemic symptoms 1 month postoperatively. Additionally, a comparison of adult and
pediatric patients presenting with ischemic symptoms and at least 1 year of follow-up
showed that 91 % (10 of 11) of adults and 80 % (four of five) of children had a good
response to indirect revascularization. The oldest patients had a good response to treatment
(patients ≥50 years of age remained symptom-free at the last follow-up). Using the
Matsushima grading scale for revascularization, grades A, B, and C occurred in 62.5, 37.5,
and 0 % of children and in 50, 40, and 10 % in adults, respectively, which were not
statistically different.

The use of indirect revascularization for patients with non-moyamoya intracranial arterial
stenosis has been only tested in a very limited fashion. Komotar et al. studied 12
symptomatic patients, 11 with intracranial occlusion and 1 with stenosis, including two with
carotid dissections and several with severe bilateral disease [27]. Ten out of the 12 patients
developed strokes. However, it is impossible to make conclusive assessments in this series,
as occlusion most likely represents a completely different disease state for which the gradual
formation of collaterals is not effective. Other aspects of their patient selection make their
results impossible to generalize; for example, the presence of bilateral severe disease blurred
any potential effect of the revascularization as 5 out of 10 strokes occurred in the
hemisphere contralateral to the one being treated. Finally, there was no uniform application
of intensive medical management along with the surgical procedure, which today is
recognized to clearly provide protection against embolic events.

In a pilot study of EDAS revascularization for non-moyamoya intracranial stenosis, we have
demonstrated a clinical efficacy of 84 % in protecting from TIAs, with no strokes or deaths
in the treated population at a mean follow-up of 54 months. None of the enrolled patients
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suffered complications associated with intracerebral hemorrhage and the procedural
complication rate was very low. As seen in patients with moyamoya, this study also
demonstrated robust collateral formation at 6 months and 1 year in cerebral angiograms (in
press) (Fig. 4).

Summary
In summary, there is evidently a need for alternatives to current medical management that
can address the hemodynamic issues associated with intracranial arterial stenosis and poor
collateral circulation, without inducing elevated procedural complication rates, in particular
preventing intracerebral hemorrhages. EDAS revascularization may potentially address
some of the challenges faced in the treatment of these patients by providing alternative
pathways of collateral circulation that grow on demand, producing sustainable collaterals
from the external carotid circulation while avoiding the hemorrhagic complications
associated with sudden hyperperfusion and manipulation of diseased arteries.

The clinical and angiographic results of the technique in both moyamoya and non-
moyamoya patients with symptomatic intracranial stenosis are promising and should be
formally tested versus intensive medical management in a clinical trial. Populations with
unilateral severe intracranial stenosis with poor collateral circulation are at the highest risk
of recurrent stroke and the EDAS revascularization could potentially modify the powerful
negative predictive factor of collateral paucity and act in concert with intensive medical
management in reducing the risk of stroke and death in these patients.
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Fig. 1.
Pathophysiology of intracranial atherosclerosis. A The endothelial injury and increased
permeability induced by factors such as hypertension and smoking generates adhesion of
monocytes and lymphocytes to the disrupted vessel lining, followed by migration beneath
the endothelial surface and cellular aggregation in the subendothelial tissue. Macrophages
take up lipid, forming foam cells, and these and other macrophages are activated and
cytokines and growth factors are released, leading to smooth muscle cell migration and
proliferation. B There is formation of a fibrous cap that covers a mixture of leukocytes, lipid,
and necrotic tissue. Eventually the fibrous cap ruptures and ulcerates generating platelet
aggregation and embolus formation. C The early endothelial injury generates disturbances of
the laminar flow, which creates flow separation and oscillatory shear stress. This precipitates
a cycle of further endothelial and arterial wall damage. Stenosis of the vessel lumen, in
concert with embolus generation, produces strokes in a complementary occurrence of
hypoperfusion and embolism (D)
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Fig. 2.
Collaterals in moyamoya disease. Lateral angiogram after common carotid injection in a 46-
year-old female with advanced moyamoya disease, Suzuki stage 6. The internal carotid
artery (ICA) is completely occluded above the origin of the ophthalmic artery (empty black
arrow). Moyamoya lenticulo-striate vessels are regressing (arrowhead) and the cerebral
circulation depends exclusively on collaterals. There are spontaneous transosseous
anastomoses from the anterior branch of the superficial temporal artery (STA) to frontal
cortical vessels (white arrow), anterior meningeal branches (black arrow) from the
ophthalmic artery, and the middle meningeal artery (MMA) to the pericallosal and
callosomarginal arteries in the parietal region (empty white arrow)
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Fig. 3.
Flow changes associated with EC-IC bypass. A qualitative depiction of flow patterns in
intracranial stenosis with reduction of flow velocities associated with arterial narrowing
before the stenosis and acceleration of flow in the stenotic segment. Distal flow can reach
critical low velocities (blue and black arrows). After bypass placement, a theoretical
competitive flow introduced by the bypass on the post-stenotic arterial segment can
precipitate increased turbulence, stasis of flow and thrombosis of adjacent perforators, and
the stenotic segment itself
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Fig. 4.
Post-EDAS development of collaterals. a, b Anteroposterior and lateral preoperative
angiograms on a 62-year-old female post-angioplasty and stenting of atherosclerotic stenosis
of the cavernous left internal carotid artery, who developed re-stenosis of the treated
segment and additional tandem stenosis of the petrous ICA and left MCA (black arrows). c
Capillary phase angiogram demonstrates a significantly reduced area of the MCA territory
being perfused by the left ICA injection. d Six months post-EDAS, lateral angiogram of the
external carotid artery (ECA) demonstrates multiple new collaterals developed from the
superficial temporal artery (black arrows) and the middle meningeal artery (white arrows)
with direct anastomosis to the MCA and cortical blush in the MCA territory. e Capillary
phase of left ECA angiography demonstrates a significant contribution to the irrigation of
the left MCA territory by the new collaterals from the ECA branches. f Composite image of
the postoperative ECA capillary phase (black outline) supraimposed on the preoperative
ICA injection (white outline) demonstrates complementary development of collaterals in the
preoperatively hypoperfused cortical MCA territory
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