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Preface

We strove to cover the majority of neurovascular diseases and management in our 
textbook. In planning the content, we felt it was important that we covered both 
endovascular and microsurgical management. The first part reviews neurovascular 
anatomy, the basics of angiography, and the basics of craniotomies for neurovascu-
lar diseases. Next, an entire part is devoted to intracranial aneurysms, covering the 
natural history, subarachnoid hemorrhage, endovascular management, microsurgi-
cal management, and vasospasm. Following this, a number of chapters are devoted 
to stroke including natural history, mechanical thrombectomy, intracranial stenosis, 
Moyamoya disease, bypass surgery, vertebrobasilar insufficiency, intracerebral 
hemorrhage, sinus thrombosis, and the surgical and endovascular management of 
extracranial carotid disease. Next, we move on to vascular malformations including 
arteriovenous malformation, arteriovenous fistulas, carotid cavernous fistulas, vein 
of Galen malformations, spinal malformations, and cavernous malformations. 
Finally, we cover a few miscellaneous topics including more recent advances in 
neurovascular care such as venous sinus stenting for idiopathic intracranial hyper-
tension and middle meningeal artery embolization for subdural hematoma. We hope 
that our textbook provides a comprehensive summary of neurovascular disease and 
management and will be of interest to medical students, residents, fellows, and 
young attendings.

The authors of the ensuing chapters were chosen as experts in their field. They 
are from centers across the country, and all have very busy practices. The reader will 
enjoy a great depth and breadth of knowledge from surgeons who are at the top of 
their fields. They are using the most recent advancements in endovascular tech-
niques, while still having expertise and skill in open microvascular surgery. It was 
important that a book on vascular disorders of the brain and spine was written by 
surgeons who are experts in all available modalities to treat those disorders. 
Therefore, you will find explanations in the following chapters of open microvascu-
lar and endovascular approaches as well as discussions of radiosurgery, or no 
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treatment at all. We hope that this book will be comprehensive enough to be used as 
a daily reference, but also basic enough to be useful for residents and fellows for use 
in training.

San Antonio, TX, USA Justin R. Mascitelli
Pennington, NJ, USA Mandy J. Binning 
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Chapter 1
Vascular Anatomy of the Brain

Stanislav Naydin, Bianca Marquez, and Kenneth M. Liebman

 Introduction

This chapter describes the vascular anatomy of the brain including the arterial sup-
ply and venous drainage. The arterial supply is robust, composed of an anterior 
circulation and posterior that anastomose via the circle of Willis. The anterior circu-
lation is supplied by the internal carotid arteries (ICAs). The ICA terminates below 
the anterior perforated substance by bifurcating into the anterior cerebral artery 
(ACA) and middle cerebral artery (MCA). The ACA divides into separate segments 
derived upon its anatomic relationship to the corpus callosum and the anterior com-
municating artery. MCA forms as a terminal branch of the ICA to run initially at the 
floor of the middle cranial fossa. As the artery continues, giving off branches of 
subsequent diminutive and progressively smaller in caliber vessels. The posterior 
communicating artery (PCOM) arises from the most posterior segment of the intra-
dural ICA and serves to connect the ICA to the posterior cerebral artery (PCA). 
PCA arises ventrally from the basilar artery (BA) as terminal branches bilaterally. 
The vertebral arteries project superiorly and enter through the foramen magnum to 
enter the dura to become the intradural segment (V4). It is V4 that unites bilaterally 
at the pontomedullary junction to form the basilar artery (BA). The BA spans from 
its origin within the prepontine cistern to the interpeduncular cistern where it bifur-
cates into terminal branches as the PCAs.

The surface of the brain is drained by the three major superficial veins: the 
superior, the superficial middle, and the inferior cerebral veins. These veins drain 
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into the dural venous sinus system. Dural venous sinuses are intracranial venous 
channels between the two layers of the dura. Unlike other veins in the body, they 
run alone, not parallel to arteries. Venous sinuses are valveless, allowing for bidi-
rectional blood flow. This consists of the superior sagittal sinus, inferior sagittal 
sinus, straight sinus, transvers sinus, sigmoid sinus, occipital sinus, and cavern-
ous sinus.

 Internal Carotid Artery

 C1, Cervical

The anterior circulation is supplied by the internal carotid arteries (ICA). Several 
nomenclature schemes exist; Bouthillier segmental nomenclature is most clinically 
useful and is composed of seven segments ascending with the course of the artery. 
(Figs. 1.1 and 1.2) The internal carotid artery forms at the bifurcation of the com-
mon carotid artery (CCA), most commonly occurring at C4, with some variation. At 
its origin, the internal carotid artery is somewhat dilated. This part of the artery is 
known as the carotid sinus or the carotid bulb. The carotid sinus is sensitive to 
pressure changes in the arterial blood at this level. It is the major baroreceptor site 
in humans and most mammals.

Fig. 1.1 Lateral 
angiogram of the right 
internal carotid artery: 
yellow – C1 (cervical), 
blue – C2 (petrous), 
green – C3 (lacerum), 
gray – C4 (cavernous), 
red – C5 (clinoidal), 
purple – C6 (ophthalmic), 
pink – C7 
(communicating)

S. Naydin et al.
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The internal carotid runs vertically in the carotid sheath and enters the skull 
through the carotid canal. The ICA is relatively superficial at its start where it is 
contained in the carotid triangle of the neck and lies behind and lateral to the exter-
nal carotid. It courses superiorly where it passes beneath the parotid gland being 
crossed by the hypoglossal nerve, the digastric muscle, the stylohyoid muscle, the 
occipital artery, and the posterior auricular artery.

The ICA runs in the carotid sheath medial to the internal jugular vein (IJV). The 
vagus nerve lies on a plane posterior and lateral to the artery, essentially between 
and posterior to the ICA and IJV.

Unlike the external carotid artery, the internal carotid artery normally has no 
branches in the neck.

 C2, Petrous

At the skull base, C1 transitions to the C2 portion as it courses through the carotid 
canal. Here, the petrous ICA ascends, and the artery turns medially in the skull base. 
The artery continues superiorly toward foramen lacerum not traveling through it as 
it exits the carotid canal with an anterior trajectory to become C3, the lacerum seg-
ment. The petrous portion has three portions: an ascending or vertical part, the genu 
(bend), and the horizontal portion.

Fig. 1.2 AP angiogram of 
the right internal carotid 
artery: yellow – C1 
(cervical), blue – C2 
(petrous), green – C3 
(lacerum), gray – C4 
(cavernous), red – C5 
(clinoidal), purple – C6 
(ophthalmic), pink – C7 
(communicating)

1 Vascular Anatomy of the Brain
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 C3, Lacerum

The C3 portion is a short segment that begins above the foramen lacerum (again, not 
traveling through lacerum) and terminates at the petrolingual ligament, transition-
ing into the cavernous segment, C4.

 C4, Cavernous

The cavernous ICA travels through the cavernous sinus, exiting superiorly through 
the inner, proximal dural ring. The artery has a distinct trajectory; first, ascending 
toward the posterior clinoid process, then traveling forward, horizontally by the side 
of the body of the sphenoid bone, then again curving upward, medial to the anterior 
clinoid process. This creates an “s” shape referred to as the carotid siphon.

There are two main branches emanating from this portion, the meningohypo-
phoseal artery and the inferior lateral trunk. The artery of Bernasconi and Cassinari, 
also known as medial or marginal tentorial artery, is a 2 cm long branch from the 
meningohypophoseal artery. Due to their small size, these arteries are not well 
depicted on angiography in the absence of pathological increased flow through 
them. More common disorders that result in engorgement of these arteries, espe-
cially the Bernasconi and Cassinari artery, are tentorial meningiomas and tentorial 
dural arteriovenous fistulas.

The cavernous sinus also gives off small capsular branches that supply the wall 
of the cavernous sinus.

 C5, Clinoidal

C5, the clinoidal segment, starts as the ICA exits the cavernous segment at the 
proximal dural ring and courses the distance extending to the outer or distal dural 
ring. This is an important segment because at this point the artery is considered 
intradural, in the subarachnoid space. Aneurysms arising from this portion are con-
sidered intradural and often are referred to as “junctional” aneurysms. Although not 
common, the ophthalmic artery may arise from this portion.

 C6, Ophthalmic

C6, the ophthalmic segment, originates at the distal dural ring and extends to the 
posterior communicating artery origin. Aneurysms at or above this point that rup-
ture would occupy the subarachnoid space. This forms the superior aspect of the 
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anterior genu, projecting posteriorly and superiorly. Two branches arise from this 
segment, the ophthalmic artery and superior hypophyseal artery.

 C7, Communicating

C7, the communicating segment, spans to include the formation of the posterior 
communicating artery to the ICA termination, just prior to the anterior perforated 
substance. It divides into anterior and middle cerebral arteries. This bifurcation 
occurs in the proximal Sylvian fissure. The C7 segment is bordered by the optic 
nerve (CNII) in the superior medial direction and oculomotor nerve (CNIII) 
inferiorly.

 Intracranial Branches of ICA

 Ophthalmic Artery

The ophthalmic artery (OA) is most commonly the first major intradural branch of 
the ICA. Researchers have found that in 83.6% of the cases the ophthalmic artery 
arises above the dura to follow an intradural course. In 6.6% of cases, it arises just 
above dura, and in 10% it arises below dura to follow a totally or partial extradural 
course [2–5]. The ophthalmic artery originates from the ICA anteriorly or some-
times anteromedially as the ICA emerges from the cavernous sinus. This artery 
projects anteriorly to enter the orbit following the optic nerve in the optic canal. The 
ophthalmic artery travels with the optic nerve (CNII) superiormedially. The oculo-
motor (CNIII) and abducens nerves (CNIV) pass laterally. Eventually the OA takes 
a more superior medial path to the medial orbital wall by passing between the optic 
nerve and the superior rectus muscle.

The first branch, and the most critical branch, is the central retinal artery that 
vascularizes the retina and is of essential importance for vision [38]. It is one of the 
smaller branches from the ophthalmic. This artery enters the optic nerve, traveling 
along the center of the nerve, ending in the eye supplying the blood to the inner reti-
nal layers. The next branch is the lacrimal artery, along several minor arteries to 
supply the extraocular muscles as well as periosteum in the region. The lacrimal 
artery follows the course of the lateral rectus muscle along its superior border to 
supply the lacrimal gland as well as conjunctiva. A notable branch emanating from 
the lacrimal artery is the recurrent meningeal artery. This branch travels in the 
reverse direction to pass through the superior orbital fissure to provide anastomosis 
with the middle meningeal artery. Additional branches off the ophthalmic artery 
include: supraorbital, medial palpebral, infratrochlear, supratrochlear, and dorsal 
nasal artery.

1 Vascular Anatomy of the Brain
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The terminal branches also establish extensive anastomoses with branches of the 
facial, maxillary, and superficial temporal arteries, all of which arise from the exter-
nal carotid artery. Thereby, the ophthalmic artery establishes a connection between 
the internal and external carotid artery systems.

 Superior Hypophyseal Artery

The superior hypophyseal artery (or arteries) is (are) medial or posterior-medial 
branch(s) off the internal carotid artery. In 85% of cadaveric dissections it arises 
within 5 mm of the ophthalmic artery. There are two distinct patterns of this artery. 
In 42% cases there is a large dominant artery that branches like a candelabra supply-
ing the pituitary stalk, optic nerve (CNII), and chiasm. When a large trunk is not 
present, two or three smaller, medial projecting vessels are found [5].

 Anterior Choroidal Artery

The anterior choroidal artery (AChA) is the last named branch given off the ICA 
prior to its bifurcation into the anterior cerebral artery and the middle cerebral 
artery. This artery is relatively small, but AchA can be visualized in 95% of angio-
grams, at times as a plexus of small vessels. AchA has a distinct “check” shape at its 
origin off the ICA (Fig.  1.3). The cisternal segment projects toward the choroid 
plexus of the lateral ventricle. The artery first courses postero-medially below the 
optic tract with the temporal lobe uncus lying inferior-laterally and then taking a 
more posterior lateral course after curving around the cerebral peduncle within the 

Fig. 1.3 Lateral ICA 
angiogram; blue arrow 
pointing to the “check” 
sign at the origin of the 
anterior choroidal artery
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crural cistern. After continuing to the lateral geniculate body, the AchA generally 
takes a sharp angle to enter the temporal horn through the choroidal fissure.

As the distal segment or intraventricular AchA continues at the choroidal fissure, 
it wraps around the pulvinar of the thalamus. Following the choroid plexus in the 
supracornual cleft. It may continue anteriorly here for a short distance and some 
have reported AchA extension to the foramen of Monro to anastomose with the 
medial posterior choroidal artery [6].

 Anterior Cerebral Artery

The ICA terminates below the anterior perforated substance by bifurcating into the 
anterior cerebral artery (ACA) and middle cerebral artery (MCA). The ACA is 
divided into separate segments derived upon its anatomic relationship to the corpus 
callosum and the anterior communicating artery.

 A1, Pre-communicating

The proximal A1 is the pre-communicating or at times referred to as the horizontal 
segment. A1 starts immediately from the bifurcation of the ICA forming and extend-
ing to the anterior communicating artery complex. The A1 courses straight and 
medially to the interhemispheric fissure. A1 passes over the optic nerve (CNII) 70% 
or optic chiasm in 30% of cadaveric dissections. The A1 connects with the anterior 
communicating artery (Acom) just inferiorly or at the interhemispheric fissure.

The A1 segment provides small perforating branches in the inferior direction for 
blood supply to the optic chiasm, hypothalamus, and anterior corpus collosum. The 
horizontal segment also contributes the medial lenticulostriate arteries in the pos-
terosuperior direction through the anterior perforated substance to supply globus 
pallidus and medial portion of the putamen. These perforating arteries are unpaired 
with little to no collateral flow, any occlusion or decrease in flow leaves little oppor-
tunity for collateral flow to provide adequate perfusion [7].

 Anterior Communicating Artery

Anterior communicating artery (ACom) is a horizontal interconnection between the 
bilateral ACAs within or inferiorly to the interhemispheric fissure. This provides a 
clinically significant anastomosis between the two hemispheres and ICAs, compris-
ing the anterior portion of the circle of Willis. Along with A1, ACom can contribute 
perforating arteries to the basal ganglia. There are no cortical branches formed 
at ACom.

1 Vascular Anatomy of the Brain
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 A2, Post-communicating

The A2 segment continues medially and anteriorly as the infracallosal segment also 
known as the post-communicating segment. This portion travels from ACom along 
the rostrum of the corpus callosum to the genu in a vertical direction.

A2 is commonly the site of the formation of the recurrent artery of Heubner. 
Cadaveric dissections demonstrate variance up to 45% from A1 and 5% from 
ACom. This is the largest and only named branched artery gaining its name from the 
course it takes by retracing the ACA in the reverse direction at a sharp angle to ter-
minate dorsally and laterally to the carotid terminus. At times, Heubner will con-
tinue to the anterior perforated substance close to or just anterior to the Sylvian 
fissure [6, 8].

Additional branches of the ACA are generally small and demonstrate irregular-
ity, as a result named after the areas that are supplied. These include the orbital, 
frontal, orbitofrontal, and frontopolar arteries. The orbitofrontal artery, frequently 
the first branch of the A2 segment, passes anteriorly and inferiorly toward the ante-
rior cranial fossa to terminate in the orbitofrontal cortex. The orbitofrontal artery 
provides bloody supply to gyrus rectus, medial orbital gyrus, olfactory bulb, as well 
as tract. When identifiable, the frontopolar artery can be seen forming below the 
corpus collosum to flow anteriorly to the frontal pole to supply the ventromedial 
surface of the frontal pole as well as parts of the frontal convexity.

 A3, Precallosal

The ACA continues superiorly to wrap around the genu of the corpus callosum to 
become the precallosal segment. A3 runs until the artery turns directly posterior to 
lie above the corpus collosum within the interhemispheric fissure. A3 terminates as 
a bifurcation into pericallosal and callosomarginal arteries, at times referred to as 
the A4 and A5 segments, respectively. The ACA continues as the pericallosal artery 
to course over the body of the corpus callosum. The callosomarginal artery passes 
in the cingulate gyrus and also continues posteriorly. Both of these terminal branches 
run under the falx cerebri and provide collateral circulation with the MCA and PCA 
territories; referred to as the “watershed zone.”

 Pericallosal Artery

The pericallosal artery is the distal portion of the ACA that courses over the superior 
surface of the body of the corpus callosum in the pericallosal cistern. It gives off 
many small branches to the corpus callosum.

Some authors describe the pericallosal artery as the entire distal portion of the 
ACA beginning at the anterior communicating artery, segments A2–A5. This 
includes the portion anterior to the lamina terminalis, the rostrum, and genu of the 
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corpus callosum [38, 39]. Other authors define it as the artery created at the bifurca-
tion of the ACA near the genu of the corpus callosum after giving off the calloso-
marginal artery, segments A3–A5 [38].

ACA can exist as several different normal variants. A1 can be hypoplastic on one 
side with the contralateral side compensating (Fig. 1.4). The ACA can also form as 
an azygous artery. In this case a single large artery running in the interhemispheric 
fissure provides necessary bilateral vasculature.

 Middle Cerebral Artery

The middle cerebral artery (MCA) forms as a terminal branch of the ICA to initially 
run along the floor of the middle cranial fossa. As the artery continues, giving off 
branches of subsequent diminutive and progressively smaller caliber vessels, the 
MCA nomenclature changes.

 M1, Horizontal

The most proximal MCA segment from the ICA branch point is the M1 or horizon-
tal segment running almost perfectly perpendicular from the ICA to its bifurcation 
and then the Sylvian fissure. The optic chiasm lies medially, and the olfactory tri-
gone remains anterior. M1 consists of the pre-bifurcation segment and 

a b

Right A2
Left A2

Dominant left A1

Fig. 1.4 (a) Selective right internal carotid artery angiogram depicting an absent right A1. (b) A 
selective left internal carotid artery angiogram. One can see the left A1 is quite robust filling both 
A2s, right and left
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post- bifurcation segment, approximately 10 mm from ICA terminus. Studies have 
shown that division of M1 results in a bifurcation in 78%, trifurcation in 12%, 
and > 3 trunks in 10% of cases. Following this division, the arteries continue to 
travel in parallel just below the anterior perforating substance to the genu of the 
Sylvian fissure.

The pre-bifurcation portion of M1 produces the anterior temporal artery tracking 
anteriorly and inferiorly to run over the temporal lobe to provide vascular supply to 
the anterior third of the superior, middle, and inferior temporal gyri [12].

It is the proximal M1 segment that gives off the lateral lenticulostriate arteries 
which serve as perforating arteries supplying the internal capsule via the perforating 
substance. More distally, still within the horizontal segment, the lateral lenticulo-
striate arteries form and ascend in the external capsule to pass through the basal 
ganglia medially to supply the caudate nucleus.

 M2, Insular

The M2 segment begins in the Sylvian fissure at the genu where the post-bifurcation 
segment turns superiorly in its course at the limen insulae and continues to pass over 
around the insula. Along this path dividing further into up to eight stem arteries 
which travel around the insula in the cerebrospinal cistern to become M3 (Fig. 1.5).

 M3, Opercular

M3 or opercular segment is the superior portion of the circular sulcus as M2 courses 
more laterally within the Sylvian fissure and to the surface of the lateral cerebral 
fissure. The MCA continues to form M3 branches which travel to frontal, parietal, 
and temporal operculum. The artery forms a loop over the top of the Sylvian fissure 
as the branches turn laterally to exit the fissure to run over the hemisphere.

Fig. 1.5 Lateral view 
cerebral angiogram. 
Internal carotid artery 
injection with the blue 
shaded area demonstrating 
filling of Sylvian triangle 
within Sylvian fissure by 
branches of MCA
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 M4, Cortical Branches

M4 is the distal most portion of the MCA forming the terminal branches which 
begin at the surface of the Sylvian fissure as the distal M4 branches to pass over the 
cortical surface. Up to 12 named branches can be observed. These are generally 
divided into three groups: anterior, intermediate, and posterior branches based on 
the territory that they supply.

Anterior Branches

The anterior group of branches consists of the orbitofrontal and prefrontal arteries 
that supply the frontal lobe in an overlapping pattern, with the prefrontal forming a 
candelabra to provide arterial vasculature to lateral frontal lobe in front of the 
Sylvian triangle. The orbitofrontal arteries, as their name implies, give supply to the 
inferior surface of the frontal lobe overlying the orbits.

Intermediate Branches

Intermediate branches span the distance between the precentral sulcus and postcen-
tral sulcus with nomenclature derived from each branch’s relationship to the sulci. 
Precentral, also referred to as the prerolandic artery, courses superficially between 
the posterior part of the frontal lobe and anterior edge of the parietal operculum sup-
plying small branches within the precentral and central sulci.

The central sulcus is further supplied by a dedicated branch, or rolandic artery 
(at times several branches), that project between the precentral and postcen-
tral sulci.

Finally, the postcentral sulcus artery flows within the corresponding sulcus and 
continues in the intraparietal sulcus.

Posterior Branches

Posterior branches of M4 provide vasculature to the remaining MCA territory con-
sisting of parietal, temporal, and occipital lobes named for each corresponding lobe.

The posterior parietal artery travels in the posterosuperior path over the end of 
the Sylvian fissure and then anteriorly along the posterior of the parietal lobe. The 
posterior parietal artery then continues to the supramarginal gyrus.

The temporo-occipital artery travels in the superior temporal sulcus in the dorsal 
direction to the superior temporal gyrus with branches to the occipital region.

The posterior temporal artery passes the superior temporal gyrus to run superi-
orly with a sudden downward turn into the superior temporal sulcus to continue to 
the inferior temporal sulcus to provide vasculature to the posterior portion of the 
temporal lobe.

1 Vascular Anatomy of the Brain
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Medial Temporal Artery

The medial temporal artery crosses the superior temporal gyrus to supply the infe-
rior temporal sulcus.

 Posterior Cerebral Artery

The posterior cerebral artery (PCA) arises ventrally from the basilar artery as termi-
nal branches bilaterally, traveling in either the interpeduncular cistern or the supra-
sellar cistern.

 P1, Pre-communicating

The most proximal segment forms at the basilar artery junction (P1) called the pre- 
communicating or mesencephalic segment. P1 can form in the interpeduncular cis-
tern, posterior to the dorsum sellae or inferior to the third ventricular floor in the 
suprasellar cistern. P1 extends to the anastomosis with the posterior communicating 
artery. P1 follows the midbrain and curves around it. At times the PCA can be found 
in a variant type. In a fetal origin of the posterior cerebral artery the posterior com-
municating artery (PCOM) branching off the ICA is larger than the posterior cere-
bral artery (PCA) originating from the basilar. Subsequently the larger fetal type 
supplies the bulk of the blood to the PCA distribution. Alternatively, the PCA can 
come directly off of the ICA and there is no PCA from the basilar. This is a common 
variant in the posterior cerebral circulation, estimated to occur in 20–30% of indi-
viduals (Figs. 1.5 and 1.6).

P1 provides perforating arteries to the brainstem and thalamus, the posterior thal-
amoperforating arteries (PTPAs). The PTPAs initially course posterosuperiorly 
within the interpeduncular fossa. They pass in the posterior perforated substance 
posterior to the mammillary bodies. Up to 42% of studied specimens demonstrated 
that the posterior thalamoperforating arteries were the largest branches from P1 
[16]. It has been observed in 80% of occurrences that the posterior thalamoperforat-
ing arteries have anastomoses within themselves [17].

The artery of Percheron (AoP) is a rare anatomical variation of the posterior 
circulation in which a single arterial trunk arises from the posterior cerebral artery 
(PCA) to supply both sides of the thalamus and midbrain.

 P2, Ambient

The second segment, P2, gains its name from the ambient cistern within which it 
lies. The ambient segment starts from the PCOM branch point spanning to the dor-
sal midbrain. Its path is parallel to the optic tract and basal vein of Rosenthal.

S. Naydin et al.



15

Perforating Arteries

Thalamogeniculate perforating arteries generally branch from P2, with up to 20% 
originating from P3. The number of perforating branches has a high variance from 
2 to 12. Cadaveric dissection demonstrates the formation of these vessels in 66% of 
cases as individual vessel, and in the remaining as a common trunk that then 
branches into small perforating vessels.

The peduncular perforating arteries branch from P2 and again have many varia-
tions, from zero to six vessels, to supply the cerebral peduncle [15].

The medial posterior choroidal artery has been shown to originate from P2 in 
70% of cadaveric dissections, from P1  in 12%, or the parietooccipital artery in 
12%. However, it is worthwhile to mention that of cadavers investigated it was only 
present in 10–45% of cases [15]. From the parent vessel the medial posterior cho-
roidal artery circumvents the brainstem to then flow in the superior medial direc-
tion through the roof the third ventricle running in between the bilateral thalami to 
supply the choroid plexus in the lateral ventricle by passing through foramen 
of Monro.

Lateral posterior choroidal arteries most commonly form as several vessels from 
P2. The lateral posterior choroidal arteries enter the choroid plexus of the temporal 
horn via the choroidal fissure to wrap around the thalamic pulvinar in the lateral 
ventricle. These small perforating arteries anastomose with both the medial poste-
rior choroidal arteries and anterior choroidal artery from ICA.

Cortical

P2 has two commonly accepted cortical artery branches. The first branch is the 
anterior temporal artery which at times can also exist as several branches. In either 

a b

Fig. 1.6 (a) A lateral angiogram of the left ICA. The blue arrow points to the PCA emanating from 
the ICA. (b) Angiogram is a left vertebral injection. The pink arrow points to where the left PCA 
should project originating off the basilar apex. It is absent, again arising from the ICA
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case, the artery projects in the anterolateral direction to pass under the hippocampal 
gyrus. The anterior temporal artery provides anastomoses with the MCA with its 
anterior temporal branches [14].

The second cortical branch from P2 supplies the inferior posterior temporal lobe. 
This branch courses from the middle of P2 to follow the hippocampal gyrus later-
ally. Along its path it gives off several small branches that can extend as far as the 
occipital cortex to supply the visual cortex [14].

 P3, Quadrigeminal

The PCA continues to curve around the midbrain on the lateral aspect and then takes 
on a medial course. The two sides project toward each other. P3 lies within the 
perimesencephalic cistern with the transition from P3 to P4 occurring as the artery 
reaches the calcarine fissure.

 P4, Calcarine

The PCA terminates as P4 (calcarine segment) within the calcarine fissure as it 
bifurcates into terminal branches, medial and lateral occipital arteries.

The medial PCA trunk further branches into smaller splenic arteries to supply the 
dorsal surface of the corpus callosum. These provide anastomoses with the ACA via 
its pericallosal branches, earning the name posterior pericallosal artery.

The parietooccipital artery and calcarine artery form together as a fork of the 
medial PCA trunk. The parietooccipital artery continues in the superior lateral 
direction into the parietooccipital sulcus of the occipital lobe to supply the visual 
cortex. The sibling vessel, the calcarine artery, also takes a posterior path. It courses 
deep in the calcarine sulcus to supply the visual cortex.

 Posterior Communicating Artery

The posterior communicating artery (PCom) arises from the most posterior segment 
of the intradural ICA and serves to connect the ICA to the posterior cerebral artery 
(PCA), serving as a vital anastomosis of the anterior and posterior circulation. The 
PCom courses posteriorly just below the edge of the tentorium, above the oculomo-
tor (CN III) nerve (an essential anatomic relationship). Several tiny branches are 
given off by the PCom. These thalamoperforating arteries form in many variations. 
Generally, the largest of these is the premamillary, also named the anterior thalamo-
perforating artery. These also include the anterior and posterior thalamoperforating 
arteries that traveling through the anterior perforated substance to provide blood 
supply to the posterior limb of the internal capsule, anterior thalamus, posterior 
hypothalamus, anterior one-third of the optic tract, and subthalamic nucleus [1]. It 
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is worthwhile to note that these perforating branches render blood supply to the wall 
of the lateral ventricle.

 Basilar Artery

The vertebral arteries project superiorly and enter through the foramen magnum to 
enter the dura to become the intradural segment (V4). It is V4 that unites bilaterally 
at the pontomedullary junction to form the basilar artery (BA). The BA spans from 
its origin within the prepontine cistern to the interpeduncular cistern where it bifur-
cates into terminal branches as the PCAs. The BA takes this course with its location 
being medial and posterior to the clivus and running anterior to the pons. Along the 
BA’s course, the abducens nerves (CNVI) course directly in front, at the lower pon-
tine border. The oculomotor nerve (CNIII) also courses anteriorly to the BA at the 
upper pons.

 Labyrinthine Arteries

The labyrinthine arteries provide vascular supply to the internal acoustic meatus and 
inner ear via long projections. These projections can be seen coursing into the inter-
nal acoustic meatus with the facial nerve (CNVII) and vestibulocochlear nerve 
(CNVIII). These arteries form with tremendous variation, 16% as direct projections 
from BA. The remainder, as branches from other branches of BA, 25% from supe-
rior cerebellar and 45% from anterior inferior cerebellar arteries.

 Cerebellar Arteries

 Posterior Inferior Cerebellar Artery

The posterior inferior cerebellar artery (PICA) is the largest artery that provides 
arterial supply to the lower medulla, inferior aspects of the fourth ventricle, tonsils, 
vermis, and inferolateral cerebellar hemisphere. This artery has tremendous vari-
ability and is formed from the distal vertebral arteries above the foramen magnum 
at or below the level of the inferior olive in 80% of studied cases [45].

PICA forms from the bilateral vertebral arteries anterior-laterally and follows the 
medullary cistern as the anterior medullary segment. PICA then continues in the 
cerebellomedullary fissure as the lateral medullary segment in the posterior direc-
tion, often passing between the roots of the glossopharyngeal (CNIX), vagus (CNX), 
and spinal accessory (CNXI) nerves. Here, PICA makes its first of two loops. It is 
not uncommon for the loop to extend below the foramen magnum and return to run 
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intracranially. PICA continues anteriorly along the lateral surface of the medulla. 
The next segment (supratonsilar) forms when PICA reaches the posterior border of 
the medulla as it passes superiorly, posterior to the medullary velum, sometimes 
across the cerebellar tonsil. Finally, the PICA completes a second loop to terminate 
by dividing into hemispheric branches: tonsilohemispheric and vermian branches.

 Anterior Inferior Cerebellar Artery

Anterior inferior cerebellar artery (AICA) is a small artery that arises from the prox-
imal BA in up to 30% of cases, arising as two or three branches. The artery travels 
within the cerebellopontine angle cistern continuing posteriorly, inferiorly, and lat-
erally. As AICA courses, the facial nerve (CNVII) remains posterior-lateral to the 
artery. As discussed above, AICA can give off labyrinthine arteries. One of the more 
common variants is an absent right PICA with a compensatory robust AICA on the 
ipsilateral side, sometimes called AICA-PICA [46] (Fig. 1.7).

 Superior Cerebellar Artery

The superior cerebellar artery (SCA) forms on both sides of the basilar artery dis-
tally, just prior to PCA formation. SCA courses laterally within the prepontine 
cistern along with the oculomotor nerve, to the ambient cistern and turning poste-
riorly. SCA continues over the middle cerebellar peduncle and turns medially 
towards the SCA of the contralateral side near the midline, in the quadrigeminal 
cistern. The SCA provides vascular supply to the superior portion of the cerebellum 

Fig. 1.7 A/P projection of 
a right vertebral artery 
angiogram. There is no 
right PICA, and the red 
arrow points to a 
compensatory robust AICA 
on the ipsilateral side
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as well as the inferior vermis. SCA originates to pass below the oculomotor nerve 
(CNIII) and then passes between the trochlear nerve (CNIV) and the trigeminal 
nerve (CNV). SCA is in contact with the trigeminal nerve in 50% of studied speci-
mens [18].

The basilar artery gives off many important perforating branches. In the prepon-
tine cistern, it produces the median pontine perforating, paramedian pontine perfo-
rating, and later pontine arteries. The former two are given off posteriorly to travel 
dorsally and penetrate the pons all the way to the fourth ventricular floor. The lateral 
pontine arteries are also called circumferential branches because of the path in 
which they travel. They also forming on the posterior aspect but then wrap around 
the brainstem giving off many tiny perforating arteries to supply the brainstem and 
pons [19].

 Remnants of the Embryonic Arterial System

The persistent trigeminal artery (PTA) is a rare remnant of the embryonic circula-
tory system that unites the proximal intracavernous segment of internal carotid 
artery (ICA) with the middle or distal portion of the basilar artery (BA). The origin 
of the PTA is usually in the posterior or lateral surface of the intracavernous ICA 
just proximal to the origin of the meningohypophyseal trunk (Fig. 1.8).

A persistent hypoglossal artery is another persistent carotid-vertebrobasilar anas-
tomoses (Fig. 1.9). It is second in frequency to the trigeminal artery. It arises from 
the distal cervical ICA, usually between C1 and C3. After passing through an 
enlarged hypoglossal canal, it joins the basilar artery inferiorly. If large, the ipsilat-
eral vertebral artery and PCOM are often hypoplastic or absent.

Fig. 1.8 Lateral 
angiogram of the ICA. The 
blue arrow points to the 
persistent trigeminal artery, 
a rare remnant of the 
embryonic circulatory 
system that unites the 
proximal intracavernous 
segment of ICA with the 
middle or distal portion of 
the basilar artery
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A persistent otic artery is one of the persistent carotid-vertebrobasilar anastomo-
ses, although there is considerable controversy in regard to its existence. It is said to 
arise from the C2 (petrous) segment of the internal carotid artery, within the carotid 
canal. This artery emerges from the internal acoustic meatus and joins the basilar 
artery, inferiorly.

The first three arteries are also known as presegmental arteries and are named 
after the cranial nerves they follow [40, 41].

The persistent proatlantal artery can be subdivided into two types depending on 
its origin. Type I, also known as the proatlantal intersegmental artery, arises from 
the internal carotid artery. This is similar to the hypoglossal artery, but instead of 
heading for the hypoglossal canal, it joins the vertebral artery at the V4 segment 
through the foramen magnum [40]. Type II arises from the external carotid artery or 
rarely from the common carotid artery, and joins the V3 segment of VA [42, 43] 
(Fig. 1.10).

Hypoglossal A.

VA

ICA

ECA

Fig. 1.9 Diagram of persistent hypoglossal artery (in yellow) from internal carotid artery (ICA) to 
posterior circulation anastomosis with vestibular artery (VA) often hypoplastic or absent
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 Venous System

 Superficial Veins

The surface of the brain is drained by the three major superficial veins: the superior, 
the superficial middle, and the inferior cerebral veins. The superior cerebral veins 
drain the superior, lateral, and inferior surfaces of the hemisphere and then drain into 
the superior sagittal sinus. The middle cerebral vein is located on the lateral surface 
of each hemisphere, running along the lateral sulcus and to the cavernous sinus. The 
middle cerebral vein has two important anastomoses: the vein of Trolard and the vein 
of Labbe. These veins connect to the superior sagittal sinus and the lateral transverse 
sinus, respectively. Finally, the inferior cerebral vein, as its name implies, drains the 
inferior surface of the cortex and empties into the cavernous and transverse sinuses.

 Dural Venous Sinuses

Dural venous sinuses are intracranial venous channels between the two layers of the 
dura mater (endosteal layer and meningeal layer). Unlike other veins in the body, 
they run alone, not parallel to arteries. Venous sinuses are valveless, allowing for 

a b
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Fig. 1.10 (a) Diagram of Type I persistent proatlantal artery (PPA1) (yellow) or proatlantal inter-
segmental artery arises from the internal carotid artery to join the vertebral artery at the V4 seg-
ment through the foramen magnum. (b) Diagram of Type II persistent proatlantal artery (PPA 2) 
(yellow) arises from the external carotid artery or rarely from the common carotid artery to join the 
vertebral artery at the V3 segment through the foramen magnum
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bidirectional blood flow in intracranial veins. The draining territories of intracranial 
veins are different from those of major cerebral arteries [36] (Figs. 1.11 and 1.12).

 Superior Sagittal Sinus (SSS)

The superior sagittal sinus is formed by the superior portion of the falx cerebri, a 
fold in the meningeal dura that separates the two hemispheres. Its course begins in 
the midline of the shallow groove on the inner table of the cranium and grows larger 
as it traverses posteriorly. Next, it extends backwards from the crista galli (attach-
ment point of the falx cerebri) all the way to the confluence of the sinuses, and 
thereafter turns right to become continuous with the right transverse sinus. It 
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Fig. 1.11 Lateral 
magnetic resonance 
venography (MRV). A 
superior sagittal sinus, B 
internal cerebral veins, C 
straight sinus, D transverse 
sinus, E sigmoid sinus, F 
jugular vein, G vein of 
Labbe
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Fig. 1.12 (a) An axial MRV, (b) coronal MRV: The right transverse sinus (Rt. TS) is dominant and 
is a continuation of the superior sagittal sinus (SSS). The left transverse sinus (Lt. TS) is the con-
tinuation of the straight sinus. Vein of Trolard (VT) draining into the SSS
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receives blood from the veins of the frontal sinus anteriorly and the veins of the 
nasal cavity (foramen caecum). Additionally, the sinus connects to the superior 
cerebral vein, the parietal emissary veins, and the venous lacunae.

SSS drains blood from the lateral aspects of anterior cerebral hemispheres to the 
confluence of sinuses. Cerebrospinal fluid drains through arachnoid granulations 
into the superior sagittal sinus and is returned to venous circulation.

Ligation of the anterior third of the superior sagittal sinus is generally presumed 
to be safe and is commonly performed to gain access to the anterior skull base. In 
contrast to this teaching, studies have demonstrated complications associated with 
this maneuver. One study describes a morbidity of 8.06% and a mortality of 1.6% 
from bifrontal venous infarcts [23]. It is important to understand the drainage pat-
tern of the frontal veins draining into the anterior third of the SSS before ligating, 
especially for tumors of the anterior skull base [28].

The anterior portion of this sinus is atretic in 1% of the population.

 Inferior Sagittal Sinus

The inferior sagittal sinus (ISS) runs in the free margin of the falx cerebri and joins 
posteriorly with the great cerebral vein of Galen. ISS receives blood from the falx 
cerebri and small veins near the medial surface of the cerebral hemispheres. The 
sinus drains the blood coming from the deeper medial surface of the cerebrum. ISS 
joins the great cerebral vein of Galen (VoG) progressing into the straight sinus.

 Straight Sinus

The straight sinus is formed by the junction of the inferior sagittal sinus and the 
VoG. As it courses posteriorly at the junction of the falx cerebri and the tentorium 
cerebelli, some superior cerebellar veins drain into the straight sinus. The straight 
sinus then continues its course posterior-inferiorly to drain into the confluence of 
the sinuses. The exact drainage of is variable, draining into the confluence of sinuses 
56% of the time, into the left transverse sinus 21%, and right transverse sinus 13% 
of the time. The confluence is located deep into the internal occipital protuberance, 
receiving blood from the straight sinus, the great cerebral vein of Galen, and the 
superior cerebellar vein [31].

 Transverse Sinus

The transverse sinus (TS) begins at the confluence of the sinuses by the internal 
occipital protuberance. The sinus has right and left segments. Most commonly, the 
right segment is a continuation of the superior sagittal sinus and is the larger of the 
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two. The left segment is usually continuous with the straight sinus. Each portion 
(right and left) travels along the tentorium cerebelli. In greater detail, both portions 
of the transverse sinus traverse anteriorly and laterally to eventually reach the pos-
terolateral end of the petrous bone. From the petrous bone TS becomes the sigmoid 
sinus, which continues as the jugular bulb in the base of the skull, receiving blood 
from the inferior cerebral, inferior cerebellar, diploic, inferior anastomotic veins, 
and superior petrosal sinus. To note, the sphenoparietal sinus (see cavernous sinus) 
can drain into the transverse sinus. TS drains the superior sagittal, the occipital, and 
the straight sinuses.

The anatomy of the transverse sinus is highly variable. The left is hypoplastic 
39% and aplastic 20% of the time. The right is hypoplastic and aplastic in 6% and 
4% of cases, respectively. The two are symmetrical 31% of the time [32].

 Sigmoid Sinus

Similar to the transverse sinus, the sigmoid sinus occurs bilaterally. Both sides 
curve inferomedially in an S-shaped groove within the mastoid process. It then 
crosses the jugular process of the occipital bone where the sinus migrates forward 
to end in the superior jugular bulb (part of the internal jugular vein) at the jugular 
foramen. In the posterior half of the foramen, the pars vascularis, the sigmoid sinus 
receives blood from the mastoid and condylar emissary veins. This sinus is distinc-
tive because it has a direct connection to the superior petrosal sinus (SPS) (see 
cavernous sinus) at the transverse sinus junction. In addition, the sigmoid sinus con-
nects to the inferior petrosal sinus (IPS) (see cavernous sinus) to eventually become 
the internal jugular vein. The sigmoid sinus drains the transverse sinus.

 Occipital Sinus

The occipital sinus (OS), one of the smallest dural sinuses, runs cranially and pos-
teriorly along the margin of the falx cerebelli and stops at the confluence of the 
sinuses. It receives tributaries from the margins of the foramen magnum where it 
originates.

The OS also receives blood from the veins of the hypoglossal canal, the basilar 
plexus, the occipital emissary, and the diploic veins. This sinus drains the blood into 
the confluence of sinuses. In rare occasions, the OS (oblique sinus) will run on one 
side as opposed to midline and connect with the sigmoid sinus. The OS can be quite 
large and may even replace one of the sigmoid sinuses. This is especially true in 
cases of an absent transverse sinus [22, 34]. In most cases, a single occipital sinus is 
observed, but double occipital sinuses and total absence of the sinus are not uncom-
mon [22, 34].
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 Cavernous Sinus

The cavernous sinuses (CS) are two sinuses located on either side of the sella turcica. 
Their course starts anteriorly up to the medial end of the superior orbital fissure and 
goes posteriorly all the way up to the apex of the petrous bone. Several vital structures 
run through this sinus, specifically cranial nerves III, IV, VI, V1, and V2 and the inter-
nal carotid artery. CS receives blood from the superior and inferior ophthalmic vein, 
the superficial middle vein, inferior cerebral vein, the sphenoparietal sinus, and the 
middle meningeal vein. The CS drains into the TS (via the superior petrosal sinus), 
the internal jugular vein (via the inferior petrosal sinus), the pterygoid plexus (via the 
emissary veins), and the facial vein (via the superior ophthalmic veins). Communication 
between the left and right cavernous sinuses is made by the intercavernous sinuses 
anterior and posterior to the infundibulum of the pituitary gland [23–25].

Both cavernous sinuses drain the orbit and the anterior portion of the cerebral 
hemispheres.

 Superior Petrosal Sinus

The superior petrosal sinus (SPS) is also a paired structure originating within the 
cavernous sinus, extending along the superior border of the petrous bone and drain-
ing into the sigmoid sinus at the transverse sigmoid junction. It receives blood from 
the vein of vestibular aqueduct, petrosal vein, and the superior veins of the cerebel-
lum. This sinus drains blood from the medulla, pons, superior cerebellum, and 
internal ear.

 Inferior Petrosal Sinus

The IPS is often a plexus of venous channels rather than a true sinus and drains 
blood from the cavernous sinus to the jugular bulb through the jugular foramen 
(pars nervosa) or sometimes via a vein passing through the hypoglossal canal to the 
suboccipital venous plexus. The IPS extends along the inferior border of the 
petrous bone.

 Basilar Venous Plexus

The basilar venous plexus is postulated to arise from a continuation of the cranial 
part of the anterior internal vertebral venous plexus or arise as its own entity. It is 
composed of many interconnecting venous channels located between the layers of 
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the dura mater. The plexus has a large number of tributaries such as the IPS, internal 
vertebral venous plexus, SPS, marginal sinus, veins of the hypoglossal canal, con-
dylar emissary veins, and inferior surface of clivus. This plexus has some anomalies 
such as two intraosseous connections; one between the plexus itself and the inferior 
side of the clivus through the basilar canal and the other between the veins of the 
hypoglossal canal and the condylar emissary veins.

 Deep Veins

 Internal Cerebral Veins

The internal cerebral veins (ICV) are paired and are the first major deep intracere-
bral veins. These veins form from the thalamostriate vein, septal vein, and the cho-
roidal vein at the foramen of Monro. The ICV courses posteriorly between the tela 
choridea of the third ventricle and underneath the splenium. These veins drain the 
deep cerebral hemisphere and join the basal vein to form the great cerebral vein.

 Basal Vein

The basal veins of Rosenthal (BVR), of which there are two, are the third deep 
intracerebral veins. They lie paramedian and originate on the medial surface of the 
temporal lobe. The BVR is created by the combination of the inferior striate veins, 
deep middle cerebral veins, and small anterior cerebral vein. They course posteri-
orly and medially to pass through the ambient cistern lying lateral to the midbrain 
before joining with the internal cerebral veins.

 Great Cerebral Vein of Galen

The great cerebral vein of Galen (VoG) is the last of the three main deep intracere-
bral veins. It is a short vein that is formed by the three deep veins of the basal aspect 
of the brain: the BVRs, ICVs, and some superior cerebellar veins. It is situated in 
the quadrigeminal cistern, posterior to the brainstem and third ventricle.

The main function of the vein of Galen is to drain blood from the superior cere-
bellum, interpeduncular fossa, inferior horn of the lateral ventricle, parahippocam-
pal gyrus, corpus callosum, midbrain, and choroid plexuses of the third and lateral 
ventricles. Its course runs caudally between the splenium and the pineal gland. 
Subsequently the vein merges with the inferior sagittal sinus to create the 
straight sinus.

S. Naydin et al.



27

 Middle Meningeal Veins

The middle meningeal veins (MMV) follow the course of the middle meningeal 
artery. MMV passes through the foramen spinosum and the vein empties into the 
maxillary vein or the pterygoid plexus.

 Conclusion

The vascular anatomy of the brain consists of arterial supply and venous drainage. 
The anterior circulation is supplied by the internal carotid arteries bilaterally. The 
arterial supply is robust with significant anastomose via the circle of Willis. The 
vertebral artery enters through the foramen magnum to enter the dura to become the 
intradural segment (V4). V4 unites bilaterally at the pontomedullary junction to 
form the basilar artery (BA). BA spans from its origin within the prepontine cistern 
to the interpeduncular cistern where it bifurcates into terminal branches as the PCAs 
again into the circle of Willis. The venous system is composed of surface veins and 
deep veins that drain to the venous sinuses. Ultimately, the venous system flows into 
the jugular veins.
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Chapter 2
Vascular Anatomy of the Neck/Spine

Christina Feller and Hirad Hedayat

 Introduction

In this chapter, we address the extracranial arterial and venous anatomy of the head, 
neck, and spine. Angiographic depictions and common variants are also included to 
serve as quick reference when preparing for an open or endovascular approach to 
these regions. We specifically address the vessels that are most pertinent to neuro-
surgical pathologies which are addressed in other chapters of this text and include 
small points to bear in mind with respect to the vessels covered.

 Aortic Arch

The aortic arch is the portion of the aorta that connects the ascending aorta to the 
descending aorta within the thoracic cavity. It wraps around the pulmonary aorta in 
the thoracic cavity [1] with, typically, three main branches emanating from the arch. 
The branches listed in the antegrade direction of flow are as follows: right brachio-
cephalic (or innominate) trunk (BT), left common carotid artery (CCA), and left 
subclavian artery (SubA) (Fig. 2.1).

The right brachiocephalic (innominate) artery branches into the right subcla-
vian and right common carotid arteries. The right vertebral artery (VA) emanates 
off the right SubA, and the right internal (ICA) and external carotid (ECA) arteries 
branch off the right CCA. On the left, the CCA branches into the left ICA and 
ECA. The left SubA gives off the left VA. In 2–5% of the population the left VA 
emerges directly from the aortic arch and in 4% of the population the VA branches 
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off the left CCA [2, 3]; variants to keep in mind when attempting to catheterize the 
left VA from the left SubA and a SubA angiogram reveals that there is no left VA 
present (or to take note of on pre-procedure CTA [computed tomography angiog-
raphy] or MRA [magnetic resonance angiogram]). Both the left and right SubAs 
give off internal thoracic, thyrocervical, and costocervical trunk arteries which 
may be involved in fistulas and arteriovenous malformations of the spine [4].

 Aortic Arch Variants

Bovine arch conformation is the most common variant occurring with a frequency 
of 27% and describes the variant wherein the right brachiocephalic trunk and left 
CCA emanate from the aortic arch in a common trunk [3]. A bicarotid trunk is usu-
ally seen in the setting of an aberrant origin of the right SubA in which the left 
CCA may have a deep recurrent course. During angiographic cases often an aortic 
arch angiogram may have to be performed to elucidate the takeoff of the great 
vessels.

Radiographic classification of aortic arch variants fall into three types based 
on the vertical distance from the origin of the brachiocephalic trunk (BT) to the 
top of the arch in the parasagittal “stretched-out” projection and affect the cath-
eterization of these vessels with respect to angle of approach, catheter choice, 
and vessel used for their access (e.g., femoral versus radial) (Fig. 2.2a–c). Type 
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Fig. 2.1 Aortic arch branches. (Reproduced with permission from Ref. [7], https://www.ncbi.nlm.
nih.gov/books/NBK441947/)
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I occurs when all the great vessels arise within the arc segment of the aortic 
arch and the BT occurs within <1 vessel diameter of the left CCA.  Type II 
anatomy has a BT vertical distance between 1 and 2 diameters of the left CCA 
and Type III anatomy has a vertical distance greater than 2 diameters of the left 
CCA [5, 6].

Type I Type II Type III

> 2 diameter
of CCA

1−2
diameter

of CCA

a

b c

Fig. 2.2 (a) Aortic arch diagram and angiogram. (Reproduced with permission from Ref. [6]). (b) 
Coronal rotational CTA reconstruction demonstrating a type I arch. (c) Coronal MRA demonstrat-
ing a type III arch

2 Vascular Anatomy of the Neck/Spine



34

 Carotid and Jugular Vasculature

 Common Carotid Artery

The common carotid artery travels within the carotid sheath with the internal jugu-
lar vein (IJ), vagus nerve, and Ansa Cervicalis. It eventually bifurcates into external 
carotid (ECA) and internal carotid (ICA) arteries typically at the level of C3-C5 
vertebral bodies [4].

 Internal Carotid Artery

The internal carotid artery (ICA) arises posterolateral to the ECA and travels dis-
tally to enter the cranial cavity via the carotid canal of the petrous temporal bone. 
The cervical portion of the ICA has no branches and delivers blood to the intracra-
nial space (discussed in a different chapter). The bifurcation and takeoff of the ICA 
are often the focal point of progressive atherosclerotic stenosis development and 
embolic events related to progressively turbulent flow (Fig. 2.3).

Fig. 2.3 Surgical exposure 
for a left carotid 
endarterectomy. Note the 
posterolateral location of 
the ICA in relation to ECA 
with surgical exposure
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 External Carotid Artery

The external carotid arteries (ECA) are bilateral arteries supplying the skin and 
superficial soft tissues of the head and neck, cranial nerves, and the supporting 
structures associated with the upper airway and pharyngeal regions. There are eight 
branches emanating from the ECA (Fig. 2.4): superior thyroid, ascending pharyn-
geal, lingual, facial, occipital, posterior auricular, superficial temporal, and internal 
maxillary arteries.

The ECA arises anterior to the ICA and lies lateral to the pharynx and medial to 
the sternocleidomastoid muscle, reliable and consistent anatomical landmarks used 
when dissecting the neck to locate the carotid system. At the angle of the mandible, 
the ECA lies deep to the posterior belly of the digastric and stylohyoid muscles before 
entering the parotid gland. As it runs superiorly, it rises more posteriorly and eventu-
ally lays lateral to the ICA beneath the neck of the mandible where it divides into 
superficial temporal and maxillary arteries after passing through the parotid gland. 
The reversing of the ECA and ICA orientation is relative to the plane in which an 
image is taken of the vasculature. For example, a frontal angiogram will demonstrate 
a more medial ECA inferiorly and more lateral ECA superiorly while a lateral angio-
gram will portray the ECA as anterior to the ICA throughout its course [1] (Fig. 2.5).

 Superior Thyroid Artery

The superior thyroid artery is the first branch off the ECA; branching anteriorly and 
remarkably close to the ECA origin. It conforms to a concave curve as it runs medi-
ally to the superior apex of the thyroid to supply the larynx and upper thyroid gland. 
Further branches off the superior thyroid artery (from proximal to distal) are: a 
small infrahyoid artery (contributing to the submental anastomoses), a branch to the 
sternocleidomastoid muscle, the superior laryngeal artery (supplying the mucosa), 
a cricothyroid branch, and finally, anterior and posterior branches (terminal branches 
supplying the thyroid gland) [1].

 Lingual Artery

The second branch off the ECA is the lingual artery which supplies the tongue. 
Further branches from it are the small suprahyoid artery, sublingual artery, and the 
dorsal artery of the tongue (deep lingual artery) (Fig. 2.6).

 Ascending Pharyngeal Artery (APA)

The third branch of the ECA is the ascending pharyngeal artery (APA) which sup-
plies the pharynx, dura, and lower cranial nerves at the skull base. The trunk divides 
into two divisions distal to its origin with further branches arising from proximal 
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Fig. 2.4 (a) CCA lateral angiogram demonstrating the branches of the ECA and their overlapping 
appearance upon the ICA. (b) Unsubtracted CCA lateral angiogram demonstrating the branches of 
the CCA with respect to the bony anatomy of the region. Of note, a fibromuscular dysplasia 
appearance of the ICA is seen distal to the carotid bifurcation. (c) Arterial supply to the head and 
neck with ECA branches. (Reproduced with permission from Ref. [8])
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portions of either division or the main trunk. The anterior division (composed of the 
pharyngeal trunk/branches) branches into the inferior pharyngeal artery, middle 
pharyngeal artery, superior pharyngeal artery, palatine branches, and prevertebral 
branches. The posterior division (composed of the neuromeningeal trunk supplying 
the dura) includes the hypoglossal artery (clival branches, branches to the meninges, 
and prevertebral arteries), and jugular artery. The main trunk is composed of the 
musculospinal arteries (arising from the main APA trunk or the posterior division/
neuromeningeal trunk) and the inferior tympanic artery [1]. The APA is often diffi-
cult to see on routine angiograms but may often play a prominent role in the supply 
of dural arteriovenous fistulae.

 Facial Artery (FA)

The fourth branch of the ECA is the facial artery (FA) supplying most of the face, 
palate, lip, and cheek. Branches of the facial artery include the ascending palatine 
artery (supplying the pharynx, soft palate, tonsil, and Eustachian tube), tonsillar 
branch or small branches to the palatine tonsil, the submandibular arteries, submen-
tal artery, inferior and superior labial arteries, small branches to the facial muscles 

cba

Fig. 2.5 (a) Lateral CCA angiogram demonstrating the branches of the ECA more proximally in 
the neck. (b) AP angiogram of the CCA demonstrating the normal anatomic location of the branch-
ing of ECA and ICA, where ECA initially lays medial to ICA, and more distally lays lateral to ICA 
which is coursing medially to enter the carotid canal of the petrous temporal bone. (c) Lateral CCA 
angiogram demonstrating the reversal of ECA and ICA position, where the ECA appears more 
anterior than the ICA
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as well as the buccinator and masseter muscles, lateral nasal artery, and angular and 
alar artery terminations (located around the orbit which anastomoses with branches 
of the ophthalmic artery from ICA) [1].

 Occipital Artery (OA)

The fifth branch of the ECA is the occipital artery (OA) with further branches 
including muscular arteries, stylomastoid artery, and transmastoid or artery of the 
mastoid foramen. The OA may act as a donor for extracranial-intracranial revascu-
larization cases.

 Posterior Auricular Artery (PAA)

The next branch of the ECA is the posterior auricular artery (PAA). Branches of the 
PAA include muscular branches, parotid branches, the stylomastoid artery, auricular 
branches (supplying the posterior pinna), and occipital branches (supplying the 
scalp posterior to the ear, in a reciprocal relationship with the OA) [1]. The PAA 
may also act as a donor for extracranial-intracranial revascularization cases.

Fig. 2.6 Lateral 
angiogram of the lingual 
artery demonstrating a 
hypertrophic lingual artery 
in a patient with 
contralateral lingual cancer
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 Superficial Temporal Artery (STA)

The seventh branch of the ECA is the superficial temporal artery (STA). The STA 
branches into the transverse facial artery, anterior auricle artery, posterior deep tem-
poral artery, zygomatico-orbital artery, and frontal and parietotemporal scalp arter-
ies [1]. The latter two branches are the most commonly harvested vessels for 
extracranial-intracranial bypass procedures and their diameter ideally should be 
evaluated at the time of catheter angiogram in cases which may benefit from bypass 
(Fig. 2.7).

 Internal Maxillary Artery (IMax)

The eighth and final branch of the ECA is the internal maxillary artery (IMax) 
which branches anteriorly. Branches of the IMA are the ascending intracranial and 
extracranial arteries, five descending arteries (supplying the viscerocranium—face, 
mouth, and jaw), recurrent arteries supplying the skull base, anterior branches to the 
face, and finally the terminal sphenopalatine artery [1]. The sphenopalatine arteries 
are often the site of endovascular embolization for epistaxis which has failed medi-
cal and surgical treatments. The middle meningeal (MMA) is a terminal branch of 
the ascending intracranial arteries and is often involved with dural arteriovenous 
fistulas and, recently, with embolization for the treatment of chronic subdural 
hematoma.

Fig. 2.7 Lateral ECA 
angiogram demonstrating 
the distal branches of the 
ECA perfusing the soft 
tissues of the face and 
scalp along with the dura 
(middle meningeal artery 
(MMA))
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 Jugular Veins

The corresponding anatomical venous system to the carotid arteries is the paired 
jugular veins. The internal and external jugular veins drain directly into the brachio-
cephalic vein and subclavian vein, respectively.

 Internal Jugular Vein

The internal jugular vein (IJ), the larger of the two, drains the venous blood from 
the brain, cranium, face, and majority of the neck. The vein runs from the sigmoid 
sinus in the posterior portion of the jugular foramen and travels within the carotid 
sheath to reach the brachiocephalic vein. Its contributors from cranial to caudal are 
(Fig. 2.8): inferior petrosal sinus, anterior condylar vein, facial, lingual, pharyngeal, 
superior thyroid, middle thyroid, and posterior jugular veins [1].

 Anterior Condylar Vein

The anterior condylar vein connects the IJV with the venous plexus of the hypo-
glossal canal and acts as a communication channel between the IJV and vertebral 
epidural venous system.
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Fig. 2.8 Cervical venous drainage pathway. (Reproduced with permission from Ref. [9])
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 Facial Vein

The facial vein concentrates the venous drainage from most of the face, mouth, 
and muscles of mastication. It originates at the medial angle of the orbit and runs 
across the cheek to the ramus of the mandible where it terminates by joining the 
IJV at the level of the greater cornu of the hyoid [1]. During exposure of the 
carotid arteries for endarterectomy, the facial vein is often lying over the region of 
the bifurcation as an anatomical landmark; it is typically divided to allow exposure 
of the arterial system.

 Lingual Vein

The lingual vein drains the tongue and sublingual and submandibular glands. It 
joins the IJV at the level of the great cornu of the hyoid, sometimes with the facial 
vein (common thyrolingual vein).

 Pharyngeal Vein

The pharyngeal veins are a series of two or three short veins which drain the pha-
ryngeal plexus. The superior thyroid vein originates at the superior aspect of the 
lateral lobe of the thyroid and accompanies its corresponding artery. The middle 
thyroid vein originates lateral to the thyroid gland and terminates in the IJV at the 
latter’s midpoint. The posterior jugular vein arises from the occipital vein and 
drains the superficial structures of the posterior neck where it runs beneath the SCM 
to join the distal IJV with its equivalent in the anterior neck, the anterior jugu-
lar vein.

 External Jugular Vein

The external jugular vein (EJ) drains deeper regions of the face, the mid and pos-
terior scalp, and posterolateral neck (Fig. 2.9). It courses from the confluence of 
the retromandibular vein and smaller posterior auricular vein and/or superficial 
temporal vein inferiorly to join the subclavian vein, traveling superficial to the 
platysma [1]. The anterior jugular vein is a smaller neck vein that arises from 
superficial submental veins and descends in the anterior neck to drain into the 
subclavian or external jugular vein. It forms a venous arcade with the contralateral 
anterior jugular vein across the midline—a site of potential hemorrhagic compli-
cations during tracheostomy procedures. The posterior neck is drained via the sub-
occipital plexus which connects occipital veins with the vertebral artery 
venous plexus.
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 Scalp Veins

The drainage of the scalp, apart from the major dural sinuses, follows the regional 
arteries. For example, the forehead drains to the supratrochlear and supraorbital 
veins and then to the facial and ophthalmic veins while the temporal region drains 
to the superficial temporal vein leading to the EJ vein. The posterior scalp drains to 
the posterior auricular and occipital veins which also drain to the EJ vein. They 
communicate with veins in the diploe of the skull and via emissary veins with the 
dural sinuses and veins of the pericranium and meninges. In the region of the major 
dural sinuses, emissary veins are common and venous blood flow may be directed 
intracranially into the parasagittal, mastoid, and occipital regions [1]. The mastoid 
emissary vein is commonly transected during the approach for retrosigmoid crani-
otomies and easily controlled.

Superior sagittal sinus

Inferior sagittal sinus

Straight sinus

Occipital

Right transverse sinus

Occipital sinus

Sigmoid sinus

Petrosal sinus

External jugular

Vertebral

Temporal

Cavernous sinus

Maxillary

Facial

Internal jugular

Right subclavian

Axillary

Superior vena cava

Fig. 2.9 External jugular veins. (Reproduced with permission from Ref. [10], access for free at 
https://openstax.org/books/anatomy- and- physiology/pages/1- introduction)
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 External Carotid-Internal Carotid Artery Collaterals

Normal anatomic anastomoses occur between EC and IC circulations that one must 
be mindful of when performing endovascular embolization procedures, with liquid 
embolics particularly, which may pass from EC to IC circulations, or vice versa, and 
lead to therapeutic misadventures and potential neurological compromise. The most 
important anastomosis is via the ophthalmic artery (Fig. 2.10). The OA is connected 
to both the ICA (directly) and the ECA (via the angular artery then IMax or Facial 
artery). Another collateral may occur between the MMA of the ECA and anterior 
cerebral artery of the ICA [11–14]. Collaterals between the STA and supratrochlear 
and supraorbital arteries commonly occur; one must be mindful of this when treat-
ing arteriovenous fistulas of the scalp. The STA is long and relatively exposed on the 
scalp. After crossing the zygomatic arch, the STA is only cushioned by the superfi-
cial temporal muscle in some regions, while there is no muscular cushion after 
crossing the superior temporal line [15]; thus, it is particularly vulnerable to super-
ficial trauma and 75–90% of post-traumatic scalp fistula cases involve the STA 
[15–17]. Possible complications include hemorrhage, thrombosis, ulceration, and 
aesthetic complications [18].

The inferolateral trunk (ILT) of the ICA also provides a collateral route in proxi-
mal ICA occlusion via the foramen rotundum branch, accessory, and cavernous 
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Fig. 2.10 (a) External carotid-internal carotid collaterals. (Reproduced with permission from: 
Gillespie DL, Doyle A. Overview of blunt and penetrating thoracic vascular injury in adults [19]). 
(b) Left subclavian artery AP angiogram demonstrating the branch points of the VA and thyrocer-
vical trunk, vessels often involved in AVM and fistulae of the subaxial cervical spine and spinal 
cord (internal mammary artery (IMA))
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branches of the accessory and middle meningeal arteries. The superior thyroid 
artery from the ECA to contralateral ECA and further ICA may provide another 
anatomic collateral routing. Similarly, the ipsilateral thyrocervical trunk supplies 
the inferior thyroid artery and then the superior thyroid artery to the ECA and ICA 
[12]. Additionally, the OA may develop anastomoses with the posterior cerebral 
artery or extradural vertebral artery [11, 12].

 Vertebral Vasculature

The paired vertebral arteries (VA) are around 3–4 mm in diameter with the left 
vertebral artery typically being larger or dominant (Fig. 2.11). They are the first 
branch from the SubA, bilaterally arising superiorly and traveling vertically and 
posteriorly to the level of the sixth cervical vertebral body (C6) (see common vari-
ants under aortic arch). They travel rostrally through the vertebral canal via foramen 
in the transverse processes of all the upper cervical vertebrae (foramen transver-
sarium). After leaving the superior border of the foramen of the axis (C2), the arter-
ies run horizontally and posteriorly to the more lateral foramen of the atlas (C1) and 
then return medially to reach the foramen magnum. To reach the brain cavity, the 
arteries penetrate the dura and run vertically and medially to eventually join in cre-
ating the basilar artery (BA) anterior to the upper border of the medulla at the ponto-
medullary junction.

ba c

Fig. 2.11 (a) AP angiogram of the right VA demonstrating the four segments of the vessel. (b) 
Lateral unsubtracted VA angiogram demonstrating the segments of the vessel and their relation to 
the bony anatomy. Note the straight course of the V2 segment as it travels through the foramen 
transversarium of the visualized vertebral bodies from C3 to C6. (c) Lateral VA angiogram dem-
onstrating the distal portion of the vessel with a muscular branch emanating from the V3 segment 
as well as the visualized contralateral V4 segment overlapping the originally injected vessel
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Based on this anatomical course the vertebral arteries are divided into four seg-
ments: V1 (running from the subclavian to the foramen transversarium), V2 (from 
the foramen transversarium to C2), V3 (from C2 to the dura), and V4 (intradural 
portion).

The extracranial branches of the vertebral arteries supply the spinal cord and its 
dura, cervical vertebrae and muscles, as well as the dura of the inferior posterior 
fossa. From proximal to distal, they include (Fig.  2.11): branches to the stellate 
ganglion, anterior (2) and posterior (1) spinal branches from C6 to C1 (the VA along 
with deep cervical arteries from the costocervical trunk and ascending cervical 
artery contributes to the supply of the roots and their sheaths), and odontoid arterial 
arcade together with collaterals from the ascending pharyngeal artery and occipital 
artery. The arteries of the cervical expansion (spinal radiculomedullary arteries aris-
ing between C4 and C6 to supply the lower cervical spine along with the anterior 
spinal artery) additionally branch from the VA, although they may also arise from 
the thyrocervical trunk. Finally, muscular branches to the paraspinal muscles may 
also arise and anastomose with branches of the deep cervical and occipital arteries 
and may become major feeders for cervical AVMs. The anterior meningeal artery is 
a very small artery supplying the dura of the anterior foramen magnum and inferior 
clivus with anastomoses forming the odontoid arterial arcade.

 Vertebral Artery Variants

Anatomical variants of the VA are related to the varying levels at which the artery 
enters the foramen transversarium. Typically, this occurs at C6; however, the most 
common variant entry is at C4 in relation to a left VA arising directly from the aortic 
arch [20]. Note should also be made of posterior inferior cerebellar artery (PICA) 
takeoffs which begin in the V3 segment of the VA rather than the typical V4 portion, 
a matter which needs to be appreciated on preoperative imaging studies before pro-
ceeding with open surgery in the region leading to PICA injury.

More rare variants are termed proatlantal artery Type I and Type II (Fig. 2.12). 
Proatlantal artery Type I describes the proatlantal intersegmental artery origin of the 
VA from the ICA which then joins the usual course of the vertebral artery at C1, 
corresponding to the first segmental artery. In proatlantal artery Type II the VA 
arises from the ECA (rarely from the CCA) and travels into the posterior fossa, cor-
responding to the second segmental artery (C2) [20].

 Vertebral Veins

The vertebral veins are paired and drain directly into the brachiocephalic veins to 
drain into the superior vena cava (Fig. 2.13).
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Fig. 2.12 Proatlantal artery Type I (left) and Type II (right). (Reproduced with permission from 
Ref. [21])

Fig. 2.13 Vertebral 
arteries and veins. Note the 
course of the VA and 
vertebral veins travelling 
within the foramen 
transversarium. 
(Reproduced with 
permission from Ref. [22])
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 Spinal Vascular Anatomy

 Spinal Arteries

The blood supply to the spine includes paired intersegmental and intercostal arteries 
(numbered by the rib under which it travels) emanating from the thoracic aorta and 
running posteriorly on each side of the vertebral body, in turn, giving short osseous 
branches to the vertebral body before dividing into ventral and dorsal branches 
(Figs. 2.14, 2.15, and 2.16). An anterior intersegmental anastomosis may be seen 
before a division where the ventral or lateral branch becomes an intercostal or lum-
bar artery (depending on the level in the spine). In the rostral most portion of the 
descending aorta when catheterizing the intercostal vessels, one may encounter a 
supreme intercostal artery emanating from the aorta (where it usually branches from 
the costocervical trunk) which supplies multiple intercostal levels at the top of the 
thoracic cavity along with intersegmental anastomoses providing this supply. The 
vessel continues as the ventral branch of the spinal segmental artery and enters the 
spinal foramen to give an anterior epidural branch to supply the bone and dura and 
then anastomoses with its counterpart at the midline. The dorsal spinal segmental 
branch then travels into the intervertebral foramen and passes under the transverse 
process of the vertebral body to supply the posterior muscles and bones of the lam-
ina and spinous processes.

The radiculospinal artery (spinal segmental artery) usually terminates in reticu-
lar spinal branches which supply the nervous elements itself as will be described 
next. The vessel divides to irrigate the respective tissues after which it is named and 
thereby anatomically located in the anterior-posterior plane. These arteries are 
termed radicular (supplying nerve root only), radiculopial (nerve root and pial 
plexus; i.e., white matter), and radiculomedullary (nerve root, pial plexus, and cord 
medulla; i.e., gray matter).

a b c

Fig. 2.14 (a) AP angiogram of the right supreme intercostal artery providing supply to the right 
T1 and T2 intercostal arteries. (b) AP angiogram of the left supreme intercostal artery demonstrat-
ing the anastomotic network providing supply to the T1–3 intercostal arteries. (c) AP angiogram of 
the left T8 intercostal artery with its characteristic appearance running on the underside of the 
corresponding rib
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Fig. 2.16 AP angiogram 
of the left L3 lumbar artery 
catheterized with aortic 
reflux demonstrating the 
right L3 lumbar artery as 
well. The ventral and 
dorsal segmental branches 
can also be traced where 
the ventral branches appear 
more proximally and travel 
medially in this projection

a b

Fig. 2.15 (a) AP angiogram of the right T6 intercostal artery. Note filling of the right T7 intercos-
tal artery as well via the anterior intersegmental anastomosis. Additionally, there is filling of the 
left T6 intercostal artery via a midline anastomotic network. (b) AP angiogram of the right T8 
intercostal artery demonstrating the characteristic hairpin loop of the artery of Adamkiewicz (A of 
A) and its filling of the anterior spinal artery (ASA)
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The anterior spinal artery (ASA) runs from the vertebrobasilar junction to the 
filum terminale. It arises from two small branches of the intracranial vertebral artery 
conjoining at the level of the medullary olives in the midline. It then runs on the 
ventral surface of the spinal cord and continues to the conus where it is termed the 
artery of the filum terminale. On the spinal cord, it lies at the entrance of the anterior 
median sulcus and deep to the anterior median vein. It supplies the anterior 2/3 of 
the spinal cord and most of its gray matter which includes the anterior and lateral 
corticospinal and anterior and lateral spinothalamic tracts. These tracts are associ-
ated with movement and pain and temperature sensation, respectively. The artery of 
the lumbar enlargement, or artery of Adamkiewicz, usually arises between T9 and 
T12 on the left side. It is also known as the great anterior radiculomedullary artery 
or arteria radicularis anterior magna and is the name given to the dominant thoraco-
lumbar segmental artery that supplies the spinal cord in forming a characteristic 
hairpin loop where it adjoins the ASA.  When the artery of Adamkiewicz arises 
below L2 or above T8, a second ventral radiculomedullary artery exists cranially or 
caudally to supply the thoracolumbar region [23]. This anatomic configuration of 
the ventral supply to the spinal cord creates watershed regions of parenchymal per-
fusion leaving the thoracic spinal cord particularly susceptible to injury from occlu-
sions or compressive pathology as there is no significant redundant supply to the 
ventral cord.

There are two paired posterior spinal arteries (PSA) supplying the ipsilateral 
posterior one-third of the spinal cord. These posterior arteries are fed by smaller 
posterior radicular arteries at nearly every spinal level. The PSAs supply the poste-
rior columns and dorsal column medial lemniscus system (gracile fasciculus and 
cuneate fasciculus) which are associated with sensation (vibration and 
proprioception).

 Spinal Veins

The veins of the spinal cord include the internal cord veins, longitudinal cord veins, 
and radicular (or radiculomedullary) veins (Fig. 2.17). The internal cord veins drain 
centrifugally with a radiating pattern of symmetric venous capillaries which drain to 
two longitudinal midline veins—the anterior and posterior median spinal veins. In 
the lower thoracic cord (at the lumbar enlargement), this symmetry varies with a 
modest dominance of drainage to central veins in the median sulcus. The anterior 
and posterior median veins drain to the internal and external plexuses, which in turn 
empty into the systemic segmental veins. The internal vertebral plexus also empties 
into the dural venous sinuses superiorly. The anterior median vein is continuous 
with the anterior medullary vein and thus connects cranially with the veins of the 
posterior fossa. These latter points should be considered with spinal fistulae or arte-
riovenous malformations (AVMs) and their drainage patterns before and after 
treatment.
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The radicular veins appear at most, but not all, spinal levels. The anterior and 
posterior radicular veins are equally numerous (15–50 with 5–8 in cervical, 10 in 
the upper thoracic, and 1–2 in the lumbar regions). Most of the radicular veins fol-
low the anterior spinal nerve root to pierce the dura (where type 1 dural AV fistula 
are located), but about 40% leave via separate openings. They do not occur in asso-
ciation with segmental arteries, and a larger vein, from the lumbar expansion is said 
never to travel with the artery of Adamkiewicz [1].

The internal vertebral plexus lies between the thecal lining of the spinal cord and 
the bony canal, extending from the skull base to sacrum. It receives venous drainage 
from the radicular veins and veins from the vertebral bodies. The internal vertebral 
plexus drains into the external vertebral plexus which connects with the azygous 
and hemiazygous veins via intercostal and lumbar veins. In the neck, the plexus 
drains to the vertebral vein and deep cervical veins [1].

In summary, the venous drainage of the spinal cord consists of internal cord 
veins, longitudinal cord veins, and radicular veins. Internal cord vein anatomy dif-
fers depending on the spinal segment; however, most drain centrifugally (with a 
radiating pattern) into the two longitudinal midline veins. These longitudinal veins, 
draining along the entire spinal cord, include the anterior median vein and posterior 
median vein. Finally, the anterior radicular vein (along the ventral nerve root) and 
the posterior radicular vein (along the dorsal nerve root) track horizontally at almost 
every spinal segment. The anatomy of the venous drainage of the spinal cord typi-
cally varies more widely than the arterial supply.
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Fig. 2.17 Diagram of the spinal arteries and veins in relation to the spinal cord parenchyma and 
bony anatomy. (Reproduced with permission from Ref. [24])
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 Conclusion

The arteries and veins of the head and neck are often only thought of as the road-
ways for our entrée into the intracranial space where our primary focus as neurosur-
geons is usually targeted. However, as witnessed by the diversity of anatomic 
variants or pathologies that may exist in these vessels, and the challenges with navi-
gation or treatment they pose, they may often be even more formidable to deal with 
than intracranial pathologies. The secure knowledge of this anatomy, its variants, 
and anastomotic networks open up wide arrays of creative combinations toward 
approaches and treatments that can combine open and endovascular modalities, 
leading to the safest and most durable treatments we can offer our patients.
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Chapter 3
Basics of Angiography

Bryan E. Buster and Jonathan A. Grossberg

 Indications

Any good discussion of medical testing or intervention typically begins with a list 
of the indications. Cerebral angiography or digital subtraction angiogram (DSA) 
still reigns as the gold standard for the evaluation of the cerebral vasculature due to 
its unparalleled spatial and temporal resolution. The indications for the performance 
of DSA include evaluation of subarachnoid hemorrhage, ischemic stroke, intracere-
bral hemorrhage, and further characterization of cerebral vascular disease and 
abnormalities such as aneurysms, arteriovenous malformations (AVMs), dural arte-
riovenous fistulas (DAVFs), arterial stenosis, arterial dissection, venous sinus 
thrombosis, Moyamoya, suspected vasculopathies, and vasospasm [1]. 
Neuroangiography can also be used to evaluate extracranial disease including 
carotid and vertebral artery stenosis, carotid artery blowout, epistaxis, oropharyn-
geal bleeding, and carotid body tumors [2].

With regard to intraparenchymal hemorrhage, any patient under the age of 50 
presenting with a spontaneous ICH should undergo evaluation with a DSA. Patients 
older than 50 with findings on MRI consistent with amyloid angiopathy or classic 
hypertensive hemorrhage and history of hypertension do not require further evalua-
tion with DSA. Patients older than 50 who do not meet these criteria should be 
considered for cerebral angiography.

The characterization of cerebral vascular pathology such as aneurysms, AVMs, 
and DAVFs via DSA is invaluable for risk stratification and treatment (open, endo-
vascular, and radiosurgical) planning. Angiography is also extremely useful for 
intraoperative and postoperative evaluation of clipped aneurysms, resected AVMs, 
and ligated DAVFs. Additionally, DSA can help determine pathologies that may be 
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amenable to endovascular treatment, such as ischemic stroke, ruptured and unrup-
tured cerebral aneurysms, carotid stenosis, AVMs, DAVFs, venous sinus thrombo-
sis, and vasospasm. Angiography and associated preoperative embolization can be 
used to aid in tumor and AVM resection. Finally, DSA can also be used to deliver 
targeted intra-arterial chemotherapy for the treatment of tumors such as 
retinoblastoma.

It is essential for the practitioner to understand the goal of DSA in specific cases 
prior to beginning the procedure. For example, symptoms or bleed pattern sugges-
tive of a DAVF should prompt investigation of the external carotid arteries (ECAS). 
Similarly, focal low posterior fossa subarachnoid hemorrhage should be evaluated 
with bilateral selective vertebral artery injections as relying on reflux into contralat-
eral posterior inferior cerebellar artery (PICA) may not be sufficient to reveal or 
exclude a dissecting vertebral artery aneurysm.

 Pre-procedure Evaluation

Prior to undergoing any diagnostic or interventional endovascular procedures, the 
patient should undergo careful assessment to determine suitability and to establish 
baselines. Medical history should screen for any history of kidney disease or dys-
function, presence of atherosclerotic disease, use of antiplatelet or anticoagulant 
medications, and contrast dye allergies. Physical examination should include neuro-
logical examination and palpation (and marking) of pulses. A pre-procedural base-
line neurological and pulse exam is critical to both detecting post-procedural 
complications and avoiding unnecessary anxiety regarding, and evaluation of, pre- 
existing deficits noted post-procedurally. Doppler ultrasound can be useful in locat-
ing difficult to palpate pulses. Basic laboratory tests including CBC, Cr/GFR, and 
PT/INR need to be obtained and reviewed. If a stent device is to be placed, the 
patient should be placed on appropriate anti-platelet therapy and platelet function 
assays may be checked to ensure adequate platelet suppression. Women of child-
bearing age should undergo pregnancy testing.

Patients with significant comorbidities may require further medical evaluation 
and physiologic optimization prior to undergoing non-emergent angiographic pro-
cedures. Patients taking potentially nephrotoxic drugs such as metformin, NSAIDs, 
or ACE inhibitors should be asked to discontinue these medications in the days prior 
to and following their procedure to reduce the risk of contrast induced nephropathy 
and lactic acidosis. Anticoagulants should be held as permitted to reduce risk of post 
procedural bleeding or hematoma. For patients with known contrast allergies, pre-
treatment with corticosteroids, with or without diphenhydramine can reduce the risk 
of severe or life-threatening reaction.

If the patient has prior imaging, especially vascular imaging, this should be 
reviewed in detail. The practitioner should note such features as arch configuration 
and vertebral artery dominance as this will assist with planning and equipment 
selection. Note should also be made of the presence of vessel stenosis and calcific 
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or atheromatous plaques, as this will help modify the procedure goals to reduce 
patient risk.

In subarachnoid hemorrhage, the distribution of blood on a non-contrast CT can 
provide clues as to whether the hemorrhage is aneurysmal or non-aneurysmal in 
nature. If the appearance is consistent with aneurysmal subarachnoid hemorrhage, 
the distribution can often provide information on where the ruptured aneurysm may 
be, which can be especially helpful in treating patient with more than one aneurysm. 
For example, if the hemorrhage is thickest within one of the Sylvian fissures, sus-
pect a ruptured middle cerebral artery (MCA) aneurysm. A flame hemorrhage at the 
base of the frontal lobe in the setting of SAH is suspicious for a ruptured anterior 
cerebral artery (ACA) aneurysm. A subdural hemorrhage occurring concurrently 
with SAH in the absence of trauma is classically associated with a ruptured poste-
rior communicating artery (PCOM) aneurysm.

For subarachnoid hemorrhage confined to the high convexity, aneurysmal origin 
is less likely. Much higher on the differential is vasculitis/vasculopathy (e.g., revers-
ible cerebral vasoconstrictive syndrome), cortical vein or venous sinus thrombosis, 
DAVF, or distal atypical aneurysm such as a mycotic or oncotic aneurysm. This 
differential is important as it keys the operator to look for features of these patholo-
gies (e.g., beaded appearance of vessels in vasculitis) and ensures that the imaging 
of all appropriate vessels (e.g., ECAs for dAVF).

In summary, careful review of the patient’s prior imaging can often guide our 
expectations and technique in performing the angiogram and inform our differen-
tial, increasing the likelihood that we will capture any pathology present.

 Consent

The consent process should begin with an explanation of the purpose of the 
procedure including what is suspected thus far based on history, lab tests, and 
noninvasive imaging and the goals of the procedure, which can include diagnosis, 
treatment, or possibly both. Next, the practitioner should explain the procedure 
itself to the patient using easy to understand language. Setting up expectations is 
critical to garnering trust and cooperation with patients and their families. It is 
important to inform the patient regarding what to anticipate before, during, and after 
the procedure. For patients who are to remain awake during the procedure, the 
practitioner should walk them through the procedure from start to finish. The 
physician should discuss the importance of remaining still throughout the procedure 
for optimal image and diagnostic quality, and rehearse the intraprocedural 
instructions, such as “take a breath in, hold it, don’t move, don’t breathe, don’t 
swallow… Okay, you can breathe normally.” The patient should be told to expect 
possible flashing lights or feelings of warmth, flushing, or dizziness during the 
contrast injections, and that these sensations will all be temporary and brief. Finally, 
the consent process should discuss the role of different team members and the 
involvement of residents or fellows if applicable.
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After discussing the procedure, there should be a discussion of the potential risks 
of DSA including bleeding, limb complications, infection, allergy, renal injury, ves-
sel injury, and stroke. Overall, DSA has a low rate of complications. In one study of 
19,826 patients undergoing cerebral angiography for various indications from 1981 
to 2003, complication rates were as follows: hematoma 4.2% (requiring surgery 
0.03%), thrombosis of access vessel 0.05%, headaches 0.8%, nausea, vomiting, or 
transient hypotension 1.2%, chest pain or arrhythmia 0.3%, anaphylaxis and/or cir-
culatory collapse 0.03%, acute renal failure 0.02%, death (not related to neurologic 
complication) 0.06%, TIA 2.1%, other reversible neurological deficit 0.36%, per-
manent neurological complication 0.14%, and death (related to neurological com-
plication) 0.05% [3]. The overall rate of complication in this study was 2.63%. 
Another study of 1715 patients undergoing cerebral angiography from 2000 to 2008 
showed even lower rates of complications [4]. Only one patient suffered TIA and no 
patients developed any permanent neurological deficits.

 Access

 Femoral

The common femoral artery is traditionally the most commonly used access site, 
and until the recent growth of radial access, was used in over 95% of all neurointer-
ventional cases [5]. It is ideal due to its large size, location just under the skin, and 
compressibility [6]. Since most operators are right handed (and most angiography 
suites are set up accordingly) the right side is more often accessed than the left, 
though both sides should be prepped and draped in case difficulty is encountered. 
The common femoral artery is the extension of the external iliac artery after it 
passes deep to the inguinal ligament. The inguinal ligament spans between the pubic 
tubercle and the anterior superior iliac spine. The artery typically crosses at the 
midpoint of this ligament and traverses over the medial half of the femoral head 
(usually about 1 cm medial to the center of the femoral head). This can be localized 
radiographically in the angiography suite prior to puncture using a hemostat or 
other radiopaque object (Fig. 3.1). Distally the common femoral artery bifurcates 
into the superficial and deep femoral arteries. Lateral to the artery is the femoral 
nerve and medial to the artery is the femoral vein.

The artery should be accessed distal to the inguinal ligament, where it is 
compressible over the femoral head, and proximal to the bifurcation where the 
vessels are smaller (Fig.  3.2). Puncturing above the inguinal ligament risks 
retroperitoneal hematoma and potentially hemodynamically significant or even life-
threatening blood loss. Accessing the deep or superficial branches distal to the 
bifurcation increases risks of complications including acute vessel closure, 
formation of pseudoaneurysm or arteriovenous fistula, and hematoma [6]. 
Puncturing at or just below the inguinal crease has frequently been offered as a 
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landmark; however, it should be noted that the bifurcation of the femoral artery is 
proximal to the inguinal crease in approximately 75% of patients in some studies 
[6]. When palpating the pulse, the point of maximal impulse overlies the common 
femoral artery in over 90% of patients [6]. However, many patients have weak 
pulses or are obese, making locating a pulse difficult. One proposed access technique 
is to use fluoroscopy to localize the inferior border of the femoral head, marking 
with a hemostat, and then palpating for the point of maximal impulse just proximal 
to this. Skin puncture should be made with the needle at a 45° angle so that artery is 
entered 0.5–1.5 cm below the skin surface along the centerline of the femoral head 
[6]. Ultrasound can also be employed to localize the artery and guide the needle into 
the artery in patients where palpation is difficult.

For awake patients, local anesthetics should be used to reduce the discomfort of 
accessing the artery. Begin with a small wheel of local at the intended puncture site 
and then inject more deeply, especially laterally where the femoral nerve is located. 
Avoid puncturing the artery or vein and be sure to aspirate prior to injecting to avoid 
inadvertent intravascular delivery of local anesthetic. The local use should not con-
tain epinephrine as this can lead to vasoconstriction, complicating vascular access. 
Moderate sedation can also assist with patient tolerance of the procedure. We typi-
cally use 25–50 μg of fentanyl and 0.5–1 mg of midazolam for the average diagnos-
tic cerebral angiogram.

After the local anesthetic has been injected, a scalpel should be used to create a 
small skin incision sufficient for the diameter of the sheath which will be used (or 
catheter if no sheath is to be used). This can be done prior to arterial puncture or 

Fig. 3.1 The hemostat is 
placed over the medial 
femoral head to aid in 
artery localization and to 
insure compressibility for 
hemostasis
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subsequent to puncture once intraluminal positioning has been secured with wire 
placement as described below.

A single anterior wall puncture is preferred over the previously popular double 
wall technique where the operator intentionally passed through both the anterior 
and posterior wall and then slowly withdrew the needle until intraluminal position-
ing was confirmed with the return of pulsatile blood. We use a 5 French micropunc-
ture kit for the initial access. For a right-handed operator accessing the right 
common femoral artery, the left hand is used to feel for the pulse or hold the ultra-
sound probe and the right hand wields the access needle in an underhand fashion 
with the hub grasped between the thumb and forefinger. The bevel of the needle 
should be upward facing. Once pulsatile blood is returned, the needle should be 
stabilized with the left hand and the Cope mandril wire is guided into the needle 
with the right hand. spinning the wire can help it pass from the hub down the metal 
shaft of the needle and then smoothly through the vessel. The wire should advance 
easily and smoothly. If any resistance is met, proceed with caution and consider 
evaluating under fluoroscopy or withdrawing the wire, to re-establish pulsatile flow. 
Of note, any withdrawal of the Cope mandril wire should be done under 

Fig. 3.2 Roadmap image 
demonstrates sheath 
placement above the 
bifurcation in the right 
common femoral artery

B. E. Buster and J. A. Grossberg



59

fluoroscopy to ensure the wire is not sheared as it is being withdrawn. If resistance 
is felt when withdrawing the wire, the needle and wire should be removed as a unit 
and pressure held for hemostasis.

Once the microwire is in the vessel, the needle can be withdrawn. A microdilator 
is then placed over the wire. Always ensure sufficient wire at the distal end of dila-
tors, sheaths, and catheters to maintain access. Once the dilator has been placed, the 
inner cannula is removed with the Cope mandril wire and pulsatile arterial blood 
should be noted. A Bentson or other similar braided wire is then inserted into the 
outer cannula which remained in the artery. Again, this wire should pass smoothly, 
and if not, it should be investigated with fluoroscopy. Once the Bentson wire is in 
the descending aorta, the microdilator is removed leaving the Bentson wire in place. 
The wire is wiped with a moistened telfa and the sheath is then placed over the wire 
and inserted into the artery. For diagnostic procedures we typically use a 5f short 
sheath. Longer sheaths which can reach to the level of the carotid or vertebral arter-
ies are available as needed. These catheters are useful for interventional cases when 
greater support is required for more distal navigation with microcatheters and 
devices, such as during coil embolization or flow diverter placement. Once in place 
the wire is withdrawn, and the sheath is connected to a heparinized saline infusion. 
At our institution, we give heparin once the sheath is in place. We administer 3000 U 
intravenously for diagnostic procedures. For interventional procedures we typically 
start with 5000 U and then conduct activated clotting time (ACT) checks every hour, 
with target ACT of 250–300.

 Radial

Radial access is a safe and well-studied alternative to femoral access and has become 
a favorite of many cardiovascular interventionalists and is growing in popularity in 
the neurointerventional space. Advantages of radial access include easier vessel 
selection in patients with bovine arch configuration, facilitated selection of the ver-
tebral arteries, easier access in obese patients, and no need for bed rest post- 
procedure. Proponents also point to lower rates of major access related complications 
and major bleeding especially in patients on antiplatelet medications, shorter hospi-
tal stays, lower hospital costs, and greater patient satisfaction. Various reasons have 
been offered to explain the delayed adoption of the transradial approach (TRA) 
despite its purported advantages and widespread adoption in cardiac procedures. 
These include a perception that this route offers less favorable vectors for naviga-
tion of cerebral vasculature, the smaller diameter of the radial artery may limit size 
of catheter employed, and a lack of familiarity among current operators, which may 
result in apprehension regarding potential complications. This includes those 
involved in teaching fellows, perpetuating the current state of the field [7]. The tide 
is however changing and there is increased adoption among neurointerventionalists 
with multiple studies demonstrating the feasibility and quick, though persistent 
learning curve [8].
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The brachial artery bifurcates into the radial and ulnar arteries at the elbow. 
These two arteries course in parallel down forearm to the wrist where they both give 
rise to the superficial and deep palmar arches which form distal anastomoses of 
these arteries in the hand. The palmar digital arteries, princeps pollicis artery, and 
radialis indicis artery which supply the digits of the hand arise from these arches. As 
always, there are anatomic variations, and not all individuals have complete arches, 
though studies have indicated that more than 80% of patients have a complete 
superficial palmer arch and 90-95% have a complete deep palmer arch.

There is understandably a concern that distal radial artery obstruction following 
TRA could compromise blood flow to the hand and digits resulting in ischemic 
complication. Due to this, many operators employ an Allen’s test to evaluate col-
lateral perfusion to the hand while compressing the radial artery prior to radial 
artery access. This technique was first described by Dr. Allen in 1929 and has under-
gone various modifications and updates over the intervening years. A modern incar-
nation of the test, the Barbeau test, employs the use of a pulse oximeter applied to a 
patient’s thumb and assessing the waveform for up to 2  minutes with the radial 
artery compressed. The pulse oximetry tracing is then observed for any damping or 
drop out (with or without return).

While these tests aim to ensure adequate collateral circulation prior to cannulation 
and possible inadvertent occlusion of the radial artery, the evidence indicates that 
such tests do not reliably predict presence (in individuals with abnormal Allen’s 
test) or absence (in individuals with normal Allen’s test) of clinically significant 
hand ischemia in the setting of radial artery occlusion following TRA [7]. Regardless, 
we still routinely perform an Allen’s or Barbeau test prior to TRA at our institution.

When TRA is chosen for access, typically the right side is used due to the more 
advantageous ergonomics for a right-handed operator and greater ease of selection 
of the common and internal carotid arteries. In cases where the left vertebral artery 
is the site of the pathology, then a left radial approach is employed either by revers-
ing the room orientation or using the distal transradial technique described below. 
The patient’s arm can be placed at his/her side or abducted at 70–90°. The wrist is 
extended over a towel or brace and secured in place. Some operators place topical 
anesthetics and vasodilators prior to catheterization to increase cross sectional area. 
The artery is punctured 2–3 cm proximal to the styloid process of the radius, where 
its diameter is somewhat larger and course straight. An angle of 30–45° between the 
needle and the skin is recommended. At our center, we routinely employ ultrasound 
guidance to facilitate access and the same 21G micropuncture kit as for 
TFA. However, we use a dedicated radial access sheath which is hydrophilic and 
does not require a skin incision or separate dilator. Typically sheaths up to 6 Fr can 
be employed without risk of radial artery occlusion. Following sheath placement, a 
“radial cocktail” consisting of some combination of vasodilators/antispasmotic 
agents (e.g., nitrates and calcium channel blockers) and heparin is instilled through 
the sheath after being diluted with the patient’s blood (~20 cc).

Other operators have described distal radial access via the dorsal radial artery 
over the anatomic snuff box (distal transradial approach, dTRA) for diagnostic pro-
cedures [9]. For this technique, the wrist is not extended. This technique has the 

B. E. Buster and J. A. Grossberg



61

advantages of using a hand position more comfortable for operator and patient, 
especially in cases where the left wrist is used as the arm is placed across the chest. 
The dTRA also has the advantage of employing a puncture distal to the take off of 
the deep palmer arch, minimizing potential for disruption of the collateral circula-
tion. Finally, in cases of radial artery occlusion, the traditional TRA approach is still 
an option for a follow-up procedure.

 Catheter Selection

There are a wide variety of catheters available and suitable for cerebral angiography, 
and catheter selection is often based on a particular operator’s experience and pref-
erence along with the patient’s anatomy. Catheters vary in length, shape, and stiff-
ness. Catheters are also classified as diagnostic catheters, guide catheters, and 
microcatheters. In general, diagnostic catheters are used, as the name suggests, for 
diagnostic neuroangiography or initial selection of vessels originating off the arch 
up to the level of the proximal internal/external carotid arteries. At our institution, 
for diagnostic work, we typically begin with a 5 Fr vertebral or hockey stick catheter 
for most adult patients. In patients with greater tortuosity or Bovine arch configura-
tion, we often employ a Simmons 3 catheter.

Guide catheters are intermediate sized catheters that can be placed more distally 
(e.g., into the petro-cavernous carotid or V3-4 segment of the vertebral artery) and 
provide support and stability for microcatheters used in super selective angiographic 
procedures and interventional cases. These are often brought into place over an 
exchange length wire after initial vessel selection has been accomplished with a 
diagnostic catheter. Some guide catheters have balloon tips, which can be useful for 
creating flow arrest for thrombectomy.

Finally, microcatheters are used for selection of intracranial vessels. As with 
diagnostic and guide catheters, there are a large number of commercially available 
microcatheters with varying properties. Most are designed for use over a microwire, 
though there are some flow directed microcatheters which are mostly used for AVM 
embolization. Many microcatheters have tips which can be steam shaped to allow 
some steerability for accessing vessels or aneurysms and provide more stability dur-
ing aneurysm treatment. A full discussion of catheters configurations is well beyond 
the scope of this work.

 Catheters for Radial Access

Catheter selection is different when TRA is used. Typically, a type of Simmons 
catheter is used for vessel selection. The catheter can be formed at various points 
depending on the configuration of the arch and the vessel to be selected, including 
at the aortic valve, within the ascending or descending aorta, or within the arch itself.
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 Aortic Arch

Aortic arches are also classified into types (I-III) based on the vertical distance from 
the origin of the brachiocephalic artery to the apex of the arch, as observed in a 
parasagittal projection. A type 1 arch involves a vertical distance of less than 1 
diameter of the left common carotid artery, type II between 1 and 2 diameters, and 
type III greater than 2 diameters. This typically varies with age, with older patients 
tending toward types II and III.

There are a large number of normal permutations in the arrangement of vessels 
arising from the aortic arch, and, in some respects, it is instructive to conceptualize 
these arrangements as a spectrum of variability rather than a collection of discreet 
configurations. The most frequently encountered configuration of the arch is a 
“three vessel arch” with the brachiocephalic, left common carotid, and left subcla-
vian originating, from proximal to distal/right to left, off the arch (Fig. 3.3). The 
brachiocephalic is the largest of these branches and gives rise to the right subclavian 
and right common carotid artery. The right vertebral artery is typically the first 
branch off of the right subclavian artery, prior to the origin of the internal thoracic 
artery, thyrocervical trunk, and costocervical trunk. The left vertebral artery is like-
wise typically the first branch from the left subclavian artery.

The most common variant is the so-called “Bovine arch” configuration, where 
left common carotid originates from the brachiocephalic artery. This variant is 
found in up to 15–20% of patients [10]. Interestingly, this is not the typical 
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Fig. 3.3 AP angiographic image demonstrates the most common aortic arch configuration
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configuration of the aortic arch in cows, where a single brachicephalic trunk 
trifurcates into a right subclavian artery, left subclavian artery, and bicarotid artery. 
Another similar configuration is where the left common carotid artery and brachio-
cephalic artery share a common origin is referred to as truncus bicaroticus. These 
configurations often require a recurved catheter such as a Simmons or Vitek to 
access. Alternatively, TRA often provides an advantageous vector for accessing this 
type of arch with a more simply curved catheter.

Another commonly encountered variant involves the left vertebral artery 
originating directly off the arch. Approximately 4% of patients will exhibit this 
anatomy. Again, a spectrum exists from very proximal take off of the left vert from 
the left subclavian, to common origin, to the aforementioned direct origin from 
the arch.

More unusual variants include an aberrant right subclavian artery or artery of 
Lusoria where the right subclavian is the most distal vessel to branch from the arch, 
occurring in 0.5–2% of patients. Occasionally in this configuration, the right verte-
bral artery will be a branch of the right common carotid artery. Artery of Lusoria is 
a variant which makes TRA quite difficult and in our experience is a reason to con-
vert to TFA. A full tabulation and cataloguing of the anatomic variation of the great 
vessels and their branches are beyond the scope of this work.

 Navigation and Initial Vessel Selection

Prior to their introduction into the vasculature, all catheters should be flushed with 
saline to remove air. At our institution, we place a three-way stopcock on the back 
of the diagnostic catheter to facilitate connection to a heparinized flush line between 
diagnostic runs. At other centers, a heparinized flush is constantly infused during 
the procedure. The guide wire is also placed into the catheter prior to introduction 
into the sheath, though it is left just short of the tip to allow easy insertion into the 
sheath. We typically begin with a 0.035” Bentson guidewire. Once the catheter is 
secure within the sheath, wire is advanced such as to allow for at least 8–10 cm of 
length beyond the catheter tip. Leading with less than this amount of wire while 
advancing the catheter and wire together can constrain the guide wire tip resulting 
in a higher probability of intimal injury and vessel dissection. The catheter and wire 
are then advanced together under A-P fluoroscopy over the arch. To advance the 
system, the left hand is positioned at the sheath, and the stopcock at the end of the 
catheter is held between the thumb and forefinger and fed into the sheath. The right 
hand is used to control the distal end of the catheter and stabilize the position of the 
catheter relative to the wire.

Once the catheter is over the arch, the wire is withdrawn to the elbow of the 
vertebral catheter. The position of the catheter is then optimized for selection of the 
brachiocephalic artery by gently torquing the catheter counterclockwise until the tip 
points cranially. Once optimized, the catheter is gently pulled back. Once at the 
ostium of the brachiocephalic artery, it will “click’ into place. Once at the ostium of 
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the brachiocephalic artery, the wire is once again advanced under fluoroscopic 
visualization to the level of the proximal ICA or distal CCA. If the patient has a 
history of carotid stenosis on noninvasive imaging or if there are any irregular wire 
movements observed, then the wire is removed, and a roadmap obtained. The wire 
is then pinned using the fifth digit and hypothenar eminence and the catheter is care-
fully advanced while torquing. Although we have described selection of the right 
internal carotid here, generally, many operators like to begin with the vessel of 
greatest interest.

An alternative to using the guide wire for vessel selection, once over the arch, 
involves carefully puffing small amounts of contrast from the tip of the catheter 
while steering the catheter into place. The puffs of contrast serve as a navigational 
adjunct and potentially push the catheter tip away from the vessel wall, reducing the 
likelihood of intimal injury. In skilled hands, this method can be very efficient, as it 
saves time of bringing the wire into and out of the catheter (and consequently, the 
need to double flush) for subsequent vessel selection.

 Roadmapping

Roadmapping creates a negative image of the vessels seen on contrast injection to 
superimpose on a live fluoroscopic image, thus allowing accurate vessel selection 
with a guidewire or microwire (Fig. 3.4). It can be useful for selecting extracranial 
vessels in patients with aberrant anatomy or tortuosity and is essential for safe intra-
cranial navigation. A roadmap is obtained by acquiring a set of images using fluoro-
scopic subtraction while injecting contrast. The images are summed during the 
acquisition process; therefore, any motion during the acquisition will distort the 
roadmap. Alternatively, a “false” roadmap can be created by using an image from an 
angiographic run for the negative. Since the negative is simply superimposed on the 
live fluro images, any movement of the patient or detectors or straightening of ves-
sels via catheterization will decrease the roadmap accuracy. To navigate extracranial 
vessels once we have created a roadmap, we typically use a hydrophilic Terumo 
Glidewire (Tokyo, Japan).

 Double Flushing and Image Acquisition

Once the catheter is in the right internal carotid (or other vessel of interest), the wire 
is removed. Again, this should be done under fluoroscopy so as to ensure the cath-
eter remains in place. Following wire removal and prior to contrast injection, the 
catheter should always be “double flushed” to clear any clots or air bubbles from the 
catheter that may have formed. This is accomplished by aspirating the catheter con-
tents into a 10 cc syringe. This syringe is removed, and a small contrast syringe 
connected. Again, a small amount of blood is aspirated, and the syringe is tapped 
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vigorously while being held upright to ensure any air bubbles are removed. Small 
amount of contrast is injected to clear the catheter of blood and observe to see if the 
contrast runs off appropriately. If needed, a roadmap can be acquired at this point, 
as described above. If the catheter is indeed in the vessel of interest, it is then con-
nected to a continuous heparinized saline infusion. This allows the catheter to 
remain free of blood products while the angiographic projections are being obtained.

Once the catheter is in position, the patient table and detectors are positioned for 
acquisition of the angiogram images. Biplane image acquisition is the standard for 
cerebral angiography as it allows for two sets of images, typically orthogonal to 
each other for diagnostic angiograms, with a single injection of contrast, decreasing 
procedural time and contrast load for the patient. There are several standard projec-
tions used in cerebral angiography. For a standard AP projection, the upper margins 

Fig. 3.4 Example of a roadmap image of 
the left vertebral artery used for wire and 
catheter navigation
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of the orbits are aligned with the petrous ridges. For a straight AP projection, the 
lower margin of the orbits is aligned with the petrous ridge. Townes and Waters 
views involve 35° of cranial and 45° of caudal angulation, respectively. For a straight 
lateral view, the auditory meatus or the two sides of the floor of the anterior fossa 
should be aligned. In addition to AP and lateral views, the detectors are often rotated 
together 45° to obtain oblique views. For complete characterization of abnormali-
ties such as aneurysm, 3D rotational images are also typically obtained. These data 
are then fed into mainframes that allow for a full three-dimensional perspective, 
accurate measurement, and optimization of detector placement for treatment views.

Injections can be performed either manually or with a power injector, depending 
upon operator and institutional preference. Manual injections provide tactile and 
visual feedback, which allows the operator to vary the force of the injections and 
can be helpful in complex pathology such as AVMs and DAVFs. Manual injections 
also tend to reduce procedure time compared to use of power injectors. Power injec-
tors reduce the radiation exposure to the operator and lead to a more consistent 
uniform contrast injection. When injecting manually, the syringe should be held up 
off the patient to prevent catheter kinking and slightly upright to allow bubbles to 
rise. The syringes are filled with 70-100% contrast solution based on the anatomy 
and operator preference. The thenar eminence of the right hand should be used to 
engage the plunger to ensure adequate force. The thumb of the left hand can be 
positioned at the upper lip of the syringe to function as a safety, preventing complete 
expulsion of the contents of the syringe which may include a small amount of air at 
the top. Typically runs are held through late venous phase, though this can be varied 
depending on the pathology being evaluated. If a flush is connected to the catheter, 
it is turned off during the injection and back on once the capillary phase begins.

It goes without saying that regardless of the injection technique used, the upmost 
care must be taken to ensure that all connections and injections remain free of air. 
This is done by always connecting “wet to wet” with the flush running through the 
connector, aspirating, and tapping vigorously to remove air from connections. If, 
despite all efforts to avoid it, air is injected, rapid action is needed to avoid ischemic 
injury from gas emboli. If the air embolus is large and detectable on angiogram in 
an accessible vessel, a catheter can be used to aspirate the air. In addition, induced 
hypertension may allow for improved collateral perfusion. Hyperbaric chambers 
can also be used to reduce the size of an air embolus.

 Hemostasis and Closure Devices

Once the angiogram or intervention is complete, the catheter and sheath must be 
withdrawn and hemostasis achieved. The most basic method for achieving hemosta-
sis at the arteriotomy is manual compression. For TFA, once the sheath is removed, 
the artery is compressed against the femoral head, superior to the skin incision 
~1–2 cm. If there are no contraindications, protamine may be used to reverse hepa-
rin given for the procedure once the sheath is withdrawn. During compression, the 
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skin incision should remain visible to ensure adequate pressure is applied to prevent 
extravasation. If pressure is directed at the site of the incision, this may allow for 
extravasation of blood but entrapment within the overlying tissue, resulting in for-
mation of a hematoma or pseudoaneurysm. For a 4–5 fr arteriotomy, typically 
15 min of pressure is adequate. As a general rule of thumb, increase the time by 
5 minutes for each additional French of sheath size. Patients on antiplatelet medica-
tions will likely require much greater compression time. The first third of the com-
pression time should employ occlusive pressure. The operator can then slowly and 
progressively decrease the pressure over the remaining period, being careful to 
observe for bleeding or hematoma formation. Once manual compression has ended 
and hemostasis ensured, a dressing is applied, and the patient is instructed to remain 
on bed rest with the procedure leg straight for at least 2–4 hours for a 5 fr sheath.

To reduce the time that manual pressure must applied and that patients must 
remain on bed rest with their leg straight, a wide variety of closure adjuncts have 
been developed including external devices, such as hemostasis pads, and compres-
sion devices, and percutaneous devices, such as collagen plug devices, and suture 
devices. Prior to employing the percutaneous devices, an arteriogram of the punc-
ture site should be done to confirm access within the common femoral artery (below 
origin of epigastric artery and above the bifurcation). If the puncture is observed to 
be high or low, use of a percutaneous closure device should be reconsidered.

Hemostasis pads such as Abbot Vasular Chito-Seal (Chicago, Illinois) and Argon 
Medical V + Pad (Frisco, Texas) contain agents that promote platelet aggregation 
clot formation and are used in conjunction with manual compression. However, 
since they are applied over the skin rather than directly over the arteriotomy, their 
effectiveness may be limited [11]. Additionally, they require occlusion at the skin 
incision, which may prevent the operator from noting inadequate pressure at the 
arteriotomy. At our institution, we use the V + Pad as an adjunct to stop minor con-
tinued bleeding after successful deployment of another device such as a Cardiva 
VASCADE (Sunnyvale, California), Terumo Interventional Systems Angio-Seal 
(Somerset, New Jersey), or Abbott Vascular Perclose Proglide.

External compression devices obviate the need for extended manual pressure at 
the arteriotomy site, freeing staff up for other duties. However, they tend to be less 
comfortable for patients and require extended periods of bed rest, just as with man-
ual compression. These devices typically have a clear plastic inflatable bulb that 
allows for observation of the puncture site and is positioned just above the arteriot-
omy. They are secured with straps or adhesive wings. Initially the bulbs are inflated 
above the systolic pressure immediately following sheath removal and then slowly 
deflated over time according to the manufacturer’s specifications.

Devices such as VASCADE and Angio-Seal deliver a collagen plug to the outer 
wall of the artery. The Angio-Seal device additionally deploys an absorbable intra-
vascular anchor which secures the collagen plug in place against the vessel. Both 
systems’ manufacturers claim faster time to hemostasis and ambulation. These 
plugs tend to dissolve over a few months, and it is important to note that these 
devices can limit repeat access in that time period. Other devices which employ a 
suture, such as the Perclose Proglide, allow immediate arterial reaccess if needed, 
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and accordingly are our institution’s choice for patients with subarachnoid 
hemorrhage who may require repeat angiography for vasospasm or aneurysm man-
agement. After the use of a percutaneous closure device, we typically only require 
2 hours of bed rest with the procedure leg straight compared with 4 or more hours 
with manual compression.

For radial access, there are several commercially available inflatable compression 
devices. We typically use the Terumo TR Band. The band is applied around the wrist 
prior to sheath removal. A marker on the device is used to line up the puncture site. 
The compression balloon is inflated with 15–18 mL of air as the sheath is withdrawn. 
Air is slowly withdrawn until bleeding is seen and then 1–2 mL of air are re-injected 
until bleeding ceases. In the recovery room, 3–5  mL of air are removed every 
10–15 minutes unless fully deflated.

 Complications and Their Management

 Neurologic Complications

Perhaps the most feared complication of a cerebral DSA is neurological compromise. 
Reported rates of permanent neurological deficit following diagnostic cerebral 
angiography vary widely, with some dedicated neurovascular specialist reporting 
rates <1% and other series claiming rates from 0.3% to 5.7% [4]. Patients with symp-
tomatic atherosclerotic disease have been reported to have higher rates of stroke than 
those without. Some authors advocate routine use of roadmapping to identify danger 
areas with atherosclerotic plaques or tortuous vessels so as to avoid disruption of 
these plaques or vessel dissection. Dissection resulting in lower grade stenosis can be 
treated with oral anti-platelet or anticoagulants, whereas patients with high grade 
stenosis following dissection will likely require stenting [12]. In addition to disrup-
tion of plaques and arterial dissection, other sources of emboli can include thrombus 
forming in or on catheters and inadvertent air injection. At our center, we administer 
heparin after sheath placement to minimize potential thromboembolic complica-
tions. We administer 3000 U for diagnostic procedures and for interventional proce-
dures we administer 5000 U and conduct ACT checks every hour with target ACT 
250–300. In addition, catheters must be double flushed following wire removal and 
should be connected to continuous heparinized flush between injections. As dis-
cussed previously, great care must be taken to ensure air is purged from all lines and 
connections. In-line air filters can serve as additional safety measures.
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 Access Site Complications

Poor hemostasis at the puncture site can result in the formation of a hematoma. 
For punctures inadvertently made above the inguinal ligament, this can lead to 
life- threatening retroperitoneal hemorrhage. For any patient exhibiting signs of 
shock including tachycardia and hypotension, consider STAT evaluation with CT 
of the abdomen and pelvis and have a low threshold for administering volume and 
blood replacement. For punctures below the inguinal ligament, development of 
hematoma is typically noted on physical exam. If recognized early, direct pressure 
along with correction of any coagulopathy can be sufficient. However, once a 
large hematoma has formed, direct pressure can be inadequate to stop the hemor-
rhage. Large hematomas can cause compression and injury to surrounding struc-
tures. Compression of the femoral vein can result in venous stasis and potential 
DVT formation. Additionally, a large hematoma could result in overlying skin 
necrosis. Pulses should be regularly checked to ensure adequate distal perfusion. 
Any evidence of compromise of distal circulation or surrounding structures should 
prompt surgical consultation for possible evacuation and open repair of the 
arteriotomy.

Development of hematoma can also lead to formation of a pseudoaneurysm, a 
cavity within the hematoma continuously fed by the arteriotomy. Any significant 
hematoma should be evaluated with duplex ultrasound to screen for pseudoaneu-
rysm. Smaller pseudoaneurysms, less than 1-3 cm, may thrombose spontaneously. 
For larger pseudoaneurysm, treatment is often required. Often, ultrasound guided 
injection of thrombin into the pseudo aneurysm or proximal arterial compression is 
sufficient. Occasionally, surgical consultation is required for endovascular stenting 
or even open repair.

Arteriovenous fistula can also form between the femoral artery and femoral or 
saphenous vein in rare case. Typically these are small and self-resolving. 
Occasionally they can become symptomatic with resulting lower extremity edema. 
For subacute fistula, compression at the site may be sufficient. For persistent fistula, 
open or endovascular treatment may be required.

Acute limb ischemia is a rare but morbid complication of arterial access. It 
can be caused by underlying atherosclerosis, vessel dissection, closure device 
misadventure, or simply thrombosis of a relatively small artery used for access. 
Rapid recognition is paramount. The classic findings include pain, pulseless-
ness, parathesis, poikilothermia, and paralysis. If found, early surgical consulta-
tion should be sought, along with potential initiation of anticoagulation with 
intravenous heparin. CT angiogram of the aorta with runoff can provide addi-
tional information for the vascular surgeons but should not delay operative 
intervention.
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 Conclusion

Cerebral angiography is a powerful diagnostic and treatment tool for cerebrovascular 
disease. It can be performed safely if proper history, precautions, and techniques are 
employed. It is important for all interventionalists to understand the potential 
complications and how to best avoid and manage them.
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Chapter 4
Basics of Craniotomy

Santiago Gomez-Paz, Alejandro Enriquez-Marulanda, Felix Nwajei, 
and Christopher S. Ogilvy

 General Principles

The treatment of intracranial aneurysms is an ever-changing field that reacts and 
accommodates new treatment strategies based on endovascular techniques considered 
equally efficacious and with similar or better outcomes compared to performing open 
surgery. However, less invasive is not always lower risk. Specific aneurysm configura-
tion, location, and failure to obtain a good endovascular treatment response are some 
of the facts that make lesions amenable to open surgical treatment. Proper patient 
selection requires understanding the unique aneurysm characteristics and a successful 
craniotomy can provide the field of view needed for performing a safe and effective 
treatment [1]. The basic craniotomies used for obliterating an intracranial aneurysm 
are essential surgical techniques in the arsenal acquired by training neurosurgeons.
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A number of the craniotomies discussed in this chapter have one or more varia-
tions modeled based on a few approaches to minimize unnecessary intracranial 
exposure [2, 3]. It is the training neurosurgeons’ task to expand upon these tech-
niques and master different approaches to avoid a fixed use of a single approach. 
Expertise in performing open surgery begins with a thorough understanding and 
visualization of the surgical corridor needed to optimize each step of the intradural 
dissection and aneurysm manipulation, finalized with a complete neck occlusion 
upon clip deployment. This chapter will provide a review of the primary surgical 
approaches used to access and obliterate aneurysms within the intracranial vascula-
ture, as well as insight into the selection process of each surgical window and its 
benefits and inherent limitations. The array of treatment options is an ever-evolving 
field. However, the training neurosurgeon must understand the essential anatomical 
principles and develop a step-wise approach to selecting a specific surgical corridor.

 Approaches for Anterior Circulation Aneurysms (e.g., AComA, 
PComA, MCA, ICA, Paraophthalmic, and Distal ACA)

In this section, we discuss the basic craniotomies commonly used to treat aneu-
rysms arising from the anterior circulation and posterior circulation. The first and 
most commonly used approach is the pterional craniotomy [4]. This classic approach 
is usually but not necessarily modified by adjunctive drilling of the lateral orbit and/
or the zygomatic process. Adjunctive drilling serves to expand the available corri-
dors and angles available for dealing with a given aneurysm. However, drilling 
extensions should be based on the anatomical characteristics of the aneurysm (i.e., 
location and projection), which influences the anatomical relationship between the 
aneurysm and perforating arteries or nearby branches (e.g., AChoA and Pcomm 
aneurysms). The main craniotomies we will discuss are the pterional, orbitozygo-
matic, supraorbital, and lateral supraorbital.

General principles such as brain relaxation techniques via CSF release, proximal 
and distal parent vessel control, and temporary clip application when necessary and 
proper dissection are all to be considered and performed as needed in each craniot-
omy that will be discussed below. This section will discuss the critical principles of 
each craniotomy presented; this includes patient positioning, landmarks used, skin 
incision, the sequence of dissection, the pathway for the osteotomy and burr holes, 
dural opening, and closure. Microsurgical steps specific to each aneurysm and its 
configuration are beyond the intended scope of this chapter.

 Pterional Craniotomy (Frontotemporal Sphenoidal)

This operative corridor is composed of an osteotomy that runs through the frontal 
and temporal bone and the greater wing of the sphenoid bone. It is considered one 
of the key supratentorial approaches. A pterional craniotomy provides a versatile set 
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of corridors with excellent exposure to the main aneurysms harbored within the 
anterior portion of Circle of Willis [1, 5]. Exposure to some aneurysms at the basilar 
apex and superior cerebellar artery origin can also be reached through this approach 
[6]. The craniotomy is performed with the patient in a supine position. The head is 
turned so that the ipsilateral malar eminence remains at the highest point of the 
heads’ surgical field. Slightly different angulations to the head depend on the pro-
jection of the target aneurysm.

 Patient Positioning

Generally, a supine position with the head turned between 20 and 45° after rigid pin 
fixation works well. The head is extended to 15–20% to facilitate frontal lobe relax-
ation away from the cranial base, allowing for a better field of view and less need 
for tissue retraction.

 Skin Incision, Temporal Muscle, and Scalp Handling

The incision is planned based on two anatomic landmarks, the tragus and the ipsi-
lateral mid-pupillary line. One should extend the incision marking from the root of 
the zygomatic arch (1 cm anterior to the tragus; to avoid injuring the frontalis branch 
of the facial nerve) in a curvilinear fashion until reaching the point leveled at the 
ipsilateral pupil (Fig. 4.1). The incision, cutting from the skin deep into the perios-
teum, should start medially behind the hairline and toward the zygoma, interrupted 
once reaching the temporal muscle fascia just below the superior temporal line. The 
muscular fascia (temporoparietal fascia) is then opened with scissors toward the 
zygoma. The temporal muscle is incised parallel to the skin/galeal incision. Both the 
muscle and the skin are reflected anteriorly as a unit while conserving the fascia [7].

Fig. 4.1 Pterional 
approach: skin incision 
(thick line) and outline of 
craniotomy (dashed line) 
for a pterional approach
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A periosteal elevator is used to dissect the sub-periosteum to reflect the muscle 
as a subfascial subpericranial flap. The fascia must be separated from the skull, and 
this should be reflected as low as needed to expose the area behind the frontal pro-
cess of the zygomatic bone at the level of the frontozygomatic recess (key burr hole 
area). The myocutaneous flap is secured with fish-hook retractors or sutures and 
folded over a sponge or gauze to avoid skin necrosis. This subfascial subpericranial 
flap comprises both a subpericranial mobilization medial to the superior temporal 
line and a subfascial mobilization lateral to the superior temporal line. This method 
protects the fat pad located between the interfascial plane just anterior to the key 
burr hole area, therefore, preserving the frontalis branch of the facial nerve [8].

 Bone Flap, Dural Opening, and Pterional Closure

Between 1 and 3 burr holes are made before the osteotomy. A temporal burr hole 
along the side of the pterion can be used to dissect the dura from the skulls’ inner 
table with a Penfield dissector (no. 3). The additional pair of burr holes can be 
placed more anteriorly at the key burr hole level in the frontozygomatic recess, with 
the second burr hole superior to the key burr hole and just above the superior tem-
poral line. A powered drill with a B1 bit and footplate or a craniotome can be used 
for the osteotomy. An alternative technique is to use a “matchstick” cutting bit to 
create the craniotomy without burr holes. We have found this produces a good cos-
metic result.

The first bony cut extends from the key burr hole along the floor of the anterior 
cranial fossa and superiorly just lateral to the supraorbital rim, following a curvilin-
ear pattern until reaching the superior burr hole (Fig. 4.2). The basal aspect of the 
resulting bone flap is made by extending the osteotomy from the key burr hole 
toward the basal frontal bone in a curvilinear direction toward the superior burr 
hole. A rongeur is used to cut down the lateral wing of the sphenoid bone. The bone 
flap is then elevated, allowing it to fracture away from the pterion. The resulting 
dimensions of this craniotomy are usually around 6 × 6 cm but can be much smaller 
for specific aneurysms. The dura should be separated from the roof of the orbit and 
the lateral sphenoid wing. Once we remove the bone flap, a drill is used to flatten 
these bony prominences to reach the lateral orbit close to the superior orbital fissure. 
With a drill, one can extend the bone flap and drill away any residual attachments to 
the pterion, further flattening its surface and the lateral surface of the sphenoid wing 
until reaching the lateral edge of the superior orbital fissure. This sequence of tech-
niques should result in a surgical corridor with a flat base to which we then reflect 
the dural opening anteriorly.

One should take care to avoid exposing the frontal sinus while performing these 
maneuvers; however, if entered, prompt repair should be performed by stripping 
away the mucosal lining of the sinus and filling its cavity with antibiotic Gelfoam 
and bone wax. If a larger entry is encountered, fat should be used to fill the exenter-
ated sinus. Closure of the sinus entry can be done with a portion of pericranium 
obtained from the scalp flaps’ inner surface. The dura is opened with a curvilinear 
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incision, starting at the posterior-inferior limits of the surgical window toward the 
floor of the anterior cranial fossa at the anterior-inferior limit. The dural flap is then 
reflected anteriorly and secured with low-lying sutures close to the brain surface so 
that there is a maximal reflection of the dura away from the surgical field. 
Microsurgical dissection and exposure of the lesion in question follow at this point.

 Supraorbital Craniotomy

The supraorbital craniotomy provides a subfrontal corridor to the anterior skull 
base, useful for treating lesions within the sellar and suprasellar region, as well as 
the majority of aneurysms from the anterior circulation (AComA, PComA, MCA) 
[9]. While narrow viewing angles are the main limit to the resulting corridor, this 
opening provides enough surgical depth to treat deep-seated lesions such as basilar 
apex aneurysms [10]. This approach is most commonly used to treat wide-neck 
ACommA aneurysms whenever the dome has an anterior or inferior pointing 

Fig. 4.2 Pterional 
extradural exposure: 
exposure of the cranium 
for a pterional approach by 
reflecting the galea and 
temporalis muscle 
anteriorly
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direction. Complex aneurysms in the anterior circulation are treated more efficiently 
with a pterional craniotomy due to the wider range of operative corridors available 
(e.g., better lateral access and manipulation).

 Patient Positioning

The anatomical configuration of the aneurysm and its dome projection play an 
essential role in patient positioning. The patient is positioned supine in the operative 
table with the head rotated 15–20° contralateral to the side of the lesion. The head 
is slightly extended with the zygoma at the highest level in the field to provide 
enough gravitational assistance for the ipsilateral frontal lobe to suspend away from 
the anterior cranial fossa. A head fixation system can be used with parallel pins at 
the level of the superior temporal line. Several adjunctive measures (e.g., lumbar 
drainage and ventriculostomy) to relax the brain tissue and improve the surgical 
fields’ working space can be performed on a case-by-case basis.

 Skin Incision, Temporal Muscle, and Scalp Handling

A 3–4 cm skin incision just above the eyebrow and lateral to the supraorbital notch 
works very well. This approach can be performed through either a bicoronal or 
preferably, an eyebrow incision as shown in Fig. 4.3. The structures below this skin 
incision, including the frontalis and corrugator supercili muscle, should be incised 
deep into the pericranium, followed by blunt dissection in the area of the craniot-
omy. In contrast with the pterional approach, a supraorbital craniotomy only dis-
sects the temporalis fascia overlying the frontobasal lateral burr hole. There is 
minimal manipulation of the temporalis muscle and its’ fascia, which ultimately 
aids in avoiding permanent frontalis palsy.

 Bone Flap, Dural Opening, and Closure

The inferior edge of the supraorbital craniotomy is the roof of the orbit, and the 
bone flap measures approximately 2 cm in diameter. The inner edge of the orbital 
rim is drilled and flattened. Additional drilling of the sphenoid ridge or the frontal 
bony prominences depends on the aneurysm location. The dural opening is per-
formed in a U shape with its base at the level of the orbital rim. The dura is then 
fixed with low lying tenting sutures. After the surgeon finishes the intradural micro-
surgery, the dura is closed, and the bone flap is placed back in position, using simple 
plates and screws with or without cranioplasty material to level any bone defect. To 
maximize the available corridor from a supraorbital craniotomy, one should care-
fully retract the frontal lobe to liberate CSF and dissect the surrounding cisterns as 
well as the Sylvian fissure. This sequence of steps will allow the frontal lobe to relax 
and fall away from the anterior cranial fossa, maximizing the available exposure.
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 Lateral Supraorbital Craniotomy

This craniotomy is made with a series of osteotomies more lateral than those per-
formed in a regular supraorbital craniotomy. This approach has a similar reach than 
the SOC, and it is used to access aneurysms of the anterior circulation and the basi-
lar apex. However, it is slightly larger than a SOC, and its lateralized corridor 
enables a wider range of angles for surgical manipulation. Compared to the pteri-
onal approach, the bony resection in a lateral supraorbital craniotomy differs by 
incorporating less of the temporal bone into its final bone flap (Fig. 4.4) [11, 12].

 Positioning

The patient is placed in a supine position and the head is hold with rigid fixation 
with the neck extended and a slight head rotation of 15–20° contralateral to the site 
of the lesion. Final head positioning and specific angulations are selected based on 
careful examination of the aneurysms anatomical configuration seen with pre- 
procedural imaging (e.g., dome projection or incorporated branch vessels). While 
this approach is more lateral than the SOC, it is essential to remember that it is still 

Fig. 4.3 Supraorbital 
approach: skin incision 
(dashed lines; options for 
above or below the 
eyebrow incision) and 
outline of craniotomy 
region for a supraorbital 
approach (thick line)
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a medial approach, and excessive head rotation can lead to obstructed access into 
the Sylvian fissure.

 Skin Incision, Temporal Muscle, and Scalp Handling

The myocutaneous flap from this craniotomy is more straightforward to obtain than 
the resulting subperiosteal subcutaneous flap from a pterional approach. It is 
reflected as a single unit containing skin, subcutaneous tissue, and a portion of the 
temporalis muscle, which avoids extensive dissection of the temporalis fascia. The 
skin incision is done behind the hairline and follows the same curvilinear path of a 
pterional incision; however, it is shorter, starting above the zygoma with its medial 
end landing just above the level of the ipsilateral supraorbital notch. Once the tem-
poral muscle is exposed, a straight cut is made through the muscle to reflect it ante-
riorly with the skin flap as a single unit. The retraction is made with low lying spring 
hooks until we reveal the orbital rim and the frontozygomatic bone. The final size of 
the craniotomy is usually between 2.5 and 3.5 cm in diameter. This approach needs 
a single burr hole, placed below the superior temporal line (i.e., level of temporal 
muscle insertion). Additional burr holes will depend on the patients’ age and the 
degree of dural adherence to the craniums’ inner Table. A side-cutting craniotome 
is used for the osteotomy, starting at the burr hole and directed superiorly and 

Fig. 4.4 Lateral 
supraorbital approach: skin 
incision and outline of 
craniotomy region for 
lateral supraorbital (thick 
lines) versus a pterional 
approach (dashed lines)
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anteriorly toward the frontozygomatic bone. This osteotomy joins a second one that 
starts at the burr hole and travels inferiorly through the temporal bone and then 
superiorly toward the sphenoid ridge.

After bone removal, additional drilling can be made over the sphenoid ridge to 
maximize the inferior-to-superior view in the operative field. The exchange 
between high-speed drilling and diamond tip drilling is a technique used when 
drilling away parts of the sphenoid ridge. It allows for controlled hemostasis from 
local bony bleeding. To open the dura, we perform a curvilinear incision with its 
base over the lateral orbital rim and frontozygomatic bone. Elevation of the dura 
with stitches helps in excluding epidural bleeding from getting into the operative 
field. A subfrontal corridor is used to start the intradural dissection, which begins 
by using dynamic and gentle retraction of the frontobasal surface, followed by 
CSF release from the basal cisterns. After the intradural procedure, the dura is 
closed in a watertight fashion. If the frontal sinus is exposed, careful repair should 
follow (mucosa extirpation, cavity filling with temporalis muscle or fat, and cra-
nioplasty closure).

 Frontotemporal Orbitozygomatic Craniotomy

The orbitozygomatic extension of the frontotemporal craniotomy provides a wide 
corridor made through a series of osteotomies that connect the orbital roof, the lat-
eral orbital wall, and the zygoma. This extended craniotomy is often used to treat 
deep-seated skull base lesions and complex vascular pathologies (e.g., giant carotid 
bifurcation aneurysms and basilar apex aneurysms) [13, 14]. The extension of this 
exposure allows the surgeon to decrease the need for manipulation or retraction of 
brain tissue. Patient positioning, head rotation, and neck extension are done similar 
to the pterional approach, and changes are based on the type of lesion involved. 
Precautions during the extradural dissection portion of the procedure include those 
depicted in the pterional approach. Associated risks specific to this approach include 
orbital entrapment, vision, or eye movement changes.

 Skin, Fascial Flap, and Temporal Muscle Dissection

The skin is incised in the same fashion as with the pterional approach, starting at the 
level of the tragus with a superior-anterior direction toward the ipsilateral mid- 
pupillary line behind the hairline. The skin flap is retracted anteriorly to provide 
adequate exposure of the zygoma and the orbital rim. Temporal muscle dissection is 
similar to the pterional exposure, and this includes a subfascial dissection technique 
with a final fascial cuff separated from the temporal muscle for retraction. This is 
accomplished by performing an incision along the course of the lateral orbital rim 
and zygomatic bone. This cut will allow the surgeon to mobilize the flap of the 
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temporalis fascial layers as a single unit directed anteriorly and inferiorly toward the 
orbital rim. This will uncover the orbital rim and the zygomatic bone for performing 
a series of osteotomies to separate the orbitozygomatic unit (either as a single piece 
with the frontotemporal bone or as a separate cranial flap with one or two additional 
pieces).

We proceed next by dissecting the superficial fascia toward the orbital cavity, 
where it becomes the periorbita. Further dissection of the periorbita is made by 
separating its content laterally from the orbital notch housing the supraorbital 
nerve. The periorbita is dissected free from the frontozygomatic suture starting 
laterally and toward the inferior orbital fissure, with an approximate depth of 3 cm. 
Similar to the pterional approach, a temporal muscle cuff may or may not be left 
behind its superior incision just below the superior temporal line; However, we 
have seen less postoperative temporalis atrophy when no cuff is left behind. An 
additional cut is made parallel to the superiorly oriented skin incision that starts at 
the tragus. Manipulation of the final temporal muscle flap differs from the pterional 
approach by displacing it inferiorly for a broader unobstructed field of view 
(Fig. 4.5).

Fig. 4.5 Frontotemporal 
orbitozygomatic approach: 
this figure shows the 
resulting intradural 
exposure of a 
frontotemporal 
orbitozygomatic 
craniotomy
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 Bone Flap and Modifications, Dural Opening, and Pterional Closure

Once the temporalis muscle flap is reflected infero-posteriorly and the scalp flap 
anteriorly (along with the superficial temporal fascia, the periorbita, and the supra-
orbital nerve), we proceed with placing a pair of burr holes. These burr holes will 
serve to disjoint part of the orbit and the zygoma through a sequence of osteotomies, 
obtaining a final orbitozygomatic bone flap as a single unit for removal. These oste-
otomies can be performed to obtain from 1 to 3 bone units, but the authors prefer the 
1-piece approach, to be described as follows. A properly placed McCarty keyhole is 
crucial to this exposure [15]. This keyhole should reveal through its inner surface, 
both the periorbita and the frontal dura matter. To accomplish this, we place the 
craniotome just above and posterior to the frontozygomatic suture. The craniotome 
is positioned at a 45° angle to reach the surface of both the orbital roof and the fron-
tal dura. A second burr hole is placed posteriorly just below the superior temporal 
line. The frontotemporal portion of the bone flap is made through the same tech-
nique used for the pterional approach. The first orbitozygomatic osteotomy starts at 
the posteriorly located burr hole and it is extended toward the posterior border of the 
orbital rim. This osteotomy connects with a pair of additional bony cuts; one start-
ing close to the inferior orbital fissure, inferior to the orbit and toward a mid-point 
at the zygomatic bone, and a second osteotomy starting at the inferolateral border of 
the zygomatic process, connected in an oblique angle with the previous osteotomy 
at the mid-point of the zygomatic process. This sequence can be simplified by skip-
ping the zygomatic osteotomy in the setting of certain aneurysm projections (i.e., 
superiorly projecting Acomm aneurysms). The orbital portion of the bone flap is 
connected with the frontotemporal component through an osteotomy just lateral to 
the supraorbital notch directed anteriorly and posteriorly toward the medial orbital 
roof. An additional osteotomy is made over the pterion and the lateral aspect of the 
orbital rim, joining both the orbital and frontotemporal components of the bone flap.

The supraorbital modification of the frontotemporal orbitozygomatic approach is 
made by omitting the inferolateral osteotomy made at the level of the zygomatic 
process and including an additional osteotomy at the level of the frontozygomatic 
suture. A subtemporal modified craniotomy eliminates the osteotomies intended to 
include the orbital rim and the zygomatic bone, thereby incorporating into its bone 
flap the frontotemporal bone alone. A separate osteotomy is made in the zygomatic 
bone at the level of the superior zygomatic arch. This creates a bone gap between 
the superior and inferior portions of the zygomatic arch, used to retract the dural and 
muscular flaps, providing a greater level of exposure into the middle cranial fossa.

At this point, an osteotome can be used to apply pressure through the keyhole to 
fracture the roof of the orbit. The final view offers an expanded set of trajectories 
toward the subfrontal area without excessive retraction of the frontal lobe. Any 
remaining component of the orbital roof and lateral aspect of the sphenoid wing can 
be further dissected, including the sphenoid wing toward the superior orbital fissure. 
Further exposure for thinning of the clinoid process can be accomplished through an 
extradural clinoidectomy, reflecting the dura lying over the temporal bone anterior 
surface, ultimately exposing the clinoid process. This bony dissection unroofs the 
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optic nerve, a technique often needed for prompt release of localized pressure 
whenever the underlying pathology involves the optic nerve. Next, a dural opening 
is made in a curvilinear fashion, similar to the pterional craniotomy. Low-lying 
retention sutures are placed for both anterior traction and depression of the orbital 
components, away from the field of view.

 Approaches for Posterior Circulation Aneurysms (e.g., Used 
for Basilar Artery Bifurcation, Trunk and Branches, 
Vertebrobasilar Junction, Vertebral Artery, PICA, AICA, 
SCA, and Distal PCA)

Aneurysms in the posterior circulation account for 15–20% of all intracranial aneu-
rysms and are particularly challenging as they are located in the posterior cranial 
fossa with narrow surgical working avenues (Fig. 4.6) [16]. In addition, these aneu-
rysms arise from arteries which feed the brainstem. Given the improving safety and 
efficacy of new endovascular therapies, many of the open surgical approaches to 
these aneurysms are less utilized and surgical experience among young neurosur-
geons has declined [17–19]. However, there are some situations in which open sur-
gery might be preferred over endovascular therapies and cerebrovascular trainees 
should therefore be familiar with these approaches.

Fig. 4.6 Angle views of 
craniotomies for surgical 
treatment of aneurysms 
within the posterior fossa: 
approaches used for a 
posterior fossa aneurysm 
in 
a clockwise manner 
A. transfacial; 
B. subtemporal; C. far 
lateral suboccipital, 
D. midline suboccipital; 
E. combined subtemporal 
transtentorial
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This section will discuss these surgical approaches and nuances, focusing on the 
subtemporal and the suboccipital far lateral approaches, which are the ones most 
frequently used (Fig. 4.7 Panel a and b). To choose the best approach to these lesions 
a computed tomography angiogram (CTA), and in some cases magnetic resonance 
angiography (MRA) in addition to conventional catheter-based cerebral angiogra-
phy should be performed for preoperative planning. CTA is preferred on most occa-
sions as it details the nearby bony anatomy. Based on neuroimaging, it can be 
decided if a basilar tip aneurysm is better suited to be approached through a transyl-
vian approach, such as the frontotemporal orbitozygomatic approach described in 
the previous section. This approach is best if the lesion is located between the mid-
sella and 1  cm above the posterior clinoids. A subtemporal approach is recom-
mended when lesions are below the area shown in Fig. 4.8. Many neurosurgeons 
elect to place either a lumbar drain or an external ventricular drain (in ruptured 
aneurysms) to aid with brain and posterior fossa relaxation.

 Subtemporal

This approach allows a wide approach to the middle cranial fossa and the upper 
petroclival region. The approach is good for low-riding (1 cm below the dorsum 
sella) or posteriorly projected basilar apex aneurysms. These aneurysms are not 

Fig. 4.7 Most common 
craniotomies used for 
treating posterior fossa 
aneurysms: common 
craniotomies used to 
access aneurysms within 
the posterior fossa: 
A. midline suboccipital, 
B. far lateral, and 
C. retrosigmoid
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recommended to be approached through standard transylvian approaches as critical 
thalamoperforators near the aneurysm may not be visible and could be placed in 
jeopardy.

One disadvantage of the subtemporal approach is the need for significant 
temporal lobe retraction. This is an important drawback in ruptured aneurysms, 
in which the significant lobar edema may challenge the accessibility to the point 
to require an inferior temporal gyrus resection or an anterior temporal lobec-
tomy to open the path to the interpeduncular cistern. Another critical issue to 
consider before starting this approach is avoiding the vein of Labbé to prevent 
its injury and development of temporal lobe venous infarction [20]. The course 
of the vein of Labbé can be determined with preoperative venous magnetic reso-
nance venography and venous phase of the angiogram. The surgeon should 
always be prepared to preserve this vessel. Other disadvantages described for 
this approach include the occurrence of transient CNIII palsy and that the micro-
surgical field is narrow, which can make intraoperative bleeding difficult to 
control.

 Preparation and Positioning

All patients should be considered for lumbar drain placement preoperatively to 
facilitate temporal lobe retraction. For surgery, the patient is placed in the supine 
position with a shoulder roll underneath the ipsilateral shoulder or in the lateral 
position. After pinning, the head is placed parallel to the floor and then tilted 20° 
downward (Fig. 4.9). With this position the zygoma would be the highest point 
of the field and the temporal lobe will fall with gravity facilitating the lobe 
retraction.

Fig. 4.8 High-riding 
basilar aneurysm: sagittal 
section of the skull 
revealing a large high- 
riding basilar tip aneurysm 
(in relation to the posterior 
clinoid process) amenable 
to surgical treatment via an 
anterior approach
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 Incision, Dissection, and Craniotomy

A horseshoe-shaped incision is usually performed, starting from the root of the 
zygoma to the superior temporal line and going posteriorly to the end of the aste-
rion. Preservation of the superior temporal artery should be attempted as it may be 
of use if an extracranial to intracranial bypass is needed. The myocutaneous flap is 
elevated and retracted inferiorly, avoiding injuries to the external auditory meatus. 
The craniotomy should be performed as close to the floor of the middle cranial fossa 
as possible. If possible, the craniotomy should cross the area where the vein of 
Labbé joins with the transverse sinus. A rongeur or drill is used after craniotomy 
removal to remove the overhanging bone at the inferior edge of the craniotomy at 
the middle cranial fossa floor level. Mastoid cells are waxed if encountered. After 
removal of the bone flap, an inferiorly based U-shaped dural incision is made, which 
should be performed cautiously to avoid vein of Labbé injuries.

After this, subtemporal dissection is performed with gentle elevation of the tem-
poral lobe. A malleable retractor can be used in conjunction with other brain relax-
ation techniques (draining CSF from the lumbar drain, hyperventilation, or diuresis 
with mannitol/Lasix). Dissection with loop magnification is continued until the 
edge of the tentorium is visualized. Greenberg or other self-retaining retractors are 
used to maintain retraction and the operating microscope is now used for the remain-
der of the dissection and aneurysm clipping.

 Far Lateral Suboccipital

This approach provides adequate access to the vertebral artery, vertebrobasilar junc-
tion, and proximal posterior inferior cerebellar artery (PICA) aneurysms as well as 
lesions located in the ventral or ventrolateral aspect of the brainstem in the inferior 
cervicomedullary region.

Fig. 4.9 Head position for 
a subtemporal approach: a 
slight 30° tilt toward the 
floor

4 Basics of Craniotomy



86

 Preparation and Positioning

The patient is positioned either in the true lateral position with a shoulder roll placed 
under the axilla or in the “park bench” lateral position with the side of the aneurysm 
(ipsilateral) facing upward. The ipsilateral arm is put to rest on a pillow, and the 
ipsilateral shoulder is pulled down with tape. The skull clamp is placed with the 
single pin positioned 2 cm superior and anterior to the ipsilateral ear pinna and the 
paired pins are placed, so the posterior pin is above the contralateral ear pinna by 
2 cm. The head is then flexed gently, leaving two fingerbreadths from the chin to the 
clavicle, then it is flexed laterally to the contralateral side about 30°, and the head is 
then rotated to the contralateral side (nose toward the floor). These head movements 
in conjunction with a slight reverse Trendelenburg position of the surgical table help 
place the head above the level of the heart, aiding in venous drainage and flattening 
of the incision plane along the surgical fields’ highest point ultimately providing an 
adequate working space.

 Incision, Dissection, and Craniotomy

Many incisions are described for the far lateral approach, but the senior author pre-
fers a curved incision. This incision starts approximately three fingerbreadths 
medial to the mastoid at the superior aspect. It is then carried inferiorly, curving at 
a 45° angle toward the midline under the inion and terminating at the spinous pro-
cess of C2 in the midline (Fig. 4.10 Panel a). This provides a broad exposure of the 
operative field, but it requires significant muscle splitting, thus increasing postop-
erative discomfort. Other incisions described include the “hockey-stick” incision, 
which starts at the spinous process of C2, running superiorly along the midline, and 
then moving laterally at the inion through the horizontal plane until it reaches the 
pinna. This incision has less muscle splitting but leaves a greater muscle bulk 
retracted laterally, which can obstruct the operative working avenue.

Fig. 4.10 Far lateral suboccipital approach. Panel a demonstrates the positioning of the head and 
mapping of the skin incision used for a far lateral suboccipital approach. Panel b, the resulting 
exposure to the posterior fossa through a far lateral suboccipital approach
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If a bypass is anticipated, the occipital artery is dissected and harvested after the 
scalp and muscular flaps are turned. The myocutaneous flap is retracted inferolat-
erally. Pericranium is then harvested, which would be useful if primary dural clo-
sure is not feasible. Subperiosteal dissection is performed to expose the subocciput 
until reaching the mastoid process all the way to the arch of C1 and the lamina of 
C2. A lateral suboccipital craniotomy is then performed from the asterion, which 
marks the transverse-sigmoid sinus complex, to just past the midline and including 
the foramen magnum in a teardrop fashion. The senior author’s preference is to 
place a burr hole away from the transverse-sigmoid complex, strip the dura with a 
Penfield No. 3 dissector, and then use the craniotome footplate to create the bone 
flap. Also, Leksell rongeurs or drill are used to remove the inferior rim of bone to 
allow access to the cisterna magna. Generally, bony removal is extended in the 
standard approach to one-third of the occipital condyle. The lateral portion of the 
C1 arch may also be removed completing a hemilaminectomy (Fig. 4.10 Panel b). 
After this, the dura is incised in a reverse “K” opening, in which the backbone of 
the “K” is placed laterally in parallel to the sigmoid sinus and the two arms are 
projected medially. Dural tack up sutures are placed, and later gentle medial and 
superior retraction of the cerebellar hemisphere and tonsil exposes the proximal 
vertebral artery.

 Extended Far Lateral Suboccipital Approach

 Transcondylar Extension

This modification of the standard far lateral approach aims to have improved expo-
sure of the inferior clivus, the anterolateral medulla, the vertebrobasilar junction, 
and lower basilar artery trunk, without the need for lower brainstem retraction. In 
this approach, the occipital condyle is removed without violating the atlantooccipi-
tal joint, and the hypoglossal canal is skeletonized. The initial positioning and dis-
section are similar to the standard far lateral approach. Because of greater 
invasiveness, there is a higher morbidity rate which includes occipitocervical junc-
tion instability, vocal cord paralysis, and aspiration pneumonia due to injury of 
lower cranial nerves. Given this, the extended far lateral approach is reserved for 
giant lesions of the vertebrobasilar junction or distal vertebral artery.

 Supracondylar Extension (Transtubercular)

This modification aims to remove the jugular tubercle, a bony structure located 
above the occipital condyle, allowing better visualization of the brainstem’s antero-
lateral region. By drilling the jugular tubercle, the dura covering can be pushed 
forward to gain access to the pontomedullary junction. This approach is used for 
PICA aneurysms in which the PICA originates in the distal vertebral artery.
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 Midline Suboccipital Approach

This approach is used for PICA aneurysms in the telovellar or cortical segments 
(distal to the PICA’s cranial loop and plexal point). The patient is placed prone on 
chest rolls, and after the placement of the skull clamp, the chin is tucked in by flex-
ing the head as much as possible to open the foramen magnum-C1 interval and 
facilitate bony work. A midline incision is performed from above the inion to the 
spinous process of C2. Dissection is performed in the avascular midline and the 
musculature is retracted. Burr holes are placed just inferior to the nuchal line on 
either side of the midline, and then a free bone flap craniotomy is created. Leksell 
Rongeurs are used to open the foramen magnum and usually there is no need to 
remove the C1 arch. After midline durotomy, the aneurysm is approached by apply-
ing lateral retraction to the cerebellar tonsils.

 Retrosigmoid

Although this approach is frequently used for non-cerebrovascular diseases in neu-
rosurgery, particularly for posterior fossa tumoral lesions in the cerebellopontine 
angle, it is very uncommon to be used in isolation for aneurysm surgery. This 
approach is useful for low-riding distal superior cerebellar artery aneurysms, ante-
rior inferior cerebellar artery aneurysms, or even high-riding posterior inferior cer-
ebellar aneurysms [21].

 Other Approaches

There are several approaches described for reaching the basilar trunk, vertebrobasi-
lar junction, or distal vertebral artery aneurysms. For example, the transfacial tran-
sclival approach is used for aneurysms affecting the previously mentioned arterial 
segments that are midline oriented. Other approaches include combinations and are 
the subtemporal-presigmoid transtentorial, far lateral-transpetrosal, retrosigmoid- 
transpetrosal, and anterior and posterior pretrosectomies. Review of each of these 
techniques is beyond the scope of this chapter as they are not commonly used.
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Chapter 5
Presentation and Natural History

Kurt Yaeger, Halima Tabani, and Joshua Bederson

 Background

Intracranial aneurysms (IAs) manifest as abnormal outpouchings of the intracranial 
arteries, typically at bifurcation points on the outside curve of a parent vessel as well 
as other regions of high hemodynamic stress. IAs vary in morphology, size, and 
anatomical location. They can be broadly classified into saccular, fusiform, and 
mycotic subtypes, with saccular being the most common. Typically, aneurysms 
develop spontaneously and gradually enlarge over time, as pathological changes to 
the smooth muscle layer in the tunica media allow weakening of the arterial wall 
and subsequent ballooning of the intimal layer [1]. While most intracranial aneu-
rysms arise sporadically, certain individuals are predisposed to aneurysm formation 
due to a genetic or familial propensity [2].

Overall, the prevalence of unruptured IAs in the general population has been 
reported as high as 3% [3], a rate that has increased over time due to a greater fre-
quency and higher resolution of neurological imaging [4, 5]. The prevalence 
increases with age and is higher in women as compared to men (female to male ratio 
of 3:1) [3], in patients with autosomal dominant polycystic kidney disease (ADPKD) 
and those with family history of aneurysmal subarachnoid hemorrhage. Other mod-
ifiable risk factors for aneurysm development include smoking and hypertension 
[4], characteristics that also increase overall IA rupture rates.

Rapid diagnosis and treatment of ruptured intracranial aneurysms are quintes-
sential topics for the vascular neurosurgeon, and thus requires a thorough under-
standing of the typical modes of presentation. However, treatment of unruptured IA 
is more subtle and requires a thoughtful consideration of the natural history of 
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unruptured or incidental IAs. This chapter attempts to parse these topics in an effort 
to inform the cerebrovascular neurosurgeon, neuro-interventionalist, and neurolo-
gist on indications for management of intracranial aneurysms.

 Presentation

The clinical presentation of IAs varies, depending on whether the IA is ruptured or 
unruptured (Table  5.1). Unruptured IAs are most commonly asymptomatic [3]; 
however, they can present with symptoms such as headache, cranial nerve deficits, 
or focal neurologic deficits due to rapid aneurysm growth or thromboembolic 
events. Ruptured IAs, on the other hand, usually have a more severe presentation, 
with symptoms ranging from a thunderclap headache to obtundation and coma.

 Screening and Incidental

Unruptured IAs can be discovered on screening in individuals with certain congeni-
tal or connective tissue disorders, with an increased risk of IAs as compared to the 
general population. These include ADPKD, neurofibromatosis Type I, Marfan syn-
drome, Ehlers-Danlos syndrome, multiple endocrine neoplasia Type I, pseudoxan-
thoma elasticum, and hereditary hemorrhagic telangiectasia. In addition, individuals 
with a family history of aneurysms (first-and second-degree relatives) also have a 
higher frequency of IAs (up to 10%) which may be revealed on screening.

The vast majority (up to 91%) of unruptured IAs are asymptomatic and thus are 
discovered incidentally on imaging performed for nonspecific symptoms or unre-
lated causes.

Between 20% and 30% of individuals have multiple aneurysms [5]; therefore, 
unruptured IAs can also be incidentally discovered during imaging performed dur-
ing evaluation of another ruptured IA.

Table 5.1 Clinical presentation of intracranial aneurysms

Clinical presentation of intracranial aneurysms
Unruptured Ruptured

Asymptomatic
Headache
Cranial nerve deficits
Thromboembolic 
events
Seizures

Severe “thunderclap” headache or worst headache of life (WHOL)
Nausea and vomiting
Altered mental status (spectrum ranging from confusion, lethargy to 
obtundation, and coma)
Meningismus and nuchal rigidity
Symptoms of increased intracranial pressure (i.e., blurred vision and 
alteration of consciousness)
Seizures
Focal neurologic deficits (especially if associated with intraparenchymal 
hemorrhage)
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 Headache

The most common presenting symptom that leads to imaging and subsequent dis-
covery of unruptured IAs is headache [6, 7]. The presenting features and severity of 
headaches in patients with unruptured IAs varies. Although sudden, severe head-
ache (aka thunderclap headache) has been most commonly associated with ruptured 
IAs, patients with unruptured IAs can also present with thunderclap headache, with 
negative CT and lumbar puncture and symptom resolution within 72 hours (aka 
sentinel headache). It has been postulated that such headaches may occur due to 
rapid aneurysm growth, thrombosis within the aneurysm, intramural bleeding, for-
mation of a new bleb or daughter sac, or a small contained bleed that is not detected 
by imaging or spinal tap. Thus, thorough evaluation for IAs in patients with such 
symptoms is warranted.

More commonly, patients with unruptured IAs have been reported to have symp-
toms of nonspecific chronic headaches, which can be the presenting symptom in up 
to 18% of individuals. The pathophysiology of such headaches is not entirely clear, 
but proposed mechanisms include intrasaccular bleeding due to rupture of vasa 
vasorum or perivascular innervation due to aneurysm wall distension. These support 
the observation that patients with symptomatic, unruptured IA have an increased 
risk of rupture [8]. Furthermore, it has been observed that treatment of unruptured 
IAs in such patients leads to marked symptomatic improvement in about 65% of the 
patients [9].

 Mass Effect

IAs may clinically manifest due to mass effect on adjacent neural structures, espe-
cially if the aneurysm is large (>10 mm) in size. Most commonly, enlarging IA may 
cause cranial nerve palsies, for example, oculomotor nerve palsy resulting from 
compression of the third cranial nerve by a posterior communicating artery aneu-
rysm. It is important to note that the initial manifestation of third nerve palsy sec-
ondary to aneurysmal mass effect may only be mydriasis, as the peripherally located 
parasympathetic pupillary fibers are initially affected. Less commonly, compression 
of the oculomotor nerve can be caused by basilar artery aneurysms as well, particu-
larly if they are large and/or calcified, as well as by aneurysms arising from the 
junction of basilar and superior cerebellar artery or posterior cerebral artery 
aneurysms.

Other common cranial neuropathies resulting from aneurysm-related mass effect 
include abducens, trochlear, and trigeminal (V1 and V2) nerve palsies caused by 
aneurysms of the cavernous segment of the internal carotid artery. In addition to extra-
ocular movement impairment leading to double vision, such compression can present 
with retrobulbar and facial pain due to involvement of the branches of the trigeminal 
nerve. Rarely, distal anterior inferior cerebellar artery aneurysms projecting into the 

5 Presentation and Natural History



96

internal acoustic meatus can cause compression of the facial and/or vestibulocochlear 
nerve resulting in facial weakness or hearing loss, respectively [10, 11].

Sudden onset of cranial nerve palsy might be a harbinger of imminent aneurysm 
rupture as it indicates a rapid increase in the size of the aneurysm, or formation of a 
daughter sac in the aneurysm. This scenario is generally considered an indication 
for urgent treatment. Ruptured posterior inferior cerebellar artery (PICA) aneu-
rysms can cause isolated abducens nerve (CN VI) palsy. It has been postulated that 
CN VI irritation can result either due to the jet of blood flow from the ruptured 
aneurysm or via subarachnoid blood causing irritation of CN VI in Dorello’s canal 
[10]. Interestingly, as opposed to ipsilateral deficits in the case of cranial neuropa-
thies due to mass effect, CN VI deficits in patients with ruptured PICA aneurysms 
can be ipsilateral, contralateral, or even bilateral.

Other clinical symptoms related to aneurysmal mass effect include sudden vision 
loss or visual field deficits (e.g., inferomedial quadrantanopsia with superiorly pro-
jecting ophthalmic segment ICA aneurysms due to compression of the superolateral 
optic nerve fibers against the falciform ligament) [12], and seizures due to compres-
sion and edema on brain cortical structures.

 Thromboembolic Events

The alteration of hemodynamic forces within the aneurysmal sac can lead to stasis 
and formation of thrombi which can potentially be a source of emboli, resulting in 
symptoms of transient ischemic attacks (more common) or stroke distal to the aneu-
rysm. Interestingly, it has been observed that thromboembolic events are more com-
monly associated with small aneurysms (<10 mm diameter), despite the fact that 
larger aneurysms have a higher predisposition of thrombus formation. This could be 
explained in part by higher shear forces that appear to occur within smaller aneu-
rysms, which could lead to embolus formation and downstream migration. Small 
aneurysms may also be less likely than larger aneurysms to contain a thrombus 
simply because there is less room in the sac. Thromboembolic events are most com-
monly associated with aneurysms of the middle cerebral artery and internal carotid 
artery [13]. Observational studies have shown that treatment of the aneurysm leads 
to a decrease in the recurrence of such thromboembolic events.

 Rupture

While the overall prevalence of IAs in the adult population is 1–3%, the incidence 
of aneurysmal rupture leading to subarachnoid hemorrhage is between 6 and 8 per 
100,000, resulting in between 16,000 and 30,000 cases of aneurysmal subarachnoid 
hemorrhage (aSAH) in the United States annually [14, 15]. Most, but not all, cases 
of spontaneous subarachnoid hemorrhage (75–80%) are due to aneurysm rupture.
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Clinical presentation of patients with aSAH can range in severity from severe, 
acute onset headache to obtundation and coma. As many as 12% of patients with 
ruptured IAs die before reaching medical attention [16]. Headaches due to aneurys-
mal rupture are typically described as worst-of-life or thunderclap in nature. The 
differential diagnosis for such an acute, paroxysmal headache includes migraine, 
benign orgasmic cephalalgia, idiopathic thunderclap headache, all of which can be 
associated with blurry vision, photophobia, and nausea. Overall, a minority (25%) 
of patients presenting with worst-headache-of-life have an aSAH on further workup 
[17]. Meningismus or neck stiffness frequently accompanies aSAH as the subarach-
noid blood products irritate the meninges of the cervical spine. The pathophysiol-
ogy of headache in aneurysmal subarachnoid hemorrhage involves irritation of the 
meninges by blood products between the pial and arachnoid spaces. A “sentinel 
headache” often precedes aneurysm rupture by hours or days [7].

Patients with thick cisternal subarachnoid hemorrhage or with intraventricular 
extension may develop acute hydrocephalus. Hematoma directly obstructing the 
ventricular foramina may lead to obstructive hydrocephalus, whereas diffuse sub-
arachnoid hemorrhage may impair arachnoid granulation reabsorption of CSF, lead-
ing to communicating hydrocephalus. The clinical presentation of hydrocephalus 
ranges in severity from headache to complete obtundation and often requires emer-
gent CSF diversion with ventriculostomy.

Less commonly, patients with aneurysmal rupture may also present with seizure, 
a result of cerebral cortical irritability due to presence of subarachnoid blood prod-
ucts. Seizures can occur in nearly 8% of patients with subarachnoid hemorrhage and 
often predict a poor long-term outcome [18].

Several clinical grading systems have been validated for patients with aneurys-
mal subarachnoid hemorrhage, including Hunt-Hess and World Federation of 
Neurosurgical Societies (WFNS) (Table 5.2). The modified Fisher scale uses CT 
imaging to assess degree of cisternal subarachnoid and intraventricular hemorrhage 
(Fig. 5.1) and is used to predict rates of vasospasm following aneurysmal rupture 
(Table 5.2).

Ruptured intracranial aneurysms may present with intraparenchymal hemor-
rhage, intraventricular hemorrhage, or subdural hematoma. Intraparenchymal hem-
orrhage may occur when the aneurysm dome rupture point is adjacent to cerebral or 
cerebellar parenchyma and may or may not be associated with cisternal subarach-
noid hemorrhage. For example, middle cerebral artery aneurysm rupture may result 
in frontal or temporal intracerebral hematomas depending on the location of the 
aneurysm. Ruptured anterior communicating artery aneurysms and occasionally 
distal anterior cerebral artery aneurysms are associated with characteristic frontal 
flame hemorrhages also referred to as “jet hematoma.”

Intraparenchymal hemorrhage may be more likely to occur with aneurysm re- 
rupture because of adhesions between the healing rupture site and adjacent brain 
that limits bleeding into the subarachnoid space. Rebleeds are associated with 
higher mortality rates than first bleeds. Various focal neurological deficits, from 
hemiparesis to aphasia, may be observed in these cases, given focal mass effect by 
the hematoma. Acute subdural hematoma is a rare finding after rupture of an 
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internal carotid or posterior communicating artery aneurysm and can cause lateral-
izing neurological deficits such as contralateral hemiparesis, posturing, or cerebral 
herniation. Vascular imaging, such as CT angiography, is required in cases of spon-
taneous, non-traumatic intraparenchymal or subdural hematoma to rule out a rup-
tured aneurysm. Both intraparenchymal and subdural hematoma related to aneurysm 
rupture are associated with poor long-term outcomes [19].

Despite recent advances in the diagnosis and management of ruptured IAs, the 
reported case fatality rates for ruptured IAs within the first few months remain high, 
at 35–39% with approximately 10% reported rate of sudden death [6, 7].

 Natural History

Intracranial aneurysms (IAs) are abnormal dilations in intracranial vessel walls 
result from a complex relationship between hemodynamic factors, intrinsic vessel 
wall characteristics (arteriosclerosis, lipid accumulation, etc.), genetic predisposi-
tion (i.e., type III collagen deficiency, other familial genotypes), and environmental 
factors (smoking, hypertension, etc.) [4]. IAs occur most commonly in the anterior 
circulation, particularly at branch points or bifurcation sites: most commonly inter-
nal carotid artery bifurcation, origin of posterior communicating artery, junction of 
the anterior communicating artery with the anterior cerebral artery, and proximal 

Table 5.2 Clinical and radiographic grading scores for aneurysmal subarachnoid hemorrhage

Hunt-Hess
1 Minimal symptoms 70% survival
2 Moderate headache, cranial nerve palsy 60% survival
3 Drowsy, neurological deficit 50% survival
4 Stuporous, hemiparesis, possible decerebrate posturing 20% survival
5 Deep coma, decerebrate posturing, moribund 10% survival
WFNS
1 GCS 15, no motor deficit
2 GCS 13–14, no motor deficit
3 GCS 13–14, with motor deficit
4 GCS 7–12, +/− motor deficit
5 GCS <7, +/− motor deficit
Modified fisher
0 No SAH, no IVH 0% vasospasm
1 Thin SAH, no IVH 24% vasospasm
2 Thin SAH, with IVH 33% vasospasm
3 Thick SAH, no IVH 33% vasospasm
4 Thick SAH, with IVH 40% vasospasm

GCS Glascow Coma Scale, IVH intraventricular hemorrhage, SAH subarachnoid hemorrhage, 
WFNS World Federation of Neurosurgical Societies
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middle cerebral artery. Common sites of aneurysm formation in the posterior circu-
lation include the basilar tip, and the posterior inferior cerebellar artery origin.

 Risks of Aneurysm Formation

Intracranial vessels are distinct from extracranial arteries in that there are fewer 
elastic fibers and a thinner tunica adventitia. Moreover, instead of being surrounded 
by connective tissue, these vessels are submerged in cerebrospinal fluid. These 

Fig. 5.1 CT images 
depicting the modified 
Fischer score (1–4) for 
aneurysmal subarachnoid 
hemorrhage (mF modified 
Fischer)
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factors increase the susceptibility of intracranial vessels to aneurysm formation. The 
key inciting event in aneurysm formation is thought to be the weakening and disrup-
tion of the internal elastic lamina at a branch point or on the lateral wall of a curving 
vessel due to hemodynamic stresses. Another important factor in the formation of 
IAs is the presence of anatomical variations in the circle of Willis such as bifurca-
tions with sharp angles or this with hypoplastic arteries. These can result in increased 
flow and shear forces leading to vessel wall weakening and subsequent out-
pouching [4].

As discussed previously, the risk of IAs is significantly higher in certain genetic 
disorders and clinical syndromes such as APKD, Ehlers Danlos syndrome, Marfan 
syndrome, α1-antitrypsin deficiency, fibromuscular dysplasia, neurofibromatosis 1, 
and several others. In addition, individuals with a family history of subarachnoid 
hemorrhage (SAH) or those with two or more family members with IAs have a 
higher risk of developing IAs. There are several unique characteristics of IAs in the 
familial subgroup: they often have more than one aneurysm, there is a predilection 
for middle cerebral artery as the most common site of aneurysms in this subgroup, 
the mean age of rupture leading to SAH is younger, and they tend to have poorer 
outcomes [20].

To date, no specific genetic abnormality associated with sporadic intracranial 
saccular aneurysm formation has been identified. However, in a large meta-analysis 
of genetic studies for etiology of sporadic IAs, three single nucleotide polymor-
phism (SNP) sites were identified: on chromosome 9 within the CDKN2B-AS1 
gene, on chromosome 8 near the SOX17 transcription regulator gene, and on chro-
mosome 4 near the endothelin receptor gene [21].

 Risks of Aneurysm Progression

A variety of factors can contribute to the progression of aneurysmal size over time. 
Various patient factors include younger age, female sex, smoking, and history of 
previous thromboembolic events (TIAs or stroke). As previously mentioned, symp-
tomatic patients have a higher risk of aneurysm growth. Specific aneurysm features 
related to higher propensity for aneurysm growth are increasing size, branch point 
location, and multiplicity of aneurysms [22].

 Risks of Aneurysm Rupture

Factors associated with aneurysm progression also portend a higher risk of aneurys-
mal rupture. Broadly, they can be grouped into patient factors (age, female sex, and 
hypertension), environmental factors (smoking, cholesterol, and alcoholism), and 
aneurysm features (size, location, shape, morphology, presence of a daughter sac, or 
evidence of recent growth).
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A positive family history of IAs is a strong risk factor for aneurysmal rupture 
with the annual rupture rate being 17 times higher in such individuals as compared 
to those without a family history of IAs [2]. Certain triggering factors such as physi-
cal exercise, sexual intercourse, and maneuvers leading to increase in intracranial 
pressure (for example, Valsalva during coughing or defecation) have been postu-
lated to be associated with aneurysmal rupture, but no causality has been estab-
lished till date [23].

Conversely, a reduced risk of aneurysmal rupture has been observed in patients 
with IAs taking aspirin [24, 25]. Although aspirin use has been shown to be associ-
ated with reduced risk of SAH, there has been no difference observed in the out-
comes of patients presenting with SAH and concomitant aspirin use.

One of the most monumental studies establishing the natural history of IAs was 
the International Study of Unruptured Intracranial Aneurysms (ISUIA) [3]. The 
first phase of this study (1998) was a retrospective analysis of over 1400 patients, 
divided into two groups: those with and those without a prior history of aneurys-
mal SAH. The results revealed that for aneurysms less than 10 mm in diameter, the 
risk of rupture in individuals with no prior history of SAH was very low (0.05% 
per year). However, it was almost 11-fold higher (0.5% per year) in those with his-
tory of previous SAH. For aneurysms 10 mm or larger, the risk of rupture was 
0.7% per year. In terms of aneurysm location, the highest risk of rupture was found 
for aneurysms in the basilar tip, vertebrobasilar location, and in the posterior com-
municating artery location. However, this study has received criticisms due to its 
retrospective design and patient selection criteria, leading to possible selec-
tion bias.

The results of the prospective arm of the ISUIA trial revealed that small aneu-
rysms (<7 mm in diameter) in the anterior circulation rarely rupture. The rate of 
rupture increases with increasing size and posterior circulation aneurysms have a 
higher tendency to rupture as compared to those in the anterior circulation 
(Table 5.3) [26].

In addition to aneurysm size and location, certain morphological features of the 
aneurysm have been postulated to contribute toward risk of rupture (neck width, 
dome width, and aspect ratio [height/neck width]). Higher rupture risk is associated 
with an aspect ratio of >1.6 and presence of surface irregularity or daughter sacs/
blebs. Features impacting flow dynamics within the aneurysm such as angle of the 
aneurysm to the parent artery and aneurysm size to parent artery ratio have also 
been shown to important determinants of risk of rupture [27].

Based on a large meta-analysis, the six independent risk factors predictive of 
aneurysm rupture have been identified [28]. These include the following: age over 
70 years, history of hypertension, history of prior SAH, aneurysm size, aneurysm 
location, and patient geographical background (North American, European, 
Japanese, or Finnish). These risk factors have been developed into the PHASES 
score for prediction of rupture risk, which ranges from 0.3% to ≥15%. Aneurysms 
that have demonstrated recent growth, for example, an incidental posterior commu-
nicating artery aneurysm that suddenly enlarges to cause a third nerve palsy should 
be considered high risk for rupture and should be treated immediately.

5 Presentation and Natural History



102

 Conclusion

Understanding the natural history of IAs is imperative in guiding management deci-
sions. A careful assessment of the risk of progression and rupture (both short and 
long term) should be made based on the factors discussed and weighed against risks 
of intervention (either surgical clipping or endovascular obliteration). Such multi-
disciplinary assessments can aid clinicians as well as patients in informed decision- 
making regarding the management of intracranial aneurysms.
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Chapter 6
Subarachnoid Hemorrhage Management 
and External Ventricular Drain Placement

Ehsan Dowlati, Tianzan Zhou, and Daniel R. Felbaum

 Introduction

Subarachnoid hemorrhage (SAH) refers to the presence of blood in the subarach-
noid space of the central nervous system. Though the most common reason for SAH 
is trauma, aneurysmal rupture is the most common cause of non-traumatic SAH 
making up about 85% [1]. It is a much more serious condition than traumatic SAH 
requiring prompt diagnosis, medical attention, and timely intervention (Table 6.1). 
SAH patients are one of the most critical and complex patient populations. Centers 
managing less than 10 SAH patients per year are recommended to transfer these 
patients to tertiary high-volume centers with dedicated neurocritical care physicians 
[2, 3]. The management of SAH patients represents a continuum of care through 
several stages of pathophysiology. The early phase of SAH injury is critical and is 
typically defined by the first 72 hours from ictus. Multiple steps are taken simulta-
neously to stabilize, diagnose, and treat the patient [4]. We will be discussing the 
early phase of management in this chapter.
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 Epidemiology and Risk Factors

Aneurysmal subarachnoid hemorrhage (SAH) comprises 5% of all stroke cases. 
The overall incidence of SAH is estimated to be 2–22.5 per 100,000 people with a 
mean age at presentation of 55 [3, 5–7]. There are differences in incidence between 
regions and across racial/ethnic groups with African Americans and Hispanics hav-
ing a higher incidence than white Americans [8]. The incidence of SAH increases 
with increasing age, and women are more affected [5]. There has been a slight 
decrease in the incidence of SAH of 0.6% per year, reflecting better control of 
known risk factors [5]. The incidence and lifetime risk of SAH in the general popu-
lation are highly variable based on the presence or absence of known risk factors 
with a lifetime risk between 0.2% and 7.2% based on the various risk factors [9].

Aneurysmal SAH carries considerable morbidity and mortality, with some stud-
ies reporting mortality of up to 30–45% at 30 days [10]. It is responsible for 8–12% 
of all out-of-hospital deaths [3, 11, 12]. About 35–55% of those surviving achieve a 
good functional outcome as defined by modified Rankin Scale of 0–3 [11]. Many, 
however, suffer from cognitive dysfunction, which affects quality of life [13]. Due 
to baseline comorbidities and risk factors associated with the SAH patient popula-
tion, those that survive have a considerable decrease in life expectancy compared to 
age-matched control population [14]. These patients are also at higher risk of sub-
sequent SAH, recurrent aneurysms, and new aneurysm formation (15-fold higher 
than controls) [15].

Modifiable risk factors for harboring aneurysms include current and former 
smoking (more than twofold increased risk) [16], hypertension, and heavy alcohol 
intake [17]. Adrenergic stimulants such as cocaine also increase risk in the younger 
population. Non-modifiable risk factors include increased age, female sex (1.6 
times more common in women above the age of 50), coarctation of the aorta, some 
connective tissue disorders (Ehlers-Danlos Syndrome and Marfan Syndrome), 
familial intracranial aneurysm syndrome, and adult polycystic kidney disease [5]. 
About one in five SAH patients has a positive family history of aneurysms. This 
should be documented on presentation as other first-degree relatives may need 
screening for aneurysms. The risk associated with female sex is seen in patients 
above 50  years of age. A meta-analysis showed an increased risk of SAH with 
patients using oral contraceptives and post-menopausal women compared to pre- 
menopausal women of the same age [18].

Table 6.1 Quick facts and pearls of SAH

Morbidity and mortality Grading Re-rupture Vasospasm

10–15% dead before arrival, 
1/3 die in hospital, 1/3 
moderate to severe deficit, 
1/3 mild to none
10–15% go back to prior 
occupation

HH score (1–5) 
corresponds with 
morbidity and mortality
WFNS includes 
treatment of 
hydrocephalus first 
before final grade

5% re-rupture in 
first 24 hours
2.5% the 
following 
24 hours
0.5% each day 
thereafter

Vasospasm peaks 
5–10 days
Modified fisher grade 
corresponds with 
vasospasm risk
75% radiographic
25% clinical
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Perimesencephalic SAH accounts for 10% of all SAH. The bleed is confined to 
the midbrain/perimesencephalic cisterns without hemorrhage into interhemispheric 
or Sylvian fissures. The source of the bleed is typically from primitive veins around 
the midbrain. These patients have better outcomes with fewer neurologic sequelae 
and may present with milder symptoms than aneurysmal SAH patients [20]. 
Nonetheless, these patients still require optimal treatment and management war-
ranting a formal cerebral angiogram to rule out aneurysmal source and monitoring 
in the ICU.

 Clinical Presentation

Clinical presentation largely depends on the amount of extravasation of blood 
from the aneurysm upon rupture. This can be negligible to large amounts which 
may cause sudden death [21]. Of those that are conscious and make it to medical 
attention, a classic presenting symptom involves a “thunderclap” or “worst head-
ache of my life” that comes on suddenly. Despite the characteristic presentation, 
headache symptoms may be variable. Unawareness of the acute onset and prior 
history of headaches may delay referral for further evaluation [22]. Even still, 
some patients may not seek medical attention for days at which point the head-
ache become intolerable, or patient develops hydrocephalus and/or vasospasm 
[23]. The severe headache can be preceded by strenuous activity in some cases 
(especially within 2 hours of onset), although it may also occur at rest [24]. It can 
also be preceded by a prior sentinel headache in up to 43% of patients, character-
ized as an insidious less severe headache that may occur up to 6 weeks before 
SAH [25, 26]. The sentinel headache can denote a small leak, hemorrhage into the 
wall of the aneurysm or acute expansion in size. Photophobia and visual distur-
bances from ocular hemorrhages (Terson’s syndrome) [27], nuchal rigidity from 
irritation of the subarachnoid space, nausea/vomiting, depressed consciousness, 
cranial nerve palsies depending on location, seizures, and focal deficits from 
intraparenchymal hemorrhage (IPH) are also common presentations [28, 29]. 
Atypical symptoms may lead to misdiagnosis and delayed treatment in up to 12% 
[30]. Given the range of symptomatology and the critical importance of a prompt 
diagnosis, the Ottawa SAH rule may be applied to identify patients in whom fur-
ther CT and lumbar puncture are warranted. The rules include patients above 
40  years, with neck pain/stiffness, loss of consciousness, onset with exertion, 
thunderclap nature of headache, and limited neck range of motion [31]. Patients 
who do not make it to medical attention typically die from sequela of increased 
ICP leading to cerebral circulatory arrest or cardiac dysrhythmia [32]. Vital sign 
abnormalities patients may present with include severe hypertension, fever, and 
relative bradycardia. The surge in catecholamines also produces a systemic 
inflammatory response syndrome [33]. Neurologic decline early after presenta-
tion is seen in up to one-third of patients and related to increased age and clot 
burden [34].
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 Imaging and Diagnosis

 Computed Tomography

Non-contrast computed tomography (CT) of the head is the primary method of 
SAH diagnosis and it detects above 95% of SAH cases with a 97% sensitivity in the 
first 72 hours and 50% sensitivity after 5 days [35, 36]. Volume and location of SAH 
on CT are significant independent risk factors for death and disability. Additionally, 
a CT may help with localization of the aneurysm or source of hemorrhage, specifi-
cally when there is an associated IPH [37]. Additional findings noted on CT scan 
include intraventricular hemorrhage (IVH) in 20%, IPH in 19%, ventriculomegaly 
in 16%, midline shift from mass effect in 8%, subdural hematoma (SDH) in 2%, and 
in cases of large aneurysms, the aneurysm itself (5%) [38] (Fig. 6.1).

 Lumbar Puncture

A lumbar puncture (LP) is performed in cases where SAH is suspected but the CT 
is negative. This can be done at bedside or in the fluoroscopy suite. Contraindications 

Fig. 6.1 Non-contrast 
axial view of a CT head 
showing diffuse 
subarachnoid hemorrhage, 
ventriculomegaly as well 
as intraventricular 
hemorrhage in the fourth 
ventricle
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to an LP include coagulopathy, increased ICP from a space-occupying lesion, sus-
pected arteriovenous malformation (AVM), and infection in the lumbar area. SAH 
is confirmed by the presence of similar number of red blood cells (RBCs) in the first 
and final tube, while in a traumatic tap, the CSF should clear of blood in subsequent 
tubes and typically forms clots. An RBC count of greater than 2000 × 106/L in the 
final tube is concerning for SAH [39]. If unsure if traumatic tap was obtained, a 
repeat LP may be done at a higher level. An LP performed in the first 6 hours is not 
as sensitive or specific and xanthochromia typically appears after 12 hours due to 
lysis and degradation of RBCs and hemoglobin products [35, 40]. Additionally, 
spectrophotometry may be most reliable though it is difficult to perform since CSF 
needs to be stored at a certain temperature and centrifuged immediately. Cellular 
polymorphonuclear reaction can be seen in the first few hours after SAH and this 
transitions into a predominantly monocytic reaction with elevated proteins levels 
that may persist up to 3 weeks [32].

In addition to laboratory studies of CSF, opening pressure should be obtained 
with a lumbar puncture. A high pressure with clear CSF can suggest a dural venous 
thrombosis or meningitis, whereas a low opening pressure and clear CSF place 
intracranial hypotension further up the differential [37].

 Magnetic Resonance Imaging

In the acute setting of less than 6 hours onset, magnetic resonance imaging (MRI) 
without contrast can play a role in diagnosis. MRI also has a role in cases where the 
angiogram is negative, especially when fluid-attenuated inversion recovery (FLAIR) 
and T2 sequences are used [15]. An MRI of the brain and cervical spine with and 
without gadolinium can evaluate for angiographically occult lesions, dissections, 
tumors, or lesions in the upper cervical spine.

 Noninvasive Vascular Imaging

A CT angiogram (CTA) of the head (and neck) may be performed for aneurysm 
diagnosis in situations where an angiogram is not possible or for operative planning. 
It is up to 94% accurate in detecting aneurysms greater than 3 mm [42] (Fig. 6.2). 
In 5% of cases, patients may show contrast extravasation which is associated with 
high risk of mortality.

Magnetic resonance angiography (MRA) is another option like CTA for nonin-
vasive diagnosis of aneurysms; however, it is not as practical to obtain in the acute 
setting. It has slightly lower sensitivity compared to CTA and accuracy increases 
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with aneurysms greater than 3 mm [43, 44]. Newer technology and 3-Tesla imaging 
or greater have increased this sensitivity [43].

 Angiography

A six-vessel digital subtraction angiography (DSA) is performed once the diagnosis 
of SAH is established (Fig. 6.3). This is the gold-standard for aneurysm diagnosis 
approaching 100% sensitivity and specificity and a three-dimensional rotation 
angiogram allows for even better spatial resolution. DSA also allows for therapeutic 
intervention to be pursued at the time of diagnosis in the form of endovascular 
occlusion. The angiogram will also allow for diagnosis of any early vasospasm, 
which may be treated accordingly. In negative angiograms where no source of SAH 
is identified (15% of patients undergoing DSA for SAH), a repeat DSA or other 
vascular study such as a CTA or MRA is performed within 1–2 weeks as the aneu-
rysm may be small enough to have completely thrombosed after bleeding. In most 
cases, negative angiograms will be due to a perimesencephalic SAH, for which 
further vascular imaging is controversial [45]. In cases where multiple aneurysms 
are diagnosed, we closely examine the CT for the presence of focal SAH, and treat 
the aneurysm with higher risk factors, such as larger or irregularly shaped aneu-
rysms [46]. If possible, we attempt to treat all aneurysms as to mitigate the risk of 
rupture or re-rupture.

Fig. 6.2 Axial view of 
CTA head done on a 
patient with ruptured 
anterior communicating 
artery aneurysm (arrow) 
with associated right 
frontal intraparenchymal 
hemorrhage

E. Dowlati et al.



111

 Grading

There are multiple scales used to define clinical status and prognosticate outcome. 
Although primarily established for trauma, the well-known Glasgow Coma scale 
(GCS) is used in SAH grading to establish the severity of the initial neurologic 
insult and to assist with immediate neurocritical care needs. The Hunt Hess (HH) 
score is a widely used clinically defined scale determined by neurologic examina-
tion and shown to correlate with mortality [47]. The World Federation of 
Neurological Surgeons Scale (WFNS) is another clinical scale used for SAH 
patients and has better positive and negative predictive values related to outcomes 
and also provides a more objective measure [48]. Use of both scales provides best 
prediction of outcome when used after patient is stabilized and resuscitation mea-
sures have been completed, including ventricular drainage [49, 50]. Other scales 
that exist but less commonly used include the Prognosis on Admission of Aneurysmal 
Subarachnoid Hemorrhage scale and Botterell scale [51, 52].

Radiographic features such as volume of SAH on CT scan is also an important 
predictor of outcome. The Fisher grade is a radiologically defined scale determined 
by amount of subarachnoid blood and location. The scale should be used on initial 
CT of the head. However, this scale starts at 1 and is not linear in its prediction of 
outcome or vasospasm. The more widely adopted modified Fisher grading scale 
carries a predictive correlation with risk for vasospasm and overall patient outcome 
[53]. The Hijdra scale is more detailed but less practical. It grades based on sub-
arachnoid blood in 10 cisterns and IVH in each ventricle [54]. These grading 
schemes have been used for many years to provide a common method of communi-
cating SAH severity so that providers may have objective measures, follow exams, 
and render prognosis on patients with SAH.

Fig. 6.3 Digital 
subtraction angiogram with 
oblique view of right 
internal carotid artery 
injection shown here. 
There is a 5.5 × 3.9 mm 
boot-shaped posterior 
communicating artery 
aneurysm noted (arrow)
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 Pathophysiology of Early Brain Injury

Chemical injury is derived from the release of oxyhemoglobin and bilirubin oxida-
tion products which acts as a vasoconstrictor and iron which may induce apoptosis. 
In the acute setting, SAH causes a transient global ischemia that results from dis-
turbed metabolism and temporary cerebral circulatory arrest. This is seen in patients 
with altered consciousness. Factors that contribute to this early brain injury and 
transient global ischemia include endothelial injury, excitotoxicity, and impaired 
ionic channels. These events occur in part due to failure of ATP-dependent channels 
and ionic derangements including increased in intracellular calcium, which leads to 
failure of smooth muscle relaxation. This failure of energy metabolism has been 
shown in cerebral microdialysis studies [55]. The molecular cascade of events leads 
to impaired autoregulation, cell death, inflammation, oxidative stress, and edema 
[56]. The cascade of energy failure, ionic disturbance, and oxidative stress leads to 
an increase in ICP. There is a concomitant global decrease in cerebral blood flow 
(CBF) and cerebral metabolic rate of oxygen which has been correlated with SAH 
grade and the decline can be seen for days after the SAH. This decrease is due to 
decreased demand.

 Initial Management

SAH patients may be neurologically intact or very ill and comatose. First steps in 
assessment include a systematic evaluation of airway, breathing, circulation, and 
hemodynamic parameters. Then a neurological assessment should be done to assess 
consciousness, awareness, speech, motor exam, and cranial nerves. All patients 
should be admitted to the intensive care unit and placed on bed rest. Frequent moni-
toring of vital signs and neurological assessments should be undertaken at least 
once every hour. The proceeding sections go over the main aspects of acute SAH 
patient care.

 Airway

SAH patients are at risk for respiratory failure due to depressed level of con-
sciousness, seizures, elevated ICP, brainstem compression, and hydrocephalus. 
Endotracheal intubation is indicated for any patient presenting with a GCS of 
less than 8, compromised airway, HH score greater than 2, and Fisher grade 
greater than 2. We also prefer to intubate all patients who need an external ven-
tricular drain (EVD). During intubation, the blood pressure should be monitored 
as to not provoke sudden changes. Both hypertension and hypotension should be 
avoided.
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The primary goal of mechanical ventilation is airway protection in the setting of 
impaired consciousness. Other goals, equally as important, include adequate oxy-
genation and adequate ventilation as to avoid hypercarbia. Continuous end-tidal 
CO2 monitoring is necessary in all patients. Induced hypocapnia is not currently 
recommended and is reserved as a temporary measure during cases of malignant 
intracranial hypertension [57]. Additionally, long-term hypocapnia with a pCO2 of 
less than 25 mmHg may lead to vasoconstriction, metabolic alkalosis, and hypoper-
fusion since autoregulation may be impaired in SAH patients [58]. Typically, the 
recommended goal range is partial pressure of arterial CO2 (PaCO2) from 30 to 
40 mmHg and a PaO2 of 90 to 100 mmHg.

 Blood Pressure Management

Hypertension in SAH is common and likely related to the sympathetic surge from 
cerebral injury along with factors such as pain, agitation, and anxiety. Blood pres-
sure should be promptly treated immediately after airway is stabilized and hydro-
cephalus is addressed. The primary goal of blood pressure control is preventing a 
rebleed event [3]. One must assume an unsecure vascular lesion at risk of rebleeding 
with any SAH patient. Guidelines currently recommend a systolic blood pressure 
(SBP) of less than 160 [3]. On the other end, one must also avoid hypotension as to 
not compromise cerebral perfusion pressure (CPP). A central venous catheter/line 
(CVC) and an arterial line may be indicated for close hemodynamic monitoring. 
Variability in blood pressure may be as important as absolute blood pressure [59].

The most effective method of blood pressure control is use of a continuous infu-
sion and the preferred agents of choice include nicardipine, labetalol, or esmolol. 
Beta blocker use, however, may be limited by symptomatic bradycardia and/or 
bronchospasm. Additionally, nimodipine, a calcium-channel blocker, is initiated on 
all SAH patients at 60 mg every 4 hours. Nitrates such as nitroglycerin and nitro-
prusside are vasodilating agents that should be avoided as to prevent increase in 
intracranial pressure (ICP) [60].

Administration of agents to control pain and agitation may be indicated as long 
as they are short-acting so the patient may be neurologically assessed. Later in the 
patient’s hospital course, induced hypertension may be needed to provide increase 
in CPP in the setting of vasospasm. After aneurysm treatment, we prefer to keep 
SBP between 100 and 180.

 Intracranial Hypertension

Intracranial hypertension is the most common cause of death in the immediate 
post- bleed period. Causes include hydrocephalus, global cerebral edema from 
transient global ischemia, and mass effect from concurrent IPH or 
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SDH. Mechanical means of injury relate to the subarachnoid blood stretching the 
subarachnoid space and compressing arteries leading to an increase in 
ICP. Additionally, blood products may block the subarachnoid space impeding 
cerebrospinal fluid (CSF) flow, leading to communicating hydrocephalus. There 
is also some contribution from disruption of the blood–brain barrier (BBB), 
worsening edema [61]. ICP is monitored in a variety of ways, most commonly 
through an EVD catheter given that it is also therapeutic. Multimodal monitoring 
can also be achieved with intraparenchymal/subdural ICP monitors which may 
provide additional information regarding brain temperature and partial pressure 
brain tissue oxygen (Fig. 6.4).

 Intraparenchymal or Intraventricular Hemorrhage

IPH is seen in about one-third of aneurysmal SAH [62, 63], typically in patients 
with middle cerebral artery (MCA) or distal anterior cerebral artery aneurysms. IPH 
size, location, and degree of midline shift are predictors of outcome [64]. Hemorrhage 

a b

c

Fig. 6.4 (a) Subarachnoid hemorrhage patient with a right external ventricular drain (solid arrow) 
as well as a right intraparenchymal Neurovent-P-tel ICP monitor (Raumedic, Helmbrechts, 
Germany) in place for multimodal monitoring. (b) The buretrol for CSF diversion and drainage 
reservoir containing blood-tinged CSF is seen. (c) Raumedic display monitor showing values for 
ICP, partial pressure of brain tissue oxygen, and brain temperature
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location and size vary due to a number of factors. Differentiating between an aneu-
rysmal and hypertensive IPH is important and can be done based on presence of 
SAH in the cisterns or location of the IPH near the skull base as well as patterns of 
IVH. SDH can also be seen in SAH patients, typically from MCA and posterior 
communicating artery aneurysms. In cases of significant mass effect from the hem-
orrhage, a craniotomy or craniectomy can be performed for clot evacuation, decom-
pression, and aneurysm clipping. Others propose securing the aneurysm with 
coiling followed by surgical clot evacuation [65].

IVH is an independent risk factor for worse clinical grade and poor outcome. 
Some degree of IVH is seen in almost half of patients and 13–28% experience major 
IVH [66]. Anterior communicating artery aneurysms and basilar tip aneurysms are 
the most common to produce larger volumes of IVH and mortality in these patients 
can reach 64% [67]. With a large IVH, increased ICP should be presumed even in 
the setting of no significant ventriculomegaly.

 ICP Management

Management of elevated ICP, defined as exceeding 20  mmHg for more than 
5 minutes, in the acute setting focuses on optimizing venous return and reduction 
of CSF volume typically with an EVD. In the case of large IVH, intraventricular 
thrombolytics may be administered to speed clearance [68]. If an EVD is not pos-
sible, an intraparenchymal ICP monitor should be placed in patients with GCS 
less than 8. Over one-third of patients will display ICPs greater than 20 mmHg at 
some point during monitoring [69]. Positioning with the head neutral and midline 
and the head of bed at 30° optimized venous return from the head. Additionally, 
medical management after or in lieu of surgery may occur through multiple meth-
ods [70]. Fevers, seizures, and agitation or pain should be identified and addressed 
if present as they increase metabolic demand of the brain. Osmotic diuretics 
through a CVC such as mannitol and hypertonic saline can be used to create an 
osmotic shift across the BBB [71]. Suppressing global cerebral demand with pro-
pofol or barbiturates can also reduce ICP in refractory cases [72, 73]. 
Hyperventilation is used only as a temporizing measure as chronic hypocapnia 
can negatively affect cerebral hypoperfusion and when stopping hyperventilation, 
one must be aware of rebound intracranial hypertension that may ensue. 
Hypothermia is another option that has been explored in these patients, during 
their procedure or for refractory ICP control with mixed results and associated 
with increased complications [3, 74]. If there is mass effect that can be surgically 
addressed, such as an IPH or SDH, evacuation with or without clipping of the 
aneurysm is indicated. If lesions do not exist, a hemicraniectomy is also a surgical 
option in refractory cases. Components of ICP management are shown in 
Table 6.2.

6 Subarachnoid Hemorrhage Management and External Ventricular Drain Placement



116

 Acute Hydrocephalus

Acute hydrocephalus is caused by subarachnoid blood interfering with CSF circula-
tion within the ventricular system and subarachnoid space. It can also block absorp-
tion at the arachnoid granulations. One objective measure of ventriculomegaly is 
calculating the ventriculocranial ratio and comparing that to 95th percentile for cer-
tain age group [75]. There are a number of factors associated with increased risk of 
hydrocephalus including increasing age, hypertension, IVH, volume of SAH, pos-
terior circulation aneurysms, and worse clinical grade [76]. Treatment in the acute 
setting is with CSF diversion via an EVD typically placed in sterile fashion at bed-
side with a twist drill for cranial access. If indicated, this should be done before any 
operative or endovascular procedure. We prefer to place an EVD in all intubated 
patients at our institution. Clinical improvement is reported in 80% of patients who 
undergo EVD placement [77]. Details regarding placement and nuances of manage-
ment of an EVD are discussed later in this chapter.

 Seizure Management

Seizure activity may be a presenting feature in 8% of patients and up to a quarter of 
SAH patients may develop seizures before treatment [78]. Risk factors associated 
with seizures include IPH (especially in an MCA location), intracranial hyperten-
sion, poor HH grade, and electrolyte imbalances such as hyponatremia [79]. Seizure 
is associated with increased brain swelling, increased oxygen demand, blood pres-
sure variability, and risk of rebleeding [80]. In one study, 11% of patients had a 
generalized tonic-clonic seizure within 6 hours of presentation and this was associ-
ated with higher incidence of in-hospital seizures and complications.[81] Another 
study showed seizure association with poor clinical grade on presentation and 
greater hematoma burden. In cases of new-onset seizures that occur after 

Table 6.2 ICP crisis management tactics

Positioning HOB at 30° and head midline
Airway Make sure secured

Hyperventilate (temporary measure only)
CSF EVD if possible

If present, drain 5–10 cc
Imaging Head CT to evaluate for re-rupture and for any surgical lesions that can 

be addressed
Hyperosmolar 
therapy

Mannitol 1 g/kg
23% hypertonic saline via central venous line

Hypothermia Treat fevers
Prophylactic hypothermia not indicated

Surgery If mass lesion exists, surgical resection with or without decompressive 
craniectomy
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presentation, imaging should be done after stabilization to assess for rebleed, hydro-
cephalus, or ischemia. Labs should be drawn to evaluate for electrolyte and glucose 
level abnormalities.

Seizure management begins with benzodiazepines and intravenous (IV) antiepi-
leptic medication (AEDs) such as fosphenytoin. Airway must be stabilized, espe-
cially if the patient proceeds to status epilepticus. High doses of AEDs may 
precipitate respiratory depression. Additional sedatives such as propofol are indi-
cated to achieve seizure control. Currently, there are no randomized control trials to 
assess the effect of prophylactic AEDs. In high-grade SAH, continuous electroen-
cephalogram (EEG) monitoring is recommended to diagnosis and monitor therapy. 
Although high-quality evidence for routine AED use in SAH is lacking and a sys-
tematic review showed no effect [82], short-term prophylactic antiepileptic therapy 
(typically 3–7 days) is still commonly used due to the detrimental effects of seizures 
in these ill patients [3, 83]. Eventually, epilepsy will develop in 12% at 5-year fol-
low- up [84] although endovascular treatment is less associated with epilepsy than 
microsurgical clipping [85].

 Volume Status

Hypovolemia can be seen with SAH and patients require volume repletion and 
expansion in the first 24 hours of presentation. This functional dehydration, if not 
corrected, may lead to end-organ dysfunction. Volume status during the course of 
the ICU stay may be monitored by central venous pressure (CVP) through a 
CVC. Methods of assessment include use of pulmonary artery catheter, although 
not commonly used anymore. Instead, one may use continuous cardiac output mon-
itoring and stroke volume variation through less- or noninvasive means [86, 87]. A 
Foley catheter should be placed for monitoring of output and ensure adequate urine 
output of greater than 0.5 mL/kg/hr. Fluid intake should be 3 L per day once the 
aneurysm is secured, although overall goal should be euvolemia [88].

 Laboratory Studies

Labs including a complete blood count with differential, comprehensive metabolic 
panel, coagulation studies, arterial blood gas, and troponin should be obtained once 
patient is stabilized.

The common electrolyte disturbances following SAH in order of frequency are 
hyponatremia, hypomagnesemia, hypokalemia, and hypernatremia [89]. 
Hyponatremia can exacerbate cerebral swelling. It is frequently encountered during 
the course of the hospitalization rather than in the acute presenting period. Accurate 
assessment of intake and output is essential in diagnosing the etiology of hyponatre-
mia: euvolemic or hypervolemic syndrome of inappropriate antidiuretic hormone 
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versus hypovolemic cerebral salt wasting [90]. Hyperglycemia is also common in 
SAH patients and glucose management is essential in preventing poor outcomes and 
minimizing infection risk [91]. Though hyperglycemia is more common on presen-
tation, it is important to avoid hypoglycemia in treating these patients as that could 
have deleterious effects on a compromised brain [92]. Anemia is a common medical 
complication requiring transfusion. It is typically developed over days into the hos-
pitalization and not typically an acute concern [93].

Coagulation studies and platelet count are critical to have before starting any 
procedures. At our institution, patients also obtain thromboelastography studies to 
quantify clotting ability. Patient’s medications should also be reviewed, and any 
antithrombotic medication or coagulopathy should be reversed appropriately. Each 
medication will have their own reversal algorithm, and this may differ between 
institutions. For warfarin, we administer fresh frozen plasma (10 mL/kg) or inacti-
vated prothrombin-complex concentrate (factors II, VII, IX, and X) along with 
3 days of 10 mg of vitamin K. Some medications including dabigatran have specific 
reversal agents: idarucizumab [94]. The recently US Food and Drug Administration 
approved drug, Andexxa (coagulation factor Xa), can be used for apixaban and riva-
roxaban [95]. Thrombocytopenia should be addressed by treating the underlying 
cause and if a quantitative deficiency exists, it should be treated with platelet trans-
fusions, especially if the patient is to undergo procedures or surgical intervention.

 Acute Cardiac Complications

The SAH patient should have continuous electrocardiographic (EKG) monitoring 
upon presentation to obtain a baseline rhythm and monitor for any changes. The 
cardiac manifestations in a SAH patient include EKG changes in T waves, eleva-
tions in troponin and/or B-type natriuretic peptide levels, arrhythmias, and ischemic 
heart failure [96]. Cardiac arrhythmias can occur immediately upon ictus and are 
life threatening in 5–10% of cases [97]. Up to 30% of patients may experience a 
serious cardiac disorder in the form of neurocardiogenic stunning during their 
admission. Troponin leaks are associated with demand ischemia or abnormal left 
ventricular wall motion. Transient left ventricular dysfunction may occur due to 
myocardial stunning, apical ballooning syndrome, or Takotsubo cardiomyopathy. 
Etiology is pointed toward failure of myocardial contractility from calcium over-
load from increased sympathetic surge that results in oxygen free radicals [98]. An 
echocardiogram is indicated to diagnose and evaluate severity. It will typically show 
reduced ejection fraction and regional hypokinesis [99, 100]. In severe cases, the 
use of an intra-aortic balloon pump has been described for management [101]. 
Neurogenic stunned myocardium is reversible and timely intervention supports the 
mean arterial pressure (MAP), reduces need for vasopressors, and thus reduces 
delayed neurologic deficits [102]. The need for acute cardiac intervention and the 
need for anti-platelet or anti-coagulation therapy must be weighed against the risks 
in the setting of a subarachnoid hemorrhage.
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 Acute Pulmonary Complications

Pulmonary complications in the acute setting in SAH patients are typically due to 
aspiration from an unprotected airway and depressed consciousness or pulmonary 
edema from neurogenic insult or cardiogenic in etiology. In the acute case, pulmo-
nary edema is typically neurogenic and associated with poor grade SAH. Mechanisms 
behind development of neurogenic pulmonary edema differ. A sudden increase in 
ICP leads to sympathetic surge causing hypertension and pulmonary artery vaso-
constriction which builds pressure in alveolar capillaries leading to leakage of tran-
sudate. It may also involve direct neural mechanisms leading to disruption of the 
alveolar-endothelial barrier [103]. Most patients recover from it when identified 
early and managed appropriately with mechanical ventilation [104]. Another mani-
festation is ensuing pulmonary edema from cardiac failure previously described or 
iatrogenic aggressive volume expansion in the setting of hyperdynamic therapy. 
Overall, pulmonary complications have been estimated to be the cause of death in 
50% of medical deaths in SAH patients [105].

 Sedation and Pain Management

Continuous IV sedation is commonly used in intubated patients to address ventilator- 
associated discomfort or agitation. Because frequent neurologic assessments are 
essential in the acute period, short-acting sedatives should be used. Common agents 
include propofol, fentanyl, or midazolam. Although propofol has rapid-onset and 
short duration of action, it can still impair neurologic status for some time and affect 
blood pressure [106]. Dexmedetomidine is another option and has been effective in 
minimizing neurologic dysfunction although side effects of bradycardia limit its 
use [107].

Pain is experienced by most patients with SAH and it can independently increase 
cerebral oxygen consumption by 30%. Short-acting narcotics such as fentanyl may 
be used as long as patients are closely monitored and not over-sedated. Short courses 
of dexamethasone may also be indicated to alleviate persistent nuchal inflammatory 
symptoms.

 Rebleeding

Rebleeding is the primary cause of death in patients who present to medical atten-
tion after initial SAH [108, 109]. It is associated with significant morbidity and 80% 
mortality, making rebleeding the most preventable cause of poor outcome [37]. The 
risk is increased in patients who have a delay in their time to diagnosis, time to treat-
ment, and those with incompletely secure aneurysms. This risk peaks in the first 

6 Subarachnoid Hemorrhage Management and External Ventricular Drain Placement



120

2–12 hours occurring between 4% and 13.6% [3]. It then occurs at a rate of about 
1–2% per day during the following month [110]. In situations where a treatment 
needs delay, aminocaproic acid or tranexamic acid has been studied as antifibrinol-
ytic agents to prevent rebleeding [111]. In untreated patients, the cumulative risk of 
a rebleed within first 30 days is 20–30%, within 6 months is 50% and approach 80% 
within the first year, the incidence is 3% per year after that [37, 112, 113]. Risk fac-
tors associated with increased frequency of rebleeding include history of hyperten-
sion, poor clinical grade, IPH, IVH, larger aneurysms, and posterior circulation 
aneurysms [114]. Although no randomized control exists, blood pressure control is 
a common practice to prevent rebleeding [3]. Ultimately, ruptured aneurysms should 
undergo definitive treatment by coiling or clipping as soon as possible.

 External Ventricular Drain

 Indications

The rate of acute hydrocephalus has been reported in 15–85% of patients presenting 
with aneurysmal subarachnoid hemorrhage. Most recent studies have demonstrated 
rates of 20–30%.[115] The use of an EVD to manage hydrocephalus in the setting 
of aneurysmal SAH was first reported in 1973 by Kusske et  al. and it has since 
become the standard approach for treatment of acute hydrocephalus [116, 117]. 
Common considerations for EVD insertion in the setting of SAH include GCS ≤ 12 
[118], HH grade ≥ 3 [76], or inability to follow commands [119]. Prospective stud-
ies have suggested that the majority of patients presenting with radiographic ven-
triculomegaly and headache improve without drainage and may be observed [118]. 
However, the natural course for patients with fluctuating cognition is less well 
defined and some propose for more aggressive management with an EVD.

 Preparation

As with any procedure, efficiency is dictated by thoughtful preparation prior to the 
procedure. The patient’s clinical status and the need for airway management in the 
non-intubated patient should be addressed prior to proceeding with EVD insertion. 
Depending on the patient’s coagulation status, a specific reversal algorithm may 
need to be addressed prior to insertion. Adequate sedation and analgesia should also 
be ensured for the patient. Pre-procedural antibiotics should also be used to decrease 
the incidence of ventriculostomy-related infections [120].

The patient should be maintained in a supine position with head of bed elevated 
at 45°. This elevation may be lowered to aid the trajectory of the EVD if necessary. 
The patient’s hair on the side of insertion should be removed using clippers. A donut 
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headrest may be used and the head can be taped to the bed to minimize movement 
during the procedure. An aggressive skin preparation should be performed using an 
anti-septic agent. At our institution, a povidone-iodine solution is preferred. 
Subsequently, sterile drapes should be used to isolate the non-sterile areas from the 
procedural field.

 Technique

A freehand technique is commonly used for the insertion of EVDs. The right frontal 
cerebral cortex is non-dominant for language function in >90% of patients and 
therefore is the preferred site of entry [121]. However, based on the characteristics 
of the SAH or presence of IVH, it may be necessary to move the insertion site to the 
left frontal cerebral cortex. A burr hole should be placed at Kocher’s point to avoid 
the superior sagittal sinus and the motor cortex. This point is located 11 cm poste-
rior to the nasion and 3  cm lateral from midline. It should be located along the 
ipsilateral midpupillary line (Fig. 6.5).

After the site is marked, it is injected with local anesthesia; 1% lidocaine with 
epinephrine 1:100,000 is preferred to assist with hemostasis. A 1–2 cm linear inci-
sion along the midpupillary line centered on Kocher’s point should be made down 
to bone. The periosteum is subsequently scraped from the bone using a blunt instru-
ment to prevent the drill tip from migrating during initialization. A twist drill should 
then be aimed perpendicular to the skull at Kocher’s point and used to penetrate 
bone. The cortical and cancellous layers of the bone should be easily felt, with a rise 
in resistance in the latter stages of drilling indicating the inner cortical layer. At this 
point, care should be taken not to apply excessive pressure on the drill and risk corti-
cal injury if the cortical layer were to suddenly give way. A sharp drop in resistance 
indicates that the bone has been completely penetrated. The dura should subse-
quently be pierced sharply. A blunt instrument can be used to confirm penetration of 
the dura.

The ventricular catheter is put into position and passed to no more than 7 cm 
deep from the skin into the ventricle. The traditional trajectory for the catheter is 
toward the ipsilateral medial canthus in the coronal plane and the ipsilateral tragus 
in the sagittal plane. However, a more medial trajectory in the coronal plane toward 
the nasion or the contralateral medial canthus may provide better accuracy in a sub-
set of patients, especially those with mild radiographic ventriculomegaly [122]. The 
CT scan should be studied to ensure the optimum trajectory on a patient-by- 
patient basis.

Successful insertion of the catheter into the ventricle can be confirmed by assess-
ing for spontaneous CSF flow from the catheter. Subsequently, the catheter should 
be tunneled in a posterior and medial direction to avoid the path of a possible future 
ventriculoperitoneal shunt (VPS) and exit the skin at least 4 cm away from the site 
of insertion. The incision site is closed, and the drain is secured to the scalp using 
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multiple stitches, with care being taken not to puncture or occlude the catheter at 
this stage. It is subsequently connected to a buretrol in sterile fashion.

 EVD Management

Aneurysm rebleeding is a concern after EVD placement and provides the rationale 
for limited CSF drainage in the setting of an unsecured aneurysm. In a meta- analysis 
evaluating aneurysm rebleeding after EVD placement, rebleeding was observed in 
18.4% of patients who were treated with EVD placement versus 6.4% in patients 
who did not receive an EVD.  The average time between EVD placement and 
rebleeding was 1  hour. Factors associated with rebleeding include large size 
(>10 mm) and high Fisher grade (III-IV) [123]. In one study, patients who experi-
enced rebleeding after EVD placement had a mean level of drainage of 2.5 cm H2O 
compared to 14 cm H2O in patients in whom re-hemorrhage did not occur [124]. It 
is important to note, however, that the association between EVD and aneurysm 

Fig. 6.5 Ventricular access via Kocher’s point. The burr hole should be placed 11 cm superior and 
posterior to the nasion and 3 cm lateral to the midline. The catheter is aimed at an angle that is 
perpendicular to the intersection of lines drawn from the ipsilateral medial canthus and the ipsilat-
eral external auditory meatus. The catheter is passed to a depth of approximately 7 cm from the 
skin or until the frontal horn of the ipsilateral lateral ventricle is reached. (Obtained and modified 
with permission from Oxford University Press. Morone PJ, Dewan MC, Zuckerman SL, Tubbs RS, 
Singer RJ.  Craniometrics and Ventricular Access: A Review of Kocher’s, Kaufman’s, Paine’s, 
Menovksy’s, Tubbs’, Keen’s, Frazier’s, Dandy’s, and Sanchez’s Points. Oper Neurosurg 
(Hagerstown). 2020;18(5):461–469)
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rebleeding may be an epiphenomenon associated with large aneurysmal ruptures 
presenting with high grade hemorrhage and poor neurological status.

There currently exists a consensus on limiting CSF drainage in the setting of an 
unsecured ruptured aneurysm. The majority of institutions favor continuous drainage 
at either 15 or 20 cm H2O [125]. This is due to the fear that the pressure gradient 
formed by aggressive CSF drainage may increase the risk of re-rupture based on 
historical data that demonstrated re-rupture being associated with relatively low ICP 
[126]. Patients with secured aneurysms are largely managed via continuous CSF 
drainage at 10 cm H2O [125]. There are multiple rationales for continuous drainage: 
(1) to treat symptomatic hydrocephalus, (2) to clear blood, and (3) to improve cere-
bral perfusion pressure. The practice of continuous CSF drainage is also based on an 
extrapolation from the 2016 Brain Trauma Foundation Level III recommendation 
stating that continuous CSF drainage may lower the ICP burden more effectively than 
intermittent drainage [127]. However, some proponents argue for intermittent drain-
age based on a randomized trial by demonstrating that intermittent drainage is associ-
ated with a lower incidence of catheter occlusion as well as a trend toward lower rates 
of ventriculitis and CSF leak or hemorrhage in the intermittent drainage group [128]. 
There is also a theoretical argument that the earlier and higher pressures caused by 
intermittent drainage may promote resumption of natural CSF absorption pathways. 
However, all major studies to date have demonstrated comparable rates of eventual 
VPS placement in patients undergoing intermittent versus continuous CSF drainage.

The symptoms of EVD-related infections may be masked by the patient’s pri-
mary pathology. Furthermore, most causative organisms only cause mild inflamma-
tory responses. Several institutions have therefore instituted routine sampling of 
CSF.  However, opponents of this practice argue that routine CSF sampling may 
increase the risk of contamination of the drainage system. Observational studies 
regarding CSF sampling have noted that a decreased frequency of sampling is asso-
ciated with a decreased risk of culture-positive infections [129]. Furthermore, each 
CSF sample increases the relative likelihood of ventriculostomy-related infection 
by 8.3% [130]. The current recommendation from the Neurocritical Care Society is 
to avoid routine CSF sampling and only obtain CSF for analysis when clinically 
indicated [120].

There is currently no consensus regarding the routine administration of prophy-
lactic antibiotics in the periprocedural setting versus throughout the duration that 
the EVD is in place. The largest randomized controlled trial to date by Poon et al. 
demonstrated a lower rate of ventriculostomy-related infections in the group treated 
with prophylactic antibiotics for the duration of the EVD. However, there are meth-
odological issues that confound this finding; the duration arm received broader 
spectrum antibiotics than the periprocedural group. There was also a larger inci-
dence of resistant organisms in the duration arm [131]. In contrast, a number of 
smaller studies have demonstrated no difference in infection rate between peripro-
cedural antibiotic administration versus antibiotic administration for the duration of 
the EVD. Furthermore, long-term antibiotic administration is also associated with 
an increased incidence of resistant organisms and C. difficile colitis. It is therefore a 
reasonable to limit antibiotic administration to the periprocedural period.
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Patients with acute neurological injuries are at an increased risk of venous throm-
boembolisms (VTE). A retrospective study found a VTE rate of 7.2% in patients 
who had undergone an EVD placement [132]. Neurosurgical patients with elastic 
stockings alone and no other forms of VTE prophylaxis exhibit VTE between 14% 
and 16% [133]. Administration of prophylactic doses of unfractionated heparin 
(UFH) or low-molecular-weight heparin (LMWH) is associated with a 45% relative 
risk reduction compared to no prophylaxis [134]. A retrospective analysis of VTE 
prophylaxis with UFH reported a new intracranial hemorrhage on CT in 18% of 
patients, although only 4.5% of these were determined to be clinically significant 
[132]. A decision analysis found that in neurosurgical patients with no additional 
risk factors for pulmonary embolism, mechanical prophylaxis alone is most effica-
cious as the benefits of UFH and LMWH were outweighed by an increased inci-
dence of intracranial hemorrhage [135]. However, given the critically ill state of 
patients presenting with SAH who undergo EVD placement, it is reasonable to 
institute chemical prophylaxis placement utilizing either UFH or LMWH after the 
hemorrhage has been ruled stable and new hemorrhages have been ruled out.

 EVD Wean Protocol

Given the tenuous clinical state of many patients after SAH, we recommend keep-
ing the EVD in place through the window of vasospasm risk. Once this window has 
passed, the timing for initiating a wean of the EVD can be based on clinical status, 
drainage volume, presence of blood in drained CSF, and EVD duration [136]. 
Different strategies for weaning an EVD exist. A gradual wean involves step-wise 
increase in the drain height over several days prior to clamping the drain. A rapid 
wean involves immediate clamping of the drain. There currently exists only one 
randomized controlled trial comparing gradual to rapid wean of an EVD. No differ-
ence in VPS placement was found between the two groups, but the rapid wean 
group had significantly lower ICU and in-hospital days [137]. A large observational 
study by Jabbarli et al. demonstrated that rapid wean was associated with a higher 
incidence of VPS placement in their cohort and VPS placement was inversely asso-
ciated with length of external ventricular drainage. However, patients who under-
went gradual wean have a higher risk of a delayed development of shunt-dependency 
[138]. Currently, the majority of institutions utilize a gradual wean protocol [125].

 Complications

Ventriculostomy-related infections are the most common complication associated 
with EVD placement and occur with an average rate of 7.3%. These are associated 
with a significant increase in inpatient mortality, length of stay, and cost of care 
[139]. CSF sampling and antibiotic prophylaxis strategies to minimize infections 
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were discussed earlier in the chapter. In the past, there was a recommendation for 
exchanging ventriculostomy catheters after 5 days to decrease the risk of infection 
[140]. However, the use of anti-microbial impregnated catheters has been associated 
with a significant reduction in infection rates and have rendered the practice of cath-
eter exchange obsolete [141]. Many centers are reporting ventriculostomy-related 
infection rates of 2% or lower with anti-microbial impregnated catheters without 
changing catheter sites [142].

Hemorrhage associated with EVD placement can potentially cause devastating 
and irreversible injury. Radiographic evidence of hemorrhage has been reported in 
over 20% of patients following EVD placement, although only 2% of these required 
further interventions. Factors associated with an increased risk of hemorrhage 
include low platelet count upon admission and an increased number of EVD place-
ment attempts [143]. Similarly, a meta-analysis reported an overall hemorrhage rate 
of 5.7% and clinically significant hemorrhages occurring in <1% of patients [144]. 
In evaluating risk factors associated with hemorrhage following EVD placement, 
nonsignificant increase in hemorrhage rates was found in patients receiving anti-
platelet agents or on anticoagulation with for VTE prophylaxis [145].

 Treatment Preparation

Early treatment goal should be to secure the aneurysm and prevent re-hemorrhage. 
Efforts to treat aneurysms within a 24-hour window can help improve outcomes 
versus within 72 hours (a 10.2% absolute risk reduction in poor outcome) [146]. 
This is done through microsurgical clipping or more commonly endovascular coil-
ing. A recent meta-analysis on outcomes between endovascular and surgical treat-
ment of rupture aneurysms showed lower chance of functional dependency in 
endovascular patients [147]. Regardless of treatment modality, the SAH patient 
should be prepared to undergo maximal intervention if need be. At our institution, 
the patient or family member is counseled on all treatment options and they are 
consented for EVD, diagnostic angiogram, coiling, craniotomy for clipping, and 
possible craniectomy at once, so they are aware of all options and can have the 
opportunity to discuss alternatives with the surgeon rather than having the discus-
sion in the middle of an emergent crisis (e.g., aneurysm re-rupture during endovas-
cular coiling).

Although the specifics of interventions for rupture aneurysms is beyond the scope 
of this chapter, important considerations should be made with respect to planning 
and preparation. Before going into the interventional radiology suite or operating 
room, all laboratory studies, including type and cross and coagulation factors, should 
be resulted. The patient should have good IV access, preferably with a central line, 
and an arterial line for continuous monitoring. If indicated, an EVD should be in 
place. The patient will be intubated for the procedure, lying flat, without any assess-
ment of the neurologic status other than physiologic neuromonitoring. Therefore, 
even in cases of mild ventriculomegaly or lower grade patients, an EVD should still 
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be considered. At least one unit of packed RBCs should be made available. For the 
angiography suite, proper equipment such as catheter types are reviewed by the 
angiographer. A CTA of the head and neck done beforehand may assist in planning 
for access difficulties and potential need for adjunct coiling devices.

 Conclusion

Aneurysm rupture is a common cause of non-traumatic SAH and remains a serious 
diagnosis with significant morbidity and mortality even with optimal measures. 
Prompt recognition, diagnosis, and critical care management are key in the acute 
phase of the disease as the initial trajectory of the disease dictates the patient’s even-
tual outcome. Specifically, airway protection, blood pressure management, seizure 
management, and control of intracranial hypertension are main modalities of man-
agement that should be addressed in parallel within the first few hours. A large 
component of this is relief of hydrocephalus and addressing increased ICP with an 
EVD placed in a timely manner. The appropriate management of the EVD both in 
the acute phase and further into the hospitalization of the patient is critical.
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Chapter 7
Endovascular Aneurysm Treatment

Daniel D. Cavalcanti , Nader Delavari , and Howard A. Riina 

For the last few decades, the endovascular treatment of intracranial aneurysms has 
escalated from an adjuvant position to a main therapeutic role. In order to provide a 
minimally invasive method that avoided craniotomies, minimized brain exposure, 
and manipulation, practitioners invested years of work developing catheters and 
devised new ways to make endovascular treatment feasible. Werner et al. [1] pio-
neered the intravascular occlusion of an intracranial aneurysms in 1941 after expos-
ing an ICA aneurysm, puncturing it, introducing 9  m (cm, or meter?) of a 
silver-enameled wire and then heating the wire to 80°C. Later, based on a founda-
tion of landmark works conducted by Gallagher, Serbineko, Guglielmi, and others, 
undoubtedly, there was witnessed an evolution of devices and improvements result-
ing in occlusion rates that were critically necessary for such paradigm change. 
Neuroendovascular surgery is now the most commonly practiced therapeutic 
approach for most vascular conditions affecting the central nervous system [2].

The results of both the International Subarachnoid Aneurysm Trial (ISAT) and 
the Barrow Ruptured Aneurysm Trial (BRAT) led to a steady increase in the use of 
endovascular treatment for not only ruptured aneurysms, but also unruptured aneu-
rysms worldwide [3–6]. The percentage of patients with unruptured aneurysms 
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treated with coiling ranged from 19.8% in 2001 to approximately 63.3% by 2008; 
decreasing periprocedural morbidity and mortality was observed concurrently 
among those treated in the United States [7]. As a result of this surge in patient treat-
ment, interventionalists, community and academic hospitals, and industry have 
been directing enormous resources into the field. This has led to an expanding inter-
est in device design using new technologies. The last two decades witnessed a major 
evolution in the development of different and better devices, microcatheters, and 
microwires, reducing recurrence rates, allowing a massive growth of endovascular 
therapy for the management of intracranial aneurysms in every location. The is now 
in the neuroendovascular armamentarium for different techniques such as direct 
coiling, balloon-remodeling, stent-coiling, flow diversion technology, and now 
intrasaccular devices. The possibility of success in aneurysm protection from these 
techniques resulting in the prevention of rupture or rebleeding has increased dra-
matically. Residents and fellows are now routinely trained in neuroendovascular 
techniques, graduating a new generation of hybrid vascular neurosurgeons.

 Coiling

Inserting coils into intracranial aneurysms initiates a process that ultimately leads to 
aneurysm thrombosis and occlusion. Guglielmi et  al. [8] developed the idea of 
applying an electric current to detach coils and thrombose aneurysms in the begin-
ning of the 1980s. The first patient with an intracranial aneurysm was treated with 
modern endovascular coil embolization using a transfemoral approach in 1990. In 
1995, the Guglielmi detachable coil system received FDA clearance. In 2004, 
Henkes et al. [9] reported a large retrospective study from a single institution, treat-
ing 1811 aneurysms in 1579 patients with endovascular coiling, with a promising 
90–100% occlusion rate in 86.5% of the cases. The ischemic complication rate was 
9%, early procedural morbidity was 5.3%, while the procedural mortality was a 
mere 1.5%.

The published results of ISAT in 2002 and BRAT in 2012, which both demon-
strated favorable results for coiling when compared to surgical clipping, signifi-
cantly changed neurosurgical practice worldwide [3–5]. It is interesting to point out 
that stent-assisted coiling and many contemporary techniques were not available 
during ISAT. Given equipoise, clipping has been gradually replaced by endovascu-
lar procedures for the treatment of aneurysms [10–14]. At the same time, coiling has 
been also used to treat a wide spectrum of patients with unruptured aneurysms even 
without the same level of evidence as ruptured aneurysms [15]. It therefore remains 
unclear whether or not the superior clinical outcomes offered by embolization of 
ruptured aneurysms will also hold true for patients with unruptured aneurysms.

Early data were cautiously expectant about the results of coiling and long-term 
stability. The first large series results with embolization of aneurysms with Guglielmi 
Detachable coils (GDC) included 916 aneurysms; complete occlusion was seen in 
55% and overall recanalization was seen in 20.9% [16]. The overall incidence of 
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delayed rerupture reached 1.6%. Indeed, the CARAT (Cerebral Aneurysm Rerupture 
After Treatment) Study revealed a lower rate of total occlusion (39%) comparing to 
clipping (92%); there was a trend to higher rates of rerupture among patients under-
going coil embolization when compared to those undergoing clipping (cumulative 
hazard 3.4% versus 1.3%; P = 0.09) [17]. In a large early multicenter study con-
ducted in France, Gallas et al. [18] found that 74% of ruptured aneurysms treated 
with coiling were completed occluded after a mean of 36 months of follow-up; they 
found out that only 4.7% of patients needed retreatment. A large review including 
more than 8100 coiled aneurysms identified that 20.8% of them recanalized during 
follow-up, half of these underwent retreatment [19]. Posterior circulation aneu-
rysms tend to have more reopenings. Aneurysms larger than 10 mm are also related 
to more recurrences when treated with pure coiling, maybe due to the presence of 
intraluminal thrombus [16, 19–21].

Undoubtedly, the ultimate goal is complete obliteration of a ruptured aneurysm 
(Fig. 7.1). However, there has been a long discussion about the necessity of pursu-
ing complete occlusion of a ruptured aneurysm especially during emergency endo-
vascular coiling; it is a common practice to intentionally partially coil ruptured 
aneurysms to prevent intra-procedural rupture or complication due to dense packing 
of the sac [22]. This technique may provide protection until a second stage more 
definitive occlusion can be performed (with either stent or flow divertor placement) 
in the same admission or later subacute follow-up period. Waldau et al. [22] demon-
strated excellent results with this technique as seen in late follow-up angiograms. 
However, CARAT demonstrated that incomplete occlusion of an aneurysm was a 
powerful predictor of rebleeding. Indeed, the authors found that the risk of rupture 
in aneurysms that were partially occluded (<70%) was 24.5% in the first year, 
equivalent to rebleeding rates previously reported for untreated aneurysms, suggest-
ing that retreatment should be performed early.

Indeed, the durability of isolated coiling has been called into question in long- 
term observation demonstrated by in both ISAT (34%) and BRAT (52%) [23, 24]. 
Coil compaction can lead to development of a recurrent neck and/or lumen. It is 
noteworthy that aneurysm occlusion is commonly evaluated using the modified 
Raymond–Roy classification (Class I: complete obliteration, Class II: residual neck, 
Class IIIa: residual aneurysm: contrast within coil interstices, Class IIIb: residual 
aneurysm: contrast along aneurysm wall) [25]. Even outcomes using the newer coil 
designs have similar findings. For instance, the combined success rate in the 
Cerecyte Coil Trial reached 57% (245/433) for both ruptured and unruptured aneu-
rysms after 6 months [26]. Both the HELPS (Hydrogel-Coated Coils versus Bare 
Platinum Coils for the Endovascular Treatment of Intracranial Aneurysms) Trial 
and the MAPS (Matrix and Platinum Science) Trial noted complete occlusion in 
fewer than 60% of treated aneurysms [27, 28].

Rebleeding has been one of the main concerns with isolated coiling; coiled aneu-
rysms rebled 2.5 times more often than after clipped aneurysms in ISAT (however, 
the overall rebleed number was low). Nevertheless, in the 6-year follow-up analysis 
of BRAT, no rebleeding had occurred in the patients with aneurysmal remnants and 
recurrences after coiling. Moore et al. [29] recently reported a 7.7% rerupture rate 
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in previously ruptured small ACoA aneurysms after embolization, with remnant or 
recurrent rate that reached 82%. The ACoA location was also noted by Schuette 
et  al. [30] as bearing a higher rerupture rate during the embolization itself, with 
aneurysms smaller than 4 mm having a rerupture rate almost five times greater than 
larger ACoA aneurysms, most likely secondary to technical considerations. All of 
these data shed some light on the need for other endovascular devices or techniques 
to manage aneurysms.

In fact, approximately 17% of patients needed retreatment in the ISAT and BRAT 
trials [23, 24]. Campi et al. [23] demonstrated that in ISAT patients late retreatments 
were performed nearly seven times more frequently after coiling than after clipping. 
Notably, retreatments have been shown to reach as high as 47% when managing 

a b
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Fig. 7.1 Endovascular coiling of a small anterior communicating artery aneurysm. (a) Digital 
subtraction angiography showing a small aneurysm of the anterior communicating artery. (b) 3D 
rotational angiography better demonstrates the anatomy of the neck and the relationship with all 
vessels of the anterior communicating artery. (c) Coiling of an anterior communicating artery 
aneurysm leading to modified Raymond Roy type II
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ruptured ACoA aneurysms endovascularly, even in a high-volume institution [29]. 
Unfortunately, as many as half of cases undergoing a second endovascular proce-
dure may also require more interventions [31]. Patients’ exposure to radiation dur-
ing repeated procedures and during subsequent follow-up imaging should not be 
overlooked. However, despite procedural radiation exposure being a theoretical risk 
factor for developing cancer following a latency period between 10 and 20 years, 
radiation associated cancers are considered rare and extremely unlikely [32, 33]. 
The value of a diagnostic or therapeutic use of radiation in this setting far exceeds 
the rate risk of an associated malignancy.

 Balloon-Remodeling Technique

Undoubtedly, management of complex wide-necked aneurysms is challenging for 
both clipping and coiling techniques. The wide-neck morphology offers up front 
limitations for coil retention within the aneurysm sac during and after deployment, 
introducing a risk of coil herniation. Wide-necked bifurcation aneurysms also pres-
ent additional difficulties, as branch vessels may be incorporated into the aneurysm 
neck and make treatment at the neck more complicated. The temporary occlusion of 
the aneurysm neck with an inflatable balloon, the balloon remodeling technique, 
provides improved coiling deposition within the dome and at the neck by forcing the 
coil mass to better conform the aneurysm sac morphology, allowing better occlu-
sion results and management of more diverse aneurysm configurations (Fig. 7.2) 
[34, 35]. The technique can be also used to protect a side branch or as a “rescue” 
technique in cases of coil prolapse or frank herniation [36]. The additional advan-
tage of balloons is that balloons can work as an immediate temporary occlusion 
solution to quickly control intraprocedural rupture. With the technique, a nonde-
tachable balloon is temporarily inflated covering the extension of the neck of the 
aneurysm for every coil placement. Following coil placement but prior to detach-
ment, the balloon is deflated and stability is assessed. It can be a very straightfor-
ward technique for sidewall aneurysms, once the balloon is navigated into the parent 
vessel, both the proximal and distal markers are aligned with the neck extension, 
and then the 0.0165″ microcatheter is then navigated over a 0.014″ microguidewire 
to catheterize the aneurysm dome. The balloon can be then inflated only during the 
initial critical coiling, once the framing coils are placed, or for delivering every coil, 
when the herniation of part of the balloon into the neck of the aneurysm will enhance 
coil packing. The inflation of the balloon also has a role in stabilizing the coiling 
microcatheter. With a bifurcation aneurysms, the compliant balloon is inflated in the 
parent vessel and one of the branches covering the neck of the aneurysm; two bal-
loons can also be used like for basilar apex aneurysms and finally a transcirculation 
technique can be utilized, using the anterior circulation approach [37, 38].

Controversially, the ATENA (Analysis of Treatment by Endovascular Approach 
of Nonruptured Aneurysms) study found similar total occlusion rates for aneurysms 
treated with pure coiling and remodeling technique (63.7% and 65.9%, 
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respectively) in a large series. But this series was important to confirm that safety in 
performing the remodeling technique was similar to that of primary coiling. The 
CLARITY (Clinical and Anatomic Results In the Treatment of Ruptured Intracranial 
Aneurysms) series demonstrated an equivalent safety pattern as well, with treatment 
morbidity being 3.9% for the coiling group and 2.5% for the remodeling group; 
mortality rates were 1.2% and 1.3%, respectively [38]. Additionally, Shapiro et al. 

a b

c d

Fig. 7.2 Balloon-assisted coiling of a basilar apex aneurysm. (a) Digital subtraction angiography 
(DSA) showing a saccular aneurysm of the basilar apex. (b) 3D rotational angiography demon-
strating the maximum diameter of 6.73 mm. (c) Unsubtracted image depicts a solid coil mass that 
completely occluded the saccular aneurysm assisted by a temporary inflation of a balloon. The 
balloon remodeled the neck as well protected the origin of the left posterior cerebral artery. (d) 
Late follow-up tridimensional angiogram revealing stable complete occlusion of the aneurysm
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[39] found that balloon remodeling is not associated with higher rates of thrombo-
embolic complication when compared to pure coiling.

A more recent series, using a double-lumen balloon technology, demonstrated a 
Raymond-Roy 1 occlusion rate of 56.5% and a Raymond-Roy 2 of 35.6% in a 
cohort of 219 patients; retreatment reached 12.6%. In a retrospective series, Pop 
et al. [40] were able to show a higher initial occlusion rate using the Eclipse 2 L 
double-lumen balloon (Balt USA, Irvine, CA), reaching 81.7%, probably due to an 
improved compliance, better navigability, and more variety in lengths.

 Comaneci Temporary Aneurysm Embolization Assist Device

New technology has been developed in order to treat those wide-necked aneurysms, 
with the same goals of optimizing coil packing and preventing coil prolapse, how-
ever, avoiding temporary flow arrest and its implicated thromboembolic and isch-
emic risks. The Comaneci device (Rapid Medical, Israel) is a retrievable, 
non-detachable stent made of a compliant radiopaque mesh composed of 12 nitinol 
wires mounted on a 182-cm-core wire, with a distal end consisting of a 7-mm flexible 
tip [41]. The neurointerventionalist can gradually expand and compress the device’s 
mesh with a slider mechanism controlled by a button at the device handle. Another 
advantage is that this device can be used in the setting of subarachnoid hemorrhage 
to obviate the need for an intracranial stent, preventing the use of antiplatelets. 
Sirakov et al. [42] recently reviewed their series of 118 ruptured aneurysms treated 
with the assistance of the Comaneci device; immediate total occlusion rates were 
70.3% with a Raymond-Roy class II of 27.1%. In 6 months, 66.9% of the aneurysms 
had complete occlusion. Other smaller series have demonstrated similar safe acquisi-
tion of a stable bridging position offered by the Comaneci device while opened along 
the aneurysm neck and satisfactory occlusion results (81.8–88.8%) [43, 44].

 Stent-Assisted Coiling

Stent-assisted coiling has been routinely used to assist immediate occlusion as well 
as improving longevity of aneurysm obliteration by allowing better initial packing 
and greater stability [39]. Besides improving results in wide-neck aneurysms 
(Fig.  7.3), as an alternative to balloon-assisted techniques, it has been a critical 
technology in the treatment of side-wall, fusiform, and dissecting aneurysms, espe-
cially prior the introduction and later popularization of flow diversion technol-
ogy [45].

The Neuroform stent was the first nitinol self-expandable stent approved by the 
FDA, under a humanitarian device exemption, in the treatment of wide-neck aneu-
rysms as an adjuvant to endovascular coiling. Fiorella et al. [46] reported one of the 
first results with this device treating complex aneurysms; the immediate rate of 
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complete or near-complete occlusion (>95%) was approximately 46% and the 
recanalization rate at 3–6 months was 23%; delayed and severe in-stent stenosis was 
present in 7%. Most of the studies revealed a risk of in-stent stenosis of 4–10%. 
Biondi et al. [47] also revealed later, initial (35%) and late (57%) occlusion rates in 
a retrospective study of 42 patients undergoing stent-assisted coiling with 
Neuroform.

Shapiro et al. [39] reviewed 39 studies dealing with stent-assisted coiling that 
included a total of 1517 patients, and found that only 45% of aneurysms were 

a b

c

Fig. 7.3 A stent-assisted coiling of a right middle cerebral artery aneurysm. (a) Tridimensional 
rotational angiogram revealing a side-wall aneurysm of a M2 segment, demonstrating the acquisi-
tion of different measurements, mainly length from estimated proximal landing zone to distal 
landing zone, and vessel diameters. Measurements are taken usually in 2D and 3D images to 
improve accuracy. (b) Unsubtracted image of a right ICA injection demonstrating the stent already 
in place and the coiling microcatheter crossing one of its cells immediately before starting the 
actual aneurysm coiling. (c) Control angiogram showing complete obliteration of the aneurysm 
and patency of the stent and branches
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completely occluded initially, reaching 61% after 6 months of follow-up. Despite 
historically increasing the spectrum of aneurysms amenable to coiling, stenting 
requires a period of dual antiplatelet therapy, increasing the likelihood of hemor-
rhagic complications especially in elderly patients as well as limiting its use in the 
setting of a ruptured aneurysm. Moreover, the neurointerventionalist needs to moni-
tor patients for delayed stent-related complications like the development of in-stent 
stenosis and parent vessel occlusion, though exceedingly rare with open celled and 
less dense stent device construction. Indeed, using stents to assist coiling trades 
some increase in thromboembolic complications and mortality risk for improved 
occlusion durability [22, 39, 48–50].

Stent technology has continued to evolve and focus on the dedicated creation and 
manufacturing of specifically designed intracranial stents. The LVIS (low profile 
visualized intraluminal support) stent is a self-expanding closed cell stent, braided 
with a single nickel titanium wire. It has distal radiopaque markers, and double heli-
cal tantalum strands to assist full length visualization. One of its main benefits is its 
high metal to surface coverage (23% on average) allowing improved flow diversion 
over other stents. Analyzing a registry with 78 unruptured intracranial aneurysms 
treated by stent-assisting coiling with LVIS or LVIS Jr. stents (MicroVention 
Terumo, Tustin, California, USA), being 19 of them in the posterior circulation, the 
initial complete occlusion rate was 85%, with 82% being occluded after 6 months. 
Morbidity included a 3% rate of transient ischemic attacks [51]. In a Chinese series 
with 97 patients treated with the LVIS stent, with 100% technical success rate and 
no mortality, complete occlusion was seen in 84.2% of patients available for late 
follow-up [52].

The Neuroform Atlas Stent (new generation of the Neuroform stent) has an open 
cell design and is a laser cut nitinol self-expanding microstent. This allows a lower 
profile delivery system (0.0165″ microcatheter versus 0.027″ microcatheter), better 
trackability, and higher conformability to the vessel wall [53, 54]. The Atlas 
Investigational Device Exemption (IDE) demonstrated exciting results, with 86.7% 
of Raymond class I results with aneurysms measuring a mean of 5.3 ± 1.7 mm [53]. 
A single-center retrospective study revealed a complete occlusion rate of approxi-
mately 84% with the Atlas stent at mean follow-up of 8.7 months [55]. It is impor-
tant to note that the new technology allowed a procedural technical success of 100% 
in deployment.

All stent patients are pretreated with aspirin (81–325 mg) daily and clopidogrel 
75  mg daily for at least 5  days; platelet function assays can be used to confirm 
patient responsiveness to these drugs though many practitioners do not use them for 
this type of device. During the procedure, IV, weight-based is given and activated 
coagulation time (ACT), if monitored, is maintained between 250 s and 300 s. In 
those cases where stent placement is required unexpectedly, intraprocedurally, a 
bolus dose of eptifibatide or cangrelor can be administered in addition to 300 mg of 
aspirin as a rectal suppository or via OG tube.

There are different techniques that are equally effective for stent-assisted coiling. 
Many practitioners will “jail” a microcather in the aneurysm dome. The jailing tech-
nique consists of navigating the stent microcatheter to its optimal place spanning 
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across the neck of the aneurysm, and then the coiling microcatheter into the aneu-
rysm sac. The stent is then delivered across the aneurysm neck, jailing the coiling 
microcatheter in the aneurysm dome. Alternatively, the stent can be deployed and a 
coiling microcatheter over a 0.014″ microguidewire can be used to navigate within 
the stent and then cross the stent cells catheterizing the aneurysm sac. Finally, the 
coil-then-stent technique can also be used. Some aneurysm morphologies may 
require creative stent constructs. For example, basilar apex aneurysms may demand 
complex constructs, mainly the so-called “Y-stent” construct [56, 57]. This includes 
both the kissing-Y and the crossing-Y techniques. The crossing-Y technique can be 
completed in one stage or two stages, crossing the first deployed stent later, after 
endothelization has occurred, preventing its dislodgement. High occlusion rates 
(82–96%) and low complications rates have been reported with the Y-stent tech-
niques [57, 58].

 Flow Diversion

The concept of diverting flow was initially explored by Wakhloo and colleagues in 
1997, when two fundamental principles were described: [1] variation in flow pat-
terns could promote flow stasis within the aneurysm leading to stable thrombus 
formation; and [2] a porous stent works as a scaffold for neointimal growth, remod-
eling the affected arterial segment [59]. Nelson and colleagues were simultaneously 
looking into the concept of telescoping stents as a way of achieving neo-intimal 
growth over devices to serve as endothelial scaffolding to obliterate aneurysms [60].

In flow diversion, the minimized porosity endoluminal devices modify the char-
acter of fluid exchange between the parent vessel and the aneurysm, and facilitate 
reestablishment of the mural integrity of the parent artery. Thus, endovascular flow 
diversion represented a paradigm shift, focusing on treating the parent vessel with-
out the necessity of catheterizing the aneurysm dome most of the times (Figs. 7.4 
and 7.5). Nelson and colleagues subsequently developed the first commercially 
available flow diverter, the Pipeline Embolization Device (PED) [59, 61–63]. The 
Pipeline Embolization Device for the Intracranial Treatment of Aneurysm Trial 
(PITA) was the pioneer prospective, multi-center trial, with 31 wide-neck aneu-
rysms measuring 11.5 mm in average (18 treated with one device and 11 with two) 
[63]. Total occlusion reached a solid rate of 93.3% after 6 months.

The PUFS trial granted the PED premarket approval by the FDA in 2011 [61]. 
PUFS was a prospective, multi-center, single-arm trial including 109 large and giant 
wide-neck internal carotid artery aneurysms proximal to the communicating seg-
ment of the ICA; 22 aneurysms were giant (≥25 mm). An average of three devices 
was used per aneurysm. An 87% total occlusion rate was achieved after 12 months 
of follow-up. There were five cases of intracranial hemorrhage, four ischemic 
strokes, and two carotid-cavernous fistulas. No late aneurysm rupture was seen. The 
5-year analysis showed that total occlusion rates increased, for the first time when 
compared to existing technology in the follow-up period, to 95.2% [64]. Retreatment 
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with additional flow diverters devices was needed in 5.7% of the cases after 1 year 
of follow-up. The device itself demonstrated an excellent safety profile, with 96.3% 
of patients seen in 5-year clinical follow-up having a modified Rankin scale ≤2. The 
excellent results in large and giant aneurysms led some authors to use flow diversion 
off-label in small aneurysms with promising results [65]. The PREMIER (prospec-
tive study on embolization of intracranial aneurysms with the pipeline device) was 

a b

c

Fig. 7.4 Combination of flow-diversion and adjuvant coil embolization. (a) 3D angiogram shows 
an unruptured aneurysm of the right terminal ICA. (b) Unsubtracted image showing partial coiling 
of the aneurysm and the initial deployment of a PED , covering the proximal M1 segment. (c) Six- 
month follow-up angiogram revealing complete occlusion of the aneurysm, no in-stent stenosis. 
The left A1 segment had a normal diameter and the anterior communicating artery had been always 
patent, leading to normal flow into the right distal anterior cerebral artery. (Figures b and c were 
published on: Riina [2]. Retrieved May 6, 2021, from https://thejns.org/view/
journals/j-neurosurg/131/6/article-p1690.xml)
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a b

c d

Fig. 7.5 Flow diversion embolization io a large unruptured aneurysm of the cavernous segment of 
the left internal carotid artery. (a) Tridimensional rotational angiography demonstrating the 
 maximal diameter of the aneurysm (15.7 mm). (b) Immediate control angiogram revealing full 
patency of the flow diverter construct and flow stagnation within the aneurysm sac. (c) Unsubtracted 
lateral projection image demonstrating the multidevice PED construct in place and remaining stag-
nated flow within the aneurysmal sac. (d) Unsubtracted single-shot image taken during a 6-month 
follow- up angiogram demonstrating the multidevice PED construct stent in place, no in-stent ste-
nosis and no stagnation of contrast within the aneurysmal sac. (e) Left common carotid artery 
injection, cranial view, lateral projection, during a 6-month follow-up cerebral angiogram reveal-
ing complete obliteration of the aneurysm

a prospective, multicenter, single arm trial that included 141 patients treated with 
PEDs with an average size of 5.0 ± 1.92 mm [66]. The successful placement rate 
was 99.3%, with a single device used in 93% of patients; Raymond grade I without 
major parent vessel stenosis was seen in 76.8% of patients. Practitioners then began 
exploring flow diversion for aneurysms associated with a large end vessel. In a 
small cohort of 15 patients with 16 aneurysms incorporating an end vessel, Kan 
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et al. [67] reported that the off-label use of flow diverters in small and medium sac-
cular aneurysms has proven itself ineffective, not seeing occlusion after a mean of 
24  months of follow-up. Most of the patients, except for 2, had only one PED 
placed. Tsang et al. [68] also found aneurysms of fetal-type posterior communicat-
ing artery to be refractory for treatment with flow diverter therapy, chiefly when the 
aneurysm incorporates a significant part of the vessel. The use of multidevice con-
structs would eventually demonstrate that end vessel associated aneurysms could be 
considered for treatment in select cases.

The International Retrospective Study of the Pipeline Embolization Device 
(IntrePED) would go on to demonstrate that besides all the excellent occlusion rates 
observed in different trials and initial series, the procedure was not risk-free [69]. 
Composite rate of neurologic morbidity and mortality reached 8.4%, greater than 
half of which was related to ischemic stroke. Neurologic morbidity and mortality 
rates were highest among patients harboring posterior circulation aneurysms 
(16.4%) and those with subarachnoid hemorrhage (18.4%), where tiny perforating 
vessels might be covered by the construct. Spontaneous post-treatment rupture, 
however, was only seen in 5 of 793 patients (0.6%) [69].

Numerous anatomic and technical variables can impact both flow diversion and 
associated occlusion rates (Fig. 7.6). It has been shown that failures in aneurysm 
obliteration have been associated with insufficient neck coverage, unsatisfactory 
device apposition, and incorporation of a branch vessel into the aneurysm wall or 
fundus [70]. Other series also identified the incorporation of a branch vessel arising 
from the aneurysm wall or fundus as predictor of failed treatment or delayed aneu-
rysmal occlusion [71]. Interestingly, Bhogal et al. [72] reviewed the fate of covered 
side branches during the follow-up of patients undergoing endovascular flow diver-
sion, analyzing 140 patients harboring 147 aneurysms; the overall side branch 
occlusion rate was roughly 20%. The slowly progressive occlusion of some of these 
branches with redirection of flow during the endothelization of the device allowing 

e

Fig. 7.5 (continued)
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for natural revascularization may be a more tolerated process compared to acute 
flow arrest. The posterior communicating artery was the vessel most often occluded, 
followed by the ophthalmic artery. Interestingly, the anterior choroidal artery was 
extremely resistant, remaining open in all 91 patients when it was covered, with the 
same flow pattern after long-term coverage. More studies have demonstrated an 
incidence of silent occlusion of the ophthalmic artery varying between 0 and 21.6%, 
with revascularization via branches of the external carotid artery [73, 74].

The flow diverter device can be delivered using a coaxial technique, when a 
0.070–0.071″ guide catheter and a 0.027″ microcatheter are utilized in combination, 
especially for PEDs and the Surpass Evolve (Stryker Neurovascular, Fremont, CA). 

a

c d

b

Fig. 7.6 The flow diversion embolization changed dramatically the way carotid-ophthalmic aneu-
rysms are currently treated. (a, b) DSA with a right internal carotid artery injection showing a 
moderated-sized saccular aneurysm of the ophthalmic segment pointing medially and caudally. (c, 
d) Six-month follow-up DSA revealing complete obliteration of the aneurysm, no in-stent stenosis 
and patency of the ophthalmic artery
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One of the main benefits of the FRED device (Microvention, Aliso Viejo, CA) is 
that a 0.021″ microcatheter can be used to deliver the devices with the two smallest 
diameters (2.5 and 3.0 mm). A larger guide catheter (0.088″ inner diameter) may be 
needed when a coiling microcatheter is used in parallel, or when a triaxial system 
with a distal access catheter (0.044″ or 0.058″) is added, to allow high-standard 
control injections. Standard radial or snuffbox approaches have been used more 
recently to complete flow diversion embolization with success [75].

Device selection is critical, and measurements need to be carefully obtained, 
including the diameter of the parent vessel and specific landing zones. Some fore-
shortening should be expected and varies according to the diameter of the device and 
vessel as well as the device itself. The optimal wall-apposition can be achieved by the 
deft alternation of movements of unsheathing (retracting the microcatheter) and 
pushing the flow diversion wire, specifically with the PED and FRED [76]. The 
device cell area will vary to the same device size according to the amount of compres-
sion and constraint, changing the degree of metal coverage; this property of the device 
can be exploited to obtain aneurysm coverage or to reduce coverage when over an 
important associated branch. For the Surpass device, one stabilizes the delivery wire 
while microcatheter retraction unsheathes the flow diverter. A cone- beam computed 
tomography can be performed at the end of the case to evaluate optimal implantation 
of the flow diverter device and rule out endovascular leaks. When observed, a microw-
ire with a J-shaped tip (0.014″ or 0.016″) advanced through the incompletely opened 
segment of stent will often suffice, making sure the wire is within the device and the 
proximal edges are not damaged. Ultimately, an in-stent balloon angioplasty can be 
utilized to optimize apposition when the J-wire technique is insufficient.

 Intrasaccular Devices

The Woven Endoluminal Bridge (WEB) device (Microvention, Aliso Viejo, CA) is 
an intra-aneurysmal flow-disruption device designed to alter the blood flow at the 
aneurysm neck, leading to subsequent obliteration (Fig.  7.7). It was specially 
designed to embolize wide-neck bifurcation aneurysms, which can represent 
26–26% of all intracranial aneurysms [77]. Despite the current body of literature on 
the topic, the first WEB-DL (double layer) device was used in France in 2011. 
Papagiannaki et  al. [78] conducted a prospective, multicenter study in France 
including 85 treated aneurysms, with an aneurysm size varying from 4.6 to 13.8 mm 
(mean, 7.4 ± 1.4 mm), unveiling a technical success of 93%, thromboembolic events 
in 11.7% of them, but with a permanent neurologic deficit in 3.9% of patients. 
Complete occlusion was seen in only 56.9%. Another European trial, the WEB 
Clinical Assessment of Intrasaccular Aneurysm Therapy (WEBCAST) trial, also 
found a complete occlusion rate after 6 months of only 56.1%. Modifications of the 
design of the product were introduced, and lower profile, single-layer versions were 
rapidly employed (WEB-SL and WEB-SLS  – single layer spherical). The 
WEBCAST 2 results were unveiled in 2017, including 55 patients with the same 
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number of aneurysms; the total occlusion rates again reached slightly above the 
50% mark, with a neck remnant seen in other 26% [79]. Global morbidity was 3.9% 
in 1 year and mortality rate was 2%. The Woven EndoBridge Intrasaccular Therapy 
(WEB-IT) Study was a pivotal, prospective, single-arm, investigational device 
exemption study including 21 centers in the United States and six other interna-
tional centers managing 148 patients [80]. Following a specific angiographic scale 
specific to this device, like in the previous studies, “adequate” occlusion included 
complete aneurysm occlusion and a residual neck. Adequate occlusion was seen in 
84.6% of the subjects and 53.8% had a complete occlusion, a similar result to the 
European trials. To better understand the application of intrasaccular flow disrup-
tion in ruptured aneurysms, Cortez et al. [81] studied the use of the WEB device in 
94 ruptured intracranial aneurysms, 83% being wide-necked. Most of them were 
located in the anterior communicating artery (44.6%), 17% in the middle cerebral 
artery, and 16% in the basilar artery. Successful treatment was accomplished in 
97.8% of patients, with most of the patients not receiving any antiplatelets (86.8%). 

a

c

b

Fig. 7.7 Endovascular embolization of a basilar apex aneurysm with an intrasaccular flow- 
disrupting device. (a) Tridimensional rotational angiography image reveals a large saccular aneu-
rysm of the basilar apex. The right superior cerebellar artery branches off the proximal right P1 
segment. (b) Right vertebral artery injection reveals codominant vertebral arteries, and demon-
strates the intricate relationship with the proximal right P1 segment. (c) Immediate control angio-
gram after deploying a WEB device in this basilar apex aneurysm, occupying completely the 
aneurysm neck, and most of the dome, showing immediate optimal result with flow stagnation 
seen in most of the aneurysm sac
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Intraprocedural rupture occurred in 3.2% and intraoperative thrombus formation in 
6.7%. At a median follow-up of 3.4 months, complete occlusion was seen in 48% 
and residual neck in 32%. Finally, some authors have recently reported the applica-
tion of the WEB device in small and very small aneurysms; treating 128 aneurysms, 
Girot et al. [82] found a more promising complete occlusion rate (71%), with an 
adequate occlusion rate of 90% in the follow-up angiograms, widening the spec-
trum of indications of intrasaccular flow disruption. More data are needed on the 
long-term results of this first generation device. The intrasaccular device concept is 
an exciting possible future application for aneurysm occlusion.

Undoubtedly, one of the main advantages to the WEB device usage is that anti-
platelet medications are not required, more specifically dual antiplatelet medica-
tions. Also, one cannot underestimate the importance of correct device selection 
based on accurate aneurysm measurements; oversizing the device width is the rule 
in order to obtain adequate secure positioning and to prevent later device compres-
sion. To deliver a WEB device, a triaxial system is utilized most of time, starting 
with a 6-French long sheath with an inner diameter of 0.088″. A distal access cath-
eter (0.058″ inner diameter) offers more support in advancing one of the VIA micro-
catheters (Microvention, Aliso Viejo, CA), 0.017″, 0.021″, 0.027″, or 0.033″. It is 
important to notice the relative stiffness of the system, moreover, the rigidity of the 
leading portion of the constrained device. Excess pushing in the early phase can 
lead to rupture. Careful unsheathing of the WEB is required to allow the device to 
begin to expand prior to advancing it into position within the aneurysm dome. Once 
partially blossomed, the device becomes much more malleable and additional push-
ing of the device against the aneurysm wall is safer. By unsheathing more device, 
the inferior margin of the device is then aligned with the neck of the aneurysm. The 
device tends to self-center. Compression is applied to advance the device against the 
dome, filling more of the sac. Gentle traction will now allow the device to maxi-
mally expand in height under compression, filling also the neck. Any slack is 
removed and catheters are kept in a neutral position before detachment to prevent 
device displacement. Smaller low profile intrasaccular devices that can be delivered 
through smaller catheters are currently under development by several 
manufacturers.

 Conclusion

From modest beginnings with detachable coils to flow diversion and now successful 
and safe intrasaccular flow disruption, dramatic changes have expanded how both 
ruptured and unruptured intracranial aneurysms are treated. The current variety of 
techniques in the neuroendovascular armamentarium and constant advances in 
device design and development have expanded how neurosurgeons, neurointerven-
tional radiologists, and neurologists safely treat any kind of intracranial aneurysm. 
With every new device, initial enthusiasm is sometimes met with sobering feedback 
but ultimately intelligent practice. Continued evaluation and research are 

7 Endovascular Aneurysm Treatment



152

continuously warranted to aid our understanding of endovascular devices, their 
applications, and their limitations. What can be sure is that endovascular treatment 
will continue to evolve and give physicians additional tools to best serve our patients.
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Chapter 8
Microsurgical Aneurysm Treatment

Sheila R. Eshraghi, Brian M. Howard, and Daniel L. Barrow

 Introduction

The basic tenets for treatment of intracranial aneurysms (IAs) are to eliminate the 
aneurysm from the circulation completely, to preserve the patency of the parent ves-
sels and associated branches, and to maintain or improve the patient’s neurologic 
function. Because of the complexity of aneurysm treatment, better outcomes are 
achieved in large volume centers where neurosurgical, endovascular, neurointensive 
care, and neuroanesthesia teams work together to care for these patients [1, 2]. The 
decision to treat and by which modality depends on factors of the patient (i.e., age, 
clinical status, and risk factors for hemorrhage) and the aneurysm (i.e., size, shape, 
configuration, multiplicity, and presence of thrombus). This chapter will focus on 
indications for surgical treatment of IAs in this era of rapid endovascular 
advancements.
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 History of Surgical Management of Aneurysms

As early as the 1800s, IAs were surgically treated by Hunterian ligation – or gradual 
occlusion of the carotid artery – to promote aneurysm thrombosis. Direct exposure 
of a ruptured IA and muscle wrapping was performed by Sir Norman Dott in 1931. 
The first aneurysm clip, a Cushing-McKenzie silver clip, was placed on the neck of 
a saccular IA in 1937 by Walter Dandy, while modern, spring-loaded aneurysm 
clips were first introduced in 1950 by Frank Mayfield and George Kees. Further 
design refinements were made by Charles Drake with the fenestrated clip, Thoralf 
Sundt Jr with the encircling clip, Gazi Yasargil, and Kenichiro Sugita. The pterional 
craniotomy was refined in the 1960s. In 1969, Yasargil described the superficial 
temporal artery to middle cerebral artery (STA-MCA) bypass as an adjunct in the 
treatment of complex IAs [3]. With the introduction of the operating microscope, 
refinements in microsurgical techniques, improved anesthetic and intensive care 
management, and development of diagnostic imaging, the risk of surgery for IAs 
decreased over time. Prior to 1991, when Guglielmi introduced detachable platinum 
coils, microsurgical clip ligation remained the primary treatment for IAs [1, 4].

 Neuro-Imaging Evaluation

Imaging of IAs has improved tremendously over time. While axial angiography 
using computed tomography (CT) or magnetic resonance imaging (MRI) modali-
ties is frequently used for screening and follow-up of both treated and observed 
aneurysms, noninvasive imaging is most sensitive for aneurysms >3 mm in size [2, 
5]. Axial imaging may also provide complimentary and clinically important infor-
mation regarding the presence of intraluminal thrombus and calcification of aneu-
rysms [5]. Digital subtraction angiography (DSA) is the “gold standard” to evaluate 
IAs. Two- and three-dimensional DSAs are critical to evaluate the following fea-
tures of the aneurysm and the surrounding vasculature: (1) parent vessel, (2) size, 
shape, and relationship to parent and adjacent arteries, (3) presence and location of 
vasospasm, (4) displacement of adjacent vessels, and (5) the presence of additional 
aneurysms or vascular malformations [5, 6].

 Indications for Aneurysm Surgery in the Endovascular Era

 Pediatric Patients

Considering the life expectancy of young adult and pediatric patients, optimal treat-
ment for cerebral aneurysms remains unclear. Endovascular therapies confer 
reduced durability with recurrence reported to be as high at 20–40% [7–9]. 
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Furthermore, the long-term outcomes of endovascular devices such as flow divert-
ers are unknown due to lack of sufficient follow-up in the growing child or adoles-
cent. Due to the rarity of pediatric aneurysms, only small clinical series have been 
published, which makes it difficult to make treatment recommendations.

Aneurysms in pediatric patients are more frequently large or giant or fusiform in 
morphology than adult aneurysms [7–9]. Complete occlusion of the aneurysm is 
achieved only for 80–82% after endovascular therapies [7–9]. Sanai et al. demon-
strated a 14% recurrence after endovascular treatment (EVT) over a mean follow-up 
period of just 5.7 years [8]. Recurrence after surgery is documented to be around 
2.5% or less [8, 9]. The clinical outcomes did not differ significantly between endo-
vascular and microsurgical treatments with overall 7–14% long-term morbidity and 
low morality in this pediatric population [7–9].

 Multiple Aneurysms

Multiple aneurysms are found in 20–34% of patients with intracranial aneurysms 
[10–12]. Female sex, smoking, and hypertension are all risk factors for developing 
multiple intracranial aneurysms [11, 12]. When possible, treatment of all aneurysms 
simultaneously in one procedure is ideal to reduce the number of invasive proce-
dures. Though the overall length of the procedure and risk of complication is 
increased when treating multiple aneurysms at once, a one-staged operation has 
overall lower mortality than treating the patient in multiple stages or leaving an 
unruptured aneurysm untreated [13]. Additionally, one study compared surgical and 
endovascular treatment for multiple intracranial aneurysms and found similar com-
plication rates (10.9% and 10.3%, respectively) but higher retreatment rates for the 
endovascular group (3% vs. 18%, respectively) [14]. In cases of multiplicity, micro-
surgical clip ligation should be considered to safely treat the highest number of 
aneurysms in the fewest number of procedures if EVT cannot address all of the 
aneurysms.

 Very Small Aneurysms

Very small aneurysms (VSAs) are defined as aneurysms with a maximum diameter 
of 3 mm or smaller. Whether to treat unruptured VSAs remains controversial due to 
low reported risk of rupture in large epidemiological studies [15, 16]. Several rea-
sons that may encourage treatment of unruptured VSAs include high risk patient 
populations, personal or family history of SAH, multiple aneurysms, and irregular 
shape or daughter sac, all of which portend higher risk of rupture. The International 
Subarachnoid Aneurysm Trial (ISAT) excluded small aneurysms (≤3 mm) from the 
trial, which leaves questions about the best treatment strategy for small ruptured 
aneurysms [17, 18].
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Aneurysms ≤3 mm pose technical endovascular challenges for catheterizing the 
aneurysm, microcatheter stability, and deploying coils into a small volume. 
Endovascular failure (9.9–13.7%) or incomplete occlusion often results in cross 
over to surgery [19, 20]. Studies demonstrate that the risk of intraprocedural rupture 
during EVT is higher for VSAs (7.7%) than larger aneurysms (3.6%) and for rup-
tured (10.7%) over unruptured (5%) VSAs [19–23]. These data bias toward surgical 
management for VSAs when treatment is indicated.

Overall, permanent morbidity and mortality are similar between endovascular 
and surgical treatment of VSAs, but procedure-related complications may be 
slightly higher for surgical intervention [19, 24, 25]. Data support that very small 
posterior circulation aneurysms should preferentially undergo endovascular therapy 
if amenable due to higher postoperative deficits compared to surgically treated ante-
rior circulation aneurysms (45.5% vs. 3.9%, respectively) [22]. Figure  8.1 and 
Video 8.1 depict a case of young patient with multiple aneurysms including 
two VSAs.

 Endovascular Treatment Failures

The volume of EVT failures that require retreatment either endovascularly or micro-
surgically will continue to grow as the number of endovascular procedures per-
formed increases. In ISAT, 191 patients (17.4%) required retreatment in the 
endovascular cohort, and 54% of these patients required surgery [26]. Hayakawa 
et al. followed 73 aneurysms with residual necks an average of 17.3 months, and 
49% showed recanalization on follow-up. Wide-neck (≥4 mm) and large or giant 
aneurysms were more likely to recur [27]. In one series of previously coiled aneu-
rysms requiring microsurgical retreatment, 4 of 81 patients presented with 

Fig. 8.1 The case of a young patient who was admitted for Hunt and Hess grade 1 subarachnoid 
hemorrhage is depicted. (a and b) Anteroposterior and lateral 2-D cerebral angiograms of the right 
internal carotid artery (ICA) reveal posterior communicating artery (Pcomm) and anterior choroi-
dal artery (AchorA) origin aneurysms (open arrow). A double density at the proximal A1 segment 
of the ACA is suspicious for an aneurysm. (c) Three-dimensional reconstruction of the right ICA 
angiogram in the surgical orientation shows the Pcomm and AchorA aneurysms (open arrow) and 
the posterior wall A1 segment aneurysm (broken arrow). (d) Posteroanterior three-dimensional 
reconstruction better shows the A1 segment aneurysm (broken arrow). (e) Intraoperative photo of 
the ICA after dissection of the necks of the Pcomm and AchorA aneurysms. The “shoulder” of 
both the Pcomm and AchorA are well seen originating at the proximal neck of each aneurysm then 
taking their typical course behind the ICA. (f) Indocyanine green (ICG) video angiography reveals 
patency of the AchorA (arrow) – inset shows light microscopy of the selected ICG frame. (g and 
h) The posterior wall A1 segment aneurysm was occluded with a straight miniclip. (i and j) 
Intraoperative angiography reveals complete occlusion of the aneurysms and maintained patency 
of the normal vasculature, including the Pcomm and AchorA

▸
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rebleeding [28]. The Cerebral Aneurysm Rerupture After Treatment (CARAT) 
study demonstrated that rerupture rates increase as the percentage of aneurysm 
obliteration decreases [29]. Therefore, coiled aneurysms that are incompletely 
obliterated or recurrent should be monitored very closely and managed aggressively 
to prevent rerupture.

Aneurysms that have failed prior endovascular therapies may be more difficult 
to treat due to the biological changes that occur due to the coils or other endovas-
cular device. Coils hold the aneurysm walls apart and induce intraluminal throm-
bus formation that hardens the aneurysms thus preventing the manipulation that 
can be afforded by collapsing the aneurysm sac with temporary clipping. Coils can 
erode through the aneurysm dome and extrude into the subarachnoid space which 
makes dissection of the aneurysm and branching arteries challenging. Coils can 
protrude into the neck of the aneurysm, the parent artery, or branching vessels 
complicating the placement of clips. Clipping is easiest when sufficient aneurysm 
recurrence is present to apply the aneurysm clip along the long axis of the parent 
vessel and occlude the neck below the coil mass. A ratio of the maximum trans-
verse dimension of the coil mass to the height from the neck to the coil compaction 
of <2.5 has been correlated with successful clip application with limited complica-
tions [30].

The decision for retreatment of an endovascularly treated aneurysm must take 
into account the size and configuration of the remnant, location of the aneurysm, 
patient’s age and medical condition, and the endovascular techniques used. A recur-
rence is considered significant if it is progressively enlarging on serial imaging stud-
ies or the occlusion is <90% of the total aneurysm volume. Many endovascular 
recurrences or incomplete treatment may now be treated with more recent endovas-
cular techniques, such as flow diversion. When surgery is determined to be the best 
option, most incompletely coiled and recurrent aneurysms are able to be treated 
with direct clipping with or without removal of coils (70–95%) [28, 31–33]. If sur-
gery is performed shortly after coiling (i.e., within 1 month), coils are more easily 
removed; however, coils can be densely incorporated into thrombus after just 
2 weeks rendering removal difficult or unsafe [28, 31]. Typically, coils should only 
be removed if the coil mass impedes clipping [33]. If coil removal is of too high risk 
and simple clipping is impossible, various bypass and trapping strategies can be 
employed to eliminate the aneurysm from the circulation [32]. Coils should not be 
removed if they are inside the parent artery or perforators due to the risk of injury to 
these vessels during extraction.

Good or excellent outcomes can be achieved in these patients after surgery 
(71–90%) with acceptable morbidity and mortality [28, 30–33]. Poor outcomes 
were related to the size of the aneurysm, location of the aneurysm in the posterior 
circulation, intraoperative rupture, and removal of coils during surgery [28]. 
Figure 8.2 depicts a case of a giant, recurrent, right MCA aneurysm that had been 
previously coiled.
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 Contraindications to Dual Antiplatelet Therapies 
and Noncompliant Patients

Dual antiplatelet therapy (DAPT) is needed for the placement of an intracranial 
stent or flow diverter to minimize thromboembolic complications. Employing 
DAPT should be balanced with the risk of bleeding and individualized for each 
patient. Some patients have contraindications to DAPT which may make microsur-
gical clip ligation necessary. Contraindications to DAPT include known esophageal 
varices or gastric ulcers, thrombocytopenia (50,000/μL blood), decompensated liver 
disease or baseline INR >1.5, other coagulopathy, barriers to compliance (i.e., poly-
substance abuse, dementia, and financial constraints), or imminent need for major 
surgery. While thrombocytopenia and coagulopathy are relative contraindications to 
cranial surgery, these can typically be corrected and maintained within normal lim-
its in the short term to safely complete surgery.

Many patients presenting with ruptured aneurysms require external ventricular 
drain (EVD) or ventriculoperitoneal (VP) shunt placement for cerebrospinal fluid 
diversion. In one series, six of seven patients on DAPT for stent-assisted coiling 
who required placement of an EVD and/or VP shunt suffered a hemorrhagic com-
plication. Four of these instances were due to placement or exchange of a ventricu-
lar catheter, and the remaining two patients suffered rebleeding events [34]. We are, 
therefore, hesitant to treat patients with aneurysmal SAH by endovascular methods 
that require DAPT. In the case of flow diversion, the aneurysm may not be immedi-
ately secured, which does not mitigate the risk of rebleeding.

Additionally, patients who may be noncompliant with DAPT regimen or unable 
to maintain the prescribed follow-up after EVT are better candidates for microsurgi-
cal treatment. Inability to correctly take a DAPT regimen after stent-assisted coiling 
or flow diversion could lead to disastrous thromboembolic complications. EVT 
requires diligent follow-up due to the higher rate of aneurysm recurrence and rerup-
ture when compared to microsurgical treatment [29].

 Associated Intracerebral Hemorrhage

Approximately 12–21% of patients with aneurysmal SAH present with concomitant 
intracerebral hemorrhage (ICH) [35, 36]. Patients with SAH and an associated ICH 
have worse Hunt and Hess grades on presentation and worse outcomes than those 
without ICH [36]. Aneurysms with associated ICH are more likely to be located on 
the middle cerebral artery (MCA) or anterior communicating artery (ACoA) [36]. 
Studies demonstrate substantial functional and mortality benefit in patients who 
undergo surgical evacuation of the associated ICH and clip ligation of the offending 
aneurysm compared to those treated without surgical decompression of the brain 
[37, 38]. The primary benefit of an endovascular procedure is avoidance of a 
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Fig. 8.2 Microsurgical treatment of a giant, partially thrombosed right M1 segment aneurysm 
after endovascular treatment failure. A 36-year-old man presented with left-sided hemiparesis and 
1 week of worsening headache with nausea. (a) Computed tomography scan showed a large recur-
rence of a previously coiled aneurysm with intraluminal hemorrhage. (b) Angiography showed 
only partial filling of the aneurysm and marked stenosis of the middle cerebral artery (MCA) 
beyond the neck of the aneurysm. The outline of the aneurysm is noted by red dots. Lenticulostriates 
draped over the lateral margin of the aneurysm are delineated by green arrows. (c) The surgical 
strategy was to perform a radial artery bypass graft from the common carotid artery to an M2 seg-
ment (red arrow – recipient site) with clip occlusion distal to the neck of the aneurysm (red bar). 
(d) Intraoperative image of the radial artery to M2 anastomosis. (e and f) One-month follow-up 
angiogram demonstrated the radial artery bypass filling the entire MCA distribution with back fill-
ing of the lenticulostriate arteries (green arrows), and complete occlusion of the aneurysm. 
Occlusion of the aneurysm and proximal M1 segment are demonstrated as the delayed angiogram 
shows that the internal carotid artery terminates at the A1
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craniotomy. If the patient needs surgery for evacuation of a life- or health-threaten-
ing hematoma, treatment of the aneurysm at the time of the craniotomy is the most 
parsimonious therapeutic strategy. Figure 8.3 demonstrates a case of a large, rup-
tured right MCA aneurysm with an associated ICH.

 Large Aneurysms with Mass Effect

Large (13–24 mm) and giant (≥25 mm) IAs pose technical challenges due to devel-
opment of calcification at the neck and partial thrombosis of the dome, presence of 
perforators and branch vessels from the aneurysmal walls, and compression of adja-
cent brain or cranial nerves. Left untreated, giant aneurysms are associated with 
70–80% morbidity and mortality rates over 2 years due to rupture, thromboembolic 
complications, or progressive compressive symptoms [39, 40].

Endovascular vessel sacrifice or surgical trapping is often not feasible for aneu-
rysms that are at or distal to the internal carotid artery (ICA) bifurcation or for 
patients that fail a balloon test occlusion (BTO). Large and giant aneurysms have a 
well-documented low complete occlusion rate and high rate of recanalization after 
endovascular coiling, necessitating subsequent retreatment [41, 42]. Although well 
established to treat aneurysms of the petrocavernous and paraclinoid segments of 
the ICA, flow diversion does not immediately address the mass effect of large and 
giant IAs and can cause compressive symptoms to worsen [6, 43]. Consequently, 
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Fig. 8.3 A middle-aged gentleman admitted with a Hunt and Hess grade 3 subarachnoid hemor-
rhage is shown. (a–c) Preoperative axial noncontrast computed tomography (CT) of the head 
shows a large intraparenchymal hemorrhage (IPH) in the right temporal lobe. (d–g) Two- and 
three-dimensional cerebral angiography revealed a large right middle cerebral artery (MCA) bifur-
cation aneurysm. (h) Intraoperative photo after clipping shows reconstruction of the MCA bifurca-
tion and obliteration of the aneurysm using a side-angled clip placed parallel to the origins of the 
M2 segment takeoffs (M2f – frontal division; M2t – temporal division; M1 – M1 segment coming 
out of the Sylvian fissure). (i and j) Intraoperative angiography shows complete elimination of the 
aneurysm from the circulation. (k) Intraoperative photo after removal of the IPH. The IPH was 
removed from the point at which it broke through the temporal lobe surface anteriorly. The dome 
of the aneurysm is seen in the resection cavity (black arrows). (l–n) Postoperative CT shows near- 
complete evacuation of the IPH
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surgical management remains a mainstay of treatment of large and giant IAs. Once 
the aneurysm is surgically occluded, it can be punctured or intrasaccular thrombus 
can be resected to immediately reduce the mass effect on critical structures, such as 
cranial nerves, the optic apparatus, or the brainstem. Figure 8.4 and Video 8.2 depict 
a case of a giant left ophthalmic artery origin ICA aneurysm treated by clipping fol-
lowed by decompression of the optic apparatus.

Many large and giant aneurysms can be primarily clipped or clip reconstructed 
(40–60%) [39, 42, 44]. Simple clipping is the preferred treatment strategy but is 
often prevented by dolichoectatic morphology, aberrant branch anatomy, athero-
sclerosis at the aneurysm neck, and intraluminal thrombosis. Aneurysms that can-
not be directly clipped require alternative techniques to indirectly occlude the 
aneurysm, which include distal occlusion, proximal occlusion, trapping, or exci-
sion with or without bypass. Overall, treatment-related surgical morbidity and mor-
tality for giant IAs is approximately 20–30% with mortality comprising 8–22% 
[39, 42, 44].

When collateral circulation is inadequate to provide sufficient perfusion after 
permanent vessel occlusion, a revascularization procedure is required. BTO may be 
used in selected patients to determine which patients will not tolerate parent vessel 
occlusion. Many bypass techniques have been described, and the selection of bypass 
type depends on the location of the aneurysm, the need for low- versus high-flow 
revascularization, and surgeon preference. Special surgical considerations during 
bypass procedures include starting aspirin prior to surgery, giving intravenous hepa-
rin during the anastomosis, and inducing burst suppression and arterial pressure 
elevation to 20% above baseline during temporary clip occlusion.
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 Wide-Necked Aneurysms

The most commonly used definition for wide-necked aneurysms (WNAs) is neck 
size ≥4 mm or dome-to-neck ratio <2. Many endovascular techniques exist for the 
treatment of WNAs including balloon-assisted coiling, stent-assisted coiling, com-
plex neck support devices (i.e., PulseRider and pCONus), parent artery flow diver-
sion (i.e., Pipeline, FRED, and Surpass), and intra-saccular flow diversion (i.e., 
Woven EndoBridge). Brinjikji et al. found that aneurysms with aspect (height-to- 
neck) and dome-to-neck ratios >1.6 typically did not require the use of adjunctive 
techniques during EVT [45]. WNAs are more likely to have a neck remnant and 
more likely to have recanalization on follow-up than aneurysms with narrow necks 
after coil embolization [27, 41].

Few studies have examined the results of microsurgical clipping of WNAs while 
a large number of studies have examined EVT. A post hoc subgroup analysis in the 
Barrow Ruptured Aneurysm Trial (BRAT) examined WNAs. WNAs comprised 

a b c
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Fig. 8.4 Giant thrombotic internal carotid artery aneurysm arising at the ophthalmic segment 
causing mass effect. A 59-year-old man presented with progressive vision loss. Axial (a) and coro-
nal (b) T1 pre-contrast magnetic resonance images with a large heterogeneous mass displacing the 
optic chiasm. (c) Angiography showed a partially thrombosed left ophthalmic artery aneurysm 
with residual filling measuring 5.3  mm  ×  6.7  mm  ×  5.6  mm with a 4.1  mm neck. (d and e) 
Intraoperative angiography demonstrated complete occlusion of the aneurysm after placement of 
single side-angled clip. (f) Follow-up computed tomography scan showed decreased mass effect 
after aneurysm debulking
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54.1% of the aneurysms treated; were more likely to arise from the MCA, basilar 
tip, or internal carotid artery (ICA) other than the ICA-posterior communicating 
artery (PCoA) junction; and were more common in older patients with worse clini-
cal presentation. Complete obliteration on postoperative imaging was lower and 
retreatment rate was higher for coiling compared with clipping (51.2% vs. 84.3% 
and 26.8% vs. 0%, respectively), but clinical outcomes after either treatment were 
not significantly different at any time point [46]. A meta-analysis comparing EVT 
to surgical clipping for wide-necked bifurcation aneurysms showed similar adverse 
events (21.1% vs. 24.3%) but lower complete occlusion with EVT (39.8% vs. 
52.5%) [47].

 Complex Configuration

Numerous factors can make an IA “complex” including deep location, wide neck, 
large size, inclusion of branching vessels, dolichoectactic morphology, presence of 
intraluminal thrombus or atherosclerotic walls, or previous endovascular or surgical 
treatments. Simple aneurysms are readily treated with current endovascular tech-
niques including stand-alone coiling, balloon- or stent-assisted coiling, or parent 
artery and intra-saccular flow diversion. As this field develops, vascular neurosur-
geons are left with more complex aneurysms deemed unsuitable for endovascular 
therapies. Microsurgical treatment of complex IAs requires careful planning and 
innovative thinking, expanding the exposure with skull base approaches, temporary 
occlusion or hypothermic circulatory arrest, the use of a variety of bypass tech-
niques, and, sometimes, the combination of microsurgical and endovascular 
treatments.

Aneurysms with complex configurations are often located at branch points and 
have efferent arteries arising from the aneurysm walls. Clip reconstruction is the 
preferred strategy to obliterate the aneurysm and maintain patency of the parent and 
branching arteries. When this is not feasible, vessel occlusion (i.e., distal, proximal, 
or both [trapping]) or aneurysm excision with or without bypass can be performed. 
Many bypass techniques have been described for the treatment of complex aneu-
rysms including extracranial-intracranial (EC-IC) bypass, EC-IC interpositional 
bypass, reimplantation, reanastamosis, in situ bypass, IC-IC interpositional bypass, 
and combination bypass [48]. When microsurgical and endovascular techniques are 
used together, the number of possible treatment strategies increases drastically to 
include the following possibilities: coil embolization after partial aneurysm clipping 
to narrow the neck, endovascular parent vessel and aneurysm occlusion after surgi-
cal bypass, proximal endovascular occlusion after distal surgical occlusion and 
bypass for complete trapping of aneurysm, aneurysm debulking after endovascular 
parent vessel occlusion, and balloon catheter placement for temporary proximal 
occlusion and/or suction decompression to allow for surgical clipping [49–53].

Several clinical series have been published examining the combination of endo-
vascular and microsurgical management for complex aneurysms. Aneurysm 
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occlusion was obtained in 95% of cases [49, 51]. Good or excellent outcomes were 
seen in 77.1–86% of patients, permanent morbidity occurred in 5.2–8.3%, and pro-
cedural mortality was 9.1–14.3% [49, 51, 52]. As seen previously, death or poor 
outcome was more common after the treatment of a posterior circulation aneurysm 
than an anterior circulation aneurysm [51, 52].

 Thrombotic Aneurysms

Cerebral aneurysms with significant intraluminal thrombus are poorly described in 
the literature because they are often included in larger series along with fusiform or 
giant aneurysms, but account for up to 16.8% of aneurysms [54]. These aneurysms 
should be studied with CT and/or MRI plus catheter angiography due to the discrep-
ancies between aneurysm size and luminal filling. Most patients present with symp-
toms from mass effect (32%), which is indicative of their predilection to be larger in 
size. Only 10% of patients with thrombotic aneurysms present with embolic symp-
toms [55].

Surgical treatment is often preferred to endovascular therapies for thrombosed 
aneurysms, for which recanalization after coiling is up to five times greater than in 
non-thrombosed aneurysms [54]. Recurrence of thrombotic aneurysms is multifac-
torial and likely related to their large or giant size, coil migration into the adjacent 
thrombus, and failure to endothelialize across the neck [41, 56].

Microsurgical approaches include direct clipping, thrombectomy with clip 
reconstruction, bypass with aneurysm occlusion, and trapping without bypass. The 
best surgical results were achieved with direct clipping, which is dependent on com-
pliance of the neck of the aneurysm. Concentric and complete thrombotic aneu-
rysms have noncompliant necks, and canalized thrombotic aneurysms do not have a 
defined neck. Eccentric thrombotic aneurysms or coiled thrombotic aneurysms with 
eccentric coil compaction were more likely to be amenable to direct clipping. For 
unclippable thrombotic aneurysms, better results were achieved with bypass and 
parent vessel occlusion over thrombectomy with clip reconstruction [55]. 
Observation is recommended for completely thrombosed aneurysms.

 Fusiform or Dolichoectatic Aneurysms

Fusiform aneurysms comprise <0.1% of IAs [57]. They are defined based on appear-
ance of fusiform arterial ectasia at a nonbranching site. In contrast to saccular aneu-
rysms, fusiform aneurysms are more often found in younger patients and more 
frequently in males [57–59]. The proposed mechanism of formation starts with arte-
rial dissection [58]. The acute dissecting type typically presents with rupture, 
whereas the chronic type presents with continual growth [60, 61]. Patients may be 
diagnosed incidentally due to compressive symptoms related to mass effect on the 
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brain or cranial nerves, thromboembolic events, or rupture. Patients with fusiform 
aneurysms associated with atherosclerosis, symptomatic presentation, or size 
>7 mm are at higher risk for progression [62]. A select group of patients can tolerate 
conservative management or anticoagulation alone with good results.

These lesions are extremely difficult to treat whether by endovascular techniques, 
microsurgery, or a multidisciplinary approach. Surgical treatment carries a morbid-
ity and mortality rate of approximately 25% [57–59, 62]. Surgical options include 
clip reconstruction, clip wrapping, bypass and trapping, proximal or distal occlu-
sion only, or excision with reanastomosis [57, 61].

 Infectious Aneurysms

Infectious IAs (I-IAs) account for approximately 2% of all IAs [6, 63]. Infective 
endocarditis is responsible for 70-80% of infectious aneurysms, which typically 
occur in the distal MCA territory [63, 64]. Extravascular infections such as menin-
gitis, cavernous sinus thrombophlebitis, cerebral abscess, subdural empyema, 
osteomyelitis of the skull, and sinus infections can also cause infectious aneurysms. 
These aneurysms typically occur in more proximal locations due to direct infectious 
spread at the base of the brain.

I-IAs are most commonly due to Streptococcus species or Staphylococcus aureus, 
but can be caused by a variety of bacterial, fungal, spirochetal, amebic, or viral 
pathogens [63, 65]. Pathologic changes show infiltration of the adventitia and tunica 
media by polymorphonuclear leukocytes, marked intimal proliferation, and destruc-
tion of the internal elastic lamina. They are typically friable and thin-walled with a 
wide or absent neck and are often not easy to separate from the brain parenchyma.

No trials exist comparing surgical and endovascular treatment of I-IAs; therefore, 
treatment recommendations are based on large case series and systematic reviews. 
Unruptured infectious aneurysms should initially be treated with appropriate antibi-
otic therapy for at least 4-6 weeks. Repeat imaging can be performed at 1-week inter-
vals initially to determine stability or change in aneurysm size. Surgical or endovascular 
treatment should be pursued if an unruptured aneurysm increases in size despite anti-
biotic therapy, or if a patient presents with a ruptured aneurysm. Rupture of I-IAs may 
occur in as high as 75% of cases [64]. Morbidity and mortality from infectious aneu-
rysms are 36% and 20%, respectively, though this is likely an underestimate due to 
death before presentation to neurosurgical attention [63]. If hospitalized for endocar-
ditis, mortality in patients with unruptured I-IAs is 30% but is 80% if ruptured [66]. 
Fungal etiologies are more frequently fatal despite medical or surgical therapy [65].

Surgical clipping, trapping, or excision of an I-IA is preferred if a symptomatic 
hematoma is present, if eloquent territory is at risk from parent artery occlusion, 
or if inaccessible by endovascular means. Surgery offers the opportunity to per-
form an anastomotic procedure if eloquent, distal circulation will be affected by 
vessel sacrifice. If the I-IA is proximal to ineloquent brain and is on a sufficiently 
small vessel, the diseased parent artery may be sacrificed, particularly if a long 
segment of the artery is diseased, as in the case presented in Fig. 8.5 and Video 8.3. 
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Fig. 8.5 An elderly gentleman with infectious endocarditis was admitted with a left frontoparietal 
intraparenchymal hemorrhage (IPH). (a) Axial noncontrast head computed tomography (CT) 
shows the IPH, while CT angiography demonstrated a M4 segment middle cerebral artery (MCA) 
aneurysm. (b) Sequential intraoperative photos show removal of the IPH, which unveils the dome 
of the aneurysm (open arrow). Further dissection reveals the diseased M4 branch proximal to the 
aneurysm (green arrows). The aneurysm is noted to involve 360° of the vessel lumen with no neck, 
which rendered clip reconstruction impossible. Aneurysm clips were applied and the aneurysm 
was excised (open arrowhead). After complete removal of the IPH and sacrifice of the diseased 
segment the brain is relaxed (blue circle). Shown in the accompanying video, but not here, primary 
reanastomosis was attempted, but the vessel was under too much tension and given that the branch 
supplied blood to brain posterior to the primary motor area, the decision was made to excise the 
aneurysm without reanastamosis. (c) Postoperative CT and magnetic resonance images show the 
clips, complete IPH evacuation, and no ischemic changes distal to the vessel sacrifice
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Frameless stereotactic guidance is helpful when the aneurysm is buried within 
unusual locations. Open surgical treatment confers a higher rate of success than 
medical therapy and similar complication rate to EVT [64, 65]. EVT may be 
favored in cases in which the patient has severe cardiac dysfunction and anesthesia 
risks are too great.

 Pseudoaneurysms

Pseudoaneurysms represent <1% of all IAs, but constitute as high as 20% of pedi-
atric IAs [67, 68]. Pseudoaneurysm rupture is associated with mortality as high at 
30% [69]. The most common cause of pseudoaneurysms is penetrating or blunt 
trauma. Other causes include iatrogenic (i.e., trans-sphenoidal surgery, sinus sur-
gery, ventricular taps, stereotactic brain biopsy, endoscopic third ventriculostomy), 
infectious, radiation-associated, and connective tissue disease. False aneurysms or 
pseudoaneurysms are distinct from true aneurysms because they are caused by com-
plete disruption of the vessel wall. A contained hematoma outside the vessel then 
develops a false lumen. The lack of well-formed walls in pseudoaneurysms makes 
both clipping and coiling difficult.

Despite advancements of EVTs, several limitations remain, including inaccessi-
ble distal locations, risk of intraprocedural rupture due to the lack of aneurysm wall, 
and coil extrusion through the false lumen leading to recurrence of the aneurysm. 
EVTs are most useful in locations where there are bony confines, like the petrous or 
cavernous segments of the internal carotid artery, and subacute pseudoaneurysms 
where the walls are more mature [70]. While the use of DAPT can be limiting, flow 
diversion has gained traction in the treatment of these lesions, particularly as they 
provide an intraluminal scaffold for endothelialization.

Many surgical techniques have been used to treat pseudoaneurysms including 
clipping, vascular reconstruction and revascularization, trapping, wrapping, or 
simple excision with or without arterial bypass. Direct clipping is possible only 
in 10–15% [63]. As previously stated, surgery is the preferred treatment strategy 
for ruptured pseudoaneurysms with associated large ICHs that need urgent 
evacuation.

 Basic Principles of Surgery

Considerations for surgical approach to specific aneurysms are addressed else-
where; however, the basic tenets of microsurgical clipping of IAs are reviewed in 
the ensuing text.
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 Anesthetic Considerations

Optimal management of the patient in the operating room depends on open com-
munication between the surgical and anesthesia teams. Generally, the anesthetic 
used should be short acting, not reduce cerebral blood flow or increase intracranial 
pressure, and allow for careful blood pressure control. When using motor and 
somatosensory evoked potentials, total intravenous anesthesia may be necessary. 
The anesthesiologist should employ measures to decrease the intracranial pressure 
including mild hyperventilation, osmotic diuresis with mannitol, and monitoring 
output from the EVD if present. During temporary occlusion, the blood pressure 
should be augmented (i.e., goal mean arterial pressure [MAP]  >90  mmHg) and 
burst suppression may be induced to limit the risk of cerebral ischemia [1, 6]. 
Systemic mild hypothermia is widely used during aneurysm surgery for brain pro-
tection. In rare circumstances, deep hypothermic circulatory arrest can prolong the 
duration of cessation of blood flow during the final aneurysm dissection and clip 
reconstruction. The anesthesiologist should have adenosine readily available to 
induce transient cardiac arrest in the event of an untimely intraoperative rupture. 
Finally, the anesthesia team should closely monitor glucose and electrolytes to pre-
vent hyperglycemia, hyponatremia, or hyperkalemia. Typed and cross-matched 
blood should be available for all aneurysm surgery.

 Positioning and Craniotomy

The chosen craniotomy should maximize surgical exposure and shorten the surgical 
corridor as much as possible. No matter the surgical approach, the head should be 
positioned above the heart and as neutral as possible to aid in venous drainage and 
prevent hyperemia. In addition, the surgeon should use gravity to enhance exposure 
where possible. Adequate bony exposure minimizes the need for fixed retractors 
and provides sufficient room to obtain distal and proximal control while providing 
sufficient degrees of freedom to maximize clip application angle.

 Microsurgical Technique

Mannitol is given prior to skin incision to improve rheology and relax the brain to 
facilitate subarachnoid dissection. The intradural component of aneurysm surgery is 
completed using a surgical microscope to maximize illumination and magnification. 
The CSF cisterns are then opened sequentially from superficial to deep taking care 
not to breach the pia, which may be injurious to the surrounding brain. Microdissection 
is carried out both sharply, to cut recalcitrant bands of arachnoid, and with gentle 
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spreading using micro-forceps. Blunt dissection is generally directed along the long 
axis of the sulcus or fissure to be opened with force applied perpendicular to the 
brain surfaces (e.g., the Sylvian fissure is opened parallel to its overall course, either 
distal to proximal, or vice versa, but application of force applied by the tips and 
shaft of the micro-forceps are directed outward from the middle of the Sylvian fis-
sure to gently separate the frontal and temporal lobes). Temporary clipping is a 
useful surgical adjunct to make final dissection of the aneurysm neck and clip appli-
cation safer. In addition, temporary clipping softens large, turgid aneurysms to 
allow for complete reconstruction. Blind or excessive blunt dissection should be 
minimized or completely avoided, particularly around the aneurysm neck, to pre-
vent tearing of the aneurysm, which may be challenging to repair. Permanent clips 
come in a variety of sizes and configurations, making clipping versatile and durable. 
In general, the simplest possible clipping strategy should be employed to maximize 
the likelihood of complete aneurysm occlusion while limiting the chance of parent 
or branch vessel compromise. When possible, the long axis of the clip(s) should be 
placed parallel to the long access of the parent vessel to limit vessel wall stress at the 
neck. In the face of intraoperative rupture, calm on the part of the surgeon is para-
mount. The field is cleared of blood with large-bore suctions, proximal and distal 
vessel control is achieved, neck dissection is completed, and permanent clips are 
applied. Cotton tamponade can be gently applied over the site of rupture, either 
using a suction or by applying light pressure with a fixed retractor to act as a “third 
hand.” The surgeon must consciously avoid the temptation to prematurely “jam” 
permanent clips across the aneurysm before complete dissection and visualization 
is achieved. So doing may worsen the rent in the aneurysm and/or parent artery, or 
avulse small perforating arteries. Once the aneurysm is occluded, temporary clips 
are removed sequentially from distal to proximal. Each temporary clip is opened 
partially and the field is closely inspected to assure no residual bleeding before the 
clip is completely removed. Finally, the surgeon must be prepared for a variety of 
bailout options, such as cotton-clipping used in the setting of a neck tear, or bypass 
to revascularize permanently compromised vessels.

 Conclusion

As endovascular technology advances, the pool of IAs treated surgically continues 
to ebb. However, the complexity of aneurysms referred for surgical treatment has 
increased as a result. Indubitably, the need for well-trained, capable cerebrovascular 
surgeons will continue into the future. IAs currently considered for microsurgical 
treatment in the current era include those in the very young, geometries not ame-
nable to EVT, endovascular failures, patients intolerant to or noncompliant with 
DAPT required for EVT, ruptured aneurysms with associated ICH, very small aneu-
rysms, large and giant aneurysms – particularly those with thrombus – and infec-
tious aneurysms among others.
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Chapter 9
Cerebral Vasospasm

William Muñoz, Christopher J. Stapleton, and Aman B. Patel

 Background

Throughout the day, as we rest or engage in demanding tasks, our brain activity 
levels vary widely, and neurons require more or less oxygen and glucose to support 
the processing demands of the moment. With changing energy demands, the large 
caliber arteries in our brains, such as the anterior or middle cerebral arteries and their 
main branches, rapidly change size in order to support their perfused brain territories 
with increased or decreased blood flow accordingly. This process is elaborate, with 
multiple chemical messengers entering the perivascular milieu and ultimately influ-
encing the contractility of the arterial wall muscle layer. This muscle layer is also 
sensitive to a number of insults, such as physical impact to the vessel wall during 
trauma, or the chemical exposure to extravasated blood and blood breakdown prod-
ucts during subarachnoid hemorrhage. In particular, it has been shown that cerebral 
arteries can undergo a persistent and severe vasoconstriction in response to such 
insults, a process termed “vasospasm.” It is hypothesized that under these pathologi-
cal conditions, arterial vasoconstriction is an important strategy to prevent extrava-
sation and promote homeostasis. However, when vasospasm is severe and/or 
persistent, it can affect brain perfusion and result in neuronal death, or strokes.

The following section explores the clinical and experimental evidence for cerebral 
vasospasm, as well as outlines the factors associated with its development. In particu-
lar, we will emphasize cerebral vasospasm following subarachnoid hemorrhage, as 
this constitutes a process that has been extensively studied and provides some clues 
as to the pathological causes of this phenomenon and opportunities for intervention.
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 Discovery

Although cerebral vasospasm following SAH was first clinically demonstrated dur-
ing the early 1950s, there were a number of clinical observations that suggested its 
existence, which date back to the late 1890s.

In particular, it was noted that non-comatose patients who survived the initial 
ictus from a ruptured aneurysmal SAH could deteriorate days later, with develop-
ment of new neurological deficits, such as paresis, aphasia, or apraxia [1, 2]. These 
delayed neurological symptoms often fit known stroke syndromes, which in 75% of 
cases could be attributed to functional impairments of the middle cerebral artery 
territory, and in approximately 25% of cases to the anterior cerebral artery territory. 
Indeed, if these patients succumbed to this second phase of their disease, pathologi-
cal examination of their brains revealed not only the expected blood clot or hemo-
siderin staining from SAH and associated ruptured aneurysms, but also in 30% of 
cases, there were strokes of large cortical territories not necessarily fitting the terri-
tory supplied by the affected artery [3].

This delayed onset of neurological deficits, or delayed cerebral ischemia (DCI), 
was noted to occur in one-third of patients after SAH, typically 4–14 days after 
aneurysm rupture [4–6]. Moreover, these postmortem observations of infarctions of 
cortical territories often far away from the ruptured aneurysm fueled the notion that 
while the initial ictus would certainly limit cerebral perfusion focally near the rup-
ture site, subsequent vasospasm of affected cerebral arteries could explain the 
expansion of the brain territories at risk for stroke. In 1951, Ecker and 
Riemenschneider published a landmark paper in which they demonstrated for the 
first time by serial angiography that the caliber of arteries could change over time 
after SAH [7]. These findings provided evidence of vasospasm near the aneurysmal 
rupture site, and the methodology became the gold standard for tracking the devel-
opment of vasospasm.

 Angiographic Appearance and Predictors of Vasospasm 
After SAH

In 70% of patients after SAH, persistent angiographic narrowing of cerebral arteries 
has been observed. Similar to the clinical timeline of DCI, vasospasm generally 
starts 3–4  days after aneurysm rupture, peaks at 7–10  days, and resolves by 
14–21 days [8, 9]. Importantly, those with the thicker and more widespread sub-
arachnoid clot (modified Fisher scale 2 or higher) on their initial head CT scans are 
more likely to suffer vasospasm in the days following SAH, whereas in the absence 
of blood on initial scan (with SAH diagnosed by lumbar puncture) vasospasm is 
unlikely to happen.

Moreover, it was found that while subarachnoid blood hyperintensities normal-
ize on head CT scans between days 4 and 22 post-SAH, persistent blood on scan by 

W. Muñoz et al.



181

day 4 was associated with future development of vasospasm [10, 11]. Of note, 83% 
of the patients with basal cisterns hyperintense blood and in 78% with Sylvian fis-
sure blood develop clinical vasospasm. These investigators concluded that the per-
sistence of the subarachnoid blood clot beyond 5 days post-SAH is likely indicative 
of either a large initial hemorrhage and/or impaired clearance of red blood cells 
(RBCs), and more importantly that prolonged exposure to the blood clot could pro-
mote the development of vasospasm.

Cerebral vasospasm has been characterized by employing serial catheter angiog-
raphy, comparing the caliber of affected arteries to that observed in prior imaging, 
as well as to that observed in the contralateral vasculature. These studies have led to 
the classification of the degree of vasospasm from severe (more than 50% reduction 
in vessel caliber) to mild (25–50% reduction in vessel caliber), as well as spatially 
from diffuse, multisegmental, to localized [12]. Importantly, more severe degrees of 
vasospasm are increasingly associated with DCI and the development of strokes on 
serial head CT scans, with mild vasospasm resulting in radiographic strokes in 3% 
of cases, while moderate in 10% and severe in 46% of cases [5, 13]. Similarly, the 
mortality rates for patients with higher degrees of vasospasm increase up to 41–45% 
in patients with severe vasospasm [14].

 Other Imaging Modalities for Detecting Vasospasm

While catheter angiography remains the gold standard for detecting and best char-
acterizing vasospasm, the diagnostic value of multiple other noninvasive imaging 
modalities has been investigated [15, 16], in particular CT angiography (CTA). 
When compared to catheter angiography, the agreement between observation 
regarding vasospasm presence and degree was 68% for independent observers. CTA 
was more in agreement with catheter angiography when there was no observed 
vasospasm (86%) and when there was severe vasospasm (64%), but was associated 
with more false negatives when there was mild vasospasm (20%), which might be 
related to the lower resolution for evaluating blood vessel morphology of CTA com-
pared to catheter angiography (see Management section). A more recent study has 
shown an accuracy for CTA of 87.0–97.5% and negative predictive value of 
95.0–99.5%, compared to catheter angiography [17].

Another imaging modality that has been investigated is transcranial Doppler 
sonography (TCDs). This is a technique in which ultrasound waves are used to 
insonate the proximal portion of middle and anterior cerebral arteries in order to 
evaluate their flow velocities. TCDs were introduced to the armamentarium to 
assess vasospasm in SAH patients in 1982 [18] under the hypothesis that as the cali-
ber of arteries decreases due to vasospasm, their blood flow velocity should increase. 
In theory, if a cerebral artery diameter is halved by vasospasm, the velocity of blood 
flow should increase by 400%. Indeed, a significant inverse relationship between 
MCA diameters and flow velocities has been described [19]. The mean flow veloc-
ity is often trended, as it accounts for systolic/diastolic pressure variations, and thus 
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is more reliably compared over time [8]. While in healthy subjects, a range of mean 
velocities 33–90  cm/sec has been described for the middle cerebral artery, for 
patients with SAH flow velocities are typically elevated by day 5 post-SAH, with 
usually maximum velocities recorded days 9–13, before normalizing within the fol-
lowing 2 weeks [18]. Notably, rapid increases in flow velocities often precede clini-
cal deterioration due to vasospasm, in particular if velocities increase >50 cm/sec/
day [18, 20, 21]. This approach has been reported to have over 95% sensitivity for 
severe angiographic vasospasm [22]. It is important to highlight that although TCDs 
can be easily and noninvasively performed by the bedside, its main limitations are 
inability to diagnose critical vasospasm (>70% diameter reduction) at which point 
flow velocities will be reduced, as well as inability to insonate distal arterial territo-
ries (only accessible large arteries can be visualized) or patients with thick temporal 
bones. There can also be false positives that can occur when blood pressure is aug-
mented (see Management).

Given the limitations of noninvasive modalities for detecting vasospasm, a retro-
spective study investigated whether a combinatorial approach could increase the 
accuracy of noninvasive monitoring. It was found that in a cohort of patients with 
SAH undergoing concomitant catheter angiography, CTA, TCDs, and CT perfusion 
protocols (most commonly used for diagnosing stroke), the most accurate combina-
tion (93%) was narrowing observed in CTA and mean transit times >6.4 s on CT 
perfusion [23].

 Epidemiology

Approximately one in 10,000 individuals suffers the rupture of an aneurysm and 
associated SAH each year. These patients are acutely sick with a case fatality close 
to 40%, and if they survive the initial ictus, their neurological status remains tenu-
ous in part due to the development of DCI from cerebral vasospasm [9]. 
Approximately two-thirds of patients with SAH will exhibit angiographic arterial 
narrowing consistent with vasospasm within 3–14 days after the initial rupture [24]. 
Due to several physiological factors (which will be discussed in the Management 
section), only one-third of these patients will experience clinical signs of neurologi-
cal deterioration due to vasospasm [25, 26]. This incidence might be even higher on 
posterior circulation aneurysmal SAH, for which some studies have found close to 
75% of patients developing symptomatic vasospasm (although with perhaps a more 
protracted course, peaking on the second week post-SAH; [27]).

With increased ease of diagnosis, more accessible and expedited surgical man-
agement of ruptured aneurysms, and better neurocritical care, this picture has 
improved significantly with a decrease in mortality by 50% over the past two 
decades [28]. However, the development of vasospasm unfortunately continues to 
double the mortality rate in a susceptible portion of SAH patients [26]. In particular, 
older patients have a tendency to present with thicker subarachnoid clot on admis-
sion CT scans, and although no age-related differences have been appreciated in 
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terms of overall incidence of angiographic vasospasm, symptomatic vasospasm is 
more frequently reported in the older age group [29]. Angiographic vasospasm is 
also more common in females, who also tend to have significantly poorer outcomes 
[30]. Furthermore, significant association has been found between symptomatic 
vasospasm and cigarette smoking after aneurysmal SAH [31–33].

 Pathophysiology

As shown in Fig. 9.1, several physical, chemical, and cellular processes are initiated 
after the rupture of an aneurysm in the subarachnoid space. Altogether these pro-
cesses are thought to be responsible for the ensuing cerebral vasospasm. The fol-
lowing section details our understanding of these processes and points at avenues 
for potential new therapies.

 Blood Extravasation and Local Increases in Subarachnoid 
Space Pressure

Following the rupture of a cerebral aneurysm, up to 250 mL of blood quickly accu-
mulates in the subarachnoid space over seconds to minutes, until a clot plugs the 
rupture site. One immediate consequence of this accumulation of blood is an 
increased pressure in the subarachnoid space, which directly impacts adjacent arter-
ies. Early experiments in animal models (in cats, dogs, and monkeys) and humans 
showed that this increased local pressure affects the arterial wall and causes vaso-
spasm. In these studies, a gentle stroke was delivered to any vessel of the circle of 
Willis, which caused a localized narrowing of the tested vessel [34–38].

Interestingly, longer application of the mechanical stimulus, which mimics the 
persistent presence of blood clot on the subarachnoid space in SAH, not only pro-
longed the duration of the observed vasospasm, but also resulted in spread of vaso-
spasm distally from the stimulated site. These effects could be reversed by topical 
application of papaverine and procaine, which implied two mechanisms: stimulat-
ing contraction at the level of the muscular layer, as well as indirectly by activating 
the nerve terminals surrounding these arteries [34–38].

Additionally, it has been hypothesized that the exposure of perivascular nerve 
terminals to degrading RBCs and hemoglobin (see next subsection) can trigger a 
denervation of cerebral arteries, which then lack their normal modulatory tone set 
by various catecholamines, acetylcholine, vasoactive intestinal polypeptide, and 
substance P [39, 40]. Over time, it is thought that denervated arteries post-SAH in 
the context of vasospasm become progressively refractory to the vasoconstrictor 
and vasodilator actions of these numerous neuromodulators and neuropep-
tides [41].
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Fig. 9.1 Spatiotemporal dynamics and mechanisms of cerebral vasospasm following SAH. (a) 
The timeline for development of cerebral vasospasm following aneurysmal rupture and SAH is 
predictable, with most patients experiencing symptoms related to vasospasm within days 4–14 
after SAH. (b) As specified in the Pathophysiology section, this timeline relates to the clearance of 
the subarachnoid blood clot following aneurysmal rupture, demonstrated in the head CT series as 
decreasing intensity of blood products (red arrow, SAH) on major cisterns and fissures over time 
(second to fifth panel from left to right). In this scan series, the blood intensities on the patient’s 
ambient cistern decreases by 19% on post-SAH day 1, 52% on day 7, and 78% on day 19. Coil 
artifact (yellow arrow) is seen on the scans on days 7 and 19. This patient had a ruptured basilar tip 
aneurysm (first panel, reconstruction of CT angiogram on skull base, black arrow points to aneu-
rysm), and developed symptomatic vasospasm, which was treated with intra-arterial verapamil 
(Fig. 9.3), with recovery back to neurological baseline by discharge. The changes in ventricular 
size observed in this series relate to the placement of an external ventricular drain on admission, 
and subsequent management and weaning of this drain. (c–e) Several cellular, physical, and chem-
ical events after SAH are responsible for the development of cerebral vasospasm. (di) During the 
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 RBC Clearance, Hemoglobin, and Its Vasoactive 
Degradation Products

Following the rupture of a cerebral aneurysm, fresh blood gets in contact with cere-
brospinal fluid (CSF) in the subarachnoid space, and the extravasated RBCs begin a 
much faster degradation process than inside blood vessels. The average survival 
time of RBCs in the subarachnoid space is estimated around 1 week, as opposed to 
their natural life of 4 weeks inside vessels. Their degradation is aided by a number 
of cellular and chemical processes that while attempting to clear the blood clot, also 
release several vasoactive substances that have been implicated in the development 
of vasospasm.

The role of extravasated RBC clearance and hemoglobin degradation in vaso-
spasm was initially inferred from a number of clinical and experimental observa-
tions. On the one hand, as discussed in the Background section, the key prognostic 
factor for vasospasm is the presence of thick, widespread subarachnoid clot on the 
initial head CT scan. It was also found that factors shortening the exposure to the 
blood clot tend to decrease vasospasm incidence, while conversely, the use of anti-
fibrinolytic drugs to prolong the clot exposure of arteries tends to increase the inci-
dence of vasospasm [8]. As the hemolysis of extravasated blood ensues, the 
concentration of hemoglobin in the subarachnoid fluid increases, and as hemoglo-
bin degrades, its known vasoconstrictive by-products also increase in concentration, 
which has been hypothesized to trigger vasospasm.

An initial test of this hypothesis was carried out by Echlin who showed the induc-
tion of acute vasospasm of monkey cerebral arteries in response to the application 

acute phase, fresh blood from the ruptured aneurysm enters the subarachnoid space, increasing the 
pressure on this space, which triggers early mechanical vasospasm. (dii) Then, during the vaso-
spasm time window, the persistent blood clot undergoes breakdown by macrophages, which 
releases hemoglobin (Hgb), with subsequent accumulation of its vasoactive degradation products 
oxyhemoglobin (oHgb) and methemoglobin (mHgb), two potent vasoconstrictors. Endothelial 
injury due to initial aneurysmal rupture and subsequent inflammation releases endothelins (ETs) 
and decreases nitric oxide (NO) signaling, which promotes vasospasm and limits the endogenous 
vasodilatory response, respectively. Together with these local subarachnoid space processes, the 
nearby brain parenchyma experiences ischemia due to decreased perfusion by vasospastic arteries, 
which leads to further increases in intracranial pressure (decreasing the effective cerebral perfusion 
pressure), and contributing to the generation of cortical spreading depolarizations (also thought to 
arise due to changes in the chemical composition of cerebrospinal fluid). The arterial wall as seen 
in associated panels in (e) is vasoconstricted by effect of the various effectors described above on 
the endothelial smooth muscle and increased intracellular calcium signaling. These effectors, in 
particular Hgb, can also stimulate nerve terminal on the arterial externa, which release catechol-
amines and further arterial vasoconstriction. The arterial wall is also infiltrated by lymphocytes and 
other peripheral white blood cells, which initiate inflammatory cascades that also are thought to 
promote and prolong vasospasm. (diii) Over time, as the vasospasm window comes to an end, as 
the blot clot is completely resorbed, the CSF composition normalizes and inflammation subsides, 
leaving behind structural changes to the arterial wall that limits its contractility, including denerva-
tion and fibrosis, as seen in the associated panel in (e). If the vasospasm is severe enough and/or 
untreated, neuronal death and strokes result in persistent neurological deficits, coma, and/or death

◂
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of fresh blood in an open arachnoid space [38]. This was further substantiated in a 
dog basilar artery preparation, which was exposed to a blood-CSF mixture incu-
bated for several days, with maximal arterial vasoconstriction after incubation for 
7 days [42]. In agreement with these data and the observed clinical time course of 
vasospasm, it has been shown in biochemical studies that the breakdown of RBCs 
peaks around day 7 post-SAH [43, 44]. This has been further investigated in SAH 
patients by serial lumbar punctures, in which elevated hemoglobin concentrations 
have been found starting 2 hours post-SAH and up to 26 days post- SAH. In particu-
lar, further biochemical analysis of hemoglobin by-products has revealed that CSF 
containing elevated levels of both oxyhemoglobin and methemoglobin – two vaso-
constrictors – coincides with the occurrence of vasospasm in 64% of cases [45].

An important consideration is that extravasated RBCs seem to activate the com-
plement cascade, which is ultimately responsible for RBC lysis and release of 
hemoglobin into the subarachnoid space. Indeed, CSF from patients with SAH 
exhibit elevated complement levels. Moreover, the depletion of complement in ani-
mal models, which presumably promotes RBC clearance through pathways other 
than lysis, reduces the incidence of vasospasm after SAH [46].

Another circulating factor that could potentially affect the vasoactive influ-
ence is haptoglobin, which is known to bind and potentially neutralize the vaso-
active properties of hemoglobin. Haptoglobin occurs in several allelic forms in 
humans, with different affinities for hemoglobin, and therefore different degrees 
of protective benefit in reducing the vasoactive effect of hemoglobin after 
SAH. Indeed, both animal model and human studies had observed different pro-
pensities to angiographic vasospasm, as well as degree of inflammation in the 
subarachnoid space after SAH, depending on the expressed haptoglobin allele of 
the subject [47, 48].

 Other Peripheral Blood Cellular Players and Their 
Inflammatory Processes

Besides RBCs, several peripheral blood cell types enter the subarachnoid space fol-
lowing SAH, and participate in the clearance of the blood clot, as well as in the 
repair of the damaged leptomeningeal tissue. During the initial phase, neutrophils 
accumulate in the subarachnoid space, reaching a maximum within 1 day and then 
start to dissipate within the next day or so [44, 49]. While neutrophils return to cir-
culation, macrophages tend to persist for up to 2–4 weeks after SAH, as they are 
largely responsible for clearing RBCs and other cellular debris from their hemolysis 
[50]. Inflammatory cells have also been observed to infiltrate the walls of vasospas-
tic arteries, where they persist for longer periods of time, with associated local 
release of immunoglobulins and other inflammatory molecules [51]. While the 
radiographically observed vasospasm resolves with time, the inflammation within 
the arterial wall causes fibrosis and reduced compliance, with long-term conse-
quences ([52]; see next subsection).
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As RBC lysis ensues, the release of hemoglobin into the subarachnoid space can 
induce oxygen free radical reactions, further inflammation, and endothelial injury, 
leading to increased expression and release of endothelins, as well as reduced levels 
of nitric oxide [53]. Indeed, endothelins, peptides generated by endothelial cells and 
astrocytes with long-lasting vasoconstrictive effects on cerebral vessels, have been 
shown to have significant elevations in the CSF of SAH patients, and with highest 
elevations in those developing vasospasm [54, 55]. Furthermore, nitric oxide signal-
ing, a vasodilator action on the cerebral blood vessels, as measured by the concen-
tration of its metabolites in CSF, appears to be lower in patients with vasospasm on 
post-SAH days 7–9 [56]. The roles of these two molecular players have been inves-
tigated in human clinical trials (as will be discussed in the following section).

Besides endothelins and nitric oxide, several other inflammatory markers have 
been found on the CSF and/or the serum of patients with SAH with varying associa-
tions with the development of radiographic vasospasm and DCI [57, 58]. The role 
and possible therapeutic utility of these other molecular cascades remains under 
investigation.

 Remodeling of the Arterial Wall

Immediately after endothelial injury, cerebral arteries undergo vasoconstriction in a 
response that has been thought to prevent blood loss and promote clot formation 
[59, 60]. The cellular and molecular changes detailed above are thought to ulti-
mately prolong this vasoconstricted phase and potentially remodel cerebral arteries.

These questions have been explored on postmortem examination of cerebral 
arterial pathological specimens from patients with angiographic vasospasm post- 
SAH. In these studies, contraction of the medial smooth muscle was observed at the 
onset of vasospasm, followed by medial thickening, corrugation of the internal elas-
tic lamina, intimal edema due to endothelial injury, and thrombus formation within 
the subsequent 1 and 2 weeks, with eventual reduction of smooth muscle cells and 
fibrous thickening of the intima thereafter [61].

 Other Contributing Processes That Can Have an Interplay 
with Vasospasm

Besides hemoglobin, RBC lysis alters the electrolytes composition of CSF in the 
affected subarachnoid space, which has been associated with the electrographic 
phenomenon observed in patients with SAH known as cortical spreading depolar-
ization. Notably, in a cohort of SAH patients who developed DCI, the appearance of 
cortical spreading depolarization on electrocorticography and angiographic vaso-
spasm coincided in space and time. Furthermore, the patient with cortical spreading 
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depolarization lasting >1 hour developed ischemic changes on subsequent head CTs 
or MRI [62]. It has been hypothesized that cortical spreading depolarizations and 
vasospasm can represent a self-reinforcing cycle, in which the vasospasm-triggered 
ischemia can fuel neuronal depolarization and death, while depolarized neurons can 
also release several vasoactive neuropeptides that can worsen and spread the vaso-
spastic territory.

Moreover, as a result of severe vasospasm, hemostasis can occur at the points of 
arterial narrowing and result in thrombus formation, further promoting ischemia 
and vasoconstriction [63, 64]. Indeed, postmortem brains of SAH patients who 
developed DCI showed a pathological correlation of increased thrombus formation 
on the previously identified regions with radiographic vasospasm and/or strokes. 
The development of these thrombi seemed to correlate as well with the onset of 
DCI [65].

 Management

Interestingly, while two-thirds of patients with SAH exhibit angiographic arterial 
narrowing consistent with vasospasm, only 50% of those patients develop DCI. This 
fact speaks to the importance of other local and systemic factors that can affect 
cerebral perfusion and compensate for the development of vasospasm [5, 13, 66]. 
As such, DCI symptoms and associated strokes are thought to occur only when 
vasospasm meets unfavorable pre-existing collateral and anastomotic blood flow in 
the brain, high cerebral metabolic demand, and/or low systemic blood pressure. 
This is an important topic with therapeutic implications. In general, the manage-
ment of patients with SAH at risk of developing DCI is centered in optimizing the 
balance of cerebral blood perfusion and cerebral metabolic demands.

This balance can be particularly challenging to attain in this patient population in 
which there is often multisystem involvement, in particular cardiopulmonary dys-
function, due to anoxic injury at the time of presentation from loss of consciousness, 
and subsequent heightened sympathetic activity and systemic inflammation [67, 
68]. The following section explores what we have learnt so far about optimizing the 
medical management of the SAH patient population, in order to minimize the 
chances of DCI and prevent permanent brain infarction in the face of clinical 
vasospasm.

 Diagnosis

As noted in the preceding sections, DCI after SAH occurs most commonly on days 
3–14 after the initial ictus, with only 5% of cases happening after day 10. During 
this window of time, the neurological status of SAH patients is frequently assessed 
in intensive care units. In spite of the highest and most specialized level of care that 
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can be provided, the detection of DCI remains a challenge, in particular in patients 
with a poor neurological status after SAH [69].

Most often, vasospasm presents clinically in the awake, interactive SAH patient 
as a recrudescence of the initial headache which was getting better in the preceding 
days [70]. In the setting of non-optimal systemic factors, such as hyponatremia and/
or hypovolemia, further neurological deficits can emerge over hours or days, in pat-
terns that are expected in accordance with the compromised brain territories with 
poor perfusion due to vasospasm. If untreated or refractory to medical or surgical 
management, the neurological deficits can give way to a permanent disability as the 
stroke process is completed.

It is the clinical standard in major academic medical centers, to take this clinical 
picture together with careful monitoring of patients at high risk for developing vaso-
spasm with daily TCDs, continuous EEG, fluid balance, and frequent sodium level 
checks, in order to determine the likelihood of symptomatic vasospasm (see 
Fig. 9.2). While empiric medical management (as detailed below) should be rapidly 
instituted in the acute setting, further evaluation for vasospasm and potential thera-
peutic interventions requires angiographic imaging, as well as evaluation for radio-
graphic stroke development.

 Triple H

In 1976, Kosnik and Hunt described a series of SAH patients who developed acute 
onset of neurological symptoms (DCI) that correlated with drops in systemic blood 
pressure, and which could be resolved following interventions that restored their 
blood pressure. In their management scheme, they employed fluid resuscitation and 
vasopressors to sustain the elevated blood pressure [71]. These concepts conformed 
the basis for the famous “Triple H” therapy, or hypertensive hypervolemic hemodi-
lution, for SAH patients that were considered at risk of developing vasospasm.

Hypovolemia and relative hypotension can occur due to a number of reasons in 
these acutely ill patients, including bed rest with peripheral pooling of blood, supine 
diuresis, and iatrogenic blood loss. Besides their effects on limiting cerebral perfu-
sion, these two factors can lead to hemoconcentration, increasing blood viscosity 
and further decreasing cerebral blood flow. Altogether, the aim of Triple H therapy 
is to optimize these three parameters, in order to promote cerebral perfusion and 
overcome vasospasm.

In practice, SAH patients at risk of developing DCI are maintained euvolemic. 
Current recommendations are to refrain from using prophylactic hypervolemia, 
induced hypertension, or hemodilution [72, 73]. If DCI develops, first line treatment 
for reversing the neurological deficits is the optimization of cerebral perfusion pres-
sure with volume expansion and/or pharmacologically induced hypertension, with 
target systolic blood pressure above 150 mmHg [74]. The optimal systolic blood 
pressure in this scheme is typically the lowest blood pressure tolerated by the 
patient, at which the ischemic symptomatology resolves [71, 75–77]. Although 
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a

b

Fig. 9.2 Surveillance and therapeutic algorithm for vasospasm after SAH. A general surveillance 
and therapeutic algorithm for vasospasm after SAH, followed at our institution, is presented in this 
figure, and further discussed in the Management section. (a) This algorithm takes into consider-
ation the timeline of pathophysiological changes after SAH discussed in Fig. 9.1. (b) On admis-
sion, patients with ruptured, unsecured aneurysms are monitored carefully in the neurocritical 
intensive care unit setting. Their systolic blood pressure is continuously measured via an arterial 
line, and kept under 140 mmHg until the ruptured aneurysm is secured (via coiling or clipping), in 
order to minimize expansion of the subarachnoid hemorrhage. Their total body balance is recorded, 
and initially input and output are matched, to prevent both hypovolemic cerebral hypoperfusion, 
while also minimizing volume overload in these critically ill patients (often with cardiopulmonary 
compromise). These patients undergo daily TCDs of major cerebral arteries and EEG (if their Hunt 
& Hess classification is greater than 3 and/or their modified Fisher scale is greater than 2), and are 
started on standard dosing of nimodipine. If comatose on initial presentation, these patients also 
undergo placement of an external ventricular drain to manage their ICPs and optimize their cere-
bral perfusion pressures. Once the aneurysm is secured, their systolic blood pressures are allowed 
autoregulation, while avoiding relative hypotension. Arterial flow velocities as measured by TCD 
are trended for increases in mean flow velocities >50 cm/sec per day, which are concerning for 
vasospasm. Likewise, EEG is continuously recorded and analyzed for asymmetric increases in 
alpha band power, which are thought to correlate with tissue ischemia. This TCD/EEG information 
is integrated with clinical findings from the neurological examination of these patients (which is 
limited on comatose patients). If symptomatic vasospasm is suspected (after ruling out other 
potential causes of exam changes, as discussed in the Management section), hypervolemic and/or 
pharmacological hypertension are attempted, which can often resolve the neurological symptoms 
and/or findings. If refractory, patients undergo further evaluation for vasospasm with CTA head, 
MRI brain, and/or catheter cerebral angiography, which can corroborate vasospasm in expected 
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hemodilution is advocated by Triple H therapy, the optimal hemoglobin concentra-
tion is unknown, and current guidelines actually recommend blood transfusions 
when hemoglobin levels are <7 g/dl in patients without DCI, or <10 g/dl in patients 
with DCI, in order to optimize the oxygen carrier capability of blood [78].

The efficacy of Triple H therapy in improving cerebral perfusion was investi-
gated in SAH patients undergoing different aspects of the therapy. Using PET scans, 
this study found that fluid augmentation, induced hypertension, or transfusion of 
erythrocytes independently improved oxygen delivery. However, induced hyperten-
sion was the most effective intervention among the three, and blood transfusions 
were effective only when hemoglobin levels were <9 g/dl [79].

While hypervolemic hypertension represents a state in which neurologic deficits 
that are attributable to vasospasm can be reversed, it can also have potential sys-
temic adverse consequences. Therefore, it should be employed with an understand-
ing of the patient’s systemic disease burden, as well as the viability of the brain 
tissue that it is intended to rescue (i.e., strokes have not been completed). Among the 
potential consequences that this medical approach can have in the brain of these 
patients are exacerbations of cerebral edema and intracranial hypertension, as well 
as systemically leading to pulmonary edema, acute respiratory distress syndrome, 
cardiac arrhythmias, and myocardial infarction [80].

 Systemic Prophylactic Therapies

Several pharmacological agents to prevent vasospasm and DCI in SAH patients 
have been tested in randomized controlled trials. A meta-analysis of these studies 
showed that while often the drugs tested can reduce the incidence of angiographic 
vasospasm, clinical outcomes are unfortunately not benefited by the intervention 
[81]. A notable exception is the drug nimodipine, which perplexingly improves out-
comes, but does not have a significant effect on radiographic vasospasm [9].

Nimodipine is an L-type voltage-gated calcium channels blocker, which pro-
duces preferential arterial dilation, and has been shown to increase cerebral blood 
flow in healthy individuals after a single oral dose [82]. Based on the notion that 
cerebral arterial smooth muscle depends more heavily on calcium signaling for their 

brain territories that correspond to the observed neurological deficits and/or abnormal TCD/EEG 
signals. The endovascular approach affords access for intra-arterial delivery of vasodilators. If suc-
cessful, this rescue therapy can lead to resolution of neurological deficit(s) and normalization of 
TCDs/EEG findings. Symptomatic vasospasm can unfortunately recur, and the patient could even 
cycle through medical and rescue endovascular interventions on a daily basis during the vasospasm 
window. As the vasospasm window closes, successfully treated patients autoregulate their systolic 
blood pressure, maintain an even total body fluid balance, continue nimodipine until day 21 or 
discharge (whichever happens first), and might need rehabilitation for any deficits due to the initial 
ictus. However, if their vasospasm-related neurological deficits persist, with corresponding strokes 
on MRI brain, their care shifts predominantly to stroke management and rehabilitation

◂
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contractility than in peripheral arteries, it was suggested that a calcium channel 
antagonist, such as nimodipine, could selectively dilate cerebral arteries and help 
prevent vasospasm after SAH [83]. This hypothesis was tested in several random-
ized clinical trials in the United States and internationally between 1983 and 1988 
[84]. It was found in these studies that indeed nimodipine reduces the risk of poor 
outcomes in SAH patients by one third. Current guidelines recommend administer-
ing oral nimodipine at doses that do not cause hypotension (between 60 and 90 mg) 
every 4 hours from the time of presentation until 21 days after the initial ictus. As 
mentioned above, surprisingly, in these clinical trials, nimodipine did not alter the 

a

b

Fig. 9.3 Rescue endovascular therapy for patients with refractory symptomatic cerebral vaso-
spasm. These catheter cerebral angiograms are from the same patient for whom a series of head 
CTs are depicted in Fig. 9.1. On post-SAH day 7, this patient developed refractory neurological 
deficits, which did not resolve in spite of hypervolemic and pharmacologically induced hyperten-
sion. (a) The patient underwent a catheter cerebral angiogram, which showed diffuse cerebral 
vasospasm, most prominent on the right side anterior circulation (red arrows, on right internal 
carotid artery, or R ICA injection), matching the patient’s left-sided symptoms. The right panel is 
a magnified window (yellow dashed lines on the left panel). (b) The patient’s right internal carotid 
artery was infused with 30 mg of verapamil and 2.5 mg of milrinone, leading to significant vaso-
dilation of major arteries on the imaged field (red arrows), as well as earlier perfusion of distal 
cortical territories on the arterial phase
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incidence or severity of vasospasm. Although the precise mechanism through which 
nimodipine improves outcomes in SAH remains unknown, leading theories suggest 
that it might slightly attenuate vasospasm (although not radiographically apparent) 
without significant hemodynamic effects, therefore causing a net improvement of 
cerebral perfusion. Other hypotheses suggest that nimodipine might inhibit cortical 
spreading ischemia and/or has fibrinolytic activity that reduces thrombus formation 
[62, 85].

Other agents acting on the mechanisms of cerebral vasospasm delineated in 
Fig. 9.1 have also been tested. In particular, clazosentran, an endothelin receptor 
antagonist, was shown to reduce radiographic vasospasm in SAH patients, although 
it did not significantly affect their outcomes [86–89]. Administration of clazosen-
tran was complicated by hypotension and pulmonary effects, which are thought to 
counteract its cerebral vasodilatory effects. Similarly, nitric oxide donors under 
investigation seem to have limited efficacy due to dose-limiting hypotension, devel-
opment of tolerance, and cyanide toxicity [53].

Another anti-inflammatory agent that has been studied is fasudil, a rho kinase 
inhibitor that blocks tumor necrosis factor-induced interleukin-6 release, decreases 
intracellular calcium mediated signaling, and thus can reduce endothelial smooth 
muscle contraction [90]. In randomized clinical trials, fasudil reduced the incidence 
of angiographic vasospasm and strokes, and improved chances for functional recov-
ery [91]. Other anti-inflammatory agents, such as steroids and NSAIDs, have been 
clinically unsuccessful so far [92, 93].

Although these and multiple other clinical trials have been carried out with lim-
ited success, emerging concepts from these studies point to vasospasm as a dynamic 
pathological process that should be treated with targeted strategies for cerebral 
vasodilation that do not negatively impact cerebral perfusion. This is particularly 
the case with calcium channel, endothelin receptor antagonists, and nitric oxide 
donors that do not have high cerebrovascular selectivity, and therefore their sys-
temic administration causes systemic hypotension. The systemic effect of these 
drugs not only reduces cerebral perfusion, but also can lead to complications of 
volume overload and pulmonary adverse effects. The optimal timing and the dura-
tion of these pharmacological interventions also remain to be investigated (e.g., if 
there are completed strokes, these therapies can increase swelling and further propa-
gate the ischemic injury).

 Rescue Interventions

In patients with refractory symptomatic vasospasm, endovascular interventions 
including balloon angioplasty and/or targeted focal delivery of vasodilatory agents 
are therapeutic options that can help more immediately resolve cerebral vasospasm.

Balloon angioplasty was introduced for the treatment of SAH-induced vaso-
spasm in 1984 [94]. In the 1990s, there was a 16% overall reduction in mortality 
across multiple academic centers in the United States in SAH patients treated with 
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balloon angioplasty for vasospasm [8]. In a subsequent study, SAH patients with 
radiographic vasospasm that underwent prophylactic angioplasty had improved out-
comes, although this was counterbalanced by the risk of arterial injury [95]. Of 
note, prophylactic angioplasty is currently not the standard of care, but when 
employed in the context of symptomatic vasospasm, it has a durable effect (possibly 
due to stretching muscle fibers preventing recurrence of vasospasm). The duration 
of therapeutic effect is distinction between balloon angioplasty and endovascular 
infusion of vasodilatory agents (see below).

The endovascular approach also affords the possibility for delivery of pharmaco-
logical agents via the same catheter used for angiography, which can be further 
directed to the point of arterial narrowing. Vasodilators that have been infused focally 
by this approach include papaverine, nicardipine, nimodipine, verapamil, and milri-
none. Among these agents, verapamil has a more negative inotropic effect [96]. In a 
recent study, in SAH patients with DCI that underwent endovascular delivery of 
verapamil for treatment of vasospasm had more favorable outcomes if treatment was 
applied at onset of symptoms, rather than as a second line after induced hypertension 
[97]. The main limitation of this approach is the short-lived vasodilatory actions of 
these drugs and the possibility of systemic hypotension at higher infusion doses. In 
current protocol, SAH patients with refractory vasospasm can undergo intra-arterial 
focal vasodilation in consecutive days, theoretically for as many treatments as 
needed to bypass the window of active vasospasm. Ongoing clinical trials will help 
define the benefit of this intervention, as well as a more definite protocol and the 
most efficacious agent for targeted vasodilation of vasospastic arteries.

 Outlook

Cerebral vasospasm is a complex pathological state that develops following a vari-
ety of known insults, such as trauma or SAH. It has also been implicated in a num-
ber of other neurological diseases, including epilepsy, migraine, and reversible 
cerebral vasoconstriction syndrome, in which its trigger is not well defined. As dis-
cussed in the Pathophysiology section, vasospasm happens as a result of interac-
tions between physical, molecular and cellular processes that ultimately alter 
signaling in vascular smooth muscle, which contracts persistently thus narrowing 
the arterial wall and compromising the perfusion of its target brain territory. Future 
studies can aim to define the mechanisms of vasospasm under these other disease 
states, and their overlap with the picture presented here, with the aim of expanding 
the clinical utility of the therapies that have been successful for SAH-induced vaso-
spasm. Furthermore, as the field continues its quest for new therapeutic avenues for 
cerebral vasospasm, prospective clinical trials should be structured with an under-
standing of vasospasm as a dynamic pathological process, in which targeted strate-
gies for cerebral vasodilation should be instituted immediately after the onset of 
DCI, while minimizing their negative impact on systemic physiology and cerebral 
perfusion.
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Chapter 10
Acute Ischemic Stroke Presentation, 
Natural History, and Treatment

Sujani Bandela, Aaisha S. Mozumder, and Lee A. Birnbaum

 Background

Ischemic stroke constitutes about 75% of all stroke, is one of the leading causes of 
death, and is the number one cause of long-term disability. Thus, significant effort 
and research have focused on stroke therapies that include acute interventions with 
intravenous thrombolysis (IVT) and mechanical thrombectomy (MT), subacute 
therapy with neuro-protection, and chronic treatment with stem cells. Thus far, only 
IVT and MT have demonstrated improved clinical outcomes in multi-center ran-
domized clinical studies. The National Institute of Neurological Disorders and 
Stroke (NINDS) alteplase (tPA) trial was a 1995 landmark acute stroke manage-
ment study and demonstrated that intravenous (IV) tPA, when administered up to 
3 hours from last known well (LKW), resulted in improved 90-day clinical out-
comes compared to placebo [1]. Additionally, tPA treated patients showed a greater 
than four-point reduction in their National Institutional Health Stroke Scale (NIHSS) 
or resolution of the neurological deficits at 24 hours post treatment. Despite these 
positive results, widespread tPA utilization for acute stroke was initially hampered 
by emergency medicine skepticism, inadequate inpatient neurology coverage, and 
underdeveloped stroke systems of care. Lack of community outreach and stroke 
awareness also contributed to tPA under-utilization as many patients had delayed 
presentations that were beyond the 3-hour time window. Even today, IVT is admin-
istered in less than 5% of all ischemic strokes and less frequently among women as 
well as Black and Hispanic populations [2].

To increase IVT rates, community outreach and stroke education have been piv-
otal for public awareness of stroke signs and symptoms. Prehospital assessments 
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such as Face Arm Speech Time (FAST) and more recently Balance Eyes FAST 
(BEFAST) emphasize the need to call 911 immediately. In addition to early patient 
arrival, IVT rates have increased as a result of the expanded time window up to 
4.5 hours. In 2008, the ECASS III trial demonstrated safety and efficacy of tPA in 
the 3–4.5-hour window from LKW [3]. Although IV tPA is only approved by the 
Food and Drug Administration for up to 3 hours, standard of care for IVT in clinical 
practice is up to 4.5 hours.

An additional acute intervention for ischemic stroke is MT or intra-arterial clot 
removal. MT is performed for large vessel occlusion (LVO) stroke which is often 
the most devastating with long-term disability and death. Meta-analysis of the MT 
trials shows that the number needed to treat for independent outcome at 90 days is 
three [4]. Because IVT and MT are likely synergistic, eligible LVO patients present-
ing within 4.5 hours should receive IVT in addition to MT. For drip and ship stroke 
models, IVT can be started early in the LVO triage and may recanalize the LVO 
prior to MT. For patients presenting directly to a MT center, the utility of IVT first 
versus direct to MT is being evaluated. The triage of acute stroke continues to evolve 
with more efficient IVT using Tenecteplase (TNK), enhanced thrombectomy 
devices, and further extension of treatment time windows with advanced 
neuroimaging.

 Clinical Presentation

The clinical presentation of acute ischemic stroke is determined by the affected 
vascular territory of the brain.

 Middle Cerebral Artery (MCA)

Middle cerebral artery strokes are the most common strokes among LVO. Proximal 
MCA (M1) occlusion is frequently characterized by contralateral hemiparesis 
(arm and face greater than leg), contralateral hemisensory loss, contralateral 
hemianopia, and ipsilateral gaze deviation, as well as aphasia (dominant hemi-
sphere) or hemineglect (nondominant hemisphere). The MCA has two major divi-
sions including the superior that supplies the Rolandic and pre-Rolandic areas 
and the inferior that supplies the lateral temporal and inferior parietal lobes. Left 
MCA stroke often presents with aphasia because it is overwhelmingly the domi-
nant hemisphere. Left hemisphere language dominance is noted in 96% of strong 
right handers and 73% of strong left handers. In addition to having disabling 
weakness, left MCA strokes carry worse disability due to aphasia. Right MCA 
strokes often present with disabling weakness as well as sensory and visual 
neglect.
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 Anterior Cerebral Artery (ACA)

Occlusion of the ACA often results in contralateral motor weakness with minimal 
sensory deficit (two-point discrimination) of the leg, transcortical aphasia (domi-
nant hemisphere), contralateral neglect (nondominant hemisphere), and frontal lobe 
behavioral abnormalities that include grasp reflex, impaired judgment, urinary 
incontinence, and, if bilateral, abulia. Furthermore, infarction of supplementary 
motor area and other frontal lobe regions can lead to “alien limb syndrome,” in 
which the hand or leg acts independently of the mind.

 Posterior Cerebral Artery (PCA)

Occlusion of the PCA typically manifests as contralateral homonymous hemianopia 
or contralateral quadrantanopsia. However, larger PCA infarction also results in 
contralateral hemiparesis (posterior limb of internal capsule), contralateral sensory 
loss, cognitive dysfunction, and rarely thalamic aphasia (thalamus). Syndromes of 
the paramedian arteries, including the proximal PCA, involve the midbrain and 
present mainly with ipsilateral third-nerve palsy in addition to contralateral hemi-
plegia (Weber’s syndrome), contralateral ataxic tremor (Claude’s syndrome), or 
contralateral ataxic tremor and hemiplegia (Benedikt’s syndrome). If the artery of 
Percheron is present, then a PCA infarction may cause bilateral paramedian tha-
lamic infarct and result in altered level of consciousness, vertical gaze palsy, and 
memory disturbances. The cognitive dysfunction that may occur in PCA strokes 
includes alexia without agraphia or inability to read with retention of writing and 
spelling. This clinical presentation results from dominant left PCA strokes that 
affect the splenium of the corpus callosum. Additionally, dominant left PCA strokes 
may cause color agnosia or the ability to detect color.

 Vertebrobasilar Stroke Syndrome

Vertebrobasilar artery occlusion can be fatal due to potential widespread brainstem 
infarction leading to multiple cranial nerve abnormalities, long tract signs, and 
coma. Posterior inferior cerebellar artery occlusion may give rise to lateral medul-
lary syndrome, or Wallenberg’s syndrome. This is a relatively common brainstem 
infarct usually caused by vertebral artery V4 segment thrombosis or vertebral artery 
dissection. It is characterized by ipsilateral Horner’s syndrome, ataxia, vertigo, pal-
atal weakness, loss of taste, nystagmus, and decreased facial pain and temperature, 
as well as contralateral hemi-body pain and temperature impairment. Medial med-
ullary syndrome is caused by occlusion of paramedian branches that originate from 
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the vertebral artery V4 segment and anterior spinal artery origin. It results in ipsilat-
eral tongue weakness and contralateral hemiplegia with decreased proprioception 
and vibration sense.

In the pons, the medial pontine syndromes are relatively common and clinically 
significant, usually caused by lacunar disease as mentioned below. If tegmentum is 
also involved in addition to medial pontine basis, it presents mainly with contralat-
eral hemiplegia, dysarthria combined with ipsilateral face weakness (Millard- 
Gubler syndrome), ipsilateral horizontal gaze palsy (Pontine wrong way eyes), or 
ipsilateral face weakness and horizontal gaze palsy (Foville’s syndrome). Lateral 
pons can be affected by anterior inferior cerebellar artery (AICA) infarction and 
superior cerebellar artery (SCA) infarction. The lateral tegmental syndrome of 
AICA syndrome can resemble lateral medullary syndrome (ipsilateral Horner’s 
syndrome, ataxia, vertigo, nystagmus, pain, and temperature sensory loss in the 
ipsilateral face and contralateral body); however, the presence of ipsilateral deaf-
ness and the absence of hoarseness or loss of taste differentiate it from lateral med-
ullary syndrome. SCA syndrome is characterized by ipsilateral ataxia and 
contralateral decreased pain and temperature sensation with variable features of 
lateral tegmental involvement.

The distal end of the basilar artery, or basilar tip, is often occluded by an embolus 
and results in oculomotor disturbances, hemianopia, somnolence, delirium or vivid 
visual hallucinations (peduncular hallucinosis), coma, transient loss of conscious-
ness, and ataxia. The mid-basilar artery occlusion causes ventral pontine infarction 
and leads to “locked-in” syndrome. A patient will be quadriplegic and mute but 
retain consciousness, cognition, and minimal voluntary movements such as vertical 
eye movement or eyelid elevation.

 Lacunar Infarcts

Lacunar infarcts are small (<1.5 centimeters) subcortical infarcts resulting from 
occlusion of small penetrating end arteries that include lenticulostriates, thalamo- 
perforators, pontine/basilar-perforators, and recurrent artery of Huebner. The 
most common risk factors are hypertension, hyperlipidemia, smoking, and dia-
betes mellitus. Most lacunar infarcts are clinically silent; however, an accumula-
tion of chronic microvascular ischemic changes is associated with vascular 
dementia, vascular parkinsonism with more gait predominant parkinsonian man-
ifestations, ataxia, and bladder incontinence. Depending on the location of lacu-
nar infarction, symptomatic patients may present with a clinical lacunar 
syndrome. The five most distinctive syndromes with typical localizations include 
pure motor hemiparesis (internal capsule and corona radiata), pure sensory 
stroke (thalamus), sensorimotor stroke (thalamocapsular), ataxic hemiparesis 
(basis pontis, thalamocapsular, and corona radiata), and clumsy hand-dysarthria 
(basis pontis).
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 Natural History

The stroke severity and overall clinical outcome can be affected by the occlusion 
location and number of occluded vessels in AIS patients. In a meta-analysis of 
mostly pre-endovascular era AIS data, dependence or death rates within 3–6 months 
(defined by a modified Rankin Scale [mRS] score of ≥ 3) were more than double for 
patients after LVO versus without LVO (64% vs. 24%, P < 0.0001), and mortality 
alone was also significantly higher (26.2% vs. 1.3%, P < 0.0001) [5]. When evaluat-
ing occlusion location, intracranial ICA and BA LVOs are linked with higher NIHSS 
scores and worse clinical outcomes than more distal vessels occlusions including 
second segments of MCA, ACA, and PCA [6]. Additionally, mean NIHSS scores 
increase proportionally with the number of vessels occluded [6]. Like LVO, lacunar 
strokes may be disabling; however, they are associated with greater potential for 
long-term recovery and less mortality. Without acute treatment, patients with lacu-
nar strokes demonstrate greatest improvement within the first few days or weeks of 
stroke onset and maximal recovery within 3–6 months.

Embolic strokes to the MCA, ACA, PCA, and vertebrobasilar region are often 
greater than 1.5 centimeters, associated with more lasting and disabling deficits, and 
frequently benefit from acute ischemic treatment including IVT and MT. Embolic 
strokes involving the MCA or cerebellum may have malignant edema that is life 
threatening. Stroke patients that have malignant cerebral edema should be closely 
watched in a neuroscience intensive care unit with frequent neuro checks as many 
will require hypernatremia, external ventricular drain, or decompressive 
craniectomy.

The spectrum of stroke care encompasses a multidisciplinary approach that 
includes acute care, subacute and long-term rehabilitation, and secondary stroke 
prevention. Outpatient stroke care should focus on risk factors such as dyslipidemia, 
hypertension, diabetes, obstructive sleep apnea, and occult irregular heart rate 
including atrial fibrillation. An aggressive plan of antiplatelet therapy, statin, antihy-
pertensive medications, and diabetic medications with good exercise therapy is not 
only pivotal to prevent recurrent strokes but also help in stroke recovery. Post stroke 
depression is a common sequela and should be addressed to optimize rehabilitation 
and recovery.

 Advanced Neuroimaging

Computerized tomography (CT) head scan is widely used for LVO triage as it is 
readily available in emergency rooms and, unlike MRI, does not require pre- 
screening. A non-contrast CT (NCCT) head not only rules out hemorrhage but also 
triages LVO for MT by identifying a hyperdense sign or calculating ischemia using 
the Alberta Stroke Program Early CT Score (ASPECTS) [7]. The ASPECTS score is 
a quantitative measurement of early ischemia detection that divides the middle 
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cerebral artery (MCA) distribution into 10 regions. To calculate ASPECTS, the 
regions are scrutinized on NCCT for hypoattenuation which indicates early cyto-
toxic edema and irreversible brain injury. For each region involved, a point is sub-
tracted from the total number of 10. An LVO with high ASPECTS (7–10) corresponds 
inversely with degree of infarction and is associated with less intracerebral hemor-
rhages (ICH), fatal outcomes, and long-term disability. On the contrary, those with 
low ASPECTS (0–3) are often excluded from MT due to large ischemic core and 
malignant profile. A NCCT also facilitates LVO triage if a hyperdense sign is noted. 
Hyperdense signs indicate an acute thrombus and are frequently seen with proximal 
LVO of the internal carotid artery terminus and MCA first segment. A proximal 
thrombus often carries a large clot burden and infrequently recanalizes with IVT 
alone. Thus, MT, in combination with IVT when appropriate, is often required.

Advanced neuroimaging for acute ischemic stroke has extended treatment time 
windows for both IVT and MT. The triage of LVO stroke with CT perfusion (CTP) 
has expanded MT treatment up to 24 hours from LKW. CTP calculates the esti-
mated core, or infarcted tissue, and compares it to the penumbra, or area with 
reduced blood flow at risk of infarction (Fig. 10.1). The DWI or CTP Assessment 
with Clinical Mismatch in the Triage of Wake-Up and Late Presenting Strokes 
Undergoing Neuro-intervention with Trevo (DAWN) [8] and the Endovascular 
Therapy Following Imaging Evaluation for Ischemic Stroke (DEFUSE-3) [9] trials 
evaluated acute anterior circulation LVO with a core infarct of less than 51 cc of 
tissue with LKW up to 24 hours and less than 70 cc of tissue with LKW up to 16 
hours, respectively. When compared to medical management alone, MT in these 
trials was associated with improved recanalization rates and better clinical out-
comes at 90 days. In clinical practice, however, CTP is not always available at spoke 
hospitals and therefore, frequently completed upon arrival to MT centers. To 
increase triage efficiency, NCCT ASPECTS from the transferring hospital may be 
used as a surrogate for CTP (Table 10.1).

The utilization of CTP is variable for LKW within 6 hours as NCCT and CTA 
may be sufficient to determine MT eligibility within the early time window. CTP 
also has limited application for posterior circulation strokes as it poorly details 
brainstem ischemia. Although clinical examination, NCCT, and CTA are utilized to 
triage posterior circulation LVO, an emergent MRI is often helpful for basilar occlu-
sions. MT has been mostly studied with anterior circulation stroke but is frequently 
performed up to 24 hours for basilar occlusions, which are associated with signifi-
cant morbidity and mortality. Despite its limited accessibility in the acute setting, 
MRI can be helpful for not only basilar occlusions, but also to differentiate ischemic 
stroke from mimics and to extend the time window for IVT.
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a CBF/Tmax Mismatch

CBF/Tmax Mismatch

CBF/Tmax Mismatch

Mismatch volume: 167 ml
Mismatch ratio: infinite

CBF<30% volume: 0 ml Tmax>6.0s volume: 167 ml

Mismatch volume: 167 ml
Mismatch ratio: 2.1

CBF<30% volume: 147 ml Tmax>6.0s volume: 314 ml

Mismatch volume: 19 ml
Mismatch ratio: 1.6

CBF<30% volume: 33 ml Tmax>6.0s volume: 52 ml

b

c

Fig. 10.1 RAPID output mismatch profiles of CT Perfusion for LVO stroke: (a) favorable mis-
match no core and large penumbra; (b) unfavorable mismatch large core with malignant profile; (c) 
intermediate mismatch with medium core and medium penumbra
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 Intravenous Thrombolytics

IVT has been shown to be safe and effective for the treatment of acute ischemic 
stroke up to LKW 4.5 hours [3]. MRI protocols have been designed and studied to 
further extend the IVT treatment window. For example, the WAKE-UP trial enrolled 
unknown LKW subjects, obtained MR diffusion weighted (DWI) and fluid attenu-
ated inverted recovery (FLAIR) imaging, and randomized to IVT or placebo [10]. 
Overall, patients who received IVT had better functional outcomes despite increased 
ICH rates. The MR WITNESS trial also found IVT to be safe in stroke patients with 
unwitnessed onset and DWI-FLAIR mismatch [11]. The evidence supports the use 
of MRI to expand the LKW time window for IVT in clinical practice.

A common reason for IVT exclusion is presentation delay as some patients are 
unaware of stroke signs and symptoms while others live in remote areas with lim-
ited access to stroke hospitals. Tele-stroke, however, has greatly expanded patient 
access to IVT and LVO triage. The American Heart Association Stroke guidelines 
note benefit from tele-stroke in remote areas with improved IVT times and greater 
access to MT centers [12]. Tele-stroke has enabled IVT times in remote locations to 
be comparable with those of large academic centers. Despite the overall shortage of 
stroke providers, the field has greatly expanded in clinical care and research as a 
result of tele-stroke practices.

Alteplase has been the IVT of choice since the NINDS Stroke Study was pub-
lished in 1995. Although it demonstrates favorable fibrinolytic characteristics, tPA 
has a short half-life and therefore requires a bolus followed by a 1-hour infusion. 
The infusion is an additional source of potential mis-dosing and adds complexity to 
drip and ship models. Therefore, IV TNK has been explored as an alternative due to 
its longer half-life, greater fibrin specificity, and single bolus delivery (Table 10.2). 
TNK is a genetically modified variant of tPA that has more fibrin specific molecules 
and lasts longer in the system. Alteplase has a half-life of 7 minutes compared with 
24 minutes for TNK.

Several trials have shown TNK to be safe and at least as effective as tPA for the 
treatment of acute ischemic stroke. The EXTEND-IA TNK study included LVO 
subjects that underwent MT after IVT randomization to TNK (0.25 mg/kg) or tPA 
(0.9 mg/kg) within 4.5 hours after symptom onset [13]. The study showed that TNK 

Table 10.1 Comparison of Alberta Stroke Program Early CT Score (ASPECTS) versus CT 
perfusion

ASPECTS score CT perfusion

Unenhanced CT head Contrast enhanced CT head
No post-processing or automated 
software

Post-processing or automated software

Readily available at any hospital with 
CT scanner

Mostly available at Thrombectomy-Capable Centers; 
some Primary Stroke Centers

Manual or automated scoring system Automated core: penumbra mismatch ratio
Limited to middle cerebral artery stroke Not limited to vascular territory
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was associated with a higher incidence of reperfusion and better functional outcome 
at 90 days. In the NOR-Test study, TNK was studied in non-LVO, low NIHSS stroke 
at a higher dose of 0.4 mg/kg and was shown to be safe [14]. Although different 
doses have been studied, the EXTEND-IA TNK Part 2 showed that 0.25 mg/kg, 
rather than 0.4 mg/kg, is the optimal TNK dose for safety and efficacy with LVO 
stroke [15].

 Large Vessel Occlusion Triage

Prehospital EMS triage is pivotal to identify not only acute stroke but also LVO that 
may benefit from bypass protocols to expedite MT. To facilitate LVO triage, numer-
ous prehospital stroke severity tools have been published. However, only Rapid 
Arterial Occlusion Evaluation (RACE), Cincinnati Stroke Triage Assessment Tool 
(C-STAT), Los Angeles Motor Scale (LAMS), and Vision Aphasia Neglect (VAN) 
have been validated in both prehospital settings and external datasets (Table 10.3). 

Table 10.2 Comparison of alteplase to tenecteplase

Alteplase Tenecteplase

Less fibrin specific More fibrin specific
Short half-life 7 minutes Half-life 24 minutes
10% bolus, 90% infusion over 1 hour Single bolus over 5 seconds
More expensive Less expensive
Dosage is 0.9 mg/kg; max 90 mg Dosage is 0.25 mg/kg; max 25 mg

Table 10.3 Comparison of prehospital stroke severity assessments: Vision Aphasia Neglect 
(VAN), Cincinnati Stroke Triage Assessment Tool (C-STAT), Los Angeles Motor Scale (LAMS), 
and Rapid Arterial Occlusion Evaluation (RACE)

Prehospital 
stroke severity 
assessment

Prehospital 
sensitivity; 
specificity Description Items

VAN5 81%; 38% 4-items,
dichotomized scale,
positive or negative

Weakness of arms; visual field; 
aphasia; neglect

C-STAT3 71%; 67% 3-items,
0- to 5-point scale,
positive score ≥2

Gaze; arm weakness; level of 
consciousness

LAMS4 76%; 65% 3-items,
0- to 5-point scale,
positive score ≥4

Facial droop; arm drift;
grip strength

RACE2 84%; 60% 5 of 6-items,
0- to 9-point scale,
positive score ≥5

Facial palsy; arm motor function; leg 
motor function; head and gaze 
deviation; based on side, do only one: 
R side: aphasia or L side: agnosia
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The optimal prehospital stroke severity scale remains unclear because none predict 
LVO with both high sensitivity and specificity [16]. Recent prehospital stroke sever-
ity publications demonstrated good sensitivity and specificity for RACE [17] (84% 
and 60%), C-STAT [18] (71% and 67%), LAMS [19] (76% and 65%), and VAN 
[20] (81% and 38%).

Stroke severity tools generally test a combination of motor and cortical deficits. 
For example, the VAN assessment starts with arm weakness and then examines 
vision, aphasia, and neglect. Similarly, C-STAT evaluates for arm weakness as 
well as conjugate gaze deviation, orientation, and simple commands. LAMS does 
not incorporate cortical signs but rather relies solely on motor weakness including 
face, arm, and grip. Finally, RACE includes multiple assessments of motor with 
face, arm, and leg as well as cortical signs with gaze deviation, aphasia, and agno-
sia. Although VAN has the advantage of being a dichotomized tool, C-STAT and 
LAMS are relatively simple 3-item assessments with either one single cortical 
assessment or none, respectively. RACE performs best in published studies but is 
a categorical 6-item test that requires severity testing for weakness and corti-
cal signs.

Prior to implementation of a prehospital LVO triage, additional bypass travel 
times to a MT center as well as LKW cutoff times require consideration. Bypass 
protocols often utilize LKW cutoffs of less than 6 or 24 hours. Although LVO sub-
jects in both time windows show benefit, MT is time-dependent, and its efficacy 
decreases in a linear fashion. Thus, prehospital bypass protocols of LKW less than 
24 hours, compared to those less than 6 hours, will bypass a greater proportion of 
LVO that is not eligible for MT due to infarction or unfavorable perfusion studies. 
Prehospital bypass protocols strive to balance a reduction of MT delays without 
overburdening MT centers with unnecessary transfers. Although the current 
American Stroke Association guidelines do not recommend a specific time window 
for prehospital bypass [12], the Mission: Lifeline Severity-based Stroke Triage 
Algorithm for EMS recommends transfer of prehospital patients with suspected 
LVO LKW less than 24 hours directly to a MT center if the additional bypass travel 
time is less than 30 minutes and will not disqualify for IVT [21]. In urban areas, 
Thrombectomy-capable Stroke Centers (TSCs) are enabling more widespread access 
to MT, reducing additional bypass travel times, and minimizing disqualification 
for IVT.

DIDO is a key metric for non-endovascular stroke centers, which is now tracked 
in The Joint Commission measures STK-OP-1a and ASR-OP-2a for Primary Stroke 
Centers and Acute Stroke Ready Hospitals, respectively. DIDO time refers to the 
duration from initial patient arrival at the non-endovascular facility to discharge to 
the endovascular stroke center. The Brain Attack Coalition recommends a DIDO 
time of 2 hours or less to expedite MT [22]. Longer DIDO times may have an infe-
rior outcome in patients with incomplete reperfusion. However, this finding has not 
been observed in patients with complete reperfusion – suggesting probable mitiga-
tion of prolonged DIDO time by successful MT [23]. Widespread quality improve-
ment efforts to reduce DIDO times are underway and are being greatly enhanced by 
cloud-based imaging applications.
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 Future Considerations

Compared to other stroke subtypes, LVO is associated with greater disability and 
death as a result of malignant cerebral edema in the young and aspiration pneumonia 
in the elderly. The MT trials demonstrated independent outcomes for LVO with min-
imal infarction or favorable mismatch profiles up to LKW less than 24 hours. The 
benefit of MT for LVO with greater infarction or less favorable mismatch pattern is 
unknown. The Thrombectomy for Emergent Salvage of Large Anterior Circulation 
Ischemic Stroke (TESLA) trial is evaluating MT for LVO with low ASPECTS on 
NCCT head up to 24 hours. Although the number needed to benefit will likely be 
greater, MT in patients with less favorable mismatch profiles may trend for more 
independent outcomes, fewer hemi-craniectomies, and shorter hospital stays.

When LVO presents to a non-endovascular center, IVT is important to enhance 
early recanalization as DIDO times may be 2 hours or more. TNK is being studied 
for LVO up to LKW 24 hours to facilitate early recanalization. The Thrombolysis in 
Imaging-eligible, Late-window Patients to Assess the Efficacy and Safety of 
Tenecteplase (TIMELESS) trial is evaluating TNK (0.25  mg/kg) versus placebo 
followed by MT for LVO in the extended time window of 4.5–24 hours. If TNK 
proves effective beyond 4.5 hours, then LVO bypass protocols will need reconsid-
eration to optimize “bolus” and ship models. However, the benefit of IVT for LVO 
presenting directly to MT centers is less clear. The DIRECT-MT study investigated 
MT with or without IVT in LVO stroke presenting to MT centers and concluded that 
MT alone was noninferior with regard to functional outcome [24]. The SKIP study 
shared a similar randomized design but did not show noninferiority of direct MT 
compared to combined IVT and MT with respect to favorable outcomes [25]. 
Because both studies had short interval times from alteplase initiation to groin punc-
ture, the results are less applicable to non-endovascular or drip-and-ship hospitals.

 Conclusion

The treatment of acute stroke has evolved far beyond the initial tPA trials. Current 
and future studies will continue to expand acute stroke therapies by optimizing 
drug, device, and delivery. Because each healthcare region is unique, individual 
stroke systems will be tasked to implement care with careful considerations of their 
infrastructures, geographies, and resources.
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Chapter 11
Endovascular Management of Stroke

Matías Negrotto, Mithun G. Sattur, and Alejandro M. Spiotta

 Philosophy of Mechanical Thrombectomy

The use of intravenous recombinant tissue plasminogen activator (IV rTPA) became 
standard of care following demonstration of its unequivocal benefit in several ran-
domized trials in the USA and internationally (NINDS1, 2, ECAS 1 to 3) [1, 2]. 
Guidelines advocate administration within 4.5  hours after onset of stroke (last 
known normal or LKN status) that translates to a statistically significant chance of 
a favorable outcome, as defined by both improvements in NIHSS at 24 hours and 
mRS or Barthel index scores at 90 days. However, it became apparent that the effi-
cacy of thrombolysis with TPA is limited in patients with large artery occlusion. 
This provided the impetus to intensively explore mechanical thrombectomy for 
recanalization.

 Endovascular Treatment: Initial Negative Trials

In March 2013, in a single issue New England Journal of Medicine published the 
first three multicenter, prospective, randomized, controlled trials (IMS 3, 
SYNTHESIS, MR RESCUE) [3–5] using first-generation devices (MERCI sys-
tem – Concentric Medical Inc., CA, USA) to evaluate the efficacy of endovascular 
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treatment for ischemic stroke. The trial failed to show benefit of intra-arterial revas-
cularization and was stopped early because of futility, according to the prespecified 
criteria – there was no significant difference between the endovascular-therapy and 
intravenous t-PA groups in the overall proportion of participants in achieving a 
modified Rankin score of 2 or less. The overall consensus was that procedural tech-
nique and patient selection were still unrefined. Despite the negative results, these 
studies paved the way for new trials that justified endovascular stroke therapy.

 Endovascular Treatment: Positive Trials

In 2015 five successful trials using new generation devices (MR CLEAN, ESCAPE, 
EXTEND-IA, SWIFT PRIME, REVASCAT) [6–10] were published, conclusively 
demonstrating safety and efficacy of mechanical thrombectomy in patients with 
anterior circulation large vessel occlusion. These trials included patients within 
6 hours of symptom onset (up to 8 hours in REVASCAT). Since then, techniques for 
mechanical thrombectomy have evolved further, and many other studies have con-
firmed that the superiority of endovascular stroke treatment and interventionalists 
around the world can now choose between a variety of methods which are both safe 
and effective.

MR CLEAN included patients with a NIHSS more than 2, with less than 6 hours 
of evolution since the onset of symptoms to treatment, confirming proximal vascu-
lar occlusion by CT angiography, with ASPECTS score of 7–10. No significant 
changes were observed in terms of mortality; however, there was a statistically sig-
nificant decrease in morbidity with a mRS of 0–2: 33% with endovascular treatment 
vs 19% control group. One main disadvantage was the wait between the initiation 
of iv thrombolytic and endovascular therapy with a delay in reperfusion.

ESCAPE included patients with a NIHSS more than 12, ASPECTS more than 5, 
a therapeutic window of 12  hours, with diagnosis of proximal occlusion by CT 
angiography and perfusion for evaluation of circulation. This study was stopped 
early because of the clear benefit and efficacy of endovascular treatment with a 
decrease in morbidity and mortality.

EXTEND-IA also used a selection criteria based on perfusion images in patients 
with LVO, no age limits, no NIHSS limits, and time to treatment less than 4.5 hrs. 
It showed a favorable outcome mRS of 0–2 of 71% with intervention vs. 40% con-
trol group and a decrease in mortality of 9% vs. 20% in the control group.

SWIFT PRIME included patients with an NIHSS between 8 and 29, ASPECTS 
more than 6. Large vessel occlusion was diagnosed by CT angiography or MR 
angiography.

The modified Rankin Scale (mRS) score of 0–2 in the intervention group was 
60% 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%). There was no signifi-
cant decrease in mortality.
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REVASCAT assessed contributed evidence to support the efficacy of neurovas-
cular thrombectomy in patients with anterior circulation stroke who could be treated 
within 8 hours after the onset of symptoms. It included patients with NIHSS more 
than 6, diagnosis of proximal occlusion by CT angiography, and ASPECTS greater 
than 7. It showed clear favorable results mRS of 0–2 of 44% with intervention vs. 
28% control group, with no significant change in mortality.

 Extending the Time Window for Thrombectomy

In 2018, automated image processing from CT perfusion or MR imaging data 
enabled investigation into extending the benefits of thrombectomy into late time 
windows. The physiologic basis is identifying patients with good collateral circula-
tion that allows their infarcts to evolve relatively slowly. DAWN and DEFUSE 3 
were the positive trials which showed benefit extending the time window for throm-
bectomy from 6 to 24 hours. 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. The RAPID imaging maps show 
tissue that is likely to be irreversibly damaged and estimate the size of the stroke if 
reperfusion does not occur.

The DAWN trial [11] used computed tomographic (CT) perfusion or magnetic 
resonance diffusion weighted imaging to select patients with large vessel occlu-
sion stroke who had last been known to be well 6–24 hours earlier and who had a 
mismatch between clinical deficit and infarct. 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 over 10 and a core volume less than 21 mL. For patients younger than 
80 years, requirements were an NIHSS score of over 10 and a core less than 31 mL 
or an NIHSS score over 20 and a core less than 51 mL. Results showed that throm-
bectomy in DAWN-eligible patients was associated with improvement in clinical 
outcomes and functional independence (mRS 0–2) compared to standard medical 
therapy.

DEFUSE 3 [12] demonstrated that endovascular therapy, plus medical treat-
ment, results in better functional outcome and decrease in mortality at 90 days than 
standard medical therapy alone for ischemic stroke patients with salvageable tissue 
on brain imaging, who are treated between 6 and 16 hours after the patient was last 
known to be well.

This trial also used computed tomographic (CT) perfusion or magnetic reso-
nance diffusion weighted imaging to select patients with large vessel occlusion. 
Eligible patients had an initial infarct size of less than 70 ml, a ratio of the volume 
of ischemic tissue on perfusion imaging to infarct volume of 1.8 or more, and a 
mismatch volume of more than 15 ml.
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 Techniques of Mechanical Thrombectomy (Fig. 11.1)

Current stroke guidelines by the American Heart Association/American Stroke 
Association recommend that large vessel strokes can safely be treated with 
mechanical thrombectomy up to 24 hours after a stroke in selected patients (refer-
ence 2018 guidelines). The evidence from the above randomized trials in favor of 
mechanical thrombectomy comes from studies in which patients in the endovas-
cular groups were treated using stent retrievers. However, the parallel technical 
strategy of contact aspiration or ADAPT has been demonstrated as a valid stand-
alone technique. ASTER [13] and COMPASS [14] trials confirmed that there 
was no statistically significant difference between ADAPT (a direct aspiration 
first pass technique) and stent retriever as frontline mechanical thrombectomy 
strategies in the treatment of large vessel occlusion stroke. In COMPASS there 
was no difference in mRS scores at 90  days or TICI 2b-3 recanalization. 
Furthermore, there were no differences in distal embolization or symptomatic 
hemorrhage. Recent large patient series have buttressed the role of ADAPT tech-
nique in achieving high percentage of successful recanalization in short proce-
dural times.

MERCI (2004)

STENTRIEVER (early 2012)
ADAPT (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 retrieve
depolyment, which also temporarily restores
flow across the occlusion. Proximal balloon
inflation allows device retrieval into the guide
while minimizing the risk of emboli.

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

1ST GENERATION

PENUMBRA (2009)
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.

SOLUMBRA (late 2012)
To minimize the distance the stent retriever
must travel while engaging the thrombus and
mitigate the possibility of losing purchase of
the dot, the stent retriever is then pulled
directly into a large bore intermediate catheter
while maintaining aspiration.

DAC (2010)
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.

2ND GENERATION

3RD GENERATION

2004 2009 2010 2012 2013

Fig. 11.1 Illustration depicting the major steps in evolution of thrombectomy devices, beginning 
from the first-generation concept to state-of-the-art approaches. (Adapted from: Spiotta et al. [15])
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 Stent Retriever Technique

The initial retrievable stents were Solitaire (Medtronic, Dublin, Ireland) (approved 
by FDA in 2012) and Trevo (Stryker); newer stent retrievers with changes in design 
have been introduced since 2015 [15]. These devices are self-expandable stents 
delivered via a microcatheter, which continues to permit intracranial blood flow 
when fully deployed. The stent traps the clot and permits retrieval. With more than 
80% of patients enrolled in MR CLEAN, EXTEND-IA, ESCAPE, and SWIFT 
PRIME undergoing thrombectomy with retrievable stents, these studies demon-
strated the efficacy of this technique [16]. Revascularization defined as TICI 2b/3 
reperfusion was overwhelmingly in favor of endovascular therapy across all of 
these trials.

 Brief Technical Steps

A guide catheter 6–8 F is introduced over a 0.035 inch guidewire and the relevant 
artery is catheterized. Another option could be to use a proximal balloon guide cath-
eter (BGC) 8–9 F [ 17]. However, BGC placement may not always be easy if the 
stroke patient is elderly or a tortuous segment is encountered during the passage of 
aortic arch and/or common carotid artery [17]. In some difficult cases of extreme 
tortuosity, a triple coaxial technique using an intermediate catheter 5–6 F (Sofia; 
Microvention or Navien; Medtronic Neurovascular) is required.

After an angiography to confirm the place of the clot, the microcatheter (usually 
between 0.021 and 0.027 inch as inner diameter) is navigated beyond the occlusion 
using a 0.014 inch microguidewire. Once correct microcatheter location is con-
firmed within the occluded parent artery, the self-expandable stent is advanced past 
the occlusion site and deployed to cover the entire thrombus. As the retrievable stent 
is unsheathed from the microcatheter, it deploys integrating into the clot and provid-
ing immediate reperfusion [16]. Another angiogram may be performed to confirm 
proper stent position and revascularization. The stent is left in situ typically for 
3–5 minutes to allow it to integrate the thrombus by radial force. Then, the stent and 
the microcatheter are retrieved by pulling them back into the guide catheter under 
proximal aspiration through the guide catheter, pulling out the clot.

Another technique is that when we have the stent-retriever positioned we can 
start pulling back only the microcatheter, maintaining the stent stable in order to 
maximize the lumen to aspirate. Finally, the stent retriever is pulled directly into the 
guide catheter, or to the intermediate catheter while maintaining aspiration and both 
are removed together. The stent retriever can be withdrawn back into the catheter 
under direct aspiration applied locally or may choose to withdraw the stent retriever 
entirely or partially into the aspiration catheter and then pull both the stent retriever 
and the aspiration catheter. Application of suction with either a pump or manual 
syringe aspiration during retrieval may promote clot purchase and reduce 
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embolisms [15]. If a BGC was used, it could aid aspiration and help clot retrieval 
when the stent retriever is being dragged back into the guide catheter [17]. Using a 
balloon guide catheter with the balloon inflated during the stent retriever maneuver, 
the antegrade bloodstream is suppressed.

 Direct Aspiration First Pass Technique (Adapt) (Case 1)

The introduction of the Penumbra aspiration catheter and pump system (Penumbra) 
allowed ADAPT to evolve [13, 14] (Figs. 11.2 and 11.3). Before the existence of 
this new system the use of direct aspiration for arterial occlusion was restricted to 
non-tortuous vessels, limited by the lack of catheters large enough to provide 
enough aspiration, yet flexible and atraumatic enough to navigate the tortuous intra-
cranial vasculature [16]. The Penumbra (Alemeda, CA) reperfusion catheter, on the 
other hand, had a large internal diameter but was not very stiff; therefore, it was very 
effective at advancement into intracranial vessels providing an efficient and effec-
tive means of recanalization in patients with large vessel occlusions. TICI 2b or 3 
recanalization can be achieved in over 70% and up to 81% especially with larger 
catheters [18–20]. Rescue therapy may include the use of a retrievable stent.

 Brief Technical Steps (Case 1)

The first step is to use guiding catheter 6–8 F or a balloon guide catheter 8–9 F. After 
confirmation of the position of the thrombus, the aspiration catheter is introduced. 
The main concept is to use a large bore aspiration catheter with the largest size (usu-
ally a 0.068, 0.070 or increasingly a 0.072 in catheter) that the vessel can accom-
modate. In smaller caliber vessels either a 3 Max or a 4 Max (Penumbra, Inc.) can 
be used. This aspiration catheter is advanced over a microcatheter and a microguide-
wire to the proximal surface of the thrombus. After removing the microcatheter and 
guidewire, aspiration is applied constantly by manual suction using a syringe or 
using the Penumbra (Alemeda, CA) aspiration pump. The catheter is slightly 
advanced to ensure firm engagement with the clot. Absence of backflow mostly 
indicates the thrombus is trapped in the catheter. If free blood flow starts going into 
the catheter, this suggests the wedged clot is disrupted and sucked. The key techni-
cal nuance is clot ingestion by the catheter. The aspiration catheter is slowly and 
carefully removed under continuous aspiration [17]. At the same time, aspiration is 
also applied to the sideport of the guide catheter to prevent dislodging the thrombus 
from the catheter aperture as it is withdrawn into the sheath. Avoiding the use of a 
stent retriever leads to lower device cost [21].

Case 1
A 51-year-old man presented with right-sided facial palsy, left gaze deviation, and 
right-sided weakness; he had a National Institutes of Health Stroke Scale (NIHSS) 
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ADAPT Technique

0.016 inch Fathom
microwire

Velocity
microcatheter 0.025

5 Max penumbra
reperfusion catheter 6F Neuron 088

Max Sheath

Thrombus

a

b

c

Fig. 11.2 Illustration of the ADAPT technique in a middle cerebral artery clot. (a) The Neuron 
Max guide catheter is positioned as far distally as possible in the supplying internal carotid artery. 
Through this a 5 Max reperfusion catheter is advanced over a Velocity microcatheter with a 0.016 
inch Fathom wire. (b) The Fathom wire and Velocity microcatheter are advanced through and 
distal to the thrombus to provide stable support for the 5 Max to be advanced to the face of the 
thrombus. (c) Aspiration is applied to the 5 Max until aspiration becomes occlusive and the 5 Max 
is then removed while maintaining aspiration to ensure the clot remains engaged in the catheter tip. 
(Adapted from: Turk AS, Spiotta A, et al. Initial clinical experience with the ADAPT technique: a 
direct aspiration first pass technique for stroke thrombectomy. J NeuroIntervent Surg. 
2013;6(3):231–7. https://doi.org/10.1136/neurintsurg- 2013- 010713)
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score of 10. The patient underwent non-contrast CT and CT angiography of the brain 
demonstrating an Alberta Stroke Program Early CT score (ASPECTS) of 8; the CT 
angiogram showed a left M1 occlusion with little collateral circulation. The patient 
had exclusion criteria for intravenous thrombolysis, so given his favorable imaging 
it was decided to perform a thrombectomy. Time to recanalization was 20 minutes 
with a TICI 3 (Fig. 11.4). The treatment was performed using a right femoral 9 Fr 
sheath, Guide sheath, 0.071 in aspiration catheter, and 0.035 in microcatheter)

 Solumbra (Case 2)

This term is sometimes applied to the combined use of aspiration and stent-retriever 
thrombectomy where the large-bore aspiration catheters can function as a direct dis-
tal conduit for stent retrievers [15] (derived from “Solitaire” FR (Medtronic 
Neurovascular) and “Penumbra” reperfusion catheter (Penumbra). We use a large 
bore distal aspiration catheter which is advanced as closely as possible to the throm-
bus before performing the stent retriever maneuver. This strategy may promote 

M3

A2

M2

M1

ICA

Neuron MAX 088

ACETM64 x x
x x x

x x x
x x x

5MAXTM

ACETM

4MAXTM

3MAXTM

ICA M1 M2 M3 A1 A2

A1

Fig. 11.3 Illustration 
demonstrating aspiration 
catheter size 
recommendations for 
anterior circulation 
thrombectomy. The guide 
catheter is positioned in the 
internal carotid artery 
(ICA), providing a 
platform for thrombectomy 
with aspiration catheters. 
(Adapted from: Jan Vargas, 
Spiotta Alex, et al. 
Experience with A Direct 
Aspiration First Pass 
Technique (ADAPT) for 
Thrombectomy in Distal 
Cerebral Artery Occlusions 
Causing Acute Ischemic 
Stroke. World Neurosurg. 
2017;99:31–36. https://doi.
org/10.1016/j.
wneu.2016.11.035. Epub 
2016 Nov 29)
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entrapment of the clot within the stent reducing the incidence of thrombus fragmen-
tation and distal embolization or embolizations to new, previously uninvolved vascu-
lar territories [17]. For example, first a guiding catheter 6–8 F or a balloon guide 
catheter 8–9 F is navigated into the internal carotid artery. Then, a 5 Max (Penumbra, 
Inc.) catheter can be advanced over a 0.25 microcatheter and microwire to the site of 
the occlusion. We have to pass the thrombus with the microcatheter, verify its posi-
tion, and the stent retriever is deployed. When we have the stent-retriever positioned 
the microcatheter can be removed in order to maximize the lumen to aspirate with 
the 5 Max afterward. Finally, the stent retriever is pulled directly into the 5 Max 
while maintaining aspiration (for embolic protection) and both are removed together.

In conjunction with distal aspiration at the large bore aspiration catheter the risk 
of distal embolization can be reduced effectively.

a b

c d

Fig. 11.4 (a) Front view showing occlusion of left M1 shortly after ICA bifurcation. (b) Lateral 
view of occlusion. (c) Lateral view following first pass aspiration. (d) Lateral view following sec-
ond pass aspiration and final recanalization
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Case 2
A 75-year-old man with a history of hypertension and diabetes mellitus presented 
with a left middle cerebral artery (MCA) stroke syndrome; he had a National 
Institutes of Health Stroke Scale (NIHSS) score of 23. He was last known normal to 
consultation 85  minutes before. The patient underwent non-contrast CT and CT 
angiography of the brain demonstrating an Alberta Stroke Program Early CT score 
(ASPECTS) of 9; the CT angiogram showed a left M1 occlusion (Fig. 11.5). Time to 
recanalization was 31 minutes with a TICI 3. The treatment was performed using a 
right femoral 9 Fr sheath, guide catheter, 0.071 in aspiration catheter, 0.035 in micro-
catheter, and 0.016 in wire. Two attempts were made with aspiration and then a final 
pass with stent retriever for distal M2 clot using a 4 × 20 mm stent retriever (Fig. 11.6). 
His NIHSS score at 1 hour was 4 and mRS (modified ranking scale) at 3 months was 1

 Difficult and Challenging Situations

 Large Vessel Occlusions with Carotid Artery Occlusion 
(Tandem Lesions)

Cervical carotid artery atherosclerotic disease is responsible for approximately 
15–30% of acute ischemic strokes, which are mostly due to an artery-to-artery 
embolism with or without a cervical carotid artery occlusion (tandem occlusion) 
[17, 21]. The ESCAPE and REVASCAT trials showed the relatively common 

Fig. 11.5 (a) Angio CT 
showing left M1 occlusion
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frequency of tandem strokes, which represented 12.7% and 15.8%, respectively, of 
all AIS undergoing thrombectomy over the study period. Acute ischemic strokes 
due to tandem occlusions are associated with very poor prognosis if treated only 
medically; however, there is evidence supporting that thrombectomy using stent- 
retrievers with emergency stenting of cervical ICA is associated with acceptable 
safety and efficacy in acute anterior stroke patients with tandem occlusion [22, 23].

Endovascular treatment of tandem occlusions is more complex and takes more 
time since this requires emergency ICA stenting in an acute setting as well as treat-
ment of intracranial thrombus. Despite its complexity, successful reperfusion can be 
achieved in 60–80% of cases using current techniques [24].

Controversies in treating tandem occlusions include the following: (a) use of 
carotid stenting (with antiplatelet therapy) or balloon angioplasty alone and (b) 

a b

c d

Fig. 11.6 (a): Oblique projection showing left M2 superior division occlusion. (b) Tri-axial set up 
guide catheter (Neuron Max), aspiration catheter (Vecta), and microcatheter (3 Max) from proxi-
mal to distal. (c) Clot in mid M2 after aspiration attempts. (d) Final recanalization
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sequence of treatment, i.e., proximal to distal or vice versa. Growing evidence sup-
ports stenting with antiplatelet therapy for extracranial internal carotid artery 
lesions, even in patients who receive prior intravenous thrombolysis [24, 25]. 
Sequence of recanalization has not been shown to influence outcome and is largely 
a matter of operator preference [25, 26]. Treating the cervical (proximal) lesion 
first (antegrade technique) provides accessibility to the distal occlusion, addressing 
the proximal lesion in a controlled manner and allowing taking a large bore cath-
eter distally to manage the intracranial occlusion. Also, potential embolic clot is 
blocked by distal emboli and is addressed during the later phase of the procedure. 
On the other hand, treating the intracranial occlusion first (retrograde technique) 
has the advantage of faster reperfusion, but theoretically increases the risk of dis-
tal emboli.

Initial step in treating a tandem occlusion is to catheterize the common carotid 
artery with an 8 F guide catheter and interpret the cause of the internal carotid occlu-
sion (high grade atherosclerotic stenosis, dissection, or thromboembolic). A micro-
catheter with a 0.014 microwire is used to confirm presence in true lumen and to 
localize the intracranial occlusion. With a proximal-to-distal anterograde technique, 
a stent is deployed across the stenosis. Pre- or post-stenting angioplasty is per-
formed. Then a 6 F guide catheter is taken across the stent and intracranial throm-
bectomy is performed.

 Posterior Circulation Occlusion (Case 3)

There are currently only observational data available on endovascular thrombec-
tomy for posterior circulation stroke (Class III evidence), with no published ran-
domized trial to date that has evaluated endovascular intervention versus standard 
medical treatment or different methods of endovascular intervention against each 
other [27]. There has traditionally been a hesitant attitude regarding outcomes for 
posterior circulation LVO (PC-LVO) due to several reasons: late presentation, 
higher NIHSS due to frequent brainstem involvement, delay in treatment, and prior 
studies showing poor results of intra-arterial thrombolysis [28]. The problem is also 
magnified because of the difficulty in interpreting ischemic changes on CT and CT 
perfusion studies at the level of the brainstem [29].

However, evidence from retrospective studies has demonstrated similar rates of 
successful recanalization with mechanical thrombectomy achieved in posterior 
circulation stroke (PCS) and anterior circulation stroke [30]. Both stent retriever 
and aspiration thrombectomy as primary treatment approaches are effective in 
achieving successful recanalization. A review and meta-analysis including obser-
vational series data of outcomes with stent retriever thrombectomy in basilar 
artery occlusion showed an overall recanalization rate of 81%, and the pooled 
estimate of favorable clinical outcome of 42% [31]. A systematic review and 
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meta-analysis comparing aspiration thrombectomy and stent retriever thrombec-
tomy [27] showed superior rates of successful recanalization, complete recanali-
zation, faster procedural time, and improved safety profile seen for primary 
aspiration thrombectomy compared with primary stent retriever thrombectomy 
(although there was no statistically significant difference for the primary clinical 
outcomes of mortality and favorable outcome (mRS score 0–2) at 3 months). A 
multicenter retrospective study with 345 patients with posterior circulation strokes 
[30] showed that the use of ADAPT was more likely to result in better functional 
recovery after posterior circulation thrombectomy compared to stent retriever or 
combined approach.

Therefore, despite the lack of randomized clinical trials to prove efficacy as with 
anterior circulation stroke, mechanical thrombectomy should be offered to patients 
with PC-LVO especially with acute basilar artery occlusion. This is more important 
in cases where there is a fluctuating exam and limited brainstem changes on MRI, 
regardless of the time elapsed [32] (it is reasonable to exclude patients with a termi-
nal neurological exam correlating with irreversible brainstem damage on MR 
imaging).

Case 3
An 87-year-old man with a history of hypertension and coronary artery disease 
treated with aspirin and plavix presented with a pontine syndrome. He was last 
known normal 14 hours ago. The patient underwent non-contrast CT, CT angiogra-
phy, and CT perfusion of the brain demonstrating mid basilar occlusion with pon-
tine ischemia (Fig.  11.7). The patient had exclusion criteria for intravenous 
thrombolysis. Time to consultation was 8 minutes and time to recanalization was 
18 minutes. The treatment was performed using radial approach (Fig. 11.8) with a 
5/6 sheath, 0.071 in aspiration catheter, and 0.035 in microcatheter with a 0.016 in 
wire. MRI 24  hours after intervention showed small unilateral pontine infarct 
(Fig. 11.9)

 Distal Occlusions

In this chapter we consider distal occlusion as MCA occlusion distal to M1 
(M2-M3-M4 segments), any segments of ACA, and any segments of PCA.  If 
patients present with vessel occlusions distal to the M2 segments, the current guide-
lines recommend treatment with IVT. The benefit of MT performed in distal vessels 
remains controversial. The AHA 2019 Guidelines for the Early Management of 
Patients with Acute Ischemic Stroke provide a weak recommendation (2b) for M2 
or M3 thrombectomy suggesting that it may be reasonable in certain cases but no 
strong evidence is available [33].

There is growing evidence on safety and efficacy of EVT over standard care 
practice for M2 segment occlusions using new-generation thrombectomy devices 
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[34–36]. Recently, some studies have proved that MT for distal occlusions can be 
safely performed with high functional independence and recanalization rates, but it 
may be associated with an increased risk of complications [35, 37]. Despite the 
higher rate of hemorrhage occurring in M2 patients, results are favorable for inter-
vention [35].

Comparing different techniques, MT using the new generation of SR in distal 
anterior circulation is associated with a similar successful revascularization rate 
compared to MT using ADAPT. However, functional independence at 3 months is 
higher in the ADAPT group and mortality is higher in the SR group [37].

a

c

b

Fig. 11.7 (a) Angio CT showing mid-basilar occlusion, and (b) right vertebral dominant. (c) 
Perfusion imaging showing pontine ischemia
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The indication for thrombectomy in this kind of patients must be precise to mini-
mize putting in risk patients that would not benefit from the procedure [35]. We 
recommend careful risk-benefit assessment. We must know that distal arteries are 
smaller in caliber, have thinner walls, are typically more tortuous, and the occlusion 
is more difficult to detect. We think that a proper selection for endovascular revas-
cularization is a patient with an occluded dominant M2-segment which supplies 
eloquent territory, with significant penumbra at risk and with moderate to severe 
deficit.

Large randomized trials are still necessary to investigate factors associated with 
a favorable outcome of endovascular treatment in acute ischemic stroke from distal 
intracranial vessel occlusions.

a b

c

Fig. 11.8 Angiography. (a) Right radial approach. (b) Mid basilar occlusion. (c) TICI 3 
recanalization

11 Endovascular Management of Stroke



230

References

 1. 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.

 2. 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.

 3. Kidwell CS, Jahan R, Gornbein J, Alger JR, Nenov V, Ajani Z, et al. A trial of imaging selec-
tion and endovascular treatment for ischemic stroke. N Engl J Med. 2013;368:914–23. (MR 
RESCUE).

 4. Ciccone A, Valvassori L, Nichelatti M, Sgoifo A, Ponzio M, Sterzi R, et al. Endovascular treat-
ment for acute ischemic stroke. N Engl J Med. 2013;368:904–13. (SYNTHESIS).

 5. 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).

 6. Bekhemer O, Beumer F, Berg V, Lingsma H, Schonewile Y, Nederkoom V. The Randomized 
Trial of Intraarterial Treatment for Acute Ischemic Stroke (Mr. CLEAN). N Engl J Med. 
2015;372

 7. Goyal M, Demchuk A, Menon B, Eesa M, Rempel J, Thornton J, Roy D. Randomized assay of 
rapid endovascular treatment of ischemic stroke (ESCAPE). N Engl J Med. 2015;

 8. Campbell B, Mitchell P, Kleinig T, Dewey H, Churilov L, Yassi N. Endovascular therapy for 
ischemic stroke with perfusion-imaging selection (EXTEND -IA). N Engl J Med. 2015;

 9. Saver J, Mayank M, Bonafe A, Diener M, Elad P, Levy I. Thrombectomy Stent-Retriever alter 
Intravenous t-PA vs. t-PA Alone in Stroke (SWIFT PRIME). N Engl J Med. 2015.

 10. Jovin T, Chamorro A, Cobo E, Miquel M, Molina C, Rovira A. Thrombectomy within 8 hours 
after symptom onset in ischemic stroke (REVASCAT). N Engl J Med. 2015.

 11. 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.

Fig. 11.9 (a) MRI 
24 hours after intervention 
showing small unilateral 
pontine infarct

M. Negrotto et al.



231

 12. Albers GW, Marks MP, Kemp S, Christensen S, Tsai JP, Ortega-Gutierrez S, et  al. 
Thrombectomy for stroke at 6 to 16 hours with selection by perfusion imaging. N Engl J 
Med. 2018;

 13. Lapergue B, RaphaelBlanc BG, Labreuche J, Duhamel A, GautierMarnat, 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. https://doi.org/10.1001/jama.2017.9644.

 14. Turk AS, Siddiqui A, Fifi JT, De Leacy RA, Fiorella DJ, Spiotta AM, 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. https://doi.org/10.1016/
S0140- 6736(19)30297- 1.

 15. Spiotta AM, Chaudry MI, Hui FK, Turner RD, Kellogg RT, Turk AS. Evolution of throm-
bectomy approaches and devices for acute stroke: a technical review. J NeuroIntervent Surg. 
2015;7:2–7. https://doi.org/10.1136/neurintsurg- 2013- 011022.

 16. Munich SA, Vakharia K, Levy EI.  Overview of mechanical thrombectomy techniques. 
Neurosurgery. 2019;85(suppl_1):S60–7. https://doi.org/10.1093/neuros/nyz071.

 17. Kang D-H, Park J. Endovascular stroke therapy focused on stent retriever thrombectomy and 
direct clot aspiration: historical review and modern application. J Korean Neurosurg Soc. 
2017;60(3):335–47. https://doi.org/10.3340/jkns.2016.0809.005.

 18. Mocco J, Zaidat OO, von Kummer R, et  al. Aspiration thrombectomy after intravenous 
alteplase versus intravenous alteplase alone. Stroke. 2016;47(9):2331–8.

 19. Turk AS, Frei D, Fiorella D, Mocco J, Baxter B, Spiotta A. ADAPT FAST study: a direct aspira-
tion first pass technique for acute stroke thrombectomy. J NeuroIntervent Surg. 2014;6:252–3.

 20. Spiotta A, Alawieh A, Chatterjee AR, Vargas J, Chaudry MI, Lena J. Lessons learned over 
more than 500 stroke thrombectomies using ADAPT with increasing aspiration catheter size. 
Neurosurgery. 2020;86(1):61–70. https://doi.org/10.1093/neuros/nyy444.

 21. Holmstedt CA, Turan TN, Chimowitz MI. Atherosclerotic intracranial arterial stenosis: risk 
factors, diagnosis, and treatment. Lancet Neurol. 2013;12:1106–14.

 22. Sivan-Hoffmann R, Gory B, Armoiry X, Goyal M, Riva R, Labeyrie PE. Stent-retriever throm-
bectomy for acute anterior ischemic stroke with tandem occlusion: a systematic review and 
meta-analysis. Eur Soc Radiol. 2016; https://doi.org/10.1007/s00330- 016- 4338- y.

 23. Grigoryan M, Haussen DC, Hassan AE, Lima A, Grossberg J, Rebello LC. Endovascular treat-
ment of acute ischemic stroke due to tandem occlusions: large Multicenter series and system-
atic review. Cerebrovasc Diseases. 2016;41:306–12.

 24. Anadani M, Spiotta A, Alawieh A, Turjman F, Piotin M, Steglich-Arnholm H. Effect of extra-
cranial lesion severity on outcome of endovascular thrombectomy in patients with anterior cir-
culation tandem occlusion: analysis of the TITAN registry. J NeuroIntervent Surg. 2019;0:1–5. 
https://doi.org/10.1136/neurintsurg- 2018- 014629.

 25. Zhu F, Bracard S, Anxionnat R, Derelle A-L, Tonnelet R, Liang L. Impact of emergent cervical 
carotid stenting in tandem occlusion strokes treated by thrombectomy: a review of the TITAN 
collaboration. Front Neurol. 2019;10:206. https://doi.org/10.3389/fneur.2019.00206.

 26. Wilson MP, Murad MH, Krings T, Pereira VM, O’Kelly C, Rempel J. Management of tandem 
occlusions in acute ischemic stroke  – intracranial versus extracranial first and extracranial 
stenting versus angioplasty alone: a systematic review and meta-analysis. J NeuroIntervent 
Surg. 2018;0:1–9. https://doi.org/10.1136/neurintsurg- 2017- 013707.

 27. Sheng K, Tong M.  Aspiration thrombectomy for posterior circulation stroke: A system-
atic review and meta-analysis. Asian J Neurosurg. [serial online] 2020 [cited 2020 Aug 
25];15:251–61.

 28. Schonewille WJ, Wijman CAC, Michel P, Rueckert CM, Weimar C, Mattle HP, Engelter ST, 
Tanne D, Muir KW, Molina CA, Thijs V, Audebert H, Pfefferkorn T, Szabo K, Lindsberg PJ, de 
Freitas G, Kappelle LJ, Algra A, BASICS study group. On behalf of the BASICS study group. 
Treatment and outcomes of acute basilar artery occlusion in the basilar artery international 
cooperation study (BASICS): a prospective registry study. Lancet Neurol. 2009;8:724–30.

11 Endovascular Management of Stroke

https://doi.org/10.1001/jama.2017.9644
https://doi.org/10.1016/S0140-6736(19)30297-1
https://doi.org/10.1016/S0140-6736(19)30297-1
https://doi.org/10.1136/neurintsurg-2013-011022
https://doi.org/10.1093/neuros/nyz071
https://doi.org/10.3340/jkns.2016.0809.005
https://doi.org/10.1093/neuros/nyy444
https://doi.org/10.1007/s00330-016-4338-y
https://doi.org/10.1136/neurintsurg-2018-014629
https://doi.org/10.3389/fneur.2019.00206
https://doi.org/10.1136/neurintsurg-2017-013707


232

 29. Van der Hoeven EJ, Dankbaar JW, Algra A, Vos JA, Niesten JM, van Seeters T, van der Schaaf 
I, Schonewille WJ, Kappelle LJ, Velthuis BK, Investigators DUST.  Additional diagnostic 
value of computed tomography perfusion for detection of acute ischemic stroke in the poste-
rior circulation. Stroke. 2015;46:1113–5.

 30. Alawieh AM, Eid M, Anadani M, Sattur M, Maier IL, Spiotta AM, et al. Thrombectomy tech-
nique predicts outcome in posterior circulation stroke—insights from the STAR collaboration. 
Neurosurgery. 2020:nyaa179. https://doi.org/10.1093/neuros/nyaa179.

 31. Gory B, Eldesouky I, Sivan-Hoffmann R, et al. Outcomes of stent retriever thrombectomy in 
basilar artery occlusion: an observational study and systematic review. J Neurol Neurosurg 
Psychiatry. 2016;87(5):520–5.

 32. Chaudry I, Feng W, Holmstedt C, Turner R, Adams R, Turk AS. Delayed basilar artery recana-
lization 100 hours after symptom onset. J Neurointervent Surg. 2010;2(4):345–7.

 33. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K, et  al. 
Guidelines for the early Management of Patients with Acute Ischemic Stroke: 2019 update 
to the 2018 guidelines for the early Management of Acute Ischemic Stroke: a guideline for 
healthcare professionals from the American Heart Association/American Stroke Association. 
Stroke. 2019;50:e344–418.

 34. Sarraj A, Sangha N, Hussain MS, Wisco D, Vora N, Elijovich L, et al. Endovascular therapy for 
acute ischemic stroke with occlusion of the middle cerebral artery M2 segment. JAMA Neurol. 
2016;73:1291–6. https://doi.org/10.1001/jamaneurol.2016.2773.

 35. Saber H, Narayanan S, Palla M, Saver JL, Nogueira RG, Yoo AJ, et al. Mechanical thrombec-
tomy for acute ischemic stroke with occlusion of the M2 segment of the middle cerebral artery: 
a meta-analysis [published online ahead of print November 10, 2017]. J Neurointerv Surg.  
https://doi.org/10.1136/neurintsurg- 2017- 013515.

 36. Anadani M, Alawieh A, Arthur AS, Kim J-T, Leacy RD, Spiotta A. Abstract 148: Mechanical 
Thrombectomy for Distal Occlusions: Efficacy, Functional and Safety Outcomes. Insights 
From the STAR Collaboration. Stroke. 51:A148.

 37. Barchetti G, Cagnazzo F, Raz E, Barbagallo G, Toccaceli G, Peschillo S. Mechanical throm-
bectomy of distal occlusions using ADAPT compared to new generation of mini – 017 micro-
catheter compatible – stent retrievers: a meta-analysis. World Neurosurg. 2019; https://doi.
org/10.1016/j.wneu.2019.10.030.

M. Negrotto et al.

https://doi.org/10.1093/neuros/nyaa179
https://doi.org/10.1001/jamaneurol.2016.2773
https://doi.org/10.1136/neurintsurg-2017-013515
https://doi.org/10.1016/j.wneu.2019.10.030
https://doi.org/10.1016/j.wneu.2019.10.030


233© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2022
J. R. Mascitelli, M. J. Binning (eds.), Introduction to Vascular Neurosurgery, 
https://doi.org/10.1007/978-3-030-88196-2_12

Chapter 12
Surgical Management of Extracranial 
Carotid Disease

Mohanad Sulaiman and Zakaria Hakma

 Introduction

Stroke is the second most common cause of death among people over 60 and the 
second leading cause of disability among all ages. Carotid artery stenosis causes 
15% of all ischemic strokes, and this risk of stroke correlates with the degree of 
stenosis and with presence of vulnerable plaques.

Atherosclerotic plaques begin to form in the carotid artery at 20 years of age and 
build-up of plaque can progress rapidly and lead to atherosclerosis and stenosis of 
the artery, which may or may not be symptomatic clinically by causing thromboem-
bolic or stenotic/hypoperfusion complications. Carotid endarterectomy (CEA) is 
the most frequently performed operation to prevent stroke in patients who have 
either symptomatic or asymptomatic internal carotid artery stenosis. Carotid angio-
plasty and stenting is another option that was brought to the forefront. Yet, major 
trials have not proven these new technologies superior to endarterectomy in the 
treatment of carotid stenosis. CEA and stenting are among the most studied surgical 
procedures in history. Both forms of revascularization are proven to be safe when 
performed by experienced practitioners in properly selected patients.

This chapter describes the indications for CEA, including patient assessment and 
planning, and surgical considerations. Finally, operative technique is described 
in detail.
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 Indications

The indication for treatment of symptomatic carotid stenosis was established 
through the North American symptomatic Carotid Endarterectomy Trial (NASCET) 
[1], and the European Carotid Surgery Trial (ECST) [2] in which patients suffering 
an episode of amaurosis fugax, hemispheric transient ischemic attach (TIA) or mild 
(nondisabling) stroke and ipsilateral high-grade stenosis (>70%) received a signifi-
cant benefit from carotid endarterectomy (CEA) compared to medical management. 
CEA in this patient population reduced the absolute risk of subsequent stroke by 
17% and death from any cause by 7% at 18 months compared to optimal medical 
management. This improvement in morbidity and mortality was twice as good for 
patients with 90–99% stenosis.

In addition, the latter study [3] found that there was benefit from CEA in patients 
with moderate (50–69%) carotid stenosis, and that patients with less than 50% ste-
nosis gained no significant benefit from CEA.

These studies form the basis of current practice guidelines: patients with 50% or 
higher stenosis of the carotid artery and history of ipsilateral stroke or TIA are rec-
ommended to have CEA. The benefit of surgery is greatest in men who are non- 
diabetic and in patients who have hemispheric symptoms instead of amaurosis 
fugax. Additionally, Patients with plaque ulceration are at higher risk than those 
with smooth plaques.

Frequently carotid artery stenosis is asymptomatic and usually discovered as a 
carotid bruit with a non-specific visual complaints, dizziness, or syncope not associ-
ated with TIA or stroke [4]. The effect of prophylactic CEA in asymptomatic 
patients has been demonstrated in two large studies: The Asymptomatic Carotid 
Surgery Trial (ACST) [5] and The Asymptomatic Carotid Atherosclerosis Study 
(ACAS) [6]. These studies demonstrated a significant 5-year reduction (by 7.2% in 
ACST and by 5.9% in ACAS) in ipsilateral stroke or perioperative stroke or death 
risk in asymptomatic patients with >60% stenosis, with no benefit in patients over 
75 years of age due to their increased probability of dying from causes other than 
stroke. On the other hand, the longer a patient survives after CEA, the greater the 
potential benefit since the adverse consequences of surgery are limited to the peri-
operative period. Unlike ACST, the benefit could not be demonstrated in women as 
sub-group in ACAS trial (There was also a higher perioperative complication rate 
for women in ACAS).

We offer a prophylactic CEA for asymptomatic patients below age 75 with a 
five- year life expectancy and 60% to 99% stenosis particularly in the presence of 
intraplaque hemorrhage, lipid-rich necrotic core, or thinning/rupture of the fibrous 
cap on MRI of carotid plaque which likely progress rapidly and associated with 
increased risk of future stroke or TIA in patients with carotid atherosclerotic disease 
[7]. The benefit is not as great for women, and the benefit depends on the ability to 
perform surgery with a combined morbidity/ mortality of less than 3%.

The presence of contralateral carotid artery stenosis or occlusion is not uncom-
mon. However, it is not a contraindication to CEA and should not discourage a 
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surgeon from performing an endarterectomy for patients with appropriate lesions 
[8]. It is our practice to operate in the setting of bilateral disease. We start with the 
symptomatic side first, or the side with a greater degree of stenosis or concerning 
plaque characteristics in the case of asymptomatic disease. In the cases of chronic 
contralateral occlusion, we approach these cases with EEG monitoring and selective 
shunting.

 Imaging and Diagnosis

Symptomatic carotid artery stenosis will usually be assessed as part of a stroke/TIA 
protocol. Although multiple imaging modalities are available to evaluate the extra-
cranial vascular disease, there is no agreement regarding the appropriate imaging 
required prior to CEA.

Carotid duplex ultrasonography (CDU) provides a safe, quick, and relatively 
cost-effective initial diagnostic study. It is useful in detecting a significant stenosis 
but has a relatively low specificity for those patients with 50% to 60% carotid ste-
nosis and can be of limited use in the sitting of significant calcification and string 
sign. It may overestimate the degree of stenosis and cannot scan above the angle of 
the mandible. Given these limitations, patients with an abnormal screening test 
should obtain a second confirmatory noninvasive test, such as computed tomogra-
phy angiography (CTA) or magnetic resonance angiography (MRA), to evaluate the 
carotid stenosis and bifurcation. CTA provides detailed information regarding 
plaque morphology, calcifications of the aortic arch, and the relationship of the ICA 
bifurcation to the angle of the mandible. On the other hand, MRA can provide value 
in detecting more detailed characteristics of the atherosclerotic plaque, including 
lipid content and intraplaque hemorrhage. If the two noninvasive tests are discor-
dant, then cerebral catheter angiography should be considered, which remains the 
gold standard for preoperative evaluation of carotid stenosis with a nearly 100% 
sensitivity and specificity [9, 10]. We studied the importance of using angiography 
as a confirmatory test for degree of stenosis and to examine patient’s intracranial 
vasculature before definitive surgical treatment. Overall, we found that medical or 
surgical decision management was changed in 43% of cases investigated with digi-
tal subtraction angiography owing to a discrepancy between the measured percent-
age stenosis. In patients with potentially treatable carotid stenosis, angiography 
revealed nonsignificant stenosis 25.7% of the time [11].

 Pre-Operative Medical Management

A patient undergoing CEA should be on antiplatelet therapy (unless contraindi-
cated) prior to surgery. Antiplatelet reduce the risk of MI and stroke of any cause in 
patients undergoing CEA [15]. Patient taking aspirin preoperatively are instructed 
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to continue their therapy without interruption. Patients taking clopidogrel (Plavix) 
or ticlopidine (Ticlid) are switched to a daily aspirin one week before surgery (this 
strategy markedly reduces intraoperative oozing associated with these medications). 
Patients on warfarin or other anticoagulation therapy should be preoperatively 
admitted to the hospital and have their iatrogenic coagulopathy converted to IV 
heparin therapy. The heparin should be continued to the operating room and is 
stopped when the arterial closure is complete. Statins (HMG-CoA reductase inhibi-
tors) decrease perioperative morbidity and mortality and may reduce carotid plaque 
progression and the incidence of transition from asymptomatic to symptomatic 
carotid stenosis [16].

 Surgical Considerations

 1. High risk patients for CEA:

Patients may be classified as high risk for CEA based on numerous anatomic 
features and comorbidities [13]. High risk anatomic features include: contralateral 
carotid occlusion or significant bilateral carotid stenosis, contralateral laryngeal 
nerve palsy, prior neck or head radiation therapy or radical neck surgery, tandem 
lesions larger than target lesion, surgically inaccessible (very high carotid bifurca-
tion “lesions above the C2 vertebra” or common carotid artery lesions below the 
clavicle), restenosis following a prior CEA, laryngectomy or tracheostomy, or 
inability to extend head as a result of arthritis or other condition.

Comorbidities that may preclude CEA include clinically significant cardiac dis-
ease (unstable angina, recent myocardial infarction (>24 hours and <30 days), class 
III or IV congestive heart failure, left ventricular ejection fraction <30%, severe 
pulmonary disease.

 2. Carotid artery stenting:

Patients at high risk for CEA may be candidates for carotid angioplasty and 
stenting (CAS). A broad overview of CAS is presented in-depth in another chapter 
in this book. However, it is important to discuss some crucial points here.

The Carotid Revascularization Endarterectomy versus Stenting Trials (CREST) 
demonstrated that CAS and CEA had similar outcomes for symptomatic and asymp-
tomatic men and women in terms of postoperative complications such as restenosis, 
myocardial infarction (MI), long-term stroke, and/or death. However, the risk of 
periprocedural stroke was significantly higher in patients undergoing CAS vs. CEA 
(4.1% vs. 2.3%), whereas CEA is associated with a higher risk of periprocedural 
myocardial infarction (1.1% vs. 2.3%) and cranial nerve injuries (0.3 vs. 4.7%). 
Additionally, older age (>70 years) was associated with worse outcome after stent-
ing, potentially secondary to tortuous or calcified arch anatomies in these 
patients [14].
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The decision to treat high risk carotid stenosis by CEA or CAS is controversial. 
However, the most widely accepted indications for CAS are patients with clinically 
significant cardiac risk of anesthesia or those with high- risk neck anatomic fea-
tures, including very high carotid bifurcation, restenosis following a prior CEA, or 
prior neck radiation or radical neck surgery. We do recommend endovascular treat-
ment with angioplasty and stenting for acute carotid occlusion especially in the 
presence of symptomatic acute occlusion with a large ischemic penumbra.

 3. Timing for surgery

A pooled analysis of randomized controlled trials concluded that surgical revas-
cularization for patients with symptomatic carotid stenosis is most beneficial when 
it occurs within 14 days of the TIA or minor stroke. The number of patients needed 
to undergo surgery (number needed to treat) to prevent one ipsilateral stroke was 5 
for those patients randomized within 2 weeks after their last ischemic event versus 
125 for patients randomized after 2 weeks from the onset of symptoms [12]. The 
current literature points to change the paradigm towards early carotid surgery, spe-
cifically targeted within 48 hours if the index event is TIA, and within 7 days if the 
index event is stroke. It is generally our practice to perform the CEA during the 
same hospital stay after a stroke especially if the volume of the stroke is small and 
in absence of any hemorrhagic conversion.

 4. Anesthesia and monitoring

Intraoperative monitoring through Somato-Sensory Evoked Potentials (SSEP) 
and Electro Encephalogram (EEG) is used to assess intraoperative hypoperfusion. 
Assessment of the patient’s neck mobility is also important for this procedure.

Anesthesia may be general, regional, or local. The multicenter, randomized con-
trolled General Anesthesia versus Local Anesthesia (GALA) Trial [17] found no 
significant differences in the prevention of stroke, MI, or death for either anesthetic 
technique. However, general anesthesia allows for a more controlled surgical envi-
ronment and cerebral protection from anesthetic and adjunctive agents by reducing 
the cerebral metabolic rate for oxygen.

 Operative Anatomy

CEA takes place in the anterior triangle of the neck. The borders of this triangle 
include the inferior border of the mandible superiorly, the anterior border of the 
sternocleidomastoid muscle laterally, and the sagittal line down the midline of the 
neck medially. Both the left and right common carotids bifurcate into an internal 
and external carotid artery, classically at the level of the third or fourth cervical 
vertebra, near the superior border of the thyroid cartilage (Fig. 12.1). The deep cer-
vical fascia forms the carotid sheath, surrounding the carotid arteries, internal jugu-
lar vein (IJV), and vagus nerve.
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The jugular vein lies lateral to the carotid artery and its anteriorly oriented 
branch, the common facial vein, often lies directly superficial to the carotid bifurca-
tion and should be suture ligated and divided to facilitate exposure. The anatomy of 
the external carotid artery (ECA) and its branches are the key landmarks for reach-
ing an appropriate exposure. The ECA is located medial to the internal carotid 
artery (ICA) and has eight branches: the first branch is the superior thyroid artery, 
lingual and facial arteries arise from its anterior surface whereas the occipital and 
posterior auricular arteries arise from its posterior surface, and the ascending pha-
ryngeal artery arises from its medial surface. The ECA gives its terminal branches: 
maxillary and superficial temporal arteries within the parotid gland. The ICA is 
found medial to the ECA in around 10% of patients; this anatomical variant should 
be recognized on preoperative imaging and surgical dissection should be directed 
medial to the ECA.

Nerves that are particularly important during this procedure are the hypoglossal 
and vagal nerves. Hypoglossal nerve injury is the most common nerve injury during 
CEA. The hypoglossal nerve runs superficial to the ECA and ICA and crosses the 
ICA at the distal end of the dissection (Fig. 12.2). It must be identified and pre-
served throughout the duration of the case. The location of the hypoglossal nerve 

Fig. 12.1 The common 
carotid artery (1) is 
dissected circumferentially 
free of its sheath. It 
bifurcates into an internal 
(2) and external (3) carotid 
artery

Fig. 12.2 The hypoglossal 
nerve (*) runs superficial 
to the ECA (1) and ICA (2)
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can be discerned by pursuing the ansa cervicalis superiorly where it joins the hypo-
glossal nerve Finally, the vagus nerve and its superior laryngeal branch runs within 
the posterolateral aspect of carotid sheath, behind the carotid artery and jugular 
vein. Care must be taken to avoid disruption of these structures when dissection 
below the carotid is needed. Damage to the superior laryngeal branch of the vagus 
nerve will result in significant postoperative dysphagia.

The omohyoid muscle typically marks the inferior extent of the dissection and 
usually can be left intact.

 Surgical Procedure

 1. Position:

The patient is positioned supine with a shoulder roll laid transversely under the 
shoulders to assist with a slight degree of neck extension to open the operative space 
between the chin and clavicle. A piece of tape may be used to provide gentle traction 
on the mandible, allowing for increased exposure, especially in cases involving high 
bifurcations or plaques. The patient’s head is rotated 20 degrees away from the 
operative side to expose the anterior triangle of the neck. Turning the head further 
will move the sternocleidomastoid muscle over the carotid sheath and interfere with 
the exposure.

Two anatomical landmarks are identified with preoperative radiographic studies 
to estimate the rostral extent of the required exposure. The first is the angle of the 
mandible, which is palpated and marked before skin incision. The second is the 
position of the carotid bifurcation, particularly its relationship with the distal extent 
of the cervical plaque (Fig. 12.3).

Fig. 12.3 The patient’s 
head is rotated 20 degrees 
away from the operative 
side. The angle of the 
mandible and the sternal 
notch are marked. A 
longitudinal incision is 
made along the anterior 
border of the 
sternocleidomastoid 
muscle (the incision is 
made between top 2 
hashmarks)
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 2. Exposure:

The level of the bifurcation as well as the location and length of the plaque can 
be estimated via surface landmarks. The thyroid cartilage estimates the level of 
C4–5. The angle of the mandible and the hyoid bone estimate the location of C3, 
while the inferior teeth estimate the level of C2. The mastoid tip should be palpated 
and marked as it represents the direction in which the incision may be extended if 
higher exposure is needed. A longitudinal incision is fashioned along the anterior 
border of the sternocleidomastoid muscle. This is carried down through the pla-
tysma, and a plane just medial to the anterior border of the sternocleidomastoid is 
identified and opened further via blunt dissection. Deep dissection in this region 
without following the medial surface of the muscle can lead to swallowing dysfunc-
tion caused by injury to the recurrent laryngeal nerve which runs in the trachea- 
esophageal groove. The transverse sensory cervical nerve may be encountered and 
can be sacrificed to facilitate the exposure. This maneuver leads to numbness over 
the anterior neck area that resolves in 3–6 months. The common facial vein (CFV) 
often lies directly superficial to the carotid bifurcation and should be suture ligated 
or clipped and divided to facilitate exposure. The omohyoid muscle typically marks 
the inferior extent of the dissection and can usually be left intact.

The neurovascular bundle containing the carotid artery can then be easily identi-
fied and palpated. Sharp dissection can be used to open the cervical fascia, followed 
by blunt dissection. Continued blunt dissection further isolates the carotid sheath; a 
sharp vertical incision exposes the underlying carotid artery.

Two nerves, the vagus and the ansa cervicalis, should be identified during this 
dissection process. The vagus nerve and its superior laryngeal branch lie deep and 
lateral to the carotid artery and internal jugular vein (in the groove between the 
carotid artery and jugular vein. The ansa cervicalis runs superficial to the ICA and 
serves as a roadmap to the hypoglossal nerve (XII) which should be identified to 
avoid damage to it. XII can arise anywhere from the carotid bifurcation to the angle 
of the mandible.

The dissection of the carotid sheath begins with the exposure of the common 
carotid artery (CCA), ECA, and the ICA.  The distal exposure of the ICA must 
extend well beyond the plaque which can be estimated by gentle palpation, intraop-
erative doppler and by visualization as the area where the artery turns from yellow-
ish to its normal pinker color.

The carotid bulb may be anesthetized with ≈ 2–3 ml of 1% plain lidocaine using 
a 27 Ga needle. This may be done routinely, or, as we prefer, only if hypotension 
and/or bradycardia occur during dissection (indicating IX nerve stimulation). 
Enough dissection has been established when there is adequate room for the arteri-
otomy, vessel loop, and a small low closing force bulldog clamp around the ICA just 
above the border of the plaque, as well as a vessel clamp (large soft-shoe Fogarty 
vascular clamp) around the CCA. The length of the plaque also determines what the 
extent of appropriate exposure is.

The dissection continues along the anterior aspect of the ICA. The length and 
location of the plaque may require more rostral exposure. If rostral mobilization of 
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the hypoglossal nerve is necessary, the ansa cervicalis can be transected where it 
joins the hypoglossal nerve to untether the latter nerve. The hypoglossal nerve is 
then retracted using a vessel loop. A small arterial branch of the ECA to the sterno-
cleidomastoid muscle rarely requires coagulation and transection to facilitate ade-
quate mobilization of the hypoglossal nerve. If a high exposure is mandatory, the 
posterior belly of the digastric muscle may be transected without any untoward 
consequences.

Lastly, the ECA is exposed circumferentially around its proximal end, just distal 
to the bifurcation. The identification of the superior thyroid artery (the first branch 
of the ECA) helps differentiate the ECA from the ICA (the ICA is located posterior 
to the ECA). It is important to circumferentially dissect and isolate the CCA, ICA 
and ECA. Such circumferential dissection allows for proper manipulation of the 
artery during clamping and arteriotomy. Following circumferential isolation of the 
arteries, vessel loops are wrapped twice around each major arterial branch. A 
Rummel tourniquet may be used around the CCA and pulled through a rubber 
sleeve. This maneuver allows constriction of the vessel around an intraluminal 
shunt. 5000 IU of intravenous heparin is typically given when we start dissecting 
around the plaque and the ICA. Prior to further cross-clamping, a mild increase in 
systolic blood pressure of approximately 20% (systolic blood pressure 
160–180 mmHg) is induced by the anesthesiologist to prevent any alterations in 
EEG recordings during ICA occlusion. Then, attention can be turned to the 
arteriotomy.

 3. Arteriotomy & Endarterectomy:

After adequate proximal and distal vascular control is obtained, a sterile marking 
pen defines the intended arteriotomy. Clamping of the carotid system commences as 
follows (mnemonic: ICE), first with the ICA, followed by the CCA and then the 
ECA. Clamping in this order ensures that potential thromboembolic debris prefer-
entially enters the ECA circulation. A small bulldog clamp is placed on the distal 
ICA, distal to the corresponding vascular loop. Next, the large soft-shoe Fogarty 
vascular clamp is used to occlude the CCA.  Finally, a second bulldog clamp is 
applied across the lumen of the ECA. The superior thyroid artery is also occluded 
by using a temporary aneurysm clip.

We do not use a shunt in every case, but rather determine whether a shunt is 
needed or not for each patient. This is predominantly based on whether there is 
adequate collateral perfusion of the ipsilateral cerebral hemisphere seen on preop-
erative vascular imaging as well as whether carotid cross-clamping has any effect 
on the EEG or SSEP monitoring. Changes in the EEG or SSEP mandate a trial of 
induced hypertension facilitated by anesthesia as mentioned above; however, if 
there is no immediate improvement in the EEG or SSEP recording, then an intralu-
minal shunt is placed. The shunt is first inserted into the CCA and the Rummel 
tourniquet is tightened around it, then the remaining shunt is passed more proxi-
mally into the CCA after the Fogarty vascular clamp has been opened. This method 
eliminates bleeding after opening the clamp because the tourniquet has already been 
secured. The distal end is opened to confirm blood flow and to clear any debris from 
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the tubing. The shunt is then inserted in the ICA and secured. A handheld Doppler 
is used to auscultate flow in the tubing. The intended arteriotomy is defined by using 
a sterile marking pen then the arteriotomy is begun in the CCA with a #11 scalpel 
Fig. 12.4.

Once the lumen is entered, Potts’ scissors carry the incision rostrally taking care 
to stay in the middle of the lateral exposure of the carotid artery, away from the apex 
of the bifurcation—until normal vessel intima is encountered. It is imperative for 
the arteriotomy to reach above the plaque in the distal ICA. Dissection of the plaque 
begins at the proximal end of the arteriotomy within the CCA. It is important to start 
the dissection below the bulk of the plaque and truncate the plaque sharply at the 
proximal extent of the arteriotomy. The plaque is then circumferentially dissected 
with a Penfield No. 4 up to the origin of the ECA and gently pulled out of the ECA 
with a hemostat. Finally, the dissection is carried distally into the ICA.  Careful 
inspection of the intima is required to identify any residual debris or plaque material 
for removal. If the plaque extends proximally into the CCA and no smooth edges are 
identified, then the plaque is transected sharply with either a number 15-blade knife 
or tenotomy scissors. If the dissection is taken superiorly enough, then the plaque 
usually feathers distally into the ICA and can be easily removed (Fig. 12.5). In some 
cases, however, at the distal endpoint, the plaque may leave a “shelf” with tattered 
edges that must be cleaned. These edges must be tacked down with a double-armed 
unbraided suture 6–0 Prolene. If tacked down sutures are necessary, both needles 
must be directed inside to outside so that the knot is tied on the external surface of 
the vessel. After plaque removal, the arteriotomy site is irrigated with heparinized 
saline to detect and remove any residual atheromatous fragments.

 4. Closure:

Primary arteriotomy closure is performed with 6–0 Prolene suture in a running 
water-tight vascular closure fashion. Front-wall intimal flaps must be included 

Fig. 12.4 The intended 
arteriotomy is defined by 
using a sterile marking pen
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within the stitch to avoid arterial dissection. Starting at the distal ICA and running 
proximally until one- half or one- third of arteriotomy remains. A second suture is 
then started at the proximal CCA and run distally. This double-suture technique 
from both sides of the arteriotomy allows correction of wall-length discrepancies 
from either side, a feature especially helpful in cases where the arteriotomy is inad-
vertently not straight. A healthy bite of the arterial wall should be taken on both 
sides to ensure that the stitch will hold and the irregular edge of the arteriotomy is 
not exposed to the lumen. Periodic irrigation of the lumen with heparin solution 
should be continued during the entire process. Alternatively, when the ICA is of 
small caliber and the edges of the arteriotomy are uneven, a patch may be sewn into 
the arteriotomy site using a prosthetic material, preferably the Hemashield collagen- 
impregnated Dacron patch graft (Hemashield: Maquet Getinge Group, Rastatt, 
Germany) or bovine pericardium patch. The patch material is placed over the surgi-
cal field and cut according to the length of the arteriotomy. The principles of sutur-
ing the patch are similar to those described above Fig. 12.6.

Prior to complete closure, the ICA clamp should be temporarily removed to 
allow back-bleeding. The clamp is then replaced, and the CCA clamp is temporarily 
removed and then replaced. This maneuver facilitates removal of any air or surgical 
debris remaining within the lumen. As the last stitch is thrown we typically irrigate 

Fig. 12.5 The plaque is circumferentially dissected and gently pulled out of the ECA with a 
hemostat. (Note, adequate proximal and distal vascular control is achieved before Arteriotomy & 
Endarterectomy as described above)

Fig. 12.6 The arterial wall closure using a 6–0 prolene running suture (left). patch angioplasty is 
indicated in case of small caliber of the ICA (right)
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the lumen before tying the suture to flush air out of the lumen, and the vascular 
clamps are removed in the reverse sequence in which they were initially placed—
ECA, CCA, and finally, 10 seconds later, from the ICA. This sequence of clamp 
removal ensures that any atheromatous debris or air emboli are flushed into the 
extracranial circulation rather than into the intracerebral circulation. Once all the 
clamps are removed, the suture lines are inspected for any leakage, the majority of 
which may be addressed simply with the application of surgical gauze and light 
pressure. If needed, single throw 6–0 Prolene sutures are used to buttress the arterial 
closure at arterial leak points. The repair is then lined with Surgicel and the hand-
held Doppler is used to confirm vessel patency. Wound is closed in anatomic layers. 
A Hemovac drain is placed within the subplatysmal space. The only layer closed 
underneath the skin and subcutaneous tissue is the platysma, which is completed 
with 3–0 vicryl sutures. The deep subcutaneous tissues are also closed using 3–0 
vicryl sutures. The skin edges are then approximated using a 4–0 monocryl subcu-
ticular sutures.

 Postoperative Care

Postoperative monitoring (including telemetry and blood pressure monitoring) 
should be performed in the intensive care unit (ICU) and patients’ neurological 
function should be evaluated hourly immediately after surgery. During the first 12 
to 24 hours postoperatively, blood pressures are frequently labile, and the goal is to 
maintain the systolic blood pressure (SBP) above 100 mmHg and below 160 mm 
Hg. It is critical to maintain an arterial line overnight to identify and treat hyperten-
sion promptly as many CEA patients demonstrate cerebral autonomic dysregulation 
that predisposes them to cerebral hyperperfusion injuries and hematoma formation. 
All patients are maintained on 325 mg of aspirin daily for the rest of their lives. 
Postoperative antibiotics are only utilized for 24 hours. Patients are started on soft 
diet the night of surgery. Early mobility and ambulation are encouraged the evening 
of surgery. The drain is typically removed on postoperative day 1, and nearly all 
patients can be discharged on the first postoperative day.

Our long-term follow- up of carotid patients involves a visit at six weeks and 
another at three months. We routinely perform a postoperative CDU examination at 
three months and then at six months intervals thereafter to follow both the operated 
and the silent side.

 Complications and Management

Most complications from CEA occur within 24 hours of surgery [18]. The overall 
in-hospital mortality after CEA is 0.57–1.4%, and the major nonneurological peri-
operative complication is MI [19]. Common complications associated with CEA 
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include ischemic complications, hemorrhagic complications, postoperative hema-
toma formation, and cranial nerve injury.

Stroke is the second most common cause of death following CEA. The postop-
erative stroke rate in CREST trial is 5.4% for symptomatic patients and 3.6% for 
asymptomatic patients [14]. It is generally accepted that this risk can be reduced by 
attention to technical details during surgery. It is attributable to multiple factors, 
including plaque emboli, platelet aggregates, intracerebral hemorrhagic (ICH), 
postoperative ICA occlusion, improper flushing, and relative hypotension. Any new 
postoperative decline or deficit in neurologic status, including TIA, should be 
addressed aggressively with immediate noncontrast head CT. If the CT is negative 
for hemorrhage, CTA of the head and neck are performed to evaluate the cerebral 
vasculature and endarterectomy site.

If an acute occlusion of the carotid artery is identified, the patient should be taken 
for cerebral angiography to attempt direct thrombectomy or clot lysis or stenting. If 
this is unsuccessful or unavailable, the patient should be returned immediately to the 
operating room for exploration and to reestablish patency.

A lack of radiographic ischemic complication with deterioration in neurologic 
status can imply cerebral hyperperfusion syndrome (CHS) that result from return of 
cerebral blood flow to an area that has lost autoregulation. CHS has been identified 
in 0.3–2.2% of patients post CEA with peaked onset on the sixth postoperative day. 
CHS typically presents with neurological deficits, altered mental status, seizures, or 
headache [20]. Strict control of blood pressure in the postoperative setting can pre-
vent cerebral hyperperfusion and its consequences. Therefore, blood pressure 
should be managed aggressively with intravenous antihypertensive medications 
such B- blockers (labetalol) or vasodilators (hydralazine) [21].

A postoperative neck hematoma is another significant, although rare, postopera-
tive complication following CEA.  It could be detected in the early stage through 
visual inspection and palpation of the trachea along with clinical evidence of dyspha-
gia, hoarseness, or difficulty swallowing. The drain output may also provide a clue. A 
rapidly enlarging hematoma threatens the patient’s airway and constitutes a surgical 
and anesthetic emergency. When possible, immediate return to the operating room 
and intubation in a controlled setting are preferred. If imminent airway compromise 
and/or stridor are present, immediate opening of the surgical site may be necessary to 
allow for decompression of the trachea, even at the bedside, and before intubating the 
patient. Once the airway has been secured, surgical exploration of the hematoma and 
arteriotomy can commence. Re-exploratory surgery often discloses nonspecific 
venous source, but occasionally could be from an inadequate arteriotomy closure.

Cranial nerve injuries are the most common complications associated with CEA 
with an incidence rate of 5.6%. This includes injury to the ipsilateral hypoglossal 
nerve, which causes tongue deviation to the side of the injury; vagus or recurrent 
laryngeal nerve injury, which causes unilateral vocal cord paralysis; and a branch of 
facial nerve known as the marginal mandibular nerve, which causes loss of unilat-
eral depressor motion of the lips. These injuries are related to dissection, excessive 
traction, compression, or stretching during surgery and are typically transient with 
complete resolution within 3 to 6 months [22].
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Late carotid artery restenosis is not an uncommon complication following CEA 
with variable incidence based on different definitions of restenosis. Although many 
surgeons use patch angioplasty for closure in an attempt to prevent restenosis, stud-
ies have found no significant difference in the rate of restenosis regardless of 
whether patch angioplasty or primary closure was performed [23]. Patients with 
carotid restenosis after CEA can safely undergo both redo CEA or CAS. However, 
CAS patients have better follow-up results in terms of secondary restenosis, peri-
procedural cranial nerve injury, and re-interventions [24].

 Conclusion

CEA is an effective procedure for stroke prevention in select patients with symp-
tomatic and asymptomatic carotid artery stenosis. It has relatively low morbidity 
and mortality and reduces the risk of subsequent stroke or death. This fact is sup-
ported by numerous large randomized controlled trials. However, the benefit is 
greater in patients with symptomatic disease. Stroke is also a potential complication 
of CEA; therefore, physicians must educate patients regarding potential complica-
tions of the procedure and about controlling risk factors for stroke through smoking 
cessation, maintaining a healthy weight, and lowering cholesterol. Regular exercise 
is highly recommended as well. Optimal medical therapy with antiplatelet agents, 
anticholesterol medications, and blood pressure control should be recommended for 
all patients with carotid stenosis.

Despite continued evolution of endovascular technology, CEA remains a first- 
line intervention for the properly selected patients while carotid angioplasty and 
stenting is reserved for high-risk patients who cannot safely undergo CEA.
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Chapter 13
Endovascular Management of Extracranial 
Carotid Disease

Vincent N. Nguyen and Daniel A. Hoit

 Introduction

 Epidemiology

Extracranial atherosclerotic carotid disease remains the third most common cause 
of ischemic stroke among all patients, and the second most common cause in adults 
under 45 years old. Stroke is the third most common cause of death in developed 
countries and a leading cause of long-term disability [1]. In total, 87% of strokes are 
ischemic, 10% hemorrhagic, and 3% from aneurysmal and non-aneurysmal sub-
arachnoid hemorrhage [2]. Carotid stenosis greater than 50% carries a 9% preva-
lence in men and 6–7% in women [3, 4]. It is estimated that 7–18% of first strokes 
are associated with carotid stenosis [5, 6]. Recurrent stroke risk is 4–15% during the 
first year and 25% by 5 years [7]. There have not been any consistent gender or 
racial differences seen in the incidence of carotid atherosclerosis [8].

 Pathophysiology

Extracranial carotid atherosclerosis may cause stroke by several mechanisms [9]:

• Artery-to-artery embolism of cholesterol crystals or other debris
• Atheroembolism of acute thrombus
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• Dissection and structural occlusion of the artery wall
• Acute occlusion
• Reduced cerebral perfusion with progressive plaque growth and stenosis

The North American Symptomatic Carotid Endarterectomy Trial (NASCET) 
showed a clear correlation between degree of stenosis and risk of stroke in symp-
tomatic patients [10].

Atherosclerosis is a chronic inflammatory response in the subendothelium 
caused by lipid deposition. Uncomplicated plaques are uniform and covered by a 
fibrous cap. Complicated plaques can have hemorrhage, necrosis, ulceration, and 
calcification with exposure of these particles to the bloodstream. The posterior wall 
of the internal carotid artery immediately beyond the bifurcation is the most suscep-
tible to atherosclerosis [11].

Carotid disease is diagnosed via a combination of a detailed neurologic exam, 
auscultation, noninvasive testing such as carotid duplex ultrasonography, computed 
tomographic angiography, or magnetic resonance angiography. Digital subtraction 
angiography (DSA) is considered the gold standard for the measurement of degree 
of stenosis as noninvasive modalities may suffer from limitations due to calcifica-
tion of the vessel or flow velocity within the artery.

 Clinical Presentation

Patients suffering neurologic symptoms from carotid stenosis can present in a 
multitude of ways depending on the time of onset and permanence of deficits. 
Transient ischemic attacks (TIA) are temporary deficits experienced for less than 
24  hours. Reversible ischemic deficits are temporary reversible deficits that can 
afflict a patient for up to 7 days. Finally, strokes are permanent deficits which impact 
a patient’s ensuing quality of life [11].

 Endovascular Interventions for Carotid Stenosis

The 18-month stroke rate is 19–33% with medical therapy alone in symptomatic 
patients. This can be reduced by CEA or stenting [10]. Ideally, intervention should 
take place within 2 weeks if not contraindicated but is acceptable within 6 months 
of the patient’s index presentation [7, 10, 12]. Contraindications for intervention 
include the following:

• Severe stroke mRS greater than or equal to 3
• Chronic total carotid occlusion
• Carotid stenosis <50%
• Extremely high risk for perioperative complications
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 Patient Selection

Certain patient factors may favor endovascular treatment over open surgical 
endarterectomy (CEA). These include:

• Unfavorable for surgical access (i.e., high carotid bifurcation and spinal 
immobility)

• Stenosis occurring as a result of radiation
• Previous endarterectomy with recurrent stenosis
• Clinically significant medical comorbidities (pulmonary and cardiac), or other 

diseases that significantly increase the risk of anesthesia and surgery
• Unfavorable neck anatomy, including contralateral vocal cord paralysis, open 

tracheostomy, previous neck radiation, or other previous radical neck dissec-
tion surgery

• Contralateral complete carotid occlusion

CEA remains the standard treatment for symptomatic internal carotid artery 
stenosis in low-risk surgical patients. Periprocedural complication rates (stroke and 
death) for endovascular treatment should be <6% for the interventionalist or center. 
Carotid stenting is an option for symptomatic (≥50%) or asymptomatic high-grade 
(≥80%) internal carotid artery stenosis when CEA is considered a higher risk due to 
the factors as above [13, 14].

Contraindications to carotid stenting are either absolute or relative. Absolute 
contraindications include inability to gain vascular access, visible intralesional 
thrombus, or active infection. Relative contraindications include severe carotid tor-
tuosity, calcification, or near occlusion [15].

 Clinical Trials

Randomized clinical trials for symptomatic patients with occlusive carotid disease 
undergoing CEA or carotid artery stenting have shown equivalence of benefit. Two 
meta-analyses have shown similar findings comparing outcomes and complications 
from carotid endarterectomy versus stenting [16, 17]. The rates of periprocedural 
stroke are slightly higher with carotid artery stenting, but the rates of cranial neu-
ropathy, perioperative myocardial infarction, and access site hematoma are lower 
with carotid stenting.

The details of the most important randomized trials are as follows:

• ICSS: In the International Carotid Stenting Study (ICSS) trial, over 1700 adults 
over age 40 with symptomatic carotid artery stenosis ≥50% were randomized to 
treatment by CEA or CAS [18, 19]. Exclusions were major debilitating stroke 
without useful recovery of function or a previous open or endovascular proce-
dure in the target artery. The 30-day all-cause stroke risk was significantly higher 
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for the stenting group (7.0 versus 3.3%) with more diffusion (DWI) brain lesions 
on MRI. At 4.2 years of median follow-up, the cumulative risk of any stroke was 
significantly higher for the stenting group (15.2 versus 9.4%). However, the 
5-year all-cause risk of death was similar for the stenting and endarterectomy 
groups (17.4 versus 17.2%).

• SPACE: The multicenter European Stent-Protected Angioplasty versus Carotid 
Endarterectomy (SPACE) trial randomized 1183 symptomatic carotid stenosis 
patients (≥70%) to either stenting or CEA [20]. High-risk and debilitated patients 
were excluded as well as patients who underwent prior revascularization proce-
dures. Early termination of the trial occurred due to issues with funding and 
recruitment. Similar outcomes for both the CEA and CAS with respect to death 
and ipsilateral stroke up to 2 years after the procedure were observed. Recurrent 
stenosis over 70% was more common in the stenting group.

• EVA-3S: The French Endarterectomy Versus Angioplasty in Patients with 
Symptomatic Severe Carotid Stenosis (EVA-3S) trial randomized 527 patients to 
stenting or CEA [21]. Excess mortality in the stenting group led to premature 
trial termination. Stroke and death rates in the early and long term were higher 
with stenting than CEA, mainly due to periprocedural stroke. Training of opera-
tors was felt to be inadequate and the use of distal protection devices was irregu-
lar, highlighting the need for more rigorous standardization in future trials.

• CREST: The Carotid Revascularization Endarterectomy versus Stenting Trial 
(CREST) randomized 2502 patients to CEA or CAS [22–24]. Both asymptom-
atic and symptomatic patients were included. The overall efficacy and safety of 
the two procedures were similar. Additionally, benefits were equal among men 
and women and in patients with asymptomatic and symptomatic diseases. 
Younger patients derived a greater benefit from stenting, while older patients did 
better with endarterectomy. A subset analysis found that stroke occurring at a 
higher rate in the CAS group had a larger effect on quality-of-life metrics, 
whereas myocardial infarction or cranial neuropathy had a relatively less nega-
tive impact on quality of life.

• SAPPHIRE: The Stenting and Angioplasty with Protection in Patients at High 
Risk for Endarterectomy (SAPPHIRE) trial found that stenting was not inferior 
to CEA, examining the treatment of asymptomatic disease in patients who met 
high-risk CEA criteria [25, 26]. The study suffered from selection bias in the 
determination of patients who were deemed too high risk for CEA.

ACST-2 and CREST-2 are two ongoing randomized trials further comparing 
long-term outcomes of CEA versus stenting [27, 28]. ACST-2 has a target enroll-
ment of 3600 asymptomatic patients with equivalent eligibility for either CEA or 
stenting by the end of 2019 and will publish its results in 2021. CREST-2 is two-arm 
multicenter trial randomizing patients to either endarterectomy versus medical 
management or stenting versus medical management, with plans to complete enroll-
ment of 2480 patients by December 2022. These trials will continue to refine the 
best individualized treatment approach for asymptomatic patients with carotid ste-
nosis given modern interventional and medical management strategies.
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 Anatomic Considerations in Patient Selection

Unfavorable features, often more common in the elderly that increase stroke risk for 
transfemoral carotid stenting, include [29]:

• Type 2 or 3 aortic arch
• CCA/ICA tortuosity >30 degrees
• Plaque calcification
• Long-segment stenosis
• Arch vessel origin stenosis >50%
• Seven age-related white matter lesions

 Technical Considerations

Although stroke risk has been shown to be higher for CAS versus CEA, continued 
improvements in access, carotid stent technology, distal embolic protection devices, 
and overall technique may shift the balance toward stenting.

The procedural steps for CAS are summarized in Table 13.1.

 Percutaneous Vascular Access

Vascular access is most common through the common femoral artery (CFA). 
Placement of a short 8F sheath in the CFA allows for the exchange of diagnostic 
catheters for guide catheters with minimal patient discomfort. Most carotid stent 

Table 13.1 Summary of procedural steps for carotid artery stenting

Number Step

1 Access: Transfemoral or transradial
2 Heparinization
3 Guide catheter delivery to target common carotid artery
4 Device selection: distal protection device, pre-stent angioplasty balloon, stent, 

post-stent angioplasty balloon, recapture device
5 Confirmation of goal ACT
6 DPD deployment
7 Pre-stent angioplasty if necessary
8 Stent delivery
9 Post-stent angioplasty
10 DPD recovery
11 Repeat cervical and cerebral angiography to assess for branch occlusion
12 Access closure
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systems require a 6F or greater lumen for device delivery. A number of guide 
catheters are available for this purpose ranging in length from 80 to 105  cm. 
Stable placement in the common carotid artery is necessary for embolic protec-
tion device, balloon, and stent delivery. We perform ipsilateral cerebral angiogra-
phy prior to stent placement as a baseline to compare to post-intervention runs 
for identification of branch occlusions and improvements in flow 
hemodynamics.

Transradial access for neurointerventional procedures is a new alternative to 
transfemoral access. Long used in cardiac and peripheral applications, transradial 
access offers advantages in patient comfort, safety, and access for certain arch and 
great-vessel configurations. Delivery of a suitably sized guide catheter for interven-
tional procedures is possible in many patients. The technical details of approach 
selection and catheter selection are covered elsewhere in this book.

 Embolic Protection Devices

The two main embolic protection devices (EPD) are distal filters and proximal 
occluders, which include flow arrest and flow reversal. Transcarotid artery revascu-
larization (TCAR) falls under this latter category of proximal occlusion and will be 
discussed later in this chapter. Although the available evidence is conflicting regard-
ing the specific benefit of use of EPDs in carotid stenting, reimbursement is depen-
dent on its use in the United States.

 Distal Filters

Distal filters or distal protection devices (DPD) are the most common embolic 
protection devices used in carotid stenting [30, 31, 32]. They are designed to catch 
any debris traveling antegrade during stent placement while allowing continuous 
forward flow. Their deployment carries the risk of embolization particularly with 
tight stenoses, as they must be deployed after crossing the lesion. As wires, they 
have limitations in shapability and steerability. Unprotected predilation of the 
stenosis with a balloon over a bare wire in order to gain distal access for filter 
deployment may in itself cause atheroembolization from the lesion [33]. Figure 13.1 
demonstrates a commonly used distal protection device in our practice. Vasospasm 
is a common occurrence with distal protection devices even with proper sizing. Care 
must be taken in the exchange maneuvers with the stent and balloons to minimize 
the backward and forward motion of the basket in the distal ICA. When retrieving 
the filter, complete capture in the retrieval catheter is necessary to avoid entangle-
ment of the basket in the deployed stent.
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 Flow Arrest

Proximal balloons are deployed in the common and external carotid arteries which 
arrest forward flow in the internal carotid artery prior to the lesion being crossed, 
preventing distal embolization and stroke.

The proximal internal carotid is suctioned prior to deflating the balloons to clear 
any debris. These balloons carry certain disadvantages, including the requirement 
for larger sheaths with concomitant associated risk of access-related complications, 
as well as the risk of cerebral ischemia [34]. This complication may be mitigated by 
the pre-evaluation of collateral flow. Vessel injury can also occur with balloon infla-
tion [35].

 Carotid Stents

The two main architectural groups of carotid stents are open cell and closed cell. 
Open-cell stents are more flexible and may be preferable when dealing with tortu-
ous anatomy or distorted lesions to ease delivery [30, 36]. A lower percentage of 

Fig. 13.1 Distal protection 
devices like the 
AngioGuard (Cordis) 
protect against distal 
embolization during 
carotid stenting but require 
first crossing the lesion 
without protection
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patients in the ICSS trial had restenosis with the use of an open-cell architecture 
stent [37].

Closed-cell stents have completely interconnected stent struts with more radial 
force and thus leave less uncovered areas, which may better prevent embolization of 
small particles that can more easily penetrate through an open-cell system [38].

Dual-layered stents are a newer advancement that combine a stent frame with a 
micromesh lattice to provide better coverage of a plaque with high vessel 
adaptability.

In our experience, the most commonly used stent is the open-cell type. The stent 
diameter is chosen 1–2 mm oversized to the largest vessel segment it will be placed 
in. Oversizing the stent to the lesion and ICA has the added benefit of keeping the 
cell structure partially closed and increasing metal coverage of the atherosclerotic 
lesion. Placement of the stent should cover the entirety of the internal carotid artery 
lesion with care taken not to land the ends of the stent at the apex of vessel curvature 
as this may result in kinking of the vessel.

 Angioplasty

Balloon angioplasty can be performed before stenting or after stenting. For tight 
lesions that will not permit passage of the stent, a pre-angioplasty step is necessary. 
Rarely, it may be impossible to cross the lesion with a filterwire and so a small bal-
loon over a microwire can be used to create a more passable channel. After stent 
deployment, angioplasty with a balloon sized to the ICA or slightly smaller can be 
performed if there is residual stenosis. Oversizing the balloon may result in pushing 
the stent through the plaque, thus “mashing the potato” and increasing the possibil-
ity of embolic debris. The angioplasty should be performed entirely within the con-
fines of the stent to avoid distal or proximal dissection. Our practice is to have 
atropine immediately available during balloon inflation to counteract bradycardia 
due to carotid bulb baroreceptor stimulation.

 Periprocedural Management

We recommend dual antiplatelet therapy initiation at least 48  hours prior to the 
procedure and for at least 4–6 weeks post-procedure. At least one antiplatelet agent 
is then recommended for long term. Ticlopidine can be used for those intolerant to 
clopidogrel. Statin administration and control of hypertension are also strongly rec-
ommended when indicated.

Stenting can be performed with local anesthesia and sedation with close 
cardiopulmonary monitoring, or under general anesthesia.

We heparinize to an activated clotting time (ACT) of 250–300 seconds prior to 
any manipulation of guidewires and catheters in the arch and carotid artery. 
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Bivalirudin is an alternative for patients with contraindications to heparin 
administration.

Continuous blood pressure monitoring, adequate hydration, and adjustment of 
antihypertensive medication perioperatively are critical to avoid unnecessary intra-
procedural hypotension. Hypotension and vasovagal responses particularly during 
post-stenting angioplasty stimulation of the carotid baroreceptor are managed with 
atropine or glycopyrrolate or a transcutaneous pacer in patients under general anes-
thesia. Persistent bradycardia warrants consideration for pacemaker. Phenylephrine 
or dopamine can be used for persistent hypotension, particularly in the postopera-
tive phase. Blood pressure is strictly managed to a systolic of less than 140 postop-
eratively to prevent intracerebral hemorrhage and reperfusion syndrome.

Post-procedural duplex ultrasounds are performed within 3 months for a new 
baseline. Repeat surveillance studies are performed as clinically indicated, typically 
every 6–12  months, and may be discontinued if findings are stable over a pro-
longed period.

A summary of the stenting procedure is shown in Fig. 13.2.

 Complications

A majority of post-stent complications occur within 6 hours of the procedure, with 
later events occurring over 24 hours following the procedure being mostly related to 
access or stroke. Stroke remains the most significant complication in carotid stent-
ing. A variety of mechanisms may contribute [39] to the following:

• Thromboembolism
• Hypoperfusion due to bradycardia and/or baroreceptor stimulation
• Cerebral hyperperfusion
• Intracerebral hemorrhage
• Stent thrombosis
• Noncompliance with antiplatelet therapy

Cerebral hyperperfusion after carotid stenting is rare but most commonly 
encountered when significant stenosis is corrected resulting in >100% cerebral per-
fusion postoperatively [40]. Complaints of headaches may herald the onset of sei-
zures and intracerebral hemorrhage. Perioperative control of hypertension is thus 
critical particularly in those with preexisting uncontrolled hypertension or signifi-
cant carotid stenosis [41].

Other organs are at risk during stenting, including the cardiac and renal systems. 
The rates of cardiac ischemia are lower with endovascular treatment than with open 
endarterectomy at 1–2.4%; however, one must remain vigilant especially in patients 
who experience profound bradycardia or hypotension during and after the proce-
dure [19, 22]. The volume of contrast administered should be closely monitored and 
limited in patients with chronic kidney dysfunction to avoid contrast-induced 
nephropathy.
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Other complications are as follows [1]:

• Vascular: target vessel perforation, vasospasm, and restenosis
• Neurologic: TIA, stroke, ICH, and seizure
• Technical: device failure, stent fracture, and access site injury

 Evaluation for Recurrence and Subsequent Management

In general, post-procedure stenosis after stenting compares favorably with rates 
seen with CEA. Some cases of carotid restenosis following stenting may be related 
to mismanagement of antiplatelet therapies. Beyond 30 days, early restenosis after 
CAS is mainly due to neointimal hyperplasia, which may be due to vascular injury 

a b c

d e f

Fig. 13.2 A symptomatic carotid stenosis measuring 70% is seen in the distal internal carotid 
artery in an 80-year-old patient (a). A distal protection device has been deployed across the lesion. 
It is shown to be in the open configuration by the distance between the markers on the basket (b). 
In simple lesions, it is possible to advance the stent through without a predilation step (c). After 
angioplasty within the stent, the stenosis has resolved (d). The retrieval device closes the basket 
markers when the distal protection device is fully captured (e). Final pictures show satisfactory 
coverage of the lesion (f)
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caused by the stent. Neointimal hyperplasia related to CAS may be due to stent 
overdilation or imperfect positioning of the carotid stent in the vessel leading to 
ongoing vascular injury. This has been found more often in poorly controlled dia-
betics, women, and those with hyperlipidemia [11].

Repeat stenting for symptomatic restenosis or rapidly progressive stenosis that 
may indicate risk of complete occlusion is recommended. Stenting can also be used 
for recurrent stenosis after CEA [1].

 Transcarotid Artery Revascularization (TCAR)

Transcarotid artery revascularization (TCAR) is a distinct hybrid approach to 
carotid stenting that combines open surgical exposure of the common carotid artery 
with endovascular stenting, combining the benefits of direct surgical control with 
minimally invasive treatment while reducing embolic stroke risk from navigating 
the aortic arch. Dynamic flow reversal is used for cerebral embolic protection. 
TCAR uses a specific arterial sheath in the common carotid artery for stent deploy-
ment, a venous sheath in the common femoral vein, and a flow controller with a 
built-in filter for flow reversal. Occlusion of the common carotid artery proximal to 
the arterial sheath causes a “reversal of flow” pressure gradient that sends cerebral 
arterial blood flow into the neuroprotection device system that captures and isolates 
embolic material and then shunts clean blood into the venous system for return to 
the patient’s own circulation [42, 43].

 Patient Selection

The National Coverage Decision by the Centers for Medicare and Medicaid Services 
created in March 2005 provides coverage for stent placement in patients with carotid 
stenosis. The TCAR Surveillance Project (TSP) extends this coverage to patients 
with >80% asymptomatic stenosis or  >  50% symptomatic stenosis. The TSP is 
designed to track long-term clinical outcomes with TCAR for comparison with 
other accepted procedures [44].

Patients with tortuous internal carotid or aortic arch anatomy or peripheral 
vascular disease with calcification may be better candidates for TCAR than 
transfemoral stenting. However, other less hospitable factors including prior neck 
radiation or radical neck surgery may preclude access.

 Technical Considerations

The learning curve for TCAR appears to be short in terms of complication rates with 
increasing efficiency with more case exposure [45]. A new specially designed stent 
for use with the TCAR system is the ENROUTE stent, which is an open, small cell 
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design with a shorter 57 cm delivery system [46]. Other stents can be used if they fit 
in the arterial sheath safely.

Anatomic requirements typically determined by ultrasound or CT angiography 
include [47] the following:

• Distance >5 cm between access site and lesion
• Common carotid artery diameter > 6 cm
• Common carotid access and clamp sites must be free of significant disease

Dual antiplatelet therapy and statin administration are recommended, similar to 
transfemoral carotid stenting pre-procedure preparation.

 Procedural Steps

A small cutdown over the proximal common carotid artery is made through a short 
transverse or longitudinal incision just above the clavicle centered between the two 
heads of the sternocleidomastoid muscle. Dissection proceeds to protect the vagus 
nerve and jugular vein in the carotid sheath while isolating the carotid artery with a 
vascular loop. A “buddy” U suture is placed in the common carotid artery with a 5-0 
suture at the planned puncture site.

Micropuncture access is then performed with appropriate baseline angiography. 
A stiff 0.035” Amplatz Super Stiff wire with a 1-cm floppy tip is advanced for arte-
rial sheath insertion without disturbing the carotid plaque.

A venous sheath is inserted into the common femoral vein under ultrasound 
guidance, and then an arterial sheath is connected to the flow controller which is 
then connected to venous sheath for shunting.

Flow reversal is performed by occluding the proximal common carotid which 
establishes a pressure differential between the high arterial pressure from the cere-
bral circulation and low venous pressure in the common femoral vein. Injecting 
saline into the venous sheath and watching it clear away with blood confirm proper 
directional flow.

The ICA stenosis is crossed with a 0.014-inch wire, predilated, and then stent is 
deployed. At least 2 minutes of clearance time post-stent deployment is recom-
mended. Repeat angiography was performed to confirm adequate stent apposition 
and flow across the lesion.

Antegrade flow is restored and hemostasis of the carotid puncture site is achieved 
with the previously placed buddy stitch. Protamine for heparin reversal is recom-
mended during closure. Manual pressure over venous puncture site and neck clo-
sure is performed in a layered fashion.

Table 13.2 outlines these procedural steps for the successful performance 
of TCAR.

A summary of the TCAR procedure is shown in Fig. 13.3.
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 TCAR Trials

Results from preclinical studies, prospective single-arm studies, and registry data 
analyses indicate that TCAR results in low amounts of periprocedural microembo-
lization, MRI-detectable cerebral lesions, neurologic events, cardiac ischemia, and 
death compared to traditional transfemoral carotid stenting [48–50].

The Safety and Efficacy Study for Reverse Flow Used During Carotid Artery 
Stenting Procedure (ROADSTER) study was a prospective, single-arm, multicenter 
clinical trial that enrolled 208 high-risk patients with either symptomatic 50% or 

Table 13.2 Summary of procedural steps for transcarotid artery revascularization (TCAR)

Number Step

1 Common carotid cutdown and isolation with 5-0 “buddy” U suture
2 Micropuncture access and control angiography
3 Arterial sheath insertion using 0.035” Amplatz Super Stiff wire
4 Venous sheath insertion into common femoral vein
5 Flow controller connected between arterial and venous sheaths with flow reversal
6 Cross ICA stenosis with 0.014 in wire with predilation
7 Stent deployment
8 Repeat angiography
9 Restoration of antegrade flow
10 Hemostasis and closure

Fig. 13.3 Procedural steps for TCAR are outlined in this quick reference guide. (Images courtesy 
of Silk Road Medical, Inc.)
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greater stenosis or asymptomatic 70% or greater stenosis to evaluate TCAR and the 
ENROUTE Transcarotid Neuroprotection System (NPS) [42]. In total, 141 patients 
were evaluated for outcome analysis. The stroke rate was 1.4%, all minor in nature, 
while the combined stroke/death/MI rate was 3.5%. Over 40% of patients were 
over 75 years old and a large majority (80%) were asymptomatic. The study had an 
overall low mean flow reversal time of 13 minutes. Further follow-up studies have 
similarly shown low stroke incidence of 0.6% and no neurologic-related deaths [50].

ROADSTER 2 is a more recent post-approval registry that evaluated the efficacy 
of the procedure in TCAR-naive and beginner operators. The study showed excel-
lent early outcomes with high technical success with continued low rates of stroke 
and death [49]. Further long-term follow-up data, particularly pitting TCAR against 
traditional transfemoral stenting and open endarterectomy, are needed to validate 
these findings.

Other observational and registry analyses (TSP) have shown TCAR to carry at 
least equivalent outcomes to CEA. Propensity matched stroke and death rates at 
30 days and 1 year are similar, although TCAR was associated with lower rates of 
cranial nerve injury. TCAR versus traditional transfemoral stenting has also shown 
similar findings with lower rates of in-hospital TIA, stroke, and death [48, 51]. 
TCAR is more commonly performed under general anesthesia compared to trans-
femoral stenting.

 Conclusions

Endovascular treatment of carotid stenosis is a vital option for the treatment of high- 
risk surgical patients in need of carotid revascularization. Transfemoral carotid 
stenting has been shown to have similar long-term outcomes to carotid endarterec-
tomy with lower rates of myocardial infarction and cranial neuropathy, but higher 
periprocedural stroke risk.

Transcarotid artery revascularization (TCAR) is a novel approach combining an 
open surgical approach with endovascular stenting to reduce the thromboembolic 
risk associated with crossing the aortic arch during transfemoral approaches. 
Perioperative medication optimization (antiplatelet and antihypertensives) and 
aggressive risk factor modification remain cornerstones of successful endovascular 
treatment plans.
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Chapter 14
Intracranial Atherosclerotic Disease

Rudy J. Rahme and Erol Veznedaroglu

 Introduction

Despite our best efforts, stroke continues to be the fifth leading cause of mortality in 
the United States and a leading cause of morbidity [1]. The prevalence of stroke is 
estimated to be at 3% of the US adult population with an incidence of 795,000 
strokes per year, 87% of which is ischemic in nature. Over the past three decades, 
the global lifetime risk of stroke has increased to 24.9%, a relative increase of 8.9% 
compared to 1990 [1]. This is due to an aging population with an accumulation of 
risk factors despite an overall improvement in the incidence of stroke. By the year 
2030, the prevalence of stroke is projected to be at 3.9%, with an additional 3.4 mil-
lion adults in the United States suffering a stroke. In addition, the estimated preva-
lence of transient ischemic attacks (TIA) in the United States is 2.3%, or 
approximately five million adults. This number is likely an underrepresentation 
since it is based on self-reported symptoms.

Intracranial atherosclerotic disease (ICAD) constitutes 8–10% of ischemic 
strokes, with significant variation based on race and ethnicity [2, 3]. Despite numer-
ous trials and significant advances in medical and interventional/surgical options, 
ICAD remains challenging to treat with recurrence rates as high as 20% [4]. The 
treatment paradigms for ICAD continue to evolve as our understanding of the 
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mechanisms underlying the pathophysiology improves. In this chapter, we review 
the epidemiology, natural history, diagnosis, and various treatment options of ICAD.

 Epidemiology and Risk Factors

The role of ICAD in ischemic stroke was first reported in the 1960s. The Joint 
Study of Extracranial Arterial Occlusion, published in 1968, evaluated 4748 
patients who presented with ischemic stroke [5]. Eighty percent of these patients 
(3788) underwent a 4-vessel diagnostic angiogram. The most common location of 
ICAD was noted to be the basilar artery (BA), followed by the intracranial carotid 
arteries (ICA), then the intracranial vertebral arteries (VA), middle cerebral arter-
ies (MCA), anterior cerebral arteries (ACA), and finally the posterior cerebral 
arteries (PCA). It should be noted though that based on more recent data, the 
MCA location seems to be the most common location of ICAD accounting for 
about one-third of all cases, followed by ICA, BA, VA, and finally a combination 
of territories [6]. In the initial report from 1968, 6.1% of patients had isolated 
intracranial disease with no evidence of extracranial atherosclerosis [5]. The find-
ings of this study were limited by the quality of angiography at that time and by 
the racial makeup of the study population. In fact, 84% of patients were white 
with a 2:1 male to female ratio. However, more recent epidemiological studies 
revealed that ICAD is particularly prevalent in African American, Hispanic, and 
Asian populations [3, 7, 8]. Adjusted incidence of ICAD-related stroke was 
reported to be 15, 13, and 3 per 100,000 in African American, Hispanic, and white 
populations respectively [9]. In addition, ICAD is the etiology of stroke in up to 
50% of cases in Asian populations [8]. The reasons for the discrepancy between 
various races and ethnicities could be related to multiple factors including genetic 
predilection as well as difference in lifestyle and risk factor profiles. In terms of 
sex predilection, the male to female ratio varies from 1.25 to 0.76 depending on 
age [10]. Men tend to develop ICAD earlier than women. However, progression 
of disease is faster in females which explains the inversion of the ratio in older 
populations [11].

Risk factors of ICAD are similar to those of stroke in general and include age, 
hypertension, dyslipidemia, smoking, diabetes, metabolic syndrome, and seden-
tary lifestyle [12]. In a post hoc analysis of the Warfarin-Aspirin Symptomatic 
Intracranial Disease (WASID) trial, the most important factors associated with 
recurrent stroke were hypertension (systolic blood pressure  >140  mm Hg) and 
elevated cholesterol levels [13]. In fact, presence of lipid disorder was an indepen-
dent predictor of severe stenosis [14]. Progression of stenosis and risk of recurrent 
stroke have also been linked to proinflammatory biomarkers such as C-reactive 
protein and E-selectin, as well as impaired fibrinolysis [15]. On the other hand, 
high HDL concentrations have been linked to stenosis stability [16]. In addition, 
risk factors seem to vary by location of ICAD: basilar stenoses are more often 
associated with older age and dyslipidemia whereas intracranial carotid artery 
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stenoses are linked to diabetes, and middle cerebral artery stenoses are more often 
found in women and African Americans. Most importantly intracranial atheroscle-
rosis appears to be a modifiable process with possible regression in up to 20% of 
patients [17].

 Mechanism of Stroke

ICAD can cause TIA and strokes through multiple mechanisms: artery-to-artery 
embolism, hemodynamic insufficiency, occlusion of small perforators, or various 
combinations of these mechanisms. The distinction could be made based on imag-
ing findings with excellent interrater reliability [18]. Watershed infarcts most likely 
correlate with hemodynamic insufficiency. These patients typically have poor col-
lateral circulation and often have hypertension as a modifiable risk factor [19]. If the 
stroke territory is distal, wedge-shaped, and corresponds to an arterial territory or in 
the presence of multiple small distal infarcts, the mechanism is likely artery-to- 
artery embolism. Patients with dyslipidemia often have vulnerable plaques which 
can rupture and lead to distal emboli. In addition, high wall shear stress from hyper-
tension can cause endothelial cell dysfunction and render the plaque more vulnera-
ble as well. Therefore, hypertension is often found in patients with mixed mechanism 
of strokes combining hypoperfusion and artery-to-artery emboli [18]. Finally, lacu-
nar subcortical infarcts are most likely due to occlusion of small perforators which 
are thought to occur more frequently in the posterior circulation [20]. The relative 
frequency of each mechanism is variable among different studies, likely due to dif-
ferences in inclusion criteria, specifically the degree of stenosis [20–22]. Other 
imaging modalities can also be used to distinguish the various mechanism of stroke. 
Transcranial Doppler (TCD) for example can be used to detect microemboli which 
would argue for an embolic etiology.

The mechanism of stroke has treatment implications. In patients with docu-
mented hypoperfusion on imaging, either CT or MR, lowering blood pressure, 
while beneficial to reduce recurrence of stroke in most other cases, can be detrimen-
tal. In addition, risk of recurrence was found to be higher when multiple mecha-
nisms are involved [18]. Therefore, when multiple mechanisms are suspected to be 
involved in the stroke, intense therapeutic interventions, including dual antiplatelet 
therapy and high dose statins, should be initiated.

 Imaging and Differential Diagnosis

The diagnostic gold standard for ICAD is conventional cerebral angiography. 
However, noninvasive imaging is preferred as first line since it is less invasive, lower 
risk profile, less expensive, and more widely available. The Stroke Outcomes and 
Neuroimaging of Intracranial Atherosclerosis (SONIA) trial was a prospective 
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multicenter study that aimed to evaluate TCD and MRA as diagnostic tools for 
ICAD [23]. Both modalities had high negative predictive values (86 and 91% 
respectively) and poor positive predictive values (36 and 59% respectively). CTA 
had a similar profile with a negative predictive value of 73% and a positive predic-
tive value of 47% [24]. In addition, noninvasive imaging tends to overestimate the 
degree of stenosis and might not be accurate enough to differentiate between critical 
stenosis and occlusion.

Diagnostic cerebral angiogram is often not necessary in ICAD, specifically 
since it might not alter the management in the majority of cases. However, the 
benefits of diagnostic angiogram are manifold. First, it allows for an accurate 
assessment of the degree of stenosis and therefore subclassify the lesion on the 
Mori classification: type A refers to short (≤5 mm) and concentric lesion; type B 
are 5–10 mm in length, tubular or eccentric, with minor angulation, or with com-
plete occlusion less than 3 months old; type C are long (>10 mm) complex eccen-
tric lesions, with severe angulation, or occluded for longer than 3 months. This 
classification has clinical implications with the highest risk of restenosis and stroke 
with type C, followed by B and then A lesions. Second, it permits a comprehensive 
study of the intracranial and extracranial vasculature, including an analysis of the 
collateral circulation. Finally, in complex and uncertain cases, it helps establish the 
diagnosis of ICAD and differentiate it from other similar appearing vascular 
diseases.

The differential diagnosis includes arterial dissection, moyamoya disease, vas-
culitis, fibromuscular dysplasia, and other vasculopathies such as vasospasm and 
reversible cerebral vasoconstriction syndrome. Moyamoya disease is arguably the 
diagnosis that most closely resembles ICAD. However, the localized stenosis at the 
distal internal carotid artery and the proximal circle of Willis in addition to the 
dilated lenticulostriates can help distinguish moyamoya disease from ICAD.  In 
cases of arterial dissection, the presence of a false lumen, an intimal flap, or a dis-
secting aneurysm are typical signs. In some instances, clinical presentation can be 
the differentiating factor. For example, in RCVS, patients present with thunderclap 
headaches. Vasculitis, on the other hand, has a subacute presentation and is charac-
terized on imaging by “string of beads” sign predominantly in the smaller distal 
intracranial vessels. Finally, fibromuscular dysplasia affects the extracranial inter-
nal carotid arteries, the vertebral arteries, and the renal arteries. In rare instances, it 
can affect the large intracranial arteries such as the middle and anterior cerebral 
arteries.

Vessel wall MR imaging is a novel imaging modality that allows direct visualiza-
tion of the vessel wall as opposed to the traditional imaging techniques which focus 
on the vessel lumen [25]. ICAD lesions were often found to be eccentric and hetero-
geneously enhancing. In contrast, RCVS lesions were concentric and non- enhancing; 
inflammatory vasculopathies were concentric and diffusely enhancing. The addition 
of vessel imaging significantly improved the diagnostic accuracy of ICAD as well 
as the interrater reliability [25]. However, vessel wall imaging is still not widely 
available in clinical practice.
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 Treatment

Treatment of ICAD has gone through multiple phases through the past few decades. 
The initial enthusiasm for bypass was quickly tempered after the publication of the 
extracranial-intracranial bypass trial in 1985 [26]. Despite many flaws of this trial, 
including poor patient selection, medical management became the mainstay of 
ICAD treatment. With the development of endovascular techniques, stenting and 
angioplasty promised to offer an alternative to medical management specifically 
since the rate of stroke recurrence with medical management remained relatively 
high. The initial feasibility, non-randomized trials with both balloon-mounted and 
self-expanding stents showed promise and lead to FDA approval and designation of 
humanitarian device exemption in patients with recurrent TIA/Strokes despite med-
ical management [27–30]. However, the SAMMPRIS and VISSIT trials failed to 
replicate these results and revealed significantly higher rate of strokes with endovas-
cular management compared to medical therapy [31, 32]. Medical management 
therefore remained first line therapy. However, since the publication of these two 
trials, multiple subgroup analyses were performed and improved our understanding 
of the pathophysiology of ICAD leading to renewed interest in open surgical and 
endovascular interventions for select cases.

 Medical Management

 Antiplatelet Therapy Versus Anticoagulation

The initial treatment of ICAD was anticoagulation and was first reported in 1955 
[33]. Subsequent retrospective studies seemed to confirm the superiority of warfa-
rin over aspirin in that population [34–36]. In fact, the initial WASID retrospective 
multicenter study published in 1995 enrolled 151 patients, 88 treated with warfarin 
and 63 with aspirin [35]. The median follow-up was 14.9 and 19.3 months for the 
warfarin and the aspirin groups, respectively. The warfarin group was significantly 
less likely to have a major vascular event compared to the aspirin group (8.4 per 
100 patient-years of follow up vs. 18.1 per 100 patient-years, p = 0.01). However, 
the prospective, randomized, double-blinded, multicenter trial by the WASID 
group published in 2005, revealed no benefit of warfarin over aspirin in ICAD 
treatment [6]. The trial enrolled 569 patients with 50–99% stenosis and was stopped 
early due to safety concerns for patients randomized in the warfarin group. The 
overall rate of adverse events in the warfarin group, including death, was signifi-
cantly higher than in the aspirin group (4.3 vs. 9.7; hazard ratio: 0.46; 95% confi-
dence interval: 0.23–0.90; P  =  0.02). This statistically significant difference 
persisted when subcategorizing the adverse events into major hemorrhage (3.2% 
vs. 8.3%, HR: 0.39; 95% CI: 0.18–0.84, P = 0.01) and myocardial infarction or 
sudden death (2.9% vs. 7.3%, HR: 0.40, 95% CI: 0.18–0.91; P = 0.02). Further 
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analysis of subgroups thought to be at a high risk of stroke, including patients with 
70–99% stenosis, posterior circulation stenosis, and those who failed medical ther-
apy (stroke while on medical treatment), confirmed the findings of the main trial 
with no benefit of warfarin over aspirin [37, 38]. The role of novel anticoagulants 
in ICAD has yet to be studied, and there are currently no data to support their use 
in this population.

The benefit of dual antiplatelet therapy has been well documented in ICAD 
patients, specifically in the acute post stroke/TIA setting in patients with high-
grade stenoses (70–99%). In the CLAIR (clopidogrel plus aspirin for infarction 
reduction in acute stroke or transient ischemic attack patients with large artery 
stenosis and microembolic signals) trial patients on aspirin and clopidogrel with 
recent (≤7 days) symptomatic intracranial or extracranial atherosclerosis had less 
microemboli detected on TCD [39]. These findings were replicated in the 
Clopidogrel and Aspirin for Reduction of Emboli in Symptomatic Carotid Stenosis 
(CARESS) study [40]. Both trials were prospective and randomized and did not 
show any increased risk with dual antiplatelet therapy compared to monotherapy. 
In a weighed meta- analysis of the CLAIR and the CARESS trials, there was signifi-
cantly lower rate of stroke recurrence in patients on aspirin and clopidogrel com-
pared to those on aspirin alone [39]. The benefit of short-term dual antiplatelet 
therapy initiated shortly after the onset of TIA or stroke was further corroborated 
with the Clopidogrel in high-risk patients with Acute Nondisabling Cerebrovascular 
Events (CHANCE) trial [41].

In summary, patients with severe ICAD (70–99% stenosis) benefit from short- 
term dual antiplatelet therapy followed by monotherapy. The duration of dual anti-
platelet therapy is not well established but is typically around 90 days. Other 
antiplatelet agents such as cilostazol, ticagrelor, and extended-release dipyridamole 
were briefly studied, but there are no current data to support their use in 
ICAD. Cilostazol is a phosphodiesterase inhibitor with some vasodilator and pos-
sible antiatherogenic properties. While initial data comparing cilostazol added to 
aspirin compared to placebo and aspirin were promising, further studies comparing 
aspirin and clopidogrel to aspirin and cilostazol failed to show any difference 
between both groups [42, 43]. An important factor to consider is clopidogrel resis-
tance in carriers of the cytochrome P 2C19 mutation. In these patients, alternative 
antiplatelet medications such as ticagrelor might need to be considered despite the 
lack of evidence.

 Risk Factor Modification

Risk factor modifications including blood pressure control, smoking cessation, lipid 
lowering drugs, and diabetes control have been studied extensively for secondary 
stroke prevention. However, no trials were done to address risk factors specifically 
in ICAD. The data that we have are based on post hoc analyses from the WASID, 
COSS, SAMMPRIS, and VERiTAS trials [13, 44–47]. Based on these analyses, 
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blood pressure lowering to <140  mmHg is not only safe but also beneficial in 
decreasing the risk of recurrent stroke even in cases of severe stenosis. However, 
there is a theoretical concern that patients with hypoperfusion might have an 
increased risk of stroke with lower blood pressure. It should be noted though that 
follow-up of the WASID trial revealed that patients that were maintained at a higher 
blood pressure to avoid hypoperfusion did not have a lower risk of stroke in the 
involved territory and had a higher overall rate of stroke [44]. Therefore, unless 
perfusion imaging clearly demonstrates hypoperfusion, blood pressure control with 
a systolic goal of <140 mmHg should be initiated.

Physical activity was an independent factor for lower risk of stroke in a post hoc 
analysis of the SAMMPRIS trial [45]. Statin therapy is recommended to decrease 
overall risk of stroke and cardiovascular events. This is also true for ICAD. A post 
hoc analysis of the SAMMPRIS trial revealed that lowering the LDL level decreases 
the risk of stroke. However, when using LDL level of 70 mg/dl as cutoff – as dic-
tated in the ACC/AHA guidelines for cardiovascular risk – no statistical difference 
was noted despite a trend toward lower risk of stroke with LDL <70 mg/dl. Further 
evidence of the importance of risk factor control comes from a comparison of the 
WASID and the SAMMPRIS trials. The medical management in the SAMMPRIS 
arm had intensive interventions with a lifestyle coach. The rate of stroke at 30 days 
and at 1 year was significantly lower than expected based on the WASID trial (5.8% 
vs. 10.7% at 30 days; 12.2% vs. 25% at 1 year).

 Surgery

 Direct Bypass

Prior to the publication of the extracranial-intracranial (EC-IC) bypass trial in 1985, 
bypass was one of the main treatments for stroke prevention in stenosis or occlusion 
of the internal carotid artery or middle cerebral artery [48]. The EC-IC bypass trial 
enrolled 1377 patient randomized to either medical management or surgical bypass. 
The study failed to show any benefit of surgery over medical management despite at 
96% bypass patency rate. Subgroup analyses did not reveal any particular groups 
that would benefit from surgery. However, patient selection was flawed as high-
lighted by the fact that patients with severe middle cerebral artery stenosis fared 
significantly worse. With this in mind, in order to improve patient selection, the 
Carotid Occlusion Surgery Study (COSS) enrolled patient with recently symptom-
atic carotid occlusion and with evidence of cerebral ischemia based on increased 
oxygen extraction fraction [26]. Patients were randomized into bypass surgery or 
medical management. The study was stopped early due to futility. The primary end-
point of stroke or death was reached in 21% of patients in the surgery group and in 
22.7% of the medical group. The 30-day rate of ipsilateral stroke was 14.3% in the 
surgery group and 2% in the medical group.
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 Indirect Bypass

Despite the failures of direct bypass trials, and due to the persistently high rates of 
stroke with best medical management as evidenced by the SAMMPRIS and the 
WASID trials, there was renewed interest in surgical interventions. 
Encephaloduroarteriosynangiosis (EDAS) is less technically challenging than direct 
bypass and does not require temporary occlusion of an already at-risk ischemic 
brain. The Encephaloduroarteriosynangiosis revascularization for symptomatic 
intracranial atherosclerotic stenoocclusive (ERSIAS) trial is a phase II study devel-
oped to evaluate the feasibility, safety, and preliminary efficacy of EDAS in patients 
with ICAD [49]. The trial prospectively enrolled 52 patients with a follow-up of 
24.5 months. The primary endpoint was stroke or death within 30 days of surgery 
and stroke in the territory of interest beyond 30 days. The primary endpoint occurred 
in five (9.6%) patients at 1 year, which reached the threshold for non-futility. The 
trial is now advancing to phase III. At 2-year follow up, the rate of stroke was lower 
than that of matched medically treated patients in the SAMMPRIS and COSS trials 
(9.6% vs. 21.2%; P = 0.07). These results are encouraging but further studies are 
needed prior to making any conclusions.

 Endovascular Therapy

 Stenting

Endovascular management of ICAD showed initial promise in the Stenting of 
Symptomatic Atherosclerotic Lesions in the Vertebral or Intracranial Arteries 
(SSYLVIA) trial [28]. This prospective, non-randomized feasibility study used the 
balloon-expanded Neurolink system (Guidant Corporation, Santa Clara, CA) and 
enrolled a total of 61 symptomatic patients with ≥50% stenosis, 43 of whom had 
intracranial atherosclerosis. Four patients (6.6%) had strokes at 30 days. The rate of 
>50% stenosis at 6 months was 32.4% for intracranial stents, 39% of whom were 
symptomatic. The balloon-expanded Neurolink system was granted Humanitarian 
Device Exemption by the FDA for patients with symptomatic intracranial athero-
sclerosis despite medical therapy. A few other prospective non-randomized studies 
followed with similar results using the Wingspan (Stryker, Kalamazoo, MI) self- 
expanding stent [27, 29, 30]. The Wingspan was developed specifically for intracra-
nial use and was designed to be more flexible to navigate around the tortuosity of 
intracranial vessels. In addition, the self-expanding design allows it to better con-
form to the vessel wall. This is used in conjunction with the Gateway balloon 
(Boston Scientific Corporation, Fremont, CA) for the angioplasty (Figs.  14.1 
and 14.2).

The Stenting and Aggressive Medical Management for Preventing Recurrent 
Stroke in Intracranial Stenosis (SAMMPRIS) trial was a prospective randomized 
trial designed to compare the emerging angioplasty and stenting technology for 
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ICAD to best medical management. The trial enrolled patients with 70–99% steno-
sis within 30 days after a TIA or stroke [31]. The trial was stopped early by the Data 
and Safety Monitoring Board due to the significantly higher rate of stroke or death 
at 30 days in the interventional group compared to the medical group (14.7% vs. 
5.8%, respectively). The very high rate of periprocedural stroke or death in the 
stenting group, much higher than anticipated based on previous data, raised many 
questions. ICAD is not a homogeneous disease. A short segment concentric stenosis 
in the anterior circulation is not equivalent to a longer lesion with significant angula-
tion in the posterior circulation. However, SAMMPRIS did not categorize patients 
based on Mori classification nor on location. In addition, composition of the plaque 
can have significant implication. Unstable ruptured plaques with hemorrhage or a 
large lipid core are more friable and therefore higher risk for embolization during 
any manipulation. Perhaps these unstable plaques are better treated with maximal 
medical management and endovascular approaches reserved for stable fibrous 
plaques with hemodynamic compromise. Another potential explanation for the high 
rate of periprocedural complication in SAMMPRIS is the fact that only 8% of 
enrolled patients would have actually met the initial HDE criteria set by the FDA for 
ICAD stenting. One main conclusion from the SAMMPRIS trial is that intensive 
medical intervention for risk factor control is effective in reducing the risk of stroke 
or TIA. However, despite assigning a lifestyle coach to patients with personalized 
plans, which obviously is not reproducible in settings outside a trial, the rate of 
stroke or death remained at 12% with medical management at 1 year. This clearly 
emphasized the need for better treatment options for ICAD. After the SAMMPRIS 
trial, the FDA restricted the approval for the Wingspan stent to patients between 22 
and 80 years of age who have 70–99% stenosis, with two or more strokes despite 
best medical management and with good recovery (modified ranking scale of 3 or 
less). The treatment should not occur within 7  days of onset of symptoms. The 

a b

Fig. 14.1 (a) Right internal carotid AP view from a diagnostic cerebral angiogram revealing 
severe non-calcified focal stenosis at the M1 segment. (b) Post-angioplasty and stenting with 
excellent revascularization and restoration of flow distal to the stenosis
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difference between the two SAMMPRIS trial groups persisted at the 1- and 3-year 
follow-ups and was largely driven by the periprocedural rates.

The Vitesse Intracranial Stent Study for Ischemic Stroke Therapy (VISSIT) trial 
was an international randomized trial comparing stenting with a balloon- expandable 
stent, the Pharos Vitesse stent (Codman & Shurtleff, Raynham, Massachusetts, 
USA), to medical management [32]. The periprocedural rates in the stenting group 

a b

c d

Fig. 14.2 (a) Right vertebral artery lateral view from a diagnostic cerebral angiogram revealing 
severe focal stenosis at the vertebrobasilar junction. Poor flow is noted in the basilar artery. (b) 
4 × 20 mm Gateway balloon inflated at the level of the stenosis. Note balloon waist at the area of 
calcification. (c) 4.5 × 20 mm wingspan stent deployed across the stenotic segment. (d) Right 
vertebral artery AP view post-angioplasty and stenting with excellent revascularization and resto-
ration of robust flow in the basilar artery
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were significantly higher than the medical group (24% vs. 9%) and the trial was 
stopped early after an interim analysis suggested futility.

The results of a post market surveillance trial of the Wingspan stent mandated by 
the FDA and based on the updated inclusion criteria were recently published [50, 
51]. The trial was designed to enroll 389 patients. However, it was stopped early at 
the interim analysis, with only 152 consecutive patients enrolled, due to lower-than- 
expected 2.6% periprocedural event rate. This was lower than the 4% safety bench-
mark set for the interim analysis. At 72 hours, two patients (1.3%) had non-fatal 
strokes and two patients (1.3%) had died. The 1-year follow-up (WOVEN trial) of 
129/152 patients revealed seven additional strokes, only one major, and no deaths 
beyond the periprocedural phase [51]. At 1 year, the rate of stroke or death from 
on-label stenting of ICAD was 8.5%. There was a 17.6% restenosis rate defined as 
≥70% narrowing. Of the seven strokes, six had evidence of restenosis on delayed 
imaging. The low rate of periprocedural and 1-year events is even more remarkable 
when considering that the study population is composed of patients who failed 
maximal medical therapy with history of multiple strokes. Based on these results, 
stenting remains an option for patients with severe ICAD who meet the FDA set 
criteria.

 Submaximal Angioplasty

Submaximal angioplasty can be a treatment option for ICAD patients who fail 
medical management. The interest in this technique increased after the 
SAMMPRIS results were published. Angioplasty offers many advantages. While 
medical therapy can stabilize the plaque, in some instances, symptoms are driven 
by hypoperfusion. Based on the law of Poiseuille, the flow of blood is directly 
proportional to the radius of the vessel to the fourth power. Therefore, even a 
minor increase in vessel diameter (decrease in stenosis) could lead to a significant 
improvement in blood flow to the target territory (Fig. 14.3). In addition, a sub-
maximal angioplasty could reduce the risk of hemorrhage related to sudden 
hyperperfusion in a territory with impaired autoregulation. Angioplasty is techni-
cally less challenging than stenting and is thought to have a higher safety profile 
with less vessel manipulation, specifically with submaximal inflation of the bal-
loon. A meta-analysis of nine studies with a total of 395 patients with symptom-
atic ICAD revealed a periprocedural risk of stroke or death of 4.9% [52]. This rate 
compares favorably to both the medical and interventional arms of the SAMMPRIS 
and the VISSIT trials. The long-term rate of stroke or death beyond the 30 peri-
procedural days was also low at 3.7%. The success rate of angioplasty was at 
96.4%. Submaximal angioplasty is therefore a valid alternative in select patients 
with hemodynamic insufficiency with low procedure risk and sustained clinical 
benefit. The main concern remains the risk of restenosis and the need for repeat 
intervention.

14 Intracranial Atherosclerotic Disease



278

 Future Directive

In the decade since SAMMPRIS was published, various treatment paradigms 
have been proposed for ICAD.  However, all treatment options remain flawed 
with high rates of failure. ICAD is a highly heterogeneous disease based on 
patient and plaque characteristics. Advanced imaging modalities, such as vessel 
wall MRI, might hold the key to individualized treatments based on plaque com-
position. In addition, analyzing the failures of medical therapy might yield clues 
as to the reasons behind them, such as possible resistance to certain medications, 
with the potential to implement specific treatments for specific patients. 
Restenosis is another possible target for future trials. Whether with angioplasty 
alone or angioplasty and stenting, the rate of restenosis remains high with sug-
gested correlation between restenosis and recurrence of stroke. A staged approach 
with angioplasty followed by delayed stenting has been proposed as a potential 
strategy to decrease risk of restenosis and at the same time decrease periproce-
dural risk. Finally, cerebral hypoperfusion has been correlated with cognitive 
decline in atherosclerotic disease [53, 54]. However, the effect or ICAD treat-
ment, if any, on cognition has not been well studied and is not yet established. 
Whether revascularization, either through angioplasty and stenting or through 
indirect bypass, will yield better cognitive outcomes compared to medical man-
agement is yet to be seen.

a b

Fig. 14.3 (a) Severe midbasilar noncompliant stenosis with poor flow distal to the stenosis. (b) 
Post multiple inflations of balloon and stent placement with significant restoration of flow despite 
submaximal angioplasty

R. J. Rahme and E. Veznedaroglu



279

 Conclusion

Intracranial atherosclerotic disease remains one of the more challenging diseases to 
treat despite significant advances in our understanding of its pathophysiology and 
the hemodynamic mechanisms behind stroke in this population. Maximal medical 
therapy remains the mainstay of treatment. This includes dual anti-platelet therapy 
for a short period of time followed by single anti-platelet therapy and risk factor 
control. Endovascular therapy is reserved for patients who fail maximal medical 
therapy. The best approach for endovascular treatment of ICAD has not yet been 
determined. When done on-label with the new FDA guidelines, stenting seems to 
have low periprocedural risk and a sustained benefit even when compared to best 
medical management. Submaximal angioplasty is a potential alternative to stenting. 
Encephaloduroarteriosynangiosis is yet another flow augmentation strategy that is 
currently showing promise for this patient population. Further trials are needed to 
fully understand the nuanced, perhaps even individualized, approach to this disease.
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Chapter 15
Moyamoya Disease

Svetlana Kvint and Jan-Karl Burkhardt

 Introduction

A rare and, to date, enigmatic disorder of the cerebral vasculature, moyamoya dis-
ease, is characterized by the progressive stenosis of the supraclinoid portion of the 
internal carotid artery (ICA), its proximal branches, and, in singular cases, the pos-
terior circulation. Reactive neovascularization  – a compensatory response to the 
cerebral ischemia that is consequent to the primary pathologic process – results in a 
collateral network supplied by small vessels arising at the carotid apex, cortical 
surface, leptomeninges, and external carotid artery branches. The characteristic 
angiographic appearance of this collateral circulation – likened to “something hazy 
just like a puff of smoke drifting in the air” – prompted the eponym moyamoya by 
Suzuki and Takaku in 1969 [1].

When concurrent with associated disorders, moyamoya angiography is a hall-
mark of moyamoya syndrome. In isolation, it is a key criterion for the diagnosis of 
moyamoya disease. Regardless of the context, clinical management is complicated 
by the dual demands of a progressive ischemic burden and the hemorrhagic poten-
tial of friable and anomaly prone collateral vessels. Through its review of pathogen-
esis, clinical presentation, diagnostic criteria, and therapeutic modalities, this 
chapter aims to highlight advances and key considerations necessary for the suc-
cessful management of moyamoya disease.
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 Epidemiology

Originally reported in the East Asian population and demonstrating a unique bias 
to the region, moyamoya disease has since been observed – albeit less frequently – 
in a multitude of ethnic backgrounds, including American and European popula-
tions. While the specifics vary across regions, moyamoya disease has as 
well-established female predilection (ratio of 1:2.5) and a bimodal incidence – 
peaking among the young and middle-aged [2]. Serial epidemiological studies 
have demonstrated an increasing incidence and prevalence of moyamoya disease 
over time (Table 15.1). While a pathophysiologic cause cannot be excluded, it is 
likely that this trend reflects the following: (1) the increased accessibility of non-
invasive diagnostic techniques; (2) increased disease awareness; and (3) recogni-
tion of the familial clustering of moyamoya disease. When compared to the 
general population, the risk of moyamoya disease is roughly 30–40 times higher 
among the family members of affected individuals [3, 4]. Screening of these 
high-risk individuals has expectedly augmented disease prevalence. In fact, in a 
contemporary Japanese survey, regional rates of asymptomatic registered moy-
amoya patients approached 17% [3]. Prevalence rates have been further supple-
mented by improved management techniques and an increasing number of 
survivors.

 Pathogenesis

 Pathology

Histopathologic examination of affected feeding arteries reveals vascular occlusion 
consequent to fibrocellular thickening of the intima, irregular undulation of the 
internal elastic lamina, and hyperplasia of smooth muscle cells. Requisite collateral 
flow is achieved through the following: (1) moyamoya vessels – fragile, microaneu-
rysm prone vessels localized to the base of the brain and characterized by a thin 
media and fragmented elastic lamina; (2) cortical microvascularization – defined by 
increased vascular density and microvascular diameter; and (3) external carotid 
artery collateral networks  – arising from the middle meningeal, ethmoidal, and 
occipital arteries. While it has long been postulated that these basal and cortical ves-
sels represent a compensatory mechanism for central vascular occlusion, recent 
angiographic data revealed that neovascularization occurs prior to the onset of sig-
nificant hemodynamic impairment [5]. This suggests that neovascularization is an 
active disease process rather than a passive compensation for decreased cerebral 
blood flow – a hypothesis that adds to the complexity inherent to the pathophysiol-
ogy of moyamoya disease.
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 Genetics

Although it is clear that genetic factors play a role in moyamoya disease, they have 
yet to be fully elucidated. Most familial cases of the disease appear to be polygenic 
or demonstrate autosomal dominant inheritance with incomplete penetrance. Loci 
at 3p24, 6q25, 8q23, 12p1, and 17q25 have been shown to have a role in disease 
development [6]. In fact, although its role in disease pathogenesis remains unde-
fined, a single haplotype of the RNF213 locus on chromosome 17q25 is the first 
identified susceptibility gene for moyamoya disease. Mutation analysis of RNF213 
identified a founder mutation present in 95% familial moyamoya disease patients, 
73% of non-familial moyamoya disease patients, and only 1.4% of controls is a 
Japanese cohort [7]. Furthermore, the c.14576G > A variant of RNF213 is associ-
ated with significantly earlier disease onset and a more severe form of moyamoya 
disease in Japanese and Korean patients [8]. Finally, it has been observed that the 
clinical presentation of patients may be related to their mutation at the RNF213 
locus: the R4810K mutation in ischemic, and A4399T mutation in hemorrhagic 
moyamoya disease [9].

 Pathophysiology

Although the etiology of moyamoya disease has yet to be elucidated, increasing 
evidence suggests that it is a primarily proliferative disease – one in which endothe-
lial and smooth muscle cell proliferation results in the development of vessel occlu-
sion, as well as enhanced, but aberrant angiogenesis.

 Endothelial Progenitor Cells

Endothelial progenitor cells have been shown to function in the maintenance of 
vasculature and blood flow in infarcted areas among acute myocardial infarction 
and ischemic stroke patients. Notably, moyamoya disease patients demonstrate both 
defective function and decreased circulating levels of these cells [6].

 Endothelial Cells

Caveolin-1 is a cell surface plasma membrane protein that plays a major role in the 
regulation of endothelial signal transduction. Negatively regulating endothelial pro-
liferation and positively regulating tube formation, it is a key regulator of 
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angiogenesis [10, 11]. Importantly, caveolin-1 serum levels are decreased in adult 
patients with moyamoya disease – markedly so among those with the RNF213 vari-
ant [6]. The resulting increased proliferation and decreased/impaired tube formation 
suggest that the nature of neovascularization in moyamoya disease is an aberrant 
rather than compensatory process.

 Smooth Muscle Cells

Linkage analysis and association studies indicate that mutations in smooth muscle 
cells – ACTA2 mutation – may trigger an increased proliferation of smooth muscle 
cells contributing to the occlusive vasculopathy seen in moyamoya disease [12]. 
Furthermore, gene expression varies between smooth muscle progenitor cells iso-
lated from moyamoya disease patients and healthy controls. These findings suggest 
that dysregulated proliferation and impaired maturation of smooth muscle cells both 
play a role in the pathogenesis of moyamoya disease [13].

 Cytokines

Various categories of cytokines are associated with moyamoya disease. These 
include the following: (1) growth factors – vascular endothelial growth factor, fibro-
blast growth factor, platelet-derived growth factor, and hepatocyte growth factor; 
(2) cytokines related to vascular remodeling and angiogenesis – matrix metallopro-
teinases and their inhibitors, hypoxia-inducible factor-1α, and cellular retinoic 
binding protein-1 (CRABP-1); and (3) cytokines related to inflammation [6]. To 
date, studies investigating the pathogenic role of these factors have proven 
inconclusive.

 Environmental Factors

The presence of the RNF213 polymorphism in unaffected individuals underscores 
the fact that a genetic abnormality is not the singular determinant for disease devel-
opment. Twin studies and experiments with genetically engineered mice suggest 
that environmental factors and/or secondary insults play an important role in geneti-
cally susceptible individuals. To date, autoimmunity, infection, chronic inflamma-
tory conditions, and cranial irradiation have all been described in association with 
moyamoya disease. Still, as RNF213 is predominantly expressed in leukocytes and 
the spleen, autoimmunity may be key among these.

15 Moyamoya Disease
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 Moyamoya Diagnosis

A diagnosis of moyamoya disease or moyamoya syndrome should be considered in 
all patients – particularly children and young adults – who present to care with acute 
neurological deficits or clinical history suggestive of cerebral ischemia. Although 
the differential diagnosis for these symptoms is broad, a diagnosis of moyamoya 
can be readily and reliably confirmed or excluded by standard radiographic tech-
niques [14] (Table 15.2). Patient presentation determines the modality and order of 
diagnostic imaging.

 Computed Tomography (CT)

CT is the modality of choice in the acute setting. Readily demonstrating intraven-
tricular, intraparenchymal, and subarachnoid hemorrhage, it guides emergent inter-
vention. Further, in the absence of acute findings, CT can demonstrate chronic 
ischemic changes  – small areas of hypodensity in the cortical watershed zones, 
basal ganglia, deep white matter, or periventricular regions – suggestive of prior 
flow-related versus embolic ischemic insults. Normal CT findings should be inter-
preted with care as patients presenting solely with TIAs will not demonstrate imag-
ing sequelae.

 Computed Tomographic Angiography (CTA)

CTA is used to examine the steno-occlusion of the distal ICA, MCA, and ACA, 
as well as identify leptomeningeal collaterals in moyamoya patients. 
Furthermore, it can reveal the presence of aneurysms and pseudoaneurysms. 
Unfortunately, CTA imaging is limited in that the extent of moyamoya may be 
over- or underestimated based on the scan acquisition time relative to the mean 
transit time of contrast through the affected area. As such, CTA is often reserved 
for situations in which magnetic resonance imaging is contraindicated or not 
readily available.

 Digital Subtraction Angiography (DSA)

DSA serves as the gold standard for the diagnosis of moyamoya disease. Allowing 
for the selective imaging of the internal carotid, vertebral and external carotid artery 
distributions, it defines the extent of carotid occlusion and characterizes the origins 
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of collateral supply. Furthermore, it reliably facilitates the detection of concurrent 
aneurysms and arteriovenous malformations. Despite these advantages, as an inva-
sive technique, DSA is associated with procedure-related complications. As such, 
some clinicians now reserve DSA for bypass surgery planning and rely on a combi-
nation of noninvasive tests for moyamoya diagnosis.

Table 15.2 Diagnostic criteria for moyamoya disease

Diagnostic criteria for moyamoya disease

A. Cerebral angiography should show at least the following findings:
   1.  Stenosis or occlusion at the terminal portion of the ICA and/or at proximal portion of ACA 

and/or MCA.
   2.  Abnormal vascular networks in the vicinity of the occlusive or stenotic lesions in the 

arterial phase.
   3. (1) and (2) observed bilaterally.
B. When MRI and MRA imaging demonstrate all of the findings listed below, conventional 
cerebral angiography is not mandatory:
   1.  Stenosis or occlusion at terminal portion of ICA and at the proximal portion of ACA and 

MCA on MRA.
   2.  An abnormal vascular network in the basal ganglia on MRA. An abnormal vascular 

network can be diagnosed when more than two apparent flow voids are observed in one 
side of the basal ganglia on MRI.

   3. (1) and (2) observed bilaterally.
C. Cerebrovascular disease with the following basic diseases or conditions should be 
eliminated:
   1. Arteriosclerosis
   2. Autoimmune disease
   3. Meningitis
   4. Brain neoplasm
   5. Down syndrome
   6. Recklinghausen’s disease
   7. Head trauma
   8. Irradiation to the head
   9. Others (e.g., sickle cell disease and tuberous sclerosis)
D. Instructive pathological findings:
   1.  Intimal thickening and the resulting stenosis or occlusion of the lumen are observed in and 

around the terminal portion of the ICA usually on both sides. Lipid deposits are 
occasionally seen in the proliferating intima.

   2.  Arteries constituting the circle of Willis such as the ACAs, MCAs, and posterior 
communicating arteries often show stenosis of various degrees or occlusion associated with 
fibrocellular thickening of the intima, a waving of the internal elastic lamina and an 
attenuation of the media.

   3.  Numerous small vascular channels (perforators and anastomotic branches) are observed 
around the circle of Willis.

   4. Reticular conglomerates of small vessels are often seen in the pia matter.
Diagnosis: In reference to A and D, the criteria are classified as follows:
   1.  Definite case: Fulfills criteria A or B and C. in children, a case that fulfills A-1 and A-2 (or 

B-1 and B-2) on one side and have remarkable stenosis at the terminal portion of the ICA 
on the opposite side is also included.

   2.  Probable case: One which fulfills A-1 and A-2 or B-1 and B-2 and C (unilateral 
involvement).
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 Magnetic Resonance Imaging (MRI)

MRI is the method of choice for detecting symptomatic or asymptomatic brain 
lesions in the acute condition. Diffusion weighted imaging allows for the detection 
of acute infarcts, while T1- and T2-weighted imaging facilitates the detection of 
chronic infarcts and microbleeds. These strengths account for its increasing use in 
the screening and primary imaging of patients with symptoms suggestive of moy-
amoya. Reduced flow voids in the internal, middle, and anterior cerebral arteries 
coupled with prominent flow voids through the basal ganglia and thalamus from 
collateral vessels are virtually diagnostic of moyamoya. The “ivy sign,” a linear pat-
tern of increased signal in the leptomeninges and perivascular spaces on fluid- 
attenuated inversion recovery sequences, is similarly characteristic [15].

 Magnetic Resonance Angiography (MRA)

MRA imaging allows for the reliable, noninvasive detection of steno-occlusion of 
the distal ICA, MCA, and ACA. Unfortunately, the technique is limited in the diag-
nosis of moyamoya vessels: sensitivity and specificity of 73% and 100%, respec-
tively [16]. Further, MRA imaging has limited value in the evaluation of the 
ECA system.

 Moyamoya Syndrome

The classification of moyamoya vasculopathy requires careful consideration of 
angiographic anatomy and clinical history (Fig. 15.1). A diagnosis of moyamoya 
disease relies on the observation of an idiopathic, bilateral, steno-oclusive disease in 
the supraclinoid carotid. In contrast, moyamoya syndrome encompasses the follow-
ing: (1) idiopathic, unilateral, carotid steno-oclusive disease; and (2) unilateral or 
bilateral moyamoya vasculopathy occurring in the context of associated underlying 
disease conditions (Table 15.3). While the relationship between these disease states 
and moyamoya vasculopathy remains unclear, it has been suggested that they serve 
as triggers in genetically susceptible individuals.

 Clinical Presentation

The clinical manifestations of moyamoya disease include transient ischemic attacks 
(TIAs), ischemic strokes, hemorrhagic strokes, seizures, headache, cognitive 
impairment, and movement disorders. While ischemic stroke is the most common 
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clinical manifestation overall, presenting symptoms vary with age at diagnosis [17]. 
Ischemic symptoms predominate in the pediatric population: 90% of children pres-
ent with stroke and 7.5% present with TIAs [18]. Intellectual decline, seizures, and 
involuntary movements are also commonly reported in this age group. In contrast, a 
hemorrhagic presentation is approximately seven times more common in adults 
than their pediatric counterparts (14.6% vs. 2.1%) [19].

Ischemic moyamoya disease patients most frequently present with symptoms of 
hemiparesis, speech disturbances, and hemisensory abnormalities  – localizing 
pathology to the anterior circulation [20, 21]. In a review of 410 consecutive pedi-
atric cases, Kim et al. attributed ischemic symptoms to the middle cerebral artery, 
anterior cerebral artery, and posterior cerebral artery territories in 92, 52, and 10 of 
the cases, respectively [21]. Although relatively uncommon – developing in the late 
stages of disease  – posterior cerebral artery involvement is present in 29% of 
patients, with comparable incidence between children and adults [22, 23]. 
Importantly, as a consequence of long-standing major vessel occlusion, altered vas-
cular territories develop; as such, infarct topography is non-classical in the majority 
of moyamoya patients [24]. Regardless of the vascular territory in question, TIAs 
may be precipitated by hyperventilation  – presumably via a hypocarbia induced 
vasoconstriction – as well as stress, infection, and dehydration.

More than half of adult moyamoya disease patients are diagnosed with intracra-
nial – intraventricular, intracerebral, or subarachnoid – hemorrhage. There are three 
main recognized causes of intracranial bleeding in moyamoya disease: (1) rupture 
of dilated, stressed, and microaneurysm prone moyamoya vessels; (2) fibrinoid 
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necrosis in arterial perforators; and (3) rupture of saccular aneurysms – consequent 
to shifting circulatory patterns at the base of the brain and detected in up to 14% of 
moyamoya patients. Presenting symptoms reflect the site and size of hemorrhage 
and can include an alteration of level of consciousness, headache, meningismus, 
focal neurological deficits, and speech disturbance. Hemorrhagic localization in 
moyamoya disease is distinct from that of primary intracerebral hemorrhage. A 
case-control study by Nah et al. showed that the prevalence of isolated intraven-
tricular hemorrhage was higher among moyamoya disease patients (37.6% versus 

Table 15.3 Conditions associated with moyamoya syndrome

Conditions associated with moyamoya syndrome

Vascular disorders Atherosclerosis
Traumatic dissection
Craniocervical radiotherapy
Hypertension
Fibromuscular dysplasia
Renal artery stenosis
Giant cervicofacial hemangioma
Coarctation of the aorta

Infectious disorders Tuberculous meningitis
Pneumococcal meningitis
Leptospirosis
HIV

Neoplastic Tuberous sclerosis
Parasellar tumor

Genetic/hereditary disorders Neurofibromatosis
Down syndrome
Noonan syndrome
Trisomy 12p syndrome
Apert syndrome
Marfan syndrome
Turner syndrome
Von Recklinghausen disease
Hirschsprung disease
Congenital cardiac anomaly

Hematological Sickle cell disease
Essential thrombocytopenia
Hereditary spherocytosis
Protein C deficiency
Protein S deficiency
Aplastic anemia
Fanconi anemia
Hyperhomocysteinemia

Connective tissue disorders Systemic lupus erythematous
Antiphospholipid antibody syndrome
Livedo reticularis
Sarcoidosis
Behçet disease

Endocrine disorders Hyperthyroidism
Diabetes mellitus
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2.2%, P < 0.001). The prevalence of intraventricular extension from primary intra-
parenchymal foci was also higher in moyamoya disease patients (69.8% versus 
1.9%, P < 0.001) [25]. Intracerebral hemorrhage occurs in up to 30% of moyamoya 
patients [20]. When present, the order of frequency is as follows: lobar (37.9%), 
putaminal (36.2%), thalamic (8.6%), callosal (6.9%), and caudate (3.4%) [25].

Seizures, cognitive impairment, headaches, and movement disorders are rela-
tively infrequent but debilitating sequelae of moyamoya disease. Significant and 
prolonged brain hypoperfusion results in cortical atrophy, manifesting as progres-
sive cognitive decline in both adult and pediatric patients [26, 27]. Headache is 
highly prevalent in moyamoya disease. Thought to be due to cortical spreading 
depression resulting from cerebral hypoperfusion or the triggering of nociceptors by 
dural collateral vessels, they are often migrainous in nature, and can serve as the 
first presenting symptom of disease [28]. As such, early neurovascular imaging 
should be considered in patients with new onset, refractory migraine-like head-
aches – especially in the setting of other neurological symptoms – to exclude under-
lying moyamoya disease. Seen in less than 5% of patients and presumed to be 
consequent to ischemic dysfunction of the basal ganglia and/or cortical-subcortical 
circuitry, seizures and movement disorders (chorea, dystonia, and dyskinesia) are 
infrequent presentations of moyamoya disease [29].

 Natural History

The natural history of moyamoya disease is quite variable. Patient progression can 
follow an indolent, sporadic, or rapid course. Regardless of the rate of clinical pro-
gression, however, more than 50% of untreated moyamoya patients exhibit progres-
sive neurological dysfunction and a poor clinical outcome [30].

 Adult Disease

Data regarding the course of untreated moyamoya disease are limited. In 2015, Cho 
et al. studied the clinical outcomes of 241 adult moyamoya patients classified into 
three groups based on clinical presentation: hemorrhagic (n  =  62); ischemic 
(n = 144); and asymptomatic (n = 35) [31]. The group reported an annual stroke risk 
of 4.5% as well as annual risk of rebleeding in the hemorrhagic group and recurrent 
ischemic events in the ischemic group of 4.3% and 3.0%, respectively. There was 
no significant difference in the cumulative stroke risk among the three groups, sug-
gesting that asymptomatic patients warrant close clinical attention and consider-
ation of therapeutic intervention. Patients with an initial hemorrhagic presentation 
tended to develop hemorrhagic strokes while an ischemic presentation was usually 
followed by recurrent ischemic strokes. In 2019, Kang et al. reported results of a 
survey of 128 patients with conservatively managed hemorrhagic moyamoya 
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disease. The cohort exhibited a rebleeding rate of 4.5% per year, with a cumulative 
risk of rebleeding of 7.8% at 5 years, 22.6% at 10 years, and 35.9% at 15 years. 
Familiarity with these rates is crucial in that rebleeding is the most important factor 
associated with poor prognosis in patients with hemorrhagic moyamoya disease: 
11.04-fold risk of death in comparison with patients without rebleeding (P = 0.02) 
[32]. This phenomenon may, at least in part, be related to the increased rates of 
ischemic infarction seen in moyamoya patients following hemorrhagic events 
[25, 33].

 Pediatric Disease

In a series of 27 pediatric moyamoya patients followed for a period of up to 15 years, 
outcomes were reported as follows: no sequelae in five (19%), occasional TIA or 
headache alone in nine (33%), mild intellectual and/or motor impairment in seven 
(26%), requirement for special school or care by parents or institutions after reach-
ing the teen years in three (11%), continuous 24-hour care in two (7%), and death in 
one (3%) [34]. While further observational data are limited, it is generally accepted 
that poorer prognosis is associated with earlier age at onset. The majority of chil-
dren develop more severe angiographic grades of disease within 5–10 years of diag-
nosis. In some, this worsening progresses after adolescence [35].

 Unilateral Disease

At times, moyamoya phenomena may manifest as unilateral disease. While it 
remains unclear whether this represents a unique disease entity or an earlier stage of 
diagnosis, Kelly et al. reported a 38.9% progression rate to bilateral disease [36]. 
Young age at onset of disease and the presence of minor changes in the contralateral 
ACA, intracranial ICA, and MCA were important predictors of increased risk of 
progression. As such, patients with these characteristics should be followed for both 
contralateral and overall disease progression.

 Staging

In 1969, Suzuki et al. described six progressive stages of the angiographic evolu-
tion of moyamoya disease [1] (Table 15.4) (Fig. 15.2). While accurately depict-
ing the degree of vascular stenosis and collateral vessel development, this staging 
system provides no information on the degree of cerebral infarction of vascular 
reserve. As such, the Suzuki staging system neither correlates with disease 
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severity nor risk of clinical symptoms [37]. Specifically, a history of prior infarct 
and/or impaired hemodynamics are predictive of stroke risk in both symptomatic 
and asymptomatic moyamoya patients [31, 32, 37]. In a historical prospective 
cohort study of 40 asymptomatic moyamoya patients, Kuroda et  al. detected 
silent infarction and impaired vascular hemodynamics in 20% and 40% of 
patients, respectively. During a mean follow-up of 43.7 months, 20.6% of patients 
suffered a TIA, stroke, or intracranial hemorrhage. The authors quoted a 3.2% 
annual risk for any stroke. As such, asymptomatic moyamoya is not a silent dis-
order and requires consideration and incorporation into disease staging sys-
tems [38].

Currently available functional vascular imaging modalities service this need by 
generating direct and indirect measures of cerebral blood flow (CBF), cerebral met-
abolic function, and cerebrovascular reactivity. Cerebral blood flow is typically 
measured via the introduction of a tracer that can be tracked through the cerebral 
circulation serially over time. The mean transit time (MTT) and an estimation of 
cerebral blood volume (CBV) can be derived from tracer concentration levels in a 
region of interest over time. CBF, in turn, is derived from these values: CVB/
MTT.  Diminished CBF is thought to correlate with vessel stenosis and may be 
apparent in ischemic regions [39]. Cerebral metabolic function is inferred from the 
oxygen extraction fraction. Specifically, in ischemic tissue, the oxygen extraction 
fraction increases as a greater percentage of oxygen is extracted from red blood 
cells to meet equivalent metabolic demands in the setting of decreased CBF. The 
assessment of cerebrovascular reactivity relies on the measurement of CBF before 
and after a hypercapnic challenge. While CBF increases in response to a hypercar-
bic challenge in controls, the response is stalled in moyamoya patients as a conse-
quence of the persistent maximal dilation of moyamoya vessels. Patients exhibiting 
this so-called exhaustion of cerebrovascular reserve are at higher risk for ischemic 
symptoms and stroke [40].

Table 15.4 Suzuki staging of moyamoya

Suzuki staging of moyamoya
Suzuki stage Angiographic description

I Isolated narrowing of supraclinoid carotid (C1-C2 segment)
II Progressive narrowing of carotid. Dilation of native cerebral arteries. Early 

formation of moyamoya vessels in basal carotid circulation.
III Severe carotid stenosis with decreased flow in middle and anterior cerebral 

arteries. Intensification of moyamoya vasculature in basal regions. Exuberant 
moyamoya vessel formation.

IV Severe carotid stenosis with impaired filling of middle, anterior, and posterior 
cerebral arteries. Minimization of moyamoya vessels.

V Complete cessation of flow in ipsilateral middle, anterior, and posterior 
cerebral arteries. Further minimization of moyamoya vessels.

VI Disappearance of moyamoya vessels. Filling of cerebral vasculature by 
external carotid supply via leptomeningeal anastomoses.
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a b

c d

e f

Fig. 15.2 Representative internal carotid (a-e) and external carotid (f) artery angiograms demon-
strating the Suzuki staging of moyamoya.  (a). Stage I disease with narrowing of supraclinoid 
ICA. (b) Stage II disease with dilatation of MCA and early formation of basal moyamoya vessels. 
(c) Stage III disease with occlusion of the MCA and ACA but patent posterior communicating 
artery and further formation of moyamoya vessels. (d) Stage IV disease with intensification of 
moyamoya vessels and loss of posterior communicating artery. (e) Stage V disease with diminish-
ing moyamoya vessels as prominence of external collateral increases. (f) Stage VI disease with loss 
of moyamoya vessels and collateral supply via the external carotid artery. (Source: Wanebo 
et al. [66])
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 Computed Tomography Perfusion and Magnetic Resonance 
Imaging Perfusion

CT perfusion utilizes an iodinated contrast agent to track the transit of blood through 
the cerebral vasculature. MR perfusion achieves the same with the use of gadolin-
ium contrast or endogenous contrast generated by arterial spin labeling. These 
methods are limited by variability related to changes in blood pressure, hematocrit, 
as well as motion and susceptibility artifacts. An acetazolamide challenge is used as 
an adjunct to estimate cerebrovascular reactivity and to detect steal phenomenon. 
As a carbonic anhydrase inhibitor, acetazolamide induces carbonic acidosis, trig-
gering a considerable increase in CBF in regions with preserved cerebrovascular 
reactivity.

 Xenon Computed Tomography

Xenon CT relies on xenon – a radiopaque, diffusible gas – accumulation in brain 
tissue following delivery via inhalation of a gas mixture with oxygen. Xenon accu-
mulation correlates with blood flow and is used to derive estimates of 
CBF. Cerebrovascular reactivity is calculated via the addition of a hypercarbic chal-
lenge to the study protocol.

 Positron Emission Tomography

PET scanning uses 15O2 to measure the oxygen extraction fraction. PET imaging is 
limited by its availability and by the short half-life of 15O. In fact, a cyclotron or 
high-energy linear accelerator is needed on site to generate the necessary 
radiopharmaceuticals.

 Single-Photon Emission Computed Tomography

A radioactive tracer – either [123I] N-isopropyl-p-iodoamphetamine autoradiogra-
phy (123I-IMP-ARG) or technetium hexamethylpropylene amine oxide (99mTc- 
HMPAO) – is injected intravenously. The tracer crosses the blood–brain barrier 
and is temporarily accumulates in brain tissue. As above, the amount of accumu-
lated tracer correlates with blood flow. A hypercarbic challenge allows for the 
measurement of cerebrovascular reactivity, provided there is an appropriate wash-
out period.
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 Blood Oxygen Level–Dependent (BOLD) Magnetic 
Resonance Imaging

BOLD MRI is a functional technique based on detecting the difference between the 
field inhomogeneity created by deoxyhemoglobin (dHb) contained within red blood 
cells in the microvasculature and the relatively homogenous field of adjacent paren-
chyma [41]. As the BOLD sequence detects susceptibility caused by dHb, signal 
intensity decreases when dHb concentrations increase. The BOLD technique has 
been adapted for evaluation of cerebrovascular reactivity. Following a hypercapnic 
challenge, regions with normal cerebrovascular reactivity demonstrate an increase 
in regional blood flow and consequent increase in BOLD signal. Those with 
exhausted cerebrovascular reserve demonstrate a relative increase in dHb and con-
sequent decrease in BOLD signal.

Incorporating the gains of functional vascular imaging, Czababka et  al. have 
proposed a novel grading system – the Berlin moyamoya grading system – to esti-
mate the likelihood of clinical symptoms in moyamoya patients (Table 15.5). The 
grading system utilizes DSA characteristics, MRI features, and cerebrovascular 
reserve capacity to stratify patients into three grades: mild, moderate, and severe [42].

 Medical Treatment

In the acute stage, management of moyamoya patients is largely supportive and bor-
rows heavily from ischemic and hemorrhagic stroke treatment guidelines. Focus is 
placed on the management of elevated intracranial pressure, hematoma evacuation, 
drainage of intraventricular hemorrhage via an external ventricular drain, and sei-
zure control. Critical care physicians target normothermia and normoglycemia 

Table 15.5 Berlin moyamoya grading protocol

Berlin moyamoya grading protocol
Variable Characteristics Points

Digital subtraction 
angiography

Steno-occlusive lesion + moyamoya vessels 1
Steno-occlusive lesion + moyamoya vessels + intracranial 
compensation routes

2

Steno-occlusive lesion + extracranial compensation routes 3
MRI No signs of ischemia, hemorrhage, or atrophy 0

Signs of ischemia, hemorrhage, or atrophy 1
Cerebrovascular reserve 
capacity

No steal phenomenon (≥5%) 0
Steal phenomenon (<5%) 2

Score:
   Grade I – mild – (1–2 points)
   Grade II – moderate – (3–4 points)
   Grade III – severe – (5–6 points)
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while working to minimize periods of hypotension, hypovolemia, hypoxia, and 
hypocarbia.

No currently available medical therapy can halt or reverse the arteriopathic pro-
cess in moyamoya disease. As such, medical management in moyamoya disease is 
primarily focused on secondary stroke prevention. While the role of hemodynamic 
compromise as the primary cause of ischemic symptoms has been long established, 
recent evidence has highlighted the role of emboli in ischemic episodes. High- 
intensity transient signals (HITS)  – transcranial Doppler recordings believed to 
reflect microemboli – are detected in about 12–20% of moyamoya disease patients 
[43, 44]. Their presence was predicted by recent clinical ischemic events and carried 
a corrected odds ratio of 10.6 for stroke in the next year [44]. While there are no 
randomized, controlled trials that examine the efficacy of antiplatelets in the preven-
tion of stroke in moyamoya patients, many clinicians prescribe daily antiplatelet 
therapy, referencing its utility in non-moyamoya stroke patients. Utilization is not 
ubiquitous and reflects hemorrhagic presentation rates across regions and ethnici-
ties [45].

While the treatment of moyamoya syndrome is largely analogous to that of moy-
amoya disease, it is important to recognize that the nature of the underlying condi-
tion influences patients’ clinical course and effects prognosis. Specifically, for 
moyamoya syndrome associated with hormonal abnormalities, such as hyperthy-
roidism, correction of the hormonal abnormality has been reported to be effective 
[46]. A similar effect has been described following immunosuppressive therapy in 
moyamoya syndrome associated with autoimmune disease [47].

 Surgical Treatment

Although antiplatelet agents are commonly used in moyamoya patients, there are 
little data to support their beneficial effect on the natural history of the disease. 
Hallemeier et al. reported 5-year stroke-free survival rates of only 35% and 18% for 
patients receiving medical management for unilateral and bilateral moyamoya dis-
ease, respectively [48]. Relatedly, Kraemer et al. found that, in medically treated 
patients, the Kaplan–Meier risk for recurrent stroke after the first ischemic event 
was approximately 80% in the first year [49]. These data underscore the fact that 
medical therapy alone is insufficient. Surgical revascularization therapy attempts to 
address this void by improving cerebral blood flow and stabilizing the cerebrovas-
cular dynamics of moyamoya patients. As the arteriopathy of moyamoya disease 
affects the ICA while sparing the ECA, surgical revascularization techniques utilize 
the ECA as source of augmented blood flow to the ischemic hemisphere. 
Revascularization surgery is the most effective treatment for hemorrhagic and isch-
emic moyamoya disease. Generally accepted indications for revascularization 
include recurrent clinical symptoms due to (1) cerebral ischemia or (2) decreased 
regional cerebral blood flow, vascular response, and reserve in perfusion studies 
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[14]. Current revascularization strategies are classified into two categories: direct 
and indirect bypass surgery.

 Direct Revascularization

Direct surgical intervention for moyamoya disease is typically performed in adults 
and using a superficial temporal artery (STA)-to-MCA end-to-side anastomosis 
(Fig.  15.3); however, use of STA-to-ACA, STA-to-PCA, and occipital artery-to- 
MCA (Fig. 15.4) or PCA anastomoses and interposition vein grafts has also been 
reported. If not already initiated, daily antiplatelet therapy should be started prior to 
surgical intervention.

 STA-to-MCA Anastomosis Technique

The patient is positioned supine on the operating table and the head is secured in 
place using a Mayfield clamp. The course of the STA and its frontal and parietal 
branches are marked on the patient’s scalp from the root of the zygoma as far dis-
tally as possible above the superficial temporal line (usually 9–10 cm) with the help 
of a handheld Doppler probe. A skin incision is made over the STA along its course 
with the aid of the operating microscope. Microdissection of the STA should con-
tinue until a length of approximately 7 cm of STA is mobilized. The STA is then 
kept moist, in a papaverine-soaked sponge, and under minimal tension until the time 
of anastomosis. Next, the temporalis muscle is sharply divided and mobilized via 
subperiosteal dissection. A craniotomy centered over the Sylvian fissure is then 
turned to expose the underlying frontal and temporal lobes. The dura is subsequently 
opened in a cruciate fashion – with care to avoid interruption of large middle men-
ingeal dural arteries – under microscopic guidance to expose the underlying brain. 
Next, a suitable recipient artery – typically a frontal M4 MCA branch that approxi-
mates the caliber of the donor STA branch and follows a straight course – is identi-
fied. The arachnoid overlying this cortical branch is dissected to allow for the 
mobilization of approximately 10 mm of MCA. In anticipation of the anastomosis, 
10 mm of adventitia is removed from the STA while it is still intact. The vessel is 
then temporarily occluded proximally and sectioned distally. Temporary aneurysm 
clips are subsequently applied to occlude the M4 branch prior to arteriotomy. An 
anastomosis between distal end of the STA and side of the MCA segment is then 
completed in a running or interrupted fashion using 10–0 sutures. Once the anasto-
mosis is completed, the distal MCA clip is removed and the degree and location of 
any bleeding from the anastomosis are assessed and reinforced. Subsequent clip 
removal follows a characteristic sequence to minimize embolic sequelae. Once the 
proximal STA clip is removed, flow through the anastomosis is assessed with an 
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indocyanine green angiogram and/or Doppler ultrasonogram and/or intraoperative 
catheter angiogram. Assuming patent flow and adequate hemostasis, the bone flap is 
replaced and the temporalis muscle loosely reapproximated to prevent constriction 
of the bypass. Incisional closure is completed with standard techniques. Importantly, 
patients are maintained on antiplatelet agents indefinitely to prevent thrombosis of 
the bypass.

a b

Preop Postop

c

d

Fig. 15.3 A 28-year-old female presenting with progressing TIAs manifesting with aphasia and 
right-sided weakness. (a). Anteroposterior left common carotid and vertebral angiograms demon-
strating carotid occlusion with collateralization reconstituting suboptimal blood flow in the middle 
cerebral artery territory. (b) Baseline computed tomography perfusion images demonstrating 
decreased perfusion in the left MCA territory with increased time to peak (TTP) and normal cere-
bral blood volume (CBV) (c) Intraoperative view demonstrating stages of the direct STA-to-MCA 
end-to-side anastomosis to a frontal M4 artery. (d) Juxtaposition of pre- and post-op operative 
perfusion and angiogram imaging demonstrating a patent anastomosis and improved perfusion 
with decrease in TTP
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 Indirect Revascularization

In adults, indirect revascularization is mainly used in addition to direct revascular-
ization techniques; in contrast, it is the principal approach in pediatric patients. The 
selection of a bypass technique is determined by patients’ individual anatomy. The 
small diameter of potential donor and cortical recipient vessels often precludes 
direct bypass in pediatric patients. Similarly, advanced stages of moyamoya disease 

a b

c

d

Fig. 15.4 A 60-year-old female with history of two failed STA-MCA bypasses in an outside hos-
pital, presenting to care with progressive aphasia and intermittent right-sided weakness. (a). CT 
perfusion imaging demonstrating significant hypoperfusion involving the posterior aspect of the 
left hemisphere. (b). Anteroposterior and lateral angiograms demonstrating classic moyamoya 
appearance in the supraclinoid internal carotid artery with occlusion of the middle cerebral artery 
(M1 segment). There is delayed filling of posterior aspect of the frontal, parietal, and temporal 
lobes. One branch of the previous STA-MCA anastomosis is occluded the other one fills just a 
small anterior frontal area. (c) Intraoperative sequential stages of a left OA-MCA bypass: position-
ing, occipital artery harvest, and craniotomy with dura opening to expose the angular artery (recip-
ient artery). (d) Juxtaposition of pre- and post-anastomosis indocyanine green video and catheter 
angiograms with patent flow

S. Kvint and J.-K. Burkhardt



303

often prove to be a technical challenge. In the early stages of the disease, the caliber 
of affected vessels is relatively normal – ideal for direct anastomosis – and cortical 
collateralization is not yet extensive. Chronic disease, in turn, is characterized by 
the following: (1) distal small cortical vessels with significant dilatation; (2) larger 
vessels with reduced vessel diameter; and (3) extensive collateralization. These 
qualities are associated with increased perioperative risk for infarction or hyperper-
fusion syndrome; as such, they are considered to be less attractive for direct revas-
cularization. In such cases, an indirect bypass using vascularized donor tissue – STA, 
galea, dura, muscle, and omentum – can be used to promote leptomeningeal col-
lateral formation. Indirect bypass procedures recommend themselves in that they 
avoid: (1) ischemia from temporary arterial occlusion; (2) extended anesthesia 
time; and (3) the hyperperfusion syndrome associated with the sudden increase in 
blood flow provided by a direct anastomosis. Unfortunately, the latter strength is 
the technique’s greatest limitation: indirect anastomosis patients are dependent on 
the uncertain and gradual ingrowth of vessels to achieved augmented cerebral 
blood flow.

 Encephaloduroarteriosynangiosis (EDAS)

As described above, the STA is carefully dissected through a skin incision approxi-
mating the course of the most robust STA branch. Once the branch is dissected free 
of the surrounding temporalis fascia, adherent adventitia is removed around the 
entire length of the arterial branch so as to not impede angiogenesis. A craniotomy 
is turned over the Sylvian fissure and the dura opened in a cruciate fashion. The 
arachnoid overlying the cortex is opened to allow direct contact between the STA 
donor branch and the cortical arteries. The STA branch is then placed in direct oppo-
sition to the underlying cortex and pial synangiosis is achieved as the STA branch is 
sutured to the dissected arachnoid using several interrupted. The dural leaflets are 
then inverted and folded underneath the skull, allowing for an additional source of 
blood flow for cortical neovascularization. After meticulous hemostasis, the crani-
otomy flap is carefully beveled and secured in place. The scalp is then closed in the 
usual fashion taking care not to harm the intact STA.

 Encephalomyosynangiosis (EMS)

A linear or curvilinear incision allows access to the temporalis muscle and facili-
tates subperiosteal dissection of the muscle from the underlying cranium, taking 
care to preserve its blood supply. Following a large craniotomy, the dura is opened 
widely and inverted. The muscle is then placed directly on top of the underlying 
brain and secured in place via sutures to the dural edges. The bone flap – shaved on 
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the inferior aspect to avoid compression of the temporalis muscle – is then replaced 
and secured. Use of a split-thickness temporalis muscle graft has been proposed in 
an effort to reduce the poor cosmetic effect and bulk of muscle mass in the epidural 
space associated with traditional EMS technique [50].

 Encephaloduroarteriomyosynangiosis (EDAMS)

EDAMS incorporates aspects of all the major indirect revascularization techniques. 
The dural leaflets are opened in a cruciate fashion and inverted onto the underlying 
cortex as previously described. Pial synangiosis is then performed and the tempora-
lis muscle is placed over the remaining exposed cortex. Bone flap placement and 
closure are performed using the techniques described above.

 Omental Transplantation

Advocates of omental transplantation reference the relative plasticity of the graft 
material and its ability to cover a large surface area of ischemic cortex. The greater 
omentum is harvested via a midline abdominal incision, with care taken to preserve 
the gastroepiploic vessels. A large craniotomy is fashioned following the identifica-
tion and dissection of the STA and the superficial temporal vein. Direct end-to-end 
or end-to-side anastomoses is then performed – first between the STA and gastro-
epiploic artery and then between the superficial temporal vein and gastroepiploic 
vein. This sequence allows for a confirmation of adequate flow through the graft on 
the venous end. Following a wide dural opening, the vascularized graft is placed 
directly in contact with the cerebral cortex.

 Multiple Burr Holes

Either a bicoronal or midline sagittal incision is made with care taken to avoid the 
interruption of major scalp arteries supplied by the external carotid and/or occipital 
arteries. The distribution of burr holes should be tailored to the cortical territories at 
risk for infarction. The pericranium can be dissected in a triangular shape over pro-
jected sites prior to bur hole creation. Following a cruciate dural opening, the under-
lying arachnoid is incised sharply and the dural leaflets inverted underneath the 
native skull. The preserved pericranium can then be inserted onto the cortex to fur-
ther augment blood flow.
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 Outcomes Following Revascularization

The superiority of surgical revascularization over conservative medical manage-
ment in ischemic moyamoya patients has been demonstrated in multiple surgical 
series. Most recently, Kim et al. reported the results of a retrospective, case-control 
study involving 441 ischemic moyamoya patients – of which 301 underwent revas-
cularization surgery and 140 were treated conservatively [51]. They found that the 
actuarial 10-year cumulative incidence rate for any kind of stroke was significantly 
lower in the revascularization group than in the control group (9.4% vs. 19.6%, 
p = 0.04). The relative risk reduction was also superior (52.0%) in the revasculariza-
tion group, with a number needed to treat of 10. Specific consideration of ischemic 
stroke yielded a 10-year rate of 13.3% and 3.9% in the control and revascularization 
groups, respectively (p = 0.019). The relative risk reduction for ischemic stroke in 
the revascularization group was 70.7%, and the number needed to treat was 11.

In 2009, Guzman et al. reported the Stanford experience with 264 patients under-
going 450 revascularization procedures [19]. Direct revascularization was the 
selected approach in the majority of cases (95% of adults and 76% of children). The 
group reported a significant reduction in TIAs after treatment. Specifically, of the 
171 patients presenting with TIAs, 82.5% were TIA free at 1 month and 91.8% at 
1 year or later. A similar effect was observed in patients presenting with headaches. 
Of the 48% of patients presenting with headaches, greater than 80% were headache 
free at the last follow-up. Overall, patients experienced a significant clinical 
improvement: mean preoperative mRS score of 1.62 and a mean mRS score of 0.83 
at a mean follow-up of 4.9 years (p < 0.0001). Frequency analysis releveled that 
quality of life improved, remained unchanged, or worsened in 71.2%, 23.6%, and 
5.2% of patients, respectively. Importantly, in the multivariate analysis, the stron-
gest predictor of a good outcome after surgery was an mRS score ≤ 2 prior to sur-
gery (OR 26.2, p < 0.0001). These benefits were achieved in the setting of a low risk 
profile. The overall incidence of stroke in the postoperative period and up to the last 
follow-up was as follows: 3.8% and 3.4% for ischemic and hemorrhagic events, 
respectively. The overall mortality rate after surgical revascularization was 2.3% 
during a mean follow-up period of 4.9 years. The cumulative 5-year Kaplan–Meier 
risk of perioperative or subsequent stroke or death was 5.5%.

While the efficacy of revascularization for ischemic moyamoya disease has been 
generally accepted, evidence in support revascularization in patients with a hemor-
rhagic presentation is less robust. Fujii et al. retrospectively reviewed clinical out-
comes in 290 hemorrhagic moyamoya patients treated with revascularization versus 
conservative management [52]. While the group reported a trend toward reduced 
rates of recurrent hemorrhage in the surgical group (19.1% vs. 28.3%), it failed to 
reach statistical significance. In a retrospective review of 22 hemorrhagic moyam-
oya patients treated with direct bypass, EDAS or conservative management, 
Kawaguchi et al. found that the incidence of future stroke events in patients who had 
undergone a direct bypass was significantly lower than that in patients who had been 
treated conservatively or with EDAS (p < 0.05) [53].
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To date, studies comparing the clinical outcomes achieved by indirect and direct 
revascularization techniques have favored the superiority of the latter. In a review of 
124 adult moyamoya disease patients treated via direct, indirect, or combined 
bypass, Lee et al. found that direct and combined bypasses were more effective in 
preventing recurrent ischemic stroke than indirect bypass surgery (P  <  0.05). 
Similarly, the extent of revascularization and reduction of moyamoya vessels were 
greater in the direct or combined bypass cohort (P < 0.05) [54]. Further, a meta- 
analysis of 16 studies by Qian et al. indicated that compared to direct bypass sur-
gery, indirect bypass surgery had a lower efficacy with regard to secondary stroke 
risk reduction (OR of 1.79, 95% CI, 1.14–2.82, P  =  0.01), while no significant dif-
ference was detected in perioperative complication rates [55].

 Perioperative Care

Patients with moyamoya vasculature present unique challenges for perioperative 
management. Appropriate preoperative optimization, anesthetic management, and 
intraoperative monitoring are crucial for successful patient outcomes. Although 
there are no randomized clinical trials to support a specific anesthetic or monitoring 
regimen, a consideration of disease specific pathology allows for the informed 
application of fundamental principles. As previously stated, moyamoya patients are 
characterized by impaired regional cerebral blood flow and functionally abnormal 
vasculature. Cerebrovascular autoregulation is severely attenuated and cerebral 
blood flow in affected regions is wholly pressure dependent. Further, while moy-
amoya vessels appear to be incapable of dilation in response to hypercapnia, they 
are exceptionally sensitive to and constrict in the setting of hypocapnia.

With these caveats in mind, interventions are selected in accordance with three 
cornerstones of perioperative moyamoya patient management: (1) maintain a favor-
able supply (cerebral blood flow) to demand (cerebral metabolic rate) ration through 
the perioperative period; (2) reduce ischemic potential during vessel cross- clamping; 
and (3) facilitate early detection and prompt correction of a suboptimal supply-to- 
demand ratio. As such, we recommend the following:

 1. Surgery should be scheduled during periods of relative clinical stability – inter-
vals between ischemic or hemorrhagic symptoms.

 2. Ensure sufficient hydration and an accurate assessment of patients’ fluid status. 
The goal of fluid management is to maintain normovolemia and a hematocrit 
between 30% and 36%.

 3. Maintain normocapnia at all times.
 4. Ensure preoperative placement of an arterial catheter for continuous pressure 

monitoring during induction, surgery, and postoperative recovery.
 5. Target a core temperature of 33  °C using either surface cooling or invasive 

techniques.
 6. Maintain patients’ mean arterial blood pressure at preinduction levels through-

out induction, surgery, and postoperative recovery using titrated doses of both 
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ephedrine and phenylephrine. As moyamoya vessels do not constrict in response 
to phenylephrine or ephedrine, these agents can be used to maintain an appropri-
ate perfusion pressure.

 7. Ensure continuous monitoring of cortical function by means of electroencepha-
lography, somatosensory evoked potentials, and motor evoked potentials.

 8. Ensure burst-suppression and MAP at 10% higher than the preoperative level, 
prior to arterial cross-clamping.

 Endovascular Therapy

There is limited experience with angioplasty and/or stenting in the moyamoya pop-
ulation. In 2014, a review of 28 endovascular (11 stent and 17 angioplasty) proce-
dures reported a therapeutic success – defined as a lack of both angiographic and 
clinical recurrence at follow-up – rate of 25% [56]. The cumulative monthly angio-
graphic and clinical recurrence rates were 9.3% and 8.0%, respectively. Two proce-
dures (7%) were complicated by devastating intracerebral hemorrhage. Ineffective 
vessel dilation was observed in another three (11%). At this time, there is no evi-
dence that angioplasty or stenting improves the natural history of moyamoya. When 
considered in the context of the procedural risk profile, currently available data 
argue against the routine endovascular treatment of ischemic moyamoya patients. 
Interestingly, the successful use of angioplasty as a bridge to surgical revasculariza-
tion has been reported [57]. Additionally, endovascular rescue therapy has been 
described in the setting of donor vessel injury and as a means to boost flow in donor 
vessels before or after revascularization surgery [58–60].

The endovascular embolization of pseudoaneurysm like-lesions using N-butyl- 
cyanoacrylate glue has been reported in the literature [61]. Although this procedure 
may be theoretically effective in preventing rebleeding among hemorrhagic moy-
amoya patients, the technique is very demanding due to the deep location of the 
vascular lesions and nature of the conduit vessels.

 Conclusion

Moyamoya is an increasingly recognized cause of stroke among both children and 
adults. A high index of suspicion is crucial for optimizing outcomes as it facilitates 
prompt diagnosis and initiation of therapy in the early stages of the disease. Surgical 
revascularization is the only effective treatment for reducing the risk of stroke in 
moyamoya disease patients. When technically feasible, a direct STA-MCA bypass 
is the procedure of choice. Indirect bypass is an effective option in patients in whom 
direct bypass cannot be performed. Regardless of the surgical approach, strict atten-
tion to and optimization of perioperative management techniques are essential to 
minimize the risk of adverse events.
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HINTS Head-Impulse–Nystagmus–Test-of-Skew
IST-3 Third International Stroke Trial
ISUIA International Study of Unruptured Intracranial Aneurysms
IV Intravenous
MRA Magnetic resonance angiography
MRI Magnetic resonance imaging
NIHSS National Institutes of Health Stroke Scale
PC-ASPECTS Posterior Circulation Acute Stroke Prognosis Early CT Score
PCA Posterior cerebral artery
PCoA Posterior communicating artery
PICA Posterior inferior cerebellar artery
rtPA Recombinant tissue plasminogen activator
SCA Superior cerebellar artery
TCD Transcranial Doppler
VBI Vertebrobasilar insufficiency
TIA Transient ischemic attack
VBJ Vertebrobasilar junction
VERiTAS Vertebrobasilar Flow Evaluation and Risk of Transient Ischemic 

Attack and Stroke
WASID Warfarin–Aspirin Symptomatic Intracranial Disease

 Introduction

Stroke is a primary cause of death and disability worldwide. Approximately 800,000 
individuals within the United States suffer from stroke annually [1]. These individu-
als predominantly suffer from stroke affecting the anterior circulation, but the pos-
terior circulation is associated with nearly 20% of ischemic stroke cases [2]. In 
contrast to the anterior circulation, posterior circulation stroke may present with a 
much wider variety of clinical manifestations [3]. In this chapter, we discuss poste-
rior circulation anatomical variants, disease mechanisms within the posterior circu-
lation, clinical presentations, imaging, and management of different types of 
posterior circulation stroke variants with a specific focus on vertebrobasilar insuf-
ficiency (VBI). We review the subsets of etiologies of VBI, including subclavian 
steal, vertebral artery (VA) stenosis, basilar artery (BA) stenosis, posterior circula-
tion arteriovenous malformations (AVMs), and the current literature and our experi-
ence in treating and managing these disease processes.

 Anatomical Variants of the Posterior Circulation

The posterior circulation consists of major arteries, including the bilateral VAs, pos-
terior inferior cerebellar artery (PICA), basilar artery (BA), and bilateral posterior 
cerebral arteries (PCAs). This complex circulation system provides vascular supply 
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to a multitude of areas with physiological and functional diversity, including the 
brainstem, cerebellum, thalami, medial temporal lobe, and occipital visual cortex. 
Insight of the vascular region involved in stroke is critical in diagnosing the caus-
ative vascular lesion and mechanism of stroke.

Recognition of the various anatomical variants of the posterior circulation is 
imperative to distinguish benign findings from pathological conditions. The circle 
of Willis is an anastomotic arterial ring with variants; studies have shown that it is 
complete in only 20% of individuals [4]. A fetal-type PCA is defined as a dominant 
posterior communicating artery (PCoA) with a hypoplastic or aplastic P1 segment 
that results in predominant supply to the posterior territories from the anterior cir-
culation. de Monyé et al. reported that there is no increased risk of ischemic stroke 
in the territory of the PCA in patients with a fetal origin of the PCA [5].

In addition, the BA supplies the brainstem and arises from the union of the two 
VAs. Investigators have postulated that asymmetric vertebral flow contributes to BA 
curvature and is a potential determinant for the occurrence of infarcts around the 
vertebrobasilar junction (VBJ) [6].

Furthermore, the artery of Percheron is a vascular variant in which there is a 
thalamic perforating artery arising from the proximal PCA (P1 segment) and pro-
vides bilateral supply to the paramedian thalami. This normal, but rare, finding is a 
common cause of stroke within this territory [7, 8].

 Disease Mechanisms of Posterior Circulation Stroke

A multitude of etiologies contribute to posterior circulation stroke, including ath-
erosclerosis, VA dissection, cardioembolism, and compromise of small penetrating 
arteries. It is critical for clinicians to have an understanding of the pathophysiology 
when investigating the etiology of a posterior circulation stroke.

The intracranial arteries can often be compromised by atherosclerosis. 
Independent risk factors contributing to atherosclerosis include age, hypertension, 
and diabetes mellitus [9]. Intracranial atherosclerosis could potentially lead to 
thromboembolism within the vasculature, contributing to the formation of an infarct. 
In an analysis of the largest published registry of patients with posterior circulation 
disease (including demographics/risk factors, types of lesions, and follow-up data), 
the New England Medical Center Posterior Circulation Registry (n = 207 patients), 
Caplan et al. revealed that the most common sites of atherosclerosis are the basilar 
artery followed by the internal carotid artery, middle cerebral artery, VA, PCA, and 
anterior cerebral artery [10]. Specifically, atherosclerosis can often present in the 
distal vertebral and basilar arteries. The most common locations of atherosclerosis 
within the VA are the V1 and V4 segments [11]. The carotid arteries are more likely 
than the VAs to have fibrous plaques and fatty streaks within the arterial walls [12].

Dissection of the VA is an additional etiology of posterior circulation stroke and 
can arise spontaneously or from trauma and accounts for 15% of stroke [13]. The 
extracranial segments of the carotid and vertebral arteries are postulated to have 
greater mobility than their intracranial compartments and are thus much more likely 
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to undergo dissection. Specifically, VA dissections are most likely to arise in the V2 
(35%) and V3 segments (34%), where there is a differential between motility of two 
segments of the VA as it travels out of the foramen transversarium [14, 15]. 
Intracranial extension of the VA dissection has a higher risk of leading to the forma-
tion of aneurysm and overall mortality [14]. Particularly, if the dissection involves 
the V4 segment, involvement of the PICA may pose a greater risk of stroke, as there 
is less collateralization from the opposing VA. It is imperative for clinicians to be 
aware of common presenting symptoms of VA dissection, including neck pain, 
headache (typically occipital), and history of trauma.

Cardiac embolism is an additional risk factor that is responsible for a large pro-
portion of ischemic stroke of the posterior circulation. Kamel et al. describe a mul-
titude of factors that contribute to cardioembolic stroke, including atrial fibrillation, 
systolic heart failure, recent myocardial infarction, prosthetic heart valves, patent 
foramen ovale, and infective endocarditis [16]. Caplan et al. note that embolism is 
one of the most common mechanisms of stroke of the posterior circulation [10]. 
Recent studies have demonstrated that about half of strokes involving cardioem-
bolic origin involve multiple cerebral arterial territories [17].

Furthermore, the small penetrating arteries could potentially be compromised, 
thus contributing to posterior circulation lacunar infarcts. A multitude of pathologi-
cal mechanisms contribute to small vessel disease, specifically lipohyalinosis of the 
arterial wall [18]. Hypertension is a risk factor that increases the risk of the forma-
tion of lipohyalinosis of these small penetrating arteries. Which is a direct contribu-
tor to small vessel infarcts [11].

 Vertebrobasilar Insufficiency

VBI is characterized by insufficient blood flow to those parts of the brain fed by the 
posterior circulation, which includes the bilateral VAs, the BA, and the bilateral 
PCAs. The posterior circulation supplies the cerebellum, brainstem, and occipital 
cortex. The most common cause of VBI is progressive atherosclerosis of the blood 
vessels comprising the posterior circulation. Other causes include spontaneous or 
traumatic dissection of the cervical VAs as well as embolism from a cardiac or 
peripheral source. Symptoms of VBI include dizziness, lightheadedness, vertigo, 
syncope, ataxia, hemibody numbness or weakness, difficulty swallowing, and hom-
onymous hemianopsia, among others. Vertebrobasilar syndrome may occur as a 
result of the following clinical entities: subclavian steal, VA ostial stenosis, or BA 
stenosis and intracranial VA stenosis:

 (a) Subclavian Steal (Fig. 16.1): When the subclavian artery is occluded or highly 
stenotic proximal to the origin of the VA, circulation to the arm is sustained by 
reversal of flow in the VA. Upon exertional activity of the arm, such as lifting 
the arm over the head for a prolonged period of time, the VA reverses flow and 
directs blood to supply the demand for circulation to the ipsilateral arm. As a 
result, blood supply is shunted from the vertebrobasilar posterior circulation 
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toward the arm, which leads to symptoms of VBI. A key sign of subclavian steal 
syndrome is a systolic blood pressure of 20 mm Hg or less on the affected side 
compared to the pressure on the opposite arm. Doppler ultrasound imaging 
evaluation demonstrates reversal of flow in the ipsilateral VA.  Furthermore, 
diagnostic angiography demonstrates no anterograde flow in the VA ipsilateral 
to the subclavian stenosis; however, selective injection of the contralateral sub-
clavian artery demonstrates anterograde flow in the contralateral VA up to the 
VBJ, with reversal of flow in the ipsilateral VA to supply the subclavian artery 
distal to the stenosis. Subclavian steal syndrome is treated using balloon- 
mounted, covered stents through an endovascular approach. When endovascu-
lar approaches are not successful (for example, in the setting of chronic total 
occlusion of the subclavian artery), a carotid-to-subclavian artery bypass is a 
viable option for revascularizing the left subclavian artery.

a b

c d

Fig. 16.1 Left subclavian ostial stenosis. A 65-year-old woman presented with dizziness and ver-
tigo while painting the ceiling in her home. She was diagnosed with left subclavian artery ostial 
stenosis and was electively scheduled for left subclavian artery stent placement. A pigtail catheter 
injection of the aortic arch (a) showed previous ostial stents at the innominate and left common 
carotid artery origins as well as >80% stenosis of the left subclavian artery origin. A balloon- 
mounted, covered stent was deployed across the stenosis (b). Subsequent injections demonstrated 
near resolution of the subclavian artery ostial stenosis (c). Fluoroscopic anteroposterior (AP) imag-
ing demonstrates successful balloon-mounted stent deployment (d)
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 (b) Vertebral Artery Ostial Stenosis (Fig. 16.2): A common cause of VBI is VA 
stenosis at its origin from the subclavian artery, also known as VA ostial steno-
sis. VA ostial stenosis may cause artery-to-artery embolus and transient isch-
emic attack (TIA) or stroke in the posterior circulation. Occasionally, the emboli 
are large enough to cause large vessel occlusion at the VBJ or BA. In such cir-
cumstances, a procedure involving stenting of the VA ostium followed by 
mechanical thrombectomy of the large vessel occlusion can be lifesaving. The 
threshold for treatment of symptomatic VA ostial stenosis is controversial. Data 
from the North American Symptomatic Carotid Endarterectomy Trial, which 
demonstrated benefit for carotid revascularization in symptomatic patients with 
>70% stenosis, are extrapolated to extracranial VA ostial stenosis, as no 
 prospective clinical trials exist for treatment for this disease process [19]. Our 
protocol is to treat symptomatic ostial stenosis >70% in the dominant VA with 
balloon-mounted stents. When endovascular stenting is not feasible, as in the 

a b

c d

Fig. 16.2 Right vertebral artery (VA) ostial stenosis. A 72-year-old man presented with ataxia of 
his left upper and lower extremities. Magnetic resonance imaging (MRI) demonstrated left cere-
bellar infarcts (a). Diagnostic catheter angiography revealed >80% ostial stenosis of the right VA 
(b). The left VA was chronically occluded at its origin from the subclavian artery. A balloon- 
mounted stent was deployed across the right VA stenosis (c). Subsequent injections demonstrated 
near-complete resolution of the stenosis with improved flow across the right vertebral artery 
ostium (d)
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case of severe vessel tortuosity, a VA (V1 segment)-to-carotid transposition is 
an effective surgical strategy to manage VA ostial stenosis.

 (c) Basilar Stenosis and Intracranial Vertebral Stenosis (Fig. 16.3): Vertebrobasilar 
stenosis is associated with a stroke recurrence risk between 5 and 15%  annually 
[20] and up to 33% in the first month when treated with medical therapy alone 
[21]. The Warfarin–Aspirin Symptomatic Intracranial Disease (WASID) study 
group reported a risk of stroke recurrence in the posterior circulation of 23% in 
the aspirin group versus 10% in the warfarin group among a cohort of 569 

a b

c

Fig. 16.3 Intracranial VA stenosis. A 57-year-old woman presented with ataxia and vertigo. MRI 
demonstrated an infarct in the right midbrain as well as bilateral cerebellar infarcts (a, left, right). 
Catheter angiography demonstrated severe right V4 VA stenosis proximal to the origin of the pos-
terior inferior cerebellar artery (b). The left VA was occluded at its origin from the subclavian 
artery. A balloon-mounted stent was placed to treat the VA stenosis. Subsequent injections demon-
strated resolution of the right V4 VA stenosis in the AP (c-left) and lateral (c-right) planes
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patients who presented with TIA or stroke [22]. Post hoc analysis demonstrated 
that patients with BA stenosis benefited from warfarin therapy [23]. The risk of 
stroke recurrence correlates with stenosis severity. The WASID study investiga-
tors found that the risk of stroke recurrence was 19% with ≥70% stenosis ver-
sus 10% for <70% stenosis [22]. For patients with ≥70% symptomatic posterior 
circulation stenosis who suffer from recurrent stroke despite medical manage-
ment with dual antiplatelet therapy or anticoagulation, we offer submaximal 
angioplasty of up to 80% of the nominal parent vessel diameter. Stenting is 
reserved for patients with recurrent stroke despite maximal medical therapy and 
submaximal angioplasty. A systematic review and meta-analysis of patients 
with symptomatic intracranial vertebrobasilar stenosis showed that stroke 
recurrence was 9.6 per 100-person years in the medical group versus 7.2 per 
100-person years in the endovascular group, demonstrating that the risk of 
stroke recurrence was comparable between the medical and endovascular 
groups [24]. Additionally, the Vertebrobasilar Flow Evaluation and Risk of 
Transient Ischemic Attack and Stroke (VERiTAS) Study group included 72 
patients for their study, with 18 (25%) meeting low-flow criteria (defined as 
more than 20% reduction in normal parameters for blood flow to the posterior 
circulation), and found that compared to patients with the normal flow on quan-
titative magnetic resonance angiography, the risk of stroke was found to be as 
high as 20% in 1 year, compared to 4% per year in the normal flow group, with 
a hazard ratio of 11.55 [25] (Fig. 16.4). Specifically, low flow was defined as 
<40 ml/min in both PCAs or in one PCA if additional criteria were present [25].

Yes NoBA flow normal
(>120cc/min)

PCA flows normal
(>40cc/min)

Low flow-both PCAs
(<40cc/min)

Criteria presentCriteria absent

NORMAL FLOW LOW FLOW

MEDICAL
THERAPY

CONSIDER FLOW
AUGMENTATION

BORDERLINE FLOW
Consider additional criteria ¶

Measure PCA flow*

QMRA flow measurement:
flows considered reduced if >20% lower than baseline flows in normal volunteers

Low flow-one PCA
(<40cc/min)

Fig. 16.4 The Vertebrobasilar Flow Evaluation and Risk of Transient Ischemic Attack and Stroke 
(VERiTAS) Study group used this treatment algorithm to demonstrate measurements of cerebral 
blood flow and subsequent management. (Amin-Hanjani et al. [25])
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 Hemorrhagic Posterior Circulation Stroke

A thorough discussion of hemorrhagic posterior circulation stroke is beyond the 
scope of this chapter. Hemorrhagic strokes in the posterior circulation occur due to 
the presence of an underlying vascular lesion, such as AVM, dural arteriovenous 
fistula, or aneurysm, or due to medical causes, such as hypertension. Ruptured 
AVMs in the posterior circulation present with headache, nausea, and vomiting. 
Depending on the severity of the hemorrhage, patients may also present with obtun-
dation, inability to protect the airway, or coma.

Cerebellar AVMs comprise approximately 70% of infratentorial AVMs and 
approximately 10–15% of all AVMs. The Spetzler–Martin grading score ranges 
from 0 to 5 and accounts for AVM size (<3  cm  =  1 point, 3-6  cm  =  2 points, 
and >6 cm = 3 points), eloquence (eloquent = 1 point and noneloquent = 0 points), 
and venous drainage (deep = 1 point and superficial = 0 points) [26]. A more recent 
AVM grading system known as the Lawton–Young AVM Supplementary Grading 
Scale accounts for patient age (<20  years  =  1 point, 20–40  years  =  2 points, 
and >40 years = 3 points), hemorrhagic presentation (unruptured = 1 point and rup-
tured  =  0 points), and nidal diffuseness (compact nidus  =  0 points and diffuse 
nidus = 1 point) in addition to AVM size, eloquence, and venous drainage [27]. A 
prospective registry of brain AVMs at the University of California, San Francisco 
demonstrated that ruptured posterior fossa AVMs had worse outcomes than those in 
supratentorial locations and recommended a more “aggressive surgical posture” 
toward posterior fossa AVMs as compared to supratentorial AVMs [28].

Posterior circulation aneurysms are commonly located in the following loca-
tions: PCoA origin, PICA origin, and basilar apex. Less common locations for pos-
terior circulation aneurysms include the origin of the left superior cerebellar artery 
at its origin from the basilar quadrifurcation, dolichoectatic holobasilar aneurysms, 
and PCA aneurysms. The International Study of Unruptured Intracranial Aneurysms 
(ISUIA) investigators assessed the natural history of 1937 unruptured intracranial 
aneurysms and divided the patients into two groups: those with a history of sub-
arachnoid hemorrhage and those without. The ISUIA investigators predicted that 
the relative risk of rupture was 13.8 for aneurysms at the basilar tip, 13.6 for those 
in the vertebrobasilar or posterior cerebral distribution, and 8.0 for those in the 
PCoA, as compared to other locations [29]. Both endovascular and open neurosur-
gical treatment options are available for posterior circulation aneurysms. However, 
posterior circulation aneurysms are more likely to be treated using endovascular 
means due to the advancement and widespread availability of endovascular thera-
pies. A Swiss registry of patients with ruptured posterior circulation aneurysms 
from 2009 to 2014 demonstrated that endovascular treatment options were per-
formed in 88.7% of patients [30].

Hypertensive hemorrhage in the posterior fossa typically occurs in the cerebel-
lum or pons. The treatment is medical management using vasoactive intravenous 
drips, such as nicardipine, to maintain systolic blood pressure  <140  mm Hg. 
Emergent placement of an external ventricular drain may be necessary for posterior 
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fossa hypertensive bleeds, resulting in intraventricular hemorrhage or fourth ven-
tricular compression. Surgical hematoma evacuation is recommended for mass- 
occupying cerebellar hypertensive hematomas (usually >3 cm in diameter) [31].

 Different Locations of Posterior Circulation Stroke

Posterior circulation stroke is a broad term that encompasses several different types 
of pathologies. The management, as we will see later, is directly affected by the 
location of posterior circulation stroke. These specific etiologies include top of the 
basilar, midbasilar, VBJ, tandem occlusion/stenosis, and vertebrobasilar intracranial 
atherosclerosis disease. Each of these pathologies affords different management 
strategies that will be touched upon later in the chapter.

 Clinical Presentation

As previously discussed, the posterior circulation supplies the brainstem, thalamus, 
cerebellum, inferior temporal lobe, and occipital lobe; thus, posterior circulation 
stroke can result in a wide range of symptoms [32]. This anatomical diversity of the 
posterior circulation sheds insight into the myriad of clinical presentations of poste-
rior circulation stroke.

An analysis of the New England Medical Center Posterior Circulation Registry 
highlights associated presenting symptoms [10]. This analysis reported that the 
most common presenting symptoms were dizziness (47%), unilateral limb weak-
ness (41%), dysarthria (31%), headache (28%), and nausea or vomiting (27%). The 
most frequent signs were unilateral limb weakness (38%), gait ataxia (31%), unilat-
eral limb ataxia (30%), dysarthria (28%), and nystagmus (24%) [33]. However, a 
patient will present differently depending on the location of the lesion. For example, 
a patient with a complete BA occlusion will typically present with comatose-like 
symptoms including posturing and lower cranial nerve deficits.

In the New England Medical Center Registry, Caplan et al. described a topo-
graphic classification that delineates the intracranial vertebrobasilar system into 
proximal, middle, and distal territories [10]. This study defined the region that is 
supplied by the intracranial VAs and the posterior inferior cerebellar arteries 
(PICAs) up to the VBJ as constituting the proximal territory. The middle territory is 
comprised of the BA and the anterior inferior cerebellar arteries (AICAs) up to the 
superior cerebellar arteries (SCAs). The distal territory is comprised of the rostral 
BA, SCAs, and PCAs. Infarcts involving the proximal, middle, and distal territory 
have characteristic presentations. Proximal territory circulation infarcts are noted to 
cause Horner’s syndrome, dysphagia, nausea, and vomiting. Middle territory circu-
lation infarcts are characteristically associated with weakness of the limbs and 
nuclear facial palsy. Distal territory circulation infarcts can lead to visual 
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impairment and lethargy [3]. The presentation of a young patient with trauma, neck 
pain, and headache is highly suggestive of VA dissection.

Furthermore, Thömke et  al. reported that a significant number of individuals 
present with cranial nerve palsies caused by brainstem ischemia as the sole symp-
tom [34]. These most frequently include isolated palsies of the third and sixth cra-
nial nerves and less frequently involve the fourth, fifth, and seventh cranial nerves 
[34]. Therefore, it is important to keep in mind that cerebrovascular brainstem dis-
ease may often present as isolated cranial nerve palsy.

There are several classic syndromes involving the posterior circulation that are 
particularly noteworthy. Lateral medullary syndrome, also known as Wallenberg 
syndrome, is due to a vascular event, particularly an event involving the PICA or 
VA. Multiple structures are potentially impacted in this syndrome leading to varied 
symptoms; these structures include the spinothalamic tract, trigeminal nerve, glos-
sopharyngeal nerve, vagus nerve, vestibular nucleus, nucleus ambiguus, descending 
sympathetic tract, and cerebellum [35–37]. Common symptoms of the lateral med-
ullary syndrome include vertigo, nystagmus, and vomiting due to impairment of the 
vestibular nuclei, contralateral impairment of pain and temperature in the trunk and 
limbs due to impairment of the spinothalamic tract, ipsilateral loss of pain and tem-
perature of the face due to involvement of the trigeminal nerve, ipsilateral dysphagia 
and dysarthria due to the involvement of the nucleus ambiguus, ipsilateral gait 
ataxia due to cerebellar involvement, ipsilateral Horner syndrome due to impair-
ment of descending sympathetic fibers, and ipsilateral absent gag reflex and hoarse-
ness due to impairment of the glossopharyngeal nerve.

Locked-in syndrome is a consequence of BA occlusion and is characterized by 
quadriplegia, anarthria, and limited communication via eye movements. Due to 
midbasilar occlusion, there is infarction of the basilar region of the pons [38].

In addition, vertebrobasilar artery syndrome is due to the involvement of the 
proximal territory of the posterior circulation, as described previously. This syn-
drome commonly manifests with nausea, vomiting, nystagmus, unilateral limb 
weakness, gait, ataxia, and fifth cranial nerve findings [2]. Furthermore, Caplan 
et al. report that in 25% of the cases in the New England Medical Center Registry, a 
vertebrobasilar TIA may precede posterior circulation stroke [10].

Kattah et  al. reported on Head-Impulse–Nystagmus–Test-of-Skew (HINTS) 
methodology, which is utilized to diagnose stroke in acute vestibular syndrome 
[39]. This technique uses bedside evaluation of oculomotor findings to reliably 
identify stroke associated with this syndrome and avoid misdiagnosis of a potential 
posterior fossa infarct [39].

 Imaging Modalities

Noncontrast head computed tomography (CT) is the initial diagnostic neuroimaging 
modality to primarily exclude intracranial hemorrhage. However, CT provides subop-
timal visualization of posterior circulation infarcts [40]. Thus, early ischemic changes 
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may not be evident on CT, and magnetic resonance imaging (MRI) with diffusion-
weighted images is the superior modality to investigate infarction [41]. MRI has the 
advantage of visualizing the posterior fossa and detection of hyperacute infarct lesions 
[42]. In the acute setting, it is critical to consider that MRI may not always be safely 
performed due to various factors including limitations on time, presence of a pace-
maker, or other contraindications [3]. Imaging of the posterior circulation is warranted 
if posterior circulation stroke is suspected. To accomplish this aim, CT angiography 
(CTA) of the head and neck [or magnetic resonance angiography (MRA)] is per-
formed [2]. This neuroimaging modality remains the gold standard for vascular imag-
ing with excellent sensitivity and specificity for vascular abnormalities.

At our institution, we rely on CT perfusion (CTP) imaging in conjunction with 
CTA of the head and neck (named a CT stroke study for the combination of these 
two modalities) for initial management for all strokes (including suspected posterior 
circulation strokes). The benefits of this are numerous over MRI and MRA. CTA 
and CTP imaging can be completed much more quickly than MRI, making this 
combination modality pivotal in the diagnosis and/or treatment of stroke. 
Additionally, current blood flow/volume relationships can be demonstrated on CTP 
imaging, which is not able possible with MRI alone. MRI will reveal whether a 
stroke has occurred; however, information regarding the ischemic penumbra is not 
revealed unless MR perfusion imaging is obtained. Ischemic penumbra is defined as 
the region of the brain with decreased blood flow and subsequent increased risk of 
infarction [43]. Additionally, CTA may be more accurate than MRA with respect to 
showing stenosis, because MRA has been known to overestimate stenosis severity. 
Additionally, CTA and CTP are much more readily available in centers that do not 
have MRI and MRA capabilities. Unfortunately, CTP is not as reliable in the brain-
stem and posterior fossa, and noncontrast head CT is also sometimes difficult to 
assess for hypodensity; therefore, MRI does sometimes play a larger role in guiding 
treatment for posterior circulation stroke compared to anterior circulation stroke—
particularly for patients with lower National Institutes of Health Stroke Scale 
(NIHSS) scores. We typically perform mechanical thrombectomy for patients with 
symptoms of BA occlusion, regardless of CTP findings and time of stroke symptom 
onset, because untreated BA occlusion is fatal. Finally, no one imaging modality (of 
those listed above) showed superiority in our case series investigating predictors of 
outcomes from endovascular treatment of posterior circulation strokes [44].

Markers for signs of ischemic damage of the parenchyma include sulcal efface-
ment and loss of gray–white junction differentiation [45–47]. Ischemic signs on CT 
in the early period of stroke have not been corroborated for the posterior circulation. 
Goldmakher et al. reported that the presence of a hyperdense BA sign-on noncontrast 
head CT in individuals with a high pretest probability of posterior circulation stroke 
based on their clinical symptoms is a strong predictor of BA thrombosis [48]. Khan 
et al. investigated noninvasive detection of VA stenosis and determined that contrast-
enhanced MRA is the most sensitive imaging modality to detect VA stenosis com-
pared to CTA. Ultrasound has been demonstrated to have low sensitivity and could 
often miss VA stenosis [49]. Bedside transcranial Doppler (TCD) imaging is a widely 
utilized diagnostic imaging modality for the assessment of intracranial obstruction in 
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patients who have experienced ischemic stroke [50]. However, difficulty in assessing 
pertinent anatomy due to variation and tortuosity of the vasculature in the posterior 
circulation poses a unique challenge to using ultrasonographic assessment for poste-
rior circulation stroke. Tsivoulis et al. compared a novel imaging modality, transcra-
nial power motion-mode Doppler, with the diagnostic accuracy of angiography and 
found satisfactory agreement between the two imaging modalities [50].

The NIHSS has been widely applied in patients suffering from acute ischemic 
stroke. Studies have shown that for anterior circulation stroke, the volume of lesions 
on diffusion-weighted imaging correlates with NIHSS score [51]. Linfante et  al. 
reported that DWI lesion volume did not significantly correlate with NIHSS score 
in the acute phase of posterior circulation stroke, postulating that this measure 
favors symptoms of anterior circulation stroke [40]. The Posterior Circulation Acute 
Stroke Prognosis Early CT Score (PC-ASPECTS) has been proposed as a tool for 
the detection of early ischemic damage. This score has been proposed to help in 
identifying individuals with BA occlusions who are not likely to benefit from treat-
ment with endovascular recanalization [52]. Lin et al. performed receiver-operating 
characteristic curve analysis comparing PC-ASPECTS to baseline NIHSS score 
and reported that PC-ASPECTS has more reliability than NIHSS for predicting 
functional outcomes of posterior circulation stroke. Following posterior circulation 
acute ischemic stroke, a PC-ASPECTS score of >7 is a useful standard for the pre-
diction of a positive functional outcome [42].

 Management of Posterior Circulation Stroke

Stroke treatment is rapidly evolving, and it is critical to understand diagnostic strat-
egies and decision-making in order to appropriately determine the treatment 
regimen.

Acute management options for posterior circulation stroke include intravenous 
(IV) recombinant tissue plasminogen activator (rtPA), intra-arterial thrombolysis, 
and endovascular thrombectomy [3]. Treatment of acute stroke is based on the last 
known normal time, which is a critical factor for IV rtPA eligibility. As previously 
discussed, NIHSS is a determinant of stroke severity but is superior for predicting 
functional outcome for anterior circulation stroke compared to ischemic stroke of 
the posterior circulation.

 Intraarterial Thrombolysis

Several authors have investigated the utility of intraarterial thrombolytics as an 
option for the treatment of posterior circulation stroke [53–57]. Hacke et al. inves-
tigated patients who angiographically demonstrated thrombotic vertebrobasilar 
artery occlusions and received either local intraarterial thrombolytic therapy 
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(urokinase or streptokinase) or conventional therapy consisting of antiplatelet 
agents. They reported an association between the technical success of thrombolysis 
of vertebrobasilar artery occlusions and favorable clinical outcomes [54]. Rha 
et al. further investigated the relationship between recanalization and clinical out-
come in acute ischemic stroke. They reported a 63.2% recanalization rate for 
occlusions in the vertebrobasilar system with intraarterial thrombolytics [57]. It is 
well understood that patients with ischemic stroke due to occlusion of the basilar 
or vertebral arteries can undergo neurological deterioration. There is currently a 
paucity of investigations studying the use of intraarterial thrombolysis. Macleod 
et al. performed a randomized controlled trial with a small cohort of 16 patients 
involving the utility of intraarterial thrombolysis in patients with BA occlusion and 
established the need for larger-scale studies investigating this treatment modal-
ity [56].

 Intravenous Fibrinolysis

Intravenous thrombolysis with alteplase is the first-line treatment modality for 
patients with an acute ischemic stroke last known well within 4.5 hours [53]. The 
Third International Stroke Trial (IST-3) collaborative group demonstrated that treat-
ment with IV-tPA within 6  hours of initial symptom onset was associated with 
improved patient outcome and health-related quality of life [58]. Future studies aim 
to investigate the efficacy of other agents with longer treatment windows [58]. 
Strbian et al. investigated the effect of extensive baseline ischemia on patient out-
come following thrombolysis of BA occlusion. Extensive baseline ischemia was 
defined by the investigators as PC-ASPECTS less than 8. The results indicated that 
in the absence of extensive baseline ischemia, recanalization of BA occlusion pro-
duced good outcomes in approximately 50% of patients [59].

 Mechanical Thrombectomy

There are no level I data to support the use of mechanical thrombectomy for poste-
rior circulation stroke. However, several observational studies have described the 
safety and efficacy of mechanical thrombectomy for acute BA, VBJ, and PCA 
occlusions (Fig. 16.5). A multicenter prospective registry compared the safety and 
efficacy of mechanical thrombectomy between anterior and posterior circulation 
strokes. Of 139 patients included in the study, 84.9% had BA occlusion, followed by 
VA occlusion (in 16.5%) and PCA occlusion (in 4.3%) [60]. Patients with posterior 
circulation stroke tended to have lower median NIHSS score at baseline (12 vs. 15, 
P = 0.024). No symptomatic intracranial hemorrhage occurred in posterior circula-
tion stroke compared to 3% in anterior circulation stroke (P = 0.010). The median 
NIHSS score at discharge was 3  in posterior circulation stroke and 4  in anterior 
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circulation stroke. Favorable functional outcome at 3  months (modified Rankin 
Scale score 0–2: 38.0% vs. 42.6%, P = 0.392) and mortality did not differ signifi-
cantly between posterior circulation stroke and anterior circulation stroke (33.7% 
vs. 30.8%, P = 0.539) [60].

The essence of recanalization therapies in the management of acute stroke is to 
save the ischemic penumbra. The “recanalization hypothesis” states that opening 
the occluded vessels restores cerebral blood flow to these threatened regions [57]. 
Weber et al. established the safety and effectiveness of mechanical thrombectomy 
for posterior circulation stroke [60]. Specifically, the investigators reported that 
mechanical thrombectomy in posterior circulation stroke has a lower risk of symp-
tomatic intracranial hemorrhage and comparable efficacy to ACS [60].

a

b

Fig. 16.5 Basilar apex occlusion. An 80-year-old woman presented with acute left-sided hemipa-
resis and obtundation. Her National Institutes of Health Stroke Scale score was 22. Intubation was 
performed. Computed tomography angiography showed occlusion at the basilar apex. Catheter 
angiography revealed occlusion at the level of the basilar apex in the AP (a-left) and lateral (a-right) 
planes. Mechanical thrombectomy was performed with a combination of a stent retriever and an 
aspiration catheter, and the basilar apex was recanalized (b, AP-left, lateral-right) with similar 
views. The left posterior cerebral artery was chronically occluded and was not visualized
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In addition, Rha et al. performed a meta-analysis investigating recanalization and 
reported that mechanical thrombectomy is strongly associated with improved func-
tional outcomes and reduced mortality [57]. Their findings indicated that recanali-
zation is a marker of therapeutic activity as evident in their analysis of early phase 
trials of thrombolytic treatment in acute ischemic stroke. Kidwell et al. investigated 
whether penumbral imaging would identify patients who would differentially ben-
efit from endovascular therapy for acute ischemic stroke within 8 hours after symp-
tom onset compared to standard of care [61]. Their results indicated ultimately that 
there was no treatment benefit in patients with a favorable penumbral pattern. In 
addition, there was no added benefit due to mechanical embolectomy compared to 
standard medical care.

Researchers have directly compared the endovascular treatment to the aforemen-
tioned intravenous rtPA. Ciccone et al. investigated this aim and randomly assigned 
patients in their study to receive either endovascular treatment (intraarterial throm-
bolysis with rtPA, mechanical clot disruption or retrieval, or a combination of these 
treatments) or intravenous rtPA [62]. Ultimately, the results of their trial indicated 
that in patients with acute ischemic stroke, endovascular therapy is not superior to 
treatment with intravenous rtPA [62].

At our institution, we tend to perform mechanical thrombectomy on all patients 
with an NIHSS score >6 with BA occlusion (top of basilar, midbasilar, and VBJ), 
regardless of the time of symptom onset and CTP findings. From our perspective, 
the risk benefit of thrombectomy in these patients almost always is in favor of 
thrombectomy as untreated BA occlusion is a death sentence in almost every case. 
We demonstrated good clinical outcomes using a Solitaire stent retriever (Medtronic) 
in a case series of 12 patients with posterior circulation stroke [63]. Additionally, we 
found that both stent retriever and aspiration thrombectomy were effective methods 
of achieving recanalization in patients with posterior circulation stroke [44].

Treatment of acute ischemic stroke pertaining to anterior circulation involves 
utilizing mechanical endovascular thrombectomy up to 24  hours [64]. Research 
efforts aim to establish similar protocols for the treatment of posterior circulation 
stroke. Due to differences in pathophysiology and brain function compared to the 
anterior circulation, the selection of devices and management strategies of posterior 
circulation stroke need to be optimized. Lee et  al. reported that the presence of 
PCoA, technical success of recanalization, and the patient’s initial neurological sta-
tus are critical factors impacting patient outcomes in posterior circulation stroke [65].

 Conclusion

It is critical for healthcare professionals to be cognizant of vascular neuroimaging 
modalities that are key to the diagnosis of posterior circulation stroke and also to 
have an understanding of the limitations of quantitative assessment measures, such 
as the NIHSS. In addition, an understanding of treatment modalities can optimize 
short- and long-term patient outcomes. In patients who meet the eligibility criteria, 
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IV rtPA remains the recommended first-line treatment. Mechanical thrombectomy 
is useful in select cases of acute vertebrobasilar occlusion with a favorable clinical 
and imaging profile.

The management of VBI depends on the underlying etiology. Because athero-
sclerosis is the underlying etiology for most cases of VBI, medical management 
with dual antiplatelets is the first-line treatment for symptomatic disease. 
Endovascular or surgical management is reserved for symptomatic disease not 
responsive to medical management.
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Chapter 17
Intracerebral Hemorrhage

Christina P. Rossitto, J Mocco, and Christopher P. Kellner

 Introduction

Intracerebral hemorrhage (ICH) is a common and deadly disease with few treatment 
options. It is the most devastating type of stroke, with 40% of patients dead at 
1 month and 75% of patients dead or severely disabled 6 months after the hemor-
rhage. Intracerebral hemorrhage comprises 15% of all strokes tallying two million 
hemorrhages globally each year [1, 2]. Hypertension is the most common cause of 
spontaneous ICH followed by amyloid angiopathy; anticoagulation-associated 
hemorrhages; neoplasm; underlying coagulopathy; and underlying macroscopic 
cerebrovascular disease, such as aneurysms, arteriovenous malformations, dural 
arteriovenous fistulae, cavernous malformations, hemangioblastomas, as well as 
others [3]. ICH risk factors include being male, older age, being from a low- or 
middle-income country, hypertension, hypocholesterolemia, smoking, excessive 
alcohol intake, drug use, Asian race, and genetic predispositions (Table 17.1) [4, 5].

Advancements in early recognition, imaging capabilities, effective and rapid 
interhospital and care-team communication, neurointensive care, and neurorehabili-
tation have all increased the likelihood of improved functional outcome in this chal-
lenging disease [6]. The evaluation and management of patients with ICH focus on 
stabilization, diagnostic workup, and prevention of complications. Medical man-
agement includes blood pressure and intracranial pressure management as well as 
reversal of any anticoagulation medications and treatment of any complications that 
occur as a result of the ICH and subsequent neurologic debilitation. Complications 
resulting from the hemorrhage may include hydrocephalus, ischemic stroke, and 
seizure, while complications associated with neurologic debilitation include deep 
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venous thrombosis, pulmonary embolism, pneumonia, urinary tract infection, 
and decubitus ulcer, as well as others.

Surgery for ICH is currently indicated for subgroups of patients and is supported 
by pathophysiologic reasoning, preclinical experimental support, and evidence 
from randomized clinical trials. Current American Heart Association guidelines 
from 2015 on the treatment of spontaneous ICH conclude that “for most patients 
with supratentorial ICH, the usefulness of surgery is not well established” [7]. 
Surgery for supratentorial ICH should be considered as a life-saving measure in a 
deteriorating patient. In patients with cerebellar ICH, early surgery may be appro-
priate for patients with brainstem compression and/or hydrocephalus from ventricu-
lar obstruction. As medical understanding and technical management improve, the 
role of surgery for ICH is poised to expand. In this chapter, we discuss the patho-
physiology, diagnostic evaluation, medical management, surgical management, 
prognosis, and future of ICH.

 Pathophysiology

The management of ICH is driven by its complex pathophysiology. Intracerebral 
hemorrhage develops from a bleeding point within the parenchyma that results in 
extravasation and accumulation of a hematoma within the brain tissue. The bleeding 
is most commonly caused by the rupture of an artery weakened over time by chronic 
hypertension or by the accumulation of amyloid protein in the vessel wall. When a 
subcortical hemorrhage occurs secondary to hypertension, the pathologic rupture 
site on the perforating artery is often caused by a Charcot–Bouchard microaneu-
rysm. Lobar ICHs are more likely to be caused by cerebral amyloid angiopathy, a 
disease whose incidence increases directly with age.

The outward force of the expanding hemorrhage is balanced by the counterforce 
of perihematomal brain matter eventually leading to coagulation of the bleeding 
source. The formation of the hematoma triggers two injurious processes. 
Immediately, primary mechanical injury occurs due to the mass effect of the clot. In 
minutes to hours, the mechanical stress causes increased intracranial pressure, direct 
traumatic injury, compression of adjacent microcirculation, ischemia, and edema 
[8]. Large hemorrhages can significantly increase intracranial pressure potentially 

Table 17.1 Key facts in intracerebral hemorrhage

Morbidity and mortality Common etiologies Interventions
Predictors of poor 
outcome

40% 1-month mortality
75% dead or disabled at 
6 months

Hypertension
Cerebral amyloid 
angiopathy (CAA)
Oral anticoagulation
Underlying lesion
Drug use

BP control
OAC reversal
ICP management
Decompression
Hematoma 
evacuation

Advanced age
Larger hematoma
Subcortical location
Poor initial exam
Presence of IVH
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leading to brainstem compression and herniation. Clinically significant hematoma 
expansion occurs in at least 33% of patients within the first 24 hours, further wors-
ening the outcome for those patients [9, 10]. Preclinical studies in which agarose 
was injected stereotactically into the caudate of rats with and without hemoglobin 
support the understanding that the initial injury occurs from the mass effect of the 
hematoma and subsequent mechanical disruption rather than interaction with blood 
specifically [11].

Secondary injury is then caused by the inflammatory response incurred by the 
presence of blood as well as the degradation and removal of blood products. Injury 
occurs over days to weeks as a function of the initial hematoma volume. Toxicity 
related to the presence of blood is both time- and dose-dependent. Hemoglobin 
digestion and direct contact of blood products with the brain parenchyma lead to 
neuroinflammation described radiographically as perihematomal edema. The degree 
of perihematomal edema correlates with poor outcome after ICH [12, 13]. 
Hematotoxicity, hypermetabolism, excitotoxicity, spreading depression, and oxida-
tive stress leading to blood–brain-barrier breakdown, edema, dysfunction, and cell 
death contribute to injury [14].

Preclinical and clinical studies strongly suggest a link between hematoma 
removal and improved outcomes. Early hematoma evacuation has been associated 
with improved neurologic recovery, improved motor evoked potentials, and 
decreased perihematomal injury in four different animal models of spontaneous 
ICH: rat, rabbit, dog, and pig [15–19]. Data from both MISTIE II and MISTIE III 
demonstrated a correlation between the proportional volume of hematoma removal 
and reduction in perihematomal edema [20, 21]. However, the clinical benefit of 
surgical hematoma removal remains controversial and will be discussed in detail 
later in this chapter.

 Initial Evaluation

ICH is a medical emergency and rapid treatment is required. The clinical presenta-
tion of ICH includes sudden headache, nausea, vomiting, depressed consciousness 
or confusion, delirium, and hemiparesis, aphasia, or other focal symptoms. Focal or 
generalized seizures may also occur. If the hemorrhage is located in the posterior 
fossa, it may cause cerebellar or brainstem deficits such as conjugate eye deviation, 
pinpoint pupils, and coma. The priorities of early management include airway man-
agement, cardiovascular support, and prompt transport to a stroke center. It is also 
important to investigate the patient’s medical history and medication use to deter-
mine if anticoagulation reversal is required [7].

The initial neurologic examination is critical to both early management and long- 
term prognosis. The use of the Glasgow Coma Scale (GCS) is the most common and 
a component of the ICH Score and other prognostic tools. Use of the National 
Institutes of Health Stroke Scale (NIHSS) score is increasingly common as well as 
patients presenting with acute neurologic findings are included in acute stroke code 
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protocols developed for the rapid triage of patients potentially eligible for throm-
bolysis or thrombectomy. The ICH Score tallies points gained for lower GCS, 
age ≥ 80, ICH volume ≥ 30 mL, IVH, and infratentorial location (Table 17.2) to 
predict mortality at 30 days and is the most universally used prognostic score in ICH 
[22, 23]. However, since many of the presenting symptoms are not unique to ICH and 
present similarly to ischemic stroke, neuroimaging is mandatory in the initial 
evaluation.

CT and MRI can both be utilized in the initial evaluation of the ICH patient. MRI 
offers more detailed characterization, but CT is often more easily accessible and can 
be performed rapidly within the stroke workup [24]. Noncontrast CT is the practical 
method of confirming the clinical presentation of ICH as a high-density mass. 
Noncontrast CT quickly reveals volume, location, and extension into other intracra-
nial compartments such as the intraventricular, subarachnoid, or subdural spaces. 
The ABC/2 method is a quick and easily validated method for estimating hematoma 
volume calculation from standard radiographic imaging software in clinical use 
(Fig. 17.1). The original ABC/2 formula included a complex method for calculating 
C in which if the hemorrhage area for a particular slice was greater than 75% of the 

Table 17.2 Anticoagulation medications and reversal strategies

Anticoagulants Mechanism Reversal agents Monitoring

Warfarin Vitamin K antagonist Vitamin K, 4F-PCC, FFP PT/INR
Heparin Unfractionated heparin Protamine aPTT
Enoxaparin LMWH Protamine AntiXa activity
Fondaparinux Factor Xa inhibitor aPCC, rFVII AntiXa activity
Dabigatran Direct thrombin inhibitor Idarucizumab, aPCC, Dialysis aPTT, dTT
Rivaroxaban Direct Xa inhibitor Andexanat, aPCC, 3/4F-PCC PT, AntiXa activity
Apixaban Direct Xa inhibitor Andexanat, aPCC, 3/4F-PCC AntiXa activity

a b c

Fig. 17.1 (a) demonstrates a noncontrast CT with a large left subcortical intracerebral hemor-
rhage; (b) demonstrates the A and B measurements performed in the ABC/2 assessment of hema-
toma volume. To obtain the value of C, the number of slices with hematoma visible is counted and 
divided by 1/slice thickness in centimeters; (c) demonstrates output from an automatic calculation 
performed by an AI-derived algorithm developed by Viz.AI
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area seen on the slice where the hemorrhage was largest, the slice was considered 
one hemorrhage slice for determining C. If the area was approximately 25–75% of 
the area, the slice was considered half a hemorrhage slice; and if the area was less 
than 25% of the area on the slice with the largest amount of hemorrhage, the slice 
was not considered a hemorrhage slice [25]. A modified ABC/2 formula (mABC/2) 
has been proposed and validated in which C is calculated as any slice in which 
blood is seen is counted as a full slice, although this shorter method may result in 
slightly less accurate measurements than the Kothari method [26]. When available, 
hematoma volume can be calculated automatically by artificial intelligence- powered 
mobile image assessment software [27]. Several additional markers of the shape and 
density of ICH can predict the likelihood of hematoma expansion and prognosis 
[28]. Effective quantification of hematoma volume is important in estimating prog-
nosis, determining eligibility for minimally invasive surgical evacuation particu-
larly in the posterior fossa where surgical evacuation is recommended for clots 
measuring greater than 3 cm in a single dimension.

Vascular imaging should also be included in the initial imaging set to evaluate for 
an underlying vascular lesion such as a vascular malformation or aneurysm. 
Hemorrhages due to a an arteriovenous malformation may be supported with CT 
findings of abnormal calcification in or around the hemorrhage or serpentine struc-
tures seen in the parenchyma. CTA may demonstrate hypervascularity or abnormal 
vessels in or around the hemorrhage. Intracerebral hemorrhage caused by aneurys-
mal rupture is more likely to present in the interhemispheric or Sylvian fissures with 
subarachnoid hemorrhage. Hypertensive ICH is likely to present in the basal gan-
glia or thalamus, while ICH associated with amyloid angiopathy is more likely to 
occur in the cortical region. The “spot sign” on CT angiography suggests active 
extravasation of contrast and correlates closely with hematoma expansion and in- 
hospital mortality [1]. Neuroimaging will be discussed further in the upcoming sec-
tion Imaging Considerations.

 BP and ICP Management

Given that hypertension is the most common cause of ICH, high blood pressure is 
common in ICH and exacerbated by stress, pain, and elevated ICP. 70% of patients 
found to have ICH, present to the hospital with systolic blood pressure > 140 mmHg 
[29]. High systolic blood pressure in ICH is correlated with hematoma expansion, 
poor neurological outcomes, and death [30]. The AHA/ASA 2015 guidelines state 
the following regarding blood pressure management:

• For ICH patients presenting with SBP between 150 and 220 mm Hg and without 
contraindication to acute BP treatment, acute lowering of SBP to 140 mm Hg is 
safe (Class I; Level of Evidence A) and can be effective for improving functional 
outcome (Class IIa; Level of Evidence B).
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• For ICH patients presenting with SBP >220 mm Hg, it may be reasonable to 
consider aggressive reduction of BP with a continuous intravenous infusion and 
frequent BP monitoring (Class IIb; Level of Evidence C).

There have been two major trials addressing the question of intensive, early 
blood pressure control in the ICH: the Intensive Blood Pressure Reduction in 
Acute Cerebral Hemorrhage Trial 2 (INTERACT2) and the Intensive Blood-
Pressure Lowering in Patients with Acute Cerebral Hemorrhage (ATACH2) trials 
[31, 32]. The INTERACT2 trial assessed intensive blood pressure lowering treat-
ment (target systolic BP <140 mm Hg within 1 hour) or guideline-recommended 
treatment (target systolic BP <180 mm Hg) for patients with ICH presenting with 
SBP ≥ 180. This trial was negative for its primary outcome of death or disability 
at 90 days [52.0% vs. 55.6% (OR 0.87; 95% CI 0.75–1.01; P = 0.06)], but a sec-
ondary analysis examining ordinal mRS shift suggested a benefit to intensive 
blood pressure control (OR for greater disability 0.87; 95% CI 0.77–1.00; 
P = 0.04). ATACH2 was designed to compare intensive blood pressure manage-
ment (target SBP 110-139 mmHg) versus standard BP management (target SBP 
140–179 mmHg) within 4.5 hours of ictus with IV nicardipine for patients with 
ICH with hematoma volume < 60 mL and GCS > 4 with SBP ≥ 180. This study 
was also negative for the primary outcome of death or major disability (LR 1.04, 
95% CI 0.85 to 1.27, P = 0.72). In summary, acute BP control to <140 mm Hg is 
reasonable and safe and can be effective in improving functional outcome with 
class IIa evidence.

According to the Monro–Kellie doctrine, the sum of volumes of the brain, cere-
brospinal fluid (CSF), and intracerebral blood is constant, indicating that an increase 
in one should cause a reciprocal decrease in either one or both of the remaining two. 
In the case of ICH, the mass of the hematoma has been added to the previously fixed 
intracranial volume inevitably leading to an increase in ICP [33]. By modulating 
CBF and CSF, the brain can accommodate small hematomas with only a transient 
increase in ICP. These compensation mechanisms, however, cannot accommodate 
moderate to large hematomas and ICP will therefore inevitably rise. Hydrocephalus 
and edema in these patients increase ICP further.

ICP monitoring is performed with a ventriculostomy catheter (VC) or an intra-
cranial ICP probe. Complications associated with ventriculostomy including ICH, 
IVH, malfunction, and infection. There is a 35–45% rate of hemorrhage associated 
with ventriculostomy placement, although only 2% of these hemorrhages are symp-
tomatic [34]. ICP management guidelines are similar to traumatic ICH management 
guidelines and include a recommendation for ICP monitoring when the GCS score 
is between 3 and 8 [35]. In ICH patients with GCS ≤8, ICP monitoring is indicated 
due to potential mass effect from hematoma, transtentorial herniation, IVH, or 
hydrocephalus.

Additional management of elevated ICP includes 30° elevation of the head of the 
bed, intubation and ventilation, sedation, removal of any constrictions to the cervi-
cal veins, mannitol, and hypertonic saline [36]. Hematoma evacuation and decom-
pressive craniotomy may also be indicated and are discussed in other sections of 
this chapter.
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 Anticoagulation and Antiplatelet Reversal

Up to 20% of patients with ICH take oral anticoagulants (OACs)—a proportion that 
has quintupled from 5% in the late 80s and is likely to continue to increase with the 
aging population and the increasingly prevalent use of OACs [37]. Warfarin is a 
Vitamin K antagonist (VKA) and the most common ICH-associated anticoagulant 
[38]. Direct oral anticoagulants (DOACs) represent a newer class of anticoagulants 
that directly inhibit either thrombin or factor Xa. The available medications in the 
United States, their mechanisms of action, and standard reversal strategies are listed 
in Table 17.2.

Antiplatelet agents are also commonly associated with ICH, taken by approxi-
mately 23% of patients presenting with ICH prior to the hemorrhage [39]. 
Antiplatelet reversal with platelets is not recommended given the recent findings in 
the PATCH trial. In this trial, 190 patients from 41 centers were randomized to 
receive or not receive platelets to reverse dual antiplatelet use. The odds of death or 
dependence at 3 months was higher in the platelet transfusion group than in the 
standard care group (adjusted common odds ratio 2·05, 95% CI 1·18–3·56; p = 0·01) 
[40]. Desmopressin is recommended to be given at 0.4 μg/kg IV to reverse antiplate-
let activity. This medication, DDAVP, leads to the release of von Willebrand Factor 
and has been shown to normalize platelet function after aspirin use at least for a few 
hours [41]. When patients are undergoing surgical intervention, antiplatelet reversal 
is at the discretion of the surgeon considering those patients are specifically at high 
risk for bleeding during surgery that may outweigh the negative impact of receiving 
a platelet transfusion seen in the PATCH trial.

 Imaging Considerations

Computed tomography (CT) is routinely used for the emergent imaging obtained 
for an ICH patient. Often, these patients present with newly discovered symptoms 
and it is impossible to effectively differentiate ischemic and hemorrhagic stroke at 
that early time point, so the patient will often present as a stroke code. CT is also the 
standard imaging modality for ICH due to its ease of acquisition and accuracy of 
diagnosis for hemorrhage and hydrocephalus.

In many cases, a CTA will be performed with the initial CT as part of a stroke 
code to assess for the presence of an LVO, considering that the cause of sudden 
acute focal symptoms may be a large ischemic stroke that would necessitate rapid 
triage to thrombectomy. CTA is also valuable as an initial assessment for ICH to 
assess for the presence of spot sign, vascular malformation, or aneurysm. If an LVO 
is seen in the setting of a downstream hemorrhage, hemorrhagic transformation of a 
stroke would be chief in the differential diagnosis. If a cerebral venous sinus occlu-
sion is suspected, a CT venogram can be performed with the CTA. Practically, the 
venous sinuses can often be seen on the CTA itself. Clinical or radiographic features 
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that would be suggestive of a CVST include the history of prior venous occlusions, 
a history of coagulopathy, and multifocal cortical hemorrhages.

Numerous features on CT and CTA have been shown to correlate with hematoma 
expansion. Overall, clinically significant expansion occurs in 38% of patients in the 
first 24 hours [9]. Spot sign is a hyperintensity within the hematoma seen on the CT 
angiogram that may indicate active extravasation (Fig. 17.2). It is seen in 33% of 
patients and correlates to hematoma expansion with a positive predictive value of 
77% for hematoma expansion [42]. Numerous hematoma characteristics on CT have 
also been shown to correlate to expansion. These include heterogeneity, irregular 
contour, black hole sign, swirl sign, and others [43]. Often, a repeat CT is performed 
3–6 hours after the first CT to evaluate for hematoma expansion and hydrocephalus.

MRI is obtained as part of the initial evaluation in some institutions, but this is 
less common. MRI should be performed when the patient is stable to obtain one to 
aid in the diagnosis of the etiology of the ICH. Gradient echo can provide informa-
tion about the location and burden of unrelated microhemorrhages, generally hinting 
at a hypertensive etiology for subcortical microhemorrhages and CAA for cortical 
microhemorrhages and siderosis. The Boston criteria are helpful for diagnosing 
CAA and were recently modified to including MRI findings of siderosis with 
improved sensitivity (Table 17.3) [44]. Diffusion-weighted imaging (DWI) is helpful 
for diagnosing the concurrent embolic or watershed ischemic injury, which occurs in 
20–25% of patients with ICH. DWI may also help diagnose hemorrhagic transfor-
mation if the hemorrhage occurs within a larger region of DWI positivity [45]. The 
T2 series is the best to demonstrate T2 white matter disease burden, or leukoaraiosis, 
which correlates with hematoma occurrence and expansion. The T1 and T1 with 
contrast series can help to identify an underlying lesion such as a hemorrhagic tumor.

a b

Fig. 17.2 (a) is a noncontrast head CT demonstrating a large right basal ganglia hemorrhage with 
intraventricular extension; (b) is a CT angiogram with a spot sign in the center of the hematoma 
(black arrowhead)
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 Discussing Prognosis

ICH has a poor prognosis overall with 40% of patients dead at 1 month and 75% of 
patients dead or severely disabled 6  months after the hemorrhage [1, 2]. A 
population- based cohort study of patients hospitalized after ICH in the Greater 
Cincinnati/Northern Kentucky area found the 10-year survival to be 18% [46]. 
However, there is some evidence to suggest that the mortality rate has improved 
since the early 2000s, particularly in patients who are less than 75 years old. These 
outcome improvements are most likely due to strides in neurocritical care and reha-
bilitation strategies [47]. Survivors of ICH regain consciousness and improve neu-
rologic abilities gradually and to varying degrees. In the vast majority of cases, 
recovery occurs slowly over a period of years.

The most significant predictor of prognosis is hematoma volume. One study 
found that hematoma volume in combination with Glasgow Coma Scale score was 
predictive of 30-day mortality with a sensitivity of 96% and a specificity of 98%. 
The study found that patients with a parenchymal hemorrhage volume of at least 

Table 17.3 Classic and modified Boston criteria for the diagnosis of cerebral amyloid angiopathy

Classic Boston criteria
Terms added by the modified 
Boston criteria

Definitive CAA Full postmortem exam demonstrating: No modification
Lobar, cortical, or corticosubcortical 
hemorrhage
Severe CAA with vasculopathy
Absence of other diagnostic lesions

Probably CAA with 
supporting pathology

Clinical data and pathologic tissue 
demonstrating:

No modification

Lobar, cortical, or corticosubcortical 
hemorrhage
Some degree of CAA in specimen
Absence of other diagnostic lesion

Probable CAA Clinical data and MRI or CT 
demonstrating:
Multiple hemorrhages restricted to 
lobar, cortical, or corticosubcortical 
regions

Single lobar, cortical, or 
corticosubcortical hemorrhage 
and focal or disseminated 
superficial siderosis

Age ≥ 55
Absence of other causes of hemorrhage

Possible CAA Clinical data and MRI or CT 
demonstrating:
Single lobar, cortical, or 
corticosubcortical hemorrhage

Focal or disseminated 
superficial Siderosis

Age ≥ 55
Absence of other causes of hemorrhage
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60 mL and a Glasgow Coma Scale score of 8 or less predicted a 30-day mortality of 
91%. Patients with a volume of less than 30 mL and a Glasgow Coma Scale score 
of at least 9 predicted a 30-day mortality of 19% [48].

Another predictor of ICH prognosis is hematoma growth in the first 24 hours. A 
meta-analysis of 218 patients with spontaneous ICH who underwent head CT scan 
within 3 hours of onset and follow-up head CT within 24 hours found that for every 
10% increase in ICH growth, mortality increased by 5% (hazard ratio 1.05, 95% CI 
1.03–1.08) [10]. These predictions are most relevant for absolute increases in hem-
orrhage rather than relative volume growth. Hematoma growth can be predicted 
through contrast extravasation and “spot sign” on CTA, anticoagulants, and baseline 
volumes.

Additional predictors of functional outcome after ICH include advanced age, 
initial neurologic exam (often reported as the GCS), the presence of IVH, and 
hematoma location. Location portends poor outcome generally with the thalamic 
location being worse than basal ganglia location, which is worse than a cortical 
location. The ICH Score, described earlier in this chapter, is a prognostic score that 
predicts mortality at 30 days. Numerous other scores have been developed to predict 
mortality and functional outcome [49].

In patients who undergo surgical intervention, other factors may come into play 
that predict outcome. A preponderance of preclinical and clinical data suggest that 
time to evacuation is an important predictor of outcome after surgical intervention 
[50], although intervention at an early time point may carry an elevated risk of intra-
operative or immediate postoperative hemorrhage [51]. Newer techniques, such as 
endoscopic evacuation with the SCUBA technique, may mitigate the increased risk 
of bleeding previously associated with surgery in the early time period [52]. Clinical 
trials, such as the Dutch Intracerebral Hemorrhage Trial (DIST, NCT03608423) in 
the Netherlands, the Ultra-Early, Minimally inVAsive intraCerebral Haemorrhage 
evacUATion Versus Standard trEatment trial (EVACUATE, NCT04434807) in 
Australia, the Minimally Invasive IntRaceRebral HemORrhage Evacuation Registry 
(MIRROR, NCT04494295), and the planned Minimally Invasive Neuro-endoscopic 
Ultra-Early Targeted ICH Evacuation (MINUTE) trial in the United States, will 
evaluate the value of early minimally invasive ICH evacuation.

 A Brief History of Surgery for ICH

The argument for surgical hematoma removal is to mitigate damage caused by the 
hematoma by removing the mechanical pressure that the hematoma exerts on the 
surrounding tissue and halting the secondary inflammatory injury pathways that 
appear to be dose- (clot volume) and time-dependent. Major trials evaluating the 
role of surgery for ICH have failed to demonstrate a benefit to surgery [53, 54]. 
However, single-center clinical trials, some multicenter trials, and a patient-level 
meta-analysis have suggested a benefit for minimally invasive ICH evacuation 
under certain conditions [55]. The 2015 AHA Guidelines for the management of 
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ICH state that surgical intervention should be recommended in the case of large 
cerebellar hemorrhages causing brain stem compression or hydrocephalus [7]. The 
remaining sections of this chapter will discuss the history of surgery for ICH, indi-
cations for decompressive surgery, and current options for minimally invasive surgi-
cal evacuation, and provide a case example.

Studies evaluating the benefits of surgery for ICH began in the 1960s. The first 
controlled study of craniotomy for supratentorial hematoma removal was published 
by McKissock in 1961 [56]. In this study, 180 patients presenting with spontaneous 
ICH were randomized to craniotomy with evacuation or medical management. The 
study showed no benefit to surgery regarding mortality or functional outcome. In 
1989, Auer et al. randomized 100 patients at a single center to minimally invasive 
endoscopic evacuation versus medical management and showed improved favor-
able functional outcome (40 vs. 25%, p < 0.01) and mortality (40 vs. 25%, p < 0.01) 
6 months after ictus in the surgical group [57]. By 1997, Prasad et al. analyzed 373 
articles on surgery for ICH and concluded that endoscopic evacuation offered 
potential improvements for primary supratentorial intracerebral hematoma but 
necessitated a multicenter randomized trial [58].

In 2005, The Surgical Trial in Intracerebral Haemorrhage (STICH) found that 
patients with spontaneous supratentorial ICH who underwent early surgery did not 
have better outcomes compared to patients who underwent initial conservative ther-
apy in regards to the primary outcome of all-cause mortality (36% vs. 41% (HR 
0.86; 95% CI 0.72–1.04; P = 0.12) [53]. Post hoc subgroup analyses of patients in 
the STICH trial suggested that patients with GCS ≥ 9 and hemorrhages within 1 cm 
of the cortical surface may benefit from surgery. STICH II was therefore performed, 
selecting specifically for conscious patients with superficial hemorrhages [54]. 
Although STICH demonstrated a strong trend in favor of surgery, the result did not 
reach significance and, therefore, the take-home message from both STICH trials is 
that open surgery in general did not appear to result in improved outcome.

The Minimally Invasive Surgery Plus Rt-PA for ICH Evacuation (MISTIE) trial 
first published preliminary results demonstrating feasibility and safety in 2008 [59]. 
In 2016, MISTIE phase II found MIS + rt-PA to be safe and feasible while suggest-
ing that the procedure may improve functional outcome at 6  months [60]. The 
Intraoperative Stereotactic Computed Tomography-Guided Endoscopic Surgery 
(ICES) study, a small 14 patient pilot endoscopic arm of MISTIE II, further sug-
gested that endoscopic evacuation appeared reliable and safe in reducing hematoma 
volume (68 ± 21.6% reduction) in a short procedure (mean operative time 1.9 hours, 
IQR 1.5–2.2) with good functional outcome (43% mRS 0–3 at 6 months) [61].

MISTIE III was an open-label blinded endpoint trial at 78 hospitals across the 
world with 506 patients randomized to minimally invasive surgery or medical man-
agement. MISTIE phase III demonstrated that, overall, the MISTIE technique did 
not improve functional outcome in select patients with ICH. The study did, however, 
suggest a relationship between surgical evacuation percentage and functional out-
come, such that in patients with ≤15 mL residual hematoma after surgery compared 
to medical management, functional outcome at one year appeared to be superior 
[62]. In this procedure, the prespecified surgical goal of ≤15 mL residual clot 
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volume was achieved in only 58% of patients. These barriers show that procedure 
standardization and rigorous training are critical in performing minimally invasive 
ICH evacuation. Beyond the goal of 15 mL residual volume, the MISTIE team dem-
onstrated that each 1 mL of hematoma volume reduction below 15 mL leads to a 
10% increase in the chance of the patient achieving a good functional outcome 
(p = 0.002) [63].

There are ongoing studies evaluating endoscopic hematoma evacuation tech-
niques in addition to the  DIST, EVACUATE, and MIRROR studies  mentioned 
above. A Single-Arm, Feasibility Study of Minimally Invasive Endoscopic Surgical 
Treatment With Apollo for Supratentorial ICH (INVEST, NCT02654015) is a mul-
ticenter, single-arm feasibility study of endoscopic evacuation with an adjunctive 
aspiration device [64]. A Prospective, Multicenter Study of endoscopic evacuation 
with Artemis titled, Minimally Invasive Neuro Evacuation Device (MIND, 
NCT03342664) is an RCT comparing medical management versus endoscopic 
evacuation [65]. The Early MiNimally invasive Removal of IntraCerebral 
Hemorrhage (ENRICH, NCT02880878) trial is an RCT near completion at the time 
of writing of this chapter that compares early evacuation with the NICO system 
(Indianapolis, IA) to medical management.

 Indications for Decompression

Decompressive hemicraniectomy is a surgical procedure used to relieve severely 
elevated intracranial pressure. The surgeon removes the skull bone flap to allow the 
edematous brain to swell outwards and to prevent herniation. In addition to reducing 
ICP, decompression can improve cerebral compliance, oxygen supply, and perfu-
sion [66].

In one meta-analysis of decompressive hemicraniectomy, the procedure was 
mainly performed on patients with GCS scores of 8 or less and hematomas greater 
than 60 mL in volume [66]. The study found that hydrocephalus was the most fre-
quent complication and occurred in approximately 20% of patients. In a preclinical 
study of decompressive craniectomy, rats underwent blood injection in the basal 
ganglia to induce ICH. They were then imaged and randomly allocated to undergo 
craniectomy at 1, 6, or 24 hours. The craniectomy groups had significantly lower 
mortality (P < 0.01), better neurological outcome (P < 0.001), and improved behav-
ioral outcome. Additionally, the ICH + no craniectomy group trended toward more 
robust apoptosis [67]. However, decompression in humans with or without clot 
evacuation has not been shown to improve functional outcomes and is reserved to 
be used as a life-saving measure in select patients.

In cerebellar hemorrhage with a diameter greater than 3 cm or for clots causing 
brainstem compression or hydrocephalus through compression of the fourth ven-
tricle, decompression should be performed as soon as possible [7]. Cerebellar 
decompression should also be performed in patients who are deteriorating neuro-
logically, experiencing hydrocephalus due to ventricular obstruction, or 
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experiencing brainstem compression. If external drainage is placed without poste-
rior fossa decompression, an upward herniation may occur [7].

 Indications for Minimally Invasive Evacuation

Minimally invasive surgery for intracerebral hemorrhage evacuation remains a 
controversial treatment strategy. Numerous single-center studies and a large RCT 
in China have demonstrated a benefit for this strategy, and taken together, all 
RCTs up to 2018 demonstrated a functional benefit at the study endpoint with an 
OR of 0.46 (CI 0.36–0.57) that minimally invasive surgery led to a poor outcome 
at the study endpoint. Results from MISTIE 3 demonstrated that stereotactic 
thrombolysis with catheter drainage did not improve functional outcome at 
1 year but reaching the surgical goal of leaving no more than 15 mL at the end of 
treatment may result in improved functional outcome, as discussed  above. 
Additional studies linked the amount of hematoma removed to reduction in peri-
hematomal edema, suggesting an antiinflammatory neuroprotective mechanism 
associated with clot removal.

 Stereotactic Thrombolysis with Catheter Drainage

Stereotactic thrombolysis with catheter drainage (“the MISTIE Techniques”) is 
the most rigorously studied minimally invasive strategy given the MISTIE 2 and 
MISTIE 3 studied. Patients are eligible to undergo this procedure if the CT angio-
gram does not show a spot sign and if the hematoma does not expand after a repeat 
stability CT. The procedure is often performed under general anesthesia and con-
sists of stereotactic placement of an EVD catheter into the hematoma along the 
long axis. A 14F sheath is guided into the hematoma, the obturator is removed, 
and a 10 mL syringe is used for direct aspiration. After aspiration, an external 
ventricular drainage catheter is inserted into the cannula and tunneled out of the 
skin within a drainage system. The goal is to allow maximum exposure of the clot 
to instilled rt-PA [68]. The catheter is then left in place until 4 days or the surgical 
goal is met.

 Craniopuncture

Craniopuncture is similar to the MISTIE technique. During craniopuncture, a dis-
posable YL-1 craniopuncture needle is drilled into the skull and passed into the 
hematoma. Multiple needles may be placed into the same hematoma. After the nee-
dles are placed, a CT head is used to confirm their location within the bleed. 
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Urokinase is then injected into the hematoma and permitted to stay for 2  hours 
before being permitted to passively drain out. Before the future injections, any lysed 
hematoma is aspirated through the needles. In a 2008 randomized clinical trial, 377 
patients were treated with craniopuncture versus medical management. The patient 
cohort presented with hematomas between 25 and 40 mL and a GCS of at least 9 
[69]. The study found a significant benefit from craniopuncture: 40.9% of surgical 
patients were mRS 3–6, while 63% of the medical management arm were mRS 3–6 
3 months after the hemorrhage.

 Endoscopic Evacuation

Endoscopic evacuation is performed using a 19F or 6.3 mm stereotactically guided 
sheath and endoscopy, possibly with an adjunctive aspiration device. The sheath is 
placed into the hematoma and the endoscope is passed through the sheath. 
Evacuation can be performed in either the angio-suite or operating room. The sur-
geon can evaluate the percentage of blood removed using intraoperative CT or burr 
hole ultrasound [70]. If endoscopic evacuation is being done in the angio-suite, 
intraoperative cone-beam CT can be obtained to evaluate performance. Endoscopic 
evacuation can be performed in a dry or fluid-filled surgical field. Neuroendoscopy 
is well established in pediatric and tumor neurosurgery for ventricular, endonasal, 
and skull base surgery. Any bleeding vessels can be cauterized using a bipolar 
cautery device through the working channel of the endoscope. One day after the 
operation, a CT is performed. If rebleeding has not occurred, it should be used to 
validate the final hematoma evacuation percentage. Variations of endoscopic evac-
uation have been assessed in multiple studies including Auer et  al. [57] and 
Intraoperative Stereotactic Computed Tomography-Guided Endoscopic Surgery 
(ICES) [61].

The Stereotactic ICH Underwater Blood Aspiration (SCUBA) technique is one 
way in which minimally invasive endoscopic evacuation can be performed, focus-
ing on operating in a fluid-filled field with continuous irrigation use of an adjunctive 
aspiration instrument to achieve high evacuation rates while directly visualizing and 
cauterizing active bleeding vessels [71]. The SCUBA technique has demonstrated 
consistent hematoma evacuation percentages and good safety, averaging 87% evac-
uation over 100 patients with no patients suffering a symptomatic rebleed within 
72 hours and only one patient suffering a symptomatic rebleed within 30 days [72]. 
Factors predicting functional outcome in patients undergoing SCUBA within 
72 hours of ictus include advanced age, subcortical clot location, presence of IVH, 
and increased time to evacuation [52]. Unlike the MISTIE technique, the SCUBA 
technique can be performed emergently without demonstrated hematoma stability 
and in the presence of a spot sign, therefore making this surgical strategy applicable 
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to a wide range of patients presenting with ICH. The Minimally Invasive Endoscopic 
Surgical Treatment With Apollo/Artemis for Supratentorial ICH (INVEST) is a 
multicenter, single-arm feasibility study on the Apollo/Artemis system and Artemis 
Device for 20–80  mL hematomas in patients presenting with NIHSS≥6 [64]. A 
Prospective, Multicenter Study of Artemis a Minimally Invasive Neuro Evacuation 
Device (MIND) is a multicenter randomized clinical trial evaluating the Artemis 
Neuro Evacuation Device with medical management versus medical management 
alone [65]. The DIST trial is also underway to assess early endoscopic ICH evacu-
ation performed within 8 hours.

 Endoscope-Assisted Evacuation

Another variation of minimally invasive evacuation is endoscope-assisted evacua-
tion of ICH is performed through a small craniotomy 2–3 cm in diameter, with a 
1 cm stereotactic sheath or port through which to pass a thin endoscope and a mul-
tifunctional cannula to perform irrigation, cautery, and aspiration. Nagasaka et al. 
have shown the efficacy of this technique. In 15 cases, they achieved nearly com-
plete hematoma evacuation. They were able to effectively manage Intraoperative 
arterial bleeding and did not observe any surgical complications or rebleeding [73]. 
Kuo et al. have demonstrated the safety and efficacy of this procedure in an ultra- 
early and early cohort of patients with subcortical ICH [74]. This group performed 
68 evacuations within 12 hours with 84% of the procedures that were performed 
within 4 hours. In this largely ultraearly evacuation series, the hematoma evacuation 
rate was 93%, mean operative time was 85  minutes, and the rebleeding rate 
was 1.5%.

 Surgiscopic Evacuation

Surgiscopic evacuation is similar to endoscopic evacuation while utilizing a novel 
scope with an enlarged working channel. The surgiscope is a device in which the 
port is disposable, and visualization is achieved with a small camera mounted on 
the mouth of the port permitting visualization down the channel [75]. A single 
multifunctional instrument, the Aurora Evacuator, is used down the enlarged work-
ing channel. The first edition of the Evacuator performed aspiration and morcella-
tion, while the second iteration performs aspiration, morcellation, irrigation, and 
cauterization. The MIRROR and EVACUATE studies are  underway monitoring 
patients who undergo evacuation with this technique in the early (< 12  hours) 
time window.
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 Endoport-Mediated Evacuation

In endoport-mediated evacuation, an endoport is stereotactically guided into the 
hematoma, and visualization is achieved through direct visualization with loupes, 
an exoscope, or microscope. In this technique, a craniotomy is performed, and 
often, a transsulcal parafascicular trajectory is chosen to minimally interrupt 
white matter fibers. This technique facilitates the use of bimanual surgery with 
suction and bipolar cautery making the technique accessible to a wide range of 
neurosurgeons. Labib et al. demonstrated the success of this technique in a mul-
ticenter series on 39 patients. The group reported hematoma evacuation over 90% 
in the majority of the patients and statistically significant improvements in GCS 
score [76]. The ENRICH RCT is underway evaluating early evacuation (within 
24 hours of ictus) for hematomas in the 20–80 mL range who undergo minimally 
invasive endoport-mediated evacuation with the NICO BrainPath and Myriad 
evacuator.

 Surgical Considerations with Case Example

With preclinical and clinical data in support of early evacuation, some trials and 
centers are performing early minimally invasive ICH evacuation. Minimally inva-
sive surgiscopic evacuation is one form of evacuation that utilizes the Aurora System 
(Integra Lifesciences, New Jersey) which consists of a disposable port with a cam-
era mounted on the proximal end called a Surgiscope and an aspiration/morcellation 
instrument called an Evacuator. A small 1.50-2c craniectomy is made at a point on 
the skull along the long axis of the hematoma. The Surgiscope is guided stereotacti-
cally into the center of the hematoma. The Evacuator is then used to gently evacuate 
the hematoma while avoiding causing bleeding from the friable cavity walls. If 
bleeding is encountered, monopolar cautery is transmitted through the Aurora 
Evacuator to cauterize the offending vessel. Irrigation is directed down the 
Surgiscope to wash the channel, facilitate the detection of bleeding or oozing ves-
sels, and complete the evacuation.

The case example shown here is that of a 55-year-old male with hypertension 
and atrial fibrillation on aspirin who was brought in after being found down with left 
hemiplegia and confusion. The patient was able to communicate that the symptoms 
had just occurred prior to being found. CT head demonstrated a 35 mL right basal 
ganglia ICH and CT angiogram showed no spot sign, aneurysm, or vascular malfor-
mation (Fig. 17.3b). A repeat volumetric CT was performed shortly after for opera-
tive planning and demonstrated slight hematoma expansion, now measuring 40 mL 
(Fig.  17.3a). An access trajectory was planned into the center of the hematoma 
along the long axis of the hematoma (Fig. 17.3c).

After the evacuation was complete, an intraoperative cone-beam CT was per-
formed, demonstrating good evacuation of the hematoma (Fig. 17.3d). A CT head 
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was performed on postoperative day 1, approximately 24 hours after the procedure, 
which demonstrated good evacuation with a small amount of residual hematoma 
(Fig. 17.3e). The patient left the NSICU on post bleed day 3; at 30 days, he was 
walking 240 feet with a quad cane and climbing four stairs in acute rehab; and at 
6 months, he was living at home independently with subtle left hand weakness and 
numbness for an mRS 3 and NIHSS 3. MRI at 6 months showed a small cavity at 
the location of the hematoma (Fig. 17.3f).

 Conclusion

Despite significant effort in the form of randomized clinical trials, ICH remains the 
deadliest and most debilitating form of stroke. The mainstays of treatment remain 
stabilization through blood pressure and intracranial pressure control, anticoagula-
tion reversal, and surgery for select patients. While major surgical evacuation trials 

a b c
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Fig. 17.3 (a) demonstrates a 40 mL right basal ganglia ICH; (b) is a CT angiogram demonstrating 
no spot sign, vascular malformation, or aneurysm; (c) demonstrates the planned trajectory along 
the long axis of the hematoma from a frontal starting point; (d) is an intraoperative cone-beam CT 
demonstrating good evacuation with minimal residual hematoma; (e) is a noncontrast head CT 
performed 24 hours after the procedure demonstrating a good evacuation with minimal residual 
blood; (f) is a T2 sequence of an MRI brain performed 6 months after the hemorrhage and evacu-
ation demonstrating a small cavity in the prior location of the hemorrhage
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have been negative, evidence suggests that an active evacuation strategy performed 
at an early time point with strong training and quality metrics is likely to help 
patients with this disease. Past trials have taught the field a significant amount and 
shaped ongoing and near-future trials that are likely to advance the field.
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Chapter 18
Sinus Thrombosis

Eric Quach, Anand Kaul, and Rami O. Almefty

 Background

Cerebral venous thrombosis (CVT) is a rare condition affecting the dural venous 
sinuses and cortical veins with potentially devastating neurological sequela. CVT 
may account for 0.5–1% of all cerebrovascular incidents [1]. The true incidence of 
CVT is likely higher than what is reported in the literature secondary to the diffi-
culty of diagnosing CVT in a timely manner while the patient is asymptomatic. 
Delay in diagnosis leads to a dramatically high incidence of poor outcomes second-
ary to this disease process. The dural venous sinuses most affected are the superior 
sagittal sinus (70–80%), transverse sinuses, and sigmoid sinuses (70%), and less 
frequently the cavernous and straight sinuses. In one-third of cases, multiple sinuses 
are involved and cerebellar/cortical vein thrombosis has been demonstrated as high 
as 30–40% of the time [2].

 Epidemiology

The first report of CVT was described in the nineteenth century by the French physi-
cian Ribes in a 45-year-old male with headaches and seizures [3, 4]. Shortly after, 
Abercrombie reported a case of CVT in a postpartum woman with headaches and 
seizures [5]. Both cases of CVT were discovered at the time of autopsy, as would 
often be the case until the advent and proliferation of catheter-based angiography, 
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CT, and MRI venography which helped to facilitate earlier diagnosis. These imaging 
modalities helped facilitate earlier diagnosis of CVT and development of studies and 
patient registries to further understand CVT, its true incidence, natural history, diag-
nosis, and management [3, 6–8]. Early angiographic studies demonstrated mortality 
rates in the 30–50% range [9]. The largest study to date, the International Study on 
Cerebral Venous and Dural Sinuses Thrombosis (ISCVT), was a multinational, pro-
spective, observational study evaluating patients with CVT from 1998 through 2001. 
Ultimately, 624 patients were enrolled and followed with an overall mortality rate of 
4.3% in the acute phase, and 3.4% mortality 30 days from symptom onset [6].

 Risk Factors

The pathogenesis of thrombus formation within the dural venous sinuses is mani-
fold (Table  18.1). Systemic illnesses, malignancy, infections, and intracranial 
abnormalities associated with the release of pro-inflammatory cytokines and 

Table 18.1 Causes and risk factors associated with cerebral venous sinus thrombosis

Acquired prothrombotic states Mechanical
   Pregnancy    Neurosurgical procedures
   Antiphospholipid antibody    Trauma
   Nephrotic syndrome    Intravenous drug abuse

   Jugular vein catheterization
Genetic prothrombotic conditions Infections
   Protein C and S deficiency    Sinusitis
   Protein C resistance    Mastoiditis
   Prothrombin mutation    Meningitis
   Antithrombin deficiency    Systemic infections
   Methylenetetrahydrofolate reductase (MTHFR) 

mutations
Hematological and oncological diseases Drugs
   Central nervous system tumors    Oral contraceptives
   Systemic malignancies    Hormone replacement therapy
   Hematological malignancies    Androgen therapy
   Polycythemia    Lithium
   Heparin-induced thrombocytopenia    Intravenous immunoglobulin therapy
   Paroxysmal nocturnal hemoglobinuria    Illicit drugs
   Thrombocythemia    Steroids

   Asparaginase
Inflammatory and autoimmune diseases Miscellaneous causes
   Systemic lupus erythematosus    Dehydration
   Behcet’s syndrome    Arteriovenous malformations
   Sarcoidosis    Dural AV fistulas
   Inflammatory bowel disease    Postradiation effect
   Wegener granulomatosis
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alteration in cerebral blood flow can portend to increased risk of thrombus forma-
tion and propagation. CVT has a reported female sex predominance specifically 
among women of ages 24–35. Studies have shown that approximately 70–80% of 
CVT occurs in females of reproductive age [10] likely secondary to the elevated risk 
of thromboembolism and secondary to oral contraceptive medications, pregnancy, 
and puerperium. Hypercoagulable states such as blood coagulation cascade abnor-
malities such as protein C/S deficiency, antithrombin III dysfunction, prothrombin 
gene mutation G21210A, and Factor V Leiden. Underlying malignancy, inflamma-
tory conditions, cranial trauma, and intracranial infections can cause space-occupy-
ing lesions which can either directly cause vascular compression and alteration in 
venous outflow or create a pro-inflammatory prothrombotic state increasing the risk 
of CVT and cortical vein thrombosis propagation. Iatrogenic causes of venous 
thrombosis have been reported as well, secondary to various skull base neurosurgi-
cal approaches and direct sinus injury [11] or intracranial hypotension secondary to 
CSF leak after lumbar puncture or spinal anesthesia [12].

 Prognostic Factors

Based on data from the ISCVT trial, GCS less than nine on presentation, cerebral 
hemorrhage, malignancy, male sex, age >37 years, mental status disorders defined 
as frontal lobe syndromes, delirium, personality changes, thrombosis involving the 
deep cerebral venous system, and CNS infection were found to be related to 
increased risk of death or dependence [6]. Additional studies have included paren-
chymal lesions greater than 6 cm and the presence of bilateral Babinski signs upon 
presentation as predictors of poor outcome [13]. Prognostic scoring systems such as 
the CVT Grading Scale have been developed using these variables in order to help 
predict patient outcomes (Tables 18.2 and 18.3) [13, 14].

Table 18.2 Proposed CVT grading scale variables and risk points

Prognostic variables Risk points assigned

Parenchymal lesion >6 cm 3
Bilateral Babinski signs 3
Coma 3
Male gender 2
Stupor 2
Parenchymal hemorrhage 2
Somnolence 1
Awake and alert 0

Adapted from Barboza et al. [13]
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 Presentation

The presentation for patients with CVT is dependent on the underlying etiology as 
well as the chronicity of thrombus. Acute CVT presentations are commonly noted 
with infectious or obstetric etiologies (28%), while subacute (41%) and chronic 
(31%) are most commonly noted with inflammatory disorders [2]. The presenting 
symptoms are also dependent on which sinus is involved, rate of thrombus propaga-
tion, and thrombus burden [2].

Headache is commonly the primary presenting symptom reportedly occurring in 
74–90% of patients. It is possible to miss this in the diagnostic workup of usually, 
unexpected or severe headaches. In rare cases, acute onset thunderclap headaches 
may be a harbinger of acute CVT [15]. The common signs and symptoms of ele-
vated intracranial pressure such as headaches, nausea, vomiting, vertigo, dizziness, 
and visual disturbances with or without papilledema are possible. Pseudotumor 
cerebri (PTC) can insidiously present in similar fashion and also commonly in 
young women of child bearing age. However, PTC should be considered a diagnosis 
of exclusion and venous imaging should be obtained to distinguish the two entities 
[16, 17]. Adults may present with seizures at the time of diagnosis of CVT in 
32–39% of cases [18, 19]. CVT generally does not present with focal neurological 
deficits such as cranial nerve palsies; however, in the setting of venous infarction 
and hemorrhagic conversion, these deficits are more likely.

Cerebral venous thrombosis results in a state of venous hypertension and cere-
bral ischemia leading to neuronal cell death, and cerebral edema with hemorrhagic 
conversion of the infarction often leading to elevated intracranial pressure [20]. 
Venous hypertension leads to dilated venous vasculature and cerebral capillary 
beds which causes an increase in interstitial brain edema. Decreased venous out-
flow leads to a decrease in capillary bed perfusion pressures and overall increased 
cerebral blood volume with a concurrent decrease in cerebral blood flow. A 
decrease in blood flow can lead to local cerebral ischemia which decreases oxygen 
delivery necessary for Na/K ATPases leading to a large influx of water and subse-
quent cell death characteristic of cytotoxic edema in greater proportion to the 
extracellular fluid shifts seen in vasogenic edema. Venous hypertension results in 
eventual tearing of veins, resulting in both subarachnoid and intraparenchymal 
hemorrhage [21].

Table 18.3 CVT grading scale, classification, and associated mortality

CVT grading scale Grading classification 30-Day mortality

0–2 Mild 0.4%
3–7 Moderate 9.9%
8–13 Severe 61.4%
Total score range: 0–13

Adapted from Barboza et al. [13]
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 Diagnosis

The natural history of CVT is one that is inherently a chronic process with a highly 
variable clinical presentation. The high degree of redundancy within the cerebral 
venous system allows for the differential collateralization of venous outflow in the 
setting of veno-occlusive disease. This is also why venous infarction is a more insid-
ious process which may go clinically unnoticed for some time. Cerebral veins are 
valveless, unlike peripheral veins, and thus, the directionality of flow is dependent 
entirely on pressure gradients [22]. These alterations in flow allow for a mild degree 
of compensation secondary to venous dilatation. The flow through these neighbor-
ing territories is generally sluggish and can even completely halt flow which will 
eventually lead to propagation of thrombus along cortical venous channels overall 
worsening venous hypertension and its sequala. The average delay in diagnosis 
from the onset of symptoms is approximately 7 days [3, 23].

Noncontrast computed tomography head is a useful modality for the initial eval-
uation of patients in whom there is a concern for active neurological dysfunction. 
Acute thrombus in a cerebral vein may appear as a hyperdensity in a venous tubular 
shape known as a “cord” sign in 20–25% of cases and disappears generally within 
1–2 weeks [2, 10, 24] (Fig. 18.1). Venous hyperdensity is a rather nonspecific sign, 
however, and can represent physiological derangements such as an elevated hema-
tocrit in patients with polycythemia or dehydration [24]. In these latter scenarios, it 
is more likely that the entirety of the vascular network appears hyperdense rather 
than a single or few venous channels.

Prolonged occlusion may show early venous infarction in the form of hypoden-
sity and cerebral edema in a nonarterial vascular distribution with or without the 
presence of hemorrhage. Contrast-enhanced CT may demonstrate an “empty delta” 
sign within the dural venous sinuses which can be further elucidated with a CT 

a b c

Fig. 18.1 Diagnostic computed tomography (CT) of venous sinus thrombosis. (a) Axial noncon-
trast CT head showing hyperdensity within the superior sagittal sinus and within thrombosed corti-
cal veins known as “cord sign.” (red arrows) (b) CT venography axial image showing lack of 
contrast filling within the superior sagittal sinus (blue arrow) and (c) coronal image displaying 
“empty-delta” sign signifying lack of venous contrast enhancement in the occluded superior sagit-
tal sinus (green arrow)
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venogram [2, 24] (Fig.  18.2). MRI is the most sensitive diagnostic modality for 
identifying thrombus secondary to CVT secondary to its ability to identify blood 
degeneration products with high sensitivity, specifically on T2-weighted images and 
gradient recalled echo (GRE) (Fig. 18.3) [24]. An acute clot appears isointense on 
T1 sequence and hypointense on T2 sequence and has FLAIR signal similar to the 
appearance of a normal dural venous sinus, potentially obscuring appropriate diag-
nosis [24] (Table 18.4). Magnetic resonance venography (MRV) and GRE sequences 
improve diagnostic accuracy as thrombus would appear hypointense amid the nor-
mal venous flow-related hyperintensity [24]. Subacute (7–14 days old) methemo-
globin demonstrates hyperintensity in all T1, T2, GRE, and diffusion sequences 
[24]. Chronic thrombus will appear less uniform in regard to clot signal, but signal 
characteristics include isointense T1, iso-hyperintense T2, and hypointense 
GRE [24].

In cases where CT and MR imaging cannot definitively confirm the diagnosis of 
cortical vein or CVST, digital subtraction angiography may be indicated (Fig. 18.4). 
The angiogram can be especially helpful in identifying cortical venous thrombosis 
even in the absence of sinus thrombosis [25].

a

b

c

Fig. 18.2 Noncontrast computed tomography (CT) showing venous infarct in axial (a) sagittal (b) 
and coronal (c) planes. There is mixed density within the intraparenchymal hematoma cavity indi-
cating both acute and subacute blood products within the infarct. A regional mass effect is noted 
secondary to surrounding vasogenic edema around the clot. Note that there is no definitive vascular 
territory for this infarction as with arterial stroke and the clot appears to come to the cortical sur-
face indicating the likelihood of an occluded cortical vein
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 Management of CVT Associated Complications

 Seizures

Seizures occur in 32–39% of patients at the time of diagnosis of CVT with death 
from status epilepticus occurring in nearly 12.8% of patients [18, 19, 26]. Early 
seizures, as defined as 2 weeks within diagnosis, occurred in 6.9% of patients and 
were associated with supratentorial lesions. Antiepileptic drugs were associated 
with a 70% lower risk of early seizures developing in patients with a supratentorial 

a b c

d e f

Fig. 18.3 Axial magnetic resonance imaging (MRI) sequences showing venous infarction with 
surrounding vasogenic edema. Pre- and post-gadolinium-enhanced T1 sequences show in a and b, 
respectively. Diffusion-weighted imaging (c), T2 (d), and FLAIR (e) demonstrate the extent of not 
only venous infarct but surrounding cytotoxic and vasogenic edema. Gradient recalled echo (GRE) 
shown in (f) pertinent for showing mineralized deposits which indicates blood products

Table 18.4 Appearance of venous sinus thrombosis on MRI based on age of clot

Age T1 T2/FLAIR GRE DWI

Acute (0–5 days) Isointense Hypointense Hypointense –
Subacute (5–14 days) Hyperintense Hyperintense Hyperintense Hyperintense
Chronic (>14 days) Isointense Iso-hyperintense Hypointense –

Adapted from Bonneville [24]
(−) indicates high variability
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lesion that did not present with a seizure, but this was a nonsignificant relationship 
[27]. Parenchymal lesions on CT/MRI at diagnosis were associated with an 
increased risk of seizures, particularly if the patient also presented with sensory 
deficits [19]. Other studies have also demonstrated that the presence of a motor defi-
cit, intracranial hemorrhage, and cortical vein thrombosis may be independent pre-
dictors of early epileptic seizures [26]. Furthermore, based on ISCVT data, seizures 
were the most frequent complication encountered at follow-up, with 10% of patients 
reporting late seizures [6]. As a result, patients with CVT and high-risk factors for 
the development of seizures may be considered for antiepileptic prophylaxis in 
these patients, but due to the lack of evidence, both the AHA and ESO do not make 
guidelines regarding the routine use of antiepileptic prophylaxis in patients that did 
not present with seizures [1, 26–28]. Data are lacking regarding the relationship 
between antiepileptics and functional outcome data as well as the particular antiepi-
leptic choice and duration [1].

 Hydrocephalus and Intracranial Hypertension

CVT may impair the ability of arachnoid granulations to absorb CSF, resulting in 
communicating hydrocephalus in up to 4% of patients with CVT [29]. Obstructive 
hydrocephalus may occur due to intraventricular hemorrhage from venous 

Fig. 18.4 Anterior–posterior (AP) and lateral radiographs of the venous phase of a diagnostic 
digital subtraction angiogram from a right internal carotid artery injection indicating bilateral 
transverse sinus occlusions (red arrows). The lack of venous outflow through transverse sinuses 
causes significant venous congestion (green arrows) within the cortical venous system late into the 
venous phase and the development of suboccipital neck muscle venous collaterals for aid in venous 
outflow (blue arrows)
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infarction that results in parenchymal hemorrhage, although this is typically seen in 
neonates due to internal cerebral vein thrombosis [30, 31].

Nearly 40% of patients with CVT will demonstrate isolated intracranial hyper-
tension and present with papilledema and third and/or sixth nerve palsies. This is 
secondary to CSF malabsorption due to impaired arachnoid granulation absorption, 
as well as venous outflow obstruction due to sinus thrombosis [18]. Prolonged 
untreated papilledema can result in permanent blindness unless the underlying 
cause of elevated ICP is addressed with CSF diversion. Optic nerve sheath fenestra-
tion has been performed in order to treat papilledema and visual loss secondary to 
cerebral venous sinus thrombosis, but does not directly address the underlying etiol-
ogy of intracranial hypertension and is not common practice [32]. Directed treat-
ment of the thrombosis including anticoagulation to aid in recanalization of venous 
outflow may result in the reduction of intracranial pressure, but for refractory situa-
tions, methods for CSF diversion with ventricular drains, lumbar punctures, and 
ventriculo- or lumboperitoneal shunts in persistent situations may be necessary. 
Despite this, there are data to suggest that shunting in the acute setting of CVT may 
not be effective in preventing death, but this study included patients in which shunt-
ing rather than a decompressive craniectomy was the primary treatment even in the 
presence of a space-occupying lesion [33]. Such procedures may interrupt antico-
agulation or have an elevated procedural risk due to periprocedural anticoagulation. 
Ultimately, if intracranial hypertension remains refractory despite maximal medical 
therapies such as osmotic diuresis and hypertonic therapy, a decompressive craniec-
tomy may be performed as a life-saving procedure.

 Development of Dural Arteriovenous Fistulas

Thrombosis of the sagittal sinus, transverse sinus, and cavernous sinuses have been 
demonstrated to induce dural arteriovenous fistulas (dAVF) and pial fistulas after 
cortical vein thrombosis [34]. The occurrence of a dAVF after CVT is not well 
known due to lack of available studies with cerebral angiographic follow-up data. 
dAVFs may also result in CVT due to prolonged venous hypertension, and given the 
increased risk of hemorrhage with dAVFs, systemic anticoagulation as would be 
typically done for CVT without treatment of the fistula may result in poor outcomes 
[35]. A dAVF should remain in the differential in any patient with a prior history of 
CVT presenting with new neurological symptoms.

 Treatment

Guidelines from the AHA and ESO support the rapid initiation of anticoagulation 
upon diagnosis of cerebral venous thrombosis to prevent thrombus propagation and 
aid with recanalization of the venous sinus. Functional recovery has been tied to 
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venous sinus recanalization, with a 3.3-fold increase in odds of complete functional 
recovery [36]. The rate of recanalization after anticoagulation has been reported to 
be from 47 to100%, with most instances occurring in the first few months after 
treatment for CVT but may occur up to 1 year [36].

The use of heparin and anticoagulation for treatment of CVT had remained con-
troversial for decades due to concern regarding the risk of promoting or aggravating 
intracerebral hemorrhage. In the 1990s, two published randomized controlled trials 
examining the treatment of cerebral venous thrombosis with intravenous heparin or 
low-molecular-weight heparin (LMWH) comprising a total of 79 patients demon-
strated decreased mortality and improved functional outcomes in those receiving 
anticoagulation, even with the presence of pretreatment intracranial hemorrhage 
[37, 38].

The first randomized, blinded, placebo-controlled trial of intravenous heparin for 
CVT was carried out in a single center in Berlin. The study was halted after enroll-
ing 20 patients due to interim analysis demonstrating increased mortality in the 
placebo arm [37]. The study enrolled patients with venous sinus thrombosis as dem-
onstrated on catheter-based angiography. The primary outcome of the study was 
measured by clinical status at 3 months, with the secondary outcome being intracra-
nial hemorrhage. A total of 20 patients were enrolled, with ten patients receiving 
intravenous unfractionated heparin (UFH) administered as a 3000 unit bolus fol-
lowed by an adjusted-dose continuous infusion titrating activated partial thrombo-
plastin time to 2–2.5 control values and ten patients receiving placebo. Of the 
heparin group, by 3 months, eight recovered completely and two were classified as 
having mild deficits. In the placebo group, one recovered completely, six had minor 
deficits, and three died by 3 months. Notably, no patient in the heparin group devel-
oped ICH, while two in the placebo group did [37]. The authors also retrospectively 
evaluated the relationship between heparinization and development of intracranial 
hemorrhage. The study authors felt that the data demonstrated the effectiveness of 
heparin as a treatment for CVT and that it did not promote intracranial hemorrhage.

A second randomized controlled trial was carried out at multiple centers in The 
Netherlands and the UK where patients were randomized to LMWH nadroparin or 
placebo. Patients were diagnosed with CVST via catheter-based angiography or by 
MRI. Primary outcomes were scores for activities of daily living, the Oxford Stroke 
Handicap scale, and death. Secondary endpoints included symptomatic ICH and 
other bleeding. At 3 months, 21% of the placebo group had a poor outcome com-
pared to 13% in the LWMH group. This demonstrated a nonsignificant improve-
ment in the proportion of participants achieving a good functional outcome for 
LMWH [38]. There was no symptomatic hemorrhage in either group, with one 
patient suffering a nonfatal hemorrhage in the LWMH group.

A Cochrane meta-analysis of the 79 patients in the two trials demonstrated a 
nonsignificant difference in favor of therapeutic treatment of CSVT with heparin. In 
these trials, no patients on heparin developed new ICH formation and only one 
patient receiving nadroparin developed a nonfatal hemorrhage [39].

There have been additional retrospective and observational studies evaluating the 
efficacy of anticoagulation for CVT in various circumstances such as patients with 
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preceding intraparenchymal hemorrhage and the presence of posterior fossa lesions 
consisting of hemorrhage, infarct, or edema [6, 37, 40]. In a retrospective series of 
CVT patients, 42% presented with concurrent ICH. Those treated with IV heparin 
demonstrated 52% complete recovery and a 15% mortality rate. In patients that 
were not anticoagulated, 23% demonstrated complete recovery with a mortality rate 
of 69% [37].

The ISCVT study demonstrated that 39% of patients with CVT presented with 
ICH, of which 73% were treated with UFH within 24 hours of presentation. Delayed 
ICH, defined as the development of hemorrhage after presentation occurred in 5.8% 
of all patients in the study, with 63.9% occurring in those that had already presented 
with parenchymal hemorrhage. While the development of delayed ICH was associ-
ated with the presence of intraparenchymal hemorrhage on admission, delayed 
hemorrhage in these patients was not influenced by heparin after a multivariate 
analysis was performed [41]. While posterior fossa lesion in the setting of CVT was 
a poor prognostic factor with a nonsignificant increase in the rates of new hemor-
rhage with anticoagulation in these patients, the decrease in poor outcomes favored 
anticoagulation despite the presence of posterior fossa lesions [40]. Overall, data 
from the aforementioned studies illustrate improved functional recovery and 
decreased morbidity with anticoagulation for CVT even in the setting of parenchy-
mal hemorrhage compared to those that did not receive treatment. As a result, anti-
coagulation remains the recommended initial treatment of CVT even in the setting 
of intracranial hemorrhage [1, 28]. This must be tailored with the specific patient 
situation and the risks and benefits of anticoagulation weighed.

 Choice of Anticoagulant

Most data regarding anticoagulation of CVT in the acute phase support the utiliza-
tion of UFH or LWMH. Data from venous thromboembolism treatment for DVT, 
PE, and CVT management have demonstrated a decreased risk of major hemor-
rhage including development of fewer intracerebral hemorrhages, thrombotic com-
plications, and death with LWMH when compared to heparin [42, 43]. An additional 
randomized trial specifically examined patients with CVT and directly compared 
LMWH with UFH in adult patients with cerebral venous thrombosis. Patients were 
randomized to LMWH and UFH groups for 14 days followed by oral anticoagula-
tion. In total, 19% of those allocated to heparin died during hospitalization com-
pared with 0% in the LMWH group. Major hemorrhagic complications occurred 
only in the heparin group, although they were all extracranial complications [44]. 
As a result, EAN and AHA guidelines suggest that LWMH may be preferred to 
unfractionated intravenous heparin given data suggesting improved efficacy and 
safety of LMWH over heparin [1, 28]. Heparin remains an option in patients that are 
unable to receive LMWH due to renal insufficiency or in patients that may require 
emergent neurosurgical procedures and require rapid reversal of heparin with prot-
amine sulfate. An additional disadvantage of heparin is that it requires titration of 
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the infusion to achieve therapeutic levels, and there may be delays and difficulties 
maintaining a therapeutic window due to reliance on serial lab draws to titrate dosing.

The recommended duration of anticoagulation remains controversial, with data 
consisting of observational studies supporting the initiation of anticoagulation with 
LMWH or UFH as a bridge to oral anticoagulation with a vitamin K antagonist in 
order to help promote recanalization and prevent recurrence of CVT or other venous 
thromboembolic events [45]. There is an overall 6.5% annual risk of recurrent sys-
temic venous thrombosis in patients with CVT [6]. Of the patients with recurrent 
CVT and/or VTE at remote sites, 64.3% of patients with recurrent CVT and 58.3% 
of patients with VTE were on anticoagulation at the time of recurrence [6, 46]. 63% 
of the recurrent CVT and/or VTE occurred within the first year [6, 46]. The AHA 
guidelines recommend bridging to a vitamin K antagonist with a goal INR of 2–3 
for 3–6 months in patients with a provoked CVT, 6–12 months with unprovoked 
CVT, and indefinite anticoagulation in those with recurrent CVT, VTE after CVT, 
or any patient with severe thrombophilia with a first CVT event [1].

With the emergence of direct oral anticoagulants (DOACs), there remain little 
data regarding the benefits of DOACs over vitamin K antagonists. There has been 
one randomized trial comparing patients with CVT to either treatment with Warfarin 
or Dabigatran after being stabilized on 5–15 days of systemic anticoagulation with 
IV heparin. Both Warfarin and Dabigatran were found to have similar risks of bleed-
ing and recanalization rates with no recurrent VTE in either group (Ferro 2019). 
Two small observational case series have evaluated the utilization of rivaroxaban 
(n = 7) and dabigatran (n = 15) as long-term oral anticoagulation for patients with 
CVT and did not find any major hemorrhagic complications or recurrent thrombotic 
events, suggesting that DOACs may be a safe and effective oral anticoagulation 
option in patients with CVT [47, 48].

 Endovascular Management

While most patients with CVT recover with anticoagulation therapy alone, approxi-
mately 20% of patients with CVT may continue to deteriorate despite anticoagula-
tion [1, 6, 28]. It is proposed that patients with larger and more extensive thrombus 
burden are at higher risk for deterioration and that endovascular treatment may help 
rapidly decrease thrombus burden, promote swift recanalization of the venous sinus, 
and quickly decrease venous congestion. However, there have been insufficient data 
to define specific indications and patient populations that would benefit from endo-
vascular CVT management. Furthermore, there are no well-defined criteria for what 
constitutes failure of anticoagulation and timeline to define treatment failure. The 
majority of data regarding endovascular treatments for CVT are based predomi-
nantly on case reports and case series.

There has been one randomized control trial, Thrombolysis or Anticoagulation 
for Cerebral Venous Thrombosis (TO-ACT), randomizing patients with severe 
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CVT to standard medical care with systemic anticoagulation or to mechanical and/
or catheter-directed thrombolysis along with standard medical care with systemic 
anticoagulation [49]. The study involved eight centers and included patients with 
CVT and a high probability of poor outcome defined as the presence of mental 
status disorder (delirium, personality or behavioral changes, and frontal lobe syn-
dromes), Glasgow Coma Scale score less than 9, ICH, or thrombosis involving the 
deep cerebral venous system. The study was terminated after preliminary analysis 
demonstrated that the mortality rate was higher in patients randomized to endovas-
cular treatment at 6 and 12 months (12% vs 3%) [49]. There was a nonsignificant 
decreased rate of new symptomatic ICH in the endovascular group (3% vs 
9%) [49].

Citing the strength of current data comprised predominantly case reports and 
case series, the ESO does not make guidelines regarding endovascular treatment of 
CVT, while the AHA feels that endovascular management is an option if clinical 
deterioration occurs [1, 28].

Endovascular strategies for the treatment of CVT include catheter-directed 
thrombolysis, direct aspiration thrombectomy, stent-retriever thrombectomy, bal-
loon thrombectomy, and balloon angioplasty and stenting. There are little data to 
suggest that one strategy should be utilized over the other [50]. Utilization of these 
techniques requires both arterial access to perform diagnostic cerebral angiography 
with the utilization of the venous phase to visualize the sinus occlusion, and venous 
access to provide the working channel through which the intervention would be 
performed. Additionally, long-term anticoagulation remains necessary even with 
these endovascular management options for CVT in order to prevent recurrent 
thrombosis [51].

 Catheter-Directed Thrombolysis

There have been many reports utilizing various thrombolytic agents, such as uro-
kinase, streptokinase, and tissue plasminogen activator for the treatment of cere-
bral venous sinus thrombosis, even in the presence of hemorrhagic venous 
infarcts. Treated patients typically presented with poor neurological exams or 
had failed heparin anticoagulation, and the decision to proceed with endovascu-
lar management was made when the patient’s neurological exam is declined. 
Patients with extensive CVT have been treated with a microcatheter infusion at 
1–2  mg/hour with repeat angiography performed at 12–24  hours to measure 
response to thrombolysis and guide the conclusion of therapy. Catheter-directed 
thrombolysis has been successfully used as an adjunct for multimodality endo-
vascular treatment for CVT [52]. The risk of intracranial hemorrhage remains a 
risk though, with a systematic review and analysis demonstrating new ICH for-
mation in 17% of patients after thrombolysis, with 5% suffering a clinical decline 
as a result [53].
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 Direct Aspiration Thrombectomy

The use of large-bore distal aspiration catheters, originally designed for intracranial 
arterial thrombectomies, has been applied to perform thrombus aspiration in CVT, 
often in conjunction with catheter-directed thrombolysis and stent-retriever throm-
bectomy [54, 55]. Primary treatment of CVT with just direct aspiration may also 
decrease the time needed to recanalize the venous sinus by foregoing administration 
of thrombolytics, with similar recanalization rates and favorable outcomes com-
pared to administration of thrombolytics with direct aspiration [54]. The AngioJet 
device (MEDRAD Inc., Warrendale, Pennsylvania, USA) was initially designed for 
peripheral vascular and coronary thrombectomies via rheolysis with a high-velocity 
saline jet to perform thrombolysis with aspiration [56]. The device is rigid, does not 
track as well as large-bore aspiration catheters designed for intracranial use, and, as 
a result, has a risk of perforating the venous sinus [54]. Despite this, it has been suc-
cessfully utilized for direct aspiration treatment of CVT with persistent recanaliza-
tion of the treated venous sinuses but has been found to have lower rates of complete 
recanalization and a lower likelihood of a good outcome than other thrombectomy 
devices [52, 56].

 Stent Retrieval Thrombectomy

Application of stent retrieval thrombectomy devices initially designed for ischemic 
strokes such as the Solitaire (Medtronic, Minneapolis, Minnesota, USA) and Trevo 
(Stryker, Kalamazoo, Michigan, USA) devices has been effectively utilized for the 
treatment of CVT, with and without catheter-directed thrombolysis and aspiration 
[57–60]. The stent retrieval device is deployed across the thrombus and removed 
into the aspiration catheter but also has been used to function as an anchor to assist 
with direct aspiration in the venous sinus with an aspiration catheter [58].

 Balloon Thrombectomy

An additional mechanical thrombectomy technique includes balloon thrombectomy 
with a TransForm balloon catheter (Stryker, Kalamazoo, Michigan, USA) with an 
aspiration catheter [61]. The balloon is advanced past the site of thrombus, inflated, 
and then retracted toward the aspiration catheter in order to dislodge thrombus. In 
this case series, most patients demonstrated improved functional outcomes, and all 
patients received systemic heparin before and after the procedure, with one patient 
developing fatal hemorrhagic infarcts despite venous sinus recanalization [61]. Large 
balloon catheters such as 3F and 4F catheters are also utilized to match the larger size 
of the dural venous sinuses in order to perform effective thrombectomy [51].
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 Balloon Venoplasty and Stenting

As a rescue therapy, balloon venoplasty with the placement of a stent has been 
described in cases that failed systemic anticoagulation, catheter-directed thrombol-
ysis, and mechanical thrombectomy strategies [62]. In this case series, patients were 
anticoagulated and initiated on antiplatelet therapies after stent placement with an 
Enterprise stent (Johnson and Johnson, New Brunswick, New Jersey, USA) in the 
superior sagittal sinus with persistent recanalization achieved in the two reported 
patients at 2 years [62]. There are otherwise limited data regarding the role of acute 
stent placement as an initial endovascular treatment of CVT.

Overall, there is a growing body of literature regarding the role of endovascular 
therapy in patients with CVT, although the majority of these data are limited to case 
series and case reports in patients that demonstrated neurological decline despite 
systemic anticoagulation or presented with severe neurological deficits. 
Recanalization rates with endovascular treatments have been reported to be as high 
as 83.5%, with 62.6% of patients achieving a good functional outcome [63]. Even 
with endovascular treatments, mortality in patients that require endovascular treat-
ment remains high (18.6–27%) as these patients represent a more severely affected 
group [52, 63]. Given the relative efficacy and safety of systemic anticoagulation, 
endovascular treatment harbors risks but remains a treatment option in patients with 
failed anticoagulation or poor neurological exams due to the degree of venous 
hypertension and thrombus burden. It is not clear if there is a particular endovascu-
lar technique that is optimal for patients with CVT, and a retrospective study high-
lighted that multimodality endovascular treatment was performed in 62% of cases 
[52, 63]. Until additional data or techniques emerge, endovascular therapies should 
be guided by the individual patient’s clinical situation in order to select the optimal 
thrombectomy strategies.

 Surgical Management

 Open Surgical Venous Sinus Thrombectomy

Open sinus thrombectomy has been performed in cases of severe, CVT refractory to 
anticoagulation [64–66]. In one case, sinus thrombectomy was performed with a 
balloon and in situ thrombolysis with t-PA in conjunction with bilateral decompres-
sive craniectomies [66]. Three other cases involved open sinus thrombectomy with 
a catheter left in place for local infusion of t-PA into the sagittal sinus [65]. Many of 
the cases required repeated treatments, with some developing surgery-related com-
plications such as an epidural hematoma but ultimately led to significant improve-
ment in functional outcomes [64, 65]. Given the growth of endovascular approaches, 
the role of open surgical sinus thrombectomy will likely diminish further and be 
reserved for the most severe and refractory CVT cases.
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 Decompressive Craniectomy

Transtentorial herniation is the most common cause of death in the acute setting of 
CVT patients [67]. Nearly 40% of patients with CVT also present with intracranial 
hypertension which may become refractory with extension of sinus thrombosis or 
addition of mass lesions such as hemorrhagic venous infarct (Ameri 1992). 
Decompressive craniectomy does not directly treat the sinus thrombosis, but pro-
vides patients with a life-saving procedure with the possibility of providing good 
functional outcomes (modified Rankin scale 0–2) in 60% of patients particularly 
when performed within 12 hours of admission or in patients younger than 40 [68–
70]. In one of the studies, one of the patients underwent endovascular treatment of 
sinus thrombus due to lack of clinical improvement despite a decompressive crani-
ectomy, and 9 out of the 10 patients had an associated hemorrhagic venous infarct 
[70]. Craniectomy may also facilitate hematoma evacuation, given that patients 
with CVT may present with hemorrhagic venous infarcts with mass effect. The tim-
ing of when to resume systemic anticoagulation for the treatment of the sinus 
thrombosis after a craniectomy remains poorly understood with some suggesting 
initiation of heparin 6–24 hours after surgery as safe [66, 71]. Overall, there are 
limited data to guide which patients should undergo craniectomy or the optimal 
temporal relationship of combined open and endovascular approaches to treat 
patients with CVT.

 Conclusion

Based on current literature and guidelines, we propose a treatment algorithm for the 
diagnosis and management of CVT (Fig. 18.5). In summary, CVT results in a vari-
able clinical presentation that may be difficult to diagnose with potentially fatal 
outcomes. Headache is the most common presenting symptom, and a high index of 
clinical suspicion is required to ensure timely diagnosis via CTV/MRV as well as 
catheter-based cerebral angiography if other imaging modalities are not adequate. 
Patients presenting with coma, cerebral hemorrhage, malignancy, male sex, mental 
status disorders, thrombosis involving deep cerebral venous system, and infection 
are at greater risk of death or dependence. Anticoagulation with LMWH or unfrac-
tionated heparin is recommended in the acute phase of the presentation even in the 
presence of ICH in order to prevent thrombus progression, promote recanalization, 
and decrease venous congestion. Transition to oral anticoagulation for 3–12 months 
depending on risk factors, and clinical history is recommended in order to prevent 
recurrent CVT and remote VTE events. Sequela associated with CVT such as sei-
zures and intracranial hypertension needs to be treated. For patients with persistent 
neurological decline or failure of systemic anticoagulation therapy, endovascular 
techniques such as catheter-directed thrombolysis and mechanical thrombectomy 
have emerged as successful treatment options to help promote venous sinus 
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recanalization and decrease venous congestion. Patients with significant associated 
mass effect may require life-saving decompressive craniectomy. Despite these treat-
ment options, CVT may result in significant morbidity and mortality. There remains 
significant room for continued studies to further define optimal management strate-
gies for CVT.

Clinical symptoms concerning for CVT

Diagnostic Studies

CVT diagnosis confirmed

Initiate anticoagulation with UFH or
LMWH even with associated ICH

Anticoagulation contraindicated
or poor neurological exam
without significant mass lesion

Decompressive
craniectomy

Clinical deterioration
despite anticoagulation

Repeat imaging with
severe mass effect

Decompressive
craniectomy

Bridge to oral anticoagulation
when stable

Continue oral anticoagulation
for 3–12 months or lifelong as
guided by underlying CVT
etiology/comorbidities

Repeat imaging 3–6 months to
evaluate for recanalization or
earlier if new or presistent
symptoms

Initiate anticoagulation with
UFH or LLMWH as able

Tolerating anticoagulation

Treatment of presenting CVT sequela
• Seizures
• Hydrocephalus
• Intracranial hypertension

Endovascular treatments
• Mechanical thrombectomy
• Catheter-thrombolysis
• Sinus stenting

• Signs and symptoms of herniation
• Significant mass lesion on imaging

Work up differential diagnosis of
symptoms and treatment

No evidence of CVT

1. MRI brain + MRV head/neck
2. CT head + CTV head/neck if unable to
    obtain MRI
3. DSA if unable to determine based on
    non-invasive imaging

Fig. 18.5 Proposed treatment algorithm for CVT diagnosis and management
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Chapter 19
Arteriovenous Malformations: 
Presentation and Natural History

Andrew J. Ringer  and Ryan Tackla 

 Introduction

Brain arteriovenous malformations (AVMs) consist of a network of abnormal arter-
ies and veins with no intervening capillary bed or functional neural tissue [1]. This 
nidus is characterized by direct fistulous connections from artery to vein that contrib-
ute to their unique anatomy and complex vascular physiology. Shunting of high- 
flow, arterial blood into the normally low-flow, venous system creates 
higher-than-normal pressures through the feeding arteries, nidus, and draining veins 
[2]. Besides the high flow rates, various other factors that include shear stress, venous 
obstruction, arterial steal, and compartmentalization contribute to vascular complex-
ities of AVMs. Size and location of the lesion create a range of clinical symptoms. In 
considering natural history, the anticipated risks of hemorrhage or seizure and result-
ing morbidity and mortality must be weighed with the risks of the patient’s treatment 
and the psychological burden of living with a potentially life- threatening AVM.

 Epidemiology

Although AVMs of the brain can present at any age, they are a leading cause of 
hemorrhage in children and young adults [3]. A 2013 meta-analysis identified that a 
mean age at the time of rupture was mid-30s, confirming the findings of previous 
natural history studies with at least 200 patients [1].
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Their true incidence and prevalence are difficult to estimate because of the rarity of 
disease, lack of epidemiological studies, and varied presentation. However, two efforts 
using defined populations included the Scottish Intracranial Vascular Malformations 
Study [3, 4] and the New York Islands AVM Study [5] that estimated the population 
prevalence ranges between 10 and 18 per 100,000 in the adults. Findings from these 
studies, which relied on some retrospective data, were later corroborated in three large 
prospective, population-based studies that estimated the incidence at 1 new case per 
100,000 person-years [4, 6, 7]. By some estimates, this leads to an excess risk of death 
between 0.7 and 2.9% annually in patients who harbor brain AVMs [8].

 Presentation

The array of AVM symptoms ranges from headaches or seizures to major disabling 
or fatal hemorrhage (Table  19.1). Brain AVMs were previously felt to be quite 
uncommon. However, the proportion presenting prior to hemorrhage significantly 
increased when noninvasive imaging became widely available [4, 5]. Since that 
time, approximately 50% of brain AVMs are discovered in the absence of hemor-
rhage, 15–30% with seizure, and the remainder with headache or focal neurological 
deficits. In the ARUBA trial, a prospective comparison of outcomes was based on 
treatment selection in 223 patients without a history of hemorrhage, and 93 (41.7%) 
patients who were asymptomatic from their brain AVM [9].

 Risk Factors for Hemorrhage

Predicting the natural history of brain AVMs is difficult given the uniqueness of the 
angioarchitecture, varied clinical presentations, and therapeutic modalities. With no 
medical therapies to slow disease progression, clinical studies have attempted to 
determine risks of hemorrhage and other factors, including weighing risks of treat-
ment versus spontaneous hemorrhage in the natural course of the disease. As the 
most common presentation with resulting morbidity and mortality, hemorrhage has 
been most often studied as the primary risk factor.

Table 19.1 Mode of presentation summarized from the three of the largest studies [4, 5, 9]. 
Shaded areas show rows of symptoms that were combined for incidence rate

Symptom at presentation, n (%)

Scottish
Al-Shahi et al. [4]
N = 79

New York Islands
Stapf et al. [5]
N = 284

ARUBA
Mohr et al. [9]
N = 223

Bleeding from AVM 42 (53.2%) 108 (38.0%) NA
Seizure 25 (31.6%) 95 (42.6%)
Headache 6 (7.6%)* 115 (51.6%)
Focal deficit/other 176 (62%)** 42 (18.8%)
Incidental 6 (7.6%) 93 (41.7%)

*combined headache + focal deficit/other [4]
**combined seizure headache + focal deficit/other headache + incidental [5]
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 Prior Hemorrhage

Few factors have proven as influential on the risk of future hemorrhage as a history 
of prior hemorrhage. This has been a consistent finding in a number of studies [10–
16]. In a consecutive series of 305 patients with AVMs who underwent treatment at 
a single hospital, Yamada et al. reported an annual 6.84% risk of hemorrhage, noting 
that this risk was heavily influenced by the hemorrhage rate in the first 5 years [11]. 
In their experience, risk of recurrent hemorrhage was 15.42% in the first year, 5.32% 
in the subsequent 4 years, and 1.72% after more than 5 years. Interestingly, the same 
authors noted a similar 6.48% annual rate of hemorrhage in patients who presented 
with headache but no confirmed hemorrhage. Their findings raised the question 
about whether some patients with headache had actually suffered occult hemorrhage.

 Demographics

Hemorrhage rates between men and women did not significantly differ in most 
reports [9, 17, 18]. However, there are exceptions, and some studies have reported 
higher rates in women. Yamada et al. [11] estimated that the risk of hemorrhage was 
significantly higher in women (HR = 2.93), whereas Karlsson et al. [19] found that 
the risk of hemorrhage was only higher in women during their fertile years com-
pared with men in the same age group. Despite this, in a series of 623 patients 
treated in Helsinki, men with AVMs had higher mortality rates than women [18].

Age may play a role in predicting the risk of hemorrhage. Among studies sug-
gesting that age is a risk factor for hemorrhage, several studies identified higher 
rates of hemorrhage in children. Yamada et al. [11] cited a significantly higher rate 
of hemorrhage among children in their series (HR = 2.69). This finding was cor-
roborated by Fullerton et  al. who compared long-term hemorrhage risk between 
children and adults [20]. However, others have proposed a higher risk with advanc-
ing age [10]. Race or ethnicity is an inconsistent risk factor for hemorrhage with 
most studies reporting no difference in age or not reporting differences by ethnicity. 
One review cited an increased risk of hemorrhage among Hispanics with a hazard 
ratio of 1.9 compared with whites [15].

 Angioarchitecture

Many authors have suggested that AVM location, size, and venous anatomy can 
influence natural history. Angiographic features of AVMs sometimes used to stratify 
the risk of hemorrhage are more often used to predict the outcome of surgical treat-
ment [21]. Variability in terminology and reporting of imaging findings among 
authors also makes it difficult to directly correlate outcomes with imaging features.
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Deep location is often cited as a predictor of presentation with hemorrhage or 
with future hemorrhage after initial diagnosis [10–12, 22]. For example, AVMs of 
the posterior fossa are considered higher risk for hemorrhage [23]. This risk may be 
at least partially due to the deep location of the posterior fossa and an increased 
incidence of associated aneurysms (see below).

The association of AVM nidus size with hemorrhage at presentation is more 
complex. Many reports find no association between maximum diameter of the nidus 
and risk of hemorrhage [1]. Others, however, have suggested that smaller size might 
increase the risk of hemorrhage [11, 24, 25]. Aiming to identify clinical and angio-
graphic factors associated with hemorrhage in 100 patients with AVMs, Langer 
et al. identified nidal diameter < 3 cm along with the history of hypertension and 
deep venous drainage as independent risk factors; they looked at both sharp and dif-
fuse nidal margins [24], whereas larger AVM size (>5 cm) has been associated with 
increased risk of subsequent hemorrhage [26].

Deep venous drainage is often cited as a risk both for hemorrhage and poor out-
comes with surgical treatment [21]. What remains unclear, however, is if this feature 
is a risk factor independent of deep location for the AVM nidus as these features are 
frequently associated. Regardless, deep venous drainage has been associated with 
an increased risk of initial hemorrhagic presentation and with subsequent hemor-
rhage [10, 27].

Venous strictures and venous aneurysms have been reported and may have some 
predictive value of hemorrhage. However, there is no consensus on this influence. 
Some cite venous aneurysms as a potential site for hemorrhage, whereas others have 
suggested that they represent a protective adaptation that reduces this risk [28]. This 
conclusion was drawn from the higher incidence of venous aneurysms found in 
older patients with no history of bleeding. Venous strictures, which may represent 
an obstruction of outflow, have been suggested as a risk factor for hemorrhage 
[29, 30].

 Associated Aneurysms

The incidence of intracranial aneurysms associated with brain AVMs exceeds that 
found in the general population. Some studies have reported aneurysm incidence at 
rates of 18% or higher in individuals harboring brain AVMs [31–34]. However, a 
precise estimate may be difficult given that the complex angiographic appearance of 
many AVMs obscures the detection of some intranidal aneurysms unless superse-
lective catheterization is used.

Various classification schemes and standard nomenclature have been proposed 
for the aneurysms associated with AVM-based hemodynamic and histopathologic 
features [35, 36]. In their proposed classification, Redekop et al. used anatomical 
and angiographic relationships to determine incidence and bleeding rates in 632 
patients with AVMs (Table 19.2) [36]. They classified three groups of aneurysms as 
intranidal (filling prior to the substantial venous filling, within the borders of the 
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nidus); flow-related (arising from an artery feeding the AVM, subclassified as proxi-
mal or distal); or unrelated (arising from arteries with no supply to the AVM) 
(Fig. 19.1). Of their 632 patients, 97 patients harbored aneurysms that included 35 
(5.5%) patients with intranidal aneurysms and 71 (11.2%) patients with flow-related 
aneurysms. Flow-related aneurysms were considered proximal if they arose from 
the internal carotid artery, the vertebral or basilar artery, the circle of Willis, or the 
A1 and M1 segments of the anterior and middle cerebral arteries, respectively. 
Aneurysms were considered distal flow-related aneurysms if arising beyond these 
segments of a feeding artery.

It is generally believed that aneurysms lead to a higher risk of hemorrhage as the 
initial presentation. In several studies, a higher incidence of both initial presentation 
with hemorrhage and recurrent hemorrhage occurred in patients with both brain 

Table 19.2 Clinical presentation of 97 patients with aneurysms and AVMs adapted from Redekop 
et al. [36]. Reprinted with permission from Journal of Neurosurgery Publishing Group (JNSPG)

Presentation
Status of intranidal aneurysm
No. of patients (%)

Type With aneurysm Without aneurysm

Bleeding from AVM 22 (63%) 13 (21%)
Bleeding from aneurysm 3 (9%) 10 (16%)
Bleeding, unknown source 2 (3%)
Seizure 7 (20%) 20 (32%)
Other 3 (9%) 17 (27%)
Total 35 patients 62 patients

Fig. 19.1 Arterial 
aneurysms found in 
conjunction with brain 
AVMs. Redekop et al. 
defined aneurysm features 
(rates %) as intranidal 
(5.5%) (within the AVM 
nidus, fills early during 
angiography); flow-related 
(11.2%) including 
proximal (on major artery 
with eventual supply to 
AVM) or distal [on AVM 
feeding artery; or unrelated 
(0.8%) (i.e., on an artery 
unrelated to AVM supply)] 
[36]. Venous aneurysms 
can also occur. (Reprinted 
with permission from 
Mayfield Clinic)
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AVMs and aneurysms than in patients with brain AVMs without aneurysms [37–
42]. In one meta-analysis, the presence of an intracranial aneurysm was estimated 
to increase the risk of presentation with hemorrhage by 80% in individuals with 
brain AVMs [32], but opinions on this issue are not uniform. For instance, some 
authors have suggested that prenidal or flow-related aneurysms are at higher risk of 
hemorrhage than intranidal aneurysms, whereas others proposed that the high flow 
and shear stress of the fistula within the nidus make intranidal aneurysms more 
prone to rupture [36, 43] and that the high flow of the nearby shunt puts intranidal 
aneurysms at higher risk of hemorrhage [44]. In their series, Redekop et al. reported 
that 72% of patients with intranidal aneurysms presented with hemorrhage com-
pared with 40% of patients with flow-related aneurysms and 36% of patients with-
out associated aneurysms; for most of this latter group, hemorrhage was attributed 
to the AVM nidus.

Formation of an aneurysm in the presence of an AVM is suspected to be largely 
related to the flow dynamics of the AVM itself. There are data to suggest that flow- 
related aneurysms are in fact influenced by the flow of the AVM nidus. Redekop 
et al. noted that distal flow-related aneurysms that arose on a feeding artery close to 
the AVM, rather than near the circle of Willis, were much more likely to regress 
after AVM treatment than proximal flow-related aneurysms [36]. However, given 
that aneurysms only form on feeding arteries in a minority of individuals who har-
bor an AVM, their formation is likely multifactorial. Some reports cite an increased 
incidence of aneurysms in AVMs fed by the posterior circulation, including those 
with a supratentorial nidus [39, 40]. This may be related to higher peak systolic 
pressures in the posterior circulation [45]. Others note that feeding arteries of 
smaller caliber rather than large caliber are more likely to develop aneurysms, sug-
gesting that the ability of the artery to compensate for the increased hemodynamics 
of the AVM may influence the rate of aneurysm formation [46].

 Risk Factors for Seizure

Following hemorrhage, seizure is the second most common presentation of an AVM 
that affects 20–45% of patients [47, 48]. The precise pathogenesis of seizure caused 
by an AVM may be multifactorial, including those related to hemorrhage or post- 
hemorrhagic hemosiderin staining or other factors, such as vascular steal, perinidal 
edema, and nidus size and location [47–50]. Additionally, Hoh et al. reported that 
seizures occur more often in men and individuals less than 65 years of age with 
brain AVM [51].

Anatomic factors that may influence seizure risk include AVM location, angio-
graphic supply, and venous anatomy. In their multicenter review of 2333 patients 
with brain AVMs, Chen et al. identified a cortical location as the greatest predictor 
of seizure with rates of 27% versus 0.3% for non-cortical locations [52]. This find-
ing was supported by Zhen et al. who cited a frontal or temporal location as the 
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highest risk [53]. Although Chen et al. [52] also noted that a smaller nidus size was 
more likely to present with seizures, this finding has been inconsistent in other 
studies [54]. Angiographic features associated with an increased seizure risk 
include superficial venous drainage, superficial location with external carotid artery 
or middle cerebral artery feeding, and presence of venous ectasia [55–57]. One 
study suggested that venous congestion and findings of high-flow shunting, such as 
significant arterial dilation and aneurysm formation, may be associated with sei-
zures [49]. In support of the theory that AVM-related flow influences seizure risk, 
Shankar et al. reviewed 78 unruptured AVMs and established an angiographic scor-
ing system to predict seizure risk [58]. Based on their scoring that included cortical 
location, venous outflow stenosis, and presence of long pial draining vein (i.e., 1 
point per feature), they noted a high 98% specificity for seizures with a score of 3. 
Others have used MRI findings to correlate with a presentation with seizures. In 
their review of 165 patients with unruptured AVMs, Benson et al. identified perini-
dal edema, perinidal T2, venous aneurysms or varices, and presence of a long 
draining vein being present more often in the 57 patients who presented with sei-
zures [59].

 Summary

With their complex angioarchitecture and vascular physiology, brain AVMs create 
diagnostic and treatment challenges. Natural history includes annual rates of 3% for 
hemorrhage, although not always associated with disability, and 1% for seizure that 
can change over time, affected by other risk factors such as deep venous drainage, 
AVM size, and treatment modality. In our practice, we focus on three key determi-
nants for a new patient with an AVM, outside of an emergency. First, is there evi-
dence of a previous hemorrhage? A thorough history will assess for evidence of 
prior hemorrhage followed by imaging studies to confirm such evidence or not. 
With evidence of hemorrhage, a more aggressive treatment is pursued. Second, are 
there seizures? Seizures easily controlled by a single antiepileptic medication may 
not require treatment, especially for complex or high-grade AVMs. Treatment is 
considered for patients to eliminate the need for medications or for seizures refrac-
tory to medication. Third, are there any high-risk features? Headache as a present-
ing symptom is challenging in terms of identifying its source, such as AVM related 
or region. These patients are offered diagnostic angiography to better reveal angio-
architecture, identify any associated aneurysm, and form a more detailed analysis of 
angiographic features not readily available with noninvasive imaging. A detailed 
understanding of each patient’s relevant history, medical risk factors, and life expec-
tancy, coupled with the specific angiographic architecture of the AVM, permits a 
more precise estimation of the natural history risk for that patient. Management 
recommendations must include this estimate and a candid discussion of treatment 
risks to select the course best suited to an individual.
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 Introduction

Arteriovenous malformations are complex vascular lesions characterized by abnor-
mal connections between arteries and veins forming a tangle of vessels, without an 
intervening capillary bed (see Fig. 20.1). First described by Luschka and Virchow in 
the mid-nineteenth century as “vascular hamartomas,” these lesions proved to be 
highly challenging to the early pioneering neurosurgeons, who cautioned against 
resecting them [1]. In 1932, the Swedish neurosurgeon Herbert Olivecrona intro-
duced the surgical technique of circumferential AVM disconnection and success-
fully resected a cerebellar AVM in a 37-year-old man. By 1954, he had performed 
125 AVM resections with a mortality rate of 9%. The next major innovation hap-
pened in 1957 with the introduction of the operative microscope to neurosurgery by 
Theodor Kurz (during the resection of cranial nerve VII schwannoma) which was 
later popularized by Gazi Yasargil in 1967. This development ushered in the era of 
vascular microneurosurgery.

Fig. 20.1 Illustration of an 
arteriovenous 
malformation. 
Arteriovenous 
malformations are complex 
vascular lesions 
characterized by abnormal 
connections between 
arteries and veins forming 
a tangle of vessels without 
an intervening capillary 
bed, called a nidus. From 
Mayo Clinic Patient 
Education [89]; used with 
permission of Mayo 
Foundation for Medical 
Education and Research, 
all rights reserved

R. J. Rahme et al.
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Since the introduction of microsurgery, several other treatment modalities have 
been developed such as endovascular embolization and radiosurgery. However, due 
to the highly variable and complex nature of AVMs, a single approach is often insuf-
ficient and a combination of modalities is necessary to appropriately treat these 
lesions.

 Grading Tools and Prognostication

Several models have been developed to evaluate the risk of intervention in AVMs. 
The Spetzler-Martin grading system, developed in 1986, is among the most com-
monly used microsurgical risk assessment tool (see Table 20.1). This grading sys-
tem evaluates AVMs based on their size, location, and pattern of venous drainage 
[2]. In 2010, the Lawton-Young supplementary grading scale was developed to fur-
ther stratify pre-interventional risk and prognosticate neurological outcomes fol-
lowing AVM surgery (see Table 20.2) [3]. This scale took into account various other 
factors such as the patient’s age, hemorrhage history, and architecture of the feeding 
arteries. In 2011, Spetzler and Ponce proposed a new simplified classification based 

Table 20.1 Spetzler-Martin grading system

Spetzler-Martin grading system

Size of the AVM
“largest diameter of the nidus” (cm)

Small (<3 cm) 1
Medium (3–6 cm) 2
Large (>6 cm) 3

Pattern of venous drainage Superficial 0
Deep 1

Neurological eloquence of the brain regions adjacent to the AVM Non-eloquent 0
Eloquent 1

Total 1–5

Table 20.2 Lawton-Young supplementary grading scale

Lawton-Young supplementary grading scale

Age <20 years 1
20–40 years 2
>40 years 3

Unruptured presentation No 0
Yes 1

Diffuse No 0
Yes 1

Total 1–5

20 Arteriovenous Malformations: Treatment and Management
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on the Spetzler-Martin grading (Table 20.3) [4]. They combined grades I and II into 
one class and grades IV and V into one group. This was based on the fact that treat-
ment approaches and outcomes are similar between these grades.

The utility of the Spetzler-Martin Scale for AVM evaluation is limited to surgical 
intervention and does not include variables specific to other treatment modalities. In 
2013, Starke et al. introduced the Virginia Radiosurgery AVM scale that took into 
account the volume of the AVM, location of the AVM in relation to eloquent brain 
regions, and the patient’s history of hemorrhage (see Table 20.4) [5]. Scores ranged 
from 1 to 4 with lower scores correlating with more favorable outcomes. Positive 
outcomes were seen in 80% of patients with a score of 0–1 compared to 45% of 
patients with a score of 3–4. Even after correcting for Gamma Knife treatment 
parameters such as peripheral dose and number of isocenters, their grading scale was 
found to have a strong predictive value for outcomes with radiosurgery for AVMs.

In 2015, the Buffalo Grading System was proposed to classify the risk of endovas-
cular treatment of AVMs (see Table 20.5). This scale ranges from a score of 1 to 5, and 

Table 20.3 Spetzler-Ponce grading system

Spetzler-Ponce grading system

Class A Spetzler-Martin grades I & II Surgical resection
Class B Spetzler-Martin grade III Multimodality treatment
Class C Spetzler-Martin grades IV & V No treatment with exceptions

Table 20.4 Virginia radiosurgery AVM scale

Virginia radiosurgery AVM scale

AVM volume (cm3) <2 cm3 1
2–4 cm3 2
>4 cm3 3

Unruptured presentation Superficial 0
Deep 1

Neurological eloquence of the brain regions 
adjacent to the AVM

Non-eloquent 0
Eloquent 1

Total 1–4

Table 20.5 Buffalo grading system

Buffalo grading system

Number of arterial pedicles 1 or 2 1
3 or 4 2
5 or more 3

Diameter of arterial pedicles >1 mm 0
≤1 mm 1

Nidus location Non-eloquent 0
Eloquent 1

Total 1–5

R. J. Rahme et al.
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assigns risk based on three parameters: number of arterial pedicles, diameter of the 
arterial pedicles, and location of the nidus (eloquent vs non-eloquent) [6]. In 2019, the 
predictive validity of this scale was confirmed in a study of 104 consecutive patients. 
The Buffalo Score outperformed similar endovascular grading scales in predicting [7].

 Conservative Management: ARUBA Trial

The ARUBA (A Randomized Trial of Unruptured Brain AVMs) trial was a random-
ized controlled trial comparing conservative medical management to intervention in 
AVM treatment [8]. A total of 114 patients were randomized to interventional ther-
apy (IT) and 109 to medical management before the trial was stopped prematurely. 
Of the 114 patients in the intervention group, 76 had a grade I or II AVM. The data 
and safety monitoring board recommended halting enrollment due to significantly 
worse outcomes in the IT group. The risk of stroke or death was found to be signifi-
cantly lower in the medical management group compared to the IT group with a 
hazard ratio of 0.27 (95% CI 0.14–0.54). The intervention group had a higher number 
of strokes (45 vs 12), and neurological deficits unrelated to stroke (14 vs 1) as well. 
However, the trial design had severe flaws limiting its internal and external validity.

Much has been written about the limitation of ARUBA. The key concern with the 
trial relates to the treatment arm. The treatment decisions were left to the treating 
physician with no specific protocols. Surprisingly and notably, there was a very low 
rate of microsurgical resection (5/76 patients) even for low Spetzler-Martin grade 
AVMs which are curable with surgery with relative low morbidity. Thirty patients 
were treated with standalone embolization with up to six embolization sessions per 
patient. While endovascular approaches can be effective as a standalone treatment 
for select small AVMs, the rate of cure remains very low for most lesions. In addi-
tion, embolization with intent to cure appears to have a higher rate of complication 
than presurgical embolization [9]. It should also be noted that partial embolization 
of AVMs likely increases the risk of hemorrhage [10]. Radiosurgery was the selected 
treatment in 31 patients. However, there is a long latency period with radiosurgery 
during which the AVM is still at risk of hemorrhage. These treatment paradigms do 
not reflect the real-life practice, at least in North America, where microsurgical 
resection remains the treatment of choice for surgically accessible AVMs, signifi-
cantly limiting the external validity of the trial. In fact, multiple case series of 
ARUBA-eligible patients treated with microsurgical resection were reported, 
revealing lower stroke and death rates compared to the ARUBA trial [11, 12]. 
Finally, one of the main overlooked findings of this trial is the high rate of stroke or 
death with conservative management of AVMs (10.1%) over a period of less than 
3 years. Therefore, ARUBA represents a failure of the specific strategies used in the 
trial on a heterogenous group pod AVMs. One lesson from the trial is that serial 
embolization alone is not an ideal starter for most AVMS. Rather, what ARUBA 
demonstrates is that multimodal therapy, including microsurgical resection, remains 
the treatment of choice for many AVMs.

20 Arteriovenous Malformations: Treatment and Management



394

 Treatment Strategies

Due to their complexity, AVMs often require a multimodal treatment approach with 
various combinations of endovascular, microsurgical, and radiosurgical techniques 
in order to safely achieve a cure. Treatment often starts with control of high-risk 
features whenever safely feasible. Therefore, a thorough diagnostic angiogram with 
possible superselective catheterization of arterial feeders is necessary to formulate a 
treatment strategy. Superselective angiograms are safe and improve our understand-
ing of AVM flow dynamics. They also have a higher sensitivity of detecting associ-
ated aneurysms [13].

 Endovascular Approaches

Endovascular approaches have multiple indications in the diagnosis and treatment 
of AVMs. They can be used as a standalone treatment or as an adjunct to microsur-
gery or radiosurgery (see Fig. 20.2).

Embolization for intracranial AVMs was first introduced in 1960 by Luessenhop 
and Spence at Georgetown University Medical School [14]. The authors reported 
the case of a 47-year-old female who underwent embolization of a large left frontal 
AVM using pellets of methyl methacrylate injected directly into the cervical inter-
nal carotid artery after surgical exposure of the carotid. Endovascular techniques 
and technology have come a long way since that time.

 Preoperative Embolization

Targeted preoperative embolization has multiple indications. These include control 
of deep feeders, progressive decrease of AVM flow to reduce intraoperative and 
postoperative risk of hemorrhage and facilitate AVM resection, normalization of 
peri-AVM hemodynamics, occlusion of associated proximal aneurysms, and con-
trol of rupture site in hemorrhagic presentations. In addition, the embolic cast can 
sometimes provide a clear plane of dissection during surgery. Preoperative emboli-
zation has been shown to reduce operative time and intraoperative blood loss. In 
1993, Jafar et al. reported a series of patients treated with and without preoperative 
embolization with NBCA [15]. In the embolization group, the AVMs were signifi-
cantly larger and of a higher Spetzler-Martin grade compared to the non- embolization 
group. However, the operative time and intraoperative blood loss were not signifi-
cantly different between the two groups. The authors concluded that embolization 
converts lesions of a larger size and higher grade into the equivalent of a smaller size 
and grade lesions. Additionally, there were no significant differences in surgical 
complications or long-term neurological outcomes between the two groups. In fact, 
further studies revealed an improved postsurgical outcome following preoperative 
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embolization as opposed to surgery alone [16, 17]. However, preoperative emboli-
zation should be used judiciously due to the potential added risk of complications 
associated with the procedure. In fact, for many Spetzler-Martin grade I or II AVMs, 
the benefits may not outweigh the risks of preoperative embolization due to the low 
morbidity associated with standalone surgical resection of these lesions [18].

One mechanism through which embolization mitigates surgical and postopera-
tive risk is by altering the hemodynamics within the AVM nidus and in the peri-
AVM normal brain. Staged embolization leads to progressive decrease in flow 
velocities as well as peak velocities in the arterial feeders and the draining veins 
[19]. These changes are not limited to the AVM nidus though, with normalization of 
flow in the arterial supply to both hemispheres, as revealed by the 4D flow study by 
Markl et  al. [19]. This effectively slows the arteriovenous shunting through the 
nidus with slower filling of the veins and decrease in the peri-AVM vascular steal 
phenomenon. Alaraj et al. retrospectively reviewed AVM flow rates pre- and post- 
embolization using quantitative magnetic resonance angiography (QMRA) and 

Fig. 20.2 Endovascular 
approaches to AVMs. 
Endovascular embolization 
of AVMs. Figure 20.2 
illustrates the delivery of 
an embolic agent into an 
AVM. Embolization may 
be used as a standalone 
treatment or as an adjunct 
to microsurgery or 
radiosurgery. From Mayo 
Clinic Patient Education 
[89]; used with permission 
of Mayo Foundation for 
Medical Education and 
Research, all rights 
reserved
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found a 29% drop in AVM flow after each embolization session, leading to a total 
drop of 75% after the final embolization [20]. They additionally observed that the 
total number of pedicles and intranidal fistulas embolized during any session was 
significantly associated with the total decrease of AVM flow. However, it is impor-
tant to avoid aggressive embolization with abrupt decreases in AVM flow which 
significantly increase the risk of post-embolization hemorrhage [21]. In fact, staging 
of embolization sessions also appears to be beneficial in preventing postoperative 
vascular overload of surrounding brain tissue by reducing blood flow through the 
nidus in a stepwise fashion [20, 22, 23]. Finally, deep feeder control is one of the 
major benefits of preoperative embolization. These tiny vessels can be difficult to 
control intraoperatively and can rupture and retract into the surrounding white mat-
ter leading to intracerebral hemorrhage [24].

 Pre- and Post-radiosurgery Embolization

The role of endovascular embolization as an adjunct to radiosurgery in AVMs is 
controversial. While the initial thought was that embolization can increase the effi-
cacy of radiosurgery by reducing the nidus size, recent data seems to suggest that 
pre-radiosurgery embolization reduces the rate of AVM obliteration [25–27]. The 
reasons for this are manifold. It has been hypothesized that during the latency period 
following radiosurgery, the embolized portions of the nidus, which are often left 
outside of the field of radiation, can recanalize [28–30]. In fact, embolization has 
been found to induce angiogenesis, which can also contribute to the recanalization 
of the previously embolized part of the AVM [30–32]. In addition, embolization can 
increase the difficulty of adequately defining the nidus during radiosurgery planning 
by obscuring its boundaries and by fragmenting it into noncontiguous compart-
ments. Therefore, embolization may be best used post-radiosurgery to treat associ-
ated aneurysms. Whether post-radiosurgery embolization can help us to improve 
occlusion rates remains an open question.

Pre-radiosurgery embolization can still play a limited role though. In particular, 
due to the long latency period after radiosurgery, embolization can be used to 
address high-risk features of an AVM, such as associated aneurysms. Kano et al. 
analyzed a cohort of 996 patients treated with stereotactic radiosurgery and found 
that the presence of an aneurysm was significantly associated with an increased risk 
of hemorrhage after radiosurgery, with an annual hemorrhage rate of 6.4% in these 
patients compared to 0.8% in patients with clipped or embolized aneurysms [33]. In 
addition, in a retrospective study of 86 AVM patients treated with “targeted emboli-
zation” with Onyx (eV3 neurovascular, Irvine, CA) to eliminate AVM-associated 
aneurysms, Xiaochuan et al. revealed that hemorrhagic complications were signifi-
cantly lower in patients who received targeted embolization than in those who did 
not [34]. However, the effect of embolization on hemorrhage risk remains unclear 
in the literature, as several other studies have reported no decrease in the risk of 
hemorrhage between patients who undergo embolization prior to radiosurgery com-
pared to radiosurgery alone [25, 27, 35].
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 Standalone Therapy

Standalone therapy includes palliative measures as well as embolization with intent 
to cure. The main goal of palliative treatment is to alleviate neurological symptoms 
related to ischemia from vascular steal and/or venous hypertension in patients with 
high-grade untreatable AVMs. Palliative treatment can also address high-risk fea-
tures associated with hemorrhage. In a retrospective study of 14 patients with 
Spetzler-Martin grade IV or V AVMs presenting with progressive neurological defi-
cits, Al-Yamany et al. reported an improvement in neurological deficits in 42% of 
patients after palliative embolization, with stabilization of deficits in an additional 
50% [36]. However, it is important to note that palliative embolization does not 
improve overall outcomes [37]. In fact, while palliative embolization can temporar-
ily alleviate symptoms, it can also lead to ischemia-induced angiogenesis with the 
recruitment of collateral flow [24]. The end result could be a higher complexity 
AVM with increased flow and worsened symptoms. Therefore, palliative emboliza-
tion should be used as a last resort.

In select cases, endovascular embolization can be used as standalone treatment 
with intent to cure. This is typically reserved for small AVMs with a single or low 
number of arterial feeders. Reports of angiographic cure rates with embolization 
alone vary from 5% to 94% [13, 38–42]. This wide variability is explained by the 
heterogeneity of AVMs included in these studies in terms of size, Spetzler-Martin 
grade, number of arterial feeders, and location. In a systematic review of AVMs 
treated with standalone embolization with intent to cure, Wu et al. found that com-
plete obliteration was reported in 58% of AVMs with completed treatment, and in 
46% of AVMs in the entire cohort of 597 patients [43]. However, the morbidity rate 
was high at 24% with a mortality rate of 1.5%. The most common complication was 
hemorrhage which occurred in 10% of patients.

Factors associated with a high rate of complete occlusion with embolization 
alone include small size (≤3 cm), single easily accessible arterial feeder, and non- 
eloquent location [9, 44, 45]. In addition, Valavanis and Yasargil hypothesized that 
AVM morphology, as opposed to size and number of feeders, was the key factor that 
predicted successful occlusion of these lesions, where fistulous-predominant AVMs 
were easier to embolize than the pure plexiform type [44]. From a technical per-
spective, an arterial pedicle that allows for safe reflux of Onyx in order to form a 
plug around the microcatheter has also been associated with a higher rate of com-
plete obliteration. Finally, an unobstructed view of the draining vein, specifically its 
proximal portion, is also a key factor which allows for more aggressive and safe 
embolization.

 Risks and Complications of Embolization

Large clinical series of AVM embolization have reported highly variable mortality 
rates of 0–4.3% and morbidity rates ranging from 0% to 24.5% [13, 46]. Again, the 
variability of these rates is related to the heterogeneity of the AVM population as 
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well as the different indications and techniques of embolization. The most common 
complications include ischemic or hemorrhagic strokes. Ischemic events can occur 
due to migration or reflux of the embolic material into the normal vasculature or the 
draining veins. A clear understanding of the arterial supply to the AVM including 
“en passage” vessels can decrease that risk. Hemorrhage can result from intraproce-
dural rupture due to microwire perforation or from a traumatic withdrawal of a 
microcatheter entrapped in the Onyx cast. Recent development of microcatheters 
with detachable tips has decreased the risk of this complication [47]. Finally, early 
occlusion of the draining vein can lead to a substantial retrograde increase in pres-
sure in the nidus, resulting in hemorrhage.

Post-embolization hemorrhage can lead to severe morbidity and mortality. Subat 
et al. performed a meta-analysis of AVM patients embolized with cyanoacrylate or 
ethylene vinyl alcohol copolymer between 1990 and 2019 [45]. They found that out 
of 8009 patients, the total periprocedural hemorrhage rate was 4.8%, with a high 
mortality and morbidity rate associated with hemorrhage at 14.6% and 45%, respec-
tively. Several studies have analyzed predictive risk factors for periprocedural hem-
orrhage after embolization. Heidenreich et al. revealed that in a retrospective study 
of 125 AVM embolizations using NBCA, AVM reduction >60% in a single session 
was a significant risk factor of hemorrhage, with an odds ratio of 18.8. In addition, 
small AVMs were also associated with a greater hemorrhage risk [21]. Jordan et al. 
also found that smaller AVMs and large flow reductions per session were associated 
with higher hemorrhage rates [48]. The authors postulated that the aggressive flow 
reduction during embolization of small AVMs could lead to flow redistribution in 
the remaining arterial feeders. The sudden rise in perfusion pressure could lead to 
rupture of these nidal vessels. These studies highlight the importance of avoiding 
overly aggressive embolization.

Two theories have been advanced to explain the post-procedure hemorrhage 
phenomenon. The first theory is Normal Perfusion Pressure Breakthrough intro-
duced by Spetzler et al. in 1978. The authors reported several cases where reestab-
lishment of perfusion following resection of an AVM resulted in capillary 
breakthrough leading to malignant edema and hemorrhage. The surrounding brain 
parenchyma in relation to the AVM is chronically ischemic due to the vascular 
“steal” of blood flow through the low-resistance AVM, as well as the elevated 
venous pressures [22, 49]. Spetzler et al. postulated that normal vessels supplying 
brain parenchyma surrounding the AVM become chronically dilated in response 
to the relative ischemia due to the steal phenomenon. This results in an impair-
ment of the normal autoregulation of these vessels. When normal perfusion pres-
sure is suddenly reestablished, the surrounding tissue might not be able to increase 
the resistance of the vessels in response to increased pressure. Stepwise reperfu-
sion through a staged approach may help reestablish autoregulation in these 
vessels.

The second theory is the occlusive hyperemia theory described by Al-Rodhan 
et al. in 1993 [50]. These authors proposed two separate but interrelated mecha-
nisms that could lead to the edema and hemorrhage seen after AVM resection: stag-
nation of flow in prior arterial feeders and obstruction of draining veins. The stagnant 
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arterial flow in former AVM feeders leads to further hypoperfusion and ischemia in 
surrounding brain parenchyma. The obstruction of venous outflow leads to passive 
hyperemia and further arterial stagnation [50].

 Microsurgical Treatment

The first surgical exposure of an AVM was performed by Italian surgeon Davide 
Giordano in 1889. However, this was limited to exposure and palliative ligation of 
a left parietal feeding artery. The French surgeon Jules-Émile Péan is credited with 
the first complete resection of an AVM in 1889. However, early experiences of sur-
gical treatment of AVMs consisted of ligation of cortical veins which led to “calami-
tous results” as Harvey Cushing put it himself [1]. Attempts of surgical resection 
also had poor outcomes consisting of incomplete resection and significant morbidi-
ties and mortalities. It was not until Olivecrona’s groundbreaking technique of cir-
cumferential dissection that outcomes with surgical resection became acceptable. 
Surgical resection quickly became the mainstay of AVM treatment. To this day, 
microsurgical resection remains a key pillar in the treatment of most AVMs.

 Principles of AVM Microsurgery

When planning the craniotomy for microsurgical AVM resection, a wide exposure 
via a large craniotomy is preferred. A larger craniotomy allows for greater visualiza-
tion and control of nearby vasculature, and improved cortical mapping when needed. 
Understanding the three-dimensional structure of AVMs through two-dimensional 
scans can be difficult. Recently, a variety of image guidance systems, including 3D 
augmented and virtual reality systems, became available, allowing for greater preci-
sion in surgical planning which is essential to avoid critical structures during expo-
sure. Reports have been published supporting the usefulness of virtual reality both 
pre- and intraoperatively [51]. Diffusion tensor imaging (DTI) and functional MRI 
(fMRI) have also successfully been implemented in the preoperative assessment of 
AVMs, allowing for a greater understanding of the relationship between AVMs and 
white matter tracts and eloquent brain regions, therefore improving the safety of 
microsurgical resection [52, 53].

Once adequate exposure has been obtained, a complete understanding of the 
surgical anatomy is fundamental prior to the resection. The draining veins should be 
identified early on and preserved until all the arterial supply is disconnected. 
Indocyanine green angiography can help identify the arterialized, early filling, 
veins. Starting superficially, a circumferential dissection of the arterial feeders is 
performed (see Fig. 20.3). A few key principles should be observed while dissecting 
the nidus. First, “en passage” vessels should be preserved. These are arteries that 
supply normal brain parenchyma while also giving off branches to the AVM. These 
arteries can be identified preoperatively with a thorough analysis of the diagnostic 
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angiogram (superselective angiography can be helpful). Second, as the dissection 
gets deeper, small fragile arterial feeders are encountered. These vessels are often 
subjected to chronic high flow and do not respond well to cautery. AVM clips should 
be used as needed to control these thin-walled feeders. Using controlled suction, 
these feeders can be gently “lifted up” allowing for controlled and easy clipping. It 
is important to avoid tearing these feeders which can result in them being pulled 
back into white matter. This has the dual risk of deep hemorrhage and an increased 
risk of white matter injury from this hemorrhage and/or the dissection needed to 
find and control them. Use of cottonoids and cotton balls to achieve hemostasis by 
holding pressure on these bleeders is discouraged, since it does little to stop these 
arteries from bleeding and therefore risks intracerebral hemorrhage. Third, after all 
arterial supply has been disconnected, draining veins can be dissected and cut. 
However, sometimes, it can be difficult to differentiate veins from arteries. In these 
situations, a temporary clip can be placed on the vessel in question and the nidus is 
observed for any signs of outflow obstruction. In the absence of these signs, the ves-
sel is coagulated and cut. Finally, after delivery of the nidus, meticulous hemostasis 
should be achieved by carefully inspecting the resection cavity.

Fig. 20.3 Circumferential dissection of an AVM. Figure 20.3 illustrates the circumferential dis-
section technique. Used with permission of Mayo Foundation for Medical Education and Research, 
all rights reserved
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 Surgery Post-embolization or Radiosurgery

Preoperative embolization may allow for quicker and safer resection of certain 
lesions as discussed earlier in the chapter. While the majority of grade 1 and 2 
lesions can be safely resected without embolization, larger and more deeply located 
lesions may benefit from multimodal approaches. Embolization of deep arterial 
feeders and proximal aneurysms can drastically simplify the approach and reduce 
the risk of hemorrhage intraoperatively [54].

Radiosurgery can also help facilitate surgical resection of AVMs and has been 
shown to decrease morbidity in some scenarios. In a series of 344 patients who 
underwent microsurgical resection of their AVMs, preoperative radiosurgical treat-
ment was shown to significantly reduce the size of the AVM by a mean of 78%, and 
the Spetzler-Martin grade in 52% of cases [55]. The mean operative time, blood 
loss, and length of hospital stay were also significantly decreased compared to those 
who did not receive preoperative radiosurgery. This combination approach is best 
recommended for unruptured AVMs and can help facilitate resection of previously 
inoperable lesions. Additionally, if radiosurgery is chosen as a standalone treatment, 
but fails to completely obliterate the AVM within 3–5 years, microsurgical resection 
can be used to remove the residual nidus [55].

 Acute Ruptured Emergency

In patients with hemorrhagic presentation, the first step after settling medical issues, 
hydrocephalus and ICP, is determining and addressing the site of rupture, whether it 
is the actual AVM nidus or an associated aneurysm. Endovascular management can 
often adequately treat the rupture site if it can be clearly identified angiographically. 
Microsurgical resection of the AVM should be postponed beyond the acute phase to 
allow the brain to relax and the cytotoxic edema to subside. However, the resection 
may be best performed before complete resolution of the hematoma since its pres-
ence creates a dissection plane eliminating the need for further white matter dissec-
tion. A study by Beecher et  al. analyzed the safety of delayed treatment in 102 
patients with hemorrhagic presentations of AVMs. Patients were treated at least 
4 weeks after the initial presentation. Delayed intervention posed a low (<1%) risk 
of rehemorrhage in most patients, though the timeline to treatment should be modi-
fied if high-risk features such as aneurysms are discovered [56]. In cases with large 
hematomas and elevated intracranial pressure, decompressive hemicraniectomy 
without AVM resection could be attempted, even with the partial evacuation of the 
hematoma without disturbing the nidus. Other temporizing measures include medi-
cal management and external ventricular drain placement. Continuous monitoring 
for seizures, especially in patients who are comatose, could also be considered as an 
extra safety measure [54].
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 Surgical Outcomes

The outcomes of microsurgical resection of AVMs are highly variable and depend 
on patient and AVM characteristics. For Spetzler-Martin grade I and II, the rate of 
complete resection is close to 100% with only 5% risk of minor deficits. On the 
opposite end of the spectrum, grade IV and V AVMs are high-risk lesions that 
often require a multimodal approach with endovascular and radiosurgical modali-
ties. However, despite all the advances in techniques and technology, treatment of 
these lesions remains challenging. In fact, conservative or palliative management 
is often recommended in these patients when they are asymptomatic [57]. Grade 
III AVMs are a heterogeneous group making it difficult to assess surgical risk and 
outcome. Nevertheless, microsurgical resection seems to achieve a favorable out-
come in 70–89% of cases [58]. AVM location can also affect outcome. In particu-
lar, posterior fossa AVMs are high-risk lesions due to their proximity to sensitive 
structures. Rates of complete resection, morbidity, and mortality for the posterior 
fossa location are highly variable, as expected, and range from 43% to 100%, 9% 
to 25%, and 0% to 15%, respectively, emphasizing the need for careful case selec-
tion [59, 60]. Recurrence of AVMs after documented complete obliteration after 
microsurgical resection is an extremely rare but documented and poorly under-
stood phenomenon [61]. Rates of recurrence are thought to be higher in the pedi-
atric population and should be taken into account for postoperative follow-up [61, 
62]. Similarly, patients with underlying genetic anomalies such as hereditary hem-
orrhagic telangiectasia are at increased risk of recurrence and should be followed 
up more closely [63, 64].

 Radiosurgical Treatment

Stereotactic radiosurgery can be used as a standalone therapy or in association with 
endovascular embolization and/or microsurgery, as discussed previously. Typically, 
radiosurgery is used for small AVMs (<3 cm in diameter or 10 cm3 in volume) in 
deep or eloquent brain areas. Irradiation of the vascular endothelium generates an 
inflammatory response, stimulating smooth muscle proliferation and collagen depo-
sition and resulting in progressive luminal obstruction and nidal obliteration [65, 
66]. Radiosurgical treatment is beneficial as it is noninvasive, has a minimal risk of 
procedural complications, and is performed in an outpatient setting. In general, 
obliteration is achieved in 70–80% of cases [24, 67]. However, occlusion of the 
nidus takes up to 5 years to achieve, with a persistent risk of hemorrhage during the 
latency period. In general, AVMs are monitored post-radiosurgery via MRI every 
6–12  months. Angiography is typically performed to confirm obliteration of 
the nidus.
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 Radiosurgery Outcomes

Initial reports of successful treatment of AVMs with stereotactic radiosurgery were 
published in the 1970s by Steiner and colleagues at the Karolinska Institute in 
Stockholm using Gamma Knife radiosurgery [68]. From their studies ranging from 
the years 1977 to 1991, their cumulative rate of complete obliteration of AVMs was 
between 79 and 95% [69]. Lunsford et  al. also reported their experience at the 
University of Pittsburgh treating 227 AVMs with Gamma Knife radiosurgery. They 
found that 2-year obliteration rates were highest for lesions less than 1  cm3, at 
100%, and lowest for lesions greater than 4 cm3, at 58%, while their overall 2-year 
obliteration rate was 80% [70]. Stereotactic radiosurgery can also be useful in 
addressing AVM-related seizure, headache, and neurological deficits [69, 70]. 
While initial stereotactic radiosurgeries were performed on Gamma Knife technol-
ogy, there are currently other devices and modalities of stereotactic radiosurgery 
that can be used to treat AVMs, including particle beam and linear accelerator. 
These different technologies appear to have similar patient outcomes. Betti and 
Rosler pioneered the use of linear accelerator radiosurgery and reported a 66% 
obliteration rate [71]. For Bragg-peak proton beam therapy, although the initial 
obliteration rate reported by Kjellberg et al. was only 20%, Steinberg et al. reported 
a 3-year obliteration rate of 92% in their series using this type of stereotactic radio-
surgery [72, 73]. However, independent of radiation modality, the rate of oblitera-
tion remains heavily dependent on radiated volume. Therefore, AVM size should be 
taken into account when interpreting occlusion rates.

Multiple factors can affect the efficacy of radiosurgery. AVM volume, appropri-
ate targeting, and radiosurgical margin dose appear to have the highest impact [74–
78]. Margin doses must be formulated to balance the effective dose for the size of 
the lesion against the risks of radiation effects on normal surrounding tissue. 
Flickinger et  al. reviewed their series of 197 AVM patients treated with Gamma 
Knife radiosurgery and revealed a complete occlusion rate of 72% at 3-year angio-
graphic follow-up [74]. The median target volume was 4.1 cc (range: 0.06–18 cc) 
and the median minimum target dose was 20 Gy (range: 12–25.6 Gy). A multivari-
ate logistic regression analysis revealed that minimum target dose was indepen-
dently and significantly correlated with obliteration rate [74]. In addition to 
AVM-related factors, targeting errors can lead to failed initial radiosurgical oblitera-
tion [28, 76]. In a report of 45 patients who initially had incomplete obliteration 
with radiosurgery, Pollock et al. reported that the most common reasons for needing 
a second treatment were incomplete angiographic definition of the nidus, recanali-
zation of the AVM nidus after embolization, and incomplete nidus recognition due 
to obstruction from a hematoma [28]. These challenges in target planning highlight 
the importance of utilizing comprehensive imaging modalities to create the dosim-
etry plan, such as CT or MR angiography, as opposed to relying on conventional 
diagnostic angiography alone [79].

20 Arteriovenous Malformations: Treatment and Management



404

More recently, data compiled from the International Radiosurgery Research 
Foundation on 2248 AVM treated with Gamma Knife from 1988 to 2013 was pub-
lished [80]. Data was collected retrospectively from eight different centers with a 
median follow-up of 7 years (range: 1–20 years). The median treated volume was 
4.3  cm3. The delivered mean margin dose was 20.5  Gy. The results revealed an 
overall obliteration rate of 64.7%. After eliminating the postradiation hemorrhages 
(1.1% annual risk) and the radiation-induced changes (29.2% total, 9.7% symptom-
atic, 2.7% with permanent deficit), the rate of favorable outcome with Gamma 
Knife was calculated at 60.3%. Factors that were associated with poor outcome in a 
multivariate analysis were prior embolization, larger volume, prior AVM hemor-
rhage, multiple isocenters, eloquent location, and lower margin dose.

For large AVMs (>10cm3), a staged radiosurgery approach could be used to 
divide the nidus into multiple smaller foci of radiation to increase the delivered dose 
and therefore the efficacy of treatment [67]. Eloquent location is often one of the 
indications of radiosurgery, including brainstem and basal ganglia. Retrospective 
data from six centers including 205 patients with brainstem AVMs treated with 
radiosurgery revealed an obliteration rate of 65.4% with a mean follow-up of 
69 months [81]. Radiographic radiation effect was noted in 35.6% of patients with 
14.6% symptomatic, all of whom had permanent deficits including cranial nerve 
deficits and long tract signs. The post-radiosurgery annual hemorrhage rate (latency 
period) was 1.5%. Improved rates of complete obliteration correlated with a margin 
dose of >20 Gy. Patients with higher margin and maximum doses also had earlier 
obliteration of their AVMs. The study also revealed that occlusion rates continued to 
improve even 10 years out from the procedure.

 Risks of Radiosurgery

Adverse events related to radiosurgery are typically delayed with very low risk of 
immediate complication. Adverse radiation effects (ARE) are post-radiosurgical 
imaging changes appearing as perinidal T2-weighted hyperintensities that develop 
6–18  months after treatment [67]. These can be symptomatic, with the onset of 
neurologic deficits, or asymptomatic radiographic findings. Flickinger et  al. 
reviewed the follow-up imaging of 307 AVM patients treated with Gamma Knife 
radiosurgery and found that ARE developed in 30.5% of patients and were symp-
tomatic in 10.7% of all patients, with a median time of onset of 12 and 14 months 
for radiologic and symptomatic ARE, respectively. Multivariate logistic regression 
modeling identified volume receiving ≥12 Gy as the only significant predictor of 
the development of ARE [82]. In their retrospective review of 85 patients treated 
with Gamma Knife, Hayhurst et al. additionally identified a target volume threshold 
of 4 cm3 above which there is a substantial increased incidence of ARE [83]. These 
changes can regress in 95% of asymptomatic cases and in approximately half of the 
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symptomatic patients 3 years after the treatment. A course of high-dose corticoste-
roids is often prescribed for patients with ARE, and in select cases of refractory 
edema, Bevacizumab can be used [84]. Another potential complication of radiation 
is cyst formation which occurs less commonly and in a more delayed fashion than 
ARE and develops in 2–5% of patients [67, 85].

The major limitation of radiosurgery remains the delayed obliteration of the 
AVM nidus, resulting in a persistent risk of hemorrhage during the latency period. 
While most studies revealed that this risk is comparable to the natural history of 
untreated AVMs [66, 86], there are some reports of decreased risk even prior to 
complete thrombosis of the nidus [87]. In a multicenter, retrospective cohort study 
within the International Radiosurgery Research Foundation, Ding and colleagues 
analyzed the hemorrhage risks associated with AVMs both before and after stereo-
tactic radiosurgery in 2320 patients [88]. They found that significant predictors of 
post-radiosurgical hemorrhage were deep AVM location, the presence of AVM- 
associated aneurysms, and lower margin dose. While the AVM hemorrhage rate 
decreased significantly from pre-radiosurgery to after treatment (15.4 hemor-
rhages/1000 person-years to 11.9), this reduction appeared to be driven by oblitera-
tion of the AVM nidus. Therefore, the authors concluded that there is insufficient 
evidence to indicate that stereotactic radiosurgery protects from AVM hemorrhage 
in patients who do not achieve nidal obliteration [88]. The natural history of AVMs 
appears to remain unchanged until the nidus is completely occluded.

 Conclusions

Arteriovenous malformations are complex and heterogeneous lesions, and often 
require multimodal treatment strategies. They are typically diagnosed in the third 
and fourth decades of life and carry a significant lifetime risk of hemorrhage. 
Diagnostic angiograms with superselective catheterization allow for a better under-
standing of the angioarchitecture of these lesions. Advanced imaging can also elu-
cidate the relationship of the AVM to the surrounding brain parenchyma. Based on 
AVM size, location, angioarchitecture, and associated high-risk features, as well as 
patient characteristics, a treatment strategy which can incorporate all three treat-
ment modalities is then devised. Recurrences after angiographically confirmed 
complete occlusion are extremely rare but can occur.
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Chapter 21
Dural Arteriovenous Fistulas

Joshua D. Burks, Vaidya Govindarajan, Vasu A. Sinai, Aria M. Jamshidi, 
Evan M. Luther, and Robert M. Starke

 Introduction

Arteriovenous fistulae (AVFs) occur due to a direct connection between an artery 
and a vein, resulting in a shunt. They may occur anywhere in the body, although 
those occurring intracranially are frequently referred to neurosurgeons and neuroin-
terventionalists for evaluation. In this chapter, we specifically focus on the treatment 
of intracranial vascular malformations supplied by dural arteries, specifically dural 
arteriovenous fistula (dAVF). Pathophysiology, presentation, and treatment strate-
gies vary widely based on the type and grade of pathology.

Recent advances in neurointerventional techniques have dramatically improved 
outcomes in patients afflicted with these lesions. For instance, prior to endovascular 
intervention, mortality for VOGM was 100% without treatment and 90% with treat-
ment [1]. Similarly, CCF was historically treated with open surgical ligation [2, 3] 
and as with any surgery within the cavernous sinus carrying high rates of morbidity. 
These lesions will be discussed in detail in a separate chapter. Clinicians now have 
an extensive arsenal at their disposal, which may include a combination of micro-
surgery, endovascular therapy, or radiation therapy depending on the type, location, 
and symptomatology.

In addition to understanding appropriate therapeutic options for each type of 
lesion, treatment paradigms for each of these lesions must be guided by a thorough 
understanding of the natural history for each lesion type. For some lesions, observa-
tion and conservative management alone are appropriate, whereas in other cases 
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microsurgery is the treatment of choice. To this end, we outline the principal clas-
sification scales used to characterize dural-based vascular malformations, as well as 
clinical features, and describe accepted approaches for management.

 Dural Arteriovenous Fistulae (dAVFs)

 Description

A dural arteriovenous fistula (dAVF) is a pathological arteriovenous shunt between 
the meningeal arteries and dural venous sinuses or dural veins. The Scottish 
Intracranial Vascular Malformation Study (SIVMS) reported a dAVF incidence of 
0.16 per 100,000, the lowest among intracranial vascular malformations [4]. The 
etiology of dAVF remains unclear though it has been suggested that most cases of 
dAVF are idiopathic, with a small subset forming secondarily to venous sinus 
thrombosis caused by trauma, inflammation, hypercoagulable states, etc. [5]. 
Despite variations in etiology and mechanism, there is a common progression of 
dural arteriovenous fistulae; as the sinus outflow worsens, venous flow through the 
sinuses reverses, resulting in retrograde flow through the cortical veins. This phe-
nomenon, known as cortical venous drainage (CVD), results in venous hypertension 
spreading throughout the brain and spinal cord [6].

 Pathophysiology

Early animal studies demonstrated that while venous sinus thrombosis may be a 
precipitating factor for dAVF as stated earlier, venous hypertension alone is suffi-
cient to induce dAVF formation [7]. Nevertheless, the clinical presentation of 
dAVF typically results from venous hypertension directly caused by venous throm-
bosis. This may occur particularly in patients in a hypercoagulable state who oth-
erwise have normal venous drainage [8, 9]. A landmark study performed by 
Lawton and colleagues in 1997 demonstrated that the degree of angiogenesis was 
significantly correlated with the formation of dAVF [10]. However, while these 
researchers were able to demonstrate that hypertension and angiogenesis were sig-
nificantly correlated with dAVF formation independently, they were unable to 
demonstrate a significant correlation between hypertension and angiogenesis, nor 
were they able to identify specific angiogenic factors that may play a role in dAVF 
formation.

Vascular endothelial growth factor (VEGF) was the first angiogenic factor impli-
cated in the formation of dAVF by Shin and colleagues [11], with a later study by 
the same group demonstrating that dural VEGF expression increases up to 1 week 
post-induction of venous hypertension and that VEGF expression is restricted to the 
connective tissue and endothelial layer of the dura [12].
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One possible mechanism for VEGF-mediated dAVF formation posits that 
increased dural venous pressure and decreased cerebral perfusion pressure are asso-
ciated with increased VEGF expression and fibroblast proliferation, findings that 
corroborate the well-established role of fibroblast-derived VEGF in pathological 
angiogenesis of other diseases, such as cancer [13]. The above mechanism is par-
ticularly salient in the context of trauma-induced dAVF, where maintenance of cere-
bral perfusion pressure is critical in the management of traumatic brain injury [14]. 
It may be possible that low cerebral perfusion pressure in the context of traumatic 
brain injury can predispose individuals to the formation of dAVF, possibly through 
the increased expression of hypoxia-inducible factor 1-α and VEGF [15].

 Clinical Presentation

The clinical presentation of dAVF is highly variable, depending on the location of 
the fistula. However, all dAVF symptoms can be separated based on whether they 
are produced by hemorrhage or not and typically present in the fifth and sixth 
decades of life [11].

The two most common nonhemorrhagic symptoms include pulsatile tinnitus and 
ocular findings. Fistulae present at the level of the sigmoid or transverse sinuses 
commonly present with pulsatile tinnitus, caused by turbulent flow in the region 
whose vibrations radiate toward the inner ear. The pulsatile tinnitus can be auscul-
tated in the mastoid region and is typically present in patients who have normal 
otoscopic examinations [16]. A third, common presentation of aggressive dAVF can 
be seizures secondary to cerebral edema caused by venous congestion [17].

As with any arteriovenous anomaly, hemorrhage is a concern and may be a pre-
senting symptom of dAVF, and approximately 20% of dAVF patients will present 
with hemorrhage. Typically, the hemorrhages are intraparenchymal or subarach-
noid, though there are rare cases of subdural hemorrhages [18]. A commonality of 
hemorrhagic symptoms is the presence of headache, particularly in the case of sub-
arachnoid hemorrhage. However, subdural hemorrhage has been known to present 
with a similar type of intense headache seen in subarachnoid hemorrhage [18].

Cranial nerve findings may also be present, particularly for lesions occurring 
within the tentorium [19]. Rarely, there may be severe progressive myelopathy as a 
result of dAVF with spinal venous drainage [20] (more later). Another rare presenta-
tion is dementia, which has an increased frequency in patients who developed dAVF 
of the superior sagittal sinus [21]. Hydrocephalus has been frequently reported in 
the literature and described with dAVF-induced dementia [22, 23].

Just as there are varied symptoms associated with dAVF (with such exceptions as 
pulsatile tinnitus and ocular findings), there is also variation in imaging findings, 
and diagnosis may not be readily apparent with conventional neuroimaging. 
However, dAVF is principally characterized by early drainage into a venous sinus of 
a dural artery, with or without retrograde blood flow into the sinus or nearby cortical 
cerebral veins [16].
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 Classification of Dural Arteriovenous Fistulae

There are many classification schemes for characterizing dAVF. The two most com-
mon are the Borden and Cognard classification schemes. The Borden classification 
classifies fistulae based on their location and the presence or absence of CVD. The 
Cognard classification classifies fistulae based on the direction of venous flow 
(anterograde versus retrograde), presence or absence of CVD, and if the fistula 
involves venous ectasia (dilations of veins or venules) or spinal venous drainage 
[24]. The two classification schemes are further described here.

 Borden Classification Scheme

In the Borden classification scheme, there are three major types (I-III) of dAVF, 
with two subtypes (a and b). Borden Type I fistulae drain directly into the dural 
venous sinus or meningeal vein in an anterograde fashion. Type I fistulae can have 
single or multiple connections and are typically benign. Type I fistulae tend to pres-
ent with the pathognomonic sign of pulsatile tinnitus when draining into the trans-
verse/sigmoid sinus and may also produce cranial nerve findings.

Borden Type II fistulae have anterograde drainage into a dural sinus, but there is 
retrograde flow from the dural sinus into the subarachnoid veins, with neurological 
deficits arising from the resulting venous hypertension or hemorrhage.

Borden Type III fistulae also drain retrogradely into the subarachnoid veins from 
a vein that normally drains into a dural sinus. However, they are distinguished from 
Type II fistulae in that Type III fistulae drain directly into subarachnoid veins while 
Type II fistulae first drain anterogradely into a dural sinus and then flow retrogradely 
from the dural sinus into the subarachnoid veins. Typically, these fistulae are found 
near the wall of the dural venous sinus and tend to have more diffuse effects on 
central nervous system than type I or type II dAVF. Type III fistulae often present 
with hemorrhage or symptoms consistent with venous hypertension of the cortical 
veins. There may also be symptoms of myelopathy associated with hypertension in 
the deep venous system and perimedullary spinal venous plexuses [25].

Subtype “a” fistulae are also known as simple fistulae that are defined as a direct 
connection between a single meningeal artery and a draining vein or sinus. Subtype 
“a” fistulae can be found under any of the three general dAVF types. Subtype “b” 
fistulae are defined as multiple fistulae that are fed by multiple arteries and can be 
found with any of the three general dAVF types. An important feature to distinguish 
within subtype “b” fistulae is drainage type. When multiple fistulae drain into a 
single location, this is considered a single fistula. However, when the individual 
arterial sources drain into multiple locations (typically subarachnoid veins accord-
ing to Borden), each arterial source is considered a separate fistula [20].
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 Cognard Classification Scheme

There are five types of dAVFs under the Cognard classification scheme, with Type 
II fistulae having subtype “a,” subtype “b,” or combined (a + b) subtype. Type I 
fistulae are present in the main dural sinuses with anterograde flow. Typically, Type 
I fistulae are benign.

As stated previously, Type II fistulae are divided into separate subtypes depen-
dent on which structures they reflux into. Type IIa fistulae reflux into the main dural 
sinuses, type IIb fistulae reflux into cortical veins, and type IIa + b fistulae reflux 
into both the main dural sinuses and the cortical veins. The main complication of 
type II fistulae is the increased risk of hemorrhage and intracranial hypertension. 
Type IIa fistulae have an increased likelihood of presenting with intracranial hyper-
tension, while type IIb fistulae have an increased likelihood of hemorrhage (10% of 
such patients according to Cognard).

Type III fistulae are characterized by direct cortical venous drainage in the 
absence of venous ectasia. There is an increased risk of hemorrhage in type III fis-
tulae (40% of type III patients in Cognard’s study) as compared to type IIb fistulae. 
Type IV fistulae are characterized by direct cortical venous drainage in the presence 
of venous ectasia, and there is an even higher risk of hemorrhage (65% of type IV 
patients in Cognard’s study). Type V fistulae involve spinal venous drainage, and as 
a result, present with progressive myelopathy (50% of type V patients in Cognard’s 
study) [26]. A summary of the Borden and Cognard classification systems is dis-
played in Table 21.1.

Table 21.1 Summary of Borden and Cognard classification systems for dural arteriovenous 
fistulae (dAVF)

Borden Cognard

Description Three types
Type I: Direct anterograde drainage into 
dural venous sinus or meningeal vein
Type II: Anterograde drainage into dural 
venous sinus and retrograde flow from 
dural sinus to subarachnoid veins
Type III: Direct retrograde flow to 
subarachnoid vein, bypassing dural venous 
sinus

Five types
Type I: Anterograde flow into dural 
sinuses
Type II: Three subtypes based on 
draining structure.
Type III: Direct cortical venous 
drainage with no ectasia
Type IV: Direct cortical venous 
drainage with ectasia
Type V: Spinal venous drainage

Subtypes Subtype a: Direct connection between 
meningeal artery and vein or sinus (single 
fistula)
Subtype b: Multiple fistulae fed by 
multiple arteries

Three subtypes in Type II
IIa: Reflux into main dural sinuses
IIb: Reflux into cortical veins
IIa + b: Reflux into main dural 
sinuses and cortical veins
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 Treatment

Treatment of dAVF is generally considered for types involving cortical venous 
drainage. Other circumstances in which treatment may be considered include the 
presence of neurological symptoms, history of hemorrhage, increased intraocular 
pressure, edema, seizures, and refractory symptoms. Therapies are focused on dis-
rupting the flow of blood through the fistula by occluding or excising the fistula, or 
by occluding the dural venous drainage [27]. A number of treatment strategies have 
been suggested including manual carotid occlusion and radiosurgery [28], but we 
will discuss methods employed most frequently below.

Patients have historically been treated with microsurgery with favorable out-
comes [29]. The goals of surgery involve a combination of coagulating arterial feed-
ers, fistula excision, ligation of venous outflow, and disconnection of cortical venous 
drainage. In these cases, particular attention is necessary during exposure and bone 
removal to avoid tearing dura near the fistula which can lead to massive, sudden 
blood loss [29]. As a standard practice, surgeons often have blood products avail-
able at the time of surgery. Open microsurgery remains an important adjunct in the 
treatment of some types of dAVFs.

At present, patients are more often treated through endovascular surgery or in 
some cases a combination of embolization and open surgery [30]. Several different 
techniques may be employed depending on the arterial pattern supplying the fis-
tula. Coils may be deployed to eliminate venous drainage through a transvenous 
route as it is more difficult to deploy coils across the fistula from the arterial side. 
With this approach, it is important to avoid occluding venous drainage if the target 
vein provides significant drainage for normal veins. In these cases, partial occlu-
sion may be the best option, which reduces the lesion to a lower-risk type (as 
described earlier). Liquid embolic materials like Onyx may be pushed from the 
arterial side or used in combination with venous coiling to achieve cure. Onyx is 
typically pushed as close to the fistulous point as possible and then allowed to flow 
into the venous side to create occlusion [31]. NBCA can be used similar to Onyx 
but is employed less frequency as it has a side effect profile similar to other iodin-
ated contrast materials.

Ultimately, the best treatment strategy is in many cases complex and requires a 
multidisciplinary approach involving a neurosurgeon and neuro-interventionalist 
[32]. Lesions involving the anterior cranial fossa and tentorium are still generally 
more favorably treated with surgery. The current body of literature suggests that 
high rates of cure with low morbidity may be achieved with proper management. A 
sample case is presented in Fig. 21.1.
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 Conclusion

dAVF represents a complex group of lesions that require a deep understanding of 
the anatomy of the fistula and grade to determine the most appropriate treatment or 
no treatment at all. This chapter is an overview of the pathophysiology, presenta-
tion, and treatment of these varied lesions.
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Chapter 22
Carotid Cavernous Fistulas And Vein of 
Galen Malformations
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Technical Terms, Abbreviations

AVM Arteriovenous malformation
CCF Carotid-cavernous fistulae
CT Computed tomography
CTA Computed tomography angiogram
ECA External carotid artery
EVD External ventricular drain
ICA Internal carotid artery
MRI Magnetic resonance imaging
MRA Magnetic resonance angiogram
nBCA n-butyl-cyanoacrylate
VOGM Vein of Galen malformations

 Introduction

Arteriovenous fistulae are broadly defined by abnormal communication between 
arterial and venous vessels and can manifest with symptoms related to hemorrhage, 
venous congestion, or downstream effects due to high-volume arterial-venous 
shunting. Here, two common forms of intracranial arteriovenous fistulae are dis-
cussed: carotid-cavernous fistulae and vein of Galen malformations.
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 Carotid-Cavernous Fistulae

Carotid-cavernous fistulae (CCF) are abnormal vascular shunts between the carotid 
artery and its branches, and the venous channels of the cavernous sinus. While some 
CCF may remain asymptomatic, venous hypertension due to these lesions often 
causes symptoms; the specific constellation of symptoms is defined by the pattern 
of venous drainage from the fistula since venous engorgement results in a mass 
effect on local anatomic structures. Classically, CCF cause ocular symptoms includ-
ing conjunctival injection due to dilation of conjunctival and episcleral veins, pro-
ptosis, elevated intraocular pressure, which can result in vision loss, eyelid swelling, 
and can be associated with cranial nerve palsies particularly of the oculomotor, 
trochlear, and/or abducens nerves. On exam, patients present with unilateral eye 
redness and exophthalmos; occasionally, a bruit can be auscultated over the affected 
globe. Bilateral symptoms can also occur, but this is less common [1].

 Classification

CCF can be classified based on blood flow (high-flow vs low-flow), etiology (trau-
matic vs spontaneous), or anatomic vascular supply. Barrow et al. created an ana-
tomically based classification scheme in 1985 that is now widely used. In the Barrow 
classification system (summarized in Table 22.1), CCF are divided into four catego-
ries [2]. Type A fistulae involve a direct connection between the internal carotid 
artery (ICA) and the cavernous sinus. Types B, C, and D fistulae are considered 
indirect dural arteriovenous fistulae: type B fistulae are fed by dural branches of the 
ICA; type C fistulae are shunts between meningeal branches of the external carotid 
artery (ECA) and the cavernous sinus; and type D fistulae are supplied by branches 
of both the ICA and ECA. Of all CCF, type A fistulae are the most common, account-
ing for up to 80% of all CCF [2–4]. Of the indirect types, type D fistulae are the 
most common [2, 5].

The Thomas classification system was proposed in 2015 as an alternative to the 
Barrow classification of CCF [6]. This new system is based on venous drainage pat-
terns, with the argument that venous drainage better predicts clinical presentation 
and ease of endovascular access to the fistula. In this nomenclature, type 1 CCF 
drain posteriorly with venous outflow via the inferior petrosal sinus, superior 

Table 22.1 Summary of carotid-cavernous fistulae types according to the Barrow classification [2]

Arterial supply

Type A Direct connection between ICA and cavernous sinus
Type B Connection between meningeal branches of ICA and cavernous sinus
Type C Connection between meningeal branches of ECA and cavernous sinus
Type D Connection between branches of both ICA and ECA and cavernous sinus

ICA Internal carotid artery, ECA external carotid artery
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petrosal sinus, pterygoid plexus, or parapharyngeal plexus. Type 2 CCF drain pos-
teriorly and anteriorly through the superior and inferior ophthalmic veins. Type 3 
CCF exhibit anterior drainage only. Type 4 CCF have evidence of retrograde drain-
age into cortical veins. Type 5 CCF are akin to Barrow type A CCF and are direct 
connections between the ICA and the cavernous sinus. Type 3 fistulae were found 
to be the most common, followed by type 5 CCF. The Thomas classification system 
was recently validated in an independent study that retrospectively analyzed the 
symptoms and treatment of 94 patients with CCF. There was a good predictive cor-
relation between the Thomas classification and presenting symptoms and treatment 
strategy [7]. Nevertheless, this classification system has not been widely adopted.

 Epidemiology and Etiology

Trauma is the primary etiology of direct CCF. The incidence of CCF is 0.2% and 
one series reported that up to 4% of patients with basilar skull fractures develop 
CCF [1, 3]. Post-traumatic fistulae are more common in young males, reflecting the 
demographic distribution of head injuries [1, 4, 8]. Traumatic CCF are often high-
flow type A fistulae that present acutely with more severe symptoms such as a sud-
den increase in intraocular pressure and require urgent intervention [8]. Acute 
high-flow fistulae have decreased in incidence over the past 50 years with shoulder 
belts and car safety standards. Less commonly, type A direct fistulae can also form 
after rupture of a cavernous carotid aneurysm or may occur spontaneously [2, 3, 9, 
10]. CCF that form spontaneously are more likely to be low-flow, type B, C, or D 
lesions. Risk factors for spontaneous CCF include venous thrombosis, atherosclero-
sis [4, 5], hypertension [2, 5, 11], connective tissue disease [12, 13], and minor 
trauma [1–3, 5]. The pathophysiology of spontaneous CCF is not fully understood, 
though some have posited that these fistulae form as the result of spontaneous 
thrombosis of the cavernous sinus outflow tracts [14]. Spontaneous CCF occur most 
commonly in older women, typically in the sixth or seventh decades of life 
[2, 4, 5, 11].

 Clinical Considerations

Treatment decisions for CCF depend on initial presenting symptoms, flow rate, and 
pattern of drainage. High-flow direct fistulae frequently require intervention since 
they rarely resolve spontaneously and tend to associate with more significant symp-
toms [2, 15, 16]. Indirect, low-flow fistulae can resolve spontaneously but may take 
a relapsing-remitting course that can impede accurate diagnosis or can progress to 
more severe symptoms requiring intervention [16, 17]. Posteriorly draining CCF can 
be associated with cranial nerve palsies, including trigeminal neuropathies or facial 
paresis [5–7]. Anteriorly draining CCF typically drain via the ophthalmic veins and 
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present with ocular or visual symptoms [6, 7]. Asymptomatic or mildly symptomatic 
CCF can be managed conservatively. However, invasive treatment becomes indi-
cated if cortical venous reflux is identified on angiography, since such a finding is 
associated with increased risk for intracranial hemorrhage. Ocular symptoms such 
as proptosis, decrease in ocular motility, pain, elevated intraocular pressure, or loss 
of visual acuity also prompt more urgent intervention. Rarely, CCF can present as 
massive epistaxis that can be life-threatening unless it is rapidly controlled [18].

 Management

Obliteration of the fistulous arteriovenous connection while maintaining normal 
vascular anatomy is the primary goal of CCF treatment. The timing and treatment 
approach depends on clinical and anatomic factors.

 Conservative, Noninvasive Management

Given that a significant proportion of CCF resolve spontaneously, observation and 
management of mild symptoms can be an appropriate strategy for a subset of 
patients [17, 19]. A noninvasive treatment approach involves compression therapy 
in which the carotid artery and jugular vein are manually compressed for 5–10 min-
utes up to ten times daily [20]. This causes hemodynamic changes through the CCF, 
resulting in thrombosis. Manual compression techniques have also been applied to 
the angular vein in the superomedial orbit. The highest success with manual com-
pression was seen in patients with indirect CCF who exhibited venous drainage 
through only the superior ophthalmic vein; in these patients, CCF resolution rates 
range from 30% to 34% [20–22]. Prior to using the manual compression technique, 
it is important to establish that compression does not alter CCF blood flow dynamics 
in a way that results in cortical venous reflux. This can be tested at the time of diag-
nostic digital subtraction angiography [23]. It is equally important to establish that 
reduced carotid blood flow can be tolerated by the patient without resultant symp-
tomatic cerebral ischemia. This can be done by a compression trial while monitoring 
the patient clinically or performing compression with the contralateral hand [18].

 Endovascular Treatment

Endovascular methods are the mainstay of CCF treatment when aggressive inter-
vention is indicated. Treatment indications include visual impairment, progressive 
exophthalmos, intractable pain, elevated intraocular pressures, oculoparesis, or cor-
tical reflux [4, 5, 8, 24]. The endovascular approach to the fistula, whether transarte-
rial, transvenous, or both, depends on the CCF type and its venous drainage [3, 
5–7]. Direct CCF can be accessed transarterially since they directly connect the ICA 
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to the cavernous sinus, while the preferred method of accessing indirect CCF is 
through a transvenous approach, often via the internal jugular vein and ultimately 
the inferior petrosal sinus into the cavernous sinus [25].

For direct CCF, transarterial access is through the ICA. These lesions were once 
treated with detachable balloons [3, 10], but these devices were taken off the market 
in 2004. Since then, coil embolization has been the preferred method of emboliza-
tion, with or without balloon or stent assistance [18, 26–28]. Liquid embolic agents 
have also been used as adjuncts to treat direct CCF. However, the use of these sub-
stances must be judicious because the risk of using liquid embolic agents includes 
reflux through the fistula into collaterals with the ICA and/or cavernous sinus edema 
resulting in cranial neuropathies [24, 26–28]. Successful transarterial treatment of 
type A CCF can also be achieved with flow-diverting stents (either alone or in com-
bination with embolization) [29] or with stent-grafts [30]. When the fistula cannot 
be treated by transarterial access alone, transvenous treatment can be used in com-
bination with transarterial methods, or as an alternative [31]. Rarely, the ICA must 
be sacrificed when direct targeting of the CCF fails, but this strategy should be 
reserved for patients who show no deficits on balloon occlusion test [1, 28].

In the case of indirect CCF, most can be treated by a transvenous approach, with 
success rates ranging from 60% to 95% [23–26]. The most accessed venous conduit 
to the CCF is the inferior petrosal sinus followed by the facial vein [23, 25–27]. 
Less commonly, transarterial branches of the ICA or ECA can be accessed to suc-
cessfully embolize the CCF [26]. When embolizing using a transvenous approach, 
coils alone are often enough to obliterate the fistula [26, 27], but liquid embolic 
agents alone or in combination with coil embolization can also be a useful strategy 
to successfully treat an indirect CCF [28].

 Alternative Access Methods

When transvenous or transarterial access cannot be safely accomplished, access to 
the fistula can be achieved through alternative strategies. These include endovascular 
routes using puncture of the superior ophthalmic vein, inferior ophthalmic vein, 
facial vein, pterygoid plexus, or cavernous sinus [19, 24–26, 32]. Alternatively, 
access can be aided using surgical approaches. In one case report, access to the cav-
ernous sinus was accomplished by an endoscopic transsphenoidal approach [33]. 
Surgical cutdown of the orbit to access the superior or inferior ophthalmic veins has 
been described to aid venous puncture of these vessels [24, 34, 35]. Open surgical 
exposure of the cavernous carotid sinus has also been reported in the literature [24, 
34, 35]. In one case report, an orbitozygomatic craniotomy was performed in a hybrid 
operating room to perform an extradural exposure of the lateral cavernous sinus to 
obtain venous access; a Barrow type D CCF was then successfully treated through a 
combination of transarterial and transvenous embolization [36]. Another group 
describes successful obliteration of a CCF via a pterional craniotomy for intradural 
pretemporal exposure of the cavernous sinus for direct sinus puncture and Onyx 
embolization that was confirmed with intraoperative diagnostic angiography [35].
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 Radiosurgery

For symptomatic CCF that cannot be treated with endovascular or surgical tech-
niques, or for residual CCF that have not responded to treatment, radiosurgery 
remains an additional treatment option [23, 37–41]. Rates of complete obliteration 
range from 59% to 90% [37, 39–41]. Data suggest that CCF with restricted venous 
outflow are more susceptible to radiosurgery that CCF with robust venous drain-
age [39].

 Case Examples

 Indirect CCF

The patient is a 70-year-old female who presented to the ophthalmology clinic with 
complaints of 1 year of left eyelid swelling, conjunctival injection, peripheral diplo-
pia, and eye pain with extreme gaze in all directions. On exam, she was found to 
have elevated intraocular pressure of 25 in the left eye, proptosis, and episcleral and 
retinal vascular engorgement. She was referred for digital subtraction angiography 
due to suspicion of a CCF. She was found to have a left-sided Barrow type D CCF 
with supply from the right cavernous ICA and branches of the left ECA (Fig. 22.1a, 
b). She subsequently underwent endovascular transvenous coil embolization of this 
lesion. Access was obtained through the right basilic vein, and a catheter was intro-
duced into the left cavernous sinus through the left inferior petrosal vein. At the end 
of the procedure, post-embolization right and left common carotid injections dem-
onstrated total obliteration of the fistula (Fig.  22.1c, d). On clinical follow-up 3 
months after embolization, she had total resolution of left eye chemosis and pain, 
and near resolution of her diplopia.

 Direct CCF

The patient is a 65-year-old female who was the restrained driver in a head-on 
motor vehicle collision and suffered multiple injuries, including visceral injuries 
requiring exploratory laparotomy, multiple fractures to both lower extremities, 
and an L4 burst fracture for which she underwent a posterior spinal fusion by 
neurosurgery. At her neurosurgical follow-up appointment 2 months later, she had 
developed a right CN VI palsy with complaints of diplopia, pulsatile tinnitus, and 
a right-sided headache. She reported that these symptoms began after discharge 
from the hospital while she was still in a rehabilitation facility; at that time, a CTA 
of the head and neck was done without any abnormalities, and on ophthalmology 
evaluation, she was given an eye patch and prism glasses. Given her ongoing 
symptoms, she was referred for digital subtraction angiography to evaluate for 
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possible CCF. She was found to have a right Barrow type A CCF (Fig. 22.2a, b). 
The left cavernous sinus exhibited early filling (Fig. 22.2a, double arrows), and 
there was reflux into the right superior ophthalmic vein (Fig.  22.2a, b, arrow-
head). The CCF was treated with transvenous coil embolization after access was 
obtained through the inferior petrosal sinus by way of the right brachial vein. 
Balloon remodeling of the right ICA was performed during coil deployment. 

a b

c d

Fig. 22.1 An indirect type D CCF treated with transvenous coil embolization. (a) A right ICA 
injection demonstrates a left carotid cavernous fistula supplied by the right ICA. (b) A left ECA 
injection also demonstrates supply from branches of the left ECA with early filling of the left 
superior ophthalmic vein (arrowhead). Arrows in (a) and (b) indicate the CCF. Following coil 
embolization, common carotid artery injections (right, c; left, d) demonstrate successful oblitera-
tion of the CCF
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At  the end of the procedure, full obliteration of the fistula was demonstrated, 
without residual early venous opacification (Fig.  22.2c, d). One month after 
embolization, the patient had significant improvement in proptosis, chemosis, 
diplopia and tinnitus, and 6 months later she had near-complete resolution of 
these symptoms.

a b

c d

Fig. 22.2 Direct type A CCF treated with transvenous coil embolization and arterial balloon 
remodeling. (a) Coronal and (b) sagittal projections of a right ICA injection show a direct fistulous 
connection between the right ICA and cavernous sinus. The CCF is marked by the arrow. There is 
an early filling of the right superior ophthalmic vein (arrowhead) and the left cavernous sinus (dou-
ble arrows). Coil embolization with concurrent balloon remodeling of the right ICA successfully 
obliterated the CCF, as seen on post-embolization injection of the right ICA (c, coronal; d, sagittal)
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 Vein of Galen Malformations

 Epidemiology

Vein of Galen malformations (VOGM) are congenital intracranial high-flow vascu-
lar malformations that typically present in neonates or infants [42], and are found 
three times more often in males than females [43]. While they represent less than 
1% of all arteriovenous malformations [42], they account for 30% of pediatric vas-
cular lesions [44, 45].

 Formation

A VOGM arises from arteriovenous shunting from the choroidal arteries into the 
dilated midline persistent median prosencephalic vein of Markowski, which is the 
precursor of the vein of Galen and internal cerebral veins later in development [46, 
47]. The formation of a VOGM is believed to be related to an abnormal morphogen-
esis of the choroidal vasculature, with the anomalous arteriovenous shunt develop-
ing around the 6th to 11th week of gestation [46]. There is a consequent progressive 
enlargement of the anterior segment of the median prosencephalic vein of Markowski 
secondary to this abnormal shunting [42, 46, 48]. Other similarly located off- 
midline arteriovenous malformations can be associated with a dilated vein of Galen 
due to increased venous flow rather than abnormal embryologic development. These 
lesions can be distinguished angiographically from VOGMs due to the presence of 
their intervening nidus [42, 44] and are more appropriately termed as arteriovenous 
malformations (AVMs).

Most genetic mutations that underlie VOGM are de novo, frequently within 
chromatin-modifier genes essential for brain and vascular development or ephrin 
signaling genes [49]. Other mutations including ACVRL1 gene variants [50], 

Table 22.2 Yaşargil and Lasjaunias classification schemas for vein of Galen malformations

Yaşargil classification [53]
Type I One or more direct fistulae between the pericallosal and posterior cerebral arteries 

and the vein of Galen
Type II Thalamoperforator network lies between the arterial feeders and the vein of Galen
Type III Multiple fistulous connection between different vessels (contains type I and II)
Type IV* Adjacent arteriovenous malformation that drains into the vein of Galen
Lasjaunias classification [54]
First type
Choroidal 
type

Many choroidal feeders resulting in a nidal network that drain into the median 
prosencephalic vein of Markowski

Mural type One or many direct arterial connections into the wall of the median 
prosencephalic vein of Markowski

Second 
type*

Secondary dilatation of the vein of Galen due to a deep arteriovenous 
malformation with venous drainage into the vein of Galen

The * denotes lesions that are not the true vein of Galen malformations
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endoglin gene mutations [51], and RASA1 mutations [42] have been implicated, 
with some overlap found with other AVM syndromes.

 Classification

Of the classification schemas proposed for VOGMs [52], the most commonly used 
clinically are those proposed by Yaşargil et  al. [53] and Lasjaunias et  al. [54] 
(Table 22.2). The Yaşargil system includes 4 types of aneurysmal malformations, 
classified by the arterial feeder patterns [53]. Lesions classified as type I have one or 
more direct fistulae between the pericallosal and posterior cerebral arteries and the 
vein of Galen, while type II lesions have a thalamoperforator network lying between 
the arterial feeders and the vein of Galen. Type III lesions have multiple fistulous 
connections from different vessels (encompassing types I and II). A type IV lesion 
has an adjacent arteriovenous malformation that drains into the vein of Galen and 
therefore is not considered a true VOGM [44, 52, 53].

In the Lasjuanias classification, there are two types of VOGMs delineated by 
their angiographic appearance [54]. The first type is a primary or true VOGM, which 
is further partitioned into a mural type and a choroidal type. The mural type of 
VOGM has one or many direct arterial connections into the wall of the median 
prosencephalic vein of Markowski, while the choroidal type has many choroidal 
feeders resulting in a nidal network that drains into the median prosencephalic vein 
of Markowski. The second type in the Lasjuanias classification is a secondary dila-
tation of the vein of Galen due to a deep AVM with venous drainage into the vein of 
Galen [44, 54].

In these classifications, the Yaşargil types I–III and Lasjuanias primary VOGM 
are considered true VOGM as the pathological vessel is the median prosencephalic 
vein of Markowski [44, 53, 54]. These true VOGM can be distinguished from the 
Yaşargil type IV and the Lasjuanias secondary VOGM, as the dilatation of the vein 
of Galen in these malformations is secondary to increased venous drainage from the 
AVM rather abnormal embryologic venous development [44, 46].

 Clinical Features

Initial diagnosis of a VOGM may occur during childhood, shortly after birth, or in 
some cases by antenatally via ultrasound after approximately 25 weeks of gestation, 
when detection of a midline cystic brain mass can be made. In this final group, sub-
sequent Doppler ultrasonography and antenatal MRI can confirm the finding [43]. 
Pregnant patients are then typically referred to a tertiary care center where addi-
tional specialists including high risk obstetrics, interventional neuroradiologists, 
and pediatric cardiologists, neurologists, and neurosurgeons are available [43].

The clinical presentation of VOGM is highly variable and largely dependent on 
the size of the malformation and degree of intracranial shunting. A subset of patients 
with a high volume of shunting can develop hydrops fetalis in utero, or rapid high 
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output cardiac failure or organ system failure in the early neonatal period [42–44, 
55, 56]. While the placenta provides a competing low resistance pathway for blood 
flow in utero, the flow dynamics change rapidly with delivery [44, 57]. In the neo-
natal period, the flow through the VOGM rapidly increases with cerebral blood flow 
accounting for up to 80% of all cardiac output in these patients [44]. Cardiac failure 
can then result from a combination of increased cardiac demand, pulmonary hyper-
tension due to increased venous return, persistent patent ductus arteriosus or patent 
foramen ovale, and shunt-related decreased coronary artery blood flow [44, 57].

The neurological manifestations are driven by both the anomalous pattern of 
cerebral blood flow, as well as the mass effect from the malformation itself. The 
rapid flow of blood through the VOGM results in a vascular steal and resultant 
diminished blood flow to the parenchyma and global ischemia [57]. Impaired 
venous drainage leads to increased venous pressure, and resultant global brain 
edema [56, 57]. Hydrocephalus can develop both in an obstructive pattern related to 
compression of CSF outflow via the VOGM directly and in a communicating pat-
tern due to increased venous pressure and poorly developed arachnoid granulations 
[44, 56, 57]. Other manifestations include facial vein prominence, increased risk for 
intracranial hemorrhage, seizures, or acute herniation from increased intracranial 
pressure [42].

Table 22.3 The Bicêtre Neonatal Evaluation Score

Points
Cardiac 
function Cerebral function

Respiratory 
function Hepatic function

Renal 
function

5 Normal Normal Normal – –
4 Overload, not 

requiring 
medical 
intervention

EEG 
abnormalities, no 
detectable clinical 
abnormalities

Tachypnea, 
finishes bottle

– –

3 Failure, stable 
with medical 
management

Nonconvulsive 
intermittent 
neurological signs

Tachypnea, does 
not finish bottle

Normal Normal

2 Failure, 
unstable despite 
medical 
management

Isolated 
convulsion

Assisted 
ventilation, 
normal oxygen 
saturation with 
FIO2 < 25%

Hepatomegaly 
but normal 
hepatic function

Transient 
anuria

1 Failure, 
requiring 
ventilation

Seizures Assisted 
ventilation, 
normal oxygen 
saturation with 
FIO2 > 25%

Moderate or 
transient hepatic 
insufficiency

Unstable 
diuresis 
with 
treatment

0 Resistant to 
medical 
therapies

Permanent 
neurological signs

Assisted 
ventilation, with 
persistent 
desaturation

Abnormal 
coagulation, 
elevated 
enzymes

Anuria

EEG electroencephalogram; table and score adapted from Lasjaunias et al., 2006 [56]
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 Treatment

The decision on whether to treat a VOGM must account for both the severity of the 
intracranial and the systemic manifestations of the lesion. The Bicêtre neonatal eval-
uation score proposed by Lasjuanias et al. (Table 22.3) includes 5 categories of clini-
cal assessment: (1) cardiac function, (2) cerebral function, (3) respiratory function, 
(4) hepatic function, and (5) renal function [56]. The scale has a maximum score of 
21, with a higher score indicating more normal function across these systems. In 
their experience, patients with a score of less than 8 are not offered treatment given 
universally poor outcomes. Those scoring 8–12 are offered urgent endovascular 
intervention, while those with a score of 12 or higher are offered medical manage-
ment in an attempt to delay intervention until at least 5 months of age [56].

Reliance on spontaneous thrombosis is not considered a viable option, as this 
occurs only in approximately 1–2.5% of patients [56, 58], and in one large series 
half of the patients with spontaneous thrombosis had significant neurocognitive 
delay [56]. Historically, open surgical treatments for VOGM were proposed but they 
were associated high mortality, and are not considered a practical treatment course 
in the modern era [42]. These patients may require surgical intervention for sequala 
of VOGM, however, like ventricular shunting [44, 57].

Contemporary management for these lesions is almost always via endovascular 
intervention when intervention is indicated based on the patient’s clinical presenta-
tion. Different centers have reported approaching these lesions via a transvenous 
[59, 60], transarterial [47, 56, 59], or transtorcular [59] approach. More recent series 
have favored a transarterial approach, with rare descriptions of combined transve-
nous and transarterial approaches [61].

Mortality following endovascular intervention is reported in 14–22% of patients 
[47, 56, 59, 61]. A meta-analysis reviewing endovascular treatment for VOGM 
found that good neurological outcomes were reported in 62% of patients overall 
[61]. Factors found to predict poorer outcomes included perinatal presentation or 
neonatal treatment [61, 62], excessive embolization of the venous outflow [47], 
treatment of more proximal fistulae before treating distal fistulae [47], use of larger 
microcatheters in neonates [47], and choroidal angioarchitecture [59, 62]. Improved 
neurological outcomes were demonstrated when treatment indications followed the 
Bicêtre neonatal evaluation score [61]. Secondary effects of the shunt such as heart 
failure and hydrocephalus respond well to embolization. CSF diversion, if neces-
sary, should only be performed after embolization, as it can offset the balance of 
hydrovenous pressure and worsen the AV shunt.

Patients often require multiple staged endovascular treatments, allowing a pro-
gressive rather than abrupt change in the cerebral blood flow. Of the 578 patients 
included in the meta-analysis, 28% underwent a single treatment, 29% underwent 2 
treatments, and the final 43% underwent 3 or more treatments [61].

There is less literature supporting the use of stereotactic radiosurgery (SRS) as 
either a primary or salvage treatment for VOGM. One small series of 9 patients, 4 
of whom had prior embolization treatments, underwent treatment with SRS. Four of 
these patients had angiographic resolution of their VOGM, and 2 others had dimin-
ished flow [63].
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a

b

c

Fig. 22.3 Vein of Galen malformation with clear dilated midline vessel on cranial ultrasound (a), 
and dilated feeding arteries and draining vein on MRI (b). Catheter angiogram (c) of the Vein of 
Galen malformation following a right internal carotid artery injection in AP and lateral projections
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 Case Presentation

This is a case of an infant female who was born via an uncomplicated vaginal delivery 
at 39 weeks gestation, with an uneventful postnatal course until her second day of life. 
At that time, she developed significant tachypnea and associated oxygen desaturation 
to 88% on room air. After transfer to the neonatal intensive care unit, chest x-ray 
revealed cardiomegaly and subsequent cardiac echocardiogram revealed moderate 
left ventricular dilation, patent ductus arteriosus, as well as small atrial septal defects.

A cranial ultrasound (Fig. 22.3a) demonstrated a dilated vessel in the midline 
posteriorly. An MRI/MRA (Fig. 22.3b) revealed enlarged bilateral posterior choroi-
dal arteries and thalamoperforators draining into a dilated median prosencephalic 
vein of Markowsi, all consistent with a diagnosis of a vein of Galen malformation. 
Catheter angiogram (Fig. 22.3c) demonstrated an atypical vein of Galen arteriove-
nous malformation supplied by the right anterior and posterior choroidal arteries 
with rapid drainage to the vein of Galen and straight sinus, as well as arterial feeders 
from the posterior division of the right middle cerebral artery branches to a prolif-
eration of vessels to the right of the vein of Galen.

The patient was managed medically for her congestive heart failure until she was 
9 months old, at which time she underwent a series of three-staged transarterial 
Onyx embolization procedures over 4 months. She had stabilization of her cardiac 
symptoms, with improved weight gain following her embolization procedures.
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Chapter 23
Spinal Vascular Malformations

R. Christopher Spears and Justin F. Fraser

 Introduction

Since the first clinical observation in the nineteenth century by Berenbruch, spinal 
vascular malformations have garnered great clinical and academic interest [1]. 
Numerous classification schemes have developed over the years, beginning with 
Virchow’s original classification of these entities into two groups: angioma caverno-
sum, in which blood vessels were not separated by parenchyma, and angioma rac-
emosum, in which parenchyma separated the vessels [2]. Knowledge of these 
lesions, and therefore their classifications, has evolved over time. These now include 
arteriovenous lesions, such as dural and pial arteriovenous fistulae and arteriove-
nous malformations; cavernomas; and spinal aneurysms. Hemangioblastomas are 
often considered neoplastic vascular lesions; however, the discussion of these 
tumors is outside the scope of this chapter. We will review epidemiology, patho-
physiology, clinical characteristics, imaging features, and treatment strategies for 
these lesions.
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 Epidemiology

Spinal vascular malformations are rare lesions, severely limiting the accumulation 
of substantial epidemiological data. Spinal dural arteriovenous fistulae (SDAVFs) 
are the most common of the spinal vascular malformations and account for approxi-
mately 70% of these lesions [3, 4]. They are believed to be acquired lesions, though 
the exact etiology remains unknown. This is supported by most patients becoming 
symptomatic in their middle age [5–7]. Approximately 4% of patients with SDAVF 
have been found to have a history of trauma [8]. The incidence of SDAVFs has been 
reported to be 5–10 per million per year, though the disease is probably underdiag-
nosed [9, 10]. There is a predilection for males, and a meta-analysis has reported 
men to be affected 5 times more than women with a mean age of 55–60 years at the 
time of diagnosis [11]. Pediatric spinal arteriovenous fistulae are exceedingly rare, 
though there are reported cases [12, 13]. The vast majority of SDAVFs are in the 
thoracolumbar spine, with cervical lesions comprising 2% of cases and sacral 
lesions comprising 4% [11].

Spinal arteriovenous malformations (AVM) represent approximately 20–30% of 
spinal vascular shunts [5]. These lesions are thought to be congenital and are often 
categorized as glomus or juvenile, though, in their modified classification scheme, 
Spetzler et al. have subdivided these lesions into intradural and extradural–intradu-
ral, with intradural lesions being further divided into intramedullary, intramedul-
lary–extramedullary, and conus medullaris [14]. Classification of spinal vascular 
malformations is further discussed in the “Classification Schemes” section. Glomus 
AVMs are the most common subtype, and juvenile AVMs (extradural–intradural) 
are the least common.

Cavernous malformations, also called cavernomas or cavernous hemangiomas, 
are more common in the brain but still comprise up to 12% of spinal vascular mal-
formations [15–17]. These lesions are being found more frequently with the advent 
of high-resolution MRI; however, they remain a rare entity in the spinal cord. 
Estimates have indicated that cavernomas comprise 5% of all intramedullary lesions 
in adults and 1% of intramedullary lesions in children [18, 19].

 Normal Spinal Vascular Anatomy

Blood supply to the spinal cord can be divided into two main sources: the vertebro- 
subclavian arteries and the thoraco-abdominal aorta. The internal iliac arteries may 
occasionally provide supply as well [20]. The segmental arteries from these sources 
give rise to spinal arteries, which provide blood supply to the anterior and posterior 
nerve roots via radicular arteries [20]. Some of these branches also supply the pos-
terior spinal arteries and pial network (radiculopial arteries) or the spinal cord and 
anterior spinal artery (radiculomedullary arteries) [21].
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The anterior spinal artery (ASA) arises from two branches originating from the 
medial intracranial vertebral arteries and join at the cervicomedullary junction. This 
classically runs in the anterior median fissure and supplies the anterior two-thirds of 
the spinal cord including the anterior horn cells, anterior and lateral corticospinal 
tracts, and spinothalamic tracts. Numerous anastomoses are present along its length, 
and it receives radiculomedullary feeders from the vertebral and subclavian arteries, 
especially from the larger artery of cervical enlargement (artery of Lazorthes) at C5 
or C6. The posterior spinal arteries (PSA) may arise from the vertebral or posterior 
inferior cerebellar arteries (PICA). The PSAs course longitudinally in the postero-
lateral sulci and supply the dorsal columns [22]. Circumferential branches from the 
anterior and posterior spinal arteries form the pial plexus.

In addition to the anterior and posterior spinal arteries, the thoracolumbar spinal 
cord receives blood supply from 6 to 10 radiculomedullary feeders from the aorta 
and iliac arteries. The most prominent of these is the artery of Adamciewicz (arteria 
radicularis magna), which most commonly arises on the left at T8-L2 and often 
makes a classic hairpin turn into the anterior spinal artery, though there is significant 
variation [23]. The mid-thoracic region is often more vulnerable to compromise 
than the surrounding regions, especially as the anterior spinal artery may occasion-
ally become discontinuous at these levels, while there are ample anastomoses in the 
cervical, lower thoracic, and lumbar spine [24, 25].

Venous drainage from the spinal cord, unlike the spinal arterial system, does not 
have a predominant ventral or dorsal pattern. Venous drainage consists of extensive 
anastomotic networks including the pial venous plexus and epidural venous plexus, 
as well as the anterior and posterior spinal veins. The superficial veins on the surface 
of the spinal cord are drained via radicullomedullary veins, which join the epidural 
venous plexus [26]. The venous plexi surrounding the spinal cord may become 
prominently enlarged or arterialized with arteriovenous shunting pathology.

 Classification Schemes

Numerous classification schemes for spinal vascular malformations have been pro-
posed [14, 27, 28]. The evolution of these classification systems is influenced by 
the growing knowledge of the pathophysiology of these lesions though the con-
siderable number of proposals may cause some nomenclature confusion. A widely 
accepted classification scheme was described by Anson and Spetzler in 1992, 
which divided spinal vascular malformations into four types (Table  23.1) [28]. 
Type I described dural arteriovenous fistulae, type II described glomus arteriove-
nous malformations, type III described juvenile arteriovenous malformations, and 
type IV described perimedullary arteriovenous fistulae. Later, a modified classi-
fication system was described by Spetzler et  al. where lesions were divided into 
three broad categories: neoplasms, spinal aneurysms, and arteriovenous lesions 
(Table 23.2) [14]. Neoplasms include hemangioblastomas and cavernous malfor-
mations. Arteriovenous lesions include arteriovenous fistulae and arteriovenous 
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malformations. Arteriovenous fistulae are further subdivided into intradural (with 
dorsal and ventral subcategories) and extradural, and arteriovenous malformations 
are further subdivided into extradural–intradural and intradural. Intradural AVMs 
are further classified into intramedullary, intramedullary–extramedullary, and conus 
medullaris.

Table 23.2 Modified classification of spinal vascular malformations according to Spetzler 
et al. in 2002

Neoplasms
   Hemangioblastomas
   Cavernous malformations
Aneurysms
Arteriovenous lesions
   Arteriovenous fistulas
    Extradural
    Intradural
     Ventral
     Types A–C
    Dorsal
   Arteriovenous malformations
    Extradural–intradural
    Intradural
     Intramedullary
      Compact
      Diffuse
     Intramedullary–extramedullary
     Conus medullaris

Modified classification of spinal vascular malformations

Table 23.1 Classification of spinal vascular malformations into types I-IV according to Anson 
and Spetzler in 1992

Type I Dural arteriovenous fistula
Type II Intramedullary glomus arteriovenous malformation
Type III Extensive arteriovenous malformation extending into the vertebral body and 

paraspinal tissues
Type IV Pial arteriovenous fistula

Type A – single feeder with moderate venous hypertension
Type B – more feeders with increased flow and dilated veins
Type C – giant, high-flow lesions with a markedly distended venous network

From Anson and Spetzler [28]
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 Arteriovenous Lesions

Arteriovenous lesions refer to direct artery-to-vein connections (shunting) without 
an intervening capillary bed. This may result in high-flow lesions with elevated 
venous pressure and venous arterialization. High flow states may lead to steal phe-
nomenon, and elevated venous pressure may lead to decreased arteriovenous gradi-
ent, which in turn may lead to decreased venous drainage of the surrounding neural 
tissue. The complex disturbances of blood flow in these lesions lead to neurologic 
sequela. Dural arteriovenous fistulae, arteriovenous malformations, and pial arterio-
venous fistulae are included in this section.

 Dural Arteriovenous Fistulae

Spinal dural arteriovenous fistulae, though rare, are the most common spinal vascu-
lar malformations. Their exact etiology is unknown, but they are believed to be 
acquired lesions, supported by many patients becoming symptomatic in their mid-
dle age [5–7]. Similar to cerebral DAVFs, SDAVFs are supplied by arteries that 
normally supply neural tissue, radiculomeningeal arteries [29]. The arteriovenous 
lesion is located intradurally with a direct shunt between the radiculomeningeal 
artery and a radicular vein (Fig. 23.1). This is classically located beneath the pedicle 
of the vertebral body [29]. The direct arteriovenous connection results in venous 

a b

Fig. 23.1 (a) Digital subtraction angiogram with injection into the left T5 intercostal artery. A 
dural arteriovenous fistula (yellow arrow) is present with dilation of the perimedullary veins (black 
arrows). (b) Digital subtraction angiogram with injection into the left T5 intercostal artery after 
liquid embolization. Repeat injection after embolization reveals no residual fistula
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congestion. Since the medullary veins and radicular veins share a common outflow, 
this leads to intramedullary edema and progressive myelopathy [30, 31]. The first 
symptoms may sometimes reflect conus medullaris dysfunction despite the remote 
location of the SDAVF [32]. This may be due to the lower thoracic levels having 
fewer venous outflow channels, causing the congestive venous edema to first affect 
the lower regions [26]. The lesion location may therefore not correlate with the level 
of neurologic symptoms.

 Clinical Features

Patients with SDAF may present with a wide range of neurologic symptoms and 
often have a delayed diagnosis. Jellema et al. performed a retrospective study on 80 
patients who were diagnosed with SDAF in six hospitals over a 15-year period [8]. 
The mean interval between onset of symptoms and diagnosis was 15 months. The 
delay in diagnosis was greater than 3 years in 19% of patients. The most common 
early symptoms include gait disturbances, sensory disturbances, and paresthesias. 
At the time of diagnosis, the most common symptoms were micturition problems 
and leg weakness. Later stages of the disease may lead to sexual dysfunction and 
fecal incontinence. Symptoms may additionally include lower motor neuron signs 
due to the involvement of the anterior horn cells in the lower thoracic spinal cord 
and conus [32]. Deterioration of the compensatory capacity of the spinal cord to 
accommodate venous congestion may result in rapidly progressive myelopathy 
(Foix-Alajouanine syndrome) [33, 34]. In contrast to their cranial counterparts, 
SDAVFs virtually never present with hemorrhage, likely due to their slow-flow 
nature [29, 35].

 Imaging Features

The classic finding of spinal cord edema with dilated perimedullary vessels is the 
characteristic appearance of SDAVF on MRI (Fig. 23.2) [32]. Increased T2 signal is 
present within the central spinal cord with a thin rim of peripheral hypointensity, 
likely representing deoxygenated blood in capillaries surrounding the edema from 
venous congestion. The increased T2 signal often spans multiple segments and usu-
ally involves the conus [36]. Some contrast enhancement within the cord may be 
present, signaling chronic venous congestion [37]. In later stages of the disease, 
spinal cord atrophy may be seen. Shunting often causes arterialized dilation of the 
perimedullary veins, which may be seen as flow voids on MRI [38]. These may be 
better seen on constructive interference in steady state (CISS) or fast imaging 
employing steady-state acquisition (FIESTA) sequences [29]. The location of the 
dilated vessels and medullary findings do not appear to correlate with the level of 
the SDAVF.

Spinal digital subtraction angiography (DSA) is the gold standard for diagnosing 
SDAVF.  Given that conventional MRI does not reveal the level of the fistula, 
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however, complete spinal angiography can be lengthy and cumbersome. Evaluation 
with MRA to assist with localization of the lesion prior to angiography may be use-
ful to allow a more focused procedure [39, 40]. If this is not revealing, it is important 
to perform a complete spinal (and sometimes cerebral) angiogram to conduct a 
thorough search. During spinal DSA, contrast stasis within the radiculomedullary 
arteries and anterior spinal artery signifies venous congestion and should encourage 
the operator to look carefully for an SDAVF [38]. Injection of contrast into the seg-
mental artery supplying the fistula leads to early venous filling, and an enlarged 
network of dilated perimedullary veins may be visible.

 Treatment Strategies

Treatment of SDAVFs may involve surgery, endovascular techniques, or a combina-
tion of both modalities. The evolution of endovascular techniques has led to this 
modality becoming the mainstay of treatment of these lesions, with surgery often 
reserved for refractory cases or those with unfavorable anatomy for embolization 
[41]. Endovascular therapy typically involves liquid embolic treatment with the 
goal of occluding the shunting zone, especially the proximal draining vein. Failure 
to include the draining vein in occlusion of the shunting zone often results in recur-
rence or persistence of the fistula [42]. Super-selective catheterization of the feeding 
arteries may sometimes be very difficult or impossible. In these cases, embolization 
may not be attempted if the operator is unsure that the draining vein can be emboli-
zed. A radiopaque coil may be placed to facilitate easy fluoroscopic localization 
later in the operating room [42, 43]. Neurophysiologic monitoring is often employed 
during the endovascular treatment of SDAVFs. A sodium amytal challenge test may 

a b c

Fig. 23.2 (a) T2-weighted sagittal MRI. Increased T2 signal is seen in the lower thoracic spinal 
cord secondary to venous congestion and intramedullary edema (arrow). (b) T2-weighted axial 
MRI at T9 revealing significant intramedullary edema. (c) Digital subtraction angiogram with a 
right T3 intercostal artery injection revealing a dural arteriovenous fistula (arrow). Note the remote 
location of the fistula relative to the intramedullary edema of the lower thoracic spinal cord 
on the MRI
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be performed once the microcatheter is in its final position immediately prior to 
embolization. Neuromonitoring changes or the development of symptoms in awake 
patients may indicate that embolization may not be safe in the microcatheter’s cur-
rent position, and the microcatheter may need to be adjusted or the case aborted.

Open surgical occlusion of SDAVFs is often a relatively straightforward proce-
dure with one meta-analysis reporting occlusion rates of 98% [44]. After the lami-
nectomy and durotomy, the dilated tortuous medullary vein is traced to its point of 
dural penetration. The preoperative angiogram is a vital resource used as a reference 
when navigating intraoperative vascular anatomy. Bipolar electrocautery is most 
often used to occlude the arterialized vein (Fig. 23.3). Normalization of the venous 
pressures may be visualized over several minutes as they turn from red to blue, sug-
gesting obliteration of the shunting zone, which can be confirmed with a postopera-
tive angiogram. As with other surgical procedures for spinal fistulae and AVMs, 
indocyanine green angiography with a microscope can be a useful tool to document 
the change in flow and obliteration.

 Arteriovenous Malformations

A spinal arteriovenous malformation (SAVM) is composed of a nidus of aberrant 
vessels resulting in an arteriovenous shunt. In the spine, these lesions are often sub-
divided into intramedullary, corresponding with glomus AVMs (type II malforma-
tions); extradural–intradural AVMs, corresponding with juvenile or metameric 
AVMs (type III malformations); and conus medullaris AVMs [14]. Intramedullary 
AVMs are often subdivided into compact or diffuse. Extradural–intradural AVMs 
are invested along a somite level and may extensively involve peri-spinous tissue 
such as bone, muscle, and skin in addition to the spinal cord and dura. Conus medul-
laris AVM is a relatively newer classification described by Spetzler et al. and repre-
sent lesions with a unique location and angioarchitecture in the conus medullaris 
and rostral cauda equina [14, 45].

a b

Fig. 23.3 (a) Intraoperative photograph revealing a dural arteriovenous fistula from a left T9 
feeder. (b) Bipolar coagulation of the fistula
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 Clinical Features

SAVMs are often high-flow, high-pressure lesions, which can result in venous 
hypertension and hemorrhage. Symptomatology can vary depending on the location 
of these lesions and their hemodynamics and is caused by hemorrhage, mass effect, 
or vascular steal. Most patients experience a slow, gradual onset of neurologic dys-
function, but hemorrhage in SAVMs can result in sudden, dramatic symptoms. 
Hemorrhage may lead to acute back or neck pain, meningismus, loss of conscious-
ness, or acute motor and/or sensory deterioration. A distinct sensory level may be 
present, correlating with the location of the vascular nidus. Occasionally, a spinal 
bruit may be noted in patients with high flow lesions [5]. Patients with conus medul-
laris AVMs can experience symptoms suggestive of cauda equina syndrome as a 
result of compression of the nerve roots exiting the conus, leading to these patients 
sometimes having both upper and lower motor neuron symptoms.

 Imaging Features

MRI is often the first diagnostic imaging performed when evaluating patients with 
SAVMs and is highly sensitive, detecting nearly 100% of these lesions [46]. A nidus 
may be clearly visible with serpentine flow voids. Increased T2 signal may be pres-
ent around the nidus, suggesting gliosis, edema, or infarction. Evidence of previous 
hemorrhage may also be present as hematomyelia or cavitation. DSA is important 
in the assessment of these lesions, providing detailed information on the pathology 
and the surrounding normal anatomy (Fig. 23.4). Aneurysms may be present within 
the nidus, a finding associated with an increased risk of hemorrhage [47].

a b

Fig. 23.4 (a) Digital subtraction angiogram with left T10 segmental artery injection revealing a 
spinal arteriovenous malformation in a 55-year-old man with progressive bilateral lower extremity 
weakness and sensory changes. The artery of Adamkiewicz is seen feeding into the anterior spinal 
artery (arrow) and arises from one of the main feeding arteries, precluding the patient from safe 
embolization. He underwent open surgical resection. (b) Postoperative angiogram
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 Treatment Strategies

SAVMs are variable and sometimes formidable lesions, and the treatment paradigm 
is tailored to individual patients. Open surgical resection has been the mainstay of 
treatment for intramedullary AVMs, though successful endovascular treatment has 
been described [48]. The pathophysiology of intramedullary AVMs defines them as 
a superficial entity, and chasing vascular loops invaginating into the parenchyma 
should be avoided and instead should be truncated at the pial surface [45]. 
Extradural–intradural AVMs are often large, extensive lesions that can be very dif-
ficult to treat. Given their extensive nature, endovascular therapy is often a mainstay 
of treatment, though the goal is often palliative to ameliorate the patient’s neuro-
logic symptoms. Surgery is reserved for the treatment of a mass effect on the spinal 
cord and nerve roots [45]. Conus medullaris AVMs are often treated with a com-
bined endovascular and microsurgical approach. Venous structures around these 
lesions are often significantly dilated, and surgical decompression may significantly 
relieve neurologic symptoms. Aggressive combined treatment can lead to good out-
comes [14]. Intraoperative neurophysiologic monitoring is standard practice at 
many institutions during surgery for patients with myelopathy or lesions such as 
intrinsic spinal cord tumors [49, 50]. Intraoperative evaluation of motor evoked 
potentials (MEPs) and somatosensory evoked potentials (SSEPs) may be a useful 
tool to predict deleterious maneuvers during resection of some spinal vascular 
malformations.

 Pial Arteriovenous Fistulae

Spinal pial arteriovenous fistulae (SPAVFs), also called perimedullary fistulae (type 
IV), are arteriovenous malformations deriving their supply from pial arteries, as 
opposed to dural arteries in SDAVFs [51]. These lesions are often ventral and rep-
resent a direct fistulous connection to an enlarged venous network, most commonly 
supplied by the ASA. They have been classified into three types: type A fistulae are 
small shunts with slow blood flow from a single feeder and moderate venous hyper-
tension, type B fistulae have more feeders with increased flow and dilated veins, and 
type C fistulae are giant, high-flow lesions with a markedly distended venous net-
work [28, 52]. These lesions have been associated with Cobb syndrome, hereditary 
hemorrhagic telangiectasia, and Klippel-Trenaunay-Weber syndrome [53–55].

 Clinical Features

Like SDAVFs, these patients often present with venous hypertension resulting in 
progressive myelopathy. Unlike SDAVFs, however, SPAVFs have more potential for 
rupture. Patients most commonly present with progressive radiculomyelopathy, 
though more acute symptoms are possible, and patients may present with 
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subarachnoid hemorrhage (SAH) [28, 52]. Most common symptoms often include 
paraparesis, sensory disturbances, and bowel/bladder symptoms. They most com-
monly affect the lumbar cord and conus medullaris, though they can be present in 
the thoracic and cervical levels as well [52, 56]. Patients often present in the third to 
fifth decades of life, though patients with type C lesions present significantly 
younger, and patients with type A lesions present at older ages [56].

 Imaging Features

MRI may reveal findings similar to SDAVFs. These lesions may also be radiograph-
ically occult lesions, but serpentine flow voids are the most common finding due to 
venous enlargement. Congestive edema may also be seen with increased T2 signal, 
and epidural contrast pooling may also be present on contrasted imaging in addition 
to enhancement of the enlarged vessels [57, 58]. Angiography provides confirma-
tion of the type of vascular malformation, as well as its definitive location.

 Treatment Strategies

Treatment strategies for SPAVFs may involve endovascular embolization, open sur-
gery, or both. The goal of treatment is to occlude the shunting zone while maintain-
ing perfusion of the normal vasculature, especially the ASA and its branches. Given 
the heterogeneity of these lesions, treatment depends on the angioarchitecture of the 
individual lesion. Liquid embolic materials are often the agent of choice, though 
polyvinyl alcohol (PVA) particles may sometimes be used for presurgical emboliza-
tion. Superselective catheterization of the fistula in small SPAVFs is often very dif-
ficult, as the feeding vessel is a distal branch of the ASA [59, 60]. Surgical treatment 
for most type A and B fistulae is therefore often advocated [51]. Embolization is 
also difficult with type B lesions due to their multiple feeding arteries [61]. 
Endovascular embolization is often used for type C lesions, given their increased 
diameter and high-flow characteristics. Coils may be used to act as a frame for the 
liquid embolic material to prevent its migration into the venous side of the high-flow 
shunt [60]. As with DVAF, embolization should include the proximal draining veins 
to avoid recanalization. A recent systemic pooled analysis of 213 patients from 28 
studies was published in 2013 [56]. In total, 23% of type A and type B fistulae were 
treated with endovascular therapy versus 80% of type C lesions with an obliteration 
rate of 93% for type A fistulae, 85% for type B, and 71% for type C lesions. During 
microsurgery, an aneurysm clip may be used to interrupt the fistula to avoid bipolar 
electrocautery near the spinal cord. A posterior operative approach may be used in 
fistulae at the conus medullaris or filum terminale, while an anterior approach may 
be needed in cases occurring at higher levels [51]. Accessing the anterior spinal cord 
via posterior approach may also be facilitated with larger posterolateral approaches 
with facetectomy and pedicle removal. The dentate ligaments may be incised to 
allow the spinal cord to be carefully rotated to access the lesion.
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 Cavernous Malformations

Spinal cavernous malformations, also called cavernous hemangiomas or caverno-
mas, are well-circumscribed lesions composed of tightly packed vessels composed of 
dilated, thin-walled capillaries without intervening parenchymal tissue. They are 
often classified as neoplastic vascular lesions along with hemangioblastomas [14]. 
Grossly, they are often described as having a “mulberry” appearance and are hemo-
siderin stained [62]. These uncommon vascular lesions are most often located intra-
cranially but have been reported to represent approximately 5% of intramedullary 
lesions in adults [18]. Spinal cavernomas are also more likely to be symptomatic due 
to the density of the surrounding eloquent neural tissue. Like their cerebral counter-
parts, their incidence has increased with the advent of MRI [15]. They may occur 
sporadically or as a familial autosomal dominant disorder with incomplete pene-
trance and mutations such as in CCM1, CCM2, CCM3, KRIT1, and PDCD10 [63, 64].

 Clinical Features

Two general patterns of symptoms are associated with spinal cavernous malforma-
tions, though presentation may often involve a combination of the two. Acute hem-
orrhage into the surrounding neural tissues can result in acute neurologic symptoms 
[65]. Progressive myelopathy is a more common presentation. The mechanism for 
this may be due to microhemorrhages leading to reactive gliosis. Many patients may 
have progressive myelopathy accompanied by episodes of acute decline with partial 
improvement. As with other spinal vascular malformations, specific symptoms vary 
between patients and the location of the lesion.

 Imaging Features

MRI is often diagnostic of cavernous malformations due to their characteristic 
appearance. They have a heterogenous appearance on T1-weighted images with a 
surrounding halo on T1- and T2-weighted imaging due to hemosiderin deposits 
(Fig. 23.5) [66, 67]. This is often described as a “popcorn” appearance on MRI. There 
may be a nonspecific expansion of the spinal cord at the location of the lesion as 
well [66]. They are angiographically occult lesions, though approximately 25% of 
cases are associated with a developmental venous anomaly, which may be seen on 
DSA [68]. Angiography is therefore not necessary when MRI is diagnostic.

 Treatment Strategies

Studies have suggested that minimally symptomatic or incidentally discovered cav-
ernomas can be safely monitored [69, 70]. However, surgery should be considered 
in patients with severe deterioration or progressive myelopathy. Open surgical 
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resection is the mainstay of treatment for symptomatic spinal cavernous malforma-
tions. Most cavernomas are amenable to resection via posterior approach using 
techniques such as hemilaminectomy, laminectomy, laminoplasty, or interlaminar 
fenestration. Intraoperative neurophysiologic monitoring is often used during resec-
tion of these intramedullary lesions. After the dura is opened, cavernous malforma-
tions that extend to the cord surface may have hemosiderin staining and a bluish 
tinge of the pia [71]. The goal of surgery is complete resection, as the residual lesion 
may result in rehemorrhage [72]. In contrast to cerebral cavernous malformations, 
resection of the hemosiderin plane is not advised, as this may result in neurologic 
morbidity without benefit to the patient [73].

 Spinal Aneurysms

Isolated spinal aneurysms that are not associated with other vascular malformations 
are rare lesions. A large series of over 3000 spinal angiograms revealed only one 
aneurysm [74]. They may present with compressive symptoms but more typically 
present with rupture (hematorrhachis) with abrupt symptoms [75–77]. In contrast to 
intracranial aneurysms, spinal aneurysms typically occur along the length of an 
artery rather than at a branching point. Dissecting dilatations are often fusiform, 
lacking a clear neck [78, 79]. The ASA is often involved, but other arteries such as 
the PSA or artery of Adamkiewicz can also be affected [77, 80]. Treatment is tai-
lored to each patient, though cases reported in the literature have typically under-
gone operative treatment [79, 81].

a b c

Fig. 23.5 (a) Sagittal T2-weighted MRI T-spine of a 54-year-old female with a T9/10 spinal cav-
ernous malformation who presented with progressive relapsing-remitting leg weakness. Loss of T2 
signal is present, consistent with hemosiderin deposition (arrow). (b) Axial view. (c) Sagittal 
T2-weighted MRI after surgical resection
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 Conclusion

Spinal vascular malformations are rare lesions affecting the spine. Symptoms asso-
ciated with these lesions may be nonspecific but often involve myelopathy. Digital 
subtraction angiography is often the diagnostic test of choice with the exception of 
cavernous malformations, which are angiographically occult lesions. Treatment is 
tailored to the individual patient and may be endovascular, surgical, or a combina-
tion of these. Table 23.3 summarizes the spinal vascular malformations and their 
characteristics.
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Chapter 24
Cerebral Cavernous Malformations

Jacob F. Baranoski and Michael T. Lawton

Abbreviations

CCM Cerebral cavernous malformation
DVA Developmental venous anomaly
MRI Magnetic resonance imaging

 Introduction

Cerebral cavernous malformations (CCMs), also referred to as cavernous malfor-
mations, cavernomas, or cavernous angiomas, are low-flow vascular lesions of the 
central nervous system [1]. These lesions consist of abnormally dilated capillary 
endothelial channels with increased permeability that are predisposed to episodic 
thrombosis and subsequent focal hemorrhage [2]. These hemorrhage events can 
result in seizures and neurological deficits [3, 4].
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 Histopathology

Macroscopic examination of a CCM reveals a characteristic “mulberry” appear-
ance with engorged, aberrantly dilated cavernous vascular channels that form 
purple clusters (Fig.  24.1a) [5]. Microscopically, CCMs are characterized by 
densely packed, malformed capillaries embedded in a collagen matrix without 
intervening neural tissue. These sinusoids are dilated, thin-walled capillaries lined 
by a thin endothelium lacking smooth muscle and elastic tissue. The abnormal 
capillaries lack tight junctions, have diminished laminin and collagen IV within 
their endothelial cells, and are associated with a hypertrophic surrounding basal 
lamina. Together, these histopathological features predispose the aberrant capil-
lary channels to leakage and recurrent cycles of thrombosis and hemorrhage that 
result in symptom onset. Due to episodic vascular leakage and microhemorrhage 
events, the brain parenchyma surrounding a CCM is often gliotic and stained with 
hemosiderin.

CCMs, particularly the sporadic type (sporadic versus familial subtypes are dis-
cussed below), can be associated with developmental venous anomalies (DVAs) [6]. 
DVAs, also referred to as venous angiomas, are medullary veins arranged in an 
atypical radial configuration. Although associated with the CCM, these medullary 
veins also drain normal brain tissue and coalesce into a single, dilated draining vein. 
Because the DVAs associated with CCMs also drain functioning brain tissue, care 
must be taken to preserve the DVA during CCM resections [7].

a b

Fig. 24.1 (a) Intraoperative surgical microscope photograph demonstrating the dilated sinusoids 
associated with a cerebral cavernous malformation (arrow) and the associated hemosiderin-stained 
cortical tissue (asterisks). (b) T2-weighted coronal MRI demonstrating a left supratentorial cav-
ernous malformation with associated hemorrhages of various ages (arrow). The arrow also demon-
strates the chosen operative approach for resection utilizing a transulcal surgical corridor. (Used 
with permission from Barrow Neurological Institute, Phoenix, Arizona)
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 Epidemiology

CCMs are more common than is generally suspected and account for 5–15% of all 
vascular malformations affecting the central nervous system [2]. Estimations based 
on postmortem and magnetic resonance imaging (MRI) studies suggest that 1  in 
every 200–250 people, or approximately 35 million individuals worldwide, are 
affected by cavernous malformations [8–10]. Some patient populations are geneti-
cally predisposed to present with CCMs, as discussed below [1, 2]. CCMs occur 
with equivalent frequency in men and women, with a mean age at diagnosis in the 
third or fourth decade of life. Some data suggest that symptomatic hemorrhage at 
presentation is more common among women, but the evidence is not conclusive 
[11, 12].

 Pathogenesis of Sporadic and Familial CCMs

In general, CCMs can occur as either sporadic or familial lesions [1, 13]. Sporadic 
lesions are isolated events, with patients most commonly having only a single 
lesion. In contrast, familial CCMs are characterized by multiple lesions due to a 
germline mutation inherited in an autosomal dominant fashion with variable pene-
trance. Although CCMs were once considered congenital in origin, studies have 
demonstrated that new CCMs may appear de novo later in life in both the sporadic 
and familial forms of the disease.

 Sporadic CCMs

Sporadic CCMs are almost always found as solitary lesions with no known genetic 
predisposition. As mentioned above, the sporadic form is more commonly associ-
ated with a DVA. Sporadic CCMs are likely the result of an isolated somatic muta-
tion in a single cell [2]. Such a mutation can result from radiation therapy, and 
multiple reports describe patients who developed CCMs following radiation treat-
ment. Fortunately, the risk of radiation-induced CCM formation is quite low, and 
such cases are typically associated with higher doses of radiation (>30 Gy) [14].

 Familial CCMs

In contrast to the sporadic form of CCMs, the familial form is characterized by 
multiple lesions and an autosomal-dominant mode of inheritance with variable pen-
etrance [1, 2]. Indeed, the presence of 3 or more CCMs and a family history of sei-
zures are essentially pathognomonic for the familial form of this disease. In general, 
seizures are the most common presenting symptom in patients with familial CCMs.
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The driver mutations responsible for familial CCM pathogenesis have been 
localized to 3 distinct gene foci loci on chromosomes 7q (KRIT1/CCM1), 7p 
(CCM2), and 3q (PDCD10/CCM3) [3, 4]. The proteins encoded by these genes 
appear to interact with the endothelial cytoskeleton during angiogenesis in the cen-
tral nervous system, and the loss-of-function mutations may directly drive the 
development of these lesions.

 Clinical Presentation

A significant percentage of CCMs (20–30% of sporadic lesions) are asymptomatic 
at diagnosis and are found incidentally on MRIs performed for unrelated reasons or 
symptoms. Interestingly, despite the presence of multiple lesions, not all patients 
with familial CCM develop symptoms. Indeed, some studies have reported that 
approximately 40% of patients with the familial form of the disease have remained 
asymptomatic [11, 13].

When CCMs are symptomatic, the clinical presentation of a specific CCM is 
associated with its location. CCMs can occur in any location within the central ner-
vous system. It is generally accepted that the prevalence of CCMs in a particular 
location is in approximate proportion to the volume of the various compartments: 
80% supratentorial, 15% brainstem and basal ganglia, and 5% spinal cord. However, 
a recent meta-analysis of untreated cavernous malformations found that brainstem 
lesions may comprise a larger percentage than previously thought, up to 35% [15].

Recurrent hemorrhagic-thrombotic cycles are a constant feature of CCMs regard-
less of whether the lesions are symptomatic. Hemorrhages of various ages, com-
bined with the deposition of hemosiderin in cerebral tissue surrounding the CCM, 
which results in neuronal dysfunction, are the cause of neurological symptoms. 
Therefore, the clinical presentation of a specific CCM is directly related to its loca-
tion as well as the volume and type of hemorrhage (intralesional or extralesional).

 Supratentorial/Hemispheric CCMs

Supratentorial/hemispheric CCMs can present with acute hemorrhage, seizures, and 
progressive neurological dysfunction (Fig. 24.1b) [3, 11, 13, 15]. Seizures are by far 
the most common clinical manifestation associated with hemispheric CCMs and are 
the presenting symptom in 40–80% of cases. Despite the prevalence of seizures in 
patients with hemispheric CCMs, no definitive data are available regarding the risk 
of new-onset seizures associated with lesions that have been found incidentally. 
Several studies have attempted to determine the relative risk. They have shown rates 
for the new onset of seizures of 0.9–2.4% per person-year [9, 16]. It has been well 
documented that patients with CCMs who present with seizures are at risk of devel-
oping epilepsy that may be medically refractory. CCMs likely cause seizures due to 
induced focal gliosis, hemosiderin deposition, and inflammatory responses of the 
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brain parenchyma surrounding the CCM. Although focal neurological deficits sec-
ondary to mass effect are possible, they are rarely associated with supratentorial 
lesions unless the lesion is located in the primary motor cortex, basal ganglia, or 
thalamus.

 Brainstem CCMs

Patients with CCMs located in the brainstem most commonly present following an 
acute hemorrhage, with severe and progressive neurological deficits that include 
cranial neuropathies and long-tract signs (Fig. 24.2a, b) [4, 13, 15, 17]. Although 
patients with a first clinically symptomatic hemorrhage event associated with a 
brainstem CCM typically present with acute neurological deficits, these deficits can 
improve over time as the hemorrhage becomes organized and absorbed. Recurrent 
hemorrhages, however, are associated with more severe and permanent neurological 
impairment. Occasionally, large brainstem lesions can develop that are associated 
with only minimal deficits; this occurs most frequently with pontine lesions, where 
the mass gradually displaces the densely packed ascending and descending fiber 
tracts. Acute mortality due to a brainstem CCM is rare without multiple episodes of 
symptomatic hemorrhage.

 Spinal Cord CCMs

Intramedullary spinal cord CCMs can have variable clinical presentations and can 
readily be confused with demyelinating diseases, intramedullary spinal neoplasms, 
and spinal arteriovenous malformations. In general, the clinical presentation of a 
patient with a spinal cord CCM can be divided into 1 of 3 types: (1) acute onset of 

a b

Fig. 24.2 (a) T2-weighted axial MRI demonstrating a large pontine brainstem cavernous malfor-
mation with associated hemorrhages of various ages. (b) Intraoperative surgical microscopic pho-
tograph demonstrating the surgical corridor and resection cavity (arrow). (Used with permission 
from Barrow Neurological Institute, Phoenix, Arizona)
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major neurological deficits, (2) repetitive stepwise deterioration, and (3) slow pro-
gressive deterioration [18–21]. Various combinations of these presentations occur 
frequently. Symptom development in types 1 and 2 is related to episodes of acute 
hemorrhage with sudden onset of symptoms. In these cases, the severity of neuro-
logical deficits is related to the exact location of the lesion (level and position within 
the cord) as well as the volume and type of hemorrhage (intralesional, extralesional, 
or both). Presentation in the third group is probably related to minor bleeding epi-
sodes (microhemorrhages), focal thrombosis, and gliosis, resulting in the gradual 
growth of the lesion. Painful dysesthesias are a typical feature in this last group and 
may be related to the neurotoxic effects of hemosiderin. In general, pain is a com-
mon presenting symptom for patients with spinal cord CCMs and has been reported 
as a significant component in 40–60% of patients [18–21].

 Imaging Findings

MRI plays an essential role in the diagnosis and workup for patients with CCMs 
(Figs. 24.1b and 24.2a) [13]. Computed tomography can help identify acutely hem-
orrhagic lesions, but MRI remains the most important imaging modality for CCM 
identification and evaluation. MRI evidence of hemorrhage is seen with any CCM 
regardless of whether the lesions are symptomatic or not. Hemorrhages of various 
ages, combined with hemosiderin deposition in cerebral tissue surrounding the cav-
ernous malformation, produce the unique popcorn-like lesions seen on T1- and 
T2-weighted MRI sequences. Gradient echo and susceptibility-weighted sequences 
can further help identify small lesions that have not recently hemorrhaged [11, 13]. 
Some patients with familial CCMs can have a very large number of lesions seen on 
gradient echo and susceptibility-weighted MRI sequences. Contrasted MRI 
sequences can be useful for identifying DVAs, which are most commonly associ-
ated with sporadic CCMs, and for treatment and surgical approach planning [6, 7]. 
In general, CCMs are angiographically occult lesions, and catheter angiography 
should be reserved for cases where a potential arteriovenous malformation is a con-
cern [11].

 Differential Diagnosis

Given the classic appearance of CCMs on MRI, the differential diagnosis for CCMs 
is relatively limited. Some lesions that mimic CCMs on MRI are hemorrhagic or 
calcified neoplastic lesions, particularly hemorrhagic metastases, oligodendroglio-
mas, and pleomorphic xanthoastrocytomas. However, these oncological lesions 
tend to be associated with more perilesional edema. Some large CCMs could be 
initially mistaken for an arteriovenous malformation, in which case a catheter 
angiogram would be useful in determining the diagnosis (as discussed above).
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 Natural History of CCMs: Risk of New and Recurrent 
Symptomatic Hemorrhage Events

An understanding of the natural history of CCMs is critical to clinical decision- 
making regarding their management. Unfortunately, the natural history of CCMs is 
not as straightforward as it may appear, and a thorough understanding of the likely 
natural history for a given lesion for a specific patient is quite nuanced.

Numerous studies have been published on the natural history of cavernous mal-
formations [4, 5, 9–11, 13, 15, 17]. Hemorrhage rates vary widely from series to 
series, depending on the definition of hemorrhage, the population being studied, and 
the methodology used to calculate and report future hemorrhage risk. Although 
these discrepancies complicate our ability to discern the future hemorrhage risk of 
a given CCM, it is now generally accepted that the risk of symptomatic hemorrhage 
or rehemorrhage of a CCM is influenced by the type of CCM, the lesion location, 
and the symptoms initially associated with that CCM (Table 24.1) [11, 15, 22].

Overall, brainstem CCMs appear to be associated with a greater risk of new and 
recurrent symptomatic hemorrhage events than supratentorial and hemispheric 
CCMs. Large case series have reported annual bleeding rates among supratentorial 
CCMs of 0.25–1.1% [11, 15, 22]. Similar studies have found estimated annual 
bleeding rates for brainstem lesions to be 2–3% [11, 15, 22].

In addition to CCM location, lesion type and the quality of previous hemorrhage 
events also affect the natural history of these vascular malformations. Zabramski 
et  al. [13] classified cavernous malformations into four subtypes based on MRI 
characteristics (Table 24.2). The risk of hemorrhage appears to be greatest with type 
I and type II lesions, which are also more likely to be symptomatic.

Two recent meta-analyses have further demonstrated that the natural history of 
CCMs varies on the basis of the symptoms associated with their initial presentation 
[15, 22]. Both of these studies found that the risk of future CCM hemorrhage was 
greater among patients who presented with focal neurological deficits than among 
patients with incidentally discovered lesions. Horne et al. [15] reported the 5-year 
risk of intracranial hemorrhage of a previously unruptured, nonbrainstem cavernous 
malformation to be 3.8%; however, the 5-year risk of a recurrent hemorrhage for 
nonbrainstem lesions was 18.4%. Similarly, Taslimi et  al. [22] found that 

Table 24.1 Relative risk stratification for cerebral cavernous malformation symptomatic 
hemorrhage or rehemorrhage

Variable
Higher risk of symptomatic 
hemorrhage or rehemorrhage

Lower risk of symptomatic 
hemorrhage or rehemorrhage

Initial clinical 
presentation

Focal neurological deficit Asymptomatic

CCM location Brainstem Cerebral convexity
CCM imaging 
subtype

IA > 1B > II III, IV

Abbreviation: CCM cerebral cavernous malformation
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hemorrhage rates varied on the basis of initial clinical presentation. These authors 
reported that the annual incident rate of hemorrhage for incidentally discovered 
nonbrainstem CCMs was 0.3% per patient-year. In their study, the annual rehemor-
rhage rates were markedly higher: 6.3% for supratentorial CCMs with a median 
time to rehemorrhage of 10.5 months [22]. These recent meta-analyses also found 
that brainstem CCMs were associated with a higher risk of hemorrhage and rehem-
orrhage than nonbrainstem cerebral lesions. Horne et al. [15] reported the 5-year 
risk of intracranial hemorrhage of a previously unruptured brainstem CCM to be 
8%, compared with 3.8% for nonbrainstem lesions. They also reported an elevated 

Table 24.2 Magnetic resonance imaging classification for cerebral cavernous malformations

Lesion 
type

Magnetic resonance signal 
characteristic Pathologic characteristics

Natural history: risk of 
hemorrhage

IA T1: hyperintense focus of 
hemorrhage
T2: hyperintense or 
hypointense focus of 
hemorrhage extending 
through the wall of the 
hypointense rim that 
surrounds the lesion

“Overt” extralesional focus 
of hemorrhage extending 
outside the lesion capsule

Almost all lesions are 
symptomatic; high risk of 
recurrent symptomatic 
hemorrhage

IB T1: hyperintense focus of 
hemorrhage
T2: hyperintense or 
hypointense focus of 
hemorrhage surrounded by a 
hypointense rim

Subacute focus of 
intralesional hemorrhage

Risk of symptomatic 
hemorrhage related to 
presentation and location, 
higher for symptomatic 
lesions and those in the 
brainstem

II T1: reticulated mixed- signal 
core
T2: reticulated mixed- signal 
core surrounded by a 
hypointense rim

Loculated areas of 
hemorrhage and 
thrombosis of varying age 
surrounded by gliotic, 
hemosiderin-stained brain; 
in large lesions, 
calcifications may be seen

Risk of symptomatic 
hemorrhage related to the 
presentation, higher in 
symptomatic patients

III T1: isointense or hypointense
T2: hypointense with 
hypointense rim that 
magnifies the size of the 
lesion
GRE: hypointense with 
greater magnification than 
T2

Chronic resolved 
hemorrhage with 
hemosiderin staining 
within and around the 
lesion

Rarely symptomatic; 
lesions have a low risk of 
symptomatic hemorrhage

IV T1: poorly seen or not 
visualized at all
T2: poorly seen or not 
visualized at all
GRE: punctate hypointense 
lesions

Akin to capillary 
telangiectasias

Rarely symptomatic; very 
low risk of hemorrhage

Abbreviation: GRE gradient echo

J. F. Baranoski and M. T. Lawton



465

5-year risk of a recurrent hemorrhage associated with brainstem lesions (30.8%) 
versus nonbrainstem lesions (18.4%). Similarly, Taslimi et al. [22] found that hem-
orrhage rates varied on the basis of anatomical location. These authors reported that 
the annual incident rate of hemorrhage for previously unruptured brainstem CCMs 
was 2.8% per patient-year, compared with 0.3% for nonbrainstem lesions. Annual 
rehemorrhage rates were also higher for brainstem CCMs than for nonbrainstem 
CCMs (32.3% vs. 6.3%).

Importantly, although some smaller studies have suggested possible correlations 
between rupture risk and demographic characteristics, including sex, larger studies 
and meta-analyses have reported no independent prognostic significance for risk 
related to age, sex, or CCM multiplicity [11, 15, 22]. Likewise, some studies have 
suggested that the presence of a DVA is a risk factor for future hemorrhage, but the 
data regarding this are not conclusive [7].

Regarding the natural history of familial versus sporadic CCMs, it appears that 
the natural histories are analogous. Recall that the clinical penetrance of the familial 
disease is highly variable, with 40–60% of patients reporting being free of symp-
toms. It is important to consider that, in familial cases, patients almost always have 
multiple CCMs. Therefore, although the annual risk of hemorrhage per patient may 
be elevated in familial cases, the annual risk of hemorrhage per lesion is likely 
equivalent to that of sporadic cases.

 Clinical Management and Treatment Considerations

The decision to surgically resect a CCM should consider the clinical presentation, 
the lesion location, the potential for associated neurosurgical morbidity, and the 
natural history of the disease. The risk of surgical resection varies greatly with the 
location of the CCM, which therefore affects surgical decision-making. Guided by 
the results of numerous surgical series and natural history studies, the Angioma 
Alliance Scientific Advisory Board published their recommendations for clinical 
management of cavernous malformations [11]. Our center generally follows this 
algorithm for surgical decision-making for CCMs, although expanding the Angioma 
Alliance Scientific Advisory Board guidelines to scenarios not explicitly addressed 
in their recommendations (Table 24.3).

We recommend nonoperative management for incidentally discovered or asymp-
tomatic CCMs, particularly if they are located in the eloquent cortex, thalamus, 
basal ganglia, brainstem, or spinal cord. Under certain circumstances, surgical 
resection can be performed for patients with asymptomatic, sporadic CCMs in eas-
ily accessible, noneloquent areas to prevent future hemorrhage in light of particular 
psychological burdens or lifestyle or career choices. We strongly discourage operat-
ing on asymptomatic patients with familial lesions regardless of the location of the 
CCM because even complete surgical resection will not result in a cure of the under-
lying genetic disease. For patients with multiple lesions, we recommend genetic 
testing and the possible use of evolving medical therapies.

24 Cerebral Cavernous Malformations



466

For patients with one or many CCMs who experience a first-time seizure, we 
recommend starting antiepileptic medications. If patients achieve seizure freedom 
with antiepileptic therapy, we recommend nonoperative management of the CCM. If 
patients with a single CCM continue to have medically refractory seizures, we rec-
ommend surgical resection of this lesion [23]. A systematic review performed by 
Englot et  al. [24] found that 75% of patients with resected supratentorial CCMs 
were able to achieve seizure freedom. For patients with multiple CCMs and medi-
cally refractory epilepsy, if the epileptogenic focus can be localized to a specific 
lesion, we recommend resection of that lesion. If the epileptogenic cannot be local-
ized to a particular lesion, we recommend continuing maximal medical therapy.

We recommend surgical resection for patients who present with a first-time hem-
orrhage from a single lesion in either noneloquent cerebral cortex or cerebellum, 

Table 24.3 Clinical decision-making recommendations for cerebral cavernous malformations

Presentation, location Recommendation

Incidentally discovered or 
asymptomatic
   Any Single lesion: observation

Multiple lesions: observation and genetic testing
Single, first-time seizure
   Any Single lesion: antiepileptic medication

Multiple lesions: antiepileptic medication and genetic testing
Medically refractory epilepsy
   Supratentorial Single lesion: resection

Multiple lesions: resection if a single lesion can be identified as 
the epileptogenic source; if not, then observation and 
antiepileptic medication

First hemorrhage with focal 
neurological deficit
   Noneloquent cerebral 

cortex or cerebellum
Resection

   Deep or eloquent cortex Observation or resection if clinical presentation and anatomy 
are favorablea

   Brainstem Observation or resection if clinical presentation and anatomy 
are favorablea

   Spinal cord Large hemorrhage: observation or resection if clinical 
presentation and anatomy are favorablea

Small hemorrhage with minimal neurological deficit: 
observation

Recurrent hemorrhage with 
focal neurological deficit
   Deep or eloquent cortex Resection if possible
   Brainstem Resection if possible
   Spinal cord Resection if possible

aFavorable presentation is defined as a fixed neurological deficit, such that the morbidity associated 
with the surgical approach would not worsen symptoms. Favorable anatomy is defined as pial or 
ependymal extension or hematoma cavity providing a surgical corridor
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have associated focal neurological deficits, and are medically appropriate surgical 
candidates. In this scenario, complete surgical resection can eliminate the risk of 
future hemorrhages and can result in a surgical cure with limited associated surgical 
morbidity.

For lesions in more surgically challenging anatomical locations, such as deep 
cerebral structures, brainstem, and spinal cord, additional factors must be consid-
ered because of the inherent surgical morbidity associated with accessing these 
locations [3, 4, 11, 25–29]. Even though future hemorrhages from untreated lesions 
in these locations would likely result in progressive neurological deterioration, it is 
important to recognize that resection of these lesions is associated with a high risk 
of complications. Early postoperative deficits after resection of brainstem CCMs are 
reported in 40–50% of patients [30]. Therefore, in general, we initially recommend 
nonoperative management for patients who have experienced only a single bleed 
with limited neurological sequelae from a CCM in any of the aforementioned loca-
tions. However, certain clinical and anatomical scenarios may make surgical resec-
tion favorable. If a patient has a fixed neurological deficit, such that there is no 
additional anticipated neurological morbidity associated with the surgical approach 
to the lesion, and if the lesion abuts a pial or ependymal surface or the hemorrhage 
has created a surgical corridor, then resection can be considered to prevent recurrent 
hemorrhage. If these clinical and anatomical features do not exist, then we recom-
mend nonoperative management. However, if a CCM were to symptomatically 
hemorrhage multiple times or demonstrate instability on serial follow-up imaging, 
these findings should factor into clinical decision-making. Recurrent symptomatic 
hemorrhages from lesions in these locations are another indication for surgical 
intervention. Despite the high risk associated with surgical treatment of these diffi-
cult lesions, well-selected patients can tolerate surgery and have improved neuro-
logical outcomes [3, 4, 11, 25–30].

In summary, and given the inherent risks associated with deep cerebral, brain-
stem, and spinal cord operations, we recommend reserving resection for patients 
with 1 or more of the following indications: (1) a history of multiple hemorrhages, 
(2) severe or progressive symptoms, and (3) acute or subacute hemorrhage and sig-
nificant mass effect. In addition, we typically recommend resection only when 
either or both of the following anatomical features are also present: (1) the lesion 
abuts a pial or ependymal surface or (2) the patient has an acute hemorrhage extend-
ing outside the lesion capsule (exophytic). High rates of recurrent symptomatic 
hemorrhages have been reported after incomplete surgical removal, which high-
lights the importance of complete resection if surgery is performed for lesions in 
these highly eloquent anatomical locations.

Advances in surgical technologies and techniques, such as intraoperative neuro-
navigation, tractography, microscope visualization and integration with navigation, 
mapping techniques, and neurophysiological monitoring, have further facilitated 
safer resection. In a well-selected patient population, experienced neurovascular or 
skull base surgeons can achieve acceptable outcomes after surgery for brainstem or 
deep cerebral cavernous malformations.
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 Potential Role for Stereotactic Radiosurgery

Stereotactic radiosurgery has been proposed as a treatment option for cavernous 
malformations in surgically challenging areas. However, the efficacy of this tech-
nique is debatable [11, 28]. In general, we recommend against using stereotactic 
radiosurgery as the primary treatment option for CCMs and recommend consider-
ing its use only for cases in which surgery is not an option. A full discussion of the 
controversial role of radiosurgery for cavernous malformations is beyond the scope 
of this chapter.

 CCMs and Pregnancy

Historically, pregnancy was believed to be associated with an increased risk of hem-
orrhage in patients with CCMs. However, quantitative data supporting this assump-
tion are scarce. Cavernous malformations have been reported to increase in size 
during pregnancy, and exacerbation of other symptoms related to acute hemorrhage 
has been documented. However, few reports in the literature document such events. 
Importantly, recent publications have studied this issue and found no evidence of 
increased risk of hemorrhage associated with pregnancy or delivery [12]. On the 
basis of these and other data, the Angioma Alliance Scientific Advisory Board has 
stated that “the risk of neurological symptoms during pregnancy is likely not differ-
ent than the nonpregnant state,” and vaginal delivery should not be precluded [11].

Management of symptomatic hemorrhage from cavernous malformations during 
pregnancy should be based on the severity of the episode and the imaging character-
istics of the lesion. In general, the approach to managing a new CCM during preg-
nancy should account for the additional risk that surgical intervention may pose to 
the pregnant woman and the fetus, but the treatment algorithm should remain other-
wise similar. If symptoms are severe and endanger maternal and fetal life, then 
surgical resection would likely be warranted. Fortunately, the need for emergency 
neurosurgical treatment during pregnancy has been rare.
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Chapter 25
Venous Sinus Stenting for Idiopathic 
Intracranial Hypertension

Abigail P. McCallum and Dale Ding

 What Is Idiopathic Intracranial Hypertension?

By general agreement, idiopathic intracranial hypertension (IIH) is a condition of 
increased intracranial pressure (ICP). IIH most commonly occurs in obese women 
of childbearing age, and it is characterized by signs and symptoms of elevated ICP 
in an alert and oriented patient with normal neuroimaging (except those known to 
be caused by chronically elevated ICP) and normal lumbar puncture (LP) and cere-
brospinal fluid (CSF) analysis, with the exception of elevated opening pressure [1].

 Symptoms/Diagnosis

IIH is, by nature, a diagnosis of exclusion. It carries a relatively wide variety of 
symptoms, and thus, differential diagnoses. These differential diagnoses may or 
may not be effectively excluded depending on the knowledge, experience, and 
resources of the provider [2]. In 2014, the Neuro-Ophthalmology Research Disease 
Investigator Consortium (NORDIC) published a multicenter, double-blind, ran-
domized, placebo-controlled study on IIH—the first large prospective study of its 
kind. The study distinguished between symptoms initially reported by patients on 
study entry as well as all symptoms reported at study entry, listed by frequency, 
summarized in Table  25.1. The most common initially reported symptoms were 
headache, visual loss, headache and visual loss combined, and pulsatile tinnitus. 

A. P. McCallum · D. Ding (*) 
Department of Neurological Surgery, University of Louisville School of Medicine,  
Louisville, KY, USA
e-mail: Abigail.McCallum@uoflhealth.org; Dale.Ding@uoflhealth.org

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-88196-2_25&domain=pdf
https://doi.org/10.1007/978-3-030-88196-2_25#DOI
mailto:Abigail.McCallum@uoflhealth.org
mailto:Dale.Ding@uoflhealth.org


474

Other reported symptoms included transient visual obscurations (TVOs), back pain, 
dizziness, photophobia, neck pain, nocturia, cognitive problems, and radicular 
pain [1].

 Nomenclature

The constellation of symptoms in IIH can paint a somewhat nebulous clinical pic-
ture. Early on, Walter Dandy implied the need for proper nomenclature to describe 
this condition in his 22-patient case—series published in 1937. Each patient in this 
series was noted to have signs and symptoms of elevated intracranial pressure with-
out a space-occupying lesion. Patients complained of headache, sometimes nausea, 
vomiting, diplopia, dizziness, and vision loss. Their symptoms were accompanied 
by objective findings of bilateral papilledema, sometimes unilateral or bilateral ocu-
lar hemorrhages, and elevated ICP on ventricular or LP [3]. This led to the eventual 
development of diagnostic criteria known as the “Modified Dandy Criteria,” which 
are commonly used today and listed below [4]. Wall and colleagues of the NORDIC 
IIH Study Group further modified these criteria, amounting to the most common 
classification schemes currently used.

Table 25.1 Frequency of initial symptoms and all symptoms reported at NORDIC study entry

Initial symptoms Frequency (%)

Headache 35–40
Visual loss 15–20
Headache and visual loss 15–20
Pulsatile tinnitus 10–15
Asymptomatic 5–10
Other 5–10
Diplopia 0–5
All symptoms

Headache 80–85
Transient visual obscurations 65–70
Back pain 50–55
Pulsatile tinnitus 50–55
Dizziness 50–55
Photophobia 45–50
Neck pain 40–45
Visual loss 30–35
Nocturia 25–30
Cognitive 15–20
Radicular pain 15–20
Diplopia 15–20

Adapted from Wall et al. [1]
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Modified Dandy Criteria as originally designated by Smith et al. [4]:

 1. Signs and symptoms of increased intracranial pressure (headaches, nausea, vom-
iting, transient obscurations of vision, papilledema).

 2. No localizing neurologic signs otherwise, with the single exception being unilat-
eral or bilateral VI nerve paresis.

 3. Cerebrospinal fluid which can show increased pressure but with no cytologic or 
chemical abnormalities otherwise.

 4. Normal to small symmetrical ventricles must be demonstrated (originally 
required ventriculography, but now demonstrated on computed tomography).

Further modified, Modified Dandy Criteria [1]

 1. Presence of signs and symptoms of increased ICP.
 2. Absence of localizing findings on neurologic examination except those known to 

occur from increased ICP.
 3. Absence of deformity, displacement, or obstruction of the ventricular system and 

otherwise normal neurodiagnostic studies, except for evidence of increased cerebro-
spinal fluid pressure (>200 mm water). Abnormal neuroimaging except for empty 
sella turcica, optic nerve sheath with filled-out CSF spaces, and smooth- walled non-
flow-related venous sinus stenosis or collapse should lead to another diagnosis.

 4. Awake and alert patient.
 5. No other cause of increased ICP present.

The most appropriate nomenclature for the group of disorders which meet or 
almost meet Modified Dandy Criteria continues to be revisited in the literature, and 
multiple alternative naming conventions have been proposed [1]. Friedman et al. 
proposed one such alternative, in which the term “IIH” is reserved for “truly” idio-
pathic cases of intracranial hypertension, and “pseudotumor cerebri” (PTC) is used 
to describe the cluster of syndromes for which an identifiable etiology of elevated 
ICP may be present. In this naming scheme, the authors support the use of the 
umbrella term PTC syndrome (PTCS). PTCS, by this system, is then subdivided 
into primary and secondary PTC, with IIH a nested subset of primary PTC, and 
secondary PTC making up those syndromes with causes such as venous sinus 
thrombosis, medications, and some medical conditions [5]. This naming scheme 
avoids the oxymoronic discussion of “secondary causes of IIH,” and it attempts to 
reconcile commonly used historical nomenclature with a modern and evolving 
understanding of the disease process.

In a letter to the editor titled “The Modified Dandy Criteria for Idiopathic 
Intracranial Hypertension, No Need to Fix What is not Broken,” Michael Wall of the 
NORDIC study group took exception to this proposed change in nomenclature, 
implying that “pseudo”-syndromes lack legitimacy in the eyes of researchers and 
that an unambiguous naming scheme is already provided in the well-accepted 
Modified Dandy Criteria. The author recommended naming IIH-like conditions with 
identifiable causes for what they are (e.g., Vitamin A-induced intracranial hyperten-
sion). This same letter proposed some additional modifications to the criteria, as 
listed above, with the intent to publish in their then-upcoming study in 2014 [6].
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Fargen and colleagues also proposed the revised terminology “chronic intracra-
nial venous hypertension syndrome” as well as “CIVHS-spectrum disorder” based 
on their assertion that cerebral venous hypertension is the central cause of the disor-
der in patients. The “spectrum” was proposed to allow the inclusion of patients who 
are obviously symptomatic at lower opening-pressures and who respond to pressure- 
lowering therapies [7].

 Pathogenesis

No single unifying theory exists on the pathogenic mechanisms of IIH. The concept 
of CSF hypersecretion, an early and obvious proposed etiology, was supported in 
early infusion studies but was not well supported by subsequent hydrodynamics or 
MRI studies [8–11]. This is despite the fact that one accepted and efficacious treat-
ment for IIH is acetazolamide, a drug which reduces CSF secretion [12]. CSF out-
flow obstruction may play a role, though there is general agreement that when CSF 
outflow obstruction is caused by reduced absorption, such as in the setting of sub-
arachnoid hemorrhage or meningitis, overt hydrocephalus is the expected outcome. 
Lymphatics may play a possible role in CSF outflow in the setting of IIH, but sig-
nificantly more studies on the physiology of intracranial lymphatics are necessary 
[5, 8]. Finally, cerebral venous hypertension and venous outflow obstruction, which 
are inherently connected to the concept of CSF outflow obstruction, are emerging as 
two increasingly common denominators in studies investigating pathogenetic 
mechanisms of IIH [8, 13].

Fargen and colleagues take a strong stance on this subject, asserting unequivo-
cally that IIH is caused by intracranial venous hypertension. It is true that a clear 
connection has been established between cerebral venous pressures and CSF resorp-
tion through the arachnoid granulations, with several studies demonstrating a 
required 3–5-mmHg gradient from the subarachnoid space to venous sinus. Venous 
hypertension disrupts this gradient, leading to elevated ICP [8, 13]. Disease pro-
cesses that have the potential to cause venous hypertension are therefore easy to 
implicate, including obesity and venous sinus stenosis.

Obesity is extremely common in patients with IIH. However, it has been noted 
that obesity alone, with or without its link to venous hypertension, does not clearly 
explain IIH because of the uniquely female predominance of the condition which 
would otherwise be expected to be balanced according to the prevalence of obesity 
among both male and females populations [5].

Venous sinus stenosis is increasingly regarded as relevant and is discussed in 
more detail further in this chapter. An understanding of the pathophysiology of 
venous sinus stenosis in relation to ICP continues to evolve. One current hypothesis 
suggests that increased ICP leads to external compression of the venous sinuses, 
leading to venous outflow obstruction and congestion, and therefore a positive feed-
back loop whereby ICP continues to increase. This hypothesis raises an obvious 
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question as to whether venous sinus stenosis may be a cause, or simply an effect, of 
elevated ICP [13].

Other possible pathogenetic mechanisms proposed included the role of hor-
mones, nutritional excess of Vitamin A, and associated disorders such as OSA and 
PCOS are beyond the scope of discussion of this chapter [8].

 Treatments

Treatments for IIH fall into three categories—disease modification, drug treatments, 
and surgical interventions. In regard to disease modification, weight loss is almost 
universally agreed upon as beneficial. Weight loss of as little as 3–6% has been 
reported to be effective [14]. One prospective cohort trial of 25 women showed a 
significant reduction in ICP, headaches and papilledema with 15% loss of body-
weight [15].

Certain drug treatments have become commonplace and vary in their level of 
effectiveness. Acetazolamide, a carbonic anhydrase inhibitor that affects ion and 
water transport across the choroid plexus, reduces CSF secretion. Multiple random-
ized studies have taken place to assess the efficacy of acetazolamide in treating IIH, 
most prominently the 2014 IIHTT study [12], a randomized, double-blind, placebo- 
controlled trial. In this study, 165 patients with IIH and mild visual loss, all follow-
ing a supervised, low-salt weight-reduction diet and lifestyle modification program 
were randomized to receive acetazolamide or no acetazolamide. Grade of papill-
edema, CSF pressure, a “visual quality of life” measure and general quality of life 
(QOL) measures were significantly improved in the acetazolamide group compared 
to placebo. However, headache disability and visual acuity scores were not signifi-
cantly different (though both groups improved), and it was noted that there was 
increased weight loss in the acetazolamide group, potentially related to increased 
side effects of the medication such as nausea, vomiting, and loss of taste. Of note the 
patients were followed for 6 months only [8, 12].

Other medical treatments include topiramate, furosemide, and octreotide. Some 
promise has been shown in uncontrolled studies for topiramate, an antiepileptic and 
migraine medication with weak carbonic anhydrase activity [16]. Limited data exist 
for the use of furosemide, a diuretic, which appears less effective than acetazol-
amide or topiramate and may cause hypokalemia when used in conjunction with 
other carbonic anhydrase inhibitors [8, 17]. No blinded or controlled studies exist 
investigating octreotide, a somatostatin analogue which may, in uncontrolled stud-
ies, improve papilledema, headaches, and visual problems in IIH patients [18].

Few well-designed surgical trials exist to support any particular surgical tech-
nique over another therefore selection is based on provider preference and local 
factors.

Optic nerve sheath fenestration is a frequently used intervention for IIH which is 
indicated when the main symptom is visual disturbance due to papilledema and 
patients have had poor or refractory response to medical management [17].
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CSF diversion, either via ventriculoperitoneal (VP) or lumboperitoneal (LP) 
shunts, are indicated predominantly in medically refractory patients for which head-
ache is the predominant symptom though both have the potential to improve visual 
symptoms as well [17]. Little data on difference in outcomes exist between the two 
types of shunt, though VP shunting appears slightly lower device failure rate as well 
as a slightly lower complication rate [8, 17].

Venous sinus stenting, an efficient and low complication treatment, is described 
in further detail in upcoming sections.

 What Is Venous Sinus Stenosis?

Studies noting varying degrees of unilateral or bilateral cerebral transverse sinus 
obstruction or stenosis in IIH patients became increasingly common in the early 
2000s; however, the significance of this pathology in relation to IIH as well as a 
putative pathogenetic relationship was controversial. A possible mechanism was 
proposed in a 2005 case report describing total resolution of headaches and papill-
edema at 2 months, in a 28-year-old woman with previously diagnosed IIH and CT 
venogram demonstrating bilateral cerebral transverse sinus stenosis, after single 
lumbar puncture. Immediately after lumbar puncture a repeat CT venogram report-
edly demonstrated an increase in venous sinus perfusion. From this patient the 
authors proposed a positive feedback loop in which transient increase in CSF pres-
sure (still of potentially unknown etiology) induces sinus compression, leading to 
venous outflow obstruction, increase in venous sinus pressure, and consequently 
further increase in CSF pressure. The authors proposed that the feedback loop per-
sists until either a new equilibrium is reached between ICP and outflow obstruction, 
or when the limit of deformability of the venous sinus wall is reached. Patients can 
persist in this new steady state with the myriad of described symptoms. The pro-
posed mechanism provided an explanation of why some patients with IIH appeared 
to experience long-standing remission with single or serial lumbar punctures, which 
would not otherwise be expected to be effective [19, 20]. While this explanation is 
compelling it remains unclear whether venous sinus stenosis results from or 
causes IIH.

While very few studies exist on venous sinus stenosis in the normal patient popu-
lation, one relatively large descriptive study of 100 IIH patients provides a signifi-
cant portion of the information that is currently known about venous sinus stenosis 
in this population. The study investigated venous sinus pressures in IIH patients as 
well as those with high suspicion of IIH but with inconsistent opening pressures 
(e.g., previously documented elevated opening pressure but found to be normal 
post-angiography during this descriptive study). The group used venous manometry 
to compare adjacent anatomical and summative gradients in patients with and with-
out “pathological venous outflow obstruction,” measuring at the superior sagittal 
sinus (SSS), torcula, transverse sinus, sigmoid sinus, internal jugular vein (IJ) below 
the jugular bulb, and at the superior vena cava–atrial junction. The latter-most 
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served as the measurement of central venous pressure (CVP). The median total 
cranial pressure gradient was about 3 mmHg in patients without venous sinus steno-
sis and 19 mmHg in those with venous sinus stenosis. Median extracranial gradients 
between the jugular bulb to the right atrio-caval junction were also determined. The 
intracranial and extracranial gradients were compared using the SSS pressure and 
the CVP, and an overall pressure gradient of median 4 mmHg was found in patients 
with normal ICP and no venous stenosis compared to 15  mmHg across all IIH 
patients [13].

The authors drew several conclusions from these data. They noted firstly that 
intracranial venous pressures are (unsurprisingly) probably always higher than 
CVP, including in healthy individuals, but that significant elevation of intracranial 
venous pressure may be present where stenoses exist. In all the study patients, supe-
rior sagittal sinus pressures were highly correlated with opening pressure, and 
higher OP was highly predictive of pathologic venous sinus pressure gradient, as 
was the female gender. Interestingly, they did not find BMI to be a predictor of 
elevated pressure gradient, despite being able to accurately predict patient CVP and 
SSS pressures based on patient BMI. Regardless, the authors assert that CVP must 
be the basis on which elevated venous sinus pressures begin to arise and that physi-
ologic venous outflow obstruction, which in this study was almost always at the 
transverse sinus, may be a significant contributing factor in more than 50% of 
patient with IIH.

A discussion of the hypothetical role of venous sinus stenosis in IIH would be 
incomplete without acknowledgment of recent literature which emphasizes the dif-
ference between extrinsic and intrinsic types of stenosis. Proponents of usage of this 
terminology include Patsalides and colleagues, who in several publications have 
noted the importance of such a distinction [21]. In the setting of venous sinus steno-
sis, a small subgroup of patients has been demonstrated to have fixed anatomical 
variations such as a septal band, enlarged arachnoid granulations, chronic thrombo-
sis, trabeculae, or other primary identifiable causes of stenosis [22]. However, since 
it is clear that not all patients with this intrinsic venous sinus stenosis possess signs 
or symptoms of elevated ICP or papilledema, it has been suggested that a “second 
hit” is required for patients with intrinsic venous sinus stenosis to develop IIH [22]. 
The writers of this paper note in several publications that the majority of IIH patients 
with stenosis possess extrinsic stenosis, which is proposed to occur via the previ-
ously mentioned positive feedback loop which putatively takes mild elevations in 
ICP and turns them into significant problems.

 Venous Sinus Stenting in IIH

Support treatment through venous sinus stenting of both intrinsic and extrinsic 
venous sinus stenosis in IIH patients continues to increase, though multiple groups 
continue to hypothesize that stenting of intrinsic stenoses should lead to a greater 
reduction in ICP than extrinsic stenosis. One study of 13 medically refractory IIH 
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patients noted that the greatest reductions in ICP occurred in four out of the five 
patients in the study whose venous sinus stenosis was intrinsic [22, 23]. While this 
trend was notable, it was not statistically significant. Of note, a larger prospective 
follow-up study by the same group with 50 patients also did not show a statistically 
significant difference in ICP reduction between patients with intrinsic vs. extrinsic 
venous sinus stenosis [24].

These data seem to suggest that either intrinsic or extrinsic stenosis in the setting 
of IIH may be appropriately treated with venous sinus stenting given the correct 
circumstances; however, the question is raised as to what degree of stenosis should 
qualify a patient for venous sinus stenting.

West and colleagues sought to more clearly establish the link between angio-
graphic stenosis and physiologic venous sinus outflow obstruction in patients with 
IIH. They investigated the use of noninvasive venous imaging, angiography, and 
venography for detecting a clinically significant pressure gradient associated with 
venous sinus stenosis. In this study a significant venous pressure gradient was 
defined as at least 8 mmHg. A gradient of 6 or 7 mmHg was accepted in a few select 
cases in the study. The study noted some important findings. Firstly, MRV/CTV in 
this study had a calculated specificity of 1, but a sensitivity of 0.42 only. More than 
75% of the patients in the study with negative MRV possessed clinically significant 
transverse sinus pressure gradients on subsequent angiography. Additionally, during 
catheter angiography a stenosis of 30–35% was determined to be the “optimal” 
threshold for sensitivity and specificity in detecting symptomatic venous outflow 
obstruction, which the authors noted to be a relatively low degree of stenosis com-
pared to other disease processes in the arterial system such as carotid stenosis. The 
study also demonstrated a correlation between percent stenosis and pressure gradi-
ent magnitude with a 3.5-mmHg increase in pressure gradient per 10% increase in 
stenosis [25]. While the study possessed several limitations including small sample 
size, risk of measurement bias, and a somewhat arbitrarily selected pressure gradi-
ent cutoff of “sometimes” 6–7 mmHg and 8 mmHg strictly speaking, it was valu-
able in bringing into question the diagnostic utility of noninvasive venous imaging 
in assisting in ruling out physiologically significant venous outflow obstruction. The 
wide variability in findings on this subject demonstrate only that percent cutoffs to 
determine either candidacy for catheter angiography or candidacy for stenting 
remains largely a matter of institutional preference.

 Patient Selection

Fargen et al. published a 2018 literature review outlining eight systematic reviews 
or meta-analyses and 29 published patient series and provided recommendations for 
the selection and treatment of IIH patients using venous sinus stenting. The review 
emphasized the lack of randomized trials and prospective studies available; there-
fore, an alternate grading scale was developed for the level of evidence on which 
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recommendations are based. These recommendations rely heavily on expert opinion 
from supporting available studies [26]. Recommendations qualified as strong if 
there were multiple available prospective and retrospective case series, moderate if 
there were several retrospective studies and/or support of expert opinion, and weak 
if evidence was limited to expert opinion only. Recommendations included discus-
sion of patient selection based on noninvasive imaging, medically refractory symp-
toms, intracranial pressure and BMI, and also considered recommendations for 
retreatment of patients with refractory symptoms [26].

In selecting patients, a moderate score was given in recommending venography 
in patients with ICPs (most commonly determined via LP) greater than 25 cmH2O, 
and for those who had medically refractory symptoms or were intolerant to 
attempted medical treatment. Strong recommendations were, unsurprisingly, pro-
vided that catheter venography be performed to assess candidacy for stenting, and a 
moderate recommendation was made that a pressure gradient of 8 mmHg or higher 
should be present for patients to undergo stenting [26]. It should be noted however 
that this number was arbitrarily selected by Ahmed et al, who set a precedent thence 
followed by other groups [27, 28].

Of note, the study made a moderate recommendation that it is reasonable to use 
noninvasive venous imaging as a screening tool to determine candidacy for VSS but 
qualified based on weak evidence that it is also reasonable to offer diagnostic venog-
raphy to IIH patients without noninvasive imaging or with negative noninvasive 
imaging. These recommendations appear to have been made due to the relatively 
high number of studies which report the use of noninvasive imaging-based selection 
criteria to determine which patients undergo diagnostic catheter angiography or 
venography. Multiple of these studies required MRV or CTV for all included 
patients, and several studies designated percent stenosis cutoffs when deciding to 
offer diagnostic venography/angiography. While the use of noninvasive imaging 
techniques appears to be common practice in the currently available literature, a 
smaller body of studies has pointed out that transverse sinus hypoplasia and stenosis 
are found with relatively high frequency in the normal population, with unilateral 
stenosis making up 33% of “healthy” individuals and bilateral stenoses making up 
approximately 5% [26, 28].

Furthermore, as previously discussed, CTV and MRV have been shown to have 
mediocre to poor specificity and in certain cases extremely poor sensitivity for pre-
dicting symptomatic venous outflow obstruction. In a study of medically refractory 
IIH patients who underwent catheter angiography regardless of noninvasive venog-
raphy results, MRV/CTV had a sensitivity of 0.42, and a negative predictive value 
of 22% for detecting significant venous sinus pressure gradients on manometry 
[25]. As a result, the utility noninvasive venography is called into significant ques-
tion. Recommendations supporting the use of noninvasive imaging for screening 
may be the result of momentum in earlier studies, and habitual practice of experts in 
a changing environment. It is not the practice of this institution to rely on noninva-
sive imaging as a screening tool for patients with IIH due to the aforementioned 
reasons.
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 Evidence for Venous Sinus Stenting

 Transtenotic Gradient

There is little question from the available literature that venous sinus stenting 
reduces the transtenotic gradient in the vast majority of patients on post-stent venog-
raphy, with a mean reduction from 20.4 mmHg to 2.4 mmHg following stenting 
reported in a systematic review and meta-analysis of 241 patients [23]. The response 
to stenting based on specific types of stenosis remains to be seen. Some authors 
theorize that secondary deterioration and adjacent stent stenosis are less likely in 
patients with intrinsic stenosis which may be a more primary cause of elevated ICP 
compared to patients with extrinsic stenosis [22, 23].

 ICP

In this same review, of the 69 patients who underwent post-stent LP, mean ICP 
reduced from 36.4 to 20.4 cm H2O and all but a single patient (who subsequently 
was found to have new adjacent stenosis) experience some reduction in ICP. In a 
prospective pilot study of 10 patients with medically refractory IIH and venous 
sinus stenosis with a trans-stenosis venous pressure gradient, Liu et  al. demon-
strated a significant immediate reduction in ICP via ICP monitors implanted at the 
time of stenting. Patients experienced a mean reduction in ICP of 17 mmHg imme-
diately after stenting, with an additional overnight mean reduction of 8 mmHg [29]. 
Patsalides and colleagues evaluated opening pressure 3 months before and 3 months 
after VSS in 50 patients with IIH and a transtenotic gradient of ≥8. They demon-
strated a statistically significant reduction in ICP at 3 months post VSS of 45%. Of 
note, these patients had a concurrent statistically significant decrease in acetazol-
amide usage and an increase in BMI [24].

 Symptoms

Many studies do not clearly delineate which symptoms improve or the manner in 
which they improve post-stenting. The language used to describe similar symptoms 
is variable and makes for an unclear picture. Multiple systematic reviews and meta- 
analyses have been performed in recent years to evaluate the efficacy of VSS with 
regards to symptomatic improvement. Cumulatively these studies report 78–83% 
improvement in headache, 87–97% improvement in papilledema, and 95% improve-
ment in tinnitus, with simultaneously low complication rates of 1.6–2.9% major and 
1.6–4.4% minor [30–36].
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 Visual Outcomes

In a non-randomized prospective study by Dinkin et al., ten medically refractory or 
medically intolerant patients, or those presenting with fulminant vision loss, under-
went unilateral venous stenting for a transtenotic gradient of >8 mmHg. This study 
placed emphasis on the analysis of visual fields and reported mostly observational 
findings. Of the 25 eyes evaluated, 12 improved in acuity, 4 worsened, and 9 
remained stable. Color vision testing improved. Twenty of 25 eyes improved with 
regard to Humphrey visual fields and mean improvement of +5.34 dB was statisti-
cally significant and robust. Likewise, 20 of 24 eyes had papilledema with statisti-
cally significant improvement post-stenting. Of the patients who entered the study 
due to fulminant papilledema and vision loss, all 6 eyes had visual field improve-
ment, none developed optic atrophy. In terms of other factors, 11 of 13 patients had 
improved headaches, with resolution in four. All with pulse synchronous tinnitus on 
presentation had resolution had complete resolution of pulse-synchronous tinnitus 
and all patients with transient visual obscurations improved, majority with total 
resolution. All the patients also reported improved quality of life [23]. A review and 
meta-analysis by the same group noted that only a minority of studies offer quanti-
tative data regarding visual acuity, with 58.4% of the 166 eyes with acuity loss 
exhibiting improvement post-stenting, however, specifics were limited otherwise. 
Only three studies analyzed visual fields, one of which is summarized above. Since 
visual field loss contributes significantly to disability in IIH patients, more data on 
this subject are needed.

 Adverse Events

Typical adverse events associated with any standard angiographic procedure, such 
as contrast allergy or retroperitoneal hematoma are not discussed in detail in this 
chapter. Headache is the most common side effect of VSS, reported in approxi-
mately 30–50% of patients, typically on the side ipsilateral to the side of the stent, 
typically lasting several days, and thought to be related to dural stretch [37]. The 
most important adverse events of VSS related directly to stenting include in-stent 
stenosis, and stent-adjacent stenosis (SAS). In-stent stenosis caused by stent throm-
bosis is extremely rare with the increasing use of dual antiplatelet therapy, but 
potentially disastrous. In-stent stenosis (none thrombotic) was reported in 3.4% of 
patients in a study of 185 patients. SAS is significantly more common than in-stent 
stenosis, with an incidence ranging from 6 to 18% of patients in various studies [31, 
37, 38]. One study evaluating midterm transverse sinus stent patency in 104 patients 
revealed a SAS in 10% of patients and noted that stent size over 6 mm was a signifi-
cant independent predictor of the development of SAS [39]. Two solutions to this 
problem as employed at this institution include stenting to the torcula and 
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under- sizing the stent to the extent possible. One study of 185 patients reported an 
overall complication rate of 5.4%, with 1.6% major complications such as subdural 
hematoma, intracerebral hemorrhage, or subarachnoid hemorrhage (3 patients), all 
of whom required surgical or procedural intervention as a result (craniotomy or 
EVD), and minor complications in 3.8% including transient hearing loss, syncopal 
episode, retroperitoneal hematoma and UTI [31].

 Procedural Considerations

For patients with IIH deemed eligible for screening for venous sinus stenosis, it is the 
practice of this institution that patients first undergo diagnostic cerebral angiography 
with venous manometry under conscious sedation. Arterial and venous access is 
gained at the start of the case and a diagnostic arteriogram is obtained in a standard 
fashion to rule out dural AV-fistula or other vascular abnormality and evaluate domi-
nance of the venous sinuses. Venous manometry is performed with recording of the 
mean venous pressures (MVPs) at the superior sagittal sinus, torcula, transverse sinus, 
sigmoid sinus, jugular bulb, and internal jugular vein as previously described [40]. 
While some institutions perform venous manometry and stenting under general anes-
thesia in the same sitting, a recent retrospective review of a prospectively maintained 
database of patients undergoing angiographic evaluation of venous sinus stenosis 
demonstrated that MVPs and transtenotic gradients were significantly lower in the 
same patients under general anesthesia compared to under conscious sedation [40].

Patients with gradients ≥8 mmHg under conscious sedation return for venous 
sinus stenting after premedication with aspirin and clopidogrel. An example is pro-
vided in Fig.  25.1. Aspirin reaction unit (ARU) and P2Y12 reaction unit (PRU) 

a b

Fig. 25.1 (a) Pre-procedural venous sinus manometry indicating venous sinus gradient at the 
transverse–sigmoid junction. Manometry and stenting are performed at different visits due to dif-
ferences found in pressure gradients under general anesthesia vs. awake. (b) Angiogram post stent 
placement
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levels are obtained on arrival for the procedure. Patients not considered therapeutic 
according to the laboratory cutoffs receive an additional load of antiplatelet agents. 
Patients are placed under general anesthesia and received 100 units/kg of heparin 
after venous access is obtained. It is not the routine practice of this institution to 
obtain both arterial and venous access during the stenting procedure unless internal 
jugular access difficulties are anticipated based on prior angiography. Stenting is 
performed without pressure measurements due to previously mentioned alterations 
in MVPs and gradients under general anesthesia [40]. Antiplatelet agents are con-
tinued for 3 months after stenting. A follow-up diagnostic angiography of the ipsi-
lateral internal carotid artery and external carotid artery with venous manometry 
under conscious sedation is performed at 3 months post-stenting. If follow-up imag-
ing is satisfactory, both antiplatelet agents are stopped. Patients also undergo another 
diagnostic angiogram at one-year post-stenting.

Stent selection Stents currently used for this procedure are designed for other ana-
tomical regions. Commonly used devices include those originally intended for the 
extracranial carotid arteries, the femoral and iliac arteries, and the biliary ducts. 
There are no studies comparing the type of stent with clinical outcomes. Therefore, 
stent selection is based largely on appropriate sizing for adequate wall opposition, 
and provider preference. As previously mentioned, stents greater than 6  mm in 
diameter may increase the risk of SAS. Number of stents depends on the available 
lengths and provider preference. It is the practice of this institution to stent from 
torcula to mid-sigmoid in an effort to prevent stent-adjacent stenosis. However, a 
greater number of high-radial force stents could in theory contribute to increased 
severity of post-procedural headaches due to dural stretching and consideration 
should be made for this when educating patients. A clinical trial is currently recruit-
ing investigating the safety and efficacy of a stent specifically developed for VSS in 
patients with IIH [41].

Stent laterality Studies suggest that unilateral stenting on the side of the largest 
initial trans-stenotic gradient in patients with bilateral transverse sinus stenosis 
results in immediate gradient improvement bilaterally in the majority of patients, as 
well as a reduction in ICP, improved CSF dynamics, and durable improvement in 
signs and symptoms of IIH including headache and papilledema [42]. As a result, it 
is the practice of this institution to perform unilateral stenting first, even in the set-
ting of bilateral transverse sinus stenosis. If patients fail to improve following uni-
lateral stent placement, contralateral stenting is considered at a later date after repeat 
venous manometry.

 Antiplatelet Agents

There is considerable variation regarding the type and duration of antiplatelet therapy 
in the setting of patients undergoing venous sinus stenting. Practices are well sum-
marized in a systematic review and meta-analysis performed by Dinkin et al. and 
range from life-long aspirin with or without lifelong clopidogrel, clopidogrel and 

25 Venous Sinus Stenting for Idiopathic Intracranial Hypertension



486

aspirin limited duration of (1–3 months), use of aspirin or clopidogrel alone, and use 
of warfarin in the perioperative period [22]. It is the practice of this institution to 
administer dual antiplatelet therapy (DAPT), substituting prasugrel 10 mg daily for 
clopidogrel nonresponders, and dipyridamole 75  mg three times daily for aspirin 
nonresponders, from 1 week prior to 3 months post-VSS. On the morning of the pro-
cedure, medication dosing is adjusted according to morning lab results, and the pro-
cedure is not delayed for nonresponders. A follow-up venogram with pressure 
gradients is performed at 3 months and DAPT use is reassessed at that time. If follow-
up venography shows stent patency and no stent-adjacent or in-stent stenosis, DAPT 
is halted entirely. A long-term venogram is also obtained in 1 year, to confirm lack of 
stent thrombosis, stenosis, and/or recurrence of venous sinus stenosis or gradients.

 Intravascular Ultrasound

This tool may help improve venous stenting procedures by improving diagnostic 
accuracy, treatment planning, and stent placement. Intravascular ultrasound pro-
vides 360° views of the lumen of the venous sinus which can improve the accuracy 
of measurements regarding length and degree of stenosis as well as whether the 
stenosis is intrinsic or extrinsic [22, 43]. In one study, IVUS was used to assist in 
identifying luminal stenosis characteristics and assisting precise venous stent place-
ment. Authors noted that it was possible to evaluate the sinus intraluminal wall and, 
for example, inspect for immediate adjacent-stent sinus wall collapse, informing 
them on whether to stent further or in certain circumstances use longer stents [43]. 
More studies would be required to demonstrate the utility of IVUS in VSS.

 Future Directions

 Stent Improvement

Currently used devices are designed with higher radial force to allow the opposition 
of expansion of stiffer, thicker walled, pathological vessels [22]. Likewise, these 
devices require larger catheters for delivery. As previously mentioned, a clinical 
trial is currently underway investigating a stent specifically designed for VSS in the 
setting of IIH [41].

 Randomized Controlled Trials

Currently lacking are randomized controlled trials comparing operative procedures 
to endovascular neurosurgery for the treatment of IIH, though one, called OPEN-UP 
is currently recruiting patients [44]. Additionally, no RCTs yet exist investigating 
the choice of antiplatelets/anticoagulants, and duration of use, in this predominantly 
young population.
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Chapter 26
Middle Meningeal Embolization 
for Subdural Hematoma

Alina Mohanty, Justin R. Mascitelli, and Peter Kan

 Background

Chronic subdural hematomas (cSDHs) are one of the most common neurosurgical 
conditions requiring intervention. With the current incidence estimated to be 
13.5/100,000 in the general population and as high as 58.1/100,000 in the elderly 
population, future incidence is expected to rise as the population ages and as antico-
agulation and antiplatelet use increase [1–3]. Chronic subdural hematomas develop 
most commonly after shearing of the bridging veins, usually in the cases of trauma, 
though they can also develop without a precipitating event. The development and 
increase in the size of the subdural hematoma are thought to be due to a combination 
of inflammatory response, angiogenesis, and hemolysis. One such mechanism of 
rebleeding is the overproduction and oversecretion of tissue plasminogen activator 
resulting in hyperactive fibrinolysis and clotting cascade dysfunction; as a result, 
there is increased rebleeding from the capillaries and an enlargement of the hema-
toma [4, 5]. The formation of a neo-membrane that encapsulates the cSDH, thought 
to stem from a nonspecific inflammatory response in meningeal cells, contributes to 
the decreased reabsorption of the hematoma [4]. Neovascularization also contrib-
utes to the development and extension of the chronic subdural hematoma; high 
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concentrations of vascular endothelial growth factor (VEGF) and placental growth 
factor (PIGF) have been found in hematoma fluid from patients with cSDH [6, 7]. 
This pathologic neoangiogenesis creates frail and immature microcapillaries that 
cause microhemorrhages that recurrently bleed, promote, and sustain chronic sub-
dural hematomas.

 Presentation

Chronic subdural hematoma is radiographically present as a crescent-shaped collec-
tion of fluid in the subdural space, with volume/extent of hematoma better approxi-
mated on axial, sagittal, and coronal views. Though the fluid is typically hypodense, 
the chronic subdural hematoma can also comprise fluid with hyperdense or heterog-
enous density. Computed tomography (CT) is typically the initial choice of imag-
ing, though magnetic resonance imaging (MRI) can be used to better characterize 
internal anatomy as well as the size of the subdural hematoma [4]. Though radio-
graphically present, not all chronic subdural hematomas present with symptoms. 
These asymptomatic chronic subdural hematomas typically are smaller in size with 
a more benign course and can be managed conservatively: medications studied 
include corticosteroids, antifibrinolytics, statins, and angiotensin-converting 
enzyme inhibitors, although none is the standard of care at this time [8]. Symptomatic 
manifestation of chronic subdural hematomas is often the result of increased intra-
cranial pressure and presents in a wide variety of symptoms including, but not lim-
ited to, headaches, changes in mental status, seizures, nausea and vomiting, 
weakness, sensory disturbances, stroke, or coma [9]. Symptomatic chronic subdural 
hematomas and those of a larger size, such as those with >10 mm of greatest thick-
ness or those with >5 mm of midline shift, are managed with surgery [2]. Traditional 
surgery options for hematoma evacuation include burr-hole craniostomy with drain-
age, twist drill craniostomy with drainage, and craniotomy.

Being male, alcoholic, elderly, and on antiplatelet or anticoagulation medica-
tions are risk factors for developing chronic subdural hematoma [9]. Despite both 
medical and surgical management, recurrence rates of cSDH with conventional 
techniques of surgical evacuation were recorded to be as high as 37% [10].

 Middle Meningeal Artery Embolization

The first recorded case of successful middle meningeal artery (MMA) embolization 
for treatment of cSDH was by Mandai et al. in 2000. They described a patient with 
liver cirrhosis and coagulopathy who had chronic subdural hematoma recurrence 
refractory to the repeated evacuation of the hematoma. Previous studies had shown 
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arteries originating from branches of the MMA entering the outer membranes of 
chronic subdural hematomas [11, 12]. Since super-selective angiography on this 
patient showed similar abnormal microcapillaries on the outer membrane, the 
authors decided to embolize the MMA to decrease blood supply to the membrane of 
the chronic subdural hematoma and therefore, prevent or delay recurrence. 
Immediately after the embolization, CT imaging revealed contrast material in the 
body of the subdural hematoma. Additionally, complete disappearance of hema-
toma by 7 months was noted by CT scan with the patient experiencing no permanent 
neurological deficits [13].

Subsequent case series using MMA embolization for cSDH were published after 
Mandai’s case report that showed no further recurrences of cSDH after the emboli-
zation procedure [14–19]. Additionally, retrospective comparison in three trials 
over this time period showed MMA embolization to be superior to conventional 
therapy with regard to hematoma recurrence [20–22]. A meta-analysis in 2018 by 
Srivatsan et al. of these three trials demonstrated that hematoma recurrence rate was 
significantly decreased in the embolization group compared with conventional 
treatment group (2.1% vs. 27.7%; odds ratio  =  0.087; 95% confidence interval, 
0.026–0.292; P < 0.001; I2 = 0%), with similar surgical complication rates between 
groups (2.1% vs. 4.4%) [23]. Since that meta-analysis was published, further case 
series with greater sample sizes have been published demonstrating the efficacy of 
MMA embolization for cSDH. A series by Kan et al. across 15 centers showed a 
97.4% success rate in 154 embolizations with 6.5% of patients requiring further 
intervention for continued hematoma expansion [24]. Link et al. had a 91% success 
rate in 60 cases without any procedural complications [25]. A summary of select 
published series and a summary of published meta-analyses on MMA embolization 
for cSDH are given in Tables 26.1 and 26.2, respectively.

 Anatomy

The middle meningeal artery supplies greater than two-thirds of the dura. The MMA 
classically originates from the first part, the mandibular segment, of the internal 
maxillary, a terminal branch of the external carotid artery, though anatomic variants 
of the MMA include origins from portions of the internal carotid artery or even the 
basilar artery [38, 39]. Extracranially, the MMA passes through the roots of the 
auriculotemporal nerve before entering the cranium through the foramen spinosum. 
The MMA gives off two basal branches that supply the dura of the temporal fossa – 
the petrosal and cavernous branches – before dividing into the anterior and posterior 
divisions [38, 39]. Possible anastomoses include those with the ascending pharyn-
geal artery, branches of the ophthalmic artery such as the recurrent meningeal artery 
of the ophthalmic artery and the dural branches of the ophthalmic artery (Fig. 26.1), 
the posterior meningeal artery, and the mastoid branches of the occipital artery [38].
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Table 26.2 Select published meta-analyses using MMA embolization for treatment of cSDH

Study 
and year Groups

Number 
of 
studies 
included Patients Recurrence rates Complications

Haldrup 
2020 
[36]

MMA 
embolization 
for primary 
cSDH versus 
MMA 
embolization 
for recurrent 
cSDH

18 191 Recurrence rate for 
patients treated with 
MMA embolization 
for recurrent cSDH: 
2.4%, 95% CI (0.5%; 
11.0%), vs recurrence 
rate for patients 
treated with MMA 
embolization for 
primary cSDH: 4.1%, 
95% CI (1.4%; 
11.4%).
Odds Ratio for 
recurrence for 
primary versus 
recurrent cSDH 
patients: 1.7 (95% CI 
0.3; 11.1)

–

Jumah 
2020 
[37]

MMA 
embolization 
versus with 
conventional 
treatments for 
refractory or 
cSDH

11 177 MMA embolization 
had a 26% (p < 0.001, 
95% CI 21%–31%, 
I2 = 0) lower risk of 
hematoma recurrence 
(2.7% in the MMAE 
group)

Need for surgical 
rescue was 20% less 
(p < 0.001, 95% 
CI = 12%–27%, 
I2 = 12.4) and 
complications were 
3.6% less (p = 0.008, 
95% CI 1%–6%, 
I2 = 0) in embolization 
group compared to 
conventional treatment 
group

Srivatsan 
2018 
[23]

MMA 
embolization 
versus 
conventional 
surgery

3 96 Recurrence rate in the 
embolization group: 
2.1% versus 27.7% in 
conventional 
treatment group (odds 
ratio = 0.087; 95% 
confidence interval, 
0.026–0.292; 
P < 0.001; I2 = 0%)

Surgical complication 
rate in embolization 
group: 2.1% versus 
4.4% in conventional 
treatment group (odds 
ratio = 0.563; 95% 
confidence interval, 
0.107–2.96; P = 0.497; 
I2 = 27.5%)

Abbreviations: MMA middle meningeal artery, cSDH chronic subdural hematoma
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 Procedure

The procedure can be performed with little to no sedation and local anesthesia 
rather than general anesthesia if the patient is amenable. Common femoral or radial 
artery access is obtained and a guide catheter is placed into the proximal external 
carotid or distal common carotid artery. Prior to proceeding, it is important to con-
firm that the ophthalmic artery arises from the internal carotid artery. Next, a micro-
catheter is advanced into the MMA for super-selective angiography. Patients with 
chronic refractory subdural hematoma can have “cotton-wool” staining on MMA 
angiography; this is thought to represent the sinusoids of the MMA vasculature 
penetrating into the dura mater, with the “cotton-wool” appearance possibly being 
due to pathologic neovascularization (Fig. 26.2) [18, 24, 28, 40]. Collaterals such as 
the lacrimal and petrous branches must be identified at this time with super- selective 
angiography prior to MMA embolization so that the catheter tip can be placed distal 
to the artery prior to embolization. We recommend embolization distal to the bifur-
cation separately in the frontal and parietal branches. Embolic agents commonly 
used for MMA embolization include particles, Onyx, N-butyl cyanoacrylate 
(NBCA), other liquid embolics (e.g., SQUID), and coils. Larger particles (250–500 
microns) have the advantage of not penetrating unseen anastomoses; liquid embol-
ics not only have the advantage of distal penetration but also have the danger of 
penetrating unseen anastomoses, potentially leading to stroke or cranial nerves 
injury; coils can be used for safe proximal MMA occlusion if dangerous anastomo-
ses are seen, making particle or liquid embolics unsuitable for embolization. 
Embolization is continued until anterograde flow stasis is observed with no contrast 
opacification in the frontal and parietal branches. Common carotid angiography is 
then repeated to ensure patency of all intracranial vessels. Initial postoperative CT 
imaging can be obtained after 24 hours to check for new hemorrhages. CT imaging 
to check the status of the cSDH should be obtained after 3 months since studies have 
shown that resolution of the chronic subdural hematoma happens over time and 
most often occurs 4–6 weeks after MMA embolization (Fig. 26.3) [21, 24].

a b c

Fig. 26.1 (a) Absent ophthalmic artery and choroidal blush after internal carotid artery injection 
in one patient (b) with the meningo-opthalmic variant, visualized with the ophthalmic artery aris-
ing off of the middle meningeal artery and the corresponding (c) choroidal blush

26 Middle Meningeal Embolization for Subdural Hematoma
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 Risks, Complications, and Contraindications

As mentioned earlier, two of the greatest periprocedural risks include embolization 
of dangerous collaterals such as the petrosal branch and lacrimal branch. The petro-
sal branch supplies the vasa vasorum of cranial nerve VII as the nerve travels 
through the petrous bone, and therefore embolization of this branch can lead to 
facial paralysis. Similarly, branches of the MMA such as the meningo-lacrimal 

Pre MMAE 3 Months 6 Months

a cb

Fig. 26.3 CT scans of a patient who underwent bilateral MMA embolizations. (a) Preoperative 
CT scan showed bilateral CSDHs. (b) CT scan 3 months after embolization showed significant 
reduction in size of CSDHs bilaterally. (c) CT scan 6 months after embolization showed complete 
resolution of bilateral CSDHs. Abbreviations: MMA middle meningeal artery, CSDH chronic sub-
dural hematoma

a cb

Fig. 26.2 (a) Preoperative anteroposterior right ECA angiogram, and (b) anteroposterior MMA 
angiogram showing cotton-staining from the MMA into the subdural collection (arrows). (c) post- 
MMA- embolization anteroposterior ECA angiogram demonstrating resolution of the staining 
around the occluded MMA. Abbreviations: ECA external carotid artery, MMA middle menin-
geal artery
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branch can form collaterals with branches of the ophthalmic artery. Embolization of 
any branches that form collaterals with the ophthalmic artery can result in blind-
ness. Consequently, after identifying these branches on initial superselective angi-
ography, the microcatheter tip should be placed distally to these branches. In the 
case that the catheter tip is unable to be distally placed, either discontinuation of the 
embolization or coil embolization of the proximal trunk should be considered. The 
series by Kan et al. of 154 embolizations found that 8.5% of their cases had such 
collaterals, of which unintentional embolizations were avoided in all by keeping the 
microcatheter tip distal to the collateral [24]. Other complications include stroke, 
hemorrhage, access site complications such as hematoma and arterial injury, as well 
as recurrence of the subdural hematoma. In the same series by Kan et al. as above, 
the complication rate for ischemic stroke was 0.6% and the rate of hemorrhagic 
stroke was 1.7% [24]. The other case series by Link et al. with 60 cases had no pro-
cedural complications [25].

Contraindications to middle meningeal embolization include poor vascular 
access to the MMA and contradictions to angiography, such as severe renal failure. 
Other relative contraindications include pregnancy, significant allergic reaction to 
contrast material, and coagulopathy.

 Future Directions

Embolization of the middle meningeal artery for chronic subdural hematoma is a 
new but promising alternative or adjunct to conventional evacuation surgeries. One 
major benefit of embolization is the ability to avoid general anesthesia and its asso-
ciated complications, especially in the elderly population with multiple comorbidi-
ties in whom chronic subdural hematoma often occurs. Additionally, it is less 
invasive and might avoid some of the morbidity associated with more invasive evac-
uation procedures such as craniotomy. Most importantly, MMA embolization pro-
vides a method to treat refractory cases of chronic subdural hematomas that have 
often failed multiple treatment attempts with conventional methods. There are mul-
tiple ongoing randomized controlled trials that will determine in which situations 
and patient populations MMA embolization treatment will be superior or compa-
rable to conventional methods. For example, Embolization of the Middle Meningeal 
Artery With ONYX™ Liquid Embolic System for Subacute and Chronic Subdural 
Hematoma (EMBOLISE) will compare embolization with Onyx and adjunctive 
burr-hole surgery to conventional burr-hole surgery alone in patients with severe 
presentation of cSDH requiring surgery and will compare MMA embolization to 
observation only in patients with a less severe presentation [41]. Another trial, the 
SQUID Trial for the Embolization of the Middle Meningeal Artery for Treatment of 
Chronic Subdural Hematoma (STEM), will compare MMA embolization with 
SQUID liquid embolic along with burr-hole drainage and standard medical therapy 
to burr-hole drainage and standard medical therapy [42]. Whether MMA emboliza-
tion replaces traditional methods such as burr-hole drainage as a first-line treatment, 
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whether it is used in conjunction with those traditional treatments, or whether it is 
used solely for refractory cases of chronic subdural hematoma is yet to be seen.
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Chapter 27
Embolization of Head, Neck, and Spinal 
Tumors

Fazeel M. Siddiqui, Gary Rajah, Joseph J. Gemmete, Neeraj Chaudhary, 
Augusto Elias, and Aditya S. Pandey

 Introduction

Management of head, neck, and spine tumors can be complex and requires a multi-
disciplinary approach. Vascular tumors can be treated with preoperative emboliza-
tion followed by resection. The main goals of tumor embolization are to keep the 
operative field dry by controlling surgically inaccessible blood vessels, shortening 
the operative procedural time and the duration of general anesthesia, decreasing 
operative blood loss and transfusion requirements, and making the overall proce-
dure safer for the patient [1, 2]. Palliative embolization is also an option for surgi-
cally unresectable tumors by reducing tumor size and clinical symptoms as well as 
controlling bleeding from highly vascular nasopharyngeal tumors and advanced 
head and neck cancers [3–5]. Intra-arterial delivery of chemotherapeutic agents is 
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another evolving indication that has been studied extensively in head and neck can-
cers as well as pediatric retinoblastomas. The purpose of this chapter is to review the 
endovascular techniques, and their application for the treatment of intracranial and 
extracranial tumors.

 Pathophysiology

Tumor vascularity is derived from angiogenesis or the formation of new blood ves-
sels supplying the tumor bed. The extensive vascularity of tumors involves the 
hypertrophy of parent arteries and the development of small new arteries and capil-
laries from the parent arteries that supply the region of the tumor origin. As the 
tumor invades the surrounding tissue, it also recruits secondary arterial supply from 
arteries supplying the invaded tissue [3]. Angiogenesis is dependent on expression 
of the vascular permeability factor/vascular endothelial growth factor (VEGF) in 
tumor tissue. Significant elevation of VEGF gene expression is associated with 
highly vascular tumors and promotes the permeability of tumor vessels [6, 7]. 
Tumor embolization is particularly useful in tumors with high vascularity. The pri-
mary arterial supply of tumors is treated by embolization of the arterial pedicles and 
capillary bed of the tumor with the goal of partial or complete angiographic devas-
cularization. If the tumor has secondary vascularization from recruitment of intra-
cranial inaccessible vessels, trans-tumor embolization via external carotid feeders 
can be performed utilizing embolizing agents that can deeply penetrate the tumor 
tissue. Direct tumor embolization via a direct percutaneous approach is also an 
attractive option. Sudden massive devascularization can lead to necrosis and edema 
with worsening of mass effect, tumoral hemorrhage, and worsening of symptoms 
[8]. Hence, careful selection of the embolic material and timing of operative resec-
tion is the key for successful outcome.

 Principles of Cerebral Angiography for Head, Neck, 
and Spine Tumors

The principles of cerebral angiography for head and neck tumors are based on 
detailed knowledge of the arterial anatomy of the head and neck. Based on initial 
cross-sectional CT/MRI imaging, the expected arterial supply to the tumor can be 
determined. However, a complete cerebral angiography including bilateral angio-
grams of both external carotid arteries, internal carotid arteries, thyrocervical trunks, 
and vertebral arteries should be obtained to identify the arterial supply to the tumor 
as well as collaterals prior to embolization. Sometimes, super-selective catheteriza-
tion of feeding arteries is necessary for determination of dangerous anastomoses 
and arterial-venous shunts [8].
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Although most tumors amenable to endovascular embolization have arterial sup-
ply from the branches of the external carotid artery, many dangerous anastomoses 
exist between the extracranial and intracranial circulation. During tumor emboliza-
tion, the collateral milieu can change, and dangerous anastomoses may appear 
which were not originally present. Knowledge of these arterial anastomoses is espe-
cially important to prevent cranial nerve injury, blindness, and acute ischemic 
stroke. Furthermore, the use of repeated control angiography during the emboliza-
tion to identify these anastomoses is key to performing a safe embolization [8]. 
Table 27.1 describes the common intracranial and extracranial anastomosis and cra-
nial nerves at risk.

Tumors can also create arterial-venous shunts with no normal capillary bed. 
Embolization of these shunts should be performed with coils or large particles to 

Table 27.1 Major intracranial and extracranial anastomosis and cranial nerves at risk [8, 55–57]

Major 
extracranial 
artery

Anastomosing 
branch

Major 
intracranial 
artery

Anastomosing 
branch Cranial nerves at risk

Superior 
thyroid 
artery

NA NA NA X, superior laryngeal 
nerve br. (superior 
laryngeal a.)

Lingual 
artery

NA NA NA Extracranial segment of 
XII

Ascending 
pharyngeal 
artery

NMT Cavernous 
ICA
VA

MHT
Vertebral segmental 
br.

IV (via MHT), V, VI 
(jugular br. and via 
MHT), VII, VIII, IX 
(jugular br.), X (jugular 
br.), XI (jugular br. and 
musculospinal br.), XII 
(hypoglossal br.)

Inferior tympanic 
a.

Petrous ICA Caroticotympanic 
a.

Superior 
pharyngeal a.

Cavernous 
ICA
Petrous ICA
Lacerum 
ICA

ILT
Mandibular br.
Carotid canal br.

Muscular br. VA Vertebral segmental 
br.

Posterior 
auricular 
artery

Stylomastoid br.a VA Posterior 
meningeal a.

VII (stylomastoid br.)

Occipital 
artery

Muscular br. VA Vertebral segmental 
br.
PICA can originate 
from occipital a. in 
rare cases.

VII (stylomastoid br.)

Stylomastoid br.a VA Posterior 
meningeal a.

Facial artery Angular a. ICA OA (dorsal nasal 
a.)

Rare association

(continued)
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prevent nontarget embolization into the pulmonary system, or worse, into the arte-
rial system if a right-to-left shunt is present.

For spinal tumors, complete spinal angiography should be performed with care-
ful attention to the origin of radiculo-medullary vessels prior to embolization.

 Embolization Techniques

Many embolization techniques exist today for tumor devascularization prior to sur-
gical resection or as an adjunctive treatment for palliation of clinical symptoms. The 
three major embolization techniques include trans-arterial, direct percutaneous 
puncture, and/or a combination of both. The mainstays of current endovascular 

Table 27.1 (continued)

Major 
extracranial 
artery

Anastomosing 
branch

Major 
intracranial 
artery

Anastomosing 
branch Cranial nerves at risk

Internal 
maxillary 
artery

Middle meningeal 
a. (cavernous br.)

ICA ILT (tentorial br.)
MHT

III (via ILT), V (artery of 
foramen rotundum), VI 
(via ILT)
V (cavernous br. Of 
MMA), VI, VII (petrous 
br. Of MMA)

Middle meningeal 
a. (sphenoidal br.)

ICA OA

Middle meningeal 
a. (frontal br.)

ICA OA (anterior 
falcine artery)

Accessory 
meningeal a. 
(artery of foramen 
ovale)

ICA ILT (posteromedial 
br.)

Vidian a. Petrous ICA Vidian a.
Anterior deep 
temporal a.

ICA OA (distal lacrimal 
a.)

Artery of foramen 
rotundum

ICA ILT (anterolateral 
br.)

Infraorbital a. ICA OA (dorsal nasal 
a.)

Sphenoplatetine a. ICA OA (anterior and 
posterior ethmoidal 
br.)

Greater palatine a. ICA OA (posterior 
ethmoidal br.)

Superficial 
temporal 
artery

Frontal br. ICA OA (supraorbital 
br.)

Rare association

NMT neuromeningeal trunk, MHT meningohypophyseal trunk, ILT inferiolateral trunk, ICA inter-
nal carotid artery, VA vertebral artery, NA not applicable, OA ophthalmic artery, MMA middle 
meningeal artery, PICA posterior inferior cerebellar artery
aStylomastoid branch can arise from either the posterior auricular artery or occipital artery
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embolic agents include liquid embolic agents such as Onyx (Medtronic), Phil 
(MicroVention), NBCA glue (Cordis Neurovascular), and Squid (Balt). Coil embo-
lization as well as particulate embolic agents includes polyvinyl alcohol (PVA), 
Embospheres, and gelfoam. Table  27.2 describes the characteristics and specific 
advantages and disadvantages of commonly used embolic agents. The operator’s 
comfort with each embolic agent as well as tumor location and catheter position 
determine which agent is appropriate for the individual case. Direct percutaneous 
puncture of the tumor with subsequent embolization with liquid embolic agents 
remains another option for tumors, inaccessible from an intra-arterial approach.

There are two different paradigms for traditional tumor embolization. The first is 
devascularization via deep liquid embolic penetration into the tumor, which typi-
cally requires distal catheter placement or travel of the liquid embolic agent. The 
two liquid embolic agents, widely available are glue and Onyx. The polymerization 
time of glue measured in time elapsed to flow arrest can be modified by the addition 
of glacial acid [9]. Onyx, on the other hand, comes in two concentrations (Onyx 18 
and Onyx 34), with Onyx 18, being less viscous, travels farther [10].

The second treatment paradigm is the occlusion of all the arterial pedicles to 
soften the tumor and prevent large volume blood loss during surgical resection. If 
there are deep arterial pedicles that are difficult to reach during surgery, these should 
be targeted with embolization and are most useful for the surgeons performing the 
resection.

Lastly, the location of the arterial tumor pedicles will determine which embolic 
agents can be utilized. Typically, particles that are 300 microns in size or larger will 
need a microcatheter with at least an inner diameter of 0.021 inches to prevent 
blockage in the hub, and thus distal intracranial lesions maybe better suited to liquid 
embolic agents with microcatheters of inner diameter of 0.017 inches or smaller. 
There is more control and visualization with an Onyx or Squid injection when com-
pared to particulate material or glue. Apollo microcatheters (Medtronic) are detach-
able tip catheters that can be useful if the tip of the microcatheter has been glued in 
place. Gentle, long duration backward traction on the detachable catheter will allow 
the tip to break free. Dual lumen balloons (Scepter XC, Microvention) can also 
provide some help with forward penetration, while minimizing the reflux of liquid 
embolic agents such as Onyx.

Embolization of head or neck lesions can either be performed with the patient 
awake or under general anesthesia. Performing the procedure awake allows for 
accurate assessment of the patient’s neurological status; however, motion from 
patient movement can make visualization of dangerous anastomoses and the 
embolic material more difficult. With general anesthesia, the patient’s neurological 
exam is lost, and the operator is dependent on provocative testing with Amytal and 
lidocaine for determining dangerous anastomoses; however, visualization of these 
small arterial connections on the angiogram is easier given the lack of motion [11]. 
Injection of dimethyl sulfoxide (DMSO), a solvent for Onyx, in an awake patient 
can cause discomfort resulting in motion artifact and making visualization of the 
embolic agent difficult. This can be alleviated with injection of intra-arterial 
preservative- free lidocaine. Furthermore, during surgical resection, Onyx can spark 
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with a unipolar Bovie. This can be prevented with a bipolar unit; however, the sur-
geon should be warned prior to the operation. If the embolic agent is not seen on 
fluoroscopy, keep in mind, there may be high flow arterial venous shunts causing 
nontarget embolization to the lungs. If this is the case, reassess the situation and 
consider upsizing the particulate material, using coils to occlude the shunt, or inject-
ing liquid embolic agents that have a continuous cohesive column such as Onyx 
or Squid.

 Typical Setup for Head and Neck Tumor Embolization

Access under ultrasound guidance with placement of a 6F sheath, radial or femoral. 
6F Benchmark sheath (Penumbra) or Envoy guide catheter (Cordis Neurovascular) 
can be used. Although a 5F diagnostic catheter can be used as a guide for straight-
forward external carotid artery (ECA) related tumors with a 0.021 microcatheter 
such as a Nautica (Medtronic), these limits repeat angiographic runs or roadmap 
images for selection of arterial supply to the tumor.

 1. Standard coiling catheters can be used unless POD coils or RUBY coils 
(Penumbra) are being used for larger vessel sacrifice [12]. These require 025 PX 
Slim or Lantern catheters. An Amplatzer plug or MVP plug for vessel takedown 
may require a larger microcatheter or guide catheter for deployment. An awake 
balloon test occlusion (BTO) should be done prior to vessel sacrifice.

 2. If glue is used, 5% dextrose (D5) solution and N-Butyl-Cyanoacrylate (NBCA) 
along with lipiodol should be placed on a separate table along with glacial acetic 
acid (GAA). The concentration of NBCA used for injection depends on the dis-
tance of the catheter from the tumor and the amount of arterial-venous shunting. 
The catheter is primed with D5 to make sure that no ionic solution meets the glue 
mixture resulting in premature polymerization. Glue can be injected using the 
push technique or sandwich technique to avoid excessive reflux and gluing of the 
microcatheter to the vessel wall. Glue injections can be prolonged with a wedged 
microcatheter position. Furthermore, a larger diameter guide catheter is 
 recommended when injecting glue through the microcatheter. This approach 
would prevent fragmentation and any nontarget embolization of glue stuck to the 
microcatheter when pulling through the guide catheter. Prolonged glue injection 
can also be obtained by flooding the arterial bed of the tumor with D5 injected 
through the guide catheter during the glue injection. This will prevent premature 
polymerization of the glue; however, the glue can fragment with this technique, 
making precise deposition difficult.

 3. If liquid embolic agents other than NBCA are utilized, catheter compatibility 
with the carrier DMSO must be kept in mind. The authors typically use a 
Headway Duo (Microvention) for distal embolization with Onyx or a Scepter 
XC dual lumen balloon for intracranial embolization. Echelon, Marathon, and 
Apollo (Medtronic) microcatheters are also compatible with DMSO. The mara-

F. M. Siddiqui et al.
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thon microcatheter is the only semi flow directed microcatheter compatible with 
the use of Onyx. Magic (Balt) catheters are true flow directed microcatheters and 
can be used with glue for very distal, tortuous work. This catheter requires a 
0.008–0.0010 in diameter microwire given its smaller inner luminal diameter.

 4. The injection of Onyx should be done under a blank negative roadmap. The 
injection can be performed by slowly building the Onyx plug around the micro-
catheter which may take up to 20 minutes depending on the size of the vessel and 
if the microcatheter is in a wedged position. Onyx can also be injected using the 
pressure cooker technique or by inflating a double lumen DSMO compatible 
balloon catheter, making sure it is occlusive, and then injecting the Onyx under 
flow arrest. Large arterial pedicles supplying the tumor are more easily occluded 
with coils or the heavier Onyx 34.

 5. A distal access catheter-like DAC 038 (Stryker) or Phenom plus catheter can be 
utilized to provide distal microcatheter control and minimize Onyx cast deflec-
tion during microcatheter removal.

 6. Pearl: If a catheter is glued in place, one must consider the location, intracranial 
versus extracranial, the size, tortuosity and fragility of the vessel, and the type of 
embolic agent used. Usually a long slow pull, over several minutes can release 
Onyx from the microcatheter. Problems from pulling the microcatheter can arise 
when there is reflux of a large portion of Onyx around the microcatheter or when 
embolization was performed in a tortuous vessel. Glue, on the other hand, is dif-
ferent as it may not release given its adhesive properties and if a vessel is torn 
with removal of the microcatheter, it is essential to have a balloon microcatheter 
in place to prevent life threatening extravasation. Finally, catheters fixated at the 
tumor can be left in situ and cut at the access site and then removed during surgi-
cal excision of the tumor. If necessary, cut downs can be done to shorten the 
catheter or surgical removal. Otherwise, aspirin 81 mg can be started depending 
on location to prevent embolic risk from retained catheters. A venous-retained 
catheter is much more forgiving than an arterial one.

 7. Particulate embolization with PVA or spherical embolic agents can be performed 
through a variety of microcatheters depending on the size of the embolic agent. 
After placement of a microcatheter in peri-tumoral location, nonspherical PVA 
is usually suspended in a 70% contrast solution. PVA 250-350 microns in size 
are usually used to prevent nontarget embolization through arterial anastomoses. 
The solution is injected with a 1-cc syringe using small puffs under negative 
roadmap to provide optimal control. Spherical agents (i.e., Embospheres, 
Beadblock, etc.) are suspended in a similar manner, with the size of the embolic 
agent determined by the catheter position and goals of the embolization. Smaller 
particles may provide a higher degree of tumor devascularization; however, this 
must be weighed with the possible increased risk of nontarget embolization 
through arterial anastomoses, the risk of bleeding into the tumor from more 
complete necrosis, and the theoretical increase risk of cranial nerve injury given 
the distal penetration into vasa nervorum. Following embolization with particu-
late material, a Gelfoam pledget (cigar shape) can be pushed or a coil placed 
through the microcatheter to occlude the arterial pedicle.

27 Embolization of Head, Neck, and Spinal Tumors
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 8. For hypervascular tumors with arterial supply from the internal carotid artery 
(ICA) or vertebral artery (VA), embolization can be extremely difficult due to 
the small size of the artery making microcatheter catheterization nearly impos-
sible (Fig. 27.1f–h). Furthermore, injection of any embolic agent into an artery 
arising off the ICA or VA runs the risk of nontarget embolization into the intra-
cranial circulation causing either blindness or an acute ischemic stroke.

 Typical Setup for Direct/Percutaneous Tumor Embolization

Direct percutaneous embolization of tumors under fluoroscopic, ultrasound, or CT 
guidance is an acceptable and safer method for technically challenging cases in 
which conventional transarterial embolization is impossible because of the small 
size of the arterial feeders or involvement of branches arising from the ICA or VA.

Complete devascularization of the tumor can be obtained with decreased risk to 
the patient by using a direct tumoral injection of nBCA or Onyx. The authors per-
form percutaneous injection of n-BCA or Onyx by placing an 18-gauge, short 

a cb d

e gf h

Fig. 27.1 Variation in the blood supply of meningiomas and other intracranial hypervascular 
tumors. (a) Left Posterior fossa meningioma supplied by posterior meningeal artery of vertebral 
artery. (b) Right sphenoid wing meningioma supplied by anterior division of middle meningeal 
artery. (c) Left middle cranial fossa meningioma supplied by petrous-squamosal branch of left 
middle meningeal artery. (d) Petroclival meningioma supplied by left meningiohypophyseal 
branch of internal carotid artery. (e) Left occipital meningioma supplied by left occipital artery. (f) 
Right frontal metastasis from malignant melanoma supplied by prefrontal branch of right middle 
cerebral artery. Notice a significant midline shift of anterior cerebral artery from tumor mass effect. 
(g) Left orbit plasmacytoma supplied by ophthalmic artery. (h) Left cerebellar cystic hemangio-
blastoma supplied by left posterior inferior cerebellar artery with a large draining vein into trans-
verse sinus

F. M. Siddiqui et al.
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guiding needle into the tumor using imaging guidance and then coaxially introduc-
ing a 20-gauge spinal needle. After the needle is correctly placed within the vascular 
bed of the tumor, constant reflux of blood is observed. The contrast agent is injected 
through the needle and a tumorgram is obtained to assess for arterial reflux, venous 
drainage, potential for extravasation, and to determine which vascular compartment 
of the tumor will be filled with n-BCA or Onyx. The injection of the embolic agent 
is then performed using a negative roadmap. The procedure is stopped after com-
plete devascularization is achieved, as determined by non-visualization of intratu-
moral flow, or if the risk for potential arterial reflux into the intracranial circulation 
is high.

 Typical Setup for Spinal Tumor Embolization

The authors prefer a 5 or 6F sheath with femoral access for spinal angiography. 
Spinal angiography can also be performed from a radial approach; however, the cur-
rently available catheters may make this more difficult. A comprehensive diagnostic 
spinal angiogram should be performed prior to embolization to identify large seg-
mental arteries and their radicular components. This is done in a true AP projection 
since the anterior spinal artery will course in the midline which is identified by the 
spinal process. Glucagon can be given to stop bowel movements per interventional-
ist preference. The authors also prefer general anesthesia to control breath holds and 
limit respiration artifact. A Mickelson, Cobra or Sim 1 catheter can be utilized for 
angiography depending on the anatomy. Preoperative cross-sectional imaging 
reviewed prior to the angiogram can provide valuable information about the anat-
omy and location of the takeoff of the anterior spinal artery. Spinal angiography is 
easiest with a radiopaque ruler placed on the patient to keep track of spinal levels. 
Careful, judicial recording of the volume of contrast utilized is also important given 
the multiple levels that must be interrogated. Typically, a 5F Mickelson catheter is 
stable enough to run a microcatheter coaxially for embolization. If needed, a large 
6F guide catheter can be used, but often these are too large to directly engage the 
paraspinal artery ostium. Provocative testing can be utilized prior to embolization of 
an arterial pedicle supplying the tumor.

 Commonly Treated Tumors

Head and neck tumors typically amenable to endovascular embolization can be bro-
ken down into cranial and neck lesions (Table 27.3). Cranial lesions include menin-
giomas, hemangiopericytoma, hemangioblastoma, juvenile nasopharyngeal 
angiofibroma, sarcomas, and hypervascular metastases.

Neck tumors amenable to endovascular embolization include carotid body 
tumors, paragangliomas, sarcomas, and carcinomas. Neck tumor embolization can 
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also be performed to control tumor hemorrhage and epistaxis. This is a form of pal-
liative embolization for base of tongue lesions or pharyngeal lesions. Neck tumors 
often get blood supply from ECA branches such as the sphenopalatine, internal 
maxillary artery, and facial arteries. Lower neck lesions can be supplied by superior 
thyroid vessels, as well as thyrocervical trunk contributions depending on which 
cervical triangle the tumor is within.

Spine tumors, amenable to endovascular embolization include large meningio-
mas, sarcomas, and hypervascular metastases such as renal cell carcinoma. These 
lesions are typically supplied by paraspinal arteries. Large radicular and segmental 
arteries supplying the cord must be identified and preserved prior to and during 
tumor embolization.

Other endovascular techniques include catheter directed microinjection of che-
motherapy for tumors such as head and neck cancers and retinoblastoma. Use of 
catheter directed therapies for blood–brain barrier disruption for chemotherapy of 
glioblastomas is currently investigational.

 Meningioma

Meningiomas are the most frequently diagnosed primary brain tumor accounting for 
33.8% of all primary brain and central nervous system tumors [13]. The incidence of 
symptomatic meningiomas is estimated to be 2 per 100,000 person-years [14]. 
Approximately 90% of meningiomas are benign, 6% are atypical, and 2% are ana-
plastic [15]. Meningiomas are primarily fed by branches of ECA, and ICA and in the 
setting of posterior fossa meningioma, the VAs. Convexity, parasagittal, and sphe-
noid wing meningiomas are primarily supplied by middle meningeal artery branches 
and olfactory groove meningiomas are supplied by branches of the ethmoidal arteries 
from the ophthalmic artery along with dural branches of the internal carotid artery. 
Lateral posterior fossa meningiomas are generally supplied by branches of the occip-
ital and ascending pharyngeal artery, whereas posteromedial posterior fossa menin-
giomas are typically fed by meningeal branches of the vertebral artery and the 
posterior meningeal artery. Clival and tentorial meningiomas may receive their blood 
supply from various feeders such as the tentorial artery, ascending pharyngeal artery, 
cavernous internal carotid artery, and middle meningeal artery [16] (Fig. 27.1a–e).

Preoperative embolization is currently advocated for large meningiomas because 
of their vascularity, to reduce blood loss and promote complete resection of the 
tumor which has been known to reduce recurrence rates [17].

A matched analysis of 76 of patients undergoing surgery with and without emboli-
zation demonstrated that the mean value of estimated blood loss, 1403 ml vs. 1852 ml, 
and the number of transfusions, 1325 ml vs. 1747 ml, were lower in embolized patients 
than in nonembolized patients [18]. Several other studies have also shown reduction in 
operative blood loss in patients receiving preoperative embolization [3].
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The safety of preoperative embolization for meningiomas is well established by 
many studies. A retrospective analysis of preoperative embolization of 167 cranial 
base meningiomas showed excellent success rates in 91% of patients embolized 
without any permanent neurological complications [19]. A systematic review of 36 
studies comprising 459 patients showed that among patients receiving preoperative 
embolization for meningiomas, only 4.6% sustained complications as a direct result 
of the embolization [20].

Some areas of meningioma are not as amenable to embolization as others. For 
instance, anterior cranial fossa meningioma (Optic sheath meningiomas, orbital 
meningiomas, Cribriform plate, and planum sphenoidale Meningiomas) would 
require embolization of the branches of the ophthalmic artery or posterior eth-
moidal artery with dangerous collaterals to retinal artery [3]. Placing vision at 
risk for embolization of a tumor is rarely indicated as there are other ways to 
ensure hemostasis during removal. On the other hand, convexity, parasagittal, 
and lateral sphenoid wing meningiomas are often good targets for embolization 
as the middle meningeal artery is easily accessed and safe to embolize beyond the 
orbital contributing segment. Embolization of posterior fossa meningiomas and 
clival meningiomas with feeders from the vertebral artery or basilar artery are 
also high risk for neurological complications [3]. Figure 27.2 describes an exam-
ple of preoperative embolization of a large temporo-occipital meningioma. Final 
operative pictures demonstrate a devascularized tumor with remarkably low 

blood loss.

 Hemangiopericytoma

Hemangiopericytomas (HPCs) are rare dural-based neoplasms (previously classi-
fied as a type of meningioma) and account for less than 1% of all intracranial tumors. 
Intracranial HPCs are highly hypervascular, with a high risk for local recurrence 
and tendency to metastasize both within the craniospinal axis as well as to extraneu-
ral sites [21]. Preoperative embolization of HPC can be technically challenging 
because of the predominant blood supply is from pial feeders of ICA or 
VA. Transarterial embolization with Onyx or glue is preferred for small ECA feed-
ers versus occlusion of the pial feeders from ICA/VA. If large feeders from ECA 
arterial branches are present, those can be embolized with particulate material uti-
lizing PVA or Embospheres [21]. In a series of fifteen patients with pathologically 
confirmed HPC, more extensive devascularization percentages were achieved for 
HPCs with primarily ECA blood supply than with HPCs supplied via the ICA/VA 
circulation (76% versus 58%). There was a trend toward greater devascularization 
of ICA/VA-dominant HPCs embolized with Onyx (70%) versus PVA (33.3%) [21]. 
Direct percutaneous tumor embolization of HPC has also reported with histocryl, 
glue, or alcohol in few case reports [22, 23].
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 Hemangioblastoma

Hemangioblastomas (HB) are benign, highly vascular tumors, commonly located in 
cerebellum, spinal cord, or brainstem. These tumors comprise up to 2.5% of CNS 
neoplasms and 7-12% of posterior fossa lesions in adult patients [24]. Nearly one- 
third of patients with these tumors have von Hippel-Lindau disease (VHL), this is 
especially true for tumors that arise from spinal cord [25]. Both liquid and particu-
late embolic materials have been used to embolize arterial feeders in HB patients 
prior to surgical resection. In a retrospective study comparing outcomes between 
embolized patients (n = 46) and non-embolized controls (n = 79), Liu et al. demon-
strated greater intraoperative blood loss and blood transfusion requirements within 
non-embolized patients, yet no difference in complication rates [26]. In a series of 
10 patients with solid large cerebellar HB, embolization was successful in 90% of 
the patients, achieving total resection with minimum blood loss [27]. However, a 
systematic review of 23 studies, comprising 111 patients that underwent preopera-
tive embolization and 392 patients without embolization, did not show an increase 
rate of gross total tumor resection, a decrease estimated blood loss, or other compli-
cations. The risk of embolization related complications including stroke and hemor-
rhage were much higher in this group, partly related to the blood supply from 
branches of vertebrobasilar system [28]. Figure 27.1h shows a left VA angiogram 
demonstrating angiographic blush of tumor with arterial supply from posterior infe-
rior cerebellar artery. Notice the brisk arterial venous shunt. Embolization was not 
performed in this case due to high risk for stroke and inadvertent embolization to 
lungs via the arterial venous shunt.

Although embolization has some role in the treatment of HB, careful preoperative 
planning and studying of feeders is needed prior to any attempted embolization.

Glomus tumors (Paragangliomas)

Paragangliomas, or glomus tumors, are derived from neural crest cells and are a 
rare entity, comprising 0.6% of all neoplasms in the head and neck region [29]. 
They are highly vascular, benign tumors that are capable of local invasion into the 
surrounding structures. The most common location for these tumors is along the 
temporal bone involving the tympanic nerve or jugular fossa, followed by the 
carotid bifurcation and vagus nerve [1]. The carotid body tumor demonstrates the 
typical angiographic appearance involving the “splaying” of the carotid bifurcation 
[30] (Fig. 27.3b). All paragangliomas demonstrate a strong angiographic contrast 
blush indicating their hypervascularity [1]. Arterial supply to these tumors often 
involves branches from the ECA and ICA, but almost all patients have some supply 
from the ascending pharyngeal arteries [31]. Clinical presentation for these tumors 
varies based on location. Preoperative arterial embolization is reserved for large 
head and neck paragangliomas. Tikkakoski et al. compared blood loss and opera-
tive time between patients embolized before surgical excision with that of non-
embolized patients and showed a significantly lower amount of blood loss (588 
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versus 1374 ml, P = 0.04) and operation time in the embolization group [32]. White 
et al. described a case series of 38 patients that underwent selective arterial embo-
lization of their paraganglioma using PVA particles ranging in size from 100 to 
1000 microns. The tumor subtypes treated were carotid body (n  =  20), glomus 
vagale (n  =  10), and glomus jugulare (n  =  8). Post- embolization angiography 
revealed an average decrease in blood flow to tumor of 75% [33]. To prevent inad-
vertent proximal reflux of embolic agents, distal catheter placement is preferred 
with embolization performed under continuous fluoroscopic monitoring. PVA, 
embospheres, or gelfoam have all been used successfully. Figure 27.3 shows a case 
of carotid body tumor in a 63-year-old woman treated with Onyx embolization 
prior to surgical resection.

Direct percutaneous placement of needles into a carotid body tumor with embo-
lization using Onyx or glue has also been described [34].

Furthermore, a comparison of transarterial particulate embolization to direct per-
cutaneous embolization of carotid body tumors showed a decrease in operative 
blood loss, blood transfusion requirement, and operative time with less complica-
tions in the direct puncture group [35]. Proximal embolization of feeding vessels is 
not recommended because ICA collaterals can develop around the tumor [31].

a cb d

e f

Fig. 27.2 A 50-year-old female who presented with exertional headaches. Intracranial imaging 
demonstrated a large left temporo-occipital mass, likely meningioma. Given the size and vascular-
ity of the mass, preoperative embolization was performed prior to surgical resection. (a) Axial 
contrast-enhanced T1-weighted image shows a 7-cm hypervascular mass in the left temporo- 
occipital region. (b and c) Lateral left external carotid angiogram and super-selective left middle 
meningeal artery angiogram shows a large hypervascular mass (white arrow) with arterial supply 
off the petro-squamosal and petrous branches of middle meningeal artery (white arrow in 
Fig. 27.2b). (d) Microcatheterization of the petro-squamosal branch of middle meningeal artery 
with embolization of the tumor with embospheres (300-500 microns). (e and f) Intraoperative 
photographs demonstrate devascularized tumor with embospheres (Fig. 27.2e) and embolized coil 
(Fig.  27.2f, thick yellow arrow). The estimate blood loss at the time of surgery was 200  ml. 
(Courtesy, Dr. Bryan Figueroa)
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 Juvenile Nasopharyngeal Angiofibroma

Juvenile nasopharyngeal angiofibroma (JNAs) accounts for 0.5% of all head and 
neck tumors and predominantly occur in adolescent males [36, 37]. Patients gener-
ally present with nasal obstruction and recurrent epistaxis. The tumors arise from 
the lateral margin of the posterior nasal cavity, adjacent to the sphenopalatine fora-
men. The major arterial supply to these tumors is typically the ipsilateral internal 
maxillary, facial, ascending pharyngeal, and recurrent meningeal artery with occa-
sional additional arterial supply from branches of the internal carotid or contralat-
eral external carotid system [3]. The morbidity and mortality associated with this 
tumor are related to its prominent vascularity and its propensity for aggressive local 
growth [37]. Preoperative embolization of JNAs has been shown to decrease intra-
operative blood loss during surgical resection. Moulin et al. demonstrated a statisti-
cally significant difference in blood loss between embolized and non-embolized 
surgical groups of patients with high-grade tumors [38]. The benefit of embolization 
is less clear for smaller, less vascular tumors. Surgical resection of the tumor should 
be performed from 24 to 72  hours after the embolization to achieve optimal 

a d

b c

Fig. 27.3 A 63-year-old female who presented with hoarseness from a left neck mass consistent 
with a carotid body tumor. Given the hypervascularity preoperative embolization was performed 
prior to surgical resection. (a) Axial contrast-enhanced CT of the neck shows a hypervascular mass 
(black arrow) splaying the left carotid bifurcation. (b) Lateral left common carotid angiogram 
shows a hypervascular mass (black arrow) splaying the carotid bifurcation. (c) Lateral left ascend-
ing pharyngeal angiogram with injection of the odontoid branch show filling of this hypervascular 
mass. (d) Lateral left common carotid angiogram after the intra-arterial injection of Onyx and 
particles in the odontoid branch, artery of the carotid body, and small branches off the facial artery 
shows near complete devascularization of the mass. Onyx is identified in the arterial vessels supply 
of the mass (black arrow)
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devascularization of the tumor [29]. Figure 27.4 describes examples of JNA embo-
lization in an 18-year-old and a 13-year-old boy with embospheres and Onyx 
respectively.

Direct percutaneous puncture of the tumor with embolization using Onyx has 
also been described as is associated with a decrease in intraoperative blood loss and 
transfusion requirements [39, 40].

 Embolization of Spinal Tumors

Preoperative embolization of hypervascular spinal tumors has been shown to sig-
nificantly reduce blood loss when compared to the non-embolized group [41]. In a 
series of thirty-seven patients who underwent preoperative spinal tumor emboliza-
tion (24 metastatic and 13 primary lesions), only one complication resulted in tran-
sient lower extremity weakness and was attributed to post-embolization swelling 
that fully resolved after surgical resection. After embolization, tumor blush was 

a cb d

e gf h

Fig. 27.4 Juvenile angiofibroma in an 18 yo boy (Fig.  27.4a–f) embolized with Embospheres 
(500-700 micron) and gelfoam and 13 yo boy (g, h) embolized with Onyx. (a) Axial contrast- 
enhanced T1-weighted image shows a mass within the left posterior nasal pharynx extending into 
the sphenopalatine foramen (white arrow). (b and c) Lateral left external carotid artery angiogram 
(Fig. 27.4b) and 3-D reconstructed images (Fig. 27.4c) shows a hypervascular mass (white arrow) 
with artery supply off multiple branches of the distal internal maxillary artery. (d and e) 
Microcatheter placement (XT-27) in sphenopalatine artery (white arrow) followed embosphere 
embolization (Fig. 27.4e). (f) Lateral left external carotid artery angiogram demonstrated complete 
devascularization of tumor. (g) Axial contrast-enhanced T1-weighted image shows a mass within 
the right posterior nasal pharynx extending into the sphenopalatine foreman (black arrow). (h) 
Frontal spot fluoroscopy image shows the Onyx cast within arterial feeders to the tumor and tumor 
parenchyma (black arrows)
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reduced by 83% on average. Average pre- and postoperative modified Rankin Scale 
scores were 2.10 and 1.36, respectively (p = 0.03). Metastatic renal cell carcinoma 
was the most common tumor type (n  =  16%, 43%) followed by hemangioma 
(n = 4%, 11%) and metastatic thyroid carcinoma (n = 4%, 11%). Onyx or NBCA 
glue were the preferred embolic agents [42].

Figure 27.5 describes a case of renal cell carcinoma with cervical metastasis, 
treated with coils and embospheres prior to resection.

 Intra-arterial Chemotherapy for Head and Neck Tumors

Head and neck cancers are a challenge to manage. Traditional cancer treatments 
achieve good locoregional tumor control rates while causing severe side effects. 
Most head and neck cancer tend to recur at the primary site or in regional neck 

a c e

b d

Fig. 27.5 A 69-year-old male with a history of renal cell carcinoma presented with myelopathy 
and cervical neck pain from a large tumor involving the C5 vertebral body. Preoperative emboliza-
tion was performed prior to surgical resection and spinal instrumentation. (a) Contrast-enhanced 
coronal CTA of the cervical spine shows a hypervascular mass (black arrow) surrounding the left 
vertebral artery with boney destruction of C5. (b) Frontal left subclavian artery angiogram shows 
a hypervascular mass at C5 (black arrow) with arterial supply off multiple small branches of the 
left vertebral artery, thyrocervical trunk, and ascending cervical artery. (c) Frontal left subclavian 
artery angiogram after occlusion of the left vertebral artery with coils and plugs (black arrow) 
shows persistent arterial supply to the tumor from the thyrocervical trunk and ascending cervical 
artery. (d) Frontal ascending cervical artery angiogram shows filling of the hypervascular mass at 
C5. (e) Frontal left subclavian artery angiogram after occlusion of the left vertebral artery with 
coils and plugs and embolization of the left thyrocervical trunk and ascending pharyngeal artery 
with 500–700-micron size embospheres shows near complete devascularization of the mass. The 
estimate blood loss at the time of surgery was 700 mls
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lymph nodes, while distant dissemination occurs late and is a less frequent cause of 
morbidity and death. Therapy with chemotherapeutic drugs administered intrave-
nously is limited because either the concentrations at the tumor site are too low or 
the total dosages are too high and toxic. The concept of intra-arterial chemotherapy 
for head and neck cancers has been around for several decades [43, 44]. The blood 
supply to head and neck tumors is primarily derived from branches of the external 
carotid artery. Theoretically, super-selective chemotherapy through the arterial 
feeders of ECA can deliver higher concentrations of pharmacologic agents, while 
minimizing systemic side effects. With the development of advanced catheter tech-
niques and angiographic imaging, protocols for intra-arterial chemotherapy were 
developed and showed initial promise. Intra-arterial infusion of high-dose cisplatin 
with systemic neutralization by intravenous sodium thiosulfate (RADPLAT) was a 
theoretically attractive approach to the treatment of advanced head and neck cancer. 
However, multicenter trials have failed to show benefit of RADPLAT, hampered by 
significant neurological side effects with no overall benefit in mortality [45–47]. 
Advances in nanotechnology research, specifically using nanoparticle albumin- 
bound paclitaxel, to safely deliver high concentrations of intra-arterial chemother-
apy, have been explored. However, these techniques remain investigational [48].

Intra-arterial chemotherapy for retinoblastomas Retinoblastoma is the most 
common primary intraocular neoplasm in children. Intra-arterial chemotherapy for 
the treatment of retinoblastoma was introduced in 1958. However, the first success-
ful selective ophthalmic artery infusion was performed by Yamane et al. by occlud-
ing the internal carotid artery, distal to the ostium of ophthalmic artery with a 
balloon and infusing melphalan near the ostium of the ophthalmic artery [49]. 
Later, Gobin et al. introduced direct catheterization of the ophthalmic artery and 
super- selective intra-arterial chemotherapy. The evolution of intra-arterial chemo-
therapy contributed to increased safety and efficacy of this treatment [50]. A sys-
temic review of 23 studies, published between 2011 and 2019 evaluated the 
technical success rate of intra-arterial chemotherapy, globe salvage rate, and ocular 
and systemic complications, as well as the occurrence of deaths, metastasis, and 
secondary neoplasms. The technical success rate of intra-arterial chemotherapy 
ranged from 91% to 100% with an ocular salvage between 60 and 80%. Eyelid 
edema and erythema were the most reported ocular complications while the most 
common systemic complications were nausea, vomiting, and neutropenia. Overall, 
intra-arterial chemotherapy was safe and effective in salvaging the globe without 
compromising survival [51].

 Intra-arterial Chemotherapy for Intracranial Neoplasm

Intra-arterial chemotherapy for intracranial neoplasms including gliomas, lympho-
mas, and CNS metastasis has been studied. However, its role in intracranial neo-
plasms is still investigational.
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 Complications

Complications arising from head and neck tumor embolization can be related to 
access site complications as with any endovascular procedure such as hand or 
leg ischemia, and retroperitoneal hematoma. More specific complications related 
to coil or liquid embolic injection will depend on the site of the tumor. 
Embolization in the presence of AV shunts can result in pulmonary embolism as 
well as venous sinus occlusion. Skin erythema, alopecia, and cataracts can hap-
pen from radiation doses that exceed 3 Gy at one session. An acute ischemic 
stroke is possible from embolic material migrating through arterial anastomoses 
into the intracranial circulation as well as from embolization of parasitized intra-
cranial arterial feeders to tumors with inadvertent reflux of embolic material into 
the parent vessel. Embolization of the arterial supply to cranial nerves with small 
particles or liquid embolic agents can cause permanent cranial nerve injury. 
Blindness can occur from embolization involving collaterals of the ophthalmic 
artery, just as hoarseness, swallowing difficulties, or tongue paralysis can occur 
with tumors near the vascular supply of these cranial nerves. Skin necrosis of the 
scalp can result from overzealous embolization of occipital or superficial tempo-
ral artery branches prior to surgical resection and this may require a plastic sur-
gery consultation with flap reconstruction. Direct percutaneous injection of 
Onyx can lead to inadvertent skin tattooing which can be cosmetically challeng-
ing to the patient.

Numerous trials have assessed the overall risk of embolization for different types 
of tumors, with intracranial meningioma embolization carrying a 5.6% risk of isch-
emia/hemorrhage in one large study with PVA particles. Small particles (50 micron) 
were discouraged [52]. Available stroke techniques can be utilized for amenable off 
target liquid embolic retrieval in emergencies, but this should always be weighed 
with the possible aggravation of the situation [53].

 Perioperative Timing

Careful consideration of timing should be included in all head and neck tumor 
embolization procedures. The goal of the procedure should be clearly defined. If the 
tumor is causing life-threatening blood loss or oropharyngeal bleeding, its emer-
gent. However, if tumor resection is elective, then usually embolization can be per-
formed 48 hours prior to removal to allow for maximal thrombosis of the occluded 
vessels, tumor softening, necrosis [54]. Removal of the tumor later may result in the 
development of collateral vessels supplying the tumor and an increase in intraopera-
tive blood loss. Steroids may be necessary for both large masses near airway and in 
the head to prevent swelling that could lead to further mass effect post 
embolization.
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 Conclusion

Careful planning, knowledge of arterial collaterals, and good patient selection 
ensures that endovascular embolization of head and neck tumors can be of benefit 
in decreasing operative blood loss, transfusion requirements, and operative time for 
surgical resection. Embolization may also have a palliative role in relieving clinical 
symptoms in patients that are not surgical candidates.
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Chapter 28
Balloon Test Occlusion, Wada Test 
and Inferior Petrosal Sinus Sampling

Ali Al Balushi and Jared Knopman

 Balloon Test Occlusion

 Introduction

Balloon test occlusion (BTO) is an invasive endovascular diagnostic procedure that 
is done to predict the risk of ischemic stroke in patients planned for therapeutic ves-
sel sacrifice. It is aimed to evaluate the angiographic, clinical, and physiologic 
effects of temporarily occluding the vessel to determine the tolerability of perma-
nent occlusion. There are many indications for therapeutic vessel sacrifice. These 
include treatment of cervical and intracranial vascular lesions not amenable to 
vessel- preserving endovascular or microsurgical techniques, like giant cervical or 
intracranial aneurysms and pseudoaneurysms, carotid cavernous fistulas, arterial 
dissections, tumor encasement and bleeding from iatrogenic, traumatic or tumor- 
related vessel injury [1, 2]. Vessel sacrifice without an occlusion test carries 17–30% 
risk of ischemic stroke and 12% mortality rate [2, 3]. There are multiple modifica-
tions to the standard BTO technique aimed to improve the positive predictive value 
and decrease the false negative rate. These techniques include hypotensive chal-
lenge, stump pressure measurement, neurophysiologic monitoring, venous phase 
delay evaluation, transcranial Doppler (TCD) evaluation of flow velocity, computed 
tomography (CT) or magnetic resonance imaging (MRI) perfusion, evaluation of 
cerebral blood flow with technetium Tc99m hexamethylpropyleneamine oxime, 
single-photon emission CT, positron-emission tomography (PET), and xenon- 
enhanced CT. The false negative rate of the standard BTO is 3%–15%, decreased to 
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3%–10% with the addition of different modifications like cerebral blood flow evalu-
ation [4–6]. BTO is most commonly done for the internal carotid artery (ICA) but 
the vertebral artery can also be tested. Although this test is done mostly for arteries, 
it can also be done for venous sinuses in which the assessment is based on angio-
graphic and physiologic data like intra-sinus venous pressure, as clinical effect of 
sinus occlusion may not be evident until several hours or days after occlusion [7, 8].

Finally, selective BTO without and with neurophysiologic monitoring can also 
be considered for intracranial arterial branches to determine the feasibility of vessel 
sacrifice in the evaluation of distal fusiform or mycotic aneurysms that are not ame-
nable for targeted embolization.

 Technique

Different techniques for BTO are described and practiced. The main principle is the 
evaluation of the ability of collateral circulation to maintain the cerebral perfusion 
of the affected vascular territory during the temporary occlusion. The procedure is 
done under local anesthesia with the patient awake for the neurologic deficits to be 
accurately evaluated, however, in emergency situations like life-threatening bleed-
ing from iatrogenic or traumatic vessel injury, it can be done under general anesthe-
sia and clinical exam is substituted by either angiographic evaluation alone or in 
combination with various other techniques described below. A baseline neurologic 
examination assessing cranial nerves, language, memory, visual, motor, and sensory 
function is recorded prior to the procedure. Pacing electrodes are attached to the 
patient’s chest and atropine is kept ready at the bedside in case exaggerated vagal 
response during balloon inflation results in bradycardia and/or hypotension. Arterial 
access is established through the contralateral common femoral artery with a 
6-French sheath. Activated clotting time (ACT) is checked and weight-based IV 
unfractionated heparin is given to achieve an ACT of 2–3 times the baseline. IV 
heparin is not given to patients with active or recent bleeding but all flush lines con-
tain heparinized saline (5000 units in 1 L of normal saline). A complete diagnostic 
cerebral angiogram including bilateral common carotids, internal carotids, external 
carotids, and vertebral arteries is first performed with a 5-French diagnostic cathe-
ter. Information about the integrity of circle of Willis, collateral status, normal vari-
ants, and atherosclerotic plaques are obtained. The 5-French diagnostic catheter is 
then removed. For BTO of the ICA, a 6-French guide catheter is advanced into the 
common carotid artery of the desired BTO side and remains connected to continu-
ous heparinized saline drip. Then, using a roadmap technique, a nondetachable bal-
loon is advanced over the micro-wire through the guide catheter into the distal 
cervical or the horizontal segment of the petrous ICA. An alternative to the use of 
the guide catheter and nondetachable balloon system is to use a double lumen bal-
loon guide catheter with the balloon positioned in the distal cervical ICA segment. 
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The balloon is gently inflated under fluoroscopy. Biplane angiography with contrast 
injection through the guide catheter is then obtained to confirm that the balloon is 
occlusive and that no anterograde flow past the balloon exists. The balloon remains 
inflated for a total of 15–30 minutes. If the sacrifice of the carotid artery is planned 
for an intracranial component or the common carotid artery is to be sacrificed, it is 
important to place the balloon across the ophthalmic segment to ensure that a false 
negative “pass” is not obtained due to external carotid artery retrograde flow via the 
ophthalmic artery. The patient is instructed to report any neurologic deficits and 
objective clinical examination is performed immediately after balloon inflation and 
then every 5  minutes. At the completion of the test, the balloon is deflated and 
removed. After balloon deflation, diagnostic angiography through the guide catheter 
is performed to ensure no vessel injury or distal embolization has occurred. Many 
centers adopt additional monitoring techniques, including neurophysiologic moni-
toring with continuous EEG to evaluate for slowing or change in the electrical activ-
ity of the involved hemisphere, especially in intubated patients. Another modification 
of the BTO technique is additional access from the other common femoral artery or 
right radial artery with a 5-French sheath and using a 5-French diagnostic catheter 
to catheterize the contralateral ICA before balloon inflation. After the balloon is 
inflated, biplane angiography with contrast injection through the contralateral ICA 
and later the dominant vertebral artery can be performed to evaluate the crossover 
of contrast to the affected territory. This will evaluate the degree of perfusion and 
venous phase delay compared to the other hemisphere. If any subjective or objective 
neurologic abnormalities are detected, the balloon is immediately deflated and angi-
ography is performed through the guide catheter. At this point the test is considered 
a failure indicating that vessel sacrifice is high risk and would likely result in an 
ischemic stroke if no extracranial–intracranial bypass is performed prior to occlu-
sion. After deflation, the balloon is slowly withdrawn inside the guide catheter and 
removed and post-BTO angiography is obtained. The guide catheter, diagnostic 
catheter, and sheaths are then removed and hemostasis is achieved by closure device 
and/or manual compression. Vertebral BTO is done in a similar fashion. The patient 
is then observed in the recovery room or ICU if vessel sacrifice follows the BTO.

 Modifications of the Balloon Test Occlusion

 Stump Pressure Measurements

To measure stump pressure while the balloon is inflated, double lumen balloon cath-
eter is used for the BTO and the lumen distal to the balloon is connected to a pres-
sure transducer. A maintained post-occlusion mean stump pressure of more than 
60% of baseline mean arterial pressure (MAP) indicates adequate collateral perfu-
sion; however, this method is shown to be inconsistent [9].
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 Hypotensive Challenge

Reduction of the MAP by 30% of the baseline after 20 minutes of tolerated balloon 
inflation while monitoring the neurologic examination or neurophysiologic moni-
toring is another method to assess the tolerance of balloon test occlusion. It has an 
overall low false negative rate, 5.3% reported in one study [10].

 Transcranial Doppler

Ipsilateral middle cerebral artery (MCA) peak systolic velocity measurement before 
and after balloon inflation is a helpful method to determine if the patient can tolerate 
vessel sacrifice. An immediate drop in ipsilateral MCA peak systolic velocity after 
balloon inflation to 65% or more of the baseline velocity indicates good collateral 
reserve, while a drop to less than 54% correlates with a high risk of ischemia after 
vessel sacrifice [1].

 Venous Phase Delay

Evaluation of the ipsilateral venous phase after contralateral ICA contrast injection 
while the balloon is inflated is used in many centers as the preferred angiographic 
run. Compared to the contralateral venous phase, ipsilateral venous phase delay of 
less than 0.5 second was found to have 98% positive predictive value of successful 
BTO while delay less than 2 seconds correlated with 95% of successful tests. A 
delay of 3 seconds or more indicates poor tolerability of permanent occlusion [9, 
11]. The venous phase delay evaluation method carries the advantage of very short 
balloon inflation time of 60–90  seconds only. Combined with TCD, the positive 
predictive value of this method is further augmented [11].

 Cerebral Perfusion Assessment

Evaluation of cerebral blood flow (CBF) in patients who tolerate the standard BTO 
is another useful method to enhance the positive predictive value and reduce false 
negative rate of the test. There are different methods to calculate the CBF including 
SPECT, CT Perfusion with Acetazolamide challenge, Xenon CT perfusion, PET, 
and MR perfusion. Essentially, the techniques provide information about changes 
in regional cerebral perfusion during BTO compared to baseline. These imaging-
based techniques require the angiography suite be equipped with the capability to 
perform the imaging or the patient needs to be transported to different imaging 
suites with balloon and catheter in the major vessel which increases the risk of ves-
sel injury.
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 Neurophysiologic Monitoring

The addition of neurophysiologic monitoring is particularly useful in patients who 
are sedated or in whom neurologic examination cannot be reliably evaluated. 
Electroencephalography (EEG), somatosensory, and brainstem-evoked potentials 
(SSEP and BSEP) are examples of neurophysiologic monitoring data sources. The 
most commonly used neurophysiologic method is continuous EEG which shows 
electrographic evidence of ischemia at CBF level of less than 10 mL/100 g/min even 
when clinical deficits are not yet evident [9]. SSEP similarly shows evidence of 
reduction of amplitude and prolongation of central conduction time at CBF level 
less than 15 mL/100 g/min [8, 9].

 Complications

Possible complications of the BTO procedure are intimal damage resulting in dis-
sections, pseudoaneurysms, distal thromboembolism, vessel rupture, vasospasm, 
and access site complications. The complication rate of BTO is less than 3.5% and 
the mortality rate is 0% [5, 8].

 Wada Test

 Introduction

Juhn Wada performed the first intracarotid sodium amobarbital injection in the 
1940s to investigate the mechanisms of interhemispheric spread of an epileptic 
focus in human seizures [12]. He noticed temporary loss of function in the injected 
hemisphere, for example, aphasia in the hemisphere harboring language centers. In 
1960, Wada described the technique in collaboration with Rasmussen and used this 
test to lateralize language dominance. Wada test or intracarotid amobarbital test 
(IAT) is performed as part of the presurgical evaluation for patients with refractory 
focal epilepsy with the main aim of lateralizing language and memory function in 
either cerebral hemisphere to determine the feasibility and extent of surgical resec-
tion and predict postoperative neurologic dysfunction [13, 14]. Typical patients 
undergoing epilepsy surgery are those with identifiable brain lesions like temporal 
lobe epilepsy due to mesial temporal sclerosis, tumors, arteriovenous malformation, 
or focal cortical dysplasia; however, other patients with a defined epileptic focus 
without imaging abnormalities may also be considered [15]. Anterior temporal 
lobectomy and amygdalohippocampectomy are the most commonly performed epi-
lepsy surgeries and given that language and memory are localized in the temporal 
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lobe, Wada testing provides valuable information that guides the surgical planning 
[16]. Similarly, with frontal lobe lesions, language localization provides essential 
information. Wada testing is performed in collaboration with a team consisting of an 
epileptologist, neurophysiologist, and neuropsychologist, in addition to neurophysi-
ology technical staff. Sodium amobarbital is a short-acting barbiturate drug that 
potentiates GABA-mediated inhibition in the brain, thereby explaining its tempo-
rary anesthetic effects on the hemispheric neurons supplied by the ipsilateral 
injected carotid artery [17].

 Technique

The procedure is performed with the patient awake and connected to continuous 
EEG monitoring. Sedative medications are not given as they would interfere with 
memory evaluation and EEG interpretation. The patient is given instructions about 
how the test will be conducted. A baseline neurologic and neuropsychological 
examination is established, and a baseline awake EEG is obtained. The patient is 
then brought to the angiography room and placed in a supine position. A 4- or 
5-French sheath is inserted in either common femoral artery under local anesthesia 
and a 4- or 5-French diagnostic catheter is used to catheterize the internal carotid 
artery supplying the hemisphere of surgical interest. Diagnostic cerebral angiogra-
phy is performed to evaluate the cerebral vascular anatomy. The catheter positioned 
in the proximal cervical internal carotid artery is then connected to continuous hepa-
rinized saline drip using a 3-way stopcock, and the angiography table is moved 
away from the x-ray machine. The team is asked to enter the room at this stage. A 
50-mL syringe containing 500 mg amobarbital in 50 mL of normal saline is pre-
pared. Using a 3-way stopcock, a 10-mL syringe is connected to the 3-way and used 
to draw up 10 mL (100 mg amobarbital). The 3-way stopcock is connected to the 
catheter. As the team is ready for the test with the neuropsychologist, epileptologist, 
and neurophysiology staff in the room at bedside, the patient is asked by the neuro-
psychologist to keep the arms up and loudly count down from 10 to 1. At this time, 
100 mg of amobarbital (10 mL) is infused over 3–5 seconds. The lock is then opened 
to the saline drip and another 3 mL of amobarbital is prepared in the 10-mL syringe 
by aspirating from the 50-mL syringe through the 3-way stopcock, in case if it is 
needed. The effects of amobarbital are immediate, and clinical signs of contralateral 
arm drift, hemiplegia, and ipsilateral gaze deviation develop soon after injection. 
Also, the cEEG shows background attenuation in the affected hemisphere. At this 
stage, the catheter is removed. Over the next 5–10 minutes, a series of neuropsycho-
logic tests are carried out evaluating different domains of language and memory. 
After 30–45 minutes when the clinical and electrographic effects of amobarbital 
resolve, a neurologic exam is carried out and then the procedure continues with 
catheterizing the contralateral ICA in the same fashion. At the end of the procedure, 
the catheter and sheath are removed and hemostasis is obtained by a closure device 
and/or manual compression. It is important to mention that careful evaluation of the 
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initial angiographic images before amobarbital infusion is critical. For example, if a 
brisk anterior communicating artery flow is present, a slower infusion is given to 
avoid significant crossover to the contralateral hemisphere. Similarly, if the diagnos-
tic angiogram demonstrates carotid-basilar anastomosis like persistent primitive tri-
geminal artery variant, then the drug delivery must be given past this variant to avoid 
infusing amobarbital into the brainstem, which if happened would suppress the criti-
cal respiratory and cardiac centers. In this case, the ACT is checked and weight-
based unfractionated heparin is given intravenously to achieve ACT of 2–3 times the 
baseline. While in the proximal cervical internal carotid artery, the diagnostic cath-
eter is then connected to continuous heparinized saline drip and a microcatheter is 
advanced through the diagnostic catheter over a microwire to the internal carotid 
artery past the variant artery and amobarbital is infused through the microcatheter.

Similar to Wada testing, spinal provocative testing utilizing neurophysiological 
monitoring, also known as a spinal Wada test, can be done for patients with spinal 
cord arteriovenous malformation (AVM) in whom the spinal arteries originate from 
the same feeding pedicle to determine the safety of embolization and/or resection. 
Smaller doses of amobarbital or lidocaine are infused selectively through a micro-
catheter positioned in the AVM feeding pedicle [18].

 Current Role in Epilepsy Presurgical Evaluation

The Wada test has long been considered the gold standard test against which newer 
modalities have been compared [19]. New noninvasive imaging-based tests that are 
cheaper, less resource- and personnel- intensive are increasingly utilized to replace 
Wada testing. These tests include functional MRI (fMRI), magnetoencephalogra-
phy (MEG), transcranial magnetic stimulation (TMS), and positron-emission 
tomography (PET). The fMRI, specifically, has been shown to carry a very high 
concordance rate with Wada testing and is considered by many centers as the new 
gold standard for eloquent cortex lateralization, including language areas [20, 21]. 
With the increased utilization of fMRI, the performance of Wada tests has declined 
significantly over the past 2 decades despite significantly increased numbers of epi-
lepsy surgeries [14, 19]. The Wada test remains a valuable tool especially in patients 
who are unable to undergo fMRI due to claustrophobia or metal implants and in 
those with atypical language localization in both hemispheres on fMRI [20].

 Alternative Agents

Amobarbital is the standard drug used in Wada test. However, because of its global 
shortage, alternative short-acting agents have been studied and found to be safe 
alternatives including etimodate, propofol, methohexital, and pentobarbital [22]. 
Methohexital is a short-acting barbiturate sedative that was shown to yield 
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comparative results to amobarbital during Wada test [23]. It has a shorter half-life 
than amobarbital. It is given as a 3-mg initial bolus followed by additional 2 mg if 
needed [24].

 Complications

Overall, the Wada test has a very low complication rate of about 1% [8, 14]. These 
complications include carotid artery injury resulting in dissection, cerebral ischemia 
from thromboembolism and femoral access site complications.

 Inferior Petrosal Sinus Sampling

 Introduction

Bilateral inferior petrosal sinus sampling (IPSS) is a dynamic neuroendovascular 
test technique used to sample central venous blood directly and simultaneously 
from the inferior petrosal sinuses in conjunction with peripheral venous blood sam-
pling to measure adrenocorticotropic hormone (ACTH) levels in the course of eval-
uating the etiology of Cushing’s disease, or ACTH-dependent hypercortisolism 
[25]. IPSS also helps to lateralize the side of ACTH hypersecretion if the source is 
from the pituitary gland [26]. The anterior pituitary gland drains into the cavernous 
sinus, which in turn drains into the internal jugular veins through ipsilateral inferior 
petrosal sinuses. Patients undergoing IPSS often present with symptoms and signs 
of hypercortisolism to the endocrinologists who run diagnostic tests to confirm the 
diagnosis and evaluate the source of cortisol excess. The IPSS test is indicated in 
patients who are diagnosed with ACTH-dependent hypercortisolism. ACTH- 
dependent hypercortisolism accounts for 80% of all causes of endogenous hyper-
cortisolism and includes ACTH-secreting pituitary tumors and ectopic 
ACTH-hypersecretion from tumors in the lungs, pancreas, or small bowel but they 
may occur anywhere in the body, or rarely from ectopic corticotrophin-releasing 
hormone (CRH) production [27]. Surgical resection of the hypersecreting tumor is 
the mainstay of treatment of ACTH-dependent hypercortisolism. MRI of the brain 
with thin cuts through the sella turcica is obtained to look for pituitary tumors. In 
patients with MRI evidence of pituitary adenoma, the tumor may not necessarily be 
the source of ACTH overproduction given that nonfunctioning incidentalomas are 
found in up to 10% of the general population. Similarly, normal imaging does not 
rule out a pituitary source of ACTH hypersecretion as 40% of confirmed cases of 
Cushing disease have a normal MRI [28].

The IPSS technique requires time and utilization of resources for the collection 
of samples according to the protocol for blood sample collections of central and 
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peripheral ACTH and cortisol levels before and after stimulation with peripheral 
intravenous CRH. Measuring prolactin hormone levels helps to increase the diag-
nostic accuracy of the IPSS test and biochemically confirm accurate collection site 
[29, 30]. The IPSS procedure requires teamwork with every team member receiving 
clear instructions about their role prior to the start, and the samples are properly 
labeled, handled, stored, and later sent to the laboratory. The lab should be notified 
ahead of time to prepare to receive the samples. The lab results are released in a 
table format with each result corresponding to its location and collection time rele-
vant to CRH stimulation. Table 28.1 shows a sample of the collection and reporting 
protocol used at our institution.

 Technique

The patient is placed in a supine position. Under local anesthesia, venous access is 
established through the bilateral common femoral veins. A 5-French sheath is 
placed on one side and a 6-French sheath is placed on the other side. A baseline 
ACT is checked after venous access and weight-based unfractionated heparin can 
be given intravenously through the sheath after the second sheath is inserted. The 
larger (6 French) sheath is also used for peripheral blood sample collection. Under 
fluoroscopic guidance, a 5-French guide catheter is advanced over the guidewire via 
the 6-French sheath through the inferior vena cava into the distal internal jugular 
vein of the same sheath side, for convenience and to avoid side confusion. The 
guidewire is then removed and the catheter is connected to continuous heparinized 
saline drip (5000 units of IV unfractionated heparin in 1 L of normal saline). Next, 
under fluoroscopic guidance, a microcatheter is advanced over a microwire to the 
proximal inferior petrosal sinus, the microwire is then removed. A diagnostic run 
through the microcatheter is obtained to ensure proper positioning of the microcath-
eter. The microcatheter is then connected to continuous heparinized saline drip. 
Next, using the contralateral femoral 5-French sheath, a 5-French guide catheter is 

Table 28.1 IPSS test collection samples and reporting

Sampling 
location Test

Before CRH 
administration After CRH administration
–5 minutes 0 minutes 2 minutes 5 minutes 10 minutes 15 minutes

Right IPSS ACTH
Prolactin

Left IPSS ACTH
Prolactin

Peripheral ACTH
Prolactin
Cortisol
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advanced over the guidewire through the inferior vena cava into the distal segment 
of the other internal jugular vein. The guidewire is then removed and the catheter is 
connected to continuous heparinized saline drip. Next, under fluoroscopic guidance, 
a microcatheter is advanced over a microwire through the guide catheter to the prox-
imal inferior petrosal sinus of the opposite side, the microwire is then removed. A 
diagnostic run through the microcatheter is obtained to ensure proper positioning of 
the microcatheter (Fig. 28.1). The microcatheter is then connected to continuous 
heparinized saline drip. The team is made ready for the start of the collection at the 
predetermined time intervals. At the team leader’s instruction, the saline drips are 
disconnected from the microcatheters and the 6-French sheath, and the team with-
draws 2 mL of blood waste at the same time from each site: two central samples 
from the microcatheters and one peripheral sample from the 6-French femoral 
sheath. Immediately and synchronously on instruction, another 2 mL is collected 
from each site at the different time intervals: baseline, and then 2, 5, 10, and 15 min-
utes after administration of intravenous CRH (1 mcg/kg, max 100 mcg). The blood 
samples are labeled with their respective location and timing and placed in an ice 
container to be delivered to the laboratory. At the end of the procedure, the micro-
catheters and guide catheters are removed under fluoroscopy, one at a time. The 
femoral venous sheaths are then removed and hemostasis is achieved via closure 
device and/or manual compression.

Fig. 28.1 bilateral inferior 
petrosal sinuses sampling 
(injection from 
microcatheter in left 
inferior petrosal sinus, 
arrow)
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 Interpretation

A ratio of central to peripheral ACTH of 2.0 or more at baseline or 3.0 or more after 
CRH stimulation is consistent with Cushing’s disease, i.e., pituitary source [26]. 
The overall sensitivity and specificity of IPSS are 96–100% and 100%, respectively 
[26, 31]. IPSS with CRH stimulation test is the most accurate and reliable test dif-
ferentiating pituitary from non-pituitary ACTH-dependent causes of ACTH hyper-
secretion and is considered the gold standard [31].

 Complications

The IPSS procedure has a very low complication risk of less than 1% with the most 
common complication being access site hematoma [25]. Difficulties catheterizing 
the inferior petrosal sinuses or improper positioning of the catheter decreases the 
diagnostic yield of the procedure.

 Conclusion

The neuroendovascular diagnostic techniques described in this chapter are powerful 
tools that provide important information and guide treatment decisions. For exam-
ple, in patients who pass balloon test occlusion, the parent vessel can be subse-
quently sacrificed either endovascularly or surgically depending on the indication 
and urgent nature of the vessel sacrifice. Basic understanding of the indications, 
technical aspects, and interpretations of balloon test occlusion, Wada testing, and 
IPSS procedures cannot be overemphasized.
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