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Foreword

It is a privilege to write a foreword for Cerebrovascular Surgery—Controversies, 
Standards and Advances, authored by a truly international group of authors who 
have all been recognized for their excellence and for being at the forefront of our 
specialty. It has been an exceptional professional journey for me personally as I 
have observed the spreading of excellence in our specialty to all corners of the world 
during my lifetime. Through technical hands-on courses, digital media, and a pleth-
ora of presentations, our young trainees can learn first-hand from the leaders in our 
field and apply their knowledge for the benefit of their patients wherever they may 
reside. So many colleagues of our art have given their time and knowledge tirelessly 
to accomplish the goal of educating all neurosurgeons on our planet. The authors 
and editors of this volume are prime examples of this level of dedication.

Professor Kato is an exemplary model for sharing her knowledge and skill and 
for her tireless efforts towards educating our young neurosurgeons and trainees. She 
is a role model for what neurosurgeons can aspire to, and she must be applauded for 
having risen to the top of our specialty despite the many obstacles that she had to 
overcome in a specialty dominated by male neurosurgeons. This volume is just 
another example of her willingness to go far beyond the call of duty to the benefit of 
our specialty. Professor Kato’s former fellow and co-editor, Ahmed Ansari, is 
another tribute to her dedication to training young neurosurgeons. Although still in 
the early years of his career, Dr. Ansari shows promise for contributing greatly to 
education and the advancement of our field.

I applaud the authors, the editors, and Professor Concezio di Rocco, the series 
editor, for creating a timely and well-written volume that addresses the critical 
issues in cerebrovascular surgery in a cogent manner.

Department of Neurosurgery� Robert F. Spetzler
Barrow Neurological Institute, 
Phoenix, AZ, USA
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Preface

Cerebrovascular surgery, as a specialty, has grown leaps and bounds in this era. 
Indications of endovascular neurosurgery have grown significantly, though clear 
indications for open cerebrovascular surgery are very much intact. Proponents of 
both specialties linger on the pros and cons of their respective subjects.

The present work has been carved out of the desire to get multiple stalwarts in the 
field, and get their experience regarding standard approaches, advances in the field, 
and then further discuss the complications that may ensue.

Whilst there are classic texts in the field that describe in detail indications, out-
comes, and controversies in cerebrovascular surgery, we endeavoured to contribute 
a volume that focuses on standards, advances, and complications in the field that 
would be readily available to senior neurosurgeons and those in training. We believe 
this text will serve justice to its very purpose and be a ready reckoner in the field.

Nagoya-shi, Aichi, Japan� Yoko Kato  
Aligarh, Uttar Pradesh, India � Ahmed Ansari  
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Series Preface

Advances and Technical Standards in Neurosurgery (ATSN) represents the success-
ful achievement of the wish of Jean Brihaye, Bernard Pertuised, Fritz Loew and 
Hugo Krayenbuhl to provide European neurosurgeons in training with a high-level 
publication to accompany the teaching provided by the European postgraduate 
course. The project was conceived during the joint meeting of the German and 
Italian Neurosurgical Societies in Taormina in 1972, and the first volume was pub-
lished in 1974. The English language was chosen to facilitate the international 
exchange of information and the circulation of scientific progress. Since then, the 
ATSN has hosted chapters by eminent European neurosurgeons and has become 
one of the most renowned educational tools on the continent for both young and 
experienced neurosurgeons. The successive editorial boards have maintained the 
ATSN’s high scientific quality and ensured a good balance between contributions 
dealing with advances in neuroscience over the years and detailed descriptions of 
surgical techniques, as well as analyses of clinical experiences. Additional appeal 
has been added by the freedom granted by the Editor and Publisher in the length, 
style and organisation of the published chapters.

The current series aims to preserve the original spirit of the publication and its 
high-level didactic function, but intends to present itself not only as a historic 
European publication, but as a truly international forum for the most advanced clini-
cal research and modern operating standards.

Hannover, Germany� Concezio Di Rocco
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Chapter 1
Tailored Skull Base Approach to 
Management of Intracranial Aneurysms

Imad N. Kanaan

Surgical management of intracranial aneurysms (IAs) remains one of the most chal-
lenging and dynamic tasks for neurosurgeons. The introduction of tailored skull 
base approaches facilitates IAs microsurgical treatment. The merits of these 
approaches rest in providing short, versatile avenues for excellent exposure of the 
aneurysm complex and its intimate neurovascular structures with minimal brain 
retraction and free surgical maneuverability.

The recent innovation in microscopic and endoscopic technology, intraoperative 
3D and ICG video-angiography, high-quality aneurysm clips, and refinement of 
cerebral bypass techniques enhance IAs neurosurgical management and foster more 
successful surgical outcomes. The selection criteria of a proper skull base approach 
include anatomical location of the aneurysm, its orientation and configuration, size, 
and presence of rupture or multiplicity. This chapter describes the two main “power 
horse” skull base approaches referred to as pterional and retrosigmoid approaches 
and highlights their variants along with other innovative interventions.

1.1  �Introduction

Management of intracranial aneurysms (IAs) is one of the most challenging tasks 
for neurosurgeons. During the early years of the past century IAs were referred to as 
“noli me tangere” (do not touch me) lesions; however, Avant-garde neurosurgeons 
(Dott, Dandy, Norlen and Olivecrona) were able to challenge this conviction and 
reported their successful surgical intervention [1–3]. The promotion of 
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microsurgical treatment of IAs in the 20th century was credited to the masterwork 
of Drake, Yaşargil, and Sugita [4–9], pioneers who ignited the path for future suc-
cessful surgical management of intracranial aneurysms with excellent durable 
outcome.

Rapid advancements in endovascular therapy have provided a competitive but 
complementary treatment option for cerebral aneurysms, transforming neurovascu-
lar referral patterns with compromise of neurovascular surgical exposures and train-
ing opportunities. Consequently, neurosurgeons now strive to treat more complex 
aneurysms, giant aneurysms, blister aneurysms, and small aneurysms, in addition to 
handling post-endovascular intervention failure.

The selection of tailored skull base approaches is a crucial step toward proper 
surgical exposure of IAs complex including their neck and adjacent perforators. The 
merits of these approaches include providing proximal and distal control of parent 
vessels, access to basal cisterns and release of CSF, ability to evacuate hematoma 
with minimal brain retraction and free surgical maneuverability. Modern micro-
scope and endoscope technology, intraoperative 3D and ICG video-angiographic 
control, design of high-quality aneurysm clips, and the refinement of cerebral 
bypass techniques pave the way for a versatile, time-honored, and durable treatment 
option of IAs with excellent neurosurgical outcome.

Aspects influencing the choice of skull base approach include anatomical loca-
tion of the aneurysm, its orientation and configuration, size, and the presence of 
rupture or multiplicity. The author adopts a simple classification of skull base surgi-
cal approaches into anterolateral and posterolateral approaches. The former includes 
pterional approach, fronto-orbito-zygomatic (FOZ) approach and variants, and the 
latter embraces the retrosigmoid approach, presigmoid combined approach, and far-
lateral suboccipital approach.

1.2  �Anterolateral Skull Base Approaches

1.2.1  �Pterional Approach

The original description of pterional approach was credited to Heuer [10] in 1918, 
modified by Dandy to clip an anterior communicating artery aneurysm in 1941 [11], 
and later refined and popularized by Yaşargil in 1969 [8]. This versatile approach 
provides excellent functional exposure and allows clipping of most anterior circula-
tion aneurysms including contralateral proximal carotid and rostral basilar aneurysms.

1.2.1.1  �Intervention

The surgical approach starts with the patient placed in supine position, uplifting the 
ipsilateral shoulder and elevation of the trunk 25° to assure gravity-supported venous 
drainage. The head is fixed in the Mayfield head clamp, extended and rotated 25° to 
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the contralateral side. Elevation of a standard frontal skin flap using a vertical inci-
sion above—but within 1 cm anterior to—the tragus that slowly curved behind the 
hairline, and just passing the midline. It is important to preserve the frontal branch 
of the facial nerve using the inter-fascicular dissection at the anterior attachment of 
the temporal muscle to fronto-zygomatic line, as described by Yaşargil, and to main-
tain the integrity of the superficial temporal artery for its potential use in EC-IC 
bypass. Mobilization of the temporal muscle basally and posteriorly after sharp inci-
sion of its anterior attachment exposes the pterion and part of the temporal squama 
and leaves a muscle cuff at the temporal line for future re-suturing of the muscle.

The bony exposure proceeds with fronto-temporal sphenoidal craniotomy using 
two burr holes: one at MacCarty (thinking point) and the second at the bottom of the 
temporal squama. Flattening of the orbital roof, resection of the greater and lesser 
wing of sphenoid enhances the exposure and minimizes brain retraction. Anatomical 
location, complexity and configuration of the aneurysm, and the need for proximal 
control dictate the need for extradural or intradural drilling out of the anterior cli-
noid process. In such cases, the author advises to complete the extradural anterior 
clinoid resection after the opening of the dura first for a better bilateral inspection 
(Fig. 1.1).

The way to open the dura is parallel to the orbital rim in a slightly curved fashion 
with a relaxing slit over the Sylvian veins. Early introduction of microscopy for 
inspection and prior to any retraction to open the proximal Sylvian cistern and other 
regional skull base cistern including Lilliquist membrane or lamina terminalis 
releases the CSF for relaxation and/or lavage of blood collection. Next, identify the 
parent vessel for potential proximal and distal control, to check the feasibility of 

a

d e f

b c

Fig. 1.1  Right pterional approach. (a) Frontal skin incision “solid line”. (b) Fronto Pterional 
Craniotomy “dotted line” leaving a muscle cuff *. (c) Extradural drilling of sphenoid wings and 
anterior clinoid process. (d) De-roofing of optic nerve. (e) Exposure of an ophthalmic aneurysm 
neck. (f) Clipping of the aneurysm “Kanaan-Baldocini”

1  Tailored Skull Base Approach to Management of Intracranial Aneurysms
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applying a clip to the aneurysm neck without compromise of the surrounding perfo-
rators or other important vessels in the vicinity “en-passage” and to maintain the 
integrity of adjacent cranial nerves such as the optic nerve or oculomotor nerve. The 
author recommends drilling of the anterior clinoid process and the roof of the optic 
canal and releasing the falciform ligament in order to provide proximal control, clip 
an ophthalmic artery aneurysm or a low proximal internal carotid artery aneurysm, 
and prevent traction injury to the optic nerve during manipulation.

In recent years, we have reverted to using the simple pterional approach for clip-
ping of most anterior IAs. The list includes P-com A, A-chor A, MCA, A1, A-com 
A, bilateral proximal A2, bilateral ophthalmic A, and rostral basilar aneurysms. The 
less invasive variant is the trans-eyebrow or trans-ciliary mini-pterional or FOZ 
approach; it may be adequate to treat some selected anterior circulation aneurysms 
[12–14].

1.2.2  �Fronto-Orbito-Zygomatic Approach and Variant (FOZ)

The fronto-orbito-zygomatic (FOZ) approach welds several surgical avenues and 
satisfies the philosophy of skull base surgery by removing bone obstacles in favor 
of better exposure with minimal brain retraction. Historically, this approach evolved 
from the pioneering work of avant-garde neurosurgeons. McArthur 1912 and later 
Frazier 1913 were the first to remove the supraorbital ridge as part of frontal crani-
otomy [15, 16]. Jane et al. revived this approach to include the anterior orbital roof 
osteotomy in a single flap to approach orbital tumors and vascular lesions [17]. 
Pellerin [18] reported the orbito-zygomatic-malar approach in 1969 followed by 
Hakuba [19] who first described a newer version in the early ‘80s labeled as orbito-
zygomatic subtemporal approach to central skull base lesions. This approach was 
eventually adopted and modified by Al Mefty and others as fronto-orbito-zygomatic 
(FOZ) approach [20–23].

The FOZ approach provides an excellent neurosurgical avenue for safe removal 
of skull base tumors and management of complex vascular lesions around the cen-
tral skull base, cavernous sinus, and upper clivus. Several publications quantified 
this approach and highlighted its advantages in the contemporary practice of skull 
base surgery.

The FOZ approach represents an extended version of the pterional approach that 
includes removal of the superior and lateral orbital rim (zygoma) medial to the 
supraorbital notch and down to the malar eminence.

1.2.2.1  �Intervention

The frontotemporal bone flap of pterional approach will include the anterior part 
of the orbital roof and the lateral wall of the orbit; hence, it negates the need for 
later orbital reconstruction. This step may be performed as a single or two-piece 
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flap using a pediatric oscillating saw or fine bone cutter. The line of cut is medial 
to the ethmoid sinus and the lateral one is between the outer edge of the superior 
and inferior orbital fissures. The use of cotton patties and thin brain spatula pro-
vide a protection to the fronto-basal dura as well as the periorbita covering the 
lacrimal gland (Fig. 1.2). The elevation of this flap will facilitate the extradural 
resection of the sphenoid wing and drilling of the anterior clinoid process. It will 
also help in identifying the orbito meningeal fold and the decompression of the 
superior orbital fissure, the optic canal, and the posterior orbit using a high-speed 
diamond burr.

The need for the double cut of the zygomatic arc is limited to the extended sub-
temporal approach proposed for surgical management of cavernous sinus lesions, 
complex basilar tip aneurysms, or upper clivus tumors as described by Dolenc and 
Hakuba. It does not warrant total skeletonization of the zygomatic arch and we 
advise to proceed with pre-platting rehearsal to achieve better alignment and good 
cosmetic results.

Recently, several authors tailored this approach and described less invasive vari-
ants that complement the pterional approach with the removal of the superior and 
lateral orbital rim but keeping the zygomatic arc intact.

1.2.3  �Dolenc Approach and Kawase Approach

In the 1980s, Dolenc [24] introduced an innovative approach to treat complex para-
clinoid aneurysms, cavernous sinus vascular lesions, and basilar tip aneurysms. It is 
a variant of FOZ approach, which provides the option of intradural or extradural 
approach to these lesions. Whereas Kawase [25, 26] in 1985 designed a subtempo-
ral extradural access to the petrous apex and upper clivus to treat basilar A. aneu-
rysms, Meckel’s cave, and superior petroclival tumors (Fig. 1.3).

a b

Fig. 1.2  Right FOZ approach. (a) Frontotemporal bone flap including superior and lateral orbital 
rim and its anterior roof. “Resected pterion*”. (b) Highlights of FOZ: Fronto orbito zygomatic 
approach including orbital rim, anterior roof and its lateral wall (zygoma)

1  Tailored Skull Base Approach to Management of Intracranial Aneurysms
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1.2.3.1  �Intervention

Both approaches entail flattening of the lateral temporal fossa, obliteration of the 
foramen spinosum, and preserving the integrity of the greater and lesser superficial 
petrosal nerves (GSPN and LSPN) during the extradural exposure of the petrous 
carotid for proximal control while clipping of complex proximal paraclinoid aneu-
rysms or proximal basilar A. aneurysms.

Furthermore, Dolenc’s approach may weld with Kawase’s approach as modified 
Dolenc-Kawase approach (MDK) to enhance such an exposure.

Recently, the rapid progress in neurovascular intervention supplants the regular 
use of these approaches and limits them to manage special complex or giant intra-
cranial aneurysms [27].

1.3  �Posterolateral Skull Base Approaches

Posterior circulation aneurysms represent 10% of all intracranial aneurysms and are 
primarily more centrally oriented. Their location, size, complexity, and confined 
regional anatomy may impose surgical challenges and dictate the selection of surgi-
cal approach. Pterional approach is a popular avenue to manage rostral basilar aneu-
rysms, P1 and P1–P2 aneurysms, which represent 80% of posterior cerebral artery 
(PCA) aneurysms, whereas distal PCA aneurysms are amenable for surgery via a 
subtemporal approach for (posterior P2) or occipital interhemispheric transtentorial 
avenues for (P3). Treatment of most superior cerebellar artery (SCA) aneurysms 

Fig. 1.3  Subtemporal 
extradural anterior petrosal 
transtentorial approach 
(Kawase). Artistic drawing 
illustrates exposure of the 
basilar artery and its 
branches aneurysms. 
Landmarks include GSPN/
petrous carotid (ICA) 
lateral, arcuate eminence 
(SSC) posterior, Gasserian 
ganglion (GG) anterior, 
petrous ridge/tentorial edge 
“cut” (T) medial, (IAM) 
inferior

I. N. Kanaan
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entails neck clipping. Surgical approach options for management of its cisternal 
segment aneurysms are via pterional transsylvian, subtemporal transtentorial, or 
occipital transtentorial approaches. Basilar mid-trunk aneurysms are accessed via 
anterior or posterior petrosal presigmoid transtentorial combined approach. 
Vertebrobasilar aneurysms may require modified far-lateral or suboccipital trans-
condylar approach. However, more lateral aneurysms of anterior inferior artery 
(AICA) and posterior inferior artery (PICA) aneurysms can be treated successfully 
via a simple lateral suboccipital or retrosigmoid approach for the former and a tai-
lored far-lateral suboccipital trans-condylar approach or paramedian suboccipital 
approach for the latter.

1.3.1  �Retrosigmoid Approach

The retrosigmoid approach provides a safe, versatile, multi-channel corridor to 
manage posterior circulation aneurysms or resect different types of tumor while 
maintaining the integrity of the surrounding neurovascular structures. It demands 
thorough knowledge of regional anatomy and expertise in microsurgical techniques. 
This approach represents an evolution from the unilateral suboccipital approach, 
first credited to Balance and Thomas Annandale [28] in 1894 and 1895 for removal 
of a vestibular schwannoma, popularized by Dandy in 1934 and eventually fine-
tuned by others. The detailed cisternal and 3D-anatomy of the CPA are an important 
source of information to master the intervention, elegantly described by Yaşargil 
[29] and later by the comprehensive work of Rhoton [30].

1.3.1.1  �Intervention

Placement of the patient into a semi-sitting or modified park bench position with 
25° elevation of the upper trunk facilitates the venous outflow. Securing the head in 
a Mayfield head clamp with slight flexion and lateral rotation to the ipsilateral 
shoulder enhances visualization of the CPA and the tentorium. The intervention 
starts with a standard curvilinear incision 2–3 cm behind the postauricular sulcus, 
followed by incision of the soft tissue and exposure of the suboccipital region. A 
4 × 4 cm craniotomy spans among three burr holes. One is over the asterion; a land-
mark corresponds to the underlying junction between the transverse sinus and sig-
moid sinus junction. The second is along the same line about 4 cm medially and the 
third one is at the base of suboccipital region. Neuronavigation helps in planning 
this craniotomy and confirms the position of the lateral and sigmoid sinus in correla-
tion with the standard practical method of drawing a virtual line from the zygomatic 
arch to the occipital protuberance as a reference to the course of the lateral sinus. 
The edge of the bony exposure should trace the posterior margin of the sigmoid 
sinus and the inferior margin of the transverse sinus. Dura opening starts with a 

1  Tailored Skull Base Approach to Management of Intracranial Aneurysms
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small initial dural incision over the vicinity of the cisterna magna to allow for con-
trolled egress of cerebrospinal fluid, which provides relaxation of the underlying 
cerebellum. Eventually, opening of the dura in Y-shaped forming superior and lat-
eral leaflets that are reflected over the transverse and sigmoid sinuses leaves the 
medial part of the dura to cradle and cover the cerebellum and prevent its herniation 
(Fig. 1.4).

Microsurgical exposure starts with sharp incision of the upper CPA cistern, sub-
arachnoidal dissection, and minimal retraction of the cerebellum. Identification of 
the internal auditory canal and maintaining the integrity of seven and eight cranial 
nerves complex, as well as the petrosal vein and the trigeminal nerve and special 
care of the sixth nerve in the depth. Evaluate the configuration of the aneurysm and 
its relationship to the parent vessel, surrounding neurovascular structures, with spe-
cial attention to adjacent perforators and the brain stem. Judge the need for tempo-
rary clipping or the feasibility to apply a permanent clip safely after preselection of 
the size and type of the clip.

a

d e f

b c

Fig. 1.4  Left retrosigmoid approach. (a) Modified park-bench position, easy curved incision, and 
localization of lateral and sigmoid sinuses. (b) Suboccipital lateral craniotomy extend to both lat-
eral and sigmoid sinuses’ edge. (c) Primary small basal dura incision to release CSF from the basal 
cistern “cisterna magna”. (d) Y-shaped dura incision. Dura leaflets are reflect over the sinuses 
“dural sinus *“. (e) Direct access to left CPA cisterns, showing 7 and 8 nerves complex entering 
the IAM and caudal cranial nerves. (f) Endoscopic view of the lower CPA with excellent visualiza-
tion of the caudal cranial nerves over the vertebral A
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1.3.2  �Combined Presigmoid Retrolabyrinthine 
Petrosal Approach

Hakuba described this approach in 1980; later refined and popularized by others 
[31–39], it provides a panoramic view to Meckel’s cave, petroclival region, and 
anterior aspect of the brain stem and basilar artery.

1.3.2.1  �Intervention

This intervention entails a combination of retrolabyrinthine presigmoid, retrosig-
moid, and subtemporal avenues. An inverted J-shaped skin incision is fashioned 
from the zygoma arch at the pre-tragus curving up two fingerbreadths above the 
pinna and descending posterior and inferior behind the mastoid process, followed 
by release and reflection of the temporalis muscle inferiorly.

The bony exposure includes three steps (Fig. 1.5): step 1: Elevation of a temporal-
suboccipital bone flap in one or two pieces using two bur holes spanned on both 

a

c d

b

Fig. 1.5  Combined supra-infratentorial presigmoid retrolabrynthine approach. (a) Left park-
bench position. Inverted J-shaped scalp incision with marking of the lateral sinus as shown. (b) 
Temporal suboccipital craniotomy in one or two pieces using 1–2 sets of burr-holes alongside the 
lateral sinus. (c) Complement boney exposure by elevation of a mastoid flap, drilling the air cells 
to skeletonize the sigmoid sinus. (d) Incision of the subtemporal and presigmoid dura “Trautman 
triangle” for double ligation of superior petrosal Vein. Transverse sinus (TS), Sphenoid sinus (SS), 
Trautman triangle dura (TT), Temporal dura (TD)

1  Tailored Skull Base Approach to Management of Intracranial Aneurysms
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Fig. 1.6  Modified Hakuba 
approach. Artistic drawing 
illustrates the wide 
exposure of basilar artery 
system, anterior aspect of 
the brain stem, and cranial 
nerves III–XI and identifies 
an aneurysm at the origin 
of AICA with least 
retraction

sides of the transverse sinus just lateral to the asterion with special attention not to 
injure the lateral sinus or the vein of Labbé. Step 2: Performing a simple mastoidec-
tomy by elevating a triangular mastoid cortical flap that is extended from the supra-
mastoid ridge to the mastoid tip using a pediatric oscillating saw or B1 Midas Rex 
cuter. Drilling out the air cells of the antrum and exposing the presigmoid dura 
(Trautman triangle) and skeletonizing the sigmoid sinus down to the jugular bulb. 
The latter maneuver is crucial to allow maximal mobilization of the sigmoid sinus 
upon incising the tentorium. Special attention should be paid to preserve the integ-
rity of the semicircular canals and the fallopian canal of the facial nerve. Step 3: 
Opening of the presigmoid and temporal-basal dura, followed by coagulation, dou-
ble ligation, and cutting of the superior petrosal sinus. Eventually, incision of the 
tentorium is performed toward its free edge in parallel to the petrous ridge and 
posterior to the entry of the fourth nerve under the tent.

The merits of this approach rest on its direct multi-channel access to the CPA, 
Meckel’s cave, ambient and prepontine cisterns, and petroclival region, providing a 
panoramic exposure of the anterior aspect of the brain stem, the basilar artery, and 
its proximal branches with least retraction of the cerebellum or brain stem. This 
approach is of a great value in management of several Vertebrobasilar system aneu-
rysms. These include the P2–P3, proximal SCA, basilar tip and trunk, AICA, and 
some PICA aneurysms, especially the complex or giant ones (Fig.  1.6). This 
approach often entails significant bone drilling and increases the operative time and 
potential associated complications.

Recently, considering the major leap in the field of endovascular interventions 
and the hybrid use of endoscopic skull base surgery, we opt to restrict the indica-
tions for such a tedious approach to specific conditions. In particular, this refers to 
patients with giant petroclival skull base tumors with the aim of achieving more 

I. N. Kanaan
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radical resection and a better long-term outcome as well as to treat difficult and 
special complex or giant vertebrobasilar aneurysms and the ones that failed neuro-
vascular intervention.

1.3.3  �Far-Lateral Approach and Extreme Lateral Inferior 
Trans-Condylar Approach (Elite)

These approaches provide direct access to remove tumors sited at the anterolateral 
aspect of the foramen magnum and the brain stem, or are used to manage aneurysms 
of the Vertebrobasilar junction and basilar trunk below the origin of AICA [40–45]. 
They agree with the general concept of skull base surgery by the removing of more 
bones in favor of better exposure and minimal cerebellar retraction.

1.3.3.1  �Intervention

The author adopts the tailored far-lateral approach variant but performed in 3-quarter 
prone position [45], described as follows: Incision of the skin behind the ear in cur-
vilineal fashion, about 2 cm posterior to the mastoid, followed by incision of the 
muscles and subperiosteal exposure of the suboccipital bone and the posterior lip of 
the foramen magna. Elevation of suboccipital bone flap using one burr hole. 
Enhancing the exposure by extending the bone removal laterally and resect the pos-
terior rim of the foramen magnum up to the occipital condyle, C1 posterior arc and 
its ipsilateral transverse process using high-speed drill and a small rongeur (Fig. 1.7).

Fig. 1.7  Artistic drawing of far-lateral suboccipital approach right side in lateral or ¾ prone posi-
tion. The bone exposure includes unilateral suboccipital craniotomy, the posterior lip of foramina 
magnum, and the C1 hemi-lamina. Exposure of extra and intradural segment of the vertebral artery 
(VA) for proximal control and surgical management of aneurysms at the Vertebrobasilar junction or 
PICA with tailored drilling of the occipital condyle and without transposition of the vertebral artery

1  Tailored Skull Base Approach to Management of Intracranial Aneurysms
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Opening of the dura, after the exposure of the vertebral artery in the suboccipital 
triangle and trace it to its dura entrance. Sharp opening of the CPA cisterna and 
cisterna magna with possible section of the dentate ligament facilitate the exposure 
of regional neurovascular structure with minimal cerebellar retraction. These 
include Vertebrobasilar junction aneurysms, vertebral artery or PICA aneurysms.

Tailored drilling of the occipital condyle or the jugular tubercle may be deemed 
necessary in special cases of complex or giant aneurysms to improve their exposure 
and management. However, the protracted and tedious nature of the extreme far-
lateral inferior trans-condylar approach (ELITE) variant with transposition of the 
vertebral artery and associated complication of instability has tempered its use [43]. 
This was also due to the rapid advancement in endovascular intervention as a popu-
lar minimally invasive alternative treatment option.

1.4  �Recommended NS-Strategies for Management 
of Intracranial Aneurysms

Surgical indication and rehearsal of surgical intervention rest on proper evaluation 
of patients’ clinical conditions and meticulous review of their images. Selection of 
the proper skull base approach is an important step in the surgical management of 
intracranial aneurysms. However, there is no substitute for judicious strategy and 
fine microsurgical dexterity. The latter warrants special training, experience, and 
profound knowledge of clip types and clipping methods.

The most popular clips are the MRI-compatible Yaşargil and Sugita titanium 
clips (crossed shaft alpha design resembling the first Greek letter alpha). They are 
available in different sizes and shapes including fenestrated clips to preserve inti-
mate perforator or parent vessel during clipping. Other special clips include booster 
clip, t-bar fenestrated clip, and the Sundt graft clips for potential use in some cases 
of blister aneurysms or during catastrophic aneurysmal neck tears. Method of clip-
ping is to be tailored to the shape, size, configuration, oscillatory stress index (OSI) 
and flow dynamic study, neck size and ratio, orientation, relation to adjacent perfo-
rators and parent vessel, and rupture site. These methods encompass variety of sim-
ple clipping, tandem clipping, interlocking clipping, pilot/tentative, staged or 
progressive clipping, and vessel reconstructive clipping.

Primary consideration for temporary clipping is a judgment call and as needed. 
However, in recent practice, it is reserved for cases of premature rupture and during 
treatment of complex and giant aneurysms [29]. Special attention is paid not to 
compromise a retrograde filling of other uninvolved innocent branches. The tempo-
rary clip should not be used in lieu of a permanent clip and its use should be timed 
out, not to exceed 5 minutes (or 10–15 min on and off), and under normotensive 
conditions. The Yaşargil temporary clip closing pressure shows 0.88–1.08  N 
(90–110 g) and for the permanent clip 1.47–1.96 N (150–180 g). Whereas for Sugita 
temporary clips closing pressure is 0.69 N (70 g) and for permanent clip ranges 
1.27–1.47 (130–150 g) [46, 47].

I. N. Kanaan
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The author’s strategies consider the use of bipolar coagulation in some cases to 
shrink the neck of an aneurysm for better clipping or to treat blister aneurysm, rap-
ping or entrapment of fusiform aneurysm, complemented with bypass procedure 
using vascular graft conduit or direct vascular anastomosis. The selection of bypass 
type should rely on the quantitative flow measurement. The innovative hybrid use of 
endoscopy, 3D ICG angiography, and quantitative flow measurement to check clip 
position and complete occlusion of the aneurysm while maintaining good vascular 
flow in the parent vessels and adjacent perforators or a good flow in the graft have 
added great value to the surgical outcome [48–50] (Fig. 1.8).

1.5  �Conclusion

Most anterior circulation aneurysms are amenable to clipping via simple pterional 
approach using the concept of “subarachnoidal surgery” as coined by Yaşargil. 
However, some aneurysms may require a more intricate approach such as modified 
FOZ or Dolenc approach to have better exposure, proximal control or provide an 
adequate space to apply a temporary clip such as in some proximal ophthalmic/ICA 
aneurysms, paraclinoid aneurysms, and distal basilar aneurysms.

Posterior circulation aneurysms represent only 10–15% of all IAs but they are 
more difficult to manage. A simple suboccipital, retrosigmoid, or paramedian sub-
occipital approach may suffice for clipping most peripheral aneurysms of SCA, 
AICA, and PICA aneurysms. However, proximal branch’ aneurysms, Vertebrobasilar 
junction and basilar trunk aneurysms demand advanced skull base exposures to 
pave the way for fine microsurgical techniques. These approaches include Kawase 
approach, combined petrosal or tailored far-lateral approach as described above. 
The same strategies may apply for giant anterior or posterior circulations intracra-
nial aneurysms. The newly introduced innovative approach of transclival access is 
still in its infancy and demands more clinical and scientific validation.

a b c

d e

Fig. 1.8  (a) CT angiography depicting right ICA aneurysm “red arrow”. (b + c) Intraoperative 
microscopic and ICG angiographic views of R. ICA’ aneurysm “preclipping”. (d + e) Intraoperative 
microscopic and ICG angiographic views confirm the complete obliteration of the ICA aneurysm 
post clipping with normal flow in the parent vessel. (“Courtesy G. Broggi”)
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Nowadays, neurosurgeons’ ingenuity and talent are taxed with more complex 
aneurysms, giant aneurysms, blister and small aneurysms, and aneurysms with 
hematoma, in addition to managing post-endovascular intervention failures [51, 52] 
(Table 1.1).

A good number of these lesions are not amenable to achieving a long-lasting and 
successful outcome with endovascular treatment option. On the other hand, elderly 
patients, presence of severe co-morbidities, vasospasm, calcification of the aneu-
rysm neck, and unfavorable anatomy represent high-risk situations for surgery 
intervention. Recent innovation in endovascular treatment using pipeline or flow 
converter stents has proven helpful in treating a specific category of difficult aneu-
rysms. Therefore, the important role of a joint vascular team should not be underes-
timated, with expertise of both disciplines contributing towards the evaluation and 
selection of the best treatment option for their patients to achieve rewarding 
outcomes.
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Chapter 2
Microsurgical Treatment of Deep 
and Eloquent AVMs

Phillip Cem Cezayirli, Hatice Türe, and Uğur Türe

Abbreviations

3D	 Three dimensional
ACA	 Anterior cerebral artery
AED	 Antiepileptic drug
AP	 Anteroposterior
ARUBA	 A randomized controlled trial of unruptured brain AVMs
AVM	 Arteriovenous malformation
CT	 Computed tomography
CTA	 Computed tomography angiography
DSA	 Digital subtraction angiography
fMRI	 Functional magnetic resonance imaging
ICA	 Internal carotid artery
ICG	 Indocyanine green
MCA	 Middle cerebral artery
MRI	 Magnetic resonance imaging
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mRS	 Modified Rankin Scale
PCA	 Posterior cerebral artery
SM	 Spetzler–Martin

2.1  �Introduction

The natural history of arteriovenous malformations (AVMs) varies based on their 
location and angio-architecture as well as the characteristics of the patient [1–5]. 
Unfortunately, there is no well-established grading system to predict the natural his-
tory of an individual AVM [4, 6–18]. Most authors cite general, prospective, or ret-
rospective studies that provide low-level evidence of the natural history of AVMs but 
do not provide the natural history of an AVM in an individual patient. The ARUBA 
(A Randomized Controlled Trial of Unruptured Brain AVMs) trial was not designed 
to evaluate the natural history of AVMs based on angio-architectural or patient char-
acteristics [6, 19–21]. Instead, this trial was designed to evaluate the benefit of medi-
cal management versus any treatment for unruptured AVMs, and the trial utilized the 
Spetzler–Martin (SM) grading system for AVMs to differentiate them [20, 22, 23]. 
The SM grading system is meant to be a guide to the surgical risks of microneuro-
surgical resection of an AVM and does not predict the natural history of the lesion 
nor the morbidity and mortality from different treatments [23–26].

AVMs can be in many locations throughout the central nervous system, includ-
ing areas defined as “eloquent” according to the SM grading system [23]. These 
areas are termed eloquent because damage to them may cause noticeable morbidity 
in the patient when evaluated with relatively crude bedside examinations and out-
come scales such as the Glasgow Outcome Scale or modified Rankin Scale (mRS) 
[23, 25, 27–29].

According to limited cases series and registries, deep AVMs have a natural his-
tory of a higher risk of hemorrhage, morbidity, and mortality [7, 17, 30–36]. The 
marginal benefits of treating deep AVMs or AVMs with deep venous drainage may 
be much greater than the marginal benefits of treating superficial AVMs with super-
ficial drainage [7, 32, 36].

No randomized controlled trial compares different interventional treatment modal-
ities directly, although many prospective and retrospective studies have been done to 
evaluate the different treatments of AVMs [4, 37, 38]. Microneurosurgical resection 
has the highest treatment success rates with similar overall morbidity and mortality 
when compared with endovascular embolization and radiosurgery as singular treat-
ments [4, 18, 37, 39–47]. The promise of preoperative embolization is to decrease 
operative time and blood loss, and improve outcomes; however, the utility of preop-
erative embolization has been called into question in recent evaluations [48–59].

We aim to show that microneurosurgical resection of deep and eloquent AVMs 
can be done in a safe and effective manner to benefit the patient. Advances in preop-
erative and intraoperative tools have made this resection safer with good outcomes 
that beat the natural history of deep and eloquent AVMs. Importantly, deep AVMs 
can have a more worrisome natural history that should lower the threshold for 
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treatment and, in our view, the natural history of an individual AVM for an individual 
patient is of utmost importance. Lastly, we do not believe that the term “eloquent” 
should be used to describe certain areas of the brain because this designation indi-
cates that there are non-eloquent areas of the brain. Certainly, some areas of the brain 
have more obvious and striking effects if they are damaged; however, in the most 
common AVMs that have a compact nidus, there should be no intervening normal 
brain within the AVM. Therefore, any damage to surrounding brain tissue can and 
should be avoided when utilizing microneurosurgical techniques and adjuncts [2, 60].

2.2  �Standards

2.2.1  �Description

Deep and eloquent brain AVMs have come to be graded with the Spetzler–Martin 
system, as established in their seminal paper in 1986 [23], which was later simpli-
fied by Hamilton and Spetzler [28] and Spetzler and Ponce [61] and supplemented 
by other authors [23, 28, 61–63]. For surgical planning and decision making, we 
categorize AVMs based on the topographical and vascular terminology described by 
Yaşargil [1–3] and later modified by Valavanis and associates [1–3, 46] (Fig. 2.1). 
We do not alter our treatment decisions based on predictive systems of surgical 
outcome or eloquence and drainage patterns; instead, our decision to treat is based 
on concern over future hemorrhage and morbidity from the AVM in the individual 

a b

Fig. 2.1  Axial (a) and coronal (b) depictions of deep (or central) regions of the brain delineated 
by the darker, encircled regions. Convexity (or pallial) regions of the brain are outside of the 
encircled deep region. (Adapted from Yaşargil’s Microneurosurgery, Volume IIIb [2])
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patient. In particular, evidence of venous hypertension is one of our greatest indica-
tions for treatment. This may be indicated by cardiac output failure, papilledema, a 
venous varix, or venous dilation, stasis, or stenosis (especially stenosis of the deep 
venous system) [1–3, 64].

As described by Yaşargil and later modified by Valavanis, the arterial supply of 
an AVM may have both dominant and supplementary channels, which may be direct 
or indirect [1–3]. Understanding the specific variations of the arteries involved in an 
AVM is vital to surgical planning and ensuring a safe surgical resection. Specifically, 
differentiating and recognizing where and when an artery does (or does not) end in 
the nidus of an AVM is essential to ensuring safe and effective surgical resection.

The size of the nidus of an AVM has been classically based on anteroposterior 
and lateral angiographic images, but more recently magnetic resonance imaging 
(MRI) and 3D reconstructions have enabled more accurate and sensitive descrip-
tions of AVM size [1–3]. We utilize Yaşargil’s classification of AVM nidus size: 
micro (0.5–1.0 cm), small (1–2 cm), moderate (2–4 cm), large (4–6 cm), and giant 
(>6 cm), with a nidus that may be compact, multifocal, or diffuse [1–3].

The two main locations of lesions described by Yaşargil (and later modified by 
Valavanis) are the convexity (or pallial) AVMs and the central (or deep) AVMs [1–3]. 
The modification provided by Valavanis and Yaşargil helps in understanding the likely 
vascular supply and venous drainage patterns. We agree that diffuse (non-compact) 
AVMs with normal brain tissue intermingled between areas of the nidus are likely 
distinct entities with a different natural history and management [3, 65], as described 
and termed by Lasjaunius and associates as cerebral proliferative angiopathy [66], 
and we do not believe they are suitable candidates for microneurosurgical resection.

To clarify the term diffuse, there is the pseudo-diffuseness of an AVM from second-
ary perinidal angiogenesis (as described by Lawton and others), and there is the dif-
fuse AVM with a different natural history (that Lasjaunius calls cerebral proliferative 
angiopathy) [1–3, 46, 61, 62, 65–69]. Pseudo-diffuse AVMs, as defined by Valavanis, 
are AVMs that have moderate or extensive secondary perinidal angiogenesis, and 
super-selective angiography is required to delineate the nidus from perinidal second-
ary changes [3, 46]. We agree with Lawton that AVMs with these secondary changes 
are more difficult to treat—especially as the changes increase; however, there seems 
to be inter-institutional variance in rates of diffuseness, and we believe these second-
ary changes require further study [61, 66]. AVMs with minimal or no perinidal angio-
genesis allow the surgeon to differentiate the nidus from the surrounding normal 
brain; however, AVMs with moderate to extensive secondary perinidal angiogenesis, 
which Valavanis called pseudo-diffuse, are more difficult to treat [3, 46, 62, 66].

2.2.2  �Decision to Treat

Since the completion of the ARUBA trial, many have proposed that unruptured 
AVMs should be medically managed; however, we believe the angio-architecture of 
the AVM and the characteristics of the patient dictate our decision to treat, not a 
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poorly constructed randomized controlled trial [19, 20, 22]. The hallmarks of prior 
rupture include conspicuous hemorrhage when the patient presents acutely and as 
seen on computed tomography (CT), along with hemosiderin seen on MRI [70, 71]. 
Seizures, headaches, and neurological changes may be reasons for initial imaging in 
the outpatient setting, and the symptomatology or signs may correlate with the 
AVM [1–3]. Flow-related aneurysms indicate increased flow to the AVM, but there 
are mixed and inconclusive results as to whether a flow-related aneurysm correlates 
with a risk of AVM hemorrhage, but the aneurysm should be treated if the AVM 
itself will be left alone and watched [2–4, 7, 14, 72]. Venous hypertension, stasis, 
and outflow stenosis are our greatest indications to treat the AVM, but most patients 
with these venous changes have evidence of prior hemorrhage or signs and symp-
toms from the AVM; however, the evidence and classification of these venous 
changes are neither well established nor codified for deciding treatment [1–4, 7, 9, 
10, 12, 13, 15, 29, 36, 44, 46, 73, 74].

For the past 30 years, the Spetzler–Martin grading system has defined AVMs 
based on venous drainage location, eloquent locations, and size; however, this sys-
tem (and later iterations) does not predict the risk of hemorrhage or morbidity from 
the AVM itself but instead predicts the risk of microneurosurgical resection [24, 26, 
75]. The venous drainage location does not affect our decision to treat, but it does 
help guide us for surgical planning. We do not differentiate our surgical decisions 
based on eloquent locations, but we do discuss the risks, benefits, and alternatives 
of resection with the patient based on the patient, the anatomical location of the 
AVM, and the AVM’s angio-architecture. In particular, venous hypertension seen on 
preoperative imaging and/or the patient’s signs and symptoms of venous hyperten-
sion are our greatest indication for treating a patient’s AVM, in particular with 
occlusion of the straight sinus [1–3, 64].

2.2.3  �Microneurosurgical Technique

The standard for resecting a brain AVM does not change based on the depth, venous 
drainage, size, or presumed eloquence. The microneurosurgical technique used to 
approach these lesions developed over the second half of the twentieth century [1, 
2, 76–79]. Careful study of preoperative imaging and anatomical knowledge are 
vital for successful microneurosurgical resection of an AVM, which helps the sur-
geon understand the flow, arterial supply, and venous system. This understanding in 
turn helps with setting up the next steps of the procedure: the operative approach 
and patient positioning [1–3, 80],

When possible, we plan our operative approach so that the main venous drainage 
is deep rather than superficial, although this is often not feasible with convexity 
AVMs. Additionally, we plan our approach through a fissure, sulcus, or the least 
amount of brain [2]. We utilize a wide opening and craniotomy to maximize visual-
ization of the AVM and surrounding anatomy [2]. After opening the dura (utilizing 
the Doppler and intraoperative ultrasound to avoid premature damage to the AVM), 
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we perform indocyanine green (ICG) video-angiography before any further dissec-
tion, which allows us to evaluate the flow and direction of the observed vessels [1, 
2, 81–85]. Our intraoperative view and understanding of the AVM and ICG video 
are compared to our expected view and the angio-architecture of the AVM based on 
preoperative studies and our anatomical and pathological knowledge of the disease. 
Prior to disrupting the AVM, we open sulci, fissures, and arachnoid around and 
adjacent to the AVM to identify important arterial and venous anatomy while allow-
ing for egress of cerebrospinal fluid and brain relaxation [1, 2]. Once the important 
superficial anatomy has been exposed and identified, we compare what we see 
through the microscope to what we expected when looking at preoperative imaging 
and intraoperative ultrasound, which we find more accurate than neuronavigation 
[1–3, 83, 84]. To better understand the AVM, we repeat ICG video-angiography 
with or without the temporary placement of AVM or temporary aneurysm clips for 
temporary occlusion of suspected vessels. This maneuver allows us to better under-
stand the AVM and its angio-architecture, except in small, simple AVMs (where it 
is not required). This technique can be repeated multiple times, especially for mod-
erate, large, and complex AVMs [81, 82]. Additionally, the microvascular ultrasonic 
flow probe can be used with or without temporary clips to define the flow of the 
arterial and venous systems of the AVM throughout dissection and resection 
[83, 86].

We then work around the AVM in circumferential fashion, taking time to differ-
entiate direct feeding vessels from indirect or transit arteries before coagulating any 
vessel [2]. When in doubt, we may place temporary AVM clips or temporary aneu-
rysm clips for trial occlusions to look for AVM and cortical changes before coagu-
lating and cutting a vessel. This maneuver may be coupled with intraoperative 
Doppler and/or ICG to better show the angio-architecture and flow dynamics of the 
AVM and potential changes [2, 81, 83]. Sacrifice of the primary draining vein is 
avoided until the end; however, supplementary venous elimination may be required 
to advance resection [2]. The primary draining vein and supplementary and adjacent 
veins may be differentiated based on preoperative study of the AVM along with 
intraoperative ultrasound and Doppler, the microvascular ultrasonic flow probe, and 
ICG video-angiography with or without the temporary placement of AVM clips 
[1–3, 81, 83–86].

Preferably, if we can first find a direct avenue to the deep arterial feeders, we then 
coagulate and disconnect these before coagulating the larger and superficial feeding 
vessels [60]. Moving circumferentially along the AVM, smaller vessels (less than 
0.5 mm) may be encountered, in which case the use of bipolar cautery should be 
decreased to prevent bursting the small, friable artery [2]. The bipolars are kept 
clean and changed often throughout surgery to prevent sticking to the vessels during 
coagulation [2]. Non-stick bipolars are an excellent adjunct for AVM resection to 
prevent sticking to the small, friable vessels; however, these bipolars do not have the 
same weight and opening force as our normal bipolar set, so our use of the non-stick 
bipolars is limited because of their less familiar feel. Before coagulation of any 
artery, a few millimeters of the artery should be visible. This guideline has two pri-
mary benefits: the first is further identification of the target artery and the second is 
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preventing the vessel from retracting deeper into the brain and re-bleeding [2]. To 
aid in exposing the vessel, the suction and/or a small cotton patty can be used to 
retract brain tissue from the exiting vessel. Alternatively, the previously exposed 
adjacent sulci and fissures may be used to better visualize the targeted artery [2]. In 
many cases, the temporary placement of AVM clips on larger vessels is necessary to 
stop nuisance bleeding, which is more likely near the corona radiata, internal cap-
sule, ependyma, caudate, thalamus, and cerebellar peduncles. Wide dissection of 
normal brain should be avoided, however, as should the removal of an AVM piece-
meal [2].

Once the arterial feeders are disconnected from the AVM nidus, the final draining 
vein should appear collapsible and darker in color [2]. Generally, additional feeding 
arteries are often found hidden by the main draining vein [2, 60]. At this stage, any 
continuing bleeding or a draining vein that is not dark or collapsible provide evi-
dence that AVM feeders remain and should be identified, dissected, coagulated, and 
cut [2]. Before removing the AVM completely, ICG and Doppler are done to con-
firm that the arterial feeding arteries have been removed [81, 83]. Once the draining 
vein is coagulated and cut, the AVM can be removed. Subsequently, the operative 
bed is irrigated frequently and the blood pressure confirmed to be normal (not hypo-
tensive) while we wait for the intraoperative angiogram to be done, which is usually 
at least 30 min after the AVM is removed. After the angiogram, we return to the 
microscope to evaluate the surgical bed; this is about 1 h after removal of the AVM.

The most difficult portion of the surgery is towards the end because of the pres-
ence of deep perforating arteries supplying the AVM. Lawton’s cooperative study 
with the Helsinki group evaluated his supplementary grading system, which found 
that deep arterial supply affects outcome [2, 60, 64, 87]. The temporary placement 
of AVM clips or temporary aneurysm clips on feeding arteries is vital to prevent 
hemorrhage and/or identify sources of bleeding from these deep perforating arter-
ies. We routinely apply these clips at different points throughout the case, but espe-
cially before coagulating the deep, small feeding vessels [2, 60]. For deep feeders 
emanating from the ventricle, it is best to enter the ventricle to identify the source 
arteries before coagulating these feeders [2]. When difficult-to-identify bleeding 
sources appear, adenosine can be given to pause cardiac activity to relieve bleeding, 
especially towards the end of surgery [88]. In some cases, we leave AVM or aneu-
rysm clips on a feeding vessel postoperatively; unfortunately, as no titanium AVM 
clips exist, these clips cause significant artifact on postoperative MRIs.

Generally, the conduction of anesthesia for AVM resection follows the same rec-
ommendations for neuroanesthesia; however, some key points can be lifesaving for 
patients undergoing craniotomy. Volatile anesthetics and vasodilators can directly 
relax vascular smooth muscle and should be avoided. Thus, we use total intravenous 
anesthesia with propofol and remifentanil infusions [18]. Standard monitoring 
methods with four-lead electrocardiogram, peripheral oxygen saturation, both inva-
sive and non-invasive arterial blood pressure, central venous pressure, and core tem-
perature are utilized. However, the use of a continuous plethsymographic variability 
index, non-invasive hemoglobin measurement, or arterial pressure-based cardiac 
output monitoring may be used to manage fluid administration and follow-up 
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transfusion trigger thresholds, given the potential for massive, rapid, and persistent 
blood loss [89]. Thromboelastometry of whole blood is useful for monitoring hemo-
stasis capabilities throughout major vascular surgeries [90]. Monitoring the patient’s 
intravascular volume status throughout the perioperative period is essential to 
understand the changes that occur before, during, and after major surgery. In our 
clinical practice, we restrict intravascular fluid infusions during cranial surgeries to 
between 0.5 and 1.0 mL/kg/h, which is supplemented as indicated when using inva-
sive and non-invasive monitoring methods. Because AVMs are highly vascular 
lesions, the anesthesia team is ready to provide adenosine-induced transient asys-
tole to aid with intraoperative hemostasis and prevent precarious situations during 
removal of the lesion [88].

Transfusion strategies should be planned preoperatively for patients with an 
AVM to allow for better timed and beneficial blood management. Packed red blood 
cells are primarily the red blood cells remaining after most of the plasma is removed 
from 1 unit of whole blood; thus, they do not contain platelets or clotting factors. 
Although fresh whole blood would be ideal, the amount of testing needed to screen 
the blood makes it largely impractical on a moment’s notice. In clinical practice, 
blood donors can be prepared preoperatively, and early administration of fresh fro-
zen plasma during expected major bleeding should be planned for as it can decrease 
coagulopathy and improve survival [91]. We give fresh frozen plasma before trans-
fusing red blood cells, and we prefer giving fresh whole blood for major bleeding. 
Despite the sparse literature on transaxemic acid used in cranial surgeries, our anes-
thesia team administers it at the time of incision during major neurovascular surger-
ies, and they provide 24  h of postoperative dosing to minimize postoperative 
bleeding complications. To maintain hemodynamic stability, our anesthesia team 
wakes our patients up slowly and extubates them in the intensive care unit after 
major vascular surgeries. During the 24–48 h after surgery, the mean arterial blood 
pressure is kept within normal limits with the use of angiotensin-converting enzyme 
inhibitors (such as captopril) and calcium channel blockers (such as amlodipine). 
Most importantly, our anesthesia team screens, evaluates, and optimizes our patients 
weeks in advance, continues to manage them in the intensive care unit postopera-
tively, and works with our neurosurgery group as a single, cohesive team for the 
benefit of the patient.

Typically, we do not incorporate hypotension during or after AVM resection, 
although we do discuss the possible need for it with our anesthesia team before 
every AVM resection [2, 92–95]. Postoperative hemorrhage, stroke, or long-term 
deficits are indications that the nidus or involved vessels were misidentified, thereby 
damaging uninvolved brain regions [2]. The nidus of the AVM does not have func-
tion, nor do the end vessels of an AVM supply normal brain [1–3, 60, 96].

We do not routinely use pre- or postoperative embolization or radiation therapy 
for our patients; however, we do encounter and operate on previously embolized 
and radiated AVMs, which can make the surgery more difficult [2, 3, 49, 50, 59, 60, 
97, 98]. In rare instances, we do request preoperative embolization of an AVM when 
there is a deep lenticulostriate or perforating arterial supply. Unfortunately, these 
perforating arterial feeders can rarely be embolized preoperatively [3, 59, 87].
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2.3  �Advances

Since the advent of microneurosurgical techniques, additional and beneficial 
advances have made the microneurosurgical resection of AVMs safer for our 
patients. Routinely, we utilize ICG video-angiography, microvascular Doppler, 
intraoperative ultrasound, a microvascular flow probe, preoperative advanced MRI 
techniques (including diffusion tensor imaging and functional MRI), preoperative 
angiography with 3D reconstructions, intraoperative angiography, postoperative 
MRI, and MRI and angiography at the 3-month follow-up.

Angiography allows for preoperative, intraoperative, and postoperative assess-
ment of AVMs [1–3]. Newer and more advanced digital software for angiography 
allows for qualitative and quantitative assessment of flow dynamics and 3D recon-
structions of the lesions [10, 74]. Computed tomography angiography (CTA) and 
newer dynamic CTA techniques allow assessment of the AVM along with its ana-
tomic information beyond the vasculature [1–3, 37, 99, 100]. The advent of MRI 
has offered a different vantage point of the brain and vasculature compared to CT, 
CTA, and angiography; however, the most recent advances in MRI are advanced 
imaging such as diffusion tensor imaging and functional MRI (fMRI) to evaluate 
these so-called eloquent areas of the brain [1–3, 96, 101]. Quantitative evaluation of 
vascular flow assessment is possible with newer MRI techniques [11, 12]. Once the 
operative approach and plan are formulated with these advanced imaging tech-
niques, the intraoperative adjuncts are available.

In 1979, Nornes and colleagues described the use of Doppler to assess cerebral 
hemodynamics intraoperatively for both aneurysms and AVMs [102]. In 1989, 
Rubin and associates described the intraoperative use of ultrasound with colored 
Doppler flow imaging for AVMs [103]. The quality of ultrasound and Doppler have 
increased significantly in the past 40 years and provide significant information to 
the surgeon to allow for safer and more effective surgeries (our experience with 
ultrasound and cottonoid placement has been accepted for publication) [83, 104, 
105]. The microvascular ultrasonic flow probe allows for the quantitative assess-
ment of individual vessel flow dynamics that are affected throughout the dissection 
and with temporary placement of micro-AVM clips or temporary aneurysm clips 
[83, 106]. Finally, intraoperative angiography allows us to evaluate our surgical 
resection of the AVM before closing the site and waking up the patient [2, 3]. The 
benefit of intraoperative angiography is the time added before and after the angio-
gram to re-evaluate the surgical bed.

In 2003, Raabe and colleagues illustrated the use of indocyanine green under 
video fluorescence to capture intraoperative vascular flow dynamics in a qualitative 
fashion [107]. Later, they incorporated this technique into a surgical microscope, 
allowing for intraoperative observation of vascular flow [107, 108]. In more recent 
years, more advanced software and algorithms have augmented visualization of this 
flow, overlying the direct visualization of the brain and vasculature in real-time and 
quantitative evaluation of flow dynamics intraoperatively [81–83, 85]. Unfortunately, 
there are limits to the number of times ICG can be given, and the depth of 
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visualization of ICG is limited; however, newer techniques with ICG are being 
developed that allow a deeper view, along with endoscopic ICG use [107, 109–111]. 
The limitations of ICG video-angiography are the reason intraoperative angiogra-
phy is essential for successful microsurgical resection.

Some authors have documented their use of preoperative or even postoperative 
embolization and/or radiosurgery for AVMs [30, 35, 48, 55, 57, 58, 112]. In our 
view, any patient with an AVM that should be treated should be viewed as a micro-
surgical candidate first [1–3]. Only for diffuse AVMs (from cerebral proliferative 
angiopathy) that are symptomatic do we suggest things such as staged embolization 
or radiosurgery [2, 3, 46, 61, 62, 65–69]. In the future, preoperative embolization 
may become more useful if lenticulostriate and deep perforating arteries feeding the 
AVM can be safely embolized preoperatively [2, 3, 46, 55, 59, 66, 87, 98].

2.4  �Controversies

In 1986, the Spetzler–Martin grading system was first introduced and focused on 
larger AVM size, deep venous drainage, and the location of the AVM in eloquent 
brain as being the greatest risk factors for poor outcomes after microsurgical resec-
tion. The scale ranges from 1 to 5 with 5 being the highest risk for postoperative 
morbidity and mortality [23]. In later prospective and retrospective studies, the SM 
grading system has been validated by others, Many authors suggest that most AVMs 
of grades 1 or 2 can be treated safely with microneurosurgical resection with good 
outcomes, grade 3 should be evaluated on a case-by-case basis, and grades 4 and 5 
should not be resected except in special circumstances [28, 63, 75].

In our view, the size of the AVM affects the length of the surgery more than the 
risks of the operation because of the increased amount of dissection required [2, 3]. In 
some instances, deep venous drainage makes the surgery easier than if the vein were 
draining superficially. This is because of the required surgical approach and the need 
to preserve the primary draining vein until the end of the AVM resection, especially in 
interhemispheric approaches, such as a cingulate AVM with drainage to the deep 
venous system [1, 2]. Additionally, deep venous drainage is a risk factor for future 
hemorrhage and worse morbidity and mortality from such hemorrhages [31–33].

The original 1986 Spetzler–Martin paper delineated eloquent regions of the 
brain as the following areas: motor, speech, and visual cortex (with their associated 
white matter pathways), the hypothalamus and thalamus, the internal capsule, the 
brain stem, the cerebellar peduncles, and deep cerebellar nuclei [23]. Left out of the 
areas denoted “eloquent” are the limbic and paralimbic areas (including the insula, 
mediobasal temporal region, and cingulate gyrus), the pallidum and striatum, and 
the entirety of the ventricular system [113]. The vasculature of AVMs may be more 
difficult in these non-eloquent regions because of their involvement with and prox-
imity to deep perforating feeding vessels, for example, AVMs of the mediobasal 
temporal region and insula [1–3, 113]. More important is the separation of the brain 
into eloquent and non-eloquent regions, which we believe to be unwise.
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In 1993, Itzhak Fried wrote a comment in the Journal of Neurosurgery about the 
use of the term “eloquence” and asked for a definition of non-eloquent cortex [114]. 
He pointed out that the inability to monitor an area at this point or grossly notice a 
change on a bedside exam does not mean the area is not eloquent [114]. As Fried 
reminded, large swaths of the frontal lobes, systematically destroyed in a frontal 
leucotomy, clearly are eloquent regions required for the intricate functions of the 
brain [114]. He pointed out that Charles Drake had been the greatest propagator of 
the term “eloquent” to identify certain areas of the brain [114]. Drake replied to 
Fried’s comment in the same journal issue and provided the origin of the term “elo-
quent” as follows [114]. Wilder Penfield had been a visiting lecturer at Drake’s 
institution in 1960 when Drake described Penfield’s epilepsy surgery as eloquent 
[114]. Perhaps as an ode to Penfield, Drake transformed the use of eloquent from a 
description of a type of surgery to certain areas of the brain, with Drake referring to 
eloquent areas at least as early as 1965 in a paper on the treatment of aneurysms 
[115]. Drake formalized the use of eloquent areas of the brain, in regard to AVM 
surgery, in a 1979 paper on his experience with resection of AVMs [79]. Around the 
same time as Spetzler and Martin’s 1986 paper, other scoring systems were pub-
lished that similarly differentiated eloquent areas of the brain [25, 75, 116]. Of 
course, injury to regions of the brain with more obvious clinical changes may be 
more clearly seen on a bedside exam; however, these gross neurological exams and 
outcome scores do not consider more nuanced outcomes such as sexual function or 
higher-order functions that make humans distinct from other animals [117]. We 
believe the terms eloquent brain and non-eloquent or silent brain are dangerous: just 
because we cannot hear or see a change does not mean it is not there, just as not 
hearing a dog whistle does not mean it is silent. In our view, regardless of the loca-
tion, size, and venous drainage location of an AVM, our decision to treat is based on 
the patient and the AVM angio-architecture, while our surgical approach is based on 
the AVM.

Much has been written about the ARUBA trial in the years after its publication, 
with some of the most outspoken critics coming from centers that were part of the 
trial [6, 21, 40, 43, 118–120]. Importantly, of the 1740 patients screened at the insti-
tutions involved in the ARUBA trial, only 226 were enrolled and randomized. Of 
the 18 patients undergoing microsurgical resection included in the trial of the 114 
interventional-arm patients, only 5 had microsurgical resection alone. Thus the 
majority of morbidity in the intervention arm stemmed from singular treatment with 
endovascular or radiosurgery therapies or combination treatments [6, 21, 22, 40, 43, 
118, 119, 121]. An additional issue with the trial, in our view, is the use of the 
Spetzler–Martin grading scale to differentiate between AVMs, when the SM scale 
was not designed to predict future hemorrhage, nor does it predict future hemor-
rhage in recent evaluations [23, 26]. Additionally, the SM scale was not designed to 
predict outcomes of non-microsurgical interventions and has not been found to do 
so [24, 122, 123]. The ARUBA trial was an opportunity to better understand the 
natural history of AVMs based on differences in patients and AVMs, but the oppor-
tunity was squandered [6, 20, 21]. Lastly, the term “unruptured” is relative to the 
timing and quality of the imaging: certainly, a 7 T MRI would find more signs of 
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hemorrhage than a 1.5 T MRI [70, 71]. Our view regarding the treatment of AVMs 
is based on the patient and the AVM angio-architecture, not the subjective and ill-
advised definition of ruptured status and eloquent brain.

We are not against the use of embolization for an AVM, but in our experience the 
embolization of superficial feeders is not helpful and changes the hemodynamics of 
the AVM [49–51, 59, 98]. In particular, “complete” embolization does not allow for 
coagulation and shrinking of the AVM, which makes the AVM firmer and more dif-
ficult to work around because millimeters are lost that could allow for better dif-
ferentiation between the nidus and the brain [2, 3, 49, 59, 60]. Preoperative 
embolization of lenticulostriate, perforating, or ependymal vessels of the AVM 
would be helpful, but this is rarely possible and deemed a risky procedure [2, 3, 34, 
35, 46, 49, 50, 55–59, 87, 98].

2.5  �Illustrative Cases

2.5.1  �Case 1

A 37-year-old right-handed female with a 4-year history of headache and general-
ized seizures came to our institution for treatment. She was taking one antiepileptic 
drug (AED). Her headache was progressive, but the seizures were well controlled.

Preoperative imaging with MRI revealed a left lateral, frontal, mixed gyral-sulcal 
convexity AVM, with a single compact nidus and a venous varix (Fig. 2.2) [1–3, 
125]. This was a mixed gyral-sulcal insular fronto-opercular AVM with subcortical 
extension to the internal capsule and head of the caudate nucleus, along with ven-
tricular extension to the frontal horn of the lateral ventricle. The location was within 
the inferior frontal gyrus, considered Broca’s area between Brodmann areas 44 and 
45. On fMRI, there was speech activation anterior and posterior to the AVM nidus, 
indicating this AVM was within Broca’s speech area. The left lateral ventricular 
subependymal venous system appeared congested on the MRI.  The angiogram 
showed M1–M5 involvement with the AVM’s primary feeders from M1 lateral len-
ticulostriates and the superior trunk of M2. There was also a venous varix, tortuous 
deep venous drainage, and stenosis indicative of venous hypertension, but only 
minimal perinidal angiogenesis. Not shown on the angiogram was the presumed 
deep perforator anterior cerebral artery (ACA) supply to the AVM, including the 
recurrent artery of Heubner. The vascular steal from the primary middle cerebral 
artery (MCA) feeders concealed much of the deep perforator supply to the AVM 
[1–3, 80]. The AVM was large (4–6 cm) with a greatest diameter of 6 cm. This AVM 
had deep and superficial drainage. Under the Spetzler–Martin grading system, this 
lesion would be considered grade 4 because of the deep venous drainage, size 
between 3 and 6 cm, and eloquent location.

The AVM was resected through a left pterional approach. The pars opercularis 
was intact, the patient’s headaches and seizures resolved, and there was no speech 
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difficulty (Figs. 2.3 and 2.4). In the early postoperative period, the patient had mild 
speech difficulties that resolved within 2 weeks, a status that was confirmed at the 
3-month postoperative visit. The patient’s preoperative mRS was 1, improving to 0 
at the 3-month follow-up visit.

Not included in the Spetzler–Martin system is perinidal angiogenesis. The 
Lawton-Young supplemental grading system includes perinidal angiogenesis, 
which the authors term “diffuse,” but there are varying rates of determination of 
these secondary effects between institutions [61, 62, 66, 69]. Super-selective angi-
ography allows for better delineation between the nidal margins of the AVM and the 
secondary perinidal angiogenesis, and this tool should be part of any assessment of 
an AVM [3, 46, 69]. In this patient, although there was perinidal angiogenesis, it 
was subjectively minimal, which was more readily discernable in the operative view.

a b c
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Fig. 2.2  Case 1: Preoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagittal 
(c) views show a large, mixed gyral-sulcal AVM of the left insular fronto-opercular region. There 
is subcortical extension deep to the head of the caudate nucleus and internal capsule, along with a 
ventricular extension to the frontal horn of the lateral ventricle. Please note: For axial and coronal 
MRIs and CTs, the senior author flips the image in the horizontal plane so that the left side of the 
brain (L) is on the left side of the image. fMRI in the axial view (d) indicates language activation 
anterior and posterior to the AVM nidus. Left ICA DSA in AP (e) and lateral (f) views: the arrow 
indicates venous stenosis leading to the superior sagittal sinus, with the angiogram showing M1–
M5 MCA involvement with the AVM primary feeders from the M1 lateral lenticulostriate arteries 
and superior trunk of the M2 MCA [80, 124]. There is a venous varix with tortuous deep venous 
drainage and stenosis, indicating venous hypertension, but only minimal (or local) perinidal angio-
genesis. The venous hypertrophy and varix are clearly visible on the DSA images (e, f). The 
angiogram does not show the presumed deep supply to the AVM from the ACA perforators, includ-
ing the recurrent artery of Heubner. This is likely due to vascular steal from the primary feeders 
coming from the MCA [1–3]
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Fig. 2.3  Case 1 intraoperative images: The AVM before resection with the dura opened are 
depicted in a photograph (a) and corresponding ICG video-angiography (b). Early in the dissection 
of the AVM, ICG video-angiography (c) showed the initial superior plane around the AVM nidus. 
Later in dissection and coagulation of the AVM, additional ICG video-angiography (d) revealed 
diminished venous outflow from the AVM. Finally, after extirpation of the AVM, a photograph of 
the surgical bed (e) and ICG video-angiography (f) confirmed removal of the AVM
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Fig. 2.4  Case 1: Postoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagittal 
(c) views shows complete resection of the AVM. (L) indicates the left side of the brain in axial and 
coronal views. Postoperative left ICA DSA in AP (d) and lateral (e) views shows filling of the nor-
mal vascular territories, loss of early venous drainage, and preservation of the lenticulostriate arteries

P. C. Cezayirli et al.



31

The authors of the Lawton-Young grading system had thought that a deep perfo-
rator supply to an AVM would affect outcomes; however, this was not found to be 
the case in their later paper, contrary to their prior publication [62, 66]. In 2019, 
Lawton collaborated on a follow-up study of the Lawton-Young grading system 
with the neurosurgery group in Helsinki, and they found that a deep perforator sup-
ply does affect outcomes [64]. We agree that a deep perforator supply makes the 
treatment of an AVM more difficult, but we agree with Yaşargil and others that 
venous hypertension and venous stenosis are indications to treat an AVM [2, 3, 64, 
66, 87].

2.5.2  �Case 2

A 27-year-old right-handed female with a recent history of sudden-onset headache, 
nausea, and vomiting was found to have an AVM at an outside hospital, 1 month 
prior to her surgery at our institution. The patient reported episodes occurring 4–5 
times per year of a burning smell that others could not detect followed by 5–10 s of 
being able to hear others but not move, speak, or perceive her surroundings. These 
symptoms suggested limbic seizures without loss of consciousness. She was finally 
started on one AED once the lesion was found, but the episodes did not completely 
resolve. An outside institution recommended radiosurgery.

The MRI sequence revealed a right central (or deep), parenchymal limbic system 
AVM within the middle and posterior parahippocampal gyrus with ventricular 
extension, and without clear perinidal angiogenesis (Fig.  2.5). This right middle 
mediobasal temporal AVM had a single compact nidus, no venous varix, apparent 
venous hypertension, and hemorrhage on the posterior aspect. Angiography showed 
the arterial feeders to be the right inferior temporal branches from the P2 and P3 
segments of the posterior cerebral artery (PCA) [80]. The AVM was small (1–2 cm), 
and 2  cm in greatest diameter. Venous drainage was to the temporal basal veins 
reaching to the galenic venous system with the appearance of venous stenosis lead-
ing to the galenic venous system. The angiogram did not seem to show perinidal 
angiogenesis and, if there were any, it was likely small and localized. Under the 
Spetzler–Martin grading system, this AVM would be considered grade 2 because of 
deep venous drainage, a size less than 3 cm, and its location not in an eloquent area.

The AVM was resected through the right-sided paramedian, supracerebellar, 
transtentorial (PST) approach with the patient in the semi-sitting position, along 
with a selective amygdalohippocampectomy to treat the seizures, a novel approach 
to an AVM in this location (Figs. 2.6 and 2.7) [127]. The presumed seizures resolved, 
and the patient could be taken off AEDs. Her vision remained intact postoperatively. 
The preoperative mRS of 1 improved to 0 by the 3-month follow-up visit.

Interestingly, the limbic system has been largely excluded from the delineated 
eloquent areas of the brain [113]. Beyond the fact that emotions and memories are 
important for our individual characteristics and should be considered eloquent, the 
vasculature and surrounding parenchyma make the mediobasal temporal region a 
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difficult and dangerous area for resection of AVMs. This point is underappreciated 
and underweighted in the SM grading system.

2.5.3  �Case 3

A 47-year-old right-handed male came to us with a recent onset of generalized 
tonic-clonic seizures emanating from where the AVM was found, with a subsequent 
focal seizure without loss of consciousness or generalization after starting to take 
AEDs. Before his referral to us, surgeons at an outside institution attempted embo-
lization but stopped after completing only a small amount.

The preoperative MRI showed a right, mixed, deep, anterior insular AVM with 
both parenchymal and subarachnoid characteristics (Fig.  2.8) [1–3, 125]. 
Angiography outlined the arterial supply from the right M1 lateral lenticulostriates, 
the superior trunk of M2, and the recurrent artery of Heubner [80, 124]. Venous 
drainage was through the deep middle cerebral (sylvian) vein to the basal venous 
and subsequent galenic venous system, along with drainage to the superficial syl-
vian venous system. The AVM was 3 cm in greatest dimension, thus considered of 
moderate size (2–4 cm), making the lesion an SM grade 3 based on its deep venous 
drainage, non-eloquent location, and size between 3 and 6 cm.
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Fig. 2.5  Case 2: Preoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagittal 
(c) views shows a right middle mediobasal temporal AVM. On preoperative right vertebral artery 
DSA in AP (d) and lateral (e) views, the arrow indicates venous stenosis just proximal to the vein 
of Galen, just distal to the venous hypertrophy of the AVM. The arterial feeders are the right infe-
rior temporal branches from the P2 and P3 segments of the PCA [80, 126]
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The AVM was resected through a right pterional craniotomy via the trans-sylvian 
approach, with preservation of normal transit vessels including the lenticulostriates 
and the recurrent artery of Heubner (Figs. 2.9 and 2.10). The patient had a preopera-
tive mRS of 1 that improved to 0 by the 3-month follow-up visit.

The insula is not included as an eloquent region of the brain, although many 
important emotions and visceral functions are affected by the insular region. If elo-
quence is differentiated by gross and clear functions at risk, then the adjacent basal 
ganglia and lenticulostriates that are often involved with insular lesions should be 
accounted for in predicting outcomes from surgery. Damage to those structures 
would lead to loud and clear deficits that could not be called silent.

a

c

b

Fig. 2.6  Case 2: Illustration of the operative angle of view to the mediobasal temporal region via 
the right paramedian supracerebellar transtentorial approach with the patient in the semi-sitting 
position (a) [127]. Intraoperative ultrasound of the mediobasal temporal region and parts of the 
AVM nidus (b) are indicated with color-flow Doppler imaging of the ultrasound. An intraoperative 
endoscopic photograph taken after resection of the AVM and selective amygdalohippocampec-
tomy (c) show the exposure of the choroid plexus (chp) of the right temporal horn of the lateral 
ventricle (TLV), the subpial view of the internal carotid artery (ICA), the right thalamus (Th), and 
the tentorium cerebelli (TCb) [80, 128]
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Fig. 2.7  Case 2: Postoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagit-
tal (c) views shows removal of the AVM and amygdalohippocampectomy through the PST 
approach. Postoperative visual field testing of the left (d) and right (e) eyes illustrate the preserva-
tion of the visual fields through the PST approach to the mediobasal temporal region. Postoperative 
right vertebral DSA in AP (f) and lateral views (g) shows filling of the PCA and normal cerebral 
vasculature, along with loss of early venous filling
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Fig. 2.8  Case 3: Preoperative T1-weighed MRI with contrast in axial (a), coronal (b), and sagittal 
(c) views shows a moderate-sized, mixed, deep AVM of the right anterior insular region. On the 
preoperative left ICA DSA in AP view (d), the arrow indicates the feeding vessel to the AVM from 
the recurrent artery of Heubner. Preoperative right ICA DSA in AP (e) and lateral (f) views illus-
trates the mostly compact nidus with early venous drainage to the Galenic venous system and 
arterial supply from the right M1 MCA lateral lenticulostriates, the superior trunk of the M2 MCA, 
and the recurrent artery of Heubner from the ACA
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2.5.4  �Case 4

A 41-year-old right-handed female presented at our clinic with a history of right-
sided numbness and focal motor seizures, with subsequent right-sided Todd’s 
monoparesis of the arm and hand that resolved 2 h after seizures and which started 
1 month before she came to us. She was started on one AED, which reduced the 
frequency of seizures. She had no gross neurological deficits on exam.

The MRI sequence revealed a left lateral convexity, middle post-central gyrus, 
gyral AVM with a compact nidus (Fig. 2.11). Angiography delineated the arterial 
supply from the distal branches of the MCA and ACA, specifically the paracentral 
artery from the ACA and the anterior parietal artery of the MCA [124, 126]. The 
AVM had superficial drainage through the ascending venous system to the superior 
sagittal sinus, with narrowing of the drainage before the entrance to the sinus. No 
perinidal angiogenesis was apparent on the MRI or angiogram; if it was present, 
then it was likely small and localized. The nidus of the AVM was 2.6 cm in greatest 
diameter, thus, a moderate size (2–4 cm). Under the Spetzler–Martin grading sys-
tem, this AVM was grade 2 because of its size less than 3 cm, superficial drainage, 
and location in an eloquent area.
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Fig. 2.9  Case 3: Intraoperative images: The photograph after dural opening prior to dissection 
around the AVM (a) is followed by an intraoperative photograph early in dissection after the syl-
vian fissure is split (b), and the final photograph (c) was taken after resection of the AVM. The 
corresponding ICG video-angiography pictures are after dural opening prior to dissection around 
the AVM (d), early in dissection after splitting the sylvian fissure (e), and the final ICG video-
angiography picture after resection of the AVM (f), with (d), (e), and (f) corresponding to the 
photographs of (a), (b), and (c), respectively
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The AVM was resected through a left frontoparietal craniotomy (Figs. 2.12 and 
2.13). Postoperatively, the patient had a mild right-sided monoparesis of the right 
hand and arm that resolved within 5 days. His AEDs were stopped at 1 year with 
complete resolution of the seizures. The preoperative mRS of 1 improved to 0 by the 
3-month follow-up visit.

Even if located in an eloquent location, convexity AVMs with a compact nidus 
are easier to resect compared to deeper lesions. We believe the surgical risk for an 
eloquent convexity AVM is very low when treated microsurgically, even when 
larger than the lesion in this case.

a b

c d

Fig. 2.10  Case 3: The postoperative T2-weighted MRI FLAIR in coronal view (a) has significant 
artifact from the three aneurysm clips on deep AVM feeding vessels from the lenticulostriate arter-
ies and the recurrent artery of Heubner. This illustrates the need for titanium (or minimal artifact) 
AVM clips. The postoperative left ICA DSA in AP view (b) shows diminished pathologic shunting 
through the right recurrent artery of Heubner. The encircled region includes the shadow of the 
aneurysm clips at the distal end of the right recurrent artery of Heubner. The arrow points to the 
recurrent artery of Heubner with diminished pathologic shunting. Postoperative right ICA DSA in 
AP (c) and lateral (d) views after complete extirpation of the AVM shows preservation of the nor-
mal cerebral vasculature, including the transit lenticulostriate perforators

P. C. Cezayirli et al.



37

a b c

d e f

Fig. 2.11  Case 4: Preoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagittal 
(c) views show the left post-central gyrus AVM. The 3D reconstruction of preoperative imaging (d) 
delineates likely arterial flow in red and venous outflow in blue. Preoperative left ICA DSA in AP (e) 
and lateral (f) views: the arrow indicates venous stenosis (in f) just distal to the venous hypertrophy 
of the major draining vein prior to draining into the superior sagittal sinus. The branches are the 
paracentral artery from the distal ACA and the anterior parietal artery of the distal MCA [80, 124, 126]
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Fig. 2.12  Case 4: a reconstruction of preoperative imaging (a) shows the removal of scalp and 
bone layers to aid in operative planning [129]. A photograph after the craniotomy and opening of 
the dura, prior to dissection around the AVM (b), illustrates the largely hidden nidus of this gyral 
AVM. ICG video-angiography was performed (c) early in dissection around the AVM, after the 
sulci surrounding the AVM nidus were opened. An additional round of ICG video-angiography (d) 
with the placement of temporary aneurysm clips (arrows) aided in understanding the angio-
architecture and flow of the AVM. The post-resection photograph (e) and ICG video-angiography 
(f) show complete removal of the AVM nidus
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2.5.5  �Case 5

A 36-year-old right-handed male came to us with an 8-year history of shuffling and 
loss of strength in his left foot. Imaging done at that time showed a right paracentral 
AVM. He underwent gamma-knife treatment three separate times at an outside cen-
ter. The second session was 6 months after the first (approximately 7 years prior to 
presenting at our clinic). The patient was started on a single AED at the time of the 
first gamma-knife treatment even though he had no clear seizure episodes before 
then. One year after the first gamma-knife treatment (6 months after the second), the 
patient began to have episodes of ascending numbness starting in his left foot, which 
were treated with a 1-week course of steroids. However, they intermittently occurred 
every 2–3 months thereafter. Two years prior to presentation in our clinic, he under-
went a third gamma-knife treatment (5 years after the first therapy) due to incom-
plete resolution of the AVM on serial imaging. Over the year prior to presentation in 
our clinic, the patient progressively lost strength in his left arm and leg. He had a 
focal motor seizure with generalization 2 weeks before coming to us. On exam, he 
was hemiparetic on his left side, with a score of 2/5 in his left anterior tibial region 
and 3/5 in his left extensor hallicus longus.

An MRI sequence revealed a right convexity paracentral lobule (parasagittal dor-
sal frontal region) and pre-central gyrus AVM with a compact nidus. There were 
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Fig. 2.13  Case 4: Postoperative T1-weighted MRI with contrast in axial (a), coronal (b), and 
sagittal (c) views after complete removal of the AVM nidus show the preservation of surrounding 
structures, including the pre-central gyrus. A 3D reconstruction of the postoperative imaging (d) 
illustrates the resection of the AVM nidus with preservation of surrounding eloquent regions of the 
brain, including the pre-central gyrus (PrG) and non-nidal post-central gyrus (PoG) [128]. The 
postoperative left ICA DSA in AP (e) and lateral views (f) shows preservation of the normal cere-
bral vasculature and loss of early venous drainage
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Fig. 2.14  Case 5: Preoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagit-
tal (c) views of the right paracentral lobule and pre-central gyrus AVM shows cystic components 
with associated vasogenic edema lateral, anterior, posterior, and inferior to the AVM nidus. The 
preoperative left ICA DSA in AP view (d) reveals the distal ACA supply to the AVM from the right 
paracentral artery, which is not seen as clearly in the right ICA injection [80, 126, 130]. Preoperative 
right ICA DSA in AP (e) and lateral (f) views shows the distal MCA supply to the AVM from the 
central artery with venous dilation seen on the AP view [124]

also post-gamma-knife-induced cystic components straddling the AVM in the pre- 
and post-central regions (Fig. 2.14). The primary arterial supply to the AVM was 
from the distal ACA via the right paracentral artery and the MCA via the central 
artery. Superficial drainage was to the superior sagittal sinus, and deep venous 
drainage was to the pericallosal venous system to the galenic system. The AVM was 
moderate in size (2–4 cm) with the largest diameter of 4 cm. Under the Spetzler–
Martin grading system, this AVM was considered grade 4 because it was larger than 
3 cm, had superficial and deep drainage, and was in an eloquent location.

The AVM was resected via a right frontoparietal paramedian craniotomy 
(Figs. 2.15 and 2.16).

The patient improved postoperatively to have weakness only in the anterior tibial 
region of 3/5 strength, with complete resolution of weakness in the arm and proxi-
mal leg. The patient’s preoperative mRS of 3 improved to 1 by the 3-month follow-
up visit.

Radiosurgery is marketed as a minimally invasive procedure with minimal risks; 
however, radiosurgery has a 3-year latency period with AVMs and, during this time, 
there are changes to the angio-architecture and flow that can have poorly predicted 
effects on the AVM and surrounding tissue [4, 39, 97, 131]. Cysts, seizures, new 
deficits, and hemorrhage risk after radiosurgery are not predicted by the SM grading 

2  Microsurgical Treatment of Deep and Eloquent AVMs



40

a b c

d e f

Fig. 2.15  Case 5: Preoperative 3D reconstruction for surgical planning (a) illustrates the venous 
structures bordering the AVM nidus. A photograph (b) and corresponding video-angiography (c) 
were taken after the craniotomy and durotomy but before resection of the AVM. The intraoperative 
ultrasound with color Doppler imaging reveals the AVM nidus and surrounding cyst (d). A post-
resection photograph (e) and ICG video-angiography (f) after resection of the AVM show preserva-
tion of the adjacent sulcal veins draining into the superior sagittal sinus
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Fig. 2.16  Case 5: Postoperative T1-weighted MRI with contrast in axial (a), coronal (b), and 
sagittal (c) views after resection of the AVM show the resolution of mass effect and edema from 
the cyst. The postoperative left ICA DSA in AP view (d) highlights the loss of pathologic shunting 
to the AVM from the paracentral artery of the distal right ACA. The postoperative right ICA DSA 
in AP (e) and lateral views (f) illustrates preservation of the normal cerebral vasculature and loss 
of the pathologic early venous drainage
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Fig. 2.17  Case 6: Preoperative T1-weighted MRI with contrast in axial (a), coronal (b), and sagit-
tal (c) views show a left parasplenial callosocingular AVM. Preoperative left ICA DSA in AP (d) 
and lateral (e) views shows a distal ACA supply from the A5 segment of the pericallosal artery (the 
parietal internal inferior artery). The arrow (d) shows prior embolization material from an outside 
institution [80, 126, 130]. Preoperative left vertebral artery DSA in AP (f) and lateral (g) views 
illustrates the arterial supply to the AVM from the PCA via the medial posterior choroidal artery of 
the P2–P3 PCA, the posterior pericallosal artery of the P3 PCA, and the parieto-occipital artery of 
the P4 PCA [80, 126, 130]

system and were not accounted for in the ARUBA trial [22–24, 120, 122, 131]. 
Most importantly, because only 18 microneurosurgical resections were included in 
the ARUBA trial, the vast majority of morbidity and mortality from treatment are 
from non-microneurosurgical interventions, such as endovascular and radiation 
therapy [6, 21, 121].

2.5.6  �Case 6

A 38-year-old right-handed female presented at our clinic with intracerebral hemor-
rhage followed by partial embolization 1 year prior. She underwent partial emboli-
zation with coils and NBCA at an outside hospital at the time of her initial 
hemorrhage. She was taking one AED but had not had a clear history of any prior 
seizures. On exam, the patient was grossly intact.

The MRI sequence showed a left deep (or central) supero-posterior limbic, 
parenchymal AVM of the (callosocingular) parasplenial area with a compact nidus. 
It involved the splenium and cingulate isthmus, along with extension into the ven-
tricle (Fig. 2.17). The arterial supply was from the distal segment of the pericallosal 
artery (the parietal internal inferior artery) of the A5 ACA branches, the posterior 
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pericallosal artery of P3, the medial posterior choroidal artery of P2–P3, and the 
parieto-occipital artery from P4 of the PCA [80, 126, 130]. The AVM had deep 
drainage to the galenic venous system, and was of moderate size (2–4 cm) measur-
ing 2.5  cm in greatest diameter. Under the Spetzler–Martin grading system, this 
AVM was considered grade 2 because its size was less than 3 cm, it had deep drain-
age, and was located in a non-eloquent area.

A left-sided posterior interhemispheric approach was used for resection 
(Fig. 2.18). The patient’s AEDs were stopped 1 year after surgery and she is asymp-
tomatic, without speech or memory issues. Her preoperative mRS of 1 improved to 
0 postoperatively.

The risks of parasplenial AVMs are underappreciated. These lesions are in a 
watershed zone with two arterial systems providing supply, are adjacent to the 
galenic venous system, are involved with the non-redundant splenium of the corpus 
callosum and the limbic system, and are near the visual pathways [2].

2.5.7  �Case 7

A 41-year-old right-handed male presented to an outside institution with a left tha-
lamic intracerebral hemorrhage and intraventricular hemorrhage. At initial presenta-
tion, he was comatose but recovered over the next week. He was treated with EVD and 
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Fig. 2.18  Case 6: Postoperative T1-weighted MRI with contrast in axial (a), coronal (b), and 
sagittal (c) views was done after AVM resection. Postoperative left ICA DSA in AP (d) and lateral 
(e) views shows that most of the prior embolization material has been resected with the AVM. The 
postoperative left vertebral artery DSA in AP (f) and lateral (g) views reveals the loss of early 
venous drainage from the AVM with preservation of normal cerebral vasculature
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Fig. 2.19  Case 7: Preoperative T1-weighted MRI was done with contrast in axial (a) and coronal 
views (b), and T2-weighted MRI without contrast in the coronal view (c) of the right anterior 
thalamic AVM. Preoperative right ICA DSA in AP view (d) reveals the anterior choroidal arterial 
supply to the AVM. The right vertebral DSA in AP (e) and lateral (f) views shows the AVM with 
supply from the medial posterior choroidal artery of P2–P3 and thalamoperforators of P1 from the 
PCA [80, 126]

medical management. Upon discharge, the patient was hemiplegic but improved to 
mild right-sided hemiparesis by the time he was seen in our clinic 45 days later. He had 
been prescribed AEDs after his initial hemorrhage but had no clear history of seizures.

The MRIs showed a right central, parenchymal AVM of the anterior thalamus 
(within the superior, anterior thalamus of the striatocapsulothalamic subregion) 
with ventricular extension (Fig. 2.19) [1–3]. The feeding arteries were the anterior 
choroidal artery, the medial posterior choroidal artery of P2–P3, and thalamoperfo-
rators from P1 arteries of the PCA [1–3, 80]. The venous drainage was deep to the 
thalamostriate vein of the subependymal deep venous system. There was no venous 
hypertension or varix, and the lesion was small (1–2 cm) at 1.2 cm. This AVM was 
grade 3 on the Spetzler–Martin scale because of its eloquent location, small size, 
and deep venous drainage.

The AVM was resected through a right parasagittal frontal craniotomy via the 
anterior interhemispheric transcallosal approach (Figs. 2.20 and 2.21). On postop-
erative exam, the patient’s weakness had resolved and the AEDs were stopped by 
1 year postoperatively. The preoperative mRS of the patient was 2 and improved to 
0 by the 3-month follow-up.

Although the thalamus is deemed an eloquent location and has deep venous 
drainage, these lesions can be safely resected when they face a ventricular or cister-
nal surface [104, 132]. Additionally, the prior hemorrhage helped create dissection 
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Fig. 2.20  Case 7: On intraoperative ultrasound (a) the arrow points to a cottonoid placed before 
the callosotomy to confirm the point of entry into the ventricle [104]. The encircled area within (a) 
indicates the cottonoid placed over the corpus callosum (cc). The arrow points to the underlying 
thalamic AVM. An intraoperative photograph taken after resection of the AVM (b) illustrates the 
surrounding fornix (fx), the perinidal thalamus (Th), the choroid plexus (chp), the caudate nucleus 
(Cd), and the thalamostriate vein (tsv). Corresponding ICG video-angiography (c) confirmed the 
preservation of the thalamostriate vein (tsv) [128]

planes around the AVM. Of utmost importance in these AVMs are differentiating the 
feeding supply from non-involved thalamoperforators and preserving the thala-
mostriate and internal cerebral veins.

2.6  �Conclusion

Deep and eloquent AVMs can be safely resected to the benefit of the patient through 
microneurosurgical techniques and the use of advanced pre- and intraoperative 
tools. The extirpation of an AVM through microneurosurgical resection 
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immediately removes the risk of future hemorrhage, neurological deterioration, and 
anxiety for the patient. The depth and function of brain tissue surrounding an AVM 
should be discussed with the patient when considering the risks, benefits, and alter-
natives to surgery; however, these AVMs can be safely resected and, in our minds, 
should be resected when the patient is at risk of future hemorrhage, morbidity, and 
mortality otherwise. Based on the patient’s images, signs, and/or symptoms, the 
AVM should be treated if there is associated venous hypertension. Perinidal angio-
genesis and deep perforating arteries make the treatment of an AVM more difficult; 
however, advanced techniques, improved imaging, and expert super-selective angi-
ography help the surgeon for the benefit of the patient.
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Chapter 3
Posterior Circulation Aneurysms

Demi Dawkins, Sima Sayyahmelli, and Mustafa K. Baskaya

3.1  �Introduction

Posterior circulations aneurysms can be defined as aneurysms involving the basilar 
artery, posterior cerebral artery (PCA), superior cerebellar artery (SCA), vertebral 
artery (VA), posterior interior cerebellar artery (PICA), or anterior inferior cerebel-
lar artery (AICA). They most commonly occur at the basilar tip followed by PICA 
and SCA aneurysms [1]. These aneurysms account for approximately 10–15% of all 
intracranial aneurysms and can be saccular, non-saccular or dissecting pseudoaneu-
rysms [2]. Posterior circulation aneurysms have a higher tendency to rupture and 
become symptomatic in comparison to anterior circulation aneurysms [3, 4].

Historically microsurgical management of these aneurysms has been challenging 
and is associated with higher morbidity and mortality rates in comparison to ante-
rior circulation aneurysms due to the proximity to vital structures such as perfora-
tors and cranial nerves, the deep location of the vertebrobasilar system, and bony 
confinements of the skull base requiring more difficult surgical approaches in order 
to achieve adequate exposure. These technical difficulties have had a major influ-
ence on the increasing popularity and advancement of endovascular technology for 
management of these aneurysms [3, 5]. As a result, open surgical treatment of pos-
terior circulation aneurysms has decreased as endovascular therapies have grown.

Current treatment modalities for aneurysms in these locations vary widely includ-
ing microsurgical clipping, trapping with bypass, wrapping, and various endovascu-
lar methods such as coiling, balloon or stent-assisted coiling, flow diversion, and 
vessel sacrifice, among others. How we approach these posterior circulation aneu-
rysms surgically depends on the location of the aneurysm. We can categorize these 
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as upper complex (PCA, basilar tip, SCA), middle complex (basilar trunk, AICA), 
or lower complex (vertebrobasilar junction, PICA, VA). For the upper complex, the 
approaches can include the pterional craniotomy with or without orbitozygomatic or 
transcavernous (Dolenc) modifications, subtemporal craniotomy, or Kawase 
approach. For the middle complex, you can utilize the Kawase, transpetrosal, tran-
soral, or retrosigmoid approaches. Finally, for the lower complex you can reach 
these aneurysms via far lateral transcondylar or midline versus lateral suboccipital 
approaches [2, 6]. Optimal treatment, whether open surgical or endovascular, should 
be tailored to each individual patient taking into consideration the location and mor-
phology of the aneurysm as well as age, condition, and anatomy of the patient.

3.2  �Basilar Tip Aneurysms

Basilar tip (apex or bifurcation) aneurysms make up about half of all posterior cir-
culation aneurysms making it the most common location in this group and repre-
sents approximately 7% of all aneurysms [1]. In 1961, Charles Drake performed the 
first successful obliteration of a basilar tip aneurysm via a subtemporal approach [1, 
7]. Yasargil then advanced the transsylvian approach pioneering its use in the treat-
ment of basilar apex aneurysms [8, 9]. Today the two fundamental approaches for 
clipping basilar apex aneurysms include the pterional and subtemporal approaches. 
These surgical exposures can be modified with orbitozygomatic osteotomies, ante-
rior or posterior clinoidectomy, and/or transcavernous dissections [10, 11]. 
Microsurgical treatment of these aneurysms can be particularly challenging due to 
the length of the operative corridor, presence of numerous perforators, and risk of 
cranial nerve palsies. These concerns contribute to the higher surgical morbidity 
associated with clipping of basilar tip aneurysms and therefore these aneurysms in 
this location are largely managed endovascularly at most centers. Still, there are 
circumstances where microsurgical techniques are relevant including cases of dif-
ficult catheter access (either due to vessel tortuosity, stenosis, or occlusion), broad 
based aneurysms in younger patients (especially in ruptured cases where stenting 
with dual antiplatelet therapy is relatively contraindicated), large or giant aneurysms 
where there is brainstem compression, or cases where a non-fetal P1 is intricately 
incorporated into the neck of the aneurysm [11]. These instances highlight the 
importance of maintaining an understanding of the technical nuances required to 
safely treat these aneurysms surgically.

3.2.1  �Preoperative Considerations

The following factors should be considered when treating basilar apex aneurysms 
including (1) aneurysm size, projection, and relationship to perforators, (2) pres-
ence and/or size of the posterior communicating artery (PComA), (3) position of the 
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P1 in relation to the aneurysm neck, and (4) relationship of the basilar bifurcation to 
the dorsum sellae and posterior clinoid process.

Basilar bifurcation aneurysms can be anteriorly projecting which is most com-
mon, posteriorly projecting, superiorly projecting, or combinations of these direc-
tions. Posteriorly projecting aneurysms typically have the most involvement with 
the basilar tip and P1 perforators and make visualization of these perforators more 
difficult. The perforators which require adequate attention and preservation include 
the posterior thalamo-perforators arising from P1, peduncular and thalamo-
geniculate perforators from P2, and the anterior thalamo-perforators from the 
PComA [11, 12]. These perforators can occasionally be identified on preoperative 
angiography depending on their size, but they must always be identified at the time 
of surgery in order to safely preserve them. High or low basilar bifurcations will 
also influence the course these perforators travel. Higher bifurcations typically 
result in the P1 perforators traveling in a downward trajectory which can make them 
easier to dissect from the aneurysm, in contrast to lower bifurcations where the 
perforators travel upward often resulting in them being adherent to the aneurysm 
dome [11, 13].

The location of the basilar artery bifurcation may be the most important factor in 
deciding the surgical approach of these aneurysms. Basilar tip aneurysms within 
5 mm of the posterior clinoid process or dorsum sellae are typically suitable candi-
dates for anterolateral approaches. If the basilar bifurcation is low riding (more than 
1 cm below the level of the posterior clinoid), then the view may be poor from an 
anterolateral approach unless it is modified with a transcavernous dissection and/or 
drilling of the posterior clinoid [14, 15]. A lateral subtemporal approach may pro-
vide a more optimal trajectory in cases of low riding basilar tips especially with the 
addition of tentorial division. In contrast, with high riding basilar bifurcations a 
subtemporal approach will result in significant temporal lobe retraction and are 
typically better suited with anterolateral routes modified with an anterior clinoidec-
tomy in order to widen the optico-carotid or carotid-oculomotor triangles and/or 
sectioning of non-fetal or hypoplastic PcomA in the perforator free segment to 
increase the mobilization of both the internal carotid artery (ICA) and optic nerve 
[2, 12, 16, 17].

Choosing the side of the approach is another important preoperative consider-
ation. Most surgeons typically favor approaching from the nondominant right 
hemisphere if possible due to better toleration of temporal and frontal lobe retrac-
tion, especially when utilizing a subtemporal approach. Other factors, which may 
affect the choice of laterality, include the presence of hematoma, presence of 
additional aneurysms, or preexisting third nerve palsies or hemiparesis [12]. The 
relationship of the P1 to the neck of the aneurysm can also be a consideration. If 
one P1 is situated higher than the other in relationship to the neck of the aneu-
rysm, approaching it from that side may be favorable in order to avoid placing it 
at risk since there is usually poor visualization of the contralateral P1 [12, 16]. 
Finally, if the left PCOMA is more hypoplastic, it may be considered approach-
ing from the left side since for better visualization, it is a safer choice for ligation 
[11, 12].
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3.2.2  �Surgical Approaches: Anterolateral

The anterolateral approach to the basilar tip evolved after the subtemporal approach 
and typically involves the standard pterional craniotomy and transsylvian dissection 
which was popularized by Yasargil in 1976 [8]. This surgical approach was further 
advanced by Dolenc, who introduced the transcavernous dissection with anterior 
clinoidectomy, optic nerve unroofing, and removal of the posterior clinoid or dor-
sum sellae to further widen the operative corridor [18]. Orbitotomy or full orbitozy-
gomatic osteotomies are typically considered based on the size of the aneurysm, 
presence of a high riding bifurcation, or the rupture status [11, 12, 16, 19]. In con-
trast to the subtemporal approach, the anterolateral trajectory results in less tempo-
ral lobe retraction, but the posterior perforating arteries can be difficult to visualize 
and the PComA depending on its size can obstruct the view of the basilar apex. Our 
preference unless there is a very low bifurcation is to perform a pterional craniot-
omy with transcavernous dissection and extradural clinoidectomy with distal dural 
ring excision in order to optimize the exposure and increase the ability to manipu-
late the ICA and optic nerve. The transcavernous dissection also results in less trac-
tion on the oculomotor nerve [20]. In cases of large or ruptured aneurysms, we will 
consider adding the cranio-orbital modification.

After the initial bony approach, the dura is opened along the Sylvian fissure and 
the Sylvian fissure is opened which allows for safe mobilization of the temporal 
lobe. Brain relaxation can be achieved by opening the lamina terminalis. At this 
stage the basilar bifurcation is blocked from view by the optic nerve and internal 
carotid artery (ICA) and therefore the appropriate triangle for aneurysm dissection 
must be selected. The three main corridors include the optico-carotid, carotid-
oculomotor, and supracarotid triangles [12]. The optico-carotid triangle is typically 
narrow with very limited options for maneuvering the ICA and optic nerve even 
with anterior clinoidectomy and optic nerve unroofing. In cases of a high riding 
bifurcation it may provide a better window for visualization, but it is often inade-
quate on its own for safe clipping of aneurysms in this region. The supracarotid 
triangle is rarely used for treating basilar tip aneurysms because it is often limited in 
cases of a long supraclinoid ICA segment and it is obstructed by numerous perforat-
ing arteries arising from the ICA bifurcation. Therefore, carotid-oculomotor trian-
gle is often the preferred corridor. It is the largest window and can be widened by 
medial retraction of the ICA towards its perforators and posterior mobilization of 
the temporal lobe [12]. In cases of low-lying basilar bifurcations, division of the 
tentorial edge taking care to preserve the trochlear nerve and posterior clinoidec-
tomy can also be employed in order to achieve proximal control on the basilar artery.

The dissection to the aneurysm it typically initiated by following the origin of the 
PComA to where it joins the PCA. Lillequist’s membrane is opened carefully in 
order to enter the interpeduncular cistern. At this point the decision can be made to 
either carefully mobilize the PcomA or to ligate it if it is hypoplastic and signifi-
cantly obstructs the operative corridor. Typically, the PComA is divided in the per-
forator free segment close to the PCA. Next, proximal control is identified ideally 
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proximal to the SCA origin, but above the distal basilar artery perforators [11, 12]. 
In cases low-lying basilar bifurcations proximal control on the basilar trunk can be 
difficult or impossible to safely achieve.

The arachnoid dissection is then continued to completely expose the basilar 
bifurcation including the neck of the aneurysm, bilateral P1 segments and SCAs, 
and the perforators. The contralateral P1 and SCA are typically better visualized by 
this anterolateral approach in contrast to the subtemporal approach. Anteriorly pro-
jecting aneurysms can obstruct the view of the contralateral P1 and SCA at this 
stage and posteriorly projecting aneurysms can displace perforators further posteri-
orly typically making these the most difficult aneurysms to safely clip. Potential clip 
trajectories are based on the orientations of the P1 segments and location of the 
perforators. Final dissection and clipping can be performed with or without tempo-
rary basilar artery occlusion depending on how much manipulation of the aneurysm 
neck and dome is required to visualize all of these vital structures. Often to fully 
visualize perforators arising from the contralateral side, temporary clipping is 
required in order to soften the aneurysm and allow for more aggressive manipula-
tion of the dome. When temporary clipping is employed we standardly increase the 
FiO2 to 100%, optimize the systemic blood pressure to maintain cerebral perfusion, 
and limit clipping to 3  min with at least 5  min of intermittent reperfusion time 
between clipping.

Clipping is usually carried out by using the contralateral P1 origin to determine 
the angle of the clip blades. It is also equally critical to ensure no perforators are 
inadvertently included in the clip tines. For wide necked aneurysms, atherosclerotic 
walls, or previously coiled aneurysms, clipping strategies can often include stacked 
or tandem clipping where fenestrated clips are employed to preserve either perfora-
tors or the ipsilateral P1 [11, 12]. After final clip application, it is our practice to 
confirm aneurysm obliteration as well as preservation of the parent vessels and per-
forators with indocyanine green (ICG) angiography and a micro-Doppler probe. We 
also typically puncture the dome of the aneurysm with a needle or shrink it with 
careful bipolar cautery as a final confirmation.

3.2.3  �Surgical Approaches: Lateral

The subtemporal approach is a direct lateral exposure of the basilar apex and there-
fore it typically allows visualization along the long axis of the aneurysm, parallel to 
the P1 segments of the PCA which is the trajectory often ideal for visualizing clip 
blades. However, the dissection and visualization of the contralateral P1 can be dif-
ficult. This approach is typically reserved for low-lying and posteriorly projecting 
basilar tip aneurysms as it allows for optimal visualization of the posteriorly directed 
perforators [11]. This approach should also be considered when there are bilateral 
fetal or large PComA. Proximal control is typically easier to obtain and visualize 
with this route. This approach, however, does result in significant temporal lobe 
retraction which makes brain relaxation critical often with use of a lumbar or 
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external ventricular drain for intraoperative cerebral spinal fluid (CSF) diversion 
[11]. This should be an important consideration when managing ruptured aneu-
rysms where the brain is already swollen and friable.

Typically, a temporal craniotomy is performed flush with the floor of the middle 
fossa. After the dura is opened CSF can be drained from the perimesencephalic 
cistern. The trochlear nerve should be identified prior to opening the tentorial edge. 
The superior petrosal sinus will be ligated. For small aneurysms, this exposure is 
typically enough, but the corridor can be widened by opening the posterior cavern-
ous sinus and drilling the medial petrous apex and posterior clinoid process [11]. 
Aneurysm and perforator dissection and clip application can then be carried out as 
detailed above.

3.2.4  �Case Example

3.2.4.1  �Case 1

A 72-year-old man presented with a traumatic left-sided posterior temporal lobe 
contusion (Fig. 3.1a) and was found to have two incidental unruptured aneurysms, 
an anterior communicating artery (AcomA) aneurysm and a posteriorly projecting 
basilar tip aneurysm (Fig. 3.1b–d). After recovery from the injury, the patient did 
not proceed with endovascular intervention due to concerns about compliance with 
dual antiplatelet therapy and the presence of a second aneurysm which was ame-
nable to clipping. The decision was made to proceed with a right-sided pterional 
transsylvian, transcavernous approach with extradural anterior clinoidectomy, and 
optic nerve unroofing for concurrent microsurgical clipping of both aneurysms.

After successful clipping of the AcomA aneurysm, we then turned our attention to 
microsurgical clipping of the basilar tip aneurysm via a transcavernous approach. The 
posterior communicating artery (PcomA) was followed posteriorly to the interpedun-
cular cistern by dividing the membrane of Liliequist. The PcomA was then visualized 
joining the PCA (Fig.  3.1e). The basilar artery and bilateral SCA and PCA were 
clearly identified. To avoid traction injury to the oculomotor nerve, the small PcomA 
was coagulated and divided in the perforator free segment. The posteriorly projecting 
basilar tip aneurysm (Fig. 3.1f) was brought into view and was completely obliterated 
with two aneurysm clips (Fig. 3.1g). The postoperative course was uneventful and he 
made an excellent recovery without any cranial nerve palsy. CT angiogram and 3D 
CT angiogram confirmed complete obliteration of both aneurysms (Fig. 3.1h, i).

3.3  �Posterior Inferior Cerebellar Artery (PICA) Aneurysms

PICA aneurysms are relatively rare but make up approximately 0.5–3% of all intra-
cranial aneurysms [21]. They most often involve the proximal segment of the PICA 
(69%), but they can also involve the proximal VA (3%), distal VA (17%), or distal 
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PICA (11%) [22]. They can be complex aneurysms to manage surgically due to 
their location at the skull base, close proximity to the lower cranial nerves, perfora-
tors, and brainstem, and highly variable courses of both the vertebral artery and 
PICA [1, 21]. Lower cranial nerve palsy or neuropraxia can occur even after minor 
manipulations and can be highly morbid resulting in dysphagia, dysarthria, or even 
airway compromise.

As with basilar tip aneurysms, there is continuous debate regarding clipping ver-
sus coiling of these aneurysms. The small nature of the PICA and the typically broad 
neck morphology of the aneurysms in this location favors clipping in many circum-
stances since the PICA will often times be at risk during coiling and stenting of these 
small vessels can occasionally result in sacrifice of the parent vessel due to in-stent 
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Fig. 3.1  (a) Head CT demonstrates initial traumatic left-sided posterior temporal lobe contusion. 
(b) 3D CT angiogram reconstruction shows two incidental unruptured aneurysms, (c) 12  mm 
AComA aneurysm and (d) 7 mm posteriorly projecting basilar tip aneurysm. (e) Intraoperative 
view showing the small PComA which was followed posteriorly until it joined PCA. (f) 
Intraoperative view showing the posteriorly projecting basilar tip aneurysm. (g) Intraoperative 
view showing complete obliteration of the aneurysm with two tandem clips. (h) Postoperative 3D 
CT angiogram and (i) axial CT angiogram confirm complete obliteration of both aneurysms
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stenosis or thrombosis. In general, older patients with significant medical co-morbid-
ities and narrow-neck aneurysms may be more favorable for endovascular intervention.

3.3.1  �Preoperative Considerations

Recognition of the many anatomical variants of the PICA, including a duplicated 
PICA, a unilateral or absent PICA, shared AICA-PICA trunk, VA termination in 
PICA, and extradural origins of PICA is critical [23]. The extradural variant can 
occur in up to 5–20% of cases and is the most important variant to recognize because 
it can place both the PICA and posterior spinal artery at risk during the initial extra-
dural dissection of the V3 segment of the VA [23, 24]. As with basilar bifurcation 
aneurysms, understanding the bony skull base anatomy, in particular the C1 poste-
rior arch (including the incompetent posterior arch variant), foramen magnum, and 
clivus, in relationship to the VA and PICA are important for preoperative planning.

There is a high incidence of non-saccular dissecting aneurysms in this location, 
which carry a high risk for both intraoperative bleeding and spontaneous rerupture [25, 
26]. Due to the morphology of these aneurysms they are often not amenable to stan-
dard clipping or endovascular techniques and often require either open or endovascular 
parent vessel occlusion, trapping with bypass, wrapping, stent reconstruction, or flow 
diversion [27–29]. Dissecting aneurysms mainly involving the VA proximal to PICA 
are amenable treatment with proximal VA occlusion if the contralateral vertebral artery 
is adequate often confirmed by balloon test occlusion (BTO). Those dissecting aneu-
rysms that involve the origin of PICA or that arise from PICA itself, often require 
microsurgical trapping with bypass or stent reconstruction. Distal PICA dissecting 
aneurysms can be treated with vessel sacrifice if absolutely necessary. This must be 
performed distal to the choroidal point which is the most superior point or apex of the 
PICA in the telovelotonsilar segment in order to ensure that the occlusion occurs distal 
to the origin of the PICA perforators supplying the dorsolateral medulla [30].

Bypass in this location should always be a consideration in cases of non-saccular 
dissecting aneurysms or aneurysms with large dysplastic morphologies in order to 
preserve the distal PICA territory and its perforators. Options can include in situ 
PICA-PICA side-to-side bypass, occipital-PICA end-to-side bypass, excision of 
distal aneurysms with end-to-end re-anastomosis, end-to-side reimplantation of the 
PICA into the proximal VA, and variations of these utilizing different interposition 
grafts including radial artery, saphenous vein, and others [31]. In general, it is our 
preference to preserve the parent vessel and its vascular territory when able.

3.3.2  �Surgical Approaches

Selection of the approach for PICA aneurysms should take into consideration the 
segment of the PICA involved. For proximal PICA aneurysms (anterior medullary 
or lateral medullary segments), we typically prefer a far lateral or lateral 
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suboccipital approach with or without condylectomy. For distal PICA aneurysms 
(tonsillomedullary, telovelotonsillar, or cortical segments), the midline suboccipital 
occipital approach is typically sufficient. In the rare cases of high riding PICA aneu-
rysms where the PICA tonsillar loop comes to the level of the internal acoustic canal 
and cranial nerve 7 and 8 entry zones, we employ the retrosigmoid approach.

For surgical candidates, most PICA aneurysms require the use of the far lateral 
approach as first described by Heros [32]. When considering this approach, it is 
important to consider that drilling of more than one-third of the condyle can result 
in instability at the craniocervical junction. This limit intraoperatively can often be 
appreciated by reaching the condylar emissary vein. Only the minimal amount of 
condylar drilling should be performed that is needed for the exposure [6, 32, 33]. In 
cases of more distal PICA aneurysms (distal to the tonsillomedullary segment) mid-
line or paramedian suboccipital approaches may be more appropriate [34]. This will 
require gentle lateral retraction of the tonsils or in cases of large aneurysms, unilat-
eral subpial tonsillar resection can be performed.

For the far lateral approach the patient is positioned in the lateral park bench 
position with the head rotated and flexed towards the floor. We favor a hockey stick 
incision because it results in less muscle atrophy and neck pain, but linear or lazy 
“S” incisions can also be utilized for exposure. The lateral portion of the incision 
should extend up to the level of the superior nuchal line and turn inferolaterally 
towards the mastoid tip. This incision allows for harvesting of pericranium for dura-
plasty at the end of the case and a muscle cuff can also be left along the superior 
nuchal line for re-suspension of the suboccipital muscles during closure. The sub-
periosteal muscle dissection should extend down to the mastoid tip and digastric 
groove laterally and in the midline occurs in the avascular plane of the nuchal liga-
ment to expose the foramen magnum as well as the posterior arch of C1 and the C2 
spinous process and lamina.

We typically begin with a C1 hemilaminectomy and exposure of the V3 segment 
of the VA. The V3 segment can be located laterally in the sulcus arteriosus of C1 and 
can be easily identified and freed extradurally for early proximal control. A complex 
venous plexus typically surrounds the VA in this segment and can be a source of 
significant bleeding which can be managed with compression and irrigation. The 
lateral suboccipital craniotomy or craniectomy is then performed extending from 
the posterior border of the sigmoid sinus and superior nuchal line superiorly and the 
foramen magnum inferiorly. The lateral limit is the occipital condyle and medially 
it extends to the midline. The transcondylar drilling is variable and should be tai-
lored to the extent needed for each individual case. The resection of the occipital 
condyle serves to widen the corridor to the ventral brainstem and can reduce retrac-
tion or manipulation of both the brainstem and cerebellum.

Once the dura is opened arachnoid dissection is carried out at the foramen mag-
num. Opening the arachnoid widely, especially around the lower cranial nerves is 
important in order to avoid traction injury or avulsion of these structures. The den-
tate ligament is often cut in order to facilitate a wider surgical corridor and allow 
more ventral visualization. Proximal control is then achieved intradurally from the 
V4 segment of the VA. Identification of PICA aneurysms can be achieved by either 
following the VA proximally or by identifying the tonsillar loop of PICA and 
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tracing it back to its origin. The dissection windows are typically determined by the 
course of the lower cranial nerves and often the natural corridor is via the vagoac-
cesory triangle which provides access to the PICA origin [31]. Small perforator 
branches arising from the PICA are identified traveling medially to the medulla and 
must be preserved. The clipping strategy for most PICA aneurysms typically 
involves tandem clipping in order to reconstruct the neck and preserve the PICA 
origin which is typically incorporated into the neck of the aneurysm [31].

3.3.3  �Case Examples

3.3.3.1  �Case 2

A 34-year-old woman presented with Hunt and Hess (HH) grade 2, Fisher grade 3 sub-
arachnoid hemorrhage (SAH) (Fig. 3.2a). DSA showed a ruptured complex, multilobed 
PICA aneurysm (Fig. 3.2b, c). She underwent a left-sided far lateral transcondylar skull 
base approach for microsurgical clipping of the PICA aneurysm using two tandem clips 
(Fig.  3.2e). Endovascular intervention was not pursued due to the complete 

a
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Fig. 3.2  (a) CT of the head shows Fisher grade 3 SAH most prominent in the left sylvian fissure 
and prepontine cisterns. (b) Lateral view DSA and (c) 3D-DSA show a 7 mm × 5 mm ruptured 
complex, multilobed PICA aneurysm (yellow arrow). (d) Intraoperative view shows complex mul-
tilobed PICA aneurysm. (e) Intraoperative view shows post-clipping configuration of the aneu-
rysm. (f) Postoperative DSA shows complete obliteration of the aneurysm (yellow arrow)
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incorporation of the large PICA branch into the neck of the aneurysm. Endovascular 
methods would have likely resulted in compromise of the PICA territory without stent-
ing which would have been relatively contraindicated due to the need for dual antiplate-
let therapy in the setting of SAH. Postoperative DSA showed complete obliteration of 
the aneurysm after an uneventful surgery and postoperative course (Fig. 3.2f).

3.3.3.2  �Case 3

A 51-year-old man presented to the ED with headache, nausea, vomiting which 
rapidly progressed to the loss of consciousness and cardiac arrest (HH grade V). He 
underwent successful cardiopulmonary resuscitation and the head CT demonstrated 
substantial Fisher grade 3 SAH and hydrocephalus. An external ventricular drain 
(EVD) was placed (Fig. 3.3a) and DSA demonstrated a left-sided dissecting PICA 
aneurysm (Fig. 3.3b, c) which was not amenable to endovascular intervention with-
out complete vessel sacrifice or use of dual antiplatelet therapy for stenting. The 
decision was made to proceed with bypass and trapping of the aneurysm. The pos-
sible options for revascularization included: (1) PICA-PICA bypass, which was not 
possible due to very high riding PICA loops which would have required significant 
resection of bilateral tonsils (Fig. 3.3d), (2) OA-PICA bypass, (3) V3-PICA bypass 
with RA interposition graft, and (4) V3-PICA bypass with SV interposition graft.

The patient underwent left-sided far lateral transcondylar skull base approach. 
Because of the body habitus of patient, the thick occipital bone (Fig. 3.3e, yellow 
dashed oval), and a very steep slope of the posterior fossa (Fig. 3.3f, yellow arrow), 
we extended the craniotomy supratentorial towards the nuchal line. There were sev-
eral layers of complexity to this case. We were unable to identify an occipital artery 
during the dissection due to the body habitus of the patient. During the RA harvest, 
the plastic surgeon encountered in situ thrombosis of the RA towards the end of the 
dissection. Since the patient had a very sizable cephalic vein (CV) in the same field, 
we decided to harvest the CV for bypass (Fig. 3.3g). Bilateral PICA loops were high 
riding and we therefore had to perform a partial left tonsillar resection for complete 
exposure. We then performed a V3 to PICA bypass with CV interposition graft and 
with microsurgical trapping of the dissecting PICA aneurysm making sure to 
exclude any perforators (Fig. 3.3h–m). His hospital course was complicated by mul-
tiple treatments for severe vasospasm which was managed with balloon angioplasty 
and intra-arterial Verapamil. Postoperative DSA showed complete elimination of 
the aneurysm with a patent bypass (Fig. 3.3n–p). He made an excellent recovery 
with an mRS of 1 at 22-months follow-up.

3.3.3.3  �Case 4

A 72-year-old woman with history of SAH due to a ruptured basilar tip aneurysm 
which was treated with coil embolization and required ventriculoperitoneal shunt 
placement for post-SAH hydrocephalus (Fig. 3.4a). She was lost to follow-up and 
subsequently presented to our hospital with HH grade 2, Fisher grade 4 SAH 
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Fig. 3.3  (a) Head CT demonstrates substantial Fisher grade 3 SAH and ventriculostomy for 
hydrocephalus. (b) Lateral view DSA and (c) 3D-DSA show a left-sided dissecting PICA aneu-
rysm. (d) Coronal section of the CT angiography shows very high riding PICAs. (e) Axial section 
of CT scan with bone window shows thick occipital bone (yellow dashed oval). (f) Sagittal section 
of CT angiography shows very steep slope posterior fossa (yellow arrow). (g) Intraoperative view 
of forearm during RA harvest with in situ thrombosis and the relative location of the harvested 
sizable CV. (h) Intraoperative view showing CV to PICA loop anastomosis, (i) intraoperative view 
showing V3 to CV anastomosis, (j) intraoperative view showing V3 to PICA bypass with CV 
interposition graft. (k) Intraoperative view showing dissecting PICA aneurysm. (l) Intraoperative 
view showing trapping of the dissecting PICA aneurysm, (m) intraoperative indocyanine green 
video angiography showing patent V3 to PICA bypass with CV interposition graft and trapping of 
the dissecting PICA aneurysm. (n) AP view DSA, (o) lateral view of DSA, and (p) perfusion study 
show complete trapping with a patent bypass

(Fig. 3.4b) from a ruptured left-sided distal tonsillomedullary segment PICA aneu-
rysm (Fig. 3.4c, d). Due to multiple medical co-morbidities, we first considered endo-
vascular treatment. Ultimately, the endovascular team deemed the aneurysm could 
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Fig. 3.4  (a) Axial head CT demonstrates the previously coiled basilar tip aneurysm. (b) Axial 
head CT without contrast shows Fisher 4 SAH. (c, d) AP and lateral view DSA confirm a ruptured 
left-sided 2–3  mm aneurysm of the tonsillomedullary segment of PICA (yellow arrow). (e) 
Intraoperative view showing hemosiderin staining which was the evidence of prior silent ruptures 
(yellow arrow). (f) Intraoperative view showing tonsillomedullary segment of PICA and the aneu-
rysm (yellow arrow). (g) Intraoperative view showing successful clipping of the aneurysm. (h) 
Three-year follow-up DSA shows complete obliteration of the aneurysm and preservation of the 
parent vessel (yellow arrow)

not be treated without closing the parent artery. Therefore, the decision was made to 
proceed with a midline suboccipital craniotomy and microsurgical clipping of distal 
PICA aneurysm in order to preserve the distal PICA territory. Intraoperatively we 
encountered hemosiderin staining which was consistent with evidence of prior silent 
ruptures in the region (Fig. 3.4e). We then separated the tonsils with careful arachnoid 
dissection and identified the tonsillomedullary segment of PICA along with the aneu-
rysm (Fig. 3.4f). Neuronavigation can also be employed if needed to locate the aneu-
rysm. Successful reconstruction of the neck of the aneurysm with a single clip was 
performed (Fig. 3.4g). The surgery and postoperative course were uneventful and she 
made an excellent recovery. Three-year follow-up DSA showed complete obliteration 
of the aneurysm with preservation of the small distal PICA branch (Fig. 3.4h).

3.4  �Vertebrobasilar Junction Aneurysms

Dandy was the first to describe his surgical exposure of a VA aneurysm in 1921 [35]. 
Since that time aneurysms in this location continue to present a challenge to cere-
brovascular neurosurgeons due to the close relationship with both the lower cranial 
nerves and brainstem perforators. These aneurysms also have the added complexity 
that they are typically large with dysplastic morphologies and they involve exposure 
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of bilateral VAs and the proximal basilar artery from a limited field of view which 
requires comfort with the variable anatomy of this region as well as modifications 
of the available skull base exposures of this region.

3.4.1  �Preoperative Considerations

The anatomy of the VBJ is highly variable and therefore no single surgical approach 
can be routinely applied to aneurysms in these locations, therefore, treatment con-
siderations must be tailored to each individual patient and the characteristics of their 
pathology. The basilar artery is formed by the joining of both intradural VAs in 80% 
of cases. Most often the left VA is dominant (80%), but these anatomical variants 
must be studied on preoperative imaging [36, 37]. In 5–10% of cases, the nondomi-
nant VA will continue alone and terminate as the PICA without joining the contralat-
eral VA [37]. Additionally, the presence and size of the PcomA and the contralateral 
vertebral artery is also important, especially when considering collateral supply in 
the setting of possible VA sacrifice. The anatomy which also must be considered is 
the relationship of the VBJ to the clivus anteriorly, brainstem posteriorly, and petrous 
bone laterally as well as the course of the perforators arising from the VA, PICA, 
AICA, and proximal BA [37, 38]. Selecting the side of the approach is also impor-
tant, especially when the VBJ is positioned in the midline. Factors to consider 
include the VA dominance, course of the occipital artery (OA), and projection of the 
aneurysm. In general most surgeons choose to approach the aneurysms from the side 
it shows laterality or where early proximal control can be easily achieved [37].

Cerebrovascular bypass should be considered preoperatively at least as a salvage 
plan in almost all VBJ aneurysms and at times it is needed as a first line treatment 
option. Preoperative angiography should include adequate imaging of the external 
carotid artery (ECA) to evaluate for potential donors including the caliber of the 
vessels and its geographical relationship to potential recipients. There are several 
donor vessel options for posterior circulation bypass including the superficial tem-
poral artery (STA), radial artery (RA), saphenous vein (SV), and the OA. These is 
also consideration of in situ bypass with side-to-side PICA-PICA anastomosis 
among others. The OA is typically the most commonly used graft in posterior circu-
lation revascularization due to its proximity to numerous recipient vessels in the 
posterior fossa. The suboccipital segment can be identified as it extends from the 
occipital groove to the superior nuchal line [37].

3.4.2  �Surgical Approaches

Several skull base approaches can be considered when managing aneurysms of the 
VBJ. Working medial to lateral these can include, transclival, lateral suboccipital, 
transpetrosal, and far lateral transcondylar approaches. These approaches will all 
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offer adequate exposure of the VBJ with increasing bony removal resulting in a 
wider corridor with less manipulation of brainstem structures. Often, the lateral 
suboccipital approach is adequate for most straightforward and small aneurysms of 
the VBJ, but it requires more lateral extension with transcondylar drilling and C1 
laminectomy for larger or more complex aneurysms not only to achieve adequate 
exposure but also in consideration of achieving earlier and safe proximal control 
[32, 37].

The far lateral transcondylar approach is our preference for aneurysms in this 
location and is carried out as described earlier in the surgical approach to PICA 
aneurysms. Once the dura is opened, wide arachnoid dissection allows for better 
visualization of the deeper structures, less inadvertent retraction of the lower cranial 
nerves, and results in the release of CSF for brain relaxation. The dentate ligament 
is also cut if better access to the ventral medulla is necessary. The dissection then 
involves following the ipsilateral VA as it pierces the dura and then travels to join 
the contralateral VA to form the basilar artery. This early exposure of bilateral VAs 
and the proximal basilar artery provides both proximal and distal control prior to 
identification and dissection of the aneurysm. Ideally, a complete exposure should 
include the proximal basilar artery, bilateral VAs, the ipsilateral PICA origin, the 
ipsilateral AICA origin, perforators, cranial nerves 7 and 8, as well as the lower 
cranial nerves. Visualization of all of these structures will allow for safe clipping of 
these aneurysms utilizing the standard microsurgical techniques.

3.4.3  �Case Example

3.4.3.1  �Case 5

A 54-year-old man presented with progressive headaches, dizziness, and ataxia. CT 
angiogram demonstrated a giant saccular aneurysm of the vertebrobasilar junction 
resulting in brainstem compression (Fig. 3.5a). Two attempts at endovascular embo-
lization were unsuccessful secondary to occlusive vasospasm of the VA. He was 
transferred to our hospital and underwent coil occlusion of right VA to decrease 
blood flow into the aneurysm since flow diverting stents were not being used at the 
time of his presentation. Eight-months following coiling, he developed progressive 
quadriparesis and lower cranial nerve dysfunction. CT angiogram at that time dem-
onstrated interval growth of the VBJ aneurysm (Fig. 3.5b). Oblique and 3D DSA 
confirmed growth of aneurysm following coil occlusion of right VA (Fig. 3.5c, d).

The decision was made to proceed with a left-sided far lateral transcondylar skull 
base approach and microsurgical clipping of the complex giant VBJ aneurysm. Clip 
reconstruction was possible since the aneurysm did not involve 360° of the VA. We 
employed hypothermic circulatory arrest in order to decompress and soften the 
large aneurysm to allow for better manipulation of the dome. After 32 min of circu-
latory arrest, the aneurysm was completely obliterated and the neck was recon-
structed with 12 aneurysm clips (Fig. 3.5e, f). Optimally circulatory arrest should 
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Fig. 3.5  (a) CT angiogram demonstrates a giant (2.5 cm) saccular aneurysm of the vertebrobasilar 
junction. (b) CT angiogram shows interval growth of the vertebrobasilar junction aneurysm 
8-months after coil occlusion of right vertebral artery. (c) Oblique view DSA and (d) 3D DSA 
confirm the growth of aneurysm following coil occlusion of right vertebral artery. (e) Intraoperative 
view showing giant vertebrobasilar junction aneurysm. (f) Intraoperative view showing complete 
obliteration of the aneurysm with 12 aneurysm clips under 32 min of circulatory arrest. (g) Lateral 
view of DSA and (h) AP view DSA confirm complete obliteration of the aneurysm and the stump 
of the occluded right vertebral artery

not surpass 40 min. The surgery and postoperative course were uneventful and he 
tolerated the surgery and circulatory arrest well. Postoperative DSA confirmed 
complete obliteration of the aneurysm (Fig. 3.5g, h).

3.5  �Aneurysms of the Basilar Trunk

Basilar trunk aneurysms are rare lesions and are defined as aneurysms located 
between the VBJ and SCA origins. This can include SCA aneurysms, AICA aneu-
rysms, or aneurysms arising from large perforators of the basilar trunk. The major-
ity of aneurysms in this location arise from the proximal SCA. The origin and size 
of the aneurysm is what dictates the approach taking into consideration the bony 
structures that often impede trajectories to reach this region. Surgical approaches to 
mid-basilar trunk are made difficult due to limitations from the clivus, distance 
below the posterior clinoid, and the interference of the petrous bone. Occasionally, 
approaching aneurysms in these locations may require one of the several variations 
of transpetrosal approaches, but transoral, Kawase, or retrosigmoid approaches can 
also be considered. The complexity of the approaches required to treat these aneu-
rysms which is why endovascular treatment is has become more favorable at most 
institutions if it is technically feasible [39]. However, SCA aneurysms that are not 
amendable to endovascular treatment can be more favorable to microsurgical 
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clipping than other basilar trunk aneurysms due to their accessibility and typically 
they are not as involved with the posterior thalamo-perforators which arise more 
distally at the basilar bifurcation.

SCA aneurysms or aneurysms of the distal basilar trunk can often be exposed 
and treated in a similar manner to basilar tip aneurysms either via a pterional 
approach modified with an extradural clinoidectomy, transcavernous dissection, and 
posterior clinoidectomy for more proximal aneurysms [14, 40, 41]. Alternatively, 
subtemporal approaches with division of the tentorium with or without anterior 
petrosectomy can be utilized and is often preferred in more proximal pathology [33, 
41]. Again, the relationship of the basilar bifurcation to the posterior clinoid or dor-
sum sella is an important consideration in determining the appropriate surgical cor-
ridor. As described for the basilar bifurcation dissection the PComA is usually 
followed from its origin on the ICA to the PCA, and the PCA and SCA are identified 
in their standard positions on either side of the oculomotor nerve. Proximal control 
is achieved proximal to the SCA origin but distal to the basilar trunk perforators. 
Standard clipping strategies are then able to be employed.

3.6  �Non-saccular Aneurysms of the Posterior Circulation

Gideon H. Wells described the first non-saccular posterior circulation aneurysms in 
1922 [42]. Presently, posterior circulation non-saccular aneurysms continue to pres-
ent challenges in treatment due to their involvement of brainstem perforators, exten-
sive involvement in long segments of the vertebrobasilar system, and the absence of 
a discrete neck. Standard techniques including microsurgical clipping or endovas-
cular coiling cannot typically be employed with these aneurysms. Although rela-
tively uncommon with an incidence of less than 1%, their natural history can be 
associated with significant morbidity and mortality due to compression of the brain-
stem and cranial nerves, obstructive hydrocephalus, ischemic stroke from athero-
embolism of partially thrombosed or calcified aneurysms, or rarely hemorrhage [3, 
43, 44]. The natural history of these aneurysms is variable with a mortality rate 
reported up to 30% [43].

Non-saccular aneurysms of the posterior circulation have been subtyped by mor-
phology in the literature as fusiform, dolichoectatic, or transitional [43, 45]. The 
fusiform subtype is defined as dilation of the vertebral or basilar artery >1.5 times 
normal, dolichoectatic subtype is the same amount of dilation, but involving the 
entire basilar artery, vertebral artery, or vertebrobasilar system, and transitional is 
the same amount of dilation with a superimposed further dilation of a part the dis-
ease segment [43]. In a longitudinal study of 159 patients with non-saccular verte-
brobasilar aneurysms, Flemming et al. demonstrated that transitional and fusiform 
subtype aneurysms were more likely to be symptomatic with dolichoectatic aneu-
rysms typically being asymptomatic. The only independent factor predicting aneu-
rysm ruptured was the transitional morphology. Their cohort also showed a 6.7% 
per year risk of recurrent infarcts in patients who initially presented with stroke 
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during 10-years follow-up. The most common cause of death in their study was 
stroke [43, 46]. Bhogal et al. suggested early treatment of asymptomatic, large fusi-
form, and transitional aneurysms due to their tendency to become symptomatic 
while preferring conservative management of dolichoectatic aneurysms with serial 
imaging with or without antiplatelet therapy as they typically have a more benign 
course [43].

Due to the high morbidity associated with the natural history of these aneurysms, 
treatment options have been sought after, but typically involves complex or high-
risk procedures including trapping with or without bypass, endovascular or surgical 
sacrifice of a vertebral artery in order to reduce flow into the aneurysmal segment, 
or more recently flow diverting stents. Conservative or medical management with 
either antiplatelet therapy or anticoagulation has also been considered to reduce the 
incidence of thrombotic or atheroembolic ischemic strokes but thus far has demon-
strated limited influence on long-term outcomes [27]. The success of surgical inter-
ventions has been limited due to the location at the skull base adding complexity to 
open surgical treatment and difficulty preserving brainstem perforators contributes 
to morbidity and mortality in both open and endovascular approaches [44, 47].

Surgical treatment of these aneurysms can be thought of as inducing flow reduc-
tion (vessel sacrifice) or flow reversal (bypass). The success of these interventions 
is based largely on the collateral supply from the posterior communicating artery. 
When a large posterior communicating artery is not present, bypass surgery should 
be favored over vessel sacrifice. The most common revascularization procedure for 
this pathology is the STA to SCA or PCA bypass with trapping of the diseased 
aneurysmal segment. Mortality rates with bypass have been reported as high as 
45–62% [47, 48]. Flow reduction can be performed with dominant vertebral artery 
occlusion either by open surgical ligation or endovascular occlusion. This technique 
is most successful when disease is confined to the vertebral artery without involve-
ment of the basilar artery [43]. Bilateral vertebral artery occlusion has also been 
attempted in extreme cases where patients are already presenting in poor clinical 
condition with limited treatment options, but again the presence of a large posterior 
communicating artery is the main predictor of a successful outcome [43].

Endovascular flow diversion for treatment of non-saccular posterior circulation 
aneurysms has been aggressively sought after because it allows for reconstruction 
of diseased segments and preservation of flow to the posterior circulation; however, 
at this time it does remain an off-label use of these devices. Additionally, coverage 
of critical brainstem perforators with flow diverting stents does not always resulted 
in preservation of flow through these small branches. Use of flow diverting stents 
requires the use of dual antiplatelet therapy which contributes to the reported high 
rates of hemorrhagic complications [49, 50]. Flow diversion also results in delayed 
or limited improvement in the symptoms related to mass effect from these aneu-
rysms including brainstem compression, cranial neuropathies, and hydrocephalus. 
Endovascular treatments have recently shown promise as the technology has 
advanced in this specialty, but initial the popularity of flow diversion in the posterior 
circulation has ebbed and flowed as high complication rates have been reported in 
the literature [49].
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Szikora et al. claimed that flow diverters seemed to be a supreme treatment option 
for large partially thrombosed non-saccular vertebrobasilar aneurysms [51]. But in 
2012, a report from a single-center by Siddiqui et al. debated the efficacy of flow 
diverters for these challenging aneurysms based on a mortalities in 4 of 7 patients in 
their small series [49]. As techniques, devices and their applications have evolved the 
earlier reported high morbidity and mortality rates associated with posterior circula-
tion flow diversion has improved. These improvements have been credited to better 
patient selection and indications, avoidance of flow diversion in partially thrombosed 
fusiform holobasilar aneurysms due to risk of occluding of critical pontine perfora-
tors, and limiting the number of overlapping devices to reduce risk of perforator 
occlusion [43, 52]. Also, the addition of coiling to flow diversion has led to less stent 
prolapse and reduced hemorrhagic complications, therefore contributing to better 
outcomes [3, 43, 52]. The difficulty with these cases continues to be indications for 
treatment and timing of intervention. Ultimately, the ideal indications and treatment 
modality have not been completely elucidated for this pathology, but recent reports 
would suggest that flow diversion shows promise when clinically indicated.

3.7  �Endovascular Therapy for Posterior 
Circulation Aneurysms

The biggest advancements in the treatment of posterior circulation aneurysms in 
recent decades have been regarding endovascular intervention. With the improve-
ments in technology and devices, more and more aneurysms are becoming suitable 
candidates for safe endovascular embolization. In addition to conventional primary 
coil embolization, the addition of newer devices including balloons for neck remod-
eling, stents, flow diverters, liquid embolics, and more recently Woven EndoBridge 
(WEB) devices for wide neck aneurysms have increased the spectrum of aneurysms 
amenable to endovascular treatment [53]. Due to the technical difficulty in treating 
these aneurysms surgically including risk to perforators and cranial nerves and com-
plex skull base approaches requiring advanced technical skill, endovascular therapy 
has largely become the modality of choice for treating posterior circulation aneu-
rysms at many centers.

Despite the safety and efficacy of endovascular embolization, there has been 
debate regarding its durability, mainly regarding higher rates of recurrence and 
higher rates of re-hemorrhage after coiling in comparison to clipping [54–58]. The 
biggest argument against endovascular treatment of all aneurysms is that coiling 
fails to reach the same standards of long-term complete aneurysm obliteration when 
compared with surgical clipping. Several trials and case series have documented the 
lower complete occlusion rates in embolization in comparison to clipping [55, 59]. 
This higher residual and recurrence rate often results in the need for multiple retreat-
ments which compounds the periprocedural complications [3].
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The widely debated International Subarachnoid Aneurysm Trial (ISAT) helped 
further advance the popularity and favoritism of endovascular therapy especially in 
cases of ruptured aneurysms when their results demonstrated the coiling group had 
lower risk of disability at 1 year in comparison to patients undergoing open surgical 
clipping. However, their data also reported the rate of technical failure during the 
procedure and long-term risk of re-bleeding was higher with coiling than clipping. It 
should also be noted that posterior circulation aneurysms were significantly under-
represented in this trial (>97% were anterior circulation) [56]. The Cerebral Aneurysm 
Rerupture After Treatment (CARAT) study reported on a multicenter collaboration 
of 1001 patients treated with coil embolization or surgical clipping of ruptured intra-
cranial aneurysms with a mean follow-up of 4 years. The authors concluded that the 
risk of re-hemorrhage tended to be greater after coil embolization (3.4%) than after 
surgical clipping (1.3%), but this did not reach statistical significance (P = 0.09). 
They also determined the degree of occlusion with the initial intervention is a strong 
predictor for re-hemorrhage in patients with SAH which supports the importance of 
complete occlusion of aneurysms, especially in cases of rupture [60].

In a study by Bohnstedt et  al. to compare endovascular versus microsurgical 
treatment for basilar tip aneurysms, cranial nerve deficit, and hemiparesis were 
more common in the microsurgical group but aneurysm remnants were more com-
mon in endovascular group which was reduced with the addition of stenting. They 
concluded microsurgical treatment still has an important role in the selected basilar 
tip aneurysms to avoid re-treatment [61]. In terms of the clinical outcomes of ocu-
lomotor nerve palsies associated with microsurgical clipping of basilar apex aneu-
rysms, the series of 103 aneurysms reported by Basma et al. demonstrated that an 
immediate postoperative oculomotor nerve palsy was seen in all of their patients but 
32% of patients demonstrated complete recovery at the time of discharge and at 
1 year only 3% of patients had a persistent third nerve palsy which only consisted 
of diplopia corrected with prism glasses [20].

Dissecting aneurysms of the posterior circulation represent a unique challenge 
due to their high bleed risk and their shape and morphology not being amenable to 
standard surgical or endovascular approaches. As discussed previously, these aneu-
rysms are not often not amenable to primary clip reconstruction of the neck and 
therefore numerous endovascular strategies have evolved over the years. 
Endovascular methods such as the open surgical approaches include both vessel-
sacrificing and vessel-preserving strategies. These can include parent vessel occlu-
sion with coils or embolic material, stent placement, or flow diversion [50, 62–64]. 
Flow diversion is an encouraging endovascular option with a higher occlusion rate 
and a lower complication rate in comparison to other endovascular techniques in 
management of dissecting aneurysms [3]. Flow diverters can cause perforator 
infarcts or delayed rupture due to the use of dual antiplatelet therapy and therefore 
have not been popular for the use in the treatment of posterior circulation aneurysms 
amenable to other treatment modalities [52].

Overall, surgical versus endovascular treatment of posterior circulation aneu-
rysms continue to be a controversial topic in cerebrovascular neurosurgery. At most 
centers, endovascular therapy is usually favored for most aneurysms in this territory 
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but rational decision making should be tailored to each case instead of blanket state-
ments being made regarding the treatment of these aneurysms. At our center, multi-
disciplinary assessments including surgeons capable of both endovascular and 
microsurgical treatments of these aneurysms are employed to guide the treatment 
strategies. As advancements in both fields are made, this will continue to be a topic 
for debate. Anatomy and individual patients will dictate the correct approach and 
therefore proficiency in the microsurgical techniques required to treat these aneu-
rysms will continue to be both relevant and important.
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Chapter 4
Ischemic Stroke Revascularization

Naoki Otani and Atsuo Yoshino

4.1  �Standard Surgical Strategies and Techniques

4.1.1  �Indications

Surgical indications are based on symptomatic (transient ischemic attack [TIA] or 
minor stroke) internal carotid artery (ICA) or middle cerebral artery (MCA) occlu-
sive disease with misery perfusion demonstrated by quantitative single photon 
emission computed tomography (SPECT) study in the chronic phase at least 
3 months after the final ischemic attack. Surgery should be limited to patients with 
a mismatch between the extent of decreased cerebral blood flow (CBF) and com-
pleted cerebral infarction. Patients with dependent activities of daily living caused 
by extensive cerebral infarction should be excluded.

4.1.2  �Surgical Strategies

	1.	 Preoperative medical treatment
Dehydration should be avoided and antiplatelet medications should be continued 
to prevent recurrence of ischemic attack. Administration of multiple antiplatelet 
agents should be reduced to a single agent. Antiplatelet medications should be 
continued and hyperosmotic colloid infusion started intravenously 1 week before 
operation. However, administration of two or more antiplatelet agents should be 
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given in the presence of continuing TIA. Any anticoagulant medication should 
be stopped at once and replaced by heparin continuous drip infusion.

	2.	 Preoperative radiological evaluation
Cardiac health and the presence of ischemic heart disease and/or carotid stenosis 
is evaluated. Three-dimensional computed tomography angiography (3D-CTA) 
and/or digital subtraction angiography are mandatory to determine the surgical 
strategy (Fig. 4.1a). Quantitative SPECT should be performed to assess the vas-
cular reserve to establish the surgical indication. Stage II area requires improved 
CBF because of decreased vascular reserve capacity, and indicates that bypass 
surgery could be justified (Fig. 4.1b).

	3.	 Intraoperative anesthesia management
Information sharing with anesthesiology is essential, so blood pressure is main-
tained over 120 mmHg during general anesthesia to avoid unexpected induced 
hypotension caused by dehydration, and intravascular CO2 level should be main-
tained around 40–45 mmHg under precise ventilation control.

	4.	 Positioning
Just after induction of general anesthesia, the target recipient M4 arteries and 
superficial temporal artery (STA) should be marked on the cranial bone (Fig. 4.1c, 
d). Surgical decisions are based on the extent of craniotomy, tracing of the STA, 
and skin incision based on the findings of preoperative 3D-CTA (Fig. 4.1f). The 
head is secured by three-point fixation positioning, so that the craniotomy site is 
at the highest point of the upper body to prevent cerebrospinal fluid leakage 
(Fig. 4.1e). Shoulder pillows should be inserted to reduce the extensive strain on 
the neck especially in elderly patients.

	5.	 STA harvesting
The following are our microsurgical tips for successful bypass surgery. The STA 
is prepared using the ultrasonic scalpel instrument (Harmonic Scalpel®; Ethicon 
Endo-Surgery, Cincinnati, OH) (Fig. 4.2a). Fricative heat of the supersonic irra-
diation induces protein denaturation, so the STA can be dissected with complete 
hemostasis [1]. Side branches can also be transected without injury to the main 
trunk, then the STA is elevated using vessel tape, and protein coagulation is 
achieved in 2 or 3 s (Fig. 4.2b). The frontal branch of the STA is also dissected 
(Fig.  4.2c), the main trunk is skeletonized quickly and safely, and dissection 
continued from the undersurface. This instrument allows faster and safer har-
vesting of the STA or radial artery (RA).

	6.	 Craniotomy and preparation of anastomosis
The craniotomy is performed under the supratemporal line (Fig.  4.3a). Just 
before dural opening, indocyanine green (ICG) angiography is performed to 
confirm the location of the recipient superficial cerebral artery over the dura 
(Fig. 4.3b), and to trace the superficial cerebral artery (Fig. 4.3c, d), which helps 
to minimize extension of the dural opening (Fig. 4.3e) [2]. Trimming of the STA 
is easily performed using a needle (Fig. 4.4a, b). After cutting the end of the 
STA, direct marking using a skin marking pen is usually performed to clarify the 
vascular edge of the anastomosis layer (Fig. 4.4c). Direct marking of the vascu-
lar wall of the recipient artery is also useful (Fig. 4.4d–f). This method can con-
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c d

a b

e f

Fig. 4.1  Three-dimensional computed tomography angiography (3D-CTA) (a) and quantitative 
single photon emission computed tomography (b) should be performed to establish the surgical 
indication preoperatively. The superficial temporal artery (STA) (c) and targeted M4 (d) were 
superimposed based on the 3D-CTA data. The head was fixed and positioned so the craniotomy 
site is at the highest point of the upper body to prevent cerebrospinal fluid leakage (e). Extent of 
craniotomy, tracing of the STA, and skin incision were marked on the skin (f)

4  Ischemic Stroke Revascularization



82

firm only the outer vessel walls for anastomosis. Care should be taken to make 
the operative field broad, to avoid anastomosis at the border site of the craniot-
omy, and to maintain semi-wet condition and complete hemostasis.

	7.	 Anastomosis
Arteriotomy of the recipient artery should adopt the fish mouth type (Fig. 4.5a). 
Straight incision is desirable for recipient artery with small diameter of less than 
1 mm. The length of the arteriotomy of the recipient artery is adjusted to about 
3.0 mm with a scaled rubber sheet. Various anastomotic techniques can be per-
formed including continuous, running, and intermittent suturing railroad meth-
ods (Fig.  4.5b). In particular, the anastomosis should be cross linked with 
manipulation of the microscope. After anastomosis, vessel patency is usually 
confirmed using Doppler sonography and ICG video-angiography (Fig. 4.5c, d). 
Finally, complete hemostasis and arachnoid plasty are performed to prevent 
chronic subdural hematoma.

a

b

c

Fig. 4.2  Parietal branch 
(b) and frontal branch of 
the STA (c) were harvested 
using the Harmonic 
Scalpel (a)
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	8.	 Skin closure and postoperative concerns including wound problems
STA flow patency must be monitored using the Doppler blood flow meter until 
the subcutaneous suture is completed, because the STA patency is sometimes 
obstructed at the edge of the cranial bone and/or temporal muscles. We recom-
mend skin closure just above the STA using nylon sutures to avoid injury to the 
STA. After the operation, blood pressure control should achieve normo-tension 
to avoid hypervascular syndrome. Medical treatment can be started for preven-
tion of chronic subdural hematoma such as administration of tranexamic acid [3] 
and/or herbal Kampo medicine Goreisan [4]. Many patients who require bypass 

a b

c

e

d

Fig. 4.3  Extradural indocyanine green tracing was performed for precise and safe dural inci-
sion (a–e)
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surgery have several risk factors such as diabetes and/or atherosclerosis. 
Furthermore, the STA is peeled off and sacrificed, so wound problems are pos-
sible after bypass surgery. Hyperbaric oxygen (HBO) therapy, which is useful to 
treat skin disorders, can be recommended in the early stage of wound problems. 
The period of HBO therapy depends on the severity of the skin problems after 
surgery [5].

a

c d

fe

b

Fig. 4.4  Trimming of the STA is easily performed using a needle (a, b). Direct marking of the 
donor STA (c) and the recipient M4 artery (d–f) can help to clarify the vascular edge for the 
anastomosis
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4.2  �Advanced Surgical Strategies and Techniques

4.2.1  �Occipital Artery (OA)-Posterior Inferior Cerebellar 
Artery (PICA), STA-Superior Cerebellar Artery (SCA), 
STA-Posterior Cerebral Artery (PCA) Bypass 
for Posterior Circulation Ischemia

OA-PICA bypass is performed in the three-quarter prone position (Fig. 4.6a). The 
ipsilateral mastoid process becomes the highest point in the operating field. The 
inverted U-shaped skin incision is begun in the cervical midline over the C4 process 
(Fig. 4.6c), and further extended to the cervical region if condylectomy is required. 
The OA is routinely secured, and the suboccipital muscles are peeled away layer by 

a b

c d

Fig. 4.5  Stay suture (a) and suture methods (b). Indocyanine green video-angiography was used 
to confirm the vascular patency after anastomosis (c, d)
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a

c

e

g h

f

d

b

Fig. 4.6  Occipital artery (OA)-posterior inferior cerebellar artery (PICA) bypass for symptomatic 
vertebral artery stenosis (a). Running course of the OA was superimposed using the 3D-CTA data 
(b). Transcondylar fossa approach allows a shallow surgical field for anastomosis of the OA to the 
recipient PICA, the caudal loop of the PICA (c–g). Finally, vascular patency was confirmed using 
indocyanine green video-angiography (h)
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layer (Fig.  4.6b). The suboccipital craniotomy is extended unilaterally from the 
foramen magnum in the midline, and then back around the foramen magnum. The 
supracondylar area of the suboccipital bone is removed (far lateral approach), and 
the sigmoid-magnum triangle is sufficiently removed, the condylar emissary vein is 
cauterized, and the condylar fossa is fully exposed and removed (transcondylar 
fossa approach). A semicircular dural incision is made from the cervical dura to the 
lateral edge of the craniotomy. The vertebral artery is secured intradurally. The infe-
rior cranial nerve is secured and the caudal loop of the PICA is identified (Fig. 4.6d). 
OA-PICA bypass is then performed (Fig. 4.6e–h).

STA-SCA or STA-PCA bypass is performed using the subtemporal approach. 
Cutting of the cerebellar tent can be helpful to expose the SCA, and the minitrans-
petrosal approach is used to access the PCA, which requires exposure of the partial 
presigmoid dura around the superior petrosal sinus, to achieve a wide opera-
tive field.

4.2.2  �Bonnet Bypass for Unilateral Common Carotid Artery 
(CCA) Occlusion

No effective surgical procedure is available for CCA occlusion, because the blood 
flow of the ipsilateral STA is often less efficient in the presence of CCA occlusion. 
The first Bonnet bypass using a saphenous vein (SV) graft was described in 1980, in 
which the blood flow of the SV graft was 20–50 mL/min, or enough to supply the 
circulation area, and the harvested SV graft can be longer than the RA [6]. On the 
other hand, the SV graft can be easily twisted and occluded by the tension of the 
skin flap. Therefore, the optimal method is to form a gutter in the skull to hold the 
vein graft which is fixed using a mini-plate to prevent such complications 
(Fig. 4.7) [7].

4.2.3  �Reverse Bypass Using a Naturally Formed “Bonnet” 
STA for Symptomatic CCA Occlusion

Hemodynamic cerebral ischemia results in the development of ischemic symptoms 
after CCA occlusion, so “bonnet” bypass using an RA or SV graft is usually consid-
ered. However, if a spontaneously formed “bonnet” STA with sufficient retrograde 
blood flow from the contralateral STA is available, a so-called “reversed” arterial 
bypass should be considered (Fig. 4.8), because this surgical procedure can be per-
formed both safely and less invasively [8].
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a

c d

e f

g h

b

Fig. 4.7  Bonnet bypass for unilateral common carotid artery occlusion. The patient suffered mul-
tiple transient ischemic attack symptoms caused by vascular reserve disorder (a) due to left M1 
severe stenosis (c), and underwent left STA-middle cerebral artery (MCA) bypass (d) with 
improved vascular reserve dysfunction (b). Five years later, the left STA donor artery was 
obstructed (e), and vascular reserve disorder and recurrent symptoms occurred (f). Bonnet bypass 
was performed using a saphenous vein (SV) graft (g). SV graft can be easily twisted and occluded 
by the tension of the skin flap, so we formed a gutter in the skull to hold the vein graft which was 
fixed using a mini-plate to prevent such complications (h)
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a

c

b

Fig. 4.8  “Reverse” bypass using a naturally formed bonnet STA (c) for symptomatic common 
carotid artery occlusion (b) caused by thyroid tumor (a)

4.2.4  �Absence of Donor Artery Such as the STA

Ischemia of the MCA territory with absent and/or hypoplastic STA may require RA graft 
for anastomosis from the proximal STA trunk around the zygomatic arch to the M3/M4 
segment (Fig. 4.9). Ischemia of the anterior cerebral artery territory may be treated by 
RA graft for bypass surgery from the proximal STA trunk to the A3/A4 segment [9, 10].
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a b

c

e

d

Fig. 4.9  STA absent as a donor artery. Radial artery (RA) graft (a) can be used for bypass surgery 
from the proximal STA trunk around the zygomatic arch (c) to the M3/M4 segment (b). After 
M4-RA-STA proximal bypass (d), indocyanine green angiography confirmed vascular patency (e)

4.2.5  �Multiple Stenotic Lesions

Bilateral ICA stenosis and/or occlusion (Fig. 4.10a, c), similar to moyamoya dis-
ease, requires that blood pressure is maintained over 120  mmHg to avoid unex-
pected hypotension caused by dehydration, and intravascular CO2 level is maintained 
around 40–45 mmHg by precise ventilation control during general anesthesia. Care 
is required at three-point fixation to not injure the STA in the contralateral side in 
case of second operation (Fig. 4.10b). After unilateral bypass surgery, the vascular 
reserve of the opposite side may also improve (Fig. 4.10d).
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a b

c d

Fig. 4.10  Bilateral internal carotid artery stenosis with vascular reserve dysfunction (a, c). After 
unilateral bypass surgery (b), the contralateral side also had improved vascular reserve (d)

Tandem stenotic lesions with coexisting carotid artery stenosis and intracranial 
ICA and/or M1 stenosis require preferential treatment of lesions close to the heart 
side as a basic concept. The STA as a donor artery can be the cause of low flow in 
the anastomotic vessels with stenosis of the origin of the external carotid artery 
(ECA). Percutaneous transluminal angioplasty and/or stent may be effective to 
enlarge the stenosis of the origin of the ECA. In this case, ECA calcification was 
very severe, so we performed carotid endarterectomy simultaneously with double 
bypass surgery (Fig. 4.11).

4.3  �Controversies

4.3.1  �Surgical Indications

The extracranial-intracranial (EC-IC) bypass study failed to confirm the effective-
ness for preventing cerebral ischemia in patients with atherosclerotic arterial dis-
ease in the ICA and MCA in 1985 [11]. Review of ongoing trials and research 
registers and reference lists of relevant articles concluded that EC/IC bypass surgery 
were neither superior nor inferior to only medical care in 2010 [12]. However, the 
surgical indications for revascularization based on cerebrovascular reserve dysfunc-
tion was not considered. Recently, the Carotid Occlusion Surgery Study failed to 
show benefit for the surgical group with respect to ipsilateral stroke recurrence at 
2  years after treatment, despite improved cerebral hemodynamics and excellent 
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a b

c d

e f

Fig. 4.11  Severe stenosis and calcification of the origin of the external carotid artery (e). Combined 
carotid endarterectomy (a, b) and STA-MCA double bypass (c, d) were simultaneously per-
formed (f)
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bypass graft patency rates [13]. However, the recurrence rate of cerebral infarction 
with medical treatment was low, and the extensive perioperative complications in 
the bypass treatment group probably led to the lack of advantage for bypass surgery 
[13, 14]. On the other hand, the recurrence rate of cerebral infarction was lower in 
the bypass surgery group than in the medical treatment group [15–17]. In these 
series, EC-IC bypass has proven to be significantly effective in patients with symp-
tomatic MCA (or/and) ICA stenotic (or occlusive) disease with misery perfusion 
(stage II) area on positron emission tomography or SPECT. The surgical technique 
and strategies must be refined to indicate bypass surgery for more strict surgery 
indications as well as continue to reduce complications as much as possible.

4.3.2  �Acute Phase (Emergency) Bypass

Intravenous tissue plasminogen activator (t-PA) therapy for acute cerebral infarction 
is effective as a standard treatment, but the recanalization rate remains at 30–40% 
[18]. Recently, mechanical thrombectomy using retrieval stents was found to be 
effective in a large multicenter comparative study [19–22]. The outcome after 
3 months was better in the stent treatment group than in the t-PA treatment group, 
with no difference in complication rate and mortality rate. A comparative study of 
several devices found improved surgical results and fewer complications. However, 
the recanalization rate remained at only about 80%. Therefore, no gold standard 
therapy is available for technically difficult cases or treatment inappropriate cases 
outside the time limit for endovascular treatment.

Revascularization techniques may be effective against impairment of cerebro-
vascular reserve capacity [23–25]. Hemodynamic brain disorder may be avoided 
with the improvement of CBF reserve capacity after bypass surgery, so bypass sur-
gery will be effective for hemodynamic cerebral infarction manifesting as progres-
sive symptoms in the acute phase.

Thrombus retrieval therapy using a stent retriever was effective for acute cerebral 
infarction in three randomized controlled trials [19–21]. Therefore, the American 
Heart Association/American Stroke Association guidelines indicate intravascular 
treatment using a stent retriever for acute cerebral infarction under the following 
conditions: independent in daily life before onset, ineffective intravenous therapy 
using recombinant t-PA, occlusive disease of the ICA to M1 of the MCA, National 
Institutes of Health Stroke Scale >6 or higher moderate disorder, no extensive 
infarct area with Alberta Stroke Program Early Computed Tomography Score >6 
points, and within 6.0 h of onset [22]. However, no therapeutic guidelines have been 
established for cases that do not satisfy these conditions, especially for 6 h or more 
after onset of symptoms, or if mechanical thrombectomy was ineffective. Emergency 
EC-IC bypass may be effective for non-cardiac cerebral artery occlusive disease 
[26, 27] (Fig. 4.12).
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Chapter 5
Hemorrhagic Stroke: Endoscopic 
Aspiration

Alberto Feletti and Alessandro Fiorindi

5.1  �Introduction

Hemorrhagic stroke is due to bleeding of a ruptured vessel into the brain. It can be 
subdivided into intracerebral hemorrhage (ICH), intraventricular hemorrhage 
(IVH), and subarachnoid hemorrhage (SAH). As hemorrhage can rapidly expand, 
causing consciousness impairment and neurological deficits, progression of hemor-
rhagic stroke is often associated with severe morbidity and high mortality [1]. 
Hypertension and cerebral amyloid angiopathy are the most common causes of 
ICH, while the usual causes of spontaneous SAH are ruptured aneurysms, arterio-
venous malformations, vasculitis, arterial dissection, and dural sinus thrombosis. 
IVH can be divided into primary or secondary. Primary IVH originates from intra-
ventricular sources or lesions in contact with the ventricular walls and is limited to 
the ventricular system. Secondary IVH derives from an intraparenchymal or sub-
arachnoid hemorrhage which extend into the ventricular system at a later time. 
About 30% of IVHs are primary and 70% are secondary [2, 3].

ICH and IVH are devastating diseases with a high social impact. ICH causes 
10–15% of first-ever strokes, with a 30-day mortality rate of 35–52% and only 20% 
of survivors expected to have full functional recovery after 6 months [4, 5]. Overall 
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incidence of spontaneous ICH worldwide is 24.6 per 100,000 persons-years [6]. 
IVH can complicate SAH and ICH in 15 and 40% of patients, respectively [7]. It has 
been shown that >20 mL of intraventricular blood is associated with poor prognosis 
[8, 9]. The mortality rate of IVH is as high as 42.6–83.3% [7].

Besides the primary bleed, the hemorrhage continues to cause brain tissue dam-
ages not only because of mass effect, but also due to the activation of the coagula-
tion cascade and hemoglobin breakdown, with consequent excitotoxic edema and 
progressive neurotoxicity [10]. Actually, it has been shown that the coagulation cas-
cade is involved in brain edema that develops adjacent to a brain hemorrhage [11]. 
Therefore, reduction of the hemorrhage volume can be necessary to diminish sec-
ondary burden and improve outcomes of the patients.

Although historically the accepted treatments for hemorrhagic stroke have 
included conservative medical treatment and craniotomy with surgical evacuation, 
endoscopic treatment has been gaining consensus in the last years, particularly for 
ICH and IVH. This chapter will focus on ICH and IVH, as such hemorrhages can be 
potentially treated with endoscopic techniques.

5.2  �Intracerebral Hemorrhage

5.2.1  �Standards

Nowadays the standards of care in case of ICH are mainly based on medical treat-
ment, reserving surgery only if the volume of hemorrhage is life-threatening or if 
hydrocephalus occurs. Of course, the cause of hemorrhage must be investigated and 
eventually treated. In any case the control of intracranial pressure (ICP) must be 
secured. Although there is a general consensus about the fact that conservative treat-
ment is preferable if ICP is under control, the treatment modality of hemorrhage 
itself when ICP increases is debated.

5.2.1.1  �Case Illustration 1

A 73-year-old female patient was admitted for headache and right hemiparesis. CT 
scan revealed a left ICH (Fig. 5.1a). Her medical history included chronic atrial 
fibrillation, hypertension, obstructive sleep apnea syndrome, gastric reflux disease, 
and chronic obstructive pulmonary disease. The patient was on warfarin therapy 
(INR at admittance: 2.53). She was initially treated conservatively. Four hours later, 
due to neurological deterioration, a new CT scan was performed, with evidence of 
increased ICH volume (Fig. 5.1b). The patient underwent craniotomy and microsur-
gical removal of ICH (Fig. 5.1c).

Craniotomy and Microsurgical Removal: Two multicenter clinical trials have 
studied the role of surgery in ICH. The International Surgical Trial in IntraCerebral 
Haemorrhage (STICH) compared early surgery versus initial conservative 
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treatment in patients with spontaneous supratentorial ICH [12]. This trial found no 
difference in mortality rates between groups. Another trial, STICH II, was designed 
with a more homogeneous population of patients to assess whether early surgery 
could improve outcomes in conscious patients with a superficial ICH and without 
IVH [13]. However, the STICH II trial also failed to demonstrate substantial 
improvement in patient outcome and mortality with surgery. Nonetheless, STICH II 
results are debated because surgery could be done in any fashion, without any dis-
tinction between open craniotomy and minimally invasive techniques. Overall, 
STICH I and STICH II trials have failed to show evidence of clinical benefit from 
an open surgical approach. Potentially, these discouraging results could be due to 
iatrogenic injury.

Fibrinolytic Therapy: The use of fibrinolytic agents in addition to minimally 
invasive surgery (MIS) has been investigated by some trials. Wang et al. compared 
conservative management in 182 patients with CT-guided craniopuncture with aspi-
ration followed by the administration of a urokinase solution over 3–5 days in 195 
patients [14]. At 90-day follow-up, the interventional group showed better func-
tional outcomes (64% vs. 40.9%; p < 0.01), but no differences in mortality rates 
were noted. Similarly, Sun et al. compared craniotomy and craniopuncture followed 
by urokinase infusion in 304 patients [15]. Although the latter group had better 
outcomes, there were no significant differences on neurological function and mor-
tality rates on follow-up.

The Minimally Invasive Surgery and rtPA for Intracerebral Hemorrhage 
Evacuation (MISTIE) trial was a multicentric phase II RCT designed to assess the 
safety and efficacy of alteplase combined with MIS for the treatment of supratentorial 
ICH, compared to the best medical standard of care [16]. The authors showed a sig-
nificant reduction of ICH volume in the alteplase group (57% vs. 5% reduction; 
p < 0.0001). No difference in 7- to 30-day mortality was observed between the two 
cohorts. The MISTIE III trial, a multicentric phase III RCT, was then designed to 
assess morbidity and mortality associated with the same surgical technique [17]. Data 
demonstrated that a residual hemorrhage volume less than 15 mL was significantly 
associated with favorable functional outcome, except for cases with moderate to large 

a b c

Fig. 5.1  Case Illustration 1. (a) CT scan showing a left ICH. (b) Second CT scan 4 h after the first 
one, showing the increased ICH volume. (c) CT scan after craniotomy and evacuation of ICH
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ICH. At 1-year follow-up, the alteplase cohort showed a decreased mortality com-
pared to the medical treatment group (p ≤ 0.037). However, the trial failed to show 
improvement of functional outcome compared with the medically treated arm.

5.2.2  �Advances

5.2.2.1  �Case Illustration 2

A 67-year-old lady was admitted to our emergency room for sudden loss of con-
sciousness with left hemiplegia. A CT scan revealed the presence of a large right 
parietal intraparenchymal hemorrhage with mass effect (Fig.  5.2a). No vascular 
malformations were detected at angio-CT. Being the patient in poor but not desper-
ate conditions (E1M4Vt), and also considering the absence of major comorbidities, 
surgery was urgently performed. The hemorrhage was approached with a rigid 
endoscope through an enlarged burr hole (Fig. 5.2b). An immediate post-operative 
CT scan showed a good evacuation of the hematoma without complications 
(Fig. 5.2c).

Rigid Endoscopy: The use of an endoscope to treat cerebral hemorrhage is not 
new. In 1985 Auer et al. described for the first time a novel endoscopic technique to 
remove intracerebral hemorrhages, with or without involvement of the ventricular 
system, using a rigid endoscope [18]. Their randomized study, including 100 
patients affected by spontaneous supratentorial ICH, showed that 6-month mortality 
rate was significantly lower in the surgical cohort, compared to conventional medi-
cal management. This benefit appeared limited to patients <60  years old and to 
subcortical ICH, and improvement of functional outcome after surgery was not 
proved. Many new developments in medicine commonly pass through three stages. 
First, it is ridiculed. Second, it is violently opposed. Third, it is accepted as being 
self-evident [19]. Auer’s technique did not have a different fate. Initially it was 
received without enthusiasm, and later it was criticized because apparently not eas-
ily reproducible. Therefore, this technique was almost abandoned, with only a few 
exceptions in the beginning of the XXI century, almost 15 years after Auer’s report 
[20–23]. More recently, endoscopic removal of intraparenchymal hemorrhage has 
been re-proposed as a minimally invasive and effective way to manage this kind of 
patients [24–26]. Endoscopic hematoma removal of supratentorial intracerebral 
hemorrhage has also been performed under local anesthesia, with reduction of oper-
ative time compared to craniotomy [27]. A meta-analysis by Xia et al. showed a 
lower mortality rate in patients undergoing minimally invasive surgery, compared to 
craniotomy (OR: 0.76; 95% CI 0.60–0.97) [25]. Moreover, the minimally invasive 
surgery group showed a statistically significant decrease in rebleeding compared to 
the medically treated cohort (OR: 0.42; 95% CI 0.19–0.95). Similarly, in their meta-
analysis Tang et  al. reported lower mortality rate and reduction of rebleeding in 
patients treated with minimally invasive surgery compared to those treated with 
craniotomy or conservative therapy [24]. A recent meta-analysis showed that 
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neuroendoscopic surgery for supratentorial hypertensive ICH has lower complica-
tions, but no superior advantages in morbidity rates compared to craniotomy [26].

In the recent years, new additional tools and techniques for ICH evacuation have 
been introduced, as BrainPath/Myriad (NICO, Indianapolis, Indiana, USA) and the 
Apollo (first generation)/Artemis (second generation) Systems (Penumbra, 
Alameda, California, USA). The Nico BrainPath is a minimally invasive tubular 
retractor consisting of a transparent sheath and an obturator, designed to reduce 
iatrogenic damage when reaching the ICH. It is introduced through a small crani-
otomy and a dural opening large enough to allow the advancement of the device into 
the clot under neuronavigation. The obturator is then removed, and ICH can be 
removed with assistance of either microscopic/exoscopic or endoscopic 

a b c

Fig. 5.2  Case Illustration 2. (a) CT scan revealing the presence of a large right parietal ICH with 
mass effect. (b) Surgical endoscopic aspiration of ICH. A transparent tubular retractor was used 
(top panel). The retractor was inserted into the hematoma through an enlarged burr hole (middle 
panel), and a rigid endoscope was introduced through the retractor into the hematoma (bottom 
panel). (c) An immediate post-operative CT scan showed a good evacuation of the hematoma
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visualization, eventually with the aid of the Myriad handpiece, a device that can 
help to remove dense ICH by cutting, suction, and blunt dissection. Similar trans-
parent tubular retractors are also available, including the Vycor Viewsite, which has 
an oval shape [28]. Prybylowski et al. retrospectively reviewed all 11 patients who 
underwent BrainPath endport-assisted microsurgical evacuation of ICH.  They 
reported a median reduction in ICH volume of 87%, a median reduction in midline 
shift of 38%, a 90-day functional independence rate (mRS 0-2) of 36%, and an ICH-
related mortality rate of 36% [29]. Bauer et al. prospectively collected data on 18 
patients who underwent BrainPath evacuation of ICH. They reported a mean ICH 
volume reduction of 95.7% (±5.8%; p < 0.001), no hemorrhagic recurrences, an 
increase in the mean GCS of 5 ± 2.3, and a mortality rate of 5.6% in the first 30 days 
[30]. More recently, Labib et  al. performed a multicentric study including 39 
patients who were operated with BrainPath-assisted evacuation of ICH [31]. They 
reported clot reduction between 50 and 89% in 72% of patients, with statistically 
significant improvement of the median GCS (median post-operative GCS of 14). At 
follow-up, mRS score was ≤2 in 52% of patients, with no mortalities.

The Apollo/Artemis is an aspiration/irrigation device which includes a vibra-
tional element with unclogging function. It can be inserted into the working channel 
of a rigid endoscope, allowing the removal of ICH under constant endoscopic visu-
alization through a burr hole or a mini-craniotomy. Fiorella et al. reported a signifi-
cant ICH volume reduction in the three patients operated with the device [32]. Tan 
et al. treated eight patients, and they reported a significant reduction in ICH volume 
[33]. A larger study by Goyal et al. compared 18 patients treated with the Apollo 
device and 54 patients who underwent standard medical treatment [34]. The authors 
found that the surgical group showed lower median residual ICH volume (15 vs. 
40 cm3; p < 0.001) and reduced in-hospital mortality (28% vs. 56%; p = 0.041). A 
multicentric study by Spiotta et al., including 29 patients treated with the Apollo 
system, demonstrated a mean reduction in ICH volume of 54.1%  ±  39.1% 
(p < 0.001), and a mortality rate of 13.8% [35]. Kellner et al. proposed a novel neu-
roendoscopic technique called Stereotactic ICH Underwater Blood Aspiration 
(SCUBA), which is performed in two phases [36]. Initially, an introducer sheath is 
inserted into the distal part of the hematoma and along its main axis, under neuro-
navigation assistance. The hematoma is aspirated with the Apollo device under neu-
roendoscopic vision. After clearing all visible clots, the cavity is passively infused 
with normal saline through a side port while the second side port also remains fully 
open to prevent pressurization of the cavity. In this way, the cavity can be fully 
explored under endoscopic visualization and bleeding sources can be identified and 
eventually cauterized. The authors reported a significant decrease in mean ICH vol-
ume, with an average evacuation of 88.2%.

Griessenauer et  al. compared patients treated with the Apollo device and 
BrainPath including 5 patients per group, and they showed no overall differences in 
ICH volume evacuation between the two methods [37].

The Intraoperative Stereotactic Computed Tomography-Guided Endoscopic 
Surgery (ICES) trial was designed to test the hypothesis that intraoperative 

A. Feletti and A. Fiorindi



103

computerized tomographic image-guided endoscopic surgery is safe and effective 
to remove ICH [38]. Twenty patients (14 surgical and 4 medical) were included with 
primary ICH of >20  mL volume within 48  h of ICH onset, and outcomes were 
evaluated at 6 and 12 months. Surgery was successfully completed in all cases, with 
immediate reduction of hemorrhagic volume by 68 ± 21.6%. One surgically related 
bleed was reported, but no mortality. Neurological outcome at 180 and 365 days 
was better (mRS 0-3) in the surgical group compared to the medical group (42.9 and 
vs. 23.7%; p = 0.19).

5.3  �Intraventricular Hemorrhage

5.3.1  �Standards

Similar to ICH, also in the case of IVH the standards of care are mainly based on 
medical treatment, reserving surgery only if the hemorrhage causes hydrocephalus. 
However, besides increased ICP, other deleterious effects of intraventricular blood 
are a threaten to the patient. Some studies suggested that direct mass effect of the 
IVH can potentially reduce cerebral blood flow [39] and that the mass effect of clots 
distending the ventricle walls is the most important mechanism responsible for 
hemorrhagic ventricular dilatation [40]. Others indicated extensive damage to the 
ependymal and subependymal layers caused by blood clots themselves, due to 
direct mass effect and also to inflammatory response [41, 42].

IVH has been identified as an independent prognostic factor of poor outcome and 
has been associated with a 78% risk of death if no specific treatment is adopted [9, 
43, 44]. In cases of ICH, the additional presence of IVH significantly increases the 
risk of death compared to ICH alone (51.2% vs. 19.5%) [45]. Moreover, IVH at 
presentation has been associated with only a 20% rate of favorable outcome [46]. In 
cases of IVH secondary to SAH the risk of death is higher if patients are not treated 
with EVD, compared to those undergoing EVD (84% vs. 67%) [45]. This evidence 
supports the rationale of fast and extensive IVH removal.

Several grading scales have been suggested to estimate IVH severity and to pre-
dict outcome. Graeb et  al. were the first to identify the correlation between the 
amount of intraventricular blood and outcome and proposed a grading score from 0 
to 12 points, which is currently the most commonly used grading system to classify 
the severity of IVH [47]. The score results from summing a maximum of 2 points 
each for third and fourth ventricle and 4 points for each lateral ventricle. 
Subsequently, the LeRoux score and the IVH Score were developed to offer a more 
objective method to quantify the amount of intraventricular blood and predict the 
functional outcome [48, 49].
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5.3.1.1  �Case Illustration 3

A 51-year-old man was urgently admitted to hospital after the onset of acute head-
ache and vomiting, with left hemiparesis. A head CT scan showed a right thalamic 
hemorrhage with tetraventricular extension (Fig. 5.3a). A right EVD was initially 
placed (Fig. 5.3b). Two days later, as the EVD was not properly draining and the 
patient’s neurological status was worsening, a second EVD was placed in the left 
lateral ventricle (Fig.  5.3c). A CT scan performed 11  days after admission con-
firmed blood wash out from the fourth ventricle, with residual clots in the lateral and 
third ventricles (Fig. 5.3d). Because of communicating hydrocephalus, a VP-shunt 
was subsequently placed.

External Ventricular Drainage: EVD represents the most common procedure in 
cases of IVH and is recognized as a level B class of evidence [50]. It can be used as 
a rescue maneuver in emergency setting to control ICP. Secondarily, it is an outflow 

a b c d

Fig. 5.3  Case Illustration 3. (a) CT scan showing a right thalamic hemorrhage with tetraventricu-
lar extension. (b) A right EVD was initially placed. (c) A contralateral EVD was placed in the left 
lateral ventricle, as the first EVD was not draining any more. (d) A CT scan performed 11 days 
after admission confirmed blood wash out from the fourth ventricle, with residual clots in the lat-
eral and third ventricles
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way for blood, as soon as clots are degraded and lysed. However, it is often neces-
sary to place EVD bilaterally in these cases, and nevertheless EVD frequently 
becomes obstructed by coagulated blood. Studies of serial CT scans seemed to sug-
gest that IVH usually disappears over a period of 2–3 weeks after the hemorrhage 
[51]. Conversely, postmortem examinations revealed that intraventricular blood per-
sists for months after a hemorrhage [52]. Although intraventricular hematoma can 
become isodense to CSF over time, giving the false impression that IVH has 
resolved, the fibrinolytic system of CSF is limited, and blood may remain in the 
ventricles for months after hemorrhage, contributing to the patient’s poor clinical 
status [52]. Consequently, EVD needs to be left in place for a long time before a 
satisfactory wash out is obtained. Moreover, it has been shown that EVD alone is 
often not effective in improving the poor prognosis in patients with IVH [52, 53].

Craniotomy and Microsurgical Removal: Craniotomy has also been proposed as 
a method to remove IVH in a fast way and under direct microscopic vision, through 
a frontal corticectomy [54], with a trans-corpus callosum route [55, 56], or through 
a posterior fossa approach to the fourth ventricle [57]. Some authors suggested a 
high occipital transcortical approach, pointing out that the entire region of the lat-
eral ventricle, including the inferior horn, corpus, and posterior horn can be set free 
of blood clots in a single operative field [58]. Although good results have been 
reported in single-center series, there are no studies comparing mortality rates and 
functional outcomes between craniotomy and other less invasive techniques. 
Moreover, it is quite difficult to get rid of blood clots from the third and the fourth 
ventricles using this approach.

5.3.1.2  �Case Illustration 4

A 16-year-old boy was admitted with GCS 3 after a traumatic brain injury. A head 
CT scan revealed an IVH (Fig. 5.4a), and a right EVD was placed (Fig. 5.4b). One 
day later, the EVD was not functioning. Intrathecal 10,000 IU u-PA were adminis-
tered twice per day, and the patency of the EVD was restored. Two days later, CT 
scan confirmed the initial lysis of blood clots (Fig. 5.4c). A CT scan 8 days after 
admission (7  days after the first u-PA administration) confirmed the progressive 
clots lysis, although blood residues were still present (Fig. 5.4d). Twenty-five days 
after admission, a CT scan confirmed the complete resorption of IVH (Fig. 5.4e). 
The patient underwent VP-shunt due to communicating hydrocephalus.

Fibrinolytic Therapy: Clinicians have started administration of fibrinolytic 
agents directly into the ventricular system with the aim to keep the EVD patent and 
to expedite the resolution of IVH. The use of fibrinolysis in a patient affected by an 
intracranial bleeding can be at first seen as a paradox. However, before the initiation 
of fibrinolytic therapy, the hemorrhagic episode is usually over, eventual conditions 
predisposing to a worsening of the hemorrhage (coagulopathy and elevated blood 
pressure) have been corrected, and any source of bleeding (ruptured aneurysm or 
AVM) has been controlled by surgical or endovascular means [59]. Nevertheless, 
the risk of rebleeding due to fibrinolytic therapy cannot be excluded [41, 60].
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After the first published reports [61, 62], several studies confirmed that the direct 
administration of fibrinolytic agents into the ventricular system can speed up the 
dissolution of IVH [45, 63–65]. Recombinant tissue plasminogen activator (t-PA/
alteplase) and urokinase plasminogen activator (u-PA) are the most commonly used 
fibrinolytic agents. Usually intermittent boluses administration is adopted, although 
continuous infusion has also been proposed for u-PA. It takes at least 2–3 days to get 
some evident results with t-PA, as confirmed by CT scans [41], and a bit longer with 
u-PA.  In any case, beneficial effects on ICP, ventricular size, and mortality have 
been documented in large series and meta-analyses, while different effect sizes are 
generated when different functional outcome tools are used [66]. In the Clot Lysis: 
Evaluating Accelerated Resolution of IVH III (CLEAR III) trial, patients with ICH 
≤30 cm3 with associated IVH were randomized into two groups (placebo and intra-
thecal recombinant t-PA 1 mg every 8 h through an EVD [67]). The trial proved that 
mortality at 180 days was significantly lower in the t-PA group, and in a subgroup 
of patients with IVH volumes >20cm3 functional outcomes were better. Although 
clinical studies of fibrinolytic therapy for IVH have found a 30–35% reduction in 
mortality, they failed to prove an improved neurologic outcome for the survivors. 
Nevertheless, intrathecal fibrinolytic therapy can have some complications, as 
rebleeding, hemorrhage along the EVD, meningitis, and ventriculitis [41, 59, 60, 
62, 68, 69].

a b c d e

Fig. 5.4  Case Illustration 4. (a) CT scan showing a post-traumatic IVH. (b) A right EVD was 
placed. (c) CT scan performed 2 days after the beginning of intraventricular fibrinolytic therapy 
shows the initial lysis of blood clots. (d) A CT scan 7 days after the first administration of fibrino-
lytic agent confirms the progressive clots lysis, although blood residues are still present. (e) CT 
scan 25 days after admission confirming the complete resorption of IVH
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5.3.2  �Advances

5.3.2.1  �Case Illustration 5

A 74-year-old male without a significant medical history suffered headache with 
nausea and vomiting during a hypertensive crisis. After admission, he underwent 
head CT scan that documented a spontaneous ICH, presumably originated from the 
head of the right caudate nucleus and opened into the ventricle, leading to tetraven-
tricular inundation (Fig. 5.5a). Head CT-angiogram was negative for vascular mal-
formations. In order to avoid prolonged necessity of bilateral EVD, he underwent 
immediate endoscopic treatment with fiberscope. Attention was particularly focused 
on cleaning the aqueduct and the fourth ventricle to rapidly reestablish the physio-
logical CSF dynamics. There were no complications during the procedure and the 
patient slowly improved his neurological condition. Post-operative head CT scan 
confirmed the satisfactory cleaning of the third and fourth ventricles, and the 
unblocking of the aqueduct of Sylvius (Fig. 5.5b). The patient was discharged to the 
rehabilitation department and freed from external ventricular drainage 10 days after 
the procedure.

Flexible and Rigid Endoscopy: After the initial report by Auer, other surgeons’ 
experience revealed that there is a significant difference between the hard and dense 
intracerebral hemorrhage and the gelatinous, fragile clots of early intraventricular 
hemorrhages [70–74]. This evidence, along with the technical improvement of 
optics and instrumentation, and the need for less invasive methods to remove the 

a
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Fig. 5.5  Case Illustration 5. (a) CT scan showing IVH due to a spontaneous ICH at the level of the 
right caudate nucleus. (b) Post-operative head CT scan after IVH aspiration with flexible scope, 
confirming the satisfactory cleaning of the third and fourth ventricles, and the unblocking of the 
aqueduct of Sylvius
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hemorrhagic mass and decrease intracranial pressure in these patients, prompted 
neurosurgeons to try again the endoscopic approach, which became more and more 
accepted [7, 75, 76]. Actually, massive IVH requires aggressive and fast manage-
ment not just to reduce ICP. It has been reported that the occurrence of IVH signifi-
cantly increases the risk of death from ICH or cerebellar hemorrhage [77–79], and 
also the risk of delayed cerebral ischemia after SAH [80].

Endoscopic removal of IVH can be performed with two different instruments: a 
rigid scope or a flexible scope. Initially, only the rigid scope was used to clear the 
ventricles from blood clots, and promising results were reported in terms of volume 
of removed IVH and safety [7, 20, 23, 81]. In some cases, an ETV was also per-
formed, in order to resolve the obstructive hydrocephalus due to the blockade of the 
cerebral aqueduct and fourth ventricle, which cannot be explored with rigid instru-
ments [20, 82]. A biportal approach is usually adopted to remove blood clots from 
both lateral ventricles [20, 82–84].

Chen et al. compared endoscopic surgery with rigid scope and EVD for the treat-
ment of 48 patients with IVH, and they found that endoscopic surgery was associ-
ated with shorter ICU stay and with lower shunt-dependent hydrocephalus [85]. A 
similar study including 42 patients confirmed that endoscopic surgery allows for a 
higher hematoma clearance rate, fewer complications, and better outcomes [86]. 
Other studies focused on endoscopic irrigation in cases of neonatal IVH reporting 
lower shunt rates and fewer complications such as infections and development of 
multiloculated hydrocephalus, compared to conventional temporary CSF diversion 
[87, 88]. Ding et al. studied the combination of endoscopic hematoma evacuation 
and intraventricular lavage and reported improved hematoma clearance rate and 
good outcomes [89].

With the development of steerable scopes, which can nicely adapt to the complex 
and irregular geometry of the ventricular system, it was possible to extend the 
exploration to all ventricular cavities, with the chance of aspirating blood clots even 
from the fourth ventricle. Kamikawa et al. were the first to use a flexible scope in 
patients affected by IVH [21]. In their series of four neonates, the scope was used to 
observe the ventricles, perform ETV, coagulate eventual bleeding sources and cho-
roid plexus, and relieve hydrocephalus by simple irrigation. However, Longatti 
et al. introduced a more extensive use of flexible scope to actively aspirate blood 
clots from all ventricles, obtaining the complete restoration of the ventricular sys-
tem patency [72, 73, 90]. The technique requires a precoronal, paramedian curved 
skin incision of about 3 cm at the side of the lateral ventricle with the largest amount 
of blood, and the burr hole should not be too lateral than 1.5–2 cm from the midline 
in order to obtain a direction towards the cerebral aqueduct as straight as possible 
[91, 92]. A semirigid 14-French peel-away introducer catheter is used to cannulate 
the lateral ventricle. Although several types of steerable scopes are available, only 
those with an external diameter up to 4 mm should be used for this procedure, as 
larger sizes would not allow a safe navigation of the cerebral aqueduct (Fig. 5.6). 
The flexible scope is used with a free-hand technique. Initially, the vision is severely 
impaired because the tip of the scope is dipped in blood clots. Although this can be 
worrisome and frustrating, intermittent irrigation with Ringer lactate and aspiration 
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Fig. 5.6  (a) The precoronal burr hole should be placed at about 1.5 cm from the midline. (b) 
Flexible endoscope (Karl Storz, Tuttlingen, Germany). (c) The peel-away length is marked using a 
stitch placed at about 5 cm from the tip. (d) After cannulation of the ventricle, the peel-away is 
opened and the mandrel removed. (e) A 20-mL syringe (arrow) and a catheter (arrowhead) are 
connected to the outer ends of the scope for aspiration and irrigation, respectively (Feletti et al., 
How I do it: flexible endoscopic aspiration of intraventricular hemorrhage. Acta Neurochir 2020, 
162:3141–3146. Published with permission)
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using an external 20 mL syringe connected to the outer end of the scope, grants the 
breaking of the clots, that can be removed by active aspiration through the working 
channel of the scope. Care must be taken by the second operator to promptly stop 
aspiration when the whitish color of the ependymal layer is seen on the screen, and 
to alternate irrigations to clear the field and improve the vision. Usually, the first 
anatomic landmark to be exposed is the choroid plexus, which can be followed for-
wards until the foramen of Monro is identified (Fig. 5.7, Video 5.1). A standard 
septostomy can be performed in order to partially remove blood clots from the con-
tralateral ventricle. Advancing the scope into the third ventricle, the same maneu-
vers (aspiration and irrigation) unveil the mammillary bodies and tuber cinereum. 
After the anterior third ventricle is cleared, the tip of the scope is bent backwards, 
and clots are aspirated from the posterior third ventricle. In this way, the posterior 
and habenular commissures, the roof of the third ventricle, and the adytum of the 
cerebral aqueduct are uncovered (Fig. 5.8). In expert hands, the aqueduct can be 
safely crossed, and clots can be removed from the fourth ventricle, restoring the 
patency of the foramina of Luschka and Magendie (Fig. 5.9, Video 5.2). The peel-
away diameter is larger than that of the scope, allowing free CSF outflow during 
irrigation, without any risk of acute iatrogenic hydrocephalus and ICP increase. 
However, this is not the case when exploring the fourth ventricle, as the scope occu-
pies the entire diameter of the cerebral aqueduct. Therefore, aspiration and irriga-
tion must be carefully balanced in this region, to avoid local hypertension and 
bradycardia. After eventual active sources of bleeding have been ruled out, an EVD 
is left in place to monitor ICP and drain CSF, if needed. EVD is usually kept open 
at about 10–15 cm from the tragus and can generally be weaned off over the follow-
ing 2–3 days.

This technique can be immediately performed after coiling, in those cases when 
IVH is caused by a ruptured aneurysm [93]. Safety and good outcomes obtained 
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Fig. 5.7  Clots aspiration from the lateral ventricle. (a) Artist’s illustration showing the tip of the 
endoscope in the lateral ventricle. (b) The tip of the scope is directed backwards: after the initial 
aspiration of blood clots (bc), the choroid plexus (chp) and the ependyma (e) of the floor and lateral 
wall of the right lateral ventricle are unveiled. (c) Directing the tip of the scope anteriorly, the 
choroid plexus (chp) leads to the foramen of Monro (M), contoured by the column of the fornix (cf) 
and still obstructed by clots (Feletti et al., How I do it: flexible endoscopic aspiration of intraven-
tricular hemorrhage. Acta Neurochir 2020, 162:3141–3146. Published with permission)
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Fig. 5.8  Clots aspiration from the third ventricle. (a) Artist’s illustration showing the direction of 
the endoscope through the foramen of Monro into the third ventricle. (b) Appearance of the ante-
rior third ventricle after clots aspiration: mammillary bodies (m) and tuber cinereum (tc) are usu-
ally the first anatomical landmarks that can be seen, followed by the infundibulum (i) and the optic 
chiasm (oc). (c) Residual blood clots (bc) in the posterior third ventricle. The choroid plexus on the 
roof of the third ventricle, the habenular commissure (hc), the pineal recess (pr), the posterior com-
missure (pc), and the adytum of the cerebral aqueduct (a) are visible (Feletti et al., How I do it: 
flexible endoscopic aspiration of intraventricular hemorrhage. Acta Neurochir 2020, 
162:3141–3146. Published with permission)

with this technique have been confirmed by different groups [71]. It has been shown 
that flexible endoscopic aspiration of IVH plus EVD reduces shunting rates by 34%, 
when compared with external drainage alone [94]. Endoscopy should be performed 
in the first 48 h after the hemorrhagic event, otherwise the blood clots can get stiff 
and harder to be aspirated [91]. For this reason, delayed endoscopic IVH removal is 
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Fig. 5.9  Clots aspiration from the fourth ventricle. (a) Artist’s illustration showing the transaque-
ductal navigation of the fourth ventricle. (b) Closer inspection of the cerebral aqueduct reveals the 
first constriction, the ampulla (am), the second constriction (sc), and blood clot hampering the 
egressus of the cerebral aqueduct (asterisk). (c) The inferior triangle of the fourth ventricle: after 
blood aspiration, the choroid plexus (chp) on the roof of the ventricle and the canalis centralis 
medullaris at the calamus scriptorius (black arrow) are now visible. Blood clots (bc) are still 
obstructing the foramen of Magendie (Feletti et al., How I do it: flexible endoscopic aspiration of 
intraventricular hemorrhage. Acta Neurochir 2020, 162:3141–3146. Published with permission)
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often incomplete and may not prevent communicating hydrocephalus [95]. A simi-
lar procedure, with a flexible scope introduced from the fourth ventricle up to the 
third ventricle, has been also described in cases of patients operated in the prone 
position with a microsurgical technique, with the aim of aspirating eventual blood 
clots that might wedge into the cerebral aqueduct and the third ventricle and poten-
tially cause acute hydrocephalus during the post-operative course [96].

5.3.3  �Controversies Discussion

ICH and IVH associated with impaired neurological status have always been a chal-
lenge for neurosurgeons, due to their deep location or extension. Craniotomy has 
traditionally been adopted to reduce the mass effect and to save the patient’s life. 
However, the discouraging results in terms of functional outcome have prompted 
neurosurgeons to find different treatment strategies, which could not only be effec-
tive to decrease ICP, but also not harmful to the surrounding brain structures. In the 
last years, new MIS techniques tried to overcome the evident limits of conventional 
surgery by developing safer and more effective methods to remove hematomas. 
Despite several studies and meta-analyses, the best method to treat ICH and IVH is 
still controversial.

5.3.3.1  �ICH

The MISTIE II trial proved the technical feasibility of a catheter-based pharmaco-
logical therapy of ICH. However, the MISTIE III trial failed to show improvement 
of functional outcome compared to the standard medical therapy. For this reason, 
thrombolytic therapy for ICH is still debated, especially after the introduction of 
minimally invasive mechanical methods that offer the possibility to safely and 
effectively remove the hematoma in a single and relatively fast procedure, with 
immediate ICP control. Such techniques proved to be very efficient in reducing clot 
volume and mortality, but the benefit on functional outcome is not clear yet, as only 
small multicenter series are available. Similarly, it is still not clear if a specific 
device is better than others to remove ICH with a minimally invasive technique. 
Three ongoing trials will hopefully help to find answers to these questions. The 
Early MiNimally Invasive Removal of ICH trial (ENRICH trial) is a multicenter, 
randomized, adaptive clinical trial comparing standard medical management to 
early surgical hematoma evacuation (less than 24 h) using minimally invasive para-
fascicular surgery (MIPS) with NICO BrainPath. The INVEST trial is a random-
ized, controlled trial to investigate the safety and efficacy of image-guided minimally 
invasive endoscopic surgery with Apollo, compared to the best medical manage-
ment for supratentorial ICH. The MIND trial is a prospective, multicenter study 
evaluating minimally invasive hematoma evacuation with the Artemis device, and 
comparing it with the best medical management. In any case, specific studies should 
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also clarify how to choose the best entry point on the cerebral cortex and the optimal 
trajectory. Although the shorter distance between the cortex and hematoma is often 
selected, a frontal access to avoid relevant white matter fascicles and a direction 
along the major extension of the hematoma appear nowadays more reasonable.

It is likely that the trend in the treatment of ICH will progressively move towards 
endoscopic MIS, if the ongoing trials will show good results not only in terms of 
reduced mortality, but also in terms of better functional outcome, compared to the 
best medical treatment. The possibility for the new generations of neurosurgeons to 
be more exposed and trained on endoscopy can potentially facilitate the shift to MIS 
in the management of ICH.

5.3.3.2  �IVH

IVH management is probably even more controversial than ICH. The traditional 
EVD is a very simple and fast maneuver, and therefore it is still the most commonly 
performed treatment in such cases, despite its evident limits. The infusion of fibri-
nolytic agents through EVD is still debated. It can speed up the process of clots lysis 
and IVH resolution, but it takes several days to act, and it can potentially increase 
the risk of hemorrhage, ventriculitis, and meningitis.

The recent results with endoscopic aspiration of IVH are very promising, as this 
technique can remove the blood mass effect immediately, facilitating ICP control 
and reducing EVD obstructions and replacements. It has been shown that endos-
copy can also potentially reduce shunt-dependency of these patients. Nevertheless, 
this benefit must be confirmed by larger studies, and is probably dependent on the 
primary cause of IVH and timing of surgery. Moreover, endoscopy in IVHs, where 
vision is severely impaired by blood, requires practice and training, especially if a 
flexible endoscope, with the aim of cleaning also the fourth ventricle, is used. The 
side where to place the burr hole is also debated. Although the lateral ventricle with 
less blood would be easier to cannulate and navigate, it is preferable to choose the 
side with the highest amount of blood, in order to have more chances to remove 
most of the IVH in the lateral ventricle. In cases of tetraventricular hemorrhage, 
some authors suggested a biportal approach to clear both lateral ventricles. Others 
proposed a single burr hole, and a septostomy to access the opposite lateral ventri-
cle, in order to have just one intraparenchymal route. Anyway, in our experience, 
restoration of CSF circulation, i.e. cleaning of third and fourth ventricles, appears to 
have a greater impact on outcome, particularly on reducing shunt-dependency, than 
total removal of blood in the lateral ventricles.

Endoscopy for IVH is questioned by someone because of the alleged risk of 
rebleeding during the procedure, and because of the potentially troublesome hemo-
stasis. However, this risk can be significantly reduced in the preoperative stage. 
After CT scan, patients should undergo an angio-CT scan or a digital subtraction 
angiography (DSA) to rule out obvious causes of the hemorrhage, and eventually 
treat any vascular malformation before endoscopic aspiration of IVH. Identification 
and correction of coagulation disorders in the preoperative setting, and maintenance 
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of mean arterial blood pressure below 110  mmHg during endoscopy are also 
required.

The best endoscope to remove IVH is also controversial. Rigid scopes surely 
provide a better quality of vision compared to flexible scopes. However, they can 
reach only the lateral and the third ventricles, without any possibility to explore the 
cerebral aqueduct and the fourth ventricle. It has been demonstrated that hemor-
rhagic dilation of the fourth ventricle is a significant outcome predictor [53, 97]. For 
this reason, the removal of blood clots from the fourth ventricle seems very impor-
tant to obtain better outcomes, although randomized trials are lacking about this 
topic. Flexible scopes appear to be the only way to completely and directly remove 
blood from the entire ventricular system, even from the cerebral aqueduct and the 
fourth ventricle. Flexible instruments also better adapt to the anatomy of the ven-
tricular system, and for this reason, according to some authors, they minimize the 
risk of iatrogenic damage. The alleged better outcomes, less risk of damages to the 
brain structures, and reduced shunt-dependency with flexible scopes are still debated 
and require further and larger studies.
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Chapter 6
Functional Outcomes of Microsurgical 
Resection for Cavernous Malformations 
of the Brainstem

Ken-ichiro Kikuta, Makoto Isozaki, Yoshifumi Higashino, Toshiaki Kodera, 
Hidetaka Arishima, Ken Matsuda, Takahiro Yamauchi, Shinsuke Yamada, 
Ayumi Akazawa, Masamune Kidoguchi, Hideto Umeda, Yu Tsukinowa, 
and Ryota Hagiwara

6.1  �Introduction

Cavernous malformations of the brainstem (CMB) involve 8–16% of the cavernous 
malformations in the central nervous system [1, 2]. Multistage hemorrhage within 
sinusoidal structures of CMB leads to expansion into a mulberry-like multi-lobular 
mass [3, 4]. The mass effect of CMB easily causes focal neurological deterioration, 
since a number of cranial nerve nuclei and long tracts are densely situated in the 
brainstem [5]. Recent technical innovation in neuroimaging, intraoperative electro-
physiological monitoring, and image-guided navigation systems have allowed for 
safer and more accurate surgical resection of CMB than before [6–11]. In this chap-
ter, we have discussed and retrospectively examined the functional outcomes of 
surgery for CMB in our institution.

6.2  �Surgical Indication, Approach, and Resection

Patients with hemorrhagic onset, with progressive neurological symptoms, and with 
CMB extending very close to the pial or ependymal layer were indicated to surgical 
resection. Thirty-three surgical procedures were performed in 25 patients. Patients 
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without hemorrhagic onset and no neurological symptoms or without CMB not extend-
ing to the pial or ependymal layer were excluded from surgical indication. The safe 
entry point on the brainstem was determined as the point at which the pial or ependy-
mal layer between the CMB and subarachnoid space or ventricle was the thinnest. Free 
software “No-kan” for ipad or iphone (https://brain-3dcg.org) can also clearly provide 
geometrical information about neural tract, cranial nerve fibers, cranial nerve nuclei, 
and safe entry zone on the brainstem. The optimal operative trajectory was determined 
as the arrow line connecting the safe entry point and the center of the CMB.

Surgery was performed around 1 month after the date of latest hemorrhagic epi-
sode because hematoma got easily evacuated by suction at that time. Dorsal mid-
brain CMBs were resected through unilateral superior and inferior colliculus by 
using occipital transtentorial approach. Ventral midbrain CMBs were resected 
through the cerebral peduncle between corticospinal tract (CST) and the origin of 
oculomotor nerve by using pterional or orbitozygomatic approach. Most pontine 
CMBs were resected through unilateral supra-facial triangle on the floor of the 
fourth ventricle by using telovelar approach. Some of the lateral pontine CMBs 
were resected through lateral pontine surface between origins of facial and glosso-
pharyngeal nerve by using lateral suboccipital craniotomy. Some ventral pontine 
CMBs were resected through lateral pontine surface between origins of trigeminal 
and vestibulocochlear nerve by using posterior transpetrosal approach. Medullary 
CMBs were resected through the dorsal medulla around the olive or through the 
dorsal midline medulla just caudal to the obex by using midline suboccipital crani-
otomy. Evacuation of hematoma through 5–10 mm incision on the safe entry point, 
decompression of CMB, meticulous dissection of the capsule, and en bloc resection 
was the common surgical procedure.

6.3  �Judgment of Complete Resection

As previously reported, we evaluated surgeries for CMB as follows: preoperative 
magnetic resonance imaging (MRI) demonstrated that the lesion was a homoge-
neous hyperintense mass, and the surgery was defined as complete resection or 
incomplete resection based on intraoperative findings. When preoperative MRI 
study revealed other findings, complete resection was determined according to 
whether postoperative MRI study in the postoperative chronic stage within 2 months 
after surgery demonstrated lesions distinct from the peripheral hemosiderin 
rim [12].

6.4  �Our Experience

Twenty-five consecutive patients with CMB surgically treated at the University of 
Fukui Hospital between 2006 and 2021. There were 11 men and 14 women, with 
ages ranging from 13 to 61 years (mean ± SD = 37 ± 12 years). All patients had a 
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single CMB presenting with one or more clinical hemorrhagic episodes. Neurological 
functions, namely motor, sensory, cerebellar, and cranial nerve functions, were eval-
uated on admission and at discharge. Modified Rankin Scale (mRS) scores were 
evaluated before surgery, 1 month after surgery, and at the final follow-up.

Univariable analysis was performed using a paired t-test, chi-square test, or 
Mann–Whitney U-test. Multivariable analysis was performed using linear regression 
analysis with significant clinical factors at univariate analysis. All statistical analyses 
were performed using JMP 15.2.0 (SAS Institute Inc.) and the free software R (https://
cran.r-project.org/), with an error probability of less than 0.05 considered significant. 
The number of previous hemorrhages ranged from 1 to 5 (mean ± SD = 2.7 ± 1.0). 
The lesion size ranged from 10 to 30 mm (mean ± SD = 21 ± 8 mm). The location of 
malformation was the medulla in seven patients, dorsal pons in ten patients, lateral 
pons in seven patients, and ventral pons in one patient. The average of the mRS scores 
on admission and mRS scores at the final follow-up was 2.9 points and 1.7 points, 
respectively. The mRS scores at the final follow-up were significantly lower than the 
mRS scores on admission (p = 0.0025, paired t-test) (Table 6.1).

6.5  �Results of 33 Operations

Two patients underwent three operations while two other patients underwent two 
operations due to recurrent hemorrhage after incomplete resection. Two patients 
underwent two surgeries due to residual lesions. A total of 33 surgeries were per-
formed in 25 patients. The surgical approach used was the midline suboccipital 
approach in 20 operations, the lateral suboccipital approach in four operations, the 
presignmoid approach in four operations, the subtemporal approach in three opera-
tions, the pterional approach in one operation, and the occipital transtentorial 
approach in one operation. Deterioration of mRS scores after surgery was observed 
in eight patients. The average of the preoperative mRS score and mRS score at 
1 month after operation was 3.1 points and 2.9 points, respectively. There was no 
statistical difference between preoperative mRS and mRS at 1 month after surgery 
(p  =  0.4138, paired t-test) (Table  6.2). Logistic regression analysis showed that 
favorable outcomes (mRS score at the final follow-up ranging from 0 to 2) were 
significantly related to the size of the lesion (p = 0.0448), preoperative mRS scores 
(p = 0.0338), and mRS scores at 1 month after surgery (p = 0.0107). Multivariable 
analysis indicated that mRS scores at 1 month after surgery were the most signifi-
cant factors related to favorable outcomes (p = 0.00005). (Table 6.2).

6.6  �Recurrent Hemorrhage During Follow-up

The duration between the date of the final operation and the date of the final follow-
up, or between the date of the final operation and the date of recurrent hemorrhage, 
ranged from 1 to 190 months (mean ± SD = 71 ± 58 months, median = 59 months). 

6  Functional Outcomes of Microsurgical Resection for Cavernous Malformations…
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Among the 33 operations, complete resection was achieved in 24 operations, while 
9 operations were judged as incomplete. Recurrent hemorrhage occurred after seven 
operations, while six occurred after incomplete resections. The frequency of recur-
rent hemorrhage was significantly higher after incomplete resection than after com-
plete resection (p = 0.0002). The mRS scores at the final follow-up after incomplete 
resection (2.9 ± 1.1) were significantly higher than those after complete resection 
(1.6 ± 1.3) (p = 0.01) (Table 6.2).

Table 6.1  Characteristics of the 25 patients

Case 
No. Age Sex

mRS on 
admission

No. of 
previous 
hemorrhage Location of CMB

Size 
(mm)

mRS at final) 
Follow-up

1 31 M 4 1 Medulla 15 1
2 35 F 2 4 Medulla 20 2
3 52 F 5 2 Medulla 30 0
4 13 M 5 1 Medulla 20 0
5 35 F 2 3 Medulla 15 0
6 29 F 2 1 Dorsal pons 15 2
7 38 F 4 3 Dorsal pons 30 5
8 61 M 2 3 Dorsal pons 25 0
9 33 F 1 3 Dorsal pons 20 1
10 37 F 3 2 Lateral pons 30 4
11 57 M 3 3 Ventral midbrain 20 3
12 48 M 5 4 Lateral midbrain 10 5
13 26 M 1 2 Lateral midbrain 15 1
14 40 F 4 3 Dorsal pons 30 1
15 29 F 4 4 Dorsal pons 40 1
16 42 M 3 2 Lateral pons 10 1
17 56 F 5 5 Lateral pons 30 2
18 28 M 1 4 Lateral pons 10 1
19 36 M 1 2 Medulla 10 1
20 28 M 2 3 Dorsal pons 30 3
21 39 F 4 3 Lateral pons 15 2
22 51 F 2 3 Dorsal pons 21 1
23 15 M 1 2 Dorsal pons 15 0
24 24 F 1 2 Dorsal pons 20 2
25 44 F 5 3 Medulla 30 3

Table demonstrating the age, sex, mRS scores on admission, number of previous hemorrhages, 
localization and size of the lesion, and mRS scores at the final follow-up M male, F female, C 
complete resection, I incomplete resection

K.-i. Kikuta et al.
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6.7  �Recovery of Neurological Symptoms

Before performing the 33 operations, motor weakness, sensory disturbance, and 
cerebellar ataxia were observed in 19, 21, and 18 patients, respectively. At the final 
follow-up, motor weakness, sensory disturbance, and cerebellar ataxia improved in 
6, 8, and 18 patients, respectively. Improvements in sensory disturbances and cere-
bellar ataxia were significantly more frequent. A variety of cranial nerve symptoms 
were also observed before surgery, as shown in Table 6.3. Improvement of trigemi-
nal nerve and lower cranial nerve symptoms was significantly more frequent 
(Table 6.3).

6.8  �Representative Cases

6.8.1  �Case 1

A 39-year-old woman with CMB in the lateral pons experienced three hemorrhages, 
which caused cerebellar ataxia and right facial palsy (Fig. 6.1a). Since the pial layer 
of the middle cerebellar peduncle was the thinnest, we performed surgical resection 
through lateral suboccipital craniotomy and electrophysiological monitoring of the 
facial nerve, lower cranial nerves, hypoglossal nerve, auditory evoked potential 

Table 6.3  Table demonstrating the preoperative symptoms of motor, sensory, cerebellar, and 
cranial nerve function and any postoperative changes

Preoperative 
symptoms

Postoperative changes
Postop. 
Improvement

Improvement Worsening Unchanged Newly p value

Motor weakness 19 6 3 10 0 0.3299
Sensory 
disturbance

21 8 2 11 0 0.0075*

Cerebellar 
symptoms

18 10 2 6 1 0.0015*

Cranial nerve symptoms
Oculomotor 3 0 2 1 3 0.4226
Trochlear 2 0 0 2 1 N.E.
Trigeminal 9 5 3 1 0 0.0509*
Abducence 16 7 2 7 1 0.09616
Facial 21 8 6 7 1 0.8007
Vestibulocochlear 10 5 1 4 1 0.1039
Lower cranial 
nerves

9 6 1 2 0 0.0593*

Hypoglossal 1 1 0 0 1 N.E.

6  Functional Outcomes of Microsurgical Resection for Cavernous Malformations…
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(ABR), and motor evoked potential (MEP) (Fig. 6.1b). A 5-mm pial incision was 
made on the lateral pons between the vestibulocochlear nerve and glossopharyngeal 
nerve (Fig.  6.1c). The CMB was dissected and removed entirely (Fig.  6.1d, e). 
Postoperative MRI showed complete resection of the CMB (Fig. 6.1f). All symp-
toms disappeared after surgery.

a

c

e f

b

d

Fig. 6.1  A 39-year-old female with CMB in the lateral pons. (a) Preoperative MRI (T2*-weighted 
image, axial), (b) surgery through lateral suboccipital craniotomy, (c) 5 mm-long pial incision on 
the lateral pons between the vestibulocochlear nerve and the glossopharyngeal nerve, (d) Entire 
dissection of CMB, (e) Complete resection of CMB, (f) Postoperative MRI (T2*-weighted 
image, axial)

K.-i. Kikuta et al.
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6.8.2  �Case 2

A 51-year-old woman with CMB in the dorsal pons experienced three hemorrhages 
in 2 months, which caused left hemiparesis, left paresthesia, cerebellar ataxia, dip-
lopia, right facial numbness, and right facial palsy (Fig. 6.2a). Since the ependymal 
layer of the floor of the fourth ventricle was the thinnest, we performed surgical 
resection through midline suboccipital craniotomy and telovelar approach under 
electrophysiological monitoring of the abducens nerve, facial nerve, auditory 
evoked potential (ABR), and sensory evoked potential (SEP) (Fig. 6.2b). After iden-
tification of the facial colliculus and the nucleus of the facial nerve by electrical 
stimulation (Fig. 6.2c), an ependymal incision of 5 mm was made at the right supra-
facial triangle (Fig. 6.2d). The CMB was dissected and removed entirely (Fig. 6.2e). 
Postoperative MRI revealed complete resection of the CMB (Fig. 6.2f). All symp-
toms disappeared without paresthesia, which was limited to the left forearm.

6.9  �Discussion

In our series, the mRS scores at the final follow-up were significantly lower than the 
mRS scores on admission. The functional outcome of CMB surgery was found to 
be generally feasible. Favorable outcome at the final follow-up was significantly 
related to the size of the lesion, preoperative mRS scores, and mRS scores at 
1 month after surgery; the mRS score at 1 month after surgery was the most signifi-
cant factor related to a favorable outcome. Chen LH et al. reported excellent results 
in 38 consecutive patients receiving CMB surgery under intraoperative neuronavi-
gation and neurophysiological monitoring. Complete resection was achieved in 37 
patients, and 94% of the patients showed favorable outcomes. Intraoperative neuro-
navigation and neurophysiological monitoring seemed to prevent postoperative 
deterioration, thus leading to favorable outcomes [11]. They also reported newly 
developing cranial nerve injury in 13, motor weakness in 3, and sensory disturbance 
in 6 patients. In our series, eight patients had newly developed cranial nerve injury 
and one patient had cerebellar symptoms. There were no new symptoms of motor 
weakness or sensory disturbances. Moreover, our study showed that preoperative 
sensory disturbance, cerebellar ataxia, trigeminal nerve symptoms, and lower cra-
nial nerve symptoms showed significant recovery. Compared to those symptoms, 
motor weakness, diplopia, and facial nerve palsy seemed to be more difficult to 
recover.

There were only three patients with midbrain CMB in our series, and oculomotor 
palsy and abducens were residual in all patients. Tsuji Y et al. reported that the time 
interval between the onset of symptoms and surgery, age over 40 years, size of CMB 
over 18 mm, and poor mRS scores at admission are important predictors for persis-
tent oculomotor palsy after surgery of midbrain CMB [13]. de Oliveira JG et al. 
reported the supracerebellar infratentorial approach to be an alternative approach 

6  Functional Outcomes of Microsurgical Resection for Cavernous Malformations…
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for midbrain CMB since it can provide the same or a better outcome in 88% of the 
patients [14].

Thirteen patients with pontine CMB were operated through the midline suboc-
cipital approach, while eight patients underwent the lateral approach. There was no 
significant recurrence of postoperative abducens and facial nerve function with the 
two approaches. However, Bertalanffy et  al. recommended the lateral approach 

a

c d

fe

b

Fig. 6.2  A 51-year-old female with CMB in the dorsal pons. (a) Preoperative MRI (T2-weighted 
image, sagittal), (b) Telovelar approach under midline suboccipital craniotomy, (c) Electrical stim-
ulation of the right facial nerve, (d) 5 mm-long incision of the floor of the fourth ventricle, (e) 
Entire dissection and complete resection of CMB, (f) Postoperative MRI (T2-weighted image, 
sagittal)

K.-i. Kikuta et al.
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when pontine CMB can be operated by either the medial or lateral approach, as the 
lateral approach is linked to significantly fewer occurrences of postoperative abdu-
cens and facial nerve palsies [15].

In our series, complete resection was achieved in 24 operations, while nine oper-
ations were incomplete. Recurrent hemorrhage was significantly more common in 
incomplete resection and was related to significantly higher mRS scores at the final 
follow-up. As CMB surgery usually involves a small entrance on the pial or ependy-
mal surface, surgeons should attain mass reduction by evacuation of the hematoma 
first, and then aim to keep the margin of the capsule with meticulous hemostasis and 
manipulation. As long as surgeons operate on CMB using these principles, com-
plete resection can be achieved in most cases.

6.10  �Conclusions

Favorable outcomes of CMB surgery might be related to the achievement of com-
plete resection and mRS at 1 month after surgery. Preoperative sensory, cerebellar, 
trigeminal nerve, and lower cranial nerve symptoms significantly improve after 
surgery.
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Chapter 7
Giant Aneurysm Management

Jianping Song and Ying Mao

7.1  �Introduction

Giant intracranial aneurysms (GIAs) are classically defined as aneurysms larger 
than 25 mm in diameter [1, 2]. These rare intracranial events usually cause hemor-
rhage, mass effects, or thromboembolism and have a poor prognosis due to their 
complexity [1, 3–10]. Untreatable GIAs have an 80% risk of severe disability or 
even death within 5 years [11]. In prospective natural history studies, patients with 
unruptured, untreated giant aneurysms had a 5-year cumulative hemorrhage rate of 
40–50% [12]. These aneurysms are among the most challenging lesions faced by 
neurosurgeons [13].

GIAs are complex, and they may have wide necks, intraluminal thrombi, perfo-
rators, and atherosclerotic/calcified walls. The morphology of GIAs can be saccular, 
fusiform, serpentine, or dolichoectatic, resulting in various hemodynamic changes 
and disease courses [1, 2, 10, 14–20]. Although clipping is still the gold standard in 
intracranial aneurysm treatment by vascular neurosurgeons, the complex nature of 
GIAs typically makes simple clipping impossible and requires more creative recon-
structive or remodeling clipping techniques [1, 21–23]. Unfortunately, the number 
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of neurosurgeons who have gained sufficient experience to master the skills required 
to treat GIAs is shrinking in the era of fast-growing endovascular treatment tech-
niques [24, 25].

Revolutionary flow diverters have led to a paradigm shift in the treatment of 
GIAs from microsurgery to endovascular treatment, which now dominates the treat-
ment of cavernous sinus (CS) segment and paraclinoidal internal carotid artery 
(ICA) aneurysms. The off-label use of flow diverters also showed a potential advan-
tage in GIAs located beyond the ICA [13, 25–31]. However, the relatively low com-
plete occlusion rate (≈75% at 6 months), higher recurrence possibility (>10%), 
potential requirement for lifetime anticoagulation medication, and unpredictable or 
even fatal complications (overall complication rate ≈10–15%), such as delayed/
nonaneurysmal intraparenchymal hemorrhage, perforator occlusion, stroke, in-stent 
stenosis, and rerupture from endovascular flow diversion treatment, cannot be 
neglected [13, 21, 25, 26, 28–30, 32–35]. The techniques of the endovascular treat-
ment of GIAs are beyond the scope of this chapter. However, if a previous endovas-
cular therapy fails to occlude a GIA, more vascular neurosurgeons are required for 
additional surgery [24, 36].

Bypass surgery is still the last resort of vascular neurosurgeons to treat complex 
GIAs, regardless of the GIA morphology or previous treatment status [8, 23, 37–
39]. This state-of-the-art bypass surgery now requires more innovation, creativity, 
and scientific and clinical evidence to push its boundary to achieve efficient and 
optimal bypass strategy selection [24]. Therefore, this chapter mainly discusses the 
standards, advances, and controversies in bypass surgery for GIAs.

7.2  �Standards of Treatments

7.2.1  �The Classification of Bypass Techniques

From our point of view, there are three primary bypass techniques utilized clini-
cally: extracranial-intracranial (EC-IC) bypass, intracranial-intracranial (IC-IC) 
bypass, and combined bypass.

EC-IC bypass is the pioneering work of revascularization in the history of micro-
neurosurgery [40]. A large armamentarium of EC-IC bypass strategies has been 
developed and refined over the past decades and widely adopted by neurosurgeons. 
EC-IC bypass can mainly be classified as high-flow, intermediate-flow, and low-
flow bypass by the different flow rates provided through the donor or graft [41]. 
Flow matching, either overt or implicit, is a crucial consideration in bypass surgery 
related to the GIA location, demand in the revascularized territory, and donor cali-
ber [42]. The flow rates in the ICA have been reported to be approximately 200 mL/
min, 50–75 mL/min in the proximal middle cerebral artery (MCA), 20 mL/min in 
the distal MCA, 40 mL/min in the anterior cerebral artery (ACA), 28–33 mL/min in 
the posterior cerebral artery (PCA), 13 mL/min in the posterior inferior cerebellar 
artery (PICA), and 10  mL/min in the superior cerebellar artery [42–44]. We 
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summarized the most common EC-IC bypass techniques in Table 7.1. The flow rate 
in low-flow bypass offered by distal STA donors has been variably measured at 
10–40 mL/min [42, 45]. Therefore, STA double branch bypass is sometimes per-
formed to increase blood supply if possible. The occipital artery (OA) is also con-
sidered an alternative donor for low-flow bypass [46, 47]. Both have the capacity to 
dilate and increase flow over time (Case 3 [48, 49]). Unlike low-flow bypass, a graft 
is needed in intermediate-flow and high-flow EC-IC bypass. For intermediate 
bypass, the STA trunk is the most convenient donor, having a flow rate of approxi-
mately 40–100 mL/min [50, 51], and the internal maxillary artery (IMA) provides a 
similar flow rate of approximately 70–90 mL/min [42, 52, 53]. The donor in high-
flow bypass is usually the external carotid artery (ECA). For the graft, the radial 
artery (RA) and great saphenous vein (GSV) are two primary sources, having flow 
rates of approximately 100 mL/min and 150 mL/min, respectively [42, 54]. The 
direction of the valvula venosa should not be neglected when using the GSV as a 
graft. However, the authors preferred using the RA as the graft artery, considering 
the significant caliber mismatch and higher GSV stenosis rate. The spasm issue dur-
ing RA harvesting could be treated by the pressure distension technique [55, 56]. 
Due to the nature of EC-IC bypass, end-to-side anastomosis is the primary tech-
nique for revascularization [40, 42, 45, 50, 51].

Compared with EC-IC bypass, intracranial-intracranial (IC-IC) bypass used to 
be a challenging technique. Mostly, IC-IC bypass utilizes two vessels close to each 
other as donors and recipients. Therefore, there is little concern about the mismatch 
of blood flow and vessel caliber. IC-IC bypass can be classified into four types to 
meet revascularization requirements in various situations: in situ bypass, reimplan-
tation, reanastomosis, and IC-IC bypass with an interpositional graft (Table 7.2). 
The technical barriers of IC-IC bypass have been gradually removed with the devel-
opment of skull base approaches and fine surgical instruments [42, 57]. The authors 
preferred in situ bypass whenever possible. Among the IC-IC bypasses, side-to-side 
in situ bypass may have the potential advantage of best flow augmentation to the 
recipient territory due to the seamless hemodynamics achieved by the parallel donor 
and recipient vessels and larger stoma than end-to-side or end-to-end anastomosis 
[42, 57, 58].

The combination of different EC-IC and/or IC-IC bypasses has also been intro-
duced for treating GIAs, especially for GIAs with direct branches or perforators 
originating from their sac that cannot be sacrificed without sequelae (Case 4). This 

Table 7.1  EC-IC bypass classification by different flow rates and common techniques

Classification Flow rate (mL/min) Common techniques

Low-flow 10–40 STA-MCA (usually M4); STA-PCA; OA-PICA
Intermediate-
flow

40–100 STA-RA/GSV-MCA (M2 or M3); STA-RA/
GSV-ACA; STA-RA/GSV-PCA

High-flow 100–200 ECA-RA/GSV-MCA (M2 or M3)

ECA external cerebral artery, GSV great saphenous vein, MCA middle cerebral artery, OA occipi-
tal artery, PCA posterior cerebral artery, RA radial artery, STA superficial temporal artery
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kind of GIA requires comprehensive hemodynamic evaluation and maximal sur-
geon creativity. Tailored revascularization methods should be designed for each 
case [10, 38, 39, 56, 59–61].

7.2.2  �The Common Hemodynamic Assessment Technique

	1.	 Balloon occlusion test (BOT)
GIAs may exhibit very different hemodynamics among different individuals, 

even at the same location. Therefore, a careful assessment of each case is required 
before and during treatment to develop the surgical strategy. The need for bypass 
surgery can be evaluated by temporary occlusion of the parent artery to deter-
mine the tolerance of its temporary or even permanent sacrifice. However, cur-
rently, there is not a single well-accepted standard. The most commonly used 
technique was the BOT (mostly 30  min) +/− pressure drop test [46, 62–68], 
which provides valuable information about the adequacy of collateral flow 
across the circle of Willis by angiography evaluation and neurological function 
examination. Other radiological assessments, including single-photon emission 
computed tomography (SPECT), positron emission tomography (PET), com-
puted tomography perfusion imaging (CTP), and xenon-enhanced CT (xenon-
CT), can be combined for a more accurate evaluation of the cerebrovascular 
reserve capacity [62–65, 68–77]. A modernized digital subtraction angiography 
(DSA) system is equipped with an advanced algorithm for angiography perfu-
sion analysis [64, 70]. Complications arise from BOT itself in 0–8.3% of cases 
[78]. Nevertheless, BOT is a near-standard hemodynamic evaluation tool for 
complex ICA aneurysms and is well acknowledged in the neurosurgical com-
munity [46, 62–68]. BOT can also be applied in MCA or vertebrobasilar artery 
GIAs if a bypass is planned [79–83].

	2.	 Indocyanine Green Video Angiography (ICGVA) and Microvascular Doppler 
Ultrasonography (MDU)

Table 7.2  Four IC-IC bypass techniques and examples

Techniques
Anastomosis 
technique Examples

Reanastomosis End-to-end MCA (M1-M3)-MCA (M1-M3), PCA (P2)-PCA 
(P3), ACA-ACA, PICA-PICA

Reimplantation End-to-side PICA (P1)-VA (V4), MCA (M2)-MCA (M2), 
MCA (M3)-MCA (M3), ACA (A4)-ACA (A4)

In situ bypass Side-to-side MCA (M2)-MCA (M2), MCA (M3)-MCA (M3), 
PCA (P2)-SCA (S1), ACA (A4)-ACA (A4)

Bypass with an 
interpositional graft

End-to-end or 
end-to-side

ACA (A2)-RA-ACA (A4), ACA(A1)-RA-MCA 
(M2), MCA (M1)-RA-MCA (M2), VA (V3)-RA-
PICA (P3)a

aMostly classified as an IC-IC bypass, although V3 is the extracranial segment of the vertebral 
artery (VA)
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ICGVA and MDU are the two most commonly used noninvasive intraopera-
tive flow evaluation modalities. ICGVA is the ideal alternative procedure for 
intracranial aneurysm surgery other than DSA. ICGVA can be applied to inspect 
aneurysm remnants, parent arteries, and perforators intraoperatively, with an 
86–100% accordance rate compared to postoperative DSA [84–95]. In most 
cases, the discordance rate was considered insignificant. Aneurysm remnants are 
the main reason for most repositioned cases [84, 89, 94]. MDU is also an effec-
tive method to evaluate blood flow intraoperatively and is notable because it is 
inexpensive, noninvasive, and easy to learn. The strengths of MDU are speed and 
high availability, making it easy to apply even in primary hospitals. The reported 
sensitivity of MDU in aneurysm surgeries was 98–100% [96–101]. However, 
MDU application is easily affected by the detection angle and depth, and it is 
difficult to detect the back of the aneurysm [99, 102].

In addition, ICGVA-based techniques, such as flash fluorescence (direct and 
indirect), delayed fluorescence, or initial fluorescence, can provide quick, pre-
cise, reliable localization of an appropriate recipient artery for bypass when 
revascularization is needed [103, 104].

	3.	 Intraoperative Neurophysiologic Monitoring (IONM)
Motor evoked potentials (MEPs) and somatosensory evoked potentials (SSEPs) 

are the most widely used IONM methods in intracranial aneurysm surgery. SSEPs 
primarily evaluate the sensory system, but false positive and negative predictive 
values are high when evaluating the motor system. MEP monitoring, including 
transcranial and direct types, uses electrical stimulations targeted at the primary 
motor cortex to produce depolarized action potentials recorded along corticospi-
nal tracts [81, 105–110]. Although there are no randomized, blinded, or prospec-
tive clinical studies on this subject, MEPs seem to be more sensitive than SEPs for 
warning of insufficient blood flow. MEPs can detect subcortical ischemia or 
infarction during the operation in less than 1 min, especially pure motor deficits 
caused by perforating arteries or large branches [81, 105–109]. Hence, MEPs may 
be a more sensitive method than SEPs for advanced warning of cerebral ischemia 
during GIA surgery [109]. Based on an MEP amplitude decrement of >50% 
(Stage 1, Case 4) or loss (Stage 2), a 2-stage warning criterion of MEP changes 
was advocated. The stage 1 warning was more sensitive to radiologic abnormali-
ties, whereas the stage 2 warning better predicted motor status decline. Both wave 
loss and > 50% amplitude decrement of MEP monitoring showed good predictive 
value when used as part of a 2-stage warning criterion [81, 110].

7.2.3  �Bypass Strategy for GIAs Located at Different Locations

GIAs mostly occur in the anterior circulations. For ICA GIAs, patients who did not 
tolerate the 30-minute BOT underwent ICA sacrifice (proximal occlusion) and 
high-flow ECA-RA-MCA flow-replacement bypass. For the patients who passed 
the 30-min BOT without developing neurologic deficits, additional capillary phase 
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analysis and CTP scan were applied. If less than a 0.5-s delay during the capillary 
phase in the ipsilateral hemisphere on contralateral ICA angiography was detected, 
as well as no manifestations of hypoperfusion on CTP, the patients were likely to 
tolerate direct ICA sacrifice without EC-IC bypass. Otherwise, an STA-RA-MCA 
flow-replacement bypass combined with ICA sacrifice was considered (Case 1). 
GIA trapping was performed if retrograde filling of the aneurysm was detected dur-
ing BOT or after ICA sacrifice (Fig. 7.1) [68, 109].

Angiography + 30-min BOT

Neurological deficit (+)

Capillary phase in
ipsilateral

hemisphere delays
> 0.5 s

Capillary phase in
ipsilateral

hemisphere delays
< 0.5 s

Neurological deficit (–)

ECA-RA-MCA
bypass + ICA

sacrifice

STA-RA-MCA
bypass + ICA

sacrifice

STA-RA-MCA
bypass + ICA

sacrifice

Direct ICA
sacrifice

CTP

MTT\CBF\CBV
abnormal

MTT\CBF\CBV
normal

Fig. 7.1  Management algorithm for complex ICA aneurysms (Reproduced from: Zhu W, Tian Y, 
Zhou L, Song D, Xu B, Mao Y. Treatment Strategies for Complex Internal Carotid Artery (ICA) 
Aneurysms: Direct ICA Sacrifice or Combined with Extracranial-to-Intracranial Bypass. World 
Neurosurg. 2011; 75(3–4): 476–84)
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For MCA GIAs, the surgical strategy was determined by angioarchitecture, 
and IONM is an essential safeguard for MCA GIA procedures. M1 aneurysms 
involving important perforating branches, such as lenticulostriate arteries (LSAs), 
usually cannot be clipped directly. In a patient with a positive BOT in the M1 
segment, ECA-RA-MCA or STA-RA-MCA flow-reversal bypass can be com-
bined with ipsilateral ICA occlusion (proximal trapping). The gradual intraaneu-
rysm blood flow decrement is beneficial for promoting ischemic tolerance in the 
LSA supply areas and collateral LSA circulation. Early thrombosis development 
in the GIAs and the gradual intraaneurysm blood flow decrement will also lead 
to complete thrombosis of the M1 GIAs in most cases (Case 2) [61]. IC-IC in situ 
bypass and intermediate-flow EC-IC bypass (STA-RA-M3) with aneurysm trap-
ping can be used to treat M2 segment (including M2 bifurcation) GIAs. Direct 
trapping of the aneurysmal parent arteries (except the central artery or the artery 
of the angular gyrus) can be performed in most GIAs beyond the M3 segment, 
and bypass can be performed under IONM guidance if necessary (Fig. 7.2) [61, 
111]. A protective STA-MCA bypass can be applied if more prolonged tempo-
rary parent artery occlusion is needed for reconstructive clipping in particular 
MCA GIA cases [5].

Most anterior communicating artery (AcomA) aneurysms can be clipped directly 
or reconstructively. A tailored approach needs to be designed on a case-by-case 
basis for ACA GIAs. Bypass surgery is mainly applied in cases where A2 occlusion 
is required. EC-IC bypass can be performed with relatively easy access [112]. 
However, side-to-side A2-A2 or A3-A3 anastomoses are the primary techniques in 
most cases [113–115].

Posterior circulation GIAs are much rarer than anterior circulation GIAs. To 
date, there is no well-established bypass strategy for posterior circulation GIAs. 
Bypass surgery applied for posterior circulation GIA treatment includes EC-IC 
(mostly OA-PICA or STA-PCA bypass) and IC-IC bypass (such as PICA-PICA 
and PCA-SCA side-to-side bypass, PICA-VA reimplantation). A high degree of 
surgical skills is required for these procedures because the operating sites of the 
posterior circulation aneurysm are close to important tissues and the operating 
space is limited. Among GIAs, the basilar trunk GIA, which is usually fusiform 
or dolichoectatic, poses a unique, complicated entity for surgical treatment due 
to its deep location, nonsaccular morphology, and brainstem perforator involve-
ment [11, 19, 116]. Bypass surgery combined with proximal or distal occlusion 
is the primary treatment modality, followed by active anticoagulant therapy to 
prevent acute thrombosis formation, which can result in unwanted perforator 
occlusion. Several reports have described bypass techniques using the PCA as 
the recipient, such as OA-PCA, STA-PCA, ECA-RA-PCA, or MCA-PCA, 
based on a case-by-case analysis. The surgical outcome is still unsatisfactory, 
with surgical and final mortality rates of 50% to 60%, respectively [11, 19, 
116, 117].
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Fig. 7.2  The algorithm of our surgical strategies for treating complex MCA aneurysms 
(Reproduced from: Zhu W, Liu P, Tian Y, Gu Y, Xu B, Chen L, Zhou L, Mao Y. Complex middle 
cerebral artery aneurysms: a new classification based on the angioarchitecture and surgical strate-
gies. Acta Neurochir. 2013; 155(8): 1481–91)
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7.3  �Case Illustration

Case 1  A 58-year-old man was admitted with a 3-month history of headache. Head 
MRI revealed multiple, partially thrombosed, giant aneurysms on both sides of the 
parasellar region (Fig. 7.3a). Cerebral DSA revealed a partially thrombosed GIA 
arising from the right intracavernous ICA. The left ICA occluded spontaneously, so 
the left ICA aneurysm was thrombosed completely (Fig. 7.3b, c). The blood supply 
to both hemispheres was mainly from the right ICA. Therefore, a bilateral STA-RA-
MCA bypass was planned before occluding the right ICA.  The patient initially 
underwent a left STA-RA-M2 bypass. Two weeks later, a right STA-RA-M2 bypass 
was performed, followed by prolonged cervical ICA occlusion (Fig. 7.3d–i). After 
completely occluding the right ICA, cerebral DSA confirmed that the graft was pat-
ent on both sides, but a slight narrowing of the left RA graft had caused the left 
MCA to be filled by the left STA through the RA graft and the right STA through 
the AComA (Fig. 7.3j–n). The patient showed no significant postoperative neuro-
logic signs except for slight right oculomotor nerve palsy, which resolved entirely 3 
months later.

Case 2
A 56-year-old man presented with a headache and aphasia that had persisted for 3 h. 
A CT scan in a local hospital showed a giant lesion in the left frontal lobe. After the 
lesion had been diagnosed as a giant unruptured and thrombotic MCA aneurysm, it 
was partially coiled (Fig. 7.4a, b). The patient was then transferred to our depart-
ment. DSA revealed a giant serpentine aneurysm originating from the M1 segment, 
and direct clipping or further endovascular treatment was impossible (Fig. 7.4c–e). 
Furthermore, sacrifice of the LSA perforators would have been unavoidable if we 
had trapped the aneurysm. Therefore, a left STA-RA-M3 bypass followed by a 
staged left cervical ICA occlusion was performed; the ICA was finally occluded 
after 7 days (Fig. 7.4f, g). Postoperative DSA demonstrated that the aneurysm was 
completely obliterated, the ICA was sacrificed, and a bypass graft from the STA 
supplied the MCA territory (Fig. 7.4h, k). The patient did not present with any neu-
rological deficits at the 3-month and 2-year follow-up appointments.

Case 3
A 58-year-old female underwent left STA-MCA double bypass 18 years ago due to 
transient cerebral ischemia and headache. At that time, DSA revealed a giant left 
serpentine aneurysm (Fig. 7.5a, b). During the surgery, a sizeable frontotemporal 
craniotomy was performed, and both frontal and parietal branches of the STA were 
harvested. Postoperative DSA showed the disappearance of the aneurysm and pat-
ent bypasses. Therefore, we did not perform an additional proximal occlusion by 
coiling. The patient recovered well without neurological deficits. The 2-year follow-
up revealed a small recurrence at the proximal end of the aneurysm (Fig. 7.5c, d). 
The patient experienced several transient ischemic syndromes and was treated con-
servatively. Although the STA frontal branch-MCA bypass degenerated, the yearly 
follow-up DSA showed a dilated STA parietal branch-MCA bypass and reduced 
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Fig. 7.3  (a) MRI depicted a mass lesion on the bilateral parasellar regions, indicating partially 
thrombosed giant aneurysms. (b, c) Cerebral DSA revealed a right ICA GIA (b) and spontaneous 
occlusion of the left ICA (c). (d) Skin incisions. (e) Patient position for RA graft harvesting proce-
dure. (f) RA-MCA end-to-side anastomosis. (g) RA-STA end-to-end anastomosis. (h) Prolonged 
ICA occlusion. (i) Illustration showing bilateral STA-RA-MCA bypasses and prolonged right ICA 
occlusion. (j–l) A postoperative right common carotid artery DSA demonstrated that the right ICA 
GIA was occluded (j) and that the right RA graft was patent (k, l). (m, n) Postoperative left com-
mon carotid artery angiogram demonstrated the patency of the left RA graft (Reproduced from: 
Zhu W, Tian YL, Zhou LF, Song DL, Xu B, Mao Y. Treatment strategies for complex internal 
carotid artery (ICA) aneurysms: direct ICA sacrifice or combined with extracranial-to-intracranial 
bypass. World Neurosurg. 2011;75:476–84)
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recurrent aneurysm without ischemic syndromes. The 13-year follow-up DSA 
(Fig. 7.5e, f) showed well-developed collateral vessels supplied by the bypasses. 
Recently, the 18-year follow-up DSA showed occlusion of the GIAs and complete 
replacement of the blood flow supply beyond the GIAs by double STA bypasses 
(Fig. 7.5g, h).

Case 4
A 53-year-old man was admitted to our hospital with an intermittent headache. The 
imaging studies demonstrated a giant M1 thrombotic Sup-C aneurysm (Fig. 7.6a–
d). A left pterion craniotomy was performed, and the parietal branch of the STA was 
preserved. Because of the M1-M2 bifurcation involvement in this patient, we chose 

Fig. 7.4  (a) CT showed a partially coiled giant aneurysm in a 56-year-old man. (b) The MRI 
revealed a giant serpentine aneurysm. (c–e) DSA confirmed that the aneurysm originated from the 
left M1 segment. (f, g) The diagram shows the surgical procedure. Intraoperative findings showed 
that LSA perforators were involved. The cervical ICA was sacrificed via staged occlusion after a 
left STA-RA-M3 bypass. The aneurysm was obliterated after complete intraluminal thrombosis, 
and an STA-RA-M3 bypass supplied the blood flow in the MCA territory. The LSA perforators 
were occluded in a prolonged fashion. (h–k) Postoperative DSA demonstrated the obliteration of 
the aneurysm. (h) Right ICA angiogram. (i) The left angiogram showed occlusion of the left 
ICA. (j) A left CCA angiogram showed that the left MCA territory was supplied by STA-RA-M3 
bypass. (k) Left VA angiogram (Modified from: Zhu W, Liu P, Tian Y, Gu Y, Xu B, Chen L, Zhou 
L, Mao Y. Complex middle cerebral artery aneurysms: a new classification based on the angioar-
chitecture and surgical strategies. Acta Neurochir. 2013; 155(8): 1481–91)
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an aneurysm resection strategy followed by combination bypass, including STA 
parietal branch-M2 inferior branch anastomosis with M1-M2 superior branch 
reanastomosis, to reconstruct the bifurcation (Fig. 7.6e–g). The intraoperative MEP 
signal from the right limbs was attenuated >80% after the aneurysm had been 
resected but recovered 60% after the bifurcation had been reconstructed (Stage 1 
warning). The final MEP results showed a 20% decrease compared with the base-
line. The patient was neurologically intact after surgery. A follow-up angiogram at 
10 months demonstrated the obliteration of the aneurysm and patency of both sto-
mas (Fig. 7.6h, i).

7.4  �Advances

7.4.1  �Noninvasive Optimal Vessel Analysis (NOVA)

A common issue in bypass surgery is precisely evaluating the blood flow volume of 
the donor, recipient, graft, and planned occluded parent vessels. This information 
may be critical for choosing a bypass technique and ensuring effectiveness. Amin-
Hanjani and Charbel et al. applied the MRI NOVA technique to quantitatively ana-
lyze the blood vessels’ flow rate in bypass surgery [118]. Theoretically, the 

a b c d
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Fig. 7.5  (a, b) DSA 18 years ago revealed a giant left serpentine aneurysm. (c, d) The 2-year 
follow-up showed a small recurrence in the proximal end of the aneurysm. (e, f) The 13-year fol-
low-up DSA showed reduced recurrent aneurysm and well-developed collateral vessels supplied 
by the bypasses. (g, h) The 18-year follow-up DSA showed occlusion of the GIAs and complete 
replacement of the blood flow supply beyond the GIAs by double STA bypasses
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appropriate type of bypass technique can be determined based on the measured flow 
rates. However, after bypass surgery, blood flow changes are based on remodeling 
in the vascular network’s overall hemodynamics rather than the flow of a single 
artery. Thus, it is still necessary to perform brain metabolism and functional assess-
ments. The evaluation scheme of NOVA needs to be further improved in future 
research. An example of NOVA is illustrated in Fig. 7.7 for Case 3 at the 13-year 
follow-up. The majority of the blood flow of the STA went through the bypass to 
supply the revascularized territory.

7.4.2  �High-Resolution Vessel Wall MRI (HR-VW MRI)

Atherosclerosis of an intracranial aneurysm wall is a major surgical challenge. First, 
atherosclerosis may prevent the full closure of the aneurysm clip and result in 
incomplete obliteration because of plaque formation. Moreover, plaques often break 
off after clipping, leading to ischemic events and eventual infarction. A recent pro-
spective study showed that ischemic events discovered on diffusion-weighted imag-
ing (DWI) occurred among 71% of patients post-clipping [119]. Therefore, 
preoperative assessment of the aneurysmal wall structure is of great importance in 
surgical planning.

3.0 T high-resolution HR-VW MRI, acquired using a 3D CUBE T1WI sequence, 
is promising for the screening of regional intracranial vessel wall inflammation 
reactions or atherosclerosis, including intracranial aneurysms [120]. Aneurysm wall 
enhancement is determined by comparing Gd-enhanced images with nonenhanced 
images. The wall enhancement features on Gd-enhanced images are classified as 
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Fig. 7.6  (a–d) Imaging studies demonstrating a giant M1 thrombotic aneurysm originating from 
the superior wall distal to LSAs. (e) Diagram showing the intraoperative procedure. (f, g) 
Intraoperative photographs showing aneurysm resection, followed by combination bypass, includ-
ing superficial temporal artery parietal branch-M2 inferior branch anastomosis with M1-M2 supe-
rior branch reanastomosis. (h, i) Follow-up angiograms showing total obliteration of the aneurysm 
and continued patency of the bypass (Reproduced from: Ni W, Yang H, Xu B, Xu F, Jiang H, Lei 
Y, et al. Proximal Middle Cerebral Artery Aneurysms: Microsurgical Management and Therapeutic 
Results. World Neurosurg. 2019;122:e907-e16)
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follows: negative (no wall enhancement), uniform wall enhancement (UWE; the 
whole wall was homogeneously enhanced), or focal wall enhancement (FWE; part 
of the wall was strongly enhanced, and the rest was minimally or not enhanced).

First, we confirmed that wall enhancement (both UWE and FWE) strongly indi-
cated inflammatory infiltration of the UIA wall because it was significantly corre-
lated with high expression of inflammatory markers. Similarly, we found wall 
enhancement to be significantly related to irregular shape and large size, suggesting 
active UIA wall remodeling and unstable wall structure [121]. Second, we verified 
that FWE was a promising radiological biomarker for atherosclerotic plaques in 
UIAs. The potential reason for this may be that atherosclerosis after the initial 
inflammatory reaction leads to hypoxia, followed by denser and deeper extension 
into the UIA wall of pre-existing vasa vasorum caused by proliferating neovascular-
ization, resulting in much stronger FWE [122]. Therefore, in the case of FWE, 
prominent atherosclerotic plaques may exist, and there may be a higher risk of post-
operative ischemic events caused by plaque breakdown. Moreover, direct clipping 
may be inapplicable in cases of FWE; thus, bypass surgery or endovascular treat-
ment should be applied. Unlike FWE, UWE may indicate rich vasa vasorum but 
fewer atherosclerotic plaques (Case 5).
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Fig. 7.7  The NOVA analysis for Case 3 at 13-year follow-up
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7.4.3  �The Hybrid Operating Room

The modern hybrid operation room was first used to treat congenital heart disease in 
the early twenty-first century. In 2011, Murayama et al. applied a hybrid operating 
room to diagnose and treat neurosurgical diseases [123]. The development of a 
modern hybrid operating room may provide an immediate cure for complex cere-
brovascular disease by combining endovascular and microsurgical techniques in a 
single procedure and in a multidisciplinary environment. The hybrid treatment con-
cept not only is simple for providing preoperative/intraoperative embolization and 
intraoperative angiography to assist surgery but also allows comprehensive integra-
tion of functional brain imaging, navigation techniques, and cerebral hemodynamic 
and neurophysiological monitoring techniques. The hybrid treatment concept relies 
on the best evidence-driven perioperative medical care offered by physicians’ close 
teamwork in neurosurgery, neurointervention, neuroanesthesia, neuroelectrophysi-
ology, and neuroradiology to render the hybrid operation room a genuinely safe and 
efficient surgical platform for treating cerebrovascular disease [124]. In Case 5, we 
illustrated a case of complicated ICA GIA treated by multiple procedures.

7.5  �Case Illustration

Case 5
A 17-year-old female presented with impaired visual acuity in the left eye that had 
persisted for 1 year. The physical examination showed blindness of the left eye 
without other neurological deficits. The preoperative CT and MRI showed a right 
sellar region lesion with a flow void sign inside and UWE (Fig. 7.8a–f). A GIA at 
the ophthalmic segment of the left ICA was identified by DSA (Fig.  7.8g–i). 
Considering the patient’s young age, we performed open surgery to secure the aneu-
rysm by clipping in the hybrid operating room. Intraoperatively, we observed rich 
vasa vasorum on the aneurysmal wall without apparent atherosclerosis (Fig. 7.8j). 
The optic nerve was heavily compressed by the GIA (Fig. 7.8k). A left anterior cli-
noid process resection was performed using an ultrasound curet (Fig. 7.8l). We tem-
porarily clipped the posterior communicating artery (PComA, Fig.  7.8m), and a 
balloon-assisted retrograde suction decompression technique was applied (Fig. 7.8n, 
o). The GIA was decompressed and dissected from the optic nerve and dura adhe-
sion (Fig. 7.8p). Two long permanent clips were placed to secure the neck (Fig. 7.8q). 
Intraoperative DSA showed satisfactory clipping results (Fig. 7.8r).

However, the 6-month follow-up DSA revealed recurrence of the GIA (Fig. 7.9a, 
b). The patient was treated by coiling (Fig. 7.9c, d). One year later, DSA showed a 
relapse of the GIA (Fig. 7.10a, b). We then performed an ECA-RA-MCA bypass 
and proximal ICA occlusion for this patient in the hybrid operating room (Fig. 7.10c). 
However, intraoperative DSA showed backflow from the PComA (Fig.  7.10d). 
Therefore, several coils were placed in the left PComA to block the backflow 
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(Fig. 7.10e). The GIA was finally cured with bypass and did not recur at the 1-year 
follow-up (Fig. 7.10f).

7.6  �Controversies

There is beauty in simplicity. We advocated using the fewest procedures to cure 
GIAs to minimize the treatment burden of the patient. Therefore, as we suggested in 
the bypass strategy, preoperative imaging and hemodynamic evaluation, and com-
prehensive application of intraoperative monitoring techniques, are essential in 
every case. Temporary occlusion is necessary during the clipping and bypass proce-
dures. The collateral circulation and tolerance of ischemia while the parent is tem-
porarily occluded is usually evaluated according to preoperative BOT.  Under 
general anesthesia, however, these preoperative analyses may be unreliable because 
the anesthetized brain’s metabolic demand is less than that of the awake brain. MEP 
monitoring may be useful for identifying a safe time window for prolonged tempo-
rary occlusion during GIA clipping surgery, thereby avoiding unnecessary bypass 
[81, 109]. This technique can be used to identify patients who may endure pro-
longed temporary occlusion so reconstructive clipping can be performed under gen-
eral anesthesia without bypass (Fig. 7.11). MEP monitoring may also be used to 
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Fig. 7.8  (a–c) The preoperative CT and MRI showed a right seller region lesion with a flow void 
sign inside. (d–f) The wall enhancement of the GIA was relatively uniform. (g–i) DSA diagnosed 
a GIA at the ophthalmic segment of the left ICA. (j) Rich vasa vasorum without apparent athero-
sclerosis could be found on the aneurysmal wall. (k) The optic nerve was heavily compressed by 
the GIA. (l) A left anterior clinoid process resection was performed using an ultrasound curet. (m) 
We temporarily clipped the PComA. (n, o) The balloon-assisted retrograde suction decompression 
technique was applied. (p) The GIA was decompressed and dissected from the optic nerve and 
dura adhesion. (q) Two long permeant clips were placed to secure the neck. (r) Intraoperative DSA 
showed satisfactory clipping results
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evaluate the therapeutic effect of bypass surgery. A significant decrease in or perma-
nent disappearance of MEPs may indicate an immediate postoperative motor defi-
ciency, whereas MEPs’ recovery after opening the bypass may indicate a good 
outcome (Fig.  7.12) [50, 81, 109]. With the advancement of HR-VW MRI and 
hybrid operating rooms, we can apply this strategy to simplify the surgical proce-
dure with more confidence (Case 6). Although still controversial, partial trapping 
with distal outflow occlusion after flow-replacement bypass for treating complex 
intracranial aneurysms represents a useful strategy as a last resort measure, espe-
cially in MCA and PICA aneurysms [125].

Additionally, the reshuffling of the conventional combinations of anastomoses 
and suturing techniques has led to the invention of more creative and efficient 

a b
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Fig. 7.9  (a, b) The 6-month follow-up DSA showed a recurrence of the GIA. (c, d) The patient 
was then treated by coiling
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bypass techniques, the so-called fourth generation bypasses, for repairing complex 
lesions that cannot be otherwise managed [24]. For example, by creating the so-
called middle communicating artery, we can cure complex MCA aneurysms with a 
minimal ischemic period (Case 7) [24, 126, 127]. Although computer hemodynamic 
analysis is a promising technique for predicting complex cerebral vascular disease 
treatment modalities and outcomes, a viable product for performing such analysis is 
still lacking [48, 49]. We believe that, in the near future, with the development of 
cloud-based supercomputing technology, real-time computer hemodynamic analy-
sis techniques for clinical application to improve GIA surgery safety might become 
available.

7.7  �Case Illustration

Case 6
A 53-year-old female was found to have a right MCA GIA 4 years prior, which was 
enlarged at follow-up. Preoperative MRA and DSA showed a right MCA giant ser-
pentine aneurysm (Fig. 7.13a–c). The preoperative HR-VW MRI showed narrow 
flow channels surrounded by thrombosis. The enhancement wall of the aneurysm 

a
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Fig. 7.10  (a, b) One year later, DSA showed a relapse of the GIA. (c) ECA-RA-MCA bypass and 
proximal ICA occlusion were performed for this patient. (d) Intraoperative DSA showed backflow 
(white arrow) from the PComA. (e) Several coils (white arrowhead) were placed in the left PComA 
to block the backflow. (f) The GIA was finally cured with bypass (yellow arrow)
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was relatively uniform, but focal enhancement could be observed on the temporal 
side of the aneurysm body (Fig. 7.13d–f). The giant size, distinctive neck anatomy, 
and brain parenchyma of the outflow tract posed technical challenges in treatment. 
A bypass plan using STA branches was considered preoperatively. During the oper-
ation, we placed a temporary clip on the inflow tract of the aneurysm and dissected 
the aneurysm body with caution (Fig.  7.13f). Since there was no change in the 
MEPs of SSEPs during prolonged temporary occlusion (>30 min) under normal 
blood pressure, we changed the surgical plan to simple aneurysm resection. We cut 
open the GIA (Fig. 7.13g), removed the heavy thrombosis inside for decompres-
sion, and observed a large area of atherosclerotic plaques on the temporal side, in 
line with the preoperative HR-VW MRI findings (Fig. 7.13h). The outflow tract was 
identified and clipped (Fig.  7.13i). The aneurysm was totally removed, and the 
inflow and outflow tracts were both secured using permanent clips (Fig. 7.13j, k). 
After hemostasis, we closed as usual. The MEPs and SSEPs were stable during the 
whole operation (Fig. 7.13l, m), and intraoperative DSA showed no delay in the 
right MCA blood flow (Fig.  7.13n). The 1-year follow-up CTA showed no 
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Fig. 7.11  (a) Preoperative MRI shows a mass lesion after the orbit on the left side. (b, c) DSA and 
three-dimensional (3D) reconstructed images reveal a giant right ICA aneurysm at the ophthalmic 
segment. (d) The “multiple clipping” technique was used to secure the aneurysm. (e, f) 
Intraoperative ICGVA and postoperative DSA showed the parent artery’s patency and complete 
obliteration of the aneurysm. (g) MEPs remained stable during the operation (Reproduced from: 
Song J, Lang L, Zhu W, Gu Y, Xu B, Cai J, et al. Application of intraoperative motor evoked poten-
tial monitoring during giant internal carotid artery aneurysm surgery using prolonged temporary 
occlusion. Acta Neurochir (Wien). 2015;157:1833–40)
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recurrence (Fig.  7.13o), and MRI showed no ischemia signal (Fig.  7.13p). The 
patient did not have any neurological deficits postoperatively or at follow-up.

Case 7
A 21-year-old man was incidentally found to have an intracranial lesion on physical 
examination. The imaging studies demonstrated a giant M1 thrombotic aneurysm 
(Fig. 7.14a–d). The patient underwent microsurgical exploration of the aneurysm 
via an enlarged, modified pterional approach. After the aneurysm was exposed, we 
found that three M2 branches were involved (Fig. 7.14e). Three clips were applied 
to occlude the neck of the aneurysm and preserve the patency of the inferior branch 
of the M2 segment. Next, a combined bypass was performed, including an STA 
parietal branch-M2 middle branch end-to-side anastomosis and an MCA superior 
branch-M2 middle branch end-to-end anastomosis (Fig.  7.14f–h). Intraoperative 
MEP monitoring indicated that the right limb signal had attenuated >80% after the 
aneurysm was clipped and recovered 60% after the recovery of blood flow follow-
ing the reconstruction of the middle communicating artery. The patient had a slight 
neurologic deficit at discharge but had recovered at the 3-month follow-up. A 

a b
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g

Fig. 7.12  (a, b) DSA and 3D reconstructed images reveal a giant right ICA aneurysm at the oph-
thalmic segment. (c) Aneurysm exposure after craniotomy. (d, e) RA-MCA end-to-side anastomo-
sis. (f) Treatment strategy, including ECA-RA bypass and chronic proximal left ICA occlusion. (g) 
MEPs changed slightly when exposing the aneurysm without temporary clipping. MEP attenua-
tion was observed when anastomosis was performed. MEPs recovered after opening the ECA at 
the end of the bypass procedure (Reproduced from: Song J, Lang L, Zhu W, Gu Y, Xu B, Cai J, 
et al. Application of intraoperative motor evoked potential monitoring during giant internal carotid 
artery aneurysm surgery using prolonged temporary occlusion. Acta Neurochir (Wien). 
2015;157:1833–40.)
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Fig. 7.13  (a–c) Preoperative MRA and DSA showed a right MCA giant serpentine aneurysm. 
(d–f) The preoperative HR-VW MRI showed narrow flow channels surrounded by thrombosis. 
The enhancement wall of the aneurysm was relatively uniform on the wall, but focal enhancement 
(yellow arrow) could be observed on the temporal side of the aneurysm body. (g) During the opera-
tion, a temporary clip was placed on the inflow tract of the aneurysm. (h) The aneurysm was 
incised to remove the heavy thrombosis inside for decompression. (i) A large portion of atheroscle-
rotic plaques on the temporal side. (j) The outflow tract was identified and clipped. (k, l) The 
aneurysm was removed, and the inflow and outflow tracts were both secured using permanent 
clips. (m, n). The MEPs and SSEPs were stable during the whole operation. (o) Intraoperative 
DSA showed no delay in right MCA blood flow. (p) The 1-year follow-up CTA showed no recur-
rence. (q) MRI showed no ischemia signal

g h i j k

ba c d e f

Fig. 7.14  (a–d) Imaging studies demonstrating a giant M1 aneurysm originating from the supe-
rior wall distal to LSAs. (e) Intraoperative photograph showing a GIA with three M2 branches. (f) 
Diagram showing the intraoperative procedure. (g) Intraoperative photograph showing three clips 
occluding the aneurysm’s neck and preserving the patency of the inferior branch of M2. (h) 
Intraoperative photograph showing combined bypass, including the superficial temporal artery 
parietal branch-M2 middle branch end-to-side anastomosis and MCA M2 superior branch-M2 
middle branch end-to-end anastomosis (creating the so-called middle communicating artery). (i–
k) Follow-up DSA showed total obliteration of the aneurysm and continued patency of the bypass 
(Reproduced from: Ni W, Yang H, Xu B, Xu F, Jiang H, Lei Y, et al. Proximal Middle Cerebral 
Artery Aneurysms: Microsurgical Management and Therapeutic Results. World Neurosurg. 
2019;122:e907-e16)
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postoperative follow-up angiogram at 22 months demonstrated the obliteration of 
the aneurysm and patency of the stomas (Fig. 7.14i–k).
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Chapter 8
Contralateral Clipping of Multiple 
Intracranial Aneurysms

Manas Panigrahi, Chirag Patel, Pratik Koradia, 
and Y. B. V. K. Chandrasekhar

8.1  �Introduction

The reported incidence of multiple intracranial aneurysms (MIA) is approximately 
7–35% of all intracranial aneurysms [1]. Bilateral intracranial aneurysm (BIA) con-
stitute 20–40% of all MIA [2] and more often than not, present symmetrically along 
the ICA. Bilateral middle cerebral artery aneurysms have been reported to account 
for 1% of all intracranial aneurysms [3]. The primary goal in the management of 
MIAs is to secure the ruptured aneurysm and to treat as many of the remaining 
lesions as possible without affecting the outcome of the patient. Reported risks of 
aneurysm management include bleeding from one of the incidental aneurysms, 
vasospasm, and other complications related to the sub-arachnoid hemorrhage (SAH) 
[4]. Although the choice of treatment depends on the aneurysm characteristics, 
patient condition, and the infrastructure and post-operative monitoring available. 
Established treatment strategies for bilateral MIAs include (a) bilateral sequential 
craniotomy and clipping in two stages, (b) unilateral craniotomy and clipping of 
multiple aneurysm including contra lateral aneurysm, and (c) clipping of ipsilateral 
ruptured aneurysm and addressing contralateral side aneurysms with endovascular 
options. However, criteria for selecting the contralateral approach are still debat-
able. In this chapter we elaborate management of bilateral MIAs by unilateral cra-
niotomy. The current chapter emphasizes on parameters to be considered during 
selecting cases for contralateral clipping and outcome comparisons.
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8.2  �Selection Criteria for Contralateral Clipping 
of Aneurysm

Clipping of MIAs, including contralateral aneurysm is now feasible, especially 
when the aneurysm originates between distal dural ring till the bifurcation of 
MCA. However, selection criteria for patient with contralateral ICA (Ophthalmic, 
communicating and ICA bifurcation) and MCA bifurcation vary. Although, com-
puted tomography (CT) of brain and cerebral angiography are investigations of 
choice, magnetic resonance imaging (MRI) brain is also increasingly employed to 
plan and execute clipping of MIAs. Patient selection criteria for clipping for clip-
ping of MIA (including contralateral ICA and MCA aneurysm) are summarized in 
the following:

8.2.1  �Selection Criteria for Contralateral Ophthalmic Segment 
ICA Aneurysm Clipping

Ophthalmic segment of ICA extends from origin of ophthalmic artery to origin of 
posterior communicating artery (PCOM) and carries ophthalmic segment of ICA 
aneurysm and aneurysm that originate at superior hypophyseal artery. The reported 
incidence of aneurysms in the carotid-ophthalmic region is 0.5–11% of all intracra-
nial aneurysms [5]. An approach to the aneurysm from the contralateral side may 
provide a better view. To plan the side of approach, many radiographic landmarks 
such as a visual system (length of optic nerve, position of optic chiasm, and dis-
placement of the optic nerve), surrounding structures (anterior clinoid process, 
tuberculum sellae, dural ring and the cavernous sinus), and vessels (the ICA, oph-
thalmic artery, and superior hypophyseal arteries) have been used previously [6].

	 1.	 The distance between the anterior aspect of the optic chiasm and the limbus 
sphenoidale (Fig. 8.1)
The surgical route for contralateral clipping of ICA-ophthalmic segment aneu-
rysms is through the interoptic space and prechiasmatic cistern. However, in 
some cases, the presence of a prefixed chiasm or short interoptic distance limits 
the accessibility to these aneurysms. Andrade-Barazarte et  al. [7] described 
contralateral clipping of ICA opthalmic aneurysm was feasible through the 
interoptic route in patients with a median prechiasmatic cistern of 5.7 mm and 
a median interoptic space of 10.5 mm.

	 2.	 The distance between the bilateral optic nerves at the entrance to the optic 
canal (Fig. 8.1)
Contralateral clipping of ophthalmic aneurysm is also feasible if the median 
interoptic distance is 10.5 mm (range, 7.6–15.9 mm) [7].

	 3.	 The inter-relation of the optic nerve and the ICA is expressed as a/b, where a is 
the distance from the midline to the optic nerve and b is the distance from the 
midline to the ICA (Fig. 8.2).
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If a/b is 1.0, the optic nerve approximately overlaps the ICA. If a/b is less than 
1.0, the ICA is lateral and if greater than 1.0, ICA is medial to optic nerve. The 
median distance between both ICAs reported in various studies was 14.7 mm 
(10.4–21.4 mm).

	 4.	 The distance between the tip of both ACPs and bilateral ICA (Fig. 8.3)
Although, the reported mean distance between bilateral ACP tips is 26.2 mm 
(22.5–31.5), but no correlation has been reported between the median distance 

Fig. 8.1  The distance 
between the anterior aspect 
of the optic chiasm and the 
limbus sphenoidale

Fig. 8.2  The inter-relation 
of the optic nerve and the 
ICA is expressed as a/b, 
where a is the distance 
from the midline to the 
optic nerve and b is the 
distance from the midline 
to the ICA
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of both ICAs at the level of the tuberculum sellae and the median distance 
between the tip of both ACPs.

	 5.	 The size of the aneurysm and neck
Contralateral approach is also indicated for small (>7 mm, up to 15 mm and 
mean diameter of neck 2.9 mm) and medially located aneurysms [8, 9]. Larger 
aneurysms may require complex surgical techniques that involve extreme 
mobilization of the contralateral optic nerve, with resultant visual defect, hence 
contralateral approach is avoided in large aneurysms.

	 6.	 Morphology of aneurysm
Contralateral approach is preferred if the aneurysms were saccular with simple 
configurations. However, complex aneurysms (giant, fusiform, bilobulate, rup-
tured aneurysms, the presence of wall irregularities, and calcifications) are pref-
erably clipped through ipsilateral craniotomy [10, 11].

	 7.	 The direction of the aneurysm from the ICA wall on anteroposterior angiogram 
(Fig. 8.4)
Contralateral clipping of ICA-ophthalmic aneurysms is preferred for medial, 
superior, and superomedial aneurysms. Whereas aneurysms arising from the 
lateral wall of the ophthalmic segment and projecting superolaterally or later-
ally should be approached via an ipsilateral craniotomy to avoid injury to optic 
nerve, obtain proximal vascular control, better visualization of the aneurysm 
[12]. Moreover, drilling of the bone is not required when direction of aneurysm 
was between 30 and 160° and the aneurysm neck was more than 1 mm away 
from distal dural ring [13].

	 8.	 Distance of the proximal neck of the aneurysm from the medial side of the esti-
mated distal dural ring on the lateral angiogram

Fig. 8.3  The distance 
between the tip of both 
ACPs and Bilateral ICA
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Oikawa et al. [14] described in detail about the identification of dural ring in 
angiogram lateral view at the level of tuberculum sellae meningioma. Bone 
drilling was not required when distance of neck of aneurysm from distal dural 
ring was more than 1 mm. Drilling would be needed if distance is shorter than 
1 mm. Because bone drilling of the optic canal (aneurysm side) has a potential 
risk of causing injury to the optic nerve and ICA, it is useful in estimating the 
difficulty of the procedure. If distance exceeds 1.5 mm (the width of a Sugita 
clip blade), temporary clipping of the ICA locally in the meantime is preferable 
while permanent clipping of the aneurysm neck is performed. The aneurysms 
very close to the dural ring are best approached ipsilaterally because of the 
minimal space available proximal to the aneurysm neck. The ipsilateral 
approach is also recommended when distance has a negative value, which 
means that the aneurysm is located in the carotid cave or in the cavernous 
sinus [1].

	 9.	 Rupture side craniotomy
Managing a ruptured aneurysm through a contralateral approach may be chal-
lenging due to poor visualization of the vessel and aneurysm secondary to 
hematoma, and higher risk of intra-operative rupture, therefore ruptured aneu-
rysms should be approached from the ipsilateral side [3, 15].

	10.	 Brain edema
A contralateral approach should not be performed in patients with severe SAH, 
tight brain, and edema to avoid the risk of inflicting additional injuries to the 
surrounding neurovascular structures as a result of excessive brain retraction 
and difficult dissection [16].

Angle: 115.91°

Fig. 8.4  The direction of 
the aneurysm from the ICA 
wall on anteroposterior 
angiogram
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8.2.2  �Selection Criteria for Contralateral Communicating 
Segment ICA Aneurysm Clipping

Criteria for communicating segment ICA aneurysm are similar to that described for 
ophthalmic segment aneurysm with reference to the size of the aneurysm and neck, 
morphology of aneurysm, brain edema, and side of craniotomy. Additionally, condi-
tion of the parent vessels and the collateral circulation should also be taken into 
account. Fetal posterior communicating artery (PCoA) and/or an abnormal P1 
increases the risk of post-surgical cerebral infarction. Operative side should be ipsi-
lateral to the abnormality, thus ensuring PCoA is not obstructed. Whereas contralat-
eral approach can be opted for a PCoA aneurysm that is medial, posteromedial, and 
inferior, lateral, and inferior lateral projections. Mobilization and rotation of the 
ICA prior to clipping, avoids occlusion of the PCoA for inferolaterally projecting 
PComA aneurysms.

8.2.3  �Selection Criteria for Contralateral ICA Bifurcation 
Aneurysm Clipping

Clinical criteria for clipping of communicating segment ICA aneurysm are also 
similar to ophthalmic segment aneurysm. In the era of minimally invasive approaches 
and retractor-less brain surgery, an apparent disadvantage of the contralateral 
approach is the need for significant frontal lobe retraction. The ICA bifurcation 
represents the highest point of the circle of Willis, and this height may be indicative 
of the potential need of frontal lobe retraction for access to aneurysms located 
beyond the contralateral ICA bifurcation. Andrade-Barazarte et  al. described a 
median height of the ICA bifurcation of 11 mm (4–16 mm) allows performing the 
contralateral approach without excessive frontal lobe retraction.

8.2.4  �Selection Criteria for Contralateral MCA Bifurcation 
Aneurysm Clipping

Parameters to be considered for contralateral clipping of MCA bifurcation aneu-
rysm are the length of the M1 segment, the size of the aneurysm, and the orientation 
of the aneurysm.

	1.	 Length of M1 segment of MCA
Oshiro et al. described exposure of the MCA bifurcation was possible only if the 
M1 segment was 14 mm or shorter, while the ICA terminus was the most consis-
tently exposed location. Both Vajda et  al. and Lynch and Andrade-Barazarte 
ascribed their inability to clip aneurysms at the contralateral MCA bifurcation 
due to a long M1 segment [6].
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	2.	 Direction of aneurysm
The aneurysm can be easily found when it is pointing forward or downward. 

In contrast, with the body of the aneurysm pointing backward, and is parallel to 
the M1 segment’s main stem, it is difficult to dissect, expose, and clip the aneu-
rysm, particularly for an aneurysm with a wide neck [17]. Aneurysms pointing 
inferior are more difficult to control from the contralateral approach because the 
MCA regularly covers the neck region of the aneurysm and visualization of the 
perforating branches is poor. Aneurysms pointing in lateral, anterior or posterior 
directions are also difficult to clip from the contralateral side, because further 
inferior extension of the neck may be difficult to recognize. Importantly, when 
the body of the aneurysm points toward the insula, the clipping of the aneurysm 
from the contralateral approach will be blocked by the M1 segment; the aneu-
rysm thus cannot be completely exposed in the operation field, and may damage 
the perforator vessels. In these cases, the operation has some limitations, and the 
appropriate technique should be selected carefully [18].

8.3  �Surgical Nuances While Clipping of Multiple 
Intracranial Aneurysm Including Contralateral ICA 
and MCA Bifurcation Aneurysm

Selection for clipping of multiple bilateral intracranial aneurysm needs to be care-
ful. The following selection criteria may help the surgeon plan the clipping:

8.3.1  �Proximal ICA Control

Contralateral approach has the disadvantage of difficulty in securing the proximal 
ICA; therefore, techniques for proximal arterial control in the operative field include 
the following:

Techniques for Proximal Arterial Control

	1.	 Proximal control at the neck and exposure of the proximal cervical ICA
	2.	 Contralateral drilling of ACP and temporary clipping of ICA.
	3.	 Adenosine induced-transient cardiac arrest

Systemic flow arrest by pharmacological mechanisms (adenosine, sodium nitro-
prusside) or invasive procedures (open chest-circulatory arrest) have been previ-
ously described to obtain proximal control of complex aneurysm, during 
intra-operative rupture or deep located aneurysms [19]. The main principle of these 
procedures is to induce profound hypotension leading to a decrease in the intramu-
ral pressure of the aneurysm, softening the aneurysm sac and making it amenable 
for safe clip placement. Adenosine is an endogenous purine nucleoside widely used 
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for cardiac arrhythmias due to its negative chronotropic and dromotropic effects, as 
well as its relative short half-life. Transient cardiac arrest induced by adenosine has 
been used during cardiac surgery, embolization of arteriovenous malformations, 
complex aneurysms, and intra-operative aneurysm rupture [20].

8.3.2  �Placement of Proximal ICA Balloon by 
Angiographic Guidance

•	 Side of craniotomy usually ipsilateral to ruptured aneurysm and if any mass 
effect due to aneurysm rupture.

•	 Most of aneurysm amenable with pterional craniotomy. Pterion and medial part 
of the sphenoid wing are drilled down to the lateral edge of the superior orbital 
fissure, thus flattening the bone connecting the anterior and middle cra-
nial fossae.

•	 Wide opening of sylvian fissure, basal cisterns, and lamina terminalis for drain 
CSF and making the brain lax.

•	 Carotid—ophthalmic aneurysms, a generous clinoidectomy was carried out and 
the underlying aneurysm was well visualized.

•	 Clipping to be attempted first for ruptured aneurysm.
•	 Intra-operative flow in the parent artery can be confirmed with fluorescence 

microscope, ICG or Doppler probe.

8.3.3  �MCA Bifurcation Aneurysm Clipping

•	 Contralateral clipping of MCA aneurysms has been described but is not prac-
ticed widely because of long dissection distances, limited view, and impaired 
maneuverability in the operative corridor and complications such as intra-
operative aneurysm rupture. Contralateral clipping of MCA aneurysms is widely 
debated but are practiced due to prevalence of MCA aneurysms, the limitations 
of endovascular therapy, and patient preference for less invasive management.

•	 The side of the craniotomy is selected ipsilateral to the larger or more complex 
of the two MCA aneurysms, placing the smaller or simpler aneurysm on the 
contralateral side.

•	 Pterion and medial part of the sphenoid wing are drilled down to the lateral edge 
of the superior orbital fissure, thus flattening the bone connecting the anterior 
and middle cranial fossae.

•	 The contralateral approach starts at the ipsilateral ICA bifurcation, identifica-
tion of A1 ACA, followed all the way to the anterior communicating artery 
complex.

•	 Cerebrospinal fluid is release by the fenestration of the lamina terminalis result-
ing in the slackening of the brain, which is followed by frontal retraction. Once 
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the chiasmatic and lamina terminalis cisterns are opened extensively, incision of 
the arachnoidal trabeculations (between the inferior frontal lobe and optic nerve) 
is performed. This arachnoidal dissection aims to open the sub-frontal corridor 
by extending anteriorly to the optic canal to free the frontal lobe.

•	 Exposure of contraletral A1 ACA is achieved by Mobilization of the frontal lobe 
either with a fixed or with dynamic retraction leading to the ICA bifurcation, ris-
ing above the plane of the optic apparatus. The carotid cistern when opened 
widely helps to visualize the origin of M1 MCA and arachnoid of the sylvian 
cistern.

•	 The dissection then proceeds distally along the M1 MCA where the anterior 
temporal artery originates from the inferior wall of M1 MCA and courses inferi-
orly, a useful landmark to visualize than the M1 MCA.

•	 Inferiorly and anteriorly projecting aneurysms are often visible in the surgical 
window, hence visualization and permanent clipping is achieved with a simple 
straight clip.

•	 On the contrary, laterally projecting aneurysms are challenge to visualize with 
the parent arteries obstructing the surgeons’ view of the aneurysm neck. The 
aneurysm and/or the parent arteries may are mobilized by temporarily clipping 
of the M1 segment and t thereby softening of the aneurysm.

•	 A curved clip with its tips curving downward across the neck is preferable for 
laterally projecting aneurysms. A second curved clip, with the tips curving 
upward across the neck and intersecting the blades of the first clip, may be 
needed when the first clip does not completely occlude the neck.

•	 Exposure of superiorly projecting aneurysms that hide behind the medial orbital 
gyrus is done by mobilizing the aneurysm inferiorly and/or retracting the frontal 
lobe superiorly, or perhaps by resecting a small portion of overlying gyrus.

8.4  �Outcome and Failure to Clip Contralateral 
Aneurysm in MIA

•	 Contralateral clipping of ICA-opht segment aneurysms has a reported good 
patient outcome rate of 74–85% of at three-month follow-up [21].

•	 Contralateral clipping of MCA aneurysms has a reported rate of good outcomes 
of 83% to 91% in previous series. Similar to that other studies demonstrated 
good outcome in 86% at three months follow up [16].

•	 Jinlu Yu et al. reported ten patients with bilateral middle cerebral artery aneu-
rysms. All ten cases of bilateral middle cerebral artery aneurysms were success-
fully clipped and recovered well at discharge. The GOS scores at the half-year 
follow-ups included nine cases of five points and one case of four points. 
Follow-up on CT Angiography at one-year follow-ups showed that the clippings 
of the aneurysms complete without remnants at the necks of the aneurysms.

•	 Hugo Andrade-Barazarte reported that of the 30 patients who underwent a con-
tralateral approach; 15 patients (50%) had multiple intracranial aneurysms and 
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15 patients had a single aneurysm on the contralateral side of the craniotomy. All 
patients underwent direct microsurgical treatment via a lateral supraorbital 
approach. A total of 28 patients (93%) had a good outcome and 2 (7%) patients 
had a poor outcome at discharge and at three-month follow-up. Of the two poor 
outcomes, one was related to posthemorrhagic vasospasm and the other to poor 
preoperative clinical grade [7].

•	 Vajda et al. [22] reported a failure rate of 5% of contralateral clipping mainly 
caused by arachnoid adhesions surrounding the aneurysm neck, complex shape, 
deep location or in the presence of a prefixed chiasm.

8.5  �Advantages of Single Stage Clipping of Bilateral MIA

•	 The contralateral approach for bilateral MCA aneurysms in selected patients 
spares performing an additional craniotomy and all its related phases (bilateral 
opening and closure).

•	 It decreases the costs and surgical time.
•	 Decrease the chance of rupture in the post-operative period in which hyperten-

sion therapy may be required for vasospasm.

8.6  �Disadvantages

The risk of olfactory dysfunction after performing a contralateral approach for 
MCA aneurysms has been reported in nearly 58% of patients. However, the risk of 
experiencing olfactory dysfunctions is not unique to the contralateral approach, 
since it may occur even in a unilateral approach for ipsilateral anterior circulation 
aneurysms in up to 4% of cases. In order to reduce the rate of olfactory disturbances, 
prolonged retraction of the frontal lobe should be avoided, and sharp dissection of 
the arachnoid adhesions surrounding the olfactory nerve should be used to allow 
better mobilization of the frontal lobe [22, 23].

8.7  �Authors Experience and Case Example of Clipping 
of Multiple Bilateral Intracranial Aneurysms

Over the last four years, the authors have successfully performed clipping of contra-
lateral side aneurysm in eight patients. Five out of eight cases have multiple bilateral 
intracranial aneurysms. (Illustrated Cases, Figs. 8.5 and 8.6). The above mentioned 
selection criteria were important tools for patient selection and pre-surgical coun-
selling, especially for contralateral clippings. The five patients had total 16 aneu-
rysms that included contralateral ophthalmic segment ICA, M1, supraclinoid ICA 
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Fig. 8.5  65-year-old female patient with acute severe headache. On further evaluation patient 
have multiple bilateral intracranial aneurysms with rupture. (a) Ct brain suggestive of diffuse SAH 
at interhemispheric and left sylvian fissure. (b, c) 3D DSA showing ACOM aneurysm and small 
aneurysm at A1–A2 junction. (d, e) Intra-operative picture of ACOM and A1–A2 junction aneu-
rysm. (f) DSA lateral projection showing right supra clinoid ICA aneurysm. (g) Intra-operative 
picture of right supraclinoid ICA aneurysm. (h) DSA showing left supraclinoid ICA aneurysm. (i) 
Intra-operative picture showing clipped left supra clinoid aneurysm

a

f g h i j

b c d e

Fig. 8.6  43-year-old female presented with severe acute headache. (a) CT brain suggestive of left 
sylvian fissure SAH. (b) Left cervical ICA exposure for proximal control. (c) 3D DSA s/o lest 
ophthalmic ICA aneurysm. (d) Drilling of the left clinoid process. (e) Intra-operative showing clip-
ping of left clinoid aneurysm. (f–h) DSA showing left MCA bifurcation and M1 segment aneu-
rysm and intra-operative picture showing aneurysm. (i, j) DSA showing medially directed right 
ICA-ophthalmic segment aneurysm. Intra-operative picture showing clipping of aneurysms

and ICA bifurcation aneurysms. Side of craniotomy was according to brain hema-
toma, ruptured aneurysm and projection and morphology of aneurysms. All patients 
recovered well during the latest follow-up. Three cases have associated pathology 
was ipsilateral tubercullum sella and suprasellar meningioma along with contralat-
eral paraclinoid aneurysms. All three cases were operated in single stage with side 
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of craniotomy of  the side of tumor and clipping of contralateral paraclinoid aneu-
rysms. All three cases were successfully addressed tumor and aneurysms without 
any complication. Encouragingly, none of the eight patients we operated reported 
post-operative anosmia, probably because we opted for sharp dissection to avoid 
traction of olfactory tracts. Importantly, we were able to clip all selected contralat-
eral aneurysms.

8.8  �Conclusion

Although rare, multiple bilateral intracranial aneurysms are a stiff challenge for a 
Neurosurgeon. Patient selection when done meticulously, clipping of multiple intra-
cranial aneurysms including contralateral side aneurysms is feasible and safe. Thus 
becoming a single stage, cost effective management strategy. Additionally, clipping 
is cost effective and reduces the morbidity in patients with multiple intracranial 
aneurysms.
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Chapter 9
Moyamoya Disease-Standards 
and Advances in Revascularization 
Procedure and Peri-operative Management

Miki Fujimura

9.1  �Introduction

Moyamoya disease (MMD) is a chronic, occlusive cerebrovascular disease with 
unknown etiology characterized by progressive stenosis at the terminal portion of 
the internal carotid artery (ICA) and the abnormal vascular network formation at the 
base of the brain [1]. MMD is known to have a characteristic nature to convert the 
vascular supply for the cerebral tissue from intracranial/internal carotid (IC) system 
to extracranial/external carotid (EC) system, the so called IC-EC conversion system 
[2, 3], which is well documented by Suzuki’s angiographic staging in the initial 
report of MMD [1]. The Suzuki’s angiographic staging may not reflect the severity 
of MMD but it well describes the exact self-compensatory pathophysiology of this 
entity, including its long-term temporal profile [3]. Insufficiency of this “IC-EC 
conversion system” could clinically lead to cerebral ischemia and/or intracranial 
hemorrhage from the fragile vascular networks, the so called moyamoya vessels.

While considering the basic pathology of MMD as a gradual conversion of the 
vascular supply from IC to EC system, extracranial-intracranial bypass such as 
superficial temporal artery-middle cerebral artery (STA-MCA) bypass may have a 
perfect concept to complement the “IC-EC conversion system” of MMD [3]. In fact, 
STA-MCA bypass has been established as a preferred surgical procedure for 
ischemic-onset MMD patients by improving cerebral hemodynamics [2–4]. 
Furthermore, recent evidence indicates that STA-MCA bypass has a potential role 
for preventing re-bleeding in hemorrhagic-onset MMD patients [5, 6]. In this chap-
ter, the author sought to demonstrate the standard surgical procedure of STA-MCA 
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bypass with indirect pial synangiosis for adult MMD and its pitfall during the early 
postoperative period, introducing the characteristic peri-operative hemodynamic 
condition of adult MMD patients after surgery, such as local cerebral hyperperfu-
sion and intrinsic hemodynamic ischemia by watershed shift phenomenon, defined 
as a paradoxical cerebral blood flow (CBF) decrease at the adjacent cerebral cortex 
near the site of the anastomosis.

9.2  �Surgical Indication of STA-MCA Bypass for MMD

9.2.1  �Concept of Surgical Revascularization for MMD

Concept of the revascularization surgery for MMD includes not only the vascular 
reconstruction by STA-MCA anastomosis, but also the consolidation for the 
future neovascularization by indirect pial synangiosis [2, 3]. Surgical procedures 
of indirect pial synangiosis include lots of variations such as encephalo-duro-
arterio-synangiosis (EDAS), encephalo-myo-synangiosis, encephalo-duro-myo-
synangiosis (EDMS), and multiple burr hole surgery [4, 7, 8]. The concept of the 
revascularization surgery, either direct or indirect bypass procedure, is to facilitate 
the physiological conversion of the vascular supply for the brain from IC system 
to the EC system [2, 4]. Now it is well-known that the STA-MCA bypass not only 
prevents recurrent stroke by improving CBF in ischemic MMD patients, but also 
could ameliorate the hemodynamic stress to the vulnerable collateral anastomosis 
including choroidal anastomosis, and thus reduce the risk of re-bleeding from the 
affected vessels in hemorrhagic-onset patients with adult MMD [5, 6, 9, 10].

9.2.2  �Best Surgical Indication of STA-MCA Bypass for MMD

Current surgical indication for MMD in our institute is highlighted in Table 9.1. 
STA-MCA bypass has been reported a preferred surgical procedure for the ischemic-
onset MMD patients, which provides long-term effect of stroke prevention and the 
improvement of the outcome of cognitive impairment [2, 4, 7, 8]. Although there is 
no multicenter randomized control trial to evaluate the efficacy of STA-MCA 
bypass for ischemic-onset MMD patients, multiple meta-analyses indicated the 
effectiveness of STA-MCA bypass for MMD patients with ischemic symptoms [11, 
12]. Indirect revascularization procedure such as EDAS is also recommended for 
pediatric MMD, but simultaneous use of direct bypass procedure has been consid-
ered as an essential item for adult patients [4, 7]. As for the hemorrhagic-onset 
MMD patients, there had been a controversy whether STA-MCA bypass could have 
a potential role for preventing re-bleeding, but the Japan Adult Moyamoya (JAM) 
Trial, a randomized controlled trial which investigated the impact of STA-MCA 
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bypass for preventing re-bleeding in hemorrhagic MMD patients, strongly sug-
gested the efficacy of STA-MCA bypass for preventing re-bleeding in hemorrhagic-
onset MMD patients [5, 6]. The inclusion criteria of JAM trial represented as 
follows. (1) Adult patient (aged from 16 to 65 years old), (2) STA-MCA bypass 
within 1–12 months after the onset of hemorrhage, (3) independent activity of daily 
living (modified Rankin Scale of 0–2), and (4) absence of major cortical damage 
[5]. The initial report of JAM trial indicated that the annual re-bleeding tares of the 
surgically treated group (2.7%) was significantly lower than that in non-surgical 
group (7.6%/year, p = 0.042) [5]. Moreover, the second report of JAM trial with the 
pre-specified subgroup analysis further suggested that annual re-bleeding rate of the 
MMD patients with posterior hemorrhage was as high as 17.1% per year, and STA-
MCA bypass significantly reduced the risk of re-bleeding in patients with posterior 
hemorrhage (p  =  0.001) [6]. Taken together, ischemic-onset MMD and/or adult 
MMD patients with posterior hemorrhage may have a best surgical indication for 
STA-MCA bypass on the affected hemisphere.

9.2.3  �Controversy Issues of the Surgical Indication for MMD

STA-MCA bypass for asymptomatic MMD patients is currently not recommended 
because the natural history of this patient population is undetermined [4, 7]. To 
address this critical question, Asymptomatic Moyamoya Registry (AMORE); a 
multicenter observational study is currently undertaken in Japan to clarify the natu-
ral history of asymptomatic patients with MMD [13]. Alternatively, more recent 
supplemental analysis of JAM trial indicated that the development of choroidal 
anastomosis, which is defined as dilatation and extension of choroidal collateral 
toward the medullary arteries, was significantly associated with posterior hemor-
rhage in MMD patients [9], and choroidal anastomosis is a strong indicator for 

Table 9.1  Current indication of STA-MCA bypass for moyamoya disease

Type of the onset Required items for surgical indication

Ischemia Ischemic symptoms (TIA, minor completed stroke)
Hemodynamic compromise (decreased CBF/CVR)
Independent ADL (mRS 0-2)
Absence of major brain damage

Hemorrhage Adult (16–65 years old)
Within 1 year after hemorrhage (1–12 months)
Independent ADL (mRS 0-2)
Absence of major brain damage
Posterior location of the hemorrhagic site

TIA transient ischemic attack, CBF cerebral blood flow, CVR cerebrovascular reactivity, ADL 
activity of daily living, mRS modified Rankin Scale
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hemorrhagic presentation [10]. Choroidal anastomosis was also found to be more 
prominent in hemorrhagic-onset MMD patients as compared to ischemic-onset 
patients [14]. More surprisingly, another supplemental analysis of JAM trial exam-
ined the effect of choroidal anastomosis on de novo hemorrhage in adult MMD, and 
the authors found that annual de novo bleeding risk of the non-hemorrhagic/choroi-
dal anastomosis-positive hemisphere was as high as 5.8% per year [15]. These 
results raise the question whether asymptomatic hemispheres with choroidal anas-
tomosis should be treated by STA-MCA bypass for reducing the substantial risk of 
de novo hemorrhage. This issue should be solved by future prospective multi-
center study.

9.3  �Surgical Procedure of STA-MCA Bypass for Adult MMD

9.3.1  �Standard Procedure of Direct/Indirect 
Combined Revascularization

Intra-operative finding of the representative case of an adult patient with 
hemorrhagic-onset MMD is shown (Fig. 9.1). Under general anesthesia, the head 
is positioned at 80° by three-point fixture. Skin incision is usually made along 
with the donor STA approximately 8–10 cm in length, a skin flap is inverted by 
L-shape when I use of parietal STA as donor or by question-marked incision 
(frontal STA as donor). Craniotomy is performed around the Sylvian fissure end, 
and the stump of the STA is prepared as semi-fish mouth shape with 1.6  mm 
(Fig. 9.1). Then the stump of STA is anastomosed by 10-0 or 11-0 nylon monofila-
ment suture to the M4 segment of the MCA, approximately 0.6 mm in diameter 
(Fig. 9.1). After reperfusion, the patency of STA-MCA anastomosis is confirmed 
by intra-operative indocyanine green (ICG) video-angiography and Doppler ultra-
sonography (arrows in Fig. 9.1). The STA-MCA bypass is followed by indirect 
pial synangiosis with EDMS. The inner layer of the free bone flap is routinely 
drilled out for avoiding postoperative compression of the brain surface by the 
temporal muscle pedicle, and a wide bone window is made on the side of EDMS 
flap insertion [16]. The temporal muscle is usually split out into two layers. The 
bone flap is fixed both by two pieces of titanium plates (ThinFlap®, SHINOBI®) 
and a bio-absorbable plate; LactoSorb® (82% Poly-L-Lactic Acid and 18% Poly-
Glycolic Acid). The author has been employing this combined revascularization 
procedure since 2004, with long-term favorable outcomes. The bypass could be 
visualized by standard MR angiography of 1.5 or 3 T (arrow in Fig. 9.2) without 
affecting brain parenchyma. Serial CBF measurement by 123I-IMP SPECT indi-
cated typical temporal profile of postoperative hemodynamic change, as charac-
terized by the relatively localized CBF increase near the site of the anastomosis 
on postoperative day (POD) 1 (arrow in Fig. 9.2) and subsequent favorable distri-
bution of CBF in a wider territory of the ipsilateral ACA/MCA territories on POD 
7 (Fig. 9.2).
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Fig. 9.1  (a) Representative pre-operative finding of magnetic resonance (MR) angiography (a) and 
MR imaging with fluid attenuated inversion recovery (b) of a 38-year-old woman with hemorrhagic-
onset MMD.  Intra-operative view of direct/indirect combined revascularization. Surgical view 
before (c), during (d), and after left STA-MCA bypass (e, f). Indocyanine green video-angiography 
demonstrated apparently patent bypass with favorable distribution of bypass flow (arrow in f)

a b

Fig. 9.2  Postoperative MR angiography demonstrated that the right STA-MCA bypass was patent 
(arrow in a). Serial CBF measurement by N-isopropyl-p-[123I] iodoamphetamine single-photon 
emission computed tomography (123I-IMP SPECT) (b) indicating typical temporal profile of post-
operative hemodynamic change, as characterized by the relatively localized CBF increase near the 
site of the anastomosis on POD 1 (arrow) and subsequent distribution of CBF in a wider territory 
of the ipsilateral MCA territory
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Table 9.2  Surgical complications of STA-MCA bypass for moyamoya disease

1.	 Peri-operative cerebral ischemia

     (a)  Thrombo-embolism from anastomosis site
     (b)  Watershed shift ischemia (paradoxical CBF decrease near local CHP)
     (c)  Cortical compression by swollen temporal muscle pedicle (combined surgery)
2.	 Cerebral hyperperfusion syndrome

     (a)  Focal neurological deterioration (BP-dependent worsening)
     (b)  Epileptic seizure
     (c)  Hemorrhagic conversion (intracerebral hemorrhage)
3.	 Others

     (a)  Chronic subdural hematoma
     (b)  Wound problem
     (c)  Cardio-pulmonary complication during BP lowering

BP blood pressure, CBF cerebral blood flow

9.4  �Intrinsic Peri-Operative Hemodynamics and Optimal 
Peri-Operative Management

9.4.1  �Ischemic Complication of Combined Revascularization 
Procedure for MMD

Surgical complications of the STA-MCA bypass for MMD generally include peri-
operative cerebral infarction and cerebral hyperperfusion (CHP) syndrome 
(Table 9.2). Peri-operative ischemic stroke could be caused by various factors such 
as intra-operative hypotension and/or hypocapnia by inadequate general anesthesia, 
anemia, and surgical procedure [4, 7]. Peri-operative ischemic complications are 
categorized into three distinct mechanisms; thrombo-embolism at the site of the 
microvascular anastomosis [17], intrinsic hemodynamic ischemia by “watershed 
shift phenomenon” [18–20], and mechanical compression of the brain surface by 
swollen temporal muscle pedicle used for additional indirect pial synangiosis [21]. 
Among them, “watershed shift phenomenon” is a characteristic pathophysiological 
condition after STA-MCA bypass for MMD, which is initially proposed by Professor 
Heros [22]. Watershed shift ischemia is defined as a paradoxical CBF decrease at 
the adjacent cortex near the site of local CHP [18, 19]. Possible mechanism under-
ling watershed shift phenomenon is that retrograde blood supply from STA-MCA 
bypass could conflict with the anterograde CBF from more proximal MCA, result-
ing in the transient CBF decrease at the cortex supplied by the adjacent branch of 
MCA [20]. Clinical outcome of watershed shift ischemia is generally favorable but 
its simultaneous occurrence with CHP could make the peri-operative pathology 
more complex and difficult, since the management of each condition is contradic-
tory [18, 19]. To avoid ischemic complications, it is essential to maintain proper 
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peri-operative hydration and blood pressure control with prompt hemoglobin con-
centration maintenance [4, 7]. Efficacy of the anti-platelet agent during the peri-
operative period is controversial among MMD patients, but recent multiple studies 
strongly suggested the advantage of aspirin administration to reduce the risk of 
peri-operative complication after STA-MCA bypass for MMD [23, 24].

9.4.2  �Significance of Transient Local Cerebral Hyperperfusion 
(CHP) in Adult MMD Patients

CHP syndrome is one of the most serious complications after STA-MCA bypass for 
MMD [16, 25–30]. Excessive local increase in CBF at the site of the STA-MCA 
bypass is known to result in local hyperemia associated with vasogenic edema and/
or delayed intracerebral hemorrhage in MMD, especially in adult patients. Most 
common clinical presentation of local CHP is transient neurological deteriorations 
without causing permanent neurological deficit in most cases [26, 28], but it could 
also lead to epileptic seizure and/or delayed intracerebral hemorrhage in a rare 
occasion [29]. Blood pressure dependent worsening of the focal neurological sign 
has a diagnostic value for CHP syndrome in adult MMD. Although the CHP syn-
drome after low flow bypass including STA-MCA anastomosis was considered rela-
tively rare until the early 2000, we have reported for the first time that the incidence 
of CHP syndrome after STA-MCA bypass was significantly higher in MMD patients 
than that in atherosclerotic occlusive cerebrovascular disease patients undergoing 
same STA-MCA bypass procedure [25]. Representative finding of local CHP is 
shown in Fig. 9.3. 123I-IMP SPECT 1 day after the left STA-MCA bypass with indi-
rect pial synangiosis revealed intense focal increase of CBF at the site of the anas-
tomosis (arrows in Fig.  9.3). Under strict blood pressure control with the 
administration of minocycline hydrochloride and edaravone, a free radial scavenger, 
the patient remained asymptomatic for 7 days, when local CHP was ameliorated by 
123I-IMP SPECT.

Prognosis of local CHP is generally favorable, but it could again lead to delayed 
intracerebral hemorrhage and/or intractable seizure in a rare occasion. Kameyama 
and colleagues reported the significance of quantitative CBF analysis in the early 
postoperative period of STA-MCA bypass for adult MMD patients. They indicated 
that pathological threshold of postoperative local CBF increase ratio was 184.5% 
for CHP syndrome and 241.3% for hemorrhagic CHP syndrome [31]. Based on 
these findings, quantitative CBF analysis at the site of the anastomosis could pro-
vide critical information to perform prompt peri-operative management for adult 
MMD patients. Regarding the prediction of CHP after STA-MCA bypass for MMD, 
multiple risk factors were recently reported. The indicators for postoperative CHP 
phenomenon or CHP syndrome are as follows; adult-onset or elderly patient’s age 
[28, 30], onset of hemorrhagic [16, 28], operation on the dominant hemisphere [32, 
33], decreased CBF before surgery [31] or increased cerebral blood volume before 
surgery [30], diameter mismatch between donor and recipient arteries [33], poorer 
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intra-operative distribution pattern by ICG video-angiography or by brain surface 
thermography [34, 35], and lower total protein levels or higher hematocrit concen-
tration in the pre-operative blood examination [36]. Regarding the involvement of 
genetic background, Tashiro et al. found that MMD patients with the RNF213 gene 
polymorphism c.14576G>A [37, 38], have significantly higher risk for prolonged/
delayed CHP [39]. More recently, Nishizawa and colleagues attempted to predict 
CHP after STA-MCA bypass by three-dimensional time-of-flight (3D-TOF) MR 
angiography in adult MMD patients, indicating that the signal intensity of the intra-
cranial major arteries, including the decreased signal intensity of the peripheral cor-
tical arteries on pre-operative 3D-TOF MR angiography could identify adult MMD 
patients at higher risk for CHP after direct revascularization surgery [40]. Based on 
these observations, it is essential to manage adult MMD patients with higher risk of 
CHP under more strict blood pressure to avoid deleterious effect of local CHP dur-
ing the early postoperative period.

9.4.3  �Limitation of the Current Peri-Operative 
Management Strategy

Beneficial effect of the blood pressure lowering is established to counteract with the 
deleterious impact of CHP phenomenon [41], but the excessive blood pressure 
decrease has a substantial risk for peri-operative ischemic stroke at the remote area, 

Fig. 9.3  123I-IMP SPECT after left STA-MCA bypass in 60-year old man, indicating remarkable 
local cerebral hyperperfusion at the site of the anastomosis (arrows)
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either ipsilateral or contralateral hemisphere, from STA-MCA bypass [33]. To man-
age the complex hemodynamic condition in the early postoperative period in MMD 
patients, the author and colleagues previously reported that moderate but prophylac-
tic blood pressure lowering between 110 and 130 mmHg of the systolic blood pres-
sure could significantly reduce the risk of CHP syndrome, without increasing the 
incidence of ischemic complication, after STA-MCA for MMD patients [18, 33, 
41]. Alternatively, the prophylactic use of pharmacological agents was reported to 
be beneficial to prevent CHP syndrome in the previous literatures. Minocycline 
hydrochloride and/or edaravone (a free radical scavenger) significantly reduced the 
incident of CHP syndrome in MMD patients [33, 42]. The author and colleagues 
introduced minocycline hydrochloride, a neuro-protective antibiotic, to prevent both 
CHP syndrome and cerebral ischemia at the remote area [33]. Nevertheless, con-
comitant manifestation of local CHP with cerebral ischemia at the remote area, such 
as contralateral hemisphere and/or adjacent cortex affected by “watershed shift phe-
nomenon,” is still a major issue that can result in peri-operative neurological deterio-
ration [18]. Therefore, mechanism underlying peri-operative pathologies including 
CHP after revascularization surgery should be further investigated in the future study.

9.5  �Conclusion

STA-MCA bypass has a potential role for preventing stroke recurrence and/or re-
bleeding in patients with MMD.  Long-term outcome of STA-MCA bypass for 
MMD is generally favorable, but thorough understanding of the unique pathophysi-
ological condition of MMD and prompt peri-operative management is essential to 
avoid surgical complications including CHP syndrome and concomitant cerebral 
ischemia.
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Chapter 10
Carotid Endarterectomy

Takayuki Hara and Yurie Rai

10.1  �Introduction

Stroke is the second leading cause of death worldwide. One of the main causes of 
stroke is carotid artery stenosis. Stenosis with atherosclerosis in the carotid artery 
can cause stroke by hemodynamic ischemia or artery to artery embolism. Carotid 
artery stenosis has been often treated with surgical interventions. Carotid interven-
tion was first successfully performed in 1951 by excision of the diseased carotid 
artery segment and an end-to-end anastomosis of internal carotid artery and com-
mon carotid artery [1, 2]. Since then, carotid endarterectomy (CEA) has been 
evolved with introduction of temporary shunt system in 1956 [3], eversion endarter-
ectomy in 1970 [4], and electroencephalogram monitoring in 1980 [5]. In 1980s and 
1990s several randomized control trials (RCTs) have proven efficacy of CEA com-
pared to medical treatment in symptomatic and asymptomatic patients [6–11]. Since 
carotid artery stenting (CAS) was appeared in 1990s, several RCTs has been con-
ducted [12–18]. As the devices have been developed, treatment outcomes of CAS 
have been improved, and CAS has been shown to be equally beneficial to CEA with 
some conditions [17, 18]. By its curability and long-stand stroke preventive effect, 
however, CEA is still first choice of treatment for symptomatic severe carotid steno-
sis [19]. Here, we review the recent RCTs for CEA, explain the perioperative man-
agement, and show surgical techniques with illustrations.
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10.2  �Evidence of CEA

10.2.1  �CEA for Symptomatic Carotid Stenosis

For symptomatic carotid stenosis, two large RCTs, European Carotid Surgery Trial 
(ECST), and North American Symptomatic Carotid Endarterectomy Trial 
(NASCET) compared CEA with medical treatment.

In ECST, 3024 carotid stenosis patients with transient or mild symptomatic isch-
emic vascular event on the distribution of one or both carotid arteries were allocated 
to medical treatment only or CEA. As a result, ipsilateral stroke or perioperative 
death with more than 80% stenosis was 20.6% in medical group and 6.8% in CEA 
group (<0.0001) [8].

NASCET was started in 1987 in North America. Patients who experienced tran-
sient ischemic attack (TIA) or nondisabling stroke within 120 days were assigned to 
optimal medical care alone or optimal medical care plus CEA. The results showed 
that cumulative risk of any ipsilateral stroke at 2 years with 70–99% stenosis were 
26% in medical group and 9% in surgical group (P < 0.001) on the condition that 
the treatments were conducted in the centers with the rate of less than 6% for stroke 
and death occurring within 30 days of operation [6]. Also, the ipsilateral stroke risk 
at 5 years with 50–69% stenosis were 22.2% in medical group and 15.7% in surgi-
cal group, whose difference became statistically significant (P = 0.045) if the sur-
geons have lower rates of complications than 2% [7]. Efficacy of CEA in symptomatic 
patients with less than 50% stenosis has not been proved.

Mata-analysis of ECST and NASCET focused on clinical subgroups and timing 
of surgery was reported in 2004 [20]. CEA was especially beneficial in men, patients 
aged 75 years or older, and patients who underwent surgery within 2 weeks of their 
last symptoms, and fell rapidly with increasing delay (see Timing of Surgery).

10.2.2  �CEA for Asymptomatic Carotid Stenosis

For asymptomatic carotid stenosis, Asymptomatic Carotid Atherosclerosis Study 
(ACAS) began in 1987. Medical treatment and CEA were compared in 1662 patients 
with asymptomatic carotid stenosis of 60% or greater. The aggregate risk over 
5 years for ipsilateral stroke and any perioperative stroke or death was 11.0% in 
medical group and 5.1% in CEA group (P = 0.004), which proved the efficacy of 
CEA if it was performed with less than 3% perioperative morbidity and mor-
tality [9].

Another trial for asymptomatic stenosis, Asymptomatic Carotid Surgery Trial 
(ACST), was started in 1993. It compared deferral of any carotid procedure and 
immediate CEA in asymptomatic patients with at least 60%. The risk of periopera-
tive events and strokes was 10.9% in deferral CEA group and 6.9% in immediate 
CEA group at 5 years (P = 0.0001) and 17.9% and 13.4% at 10 years (P = 0.009) 
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[10, 11]. Contrary to the trials in symptomatic patients, these ACST showed no 
significant association between the risk of stroke and the percentage of stenosis, and 
CEA was effective for both males and females.

With a recent progress of intensive medical therapy, however, the superiority of 
CEA to medical therapy becomes equivocal in asymptomatic patients [21]. In prac-
tice, CEA is recommended only when the stenosis is more severe (70–99%) or the 
patients have a particular high risk of stroke (progression of stenosis, the detection 
of asymptomatic carotid embolism, carotid plaque vulnerability, reduced cerebro-
vascular reserve, and the presence of silent embolic infarcts) [22]. Other than these 
risk factors, we should consider the comorbidities and life expectancy of the patients 
and also the surgeons’ experience so as to get maximum benefit from CEA. In our 
opinion, the indication of CEA for asymptomatic patients should depend not only 
upon guidelines, but also upon the tailor-made medicine.

Updated guidelines for the treatment of carotid stenosis from American Heart 
Association (AHA), Society of Vascular Surgery (SVS), and European society of 
vascular surgeons (ESVS) are listed in Table 10.1 [23–26].

10.2.3  �CEA vs. CAS

Since CAS was first performed in 1994, several RCTs comparing CEA and CAS 
have been reported. The first RCT comparing CAS to CEA was Stent and 
Angioplasty with Patients at High Risk for Endarterectomy (SAPPHIRE) trial [13]. 
The trial focused on the patients at high risk for CEA who have at least one of the 
following risk factors: positive stress test; age older than 80  years; contralateral 
carotid occlusion; pulmonary dysfunction; high cervical lesion; repeat carotid oper-
ation; congestive heart failure and/or known severe left ventricular dysfunction; 
open heart surgery needed within 6 weeks; recent myocardial infarction; unstable 
angina; contralateral laryngeal nerve palsy; radiation therapy to the neck. In this 
trial, CAS is proved not to be inferior to CEA at 1 year and also at 3 years’ follow-
up [13]. For patients without high risk for CEA, Endarterectomy Versus Angioplasty 
in Patients with Symptomatic Severe Carotid Stenosis Trial (EVA-3S) [14], Stent-
Protected Angioplasty versus Carotid Endarterectomy (SPACE) [15], and 
International Carotid Stenting Study (ICSS) [16] compared CAS and CEA for 
symptomatic stenosis. All of these three trials failed to show the non-inferiority of 
CAS to CEA. We need to note that these three trials did not require the use of pro-
tection devices in CAS, and the surgeons were not selected strictly. Contrary to 
these three trials, recent RCTs reported the equal benefit of CEA and CAS. One of 
these RCTs is Carotid Revascularization Endarterectomy versus Stenting Trial 
(CREST). The trial compared CAS with embolic protection devices and CEA in 
symptomatic patients (>50% stenosis), and asymptomatic patients (>70% stenosis). 
There was no significant difference in the primary end point: 4-year rates of stroke, 
myocardial infarction, or death of any cause during the periprocedural period or any 
ipsilateral stroke within 4  years after randomization (7.2% in CAS and 6.8% in 
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Table 10.1  Guidelines of CEA

AHA guidelines (2014 
for symptomatic, 2011 
for asymptomatic) SVS guidelines (2011) ESVS/ESC guidelines (2017)

Symptomatic For patients with a 
TIA or ischemic 
stroke within the past 
6 months and 
ipsilateral severe 
(70–99%) carotid 
artery stenosis as 
documented by 
noninvasive imaging, 
CEA is recommended 
if the perioperative 
morbidity and 
mortality risk is 
estimated to be <6%. 
(class I, level of 
evidence A)

In most patients with 
carotid stenosis who are 
candidates for 
intervention, CEA is 
preferred to CAS for 
reduction of all-cause 
stroke and 
periprocedural death 
(grade I, level of 
evidence B).

CEA is recommended in 
symptomatic patients with 
70–99% carotid stenosis, 
provided the procedural 
death/stroke rate is <6% 
(class I, level of evidence A).

For patients with a 
TIA or ischemic 
stroke within the past 
6 months and 
ipsilateral moderate 
(50–69%) carotid 
artery stenosis as 
documented by 
catheter-based 
imaging or 
noninvasive imaging 
with corroboration 
(e.g., magnetic 
resonance angiogram 
or computed 
tomography 
angiogram), CEA is 
recommended 
depending on 
patient-specific factors 
like age, sex, 
comorbidities, if the 
perioperative 
morbidity and 
mortality risk is 
estimated to be <6% 
(class I, level of 
evidence B).

Data from CREST 
suggest that patients 
aged <70 years may be 
better treated by CAS, 
but these data need 
further confirmation.

CEA should be considered in 
symptomatic patients with 
50–69% carotid stenosis, 
provided the procedural 
death/stroke rate is <6% 
(class IIa, level of evidence 
A).
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CEA, P  =  0.51), and the rates did not differ depending on symptomatic status 
(P = 0.84) or sex (P = 0.34). However, an interaction between age and treatment 
efficacy was detected (P = 0.02); CAS tended to show greater efficacy at younger 
than 70 years, and CEA at older. Moreover, periprocedural complication rate dif-
fered between CAS and CEA: the stroke rate was higher in CAS (4.1% and 2.3%, 
P = 0.01), and the myocardial infarction rate was higher in CEA (1.1% and 2.3%, 
P = 0.03). The rate of ipsilateral stroke was low in both groups (2.0% and 2.4%, 
P = 0.85) [17].

Another RCT showing efficacy of CAS is Asymptomatic Carotid Trial (ACT) 
one reported in 2016. The study targeted asymptomatic patients with at least 70% 
stenosis aged 79 years or younger without high risk for CEA, and compared CAS 
with embolic protection and CEA. In this study, CAS was noninferior to CEA for 
the prevention of ipsilateral stroke and death until 5-year follow-up period [18]. 
Today some new RCTs (CREST-2, ECST-2, and ACST-2) are now ongoing. In these 
trials, not only CEA vs CAS but also best medical treatment (BMT) vs interventions 
(CEA/CAS) are being compared. Indication of intervention should be reconsidered 
based on the upcoming trials’ results.

Table 10.1  (continued)

AHA guidelines (2014 
for symptomatic, 2011 
for asymptomatic) SVS guidelines (2011) ESVS/ESC guidelines (2017)

Asymptomatic Selection of 
asymptomatic patients 
for carotid 
revascularization 
should be guided by 
an assessment of 
comorbid conditions, 
life expectancy, and 
other individual 
factors and should 
include a thorough 
discussion of the risks 
and benefits of the 
procedure with an 
understanding of 
patient preferences 
(class I, level of 
evidence C).

Neurologically 
asymptomatic patients 
with equal or more than 
60% diameter stenosis 
should be considered or 
CEA for reduction of 
long-term risk of stroke, 
provided the patient has 
a 3- to 5-year life 
expectancy and 
perioperative stroke/
death rates can be equal 
or less than 3% (grade 
I, level of evidence A).

In “average surgical risk” 
patients with an 
asymptomatic 60–99% 
stenosis, CEA should be 
considered in the presence of 
clinical and/or more imaging 
characteristics that may be 
associated with an increased 
risk of late ipsilateral stroke, 
provided the perioperative 
stroke/death rates are <3% 
and the patient’s life 
expectancy is >5 years (class 
IIa, level of evidence B).

It is reasonable to 
perform CEA in 
asymptomatic patients 
with more than 70% 
stenosis if the risk of 
perioperative stroke, 
MI, and death is low. 
(class IIa, level of 
evidence A)
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10.3  �Theoretical Background of CEA

Most of the carotid plaques are known to be limited to carotid bifurcation. The 
reason of this localization is not clear, but shear stress seems to play an important 
role in the formation of atheromatous plaque. In the carotid bifurcation, blood 
stream changes its direction, which can induce shear stress to the vessel wall 
[27–29]. In addition, Hori et al. reported that the characteristics of artery change 
from elastic to muscular artery at the bifurcation, and this histological change can 
also affect atheromatous formation [30]. They mentioned this change ended up to 
20 mm distal from the bifurcation and plaque formation was also terminated up to 
25  mm distal from bifurcation in most of the cadaver cases even with severe 
atherosclerosis.

Theoretically, in other words, we can remove almost all plaques with CEA when 
we expose distal ICA more than 25 mm from the bifurcation, although there are 
some exceptions.

10.4  �Timing of Surgery

It is not well-known which timing is best for CEA after stroke or TIA. Concerning 
about TIA, risk for stroke onset after TIA increases by time, especially within 
14 days. It has been reported that stroke occurs in 5–8% of patients with 50–99% 
carotid stenosis within 48 h after the index TIA, 4–17% within 72 h, 8–22% within 
7 days, and 11–25% within 14 days [31–38], which indicate early (<14 days) inter-
vention is beneficial to prevent stroke in TIA (or minor stroke) patients [20]. But the 
effectiveness of urgent (<24, or 48 h) CEA is still controversial. The 2017 Clinical 
Guidelines of European Society for Vascular Surgery states that patients with 
50–99% stenosis who present with crescendo TIA should be considered for an 
urgent CEA, preferably within 24 h [39], but a systemic analysis demonstrated that 
CEA within 48 has a beneficial effect for crescendo TIA patients, but its effective-
ness was not different between CEA within 24 h and after 24 h [40]. In addition, for 
the patients who have large infarct volume (≥1/3 of MCA territory) and severe dis-
ability (modified Rankin score ≥3), CEA should be deferred to minimize the risks 
of postoperative parenchymal hemorrhage [41]. Recent report shows urgent (<48 h) 
CEA leads to worse functional outcome if it is applied to the patients with moderate 
to severe strokes (NIHSS >10) [42].

In summary, the patients who have symptomatic 50–99% carotid stenosis should 
undergo CEA.

	1.	 Within 14 days if the symptom is TIA or minor stroke and within 48 h is better 
if possible.

	2.	 After 30 days if the symptom is severe (mRS ≥ 3 or NIHSS>10) or infarct vol-
ume is large (≥1/3 of MCA territory).
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10.5  �Imaging

10.5.1  �Carotid Ultrasonography (CUS)

CUS is less invasive and suitable for screening. It can also evaluate plaque fragility 
by its echo-lucency. Hypoechoic (echo-lucent) plaque seems lipid-rich fragile 
plaque, whereas hyperechoic plaque seems elastic, and/or calcified stable plaque. 
Doppler-CUS gives us the peak systolic velocity (PSV) of the blood stream, which 
helps us to estimate the severity of stenosis. PSV > 125 cm/s means >50% stenosis, 
and PSV > 200–230 cm/s means >70% stenosis [43, 44].

10.5.2  �Magnetic Resonance Imaging (MRI) and Angiography 
(MRA) (Fig. 10.1)

MRI/MRA is also less invasive imaging modality and gives us much more informa-
tion about plaque characteristics with higher reproducibility than CUS.  We can 
grasp the plaque extension, which is helpful to decide the range of distal ICA 

PMR:2.4

a b

Fig. 10.1  Magnetic resonance angiography (MRA) of carotid artery. (a) time-of-flight (TOF) 
image. (b) black-blood (BB) image. In this patient, plaque/muscle ratio (PMR) was 2.4, which 
indicated fragile plaque

10  Carotid Endarterectomy



194

exposure during CEA [45]. With black-blood MRI (BB-MRI), moreover, plaque 
vulnerability can be evaluated. The plaque-to-muscle (sternocleidomastoid muscle) 
signal intensity ratio (plaque/muscle ratio [PMR]) is widely used and PMR > 3 is 
thought to be very fragile, PMR 1–3 be fragile, whereas PMR <1 is stable [46, 47].

10.5.3  �Computed Tomography Angiography (CTA) (Fig. 10.2)

CTA needs contrast medium and X-ray exposure, which means more invasive than 
CUS and MRI, but much less invasive than digital subtraction angiography (DSA) 
because of no necessity of catheter procedure. Using three-dimensional (3D) CTA 
with bone images, surgical simulation becomes possible. We routinely measure 
mandibular angle to bifurcation length (M-B length) and according to this length, 
skin incision is designed in CEA.

10.5.4  �Other Imaging Modalities

Conventional DSA is not always necessary for CEA patients, considering its risk. 
Brain MRI is to be done just prior to surgery to check the presence of fresh infarc-
tion in the ipsilateral brain and MRA is also to be done to check tandem lesion distal 
to the CEA site, and also to estimate the collateral blood flow from contralateral 
ICA or posterior circulation through circle of Willis during cross clamping. In our 
institute, cerebral blood flow (CBF) evaluation with single photon emission CT 
(SPECT) becomes mandatory to estimate the risk of postoperative cerebral hyper-
perfusion syndrome (CHS) if the patient seems to have hemodynamic compromise 
[48, 49]. The patients who have severe hypoperfusion preoperatively tend to suffer 
from CHS.

B-M length
a b c

Fig. 10.2  Computed Tomography Angiography (CTA) of carotid artery. (a) Maximum intensity 
projection (MIP) image. (b) 3D-CTA shows anatomical landmarks around the lesion. (c) 
Mandibular-Bifurcation length (M-B length) is useful to estimate the bifurcation point before CEA
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10.6  �Anatomy of CEA (Fig. 10.3)

It is essential to know the surgical anatomy quite well before we start real surgery. In 
CEA, anatomy itself is not complicated. We do surgery inside the “carotid triangle,” 
which is surrounded by three muscles (sternocleidomastoid, omohyoid, and poste-
rior belly of digastric muscle), and other than arteries and veins, we should know the 
running course of two important nerves: hypoglossal nerve and superior laryngeal 
nerve. Descending branch of hypoglossal nerve (ansa cervicalis) could be cut with-
out any symptoms, but a damage to superior laryngeal nerve can cause hoarseness 
and/or dysphagia. Different from hypoglossal nerve, branches of this nerve are very 
fine and cannot usually be identified during surgery, so comprehending the anatomy 
of this nerve and avoiding the rough dissection around this nerve (especially near the 
external carotid artery) lead to functional preservation.

10.7  �Preoperative Management

10.7.1  �Risk Management of General Anesthesia

Many patients who need CEA have some comorbidities such as other atheromatous 
vessel disease, pulmonary disease, and renal failure. In particular, those who have 
coronary artery disease (CAD) likely to develop myocardial infarction (MI) after 

*

* superior laryngeal nerve1. SCM     2. DGM      3. OHM

a b

1

2

3

Fig. 10.3  Anatomy of CEA. (a) Carotid triangle is a triangle which was surrounded by three 
muscles. SCM sternocleidomastoid muscle, DGM digastric muscle, OHM omohyoid muscle. (b) 
Nerves around carotid arteries. Note the branches of superior laryngeal nerves run very close to 
external carotid and superior laryngeal nerve
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CEA, so that careful checkup of CAD with ECG with physical load test, myocardial 
perfusion scintigraphy, or coronary 3D-CTA is necessary. If CAD coexists, inter-
vention to it should take a priority if there is a time before CEA.

10.7.2  �Antiplatelet Therapy

Cessation of antiplatelet therapy increases the risk of perioperative stroke and MI, 
so single or also dual antiplatelet therapy should continue just before CEA. On the 
other hand, anticoagulation therapy for atrial fibrillation can be stopped before sur-
gery because the combination of antiplatelet and anticoagulation therapy may 
increase the risk of postoperative bleeding [50].

10.8  �Neurophysiological Monitoring and Shunt Usage

Routine shunt or selective shunt usage during cross clamping is still controversial. 
Routine use of shunting system may increase the risk of intimal injury, dissection, 
and thrombosis formation by its insertion and removal [51], and shunt system dis-
turbs the surgical view, which makes exposure of distal plaque end sometimes dif-
ficult. To select the patients who definitely require the shunt, neurophysiological 
monitoring becomes mandatory. Electroencephalography (EEG) [52, 53], 
Transcranial Doppler flowmetry (TCD) [54, 55], Near-infrared spectroscopy (NIRS) 
[56–58], Somatosensory evoked potential (SSEP) [59–61], and Motor evoked 
potential (MEP) [62, 63] have been applied as a single or multiple monitoring [64, 
65] during CEA, and their efficacy has been reported for the selection of shunt-
required patients and also for the prediction of the postoperative functional status. 
However, cut-off value of each monitoring has not been established. In our institute, 
multiple monitoring with EEG, SSEP, and MEP has been used. To our impression, 
EEG change occurs rapidly after cross clamp, but it cannot be quantified and some-
times recovers spontaneously. Therefore, we use EEG change as an alert of hypo-
perfusion, and if it is followed by the SSPE and/or MEP changes (cut-off value 
<50%), internal shunt is applied. Under this multiple monitoring, the incidence of 
shunt usage is approximately 10% without false negative.

10.9  �Standard Surgical Procedure (Figs. 10.4–10.7)

We commonly use general anesthesia. The patients who have high carotid bifurca-
tion needs nasal intubation. To lift up the mandibular angle, neck tends to be 
extended with vertex down position, but it has a risk to worsen the cervical spondy-
losis (CS). Those who have a history of CS or have myelopathic symptoms in the 
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M B

Fig. 10.4  Skin incision. 
According to the B-M 
length in 3D-CTA, carotid 
bifurcation is marked first. 
Skin incision is made 4 cm 
above and 4 cm below this 
point (total 8 cm)

Fig. 10.5  Exposure of 
carotid arteries with 
hitch-up method. Note 
carotid sheath was hitched 
up to the surface, which 
makes retractors 
unnecessary. Carotid artery 
is exposed more than 
2.5 cm distal and 2 cm 
proximal from the 
bifurcation in all cases

a

b

c

Fig. 10.6  Removal of the 
plaque at the distal end. 
(a): Sharp cut is sometimes 
necessary at the border of 
plaque and normal intima. 
(b) Plaque should be 
dissected toward vertical 
direction (dotted arrow). 
(c) After plaque removal. 
Note no intimal flap was 
made, which makes taking 
suture unnecessary
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preoperative neck extension test, we should not keep the patients in the vertex down 
position. Instead, we can get similar surgical working space by lifting up the man-
dibular bone with blunt hooks even in the normal head positioning.

According to B-M length measured by the preoperative CT angiography, first we 
mark the carotid bifurcation on the skin. Skin incision is made 4 cm above and 4 cm 
below the marking of bifurcation (total 8  cm) along with the anterior margin of 
sternocleidomastoid muscle (SCM). After cutting the skin and platysma muscle, 
SCM is exposed. First, dissection is to be done between SCM and omohyoid muscle 
to expose common carotid artery (CCA). Anterior margin of SCM is hitched up 
laterally to expose the carotid sheath, and internal jugular vein is not always to be 
exposed. Carotid sheath is cut and hitched upward together with carotid arteries to 
get shallow surgical field. Common facial vein is cut during this exposure, but care 
should be taken no to cut the hypoglossal nerve which sometimes runs very close to 
this vein. How to identify the hypoglossal nerve is to follow the ansa cervicalis or to 
dissect just below the posterior belly of digastric muscle, which could easily be 
found just below the parotid gland. The patient who has high carotid bifurcation 
requires us some effort to expose the distal end of plaque. We have used tailor-made 
mouth piece to achieve mandibular subluxations [66] but recently it is thought to be 
enough to dissect SCM and parotid gland as much as possible and lift up the man-
dible with blunt hooks with nasal intubation. We commonly expose the carotid 
artery at least 2.5 cm distal to the bifurcation, 2 cm proximal to it according to the 
literature mentioned above [30], but it can be modified by refereeing the plaque 
imaging in MRA [45]. To visualize the distal end of the plaque clearly even in case 
of shunt usage, we think 5  mm more to be exposed from the distal edge of the 
plaque, and more exposure leads to less possibility of acute postoperative occlusion 
of distal ICA.  After systemic heparinization with activated clotting time (ACT) 
>250 s, cross clamp is made. According to the intraoperative monitoring, we selec-
tively use internal shunt. The plaque is removed from CCA to ICA. ECA plaque is 
easily pulled out without additional arteriotomy, but ICA plaque end should not be 
pulled out blindly. With adequate exposure, ICA plaque end must be visually 

Fig. 10.7  Primary closure 
with 6-0 Nylon. Small 
suture bite-to-stich interval 
in the ICA is important to 
prevent postoperative 
restenosis
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confirmed and removed totally with gentle dissection. Most of the plaques can be 
dissected from normal intima at their ends by splitting the margin with micro-scis-
sors and move the plaques laterally. Tacking suture is done with 6-0 nylon only 
when the intimal flap formation is recognized at the distal end of dissection (rare). 
Vessel wall is closed with 5-0 Nylon running suture from both sides and overlapped 
5 mm at the midpoint of suture line. Prior to total declamping, ECA and CCA clips 
are released temporally to prevent air embolism to ICA and secure the hemostasis. 
Additional stitches are requested when the arterial bleeding occurs from suture line, 
but small oozing can be stopped with gentle compression and heparinization rever-
sal (after total declamping), or hemostatic agent (Floseal®). After checking the 
patency of ICA with Doppler sonography or flowmetry, wound is closed with 
layer-by-layer.

10.10  �Controversial Issue

10.10.1  �Eversion or Standard CEA?

Eversion CEA is first described by DeBakey et al. in 1959 [67]. This technique is 
known to be superior to standard CEA in terms of short surgical time and less fre-
quent restenosis [68]. Instead, shunt insertion is more challenging and access to 
high lesion is difficult. Moreover, eversion CEA requires full dissection around 
carotid bulb and distal ICA that may lead to cranial nerve palsies. We prefer stan-
dard CEA because Asian people usually have high carotid bifurcation and shunt 
insertion is requested for approximately 10% of patients in our series with multiple 
neurophysiological monitoring.

10.10.2  �Primary Closure or Patch Angioplasty?

Primary closure is a simple method and can reduce the clamp time but may increase 
the incidence of acute occlusion or restenosis. Patch angioplasty is thought to reduce 
these complications even though longer operation time and rare complication of 
vein graft rupture and patch infection were reported [69–71]. Patch material is made 
from an autologous vein, bovine pericardium, or synthetic material including 
polytetrafluoroethylene (PTFE), dacron, polyurethane, and polyester. The differ-
ence of patch material does not affect the outcome so much [72]. In our institute, 
patch angioplasty is not mandatory because we have rarely encountered restenosis 
after CEA (1%) with primary closure. We have used as small suture bite-to-stich 
interval as possible and tried not to involve the adventitia in the suture, which may 
lead to prevent acute occlusion or restenosis (Fig. 10.7). On the other hand, those 
who have originally small diameter in ICA (especially women) or CEAs after 
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restenosis are treated with patch angioplasty (Hemashield patch graft), so this tech-
nique should be ready to use whenever necessary.

10.10.3  �Restenosis After CEA

It has been reported that restenosis occurs in 5–22% after CEA [73–75]. Restenosis 
is defined as more than 50% of stenosis after more than 30 days postoperatively 
[76]. Pathophysiology of early restenosis (within 2 years after CEA) is thought not 
to be atherosclerosis, but to be inflammation and neo-intimal hyperplasia, so it is not 
likely to cause artery to artery embolism even though the stenosis becomes severe. 
But late restenosis (>2 years after CEA) is deemed similar to primary atheroscle-
rotic lesion that can become an embolic source [77]. There is no clear guideline to 
treat post-CEA restenosis, but controlling the risk factors is most essential. Vascular 
risk factors (hyperlipidemia, hypertension, smoking, and metabolic syndrome), and 
female gender have been described as risk factors [75], so best medical treatment 
(BMT) should continue and careful follow-up is necessary to the patients who have 
those factors. If the restenosis becomes severe (>70%) and symptomatic, reinter-
vention should be taken into consideration [39]. Re-do CEA and CAS seems to be 
the same effect for the prevention of ipsilateral stroke [78, 79], but its choice must 
depend upon pathophysiology of stenosis mentioned above. If the restenosis occurs 
in early phase (<2 years) and intimal hyperplasia is suspected with plaque imaging, 
CAS has a priority because plaque rupture is hard to occur during stenting proce-
dure. On the other hand, CEA with patch angioplasty may be better to the lesion 
which has been caused more than 3 years after initial CEA and has a sign of athero-
matous plaque in the echo or MRI imaging.

10.11  �Postoperative Management

The patients are recovered from anesthesia soon after surgery, but those who have 
been treated with dual antiplatelet therapy (DAPT) are kept anesthetized overnight 
to prevent postoperative bleeding. Patients are strictly monitored in the intensive 
care unit (ICU) or rooms comparable to ICU. Postoperative airway obstruction due 
to a carotid rupture or wound hematoma can occur mainly within 24 h postopera-
tively, which sometimes becomes fatal. If it occurs, emergency wound reopening 
and decompression should be performed. Blood pressure is kept under 80–100% of 
preoperative value until the SPECT denies postoperative hyperperfusion. If the 
hyperperfusion is recognized in SPECT, strict control of blood pressure should be 
continued for at least 4–7 days even if it is asymptomatic, because it can cause mas-
sive and sometimes fatal intracranial hemorrhage. Single antiplatelet therapy 
(SAPT) is restarted soon after surgery and continues thereafter [80–82].
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10.12  �Complication and its Management

10.12.1  �Myocardial Infarction

This is most common systemic complication in CEA. As mentioned before, preop-
erative screening is essential to avoid this complication, but if preoperative coronary 
evaluation was insufficient, electrocardiogram (ECG) monitoring should be contin-
ued for a few days postoperatively. It is important to recognize that carotid artery 
stenosis is a part of systemic vascular disease, and vascular surgeons must keep in 
touch with cardiologists.

10.12.2  �Nerve Palsies

Hypoglossal nerve and superior laryngeal nerve palsy can be occurred in CEA. The 
latter one, especially, can cause hoarseness and dysphagia and affect the quality of 
life. Most of the symptoms will recover within 3 months, but not completely in 
some patients. To avoid superior laryngeal nerve palsy, care should be taken not to 
dissect the tissue around ECA and superior thyroid artery too much, because this 
nerve usually runs just behind these arteries.

10.12.3  �Cerebral Hyperperfusion Syndrome (CHS)

CHS has been reported in 0.2–18.9% of cases following CEA, but recent report 
showed less incidence (1.9%) [83]. It is well-known that the patients whose cerebral 
blood flow was severely decreased before surgery have dysregulation of cerebral 
vascular system and have a tendency of CHS [49]. The major symptoms of CHS 
include headache, restless, and seizure that appear in parallel with blood pressure 
elevation [48]. It is also reported that intracerebral hemorrhage (ICH) can be caused 
by CHS, and this ICH sometimes becomes fatal even though the incidence is quite 
low (0.37%) [83]. This complication is preventable, so screening the patient who is 
prone to CHS and postoperative BP control (<100% of preoperative value) with 
CBF evaluation (SPECT) are essential.

10.13  �CEA for High Risk Patients (Advanced)

High risk for CEA is defined in Table 10.2. Comorbidities listed in this table are the 
risks for general anesthesia and if they are poorly controlled, CEA with general 
anesthesia becomes contraindication. As for risks for anatomical factors, most of 
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them can be overcome and not contraindication. For example, it has been reported 
that CEA for carotid stenosis with previous radiation therapy has longer stroke 
prevention with less restenosis than CAS, whereas cranial nerve palsy was more 
common [84–86]. CEA for contralateral carotid occlusion (CCO) seems not to be 
contraindication, because some reports demonstrated that perioperative stroke risk 
was not different between CCO and non-CCO patients, under routine or selective 
shunt [87, 88]. In our institute, among anatomical factors listed in Table 10.2, only 
contralateral laryngeal nerve palsy is thought to be contraindication of CEA.  In 
case of previous neck surgery or tracheostomy, we usually use microscope to do 
meticulous dissection around carotid artery when adventitia and surrounding tis-
sues are tightly adhered, although all of these patients have not been treated only 
with CEA.

10.14  �Summary

CEA is a surgery for stroke prevention, whose efficacy is supported by many RCTs 
and whose recommendation level is quite high. Even though the devices and tech-
niques of CAS progress, CEA seems to be golden standard for the intervention for 
carotid stenosis by its curability. To warrant its superiority, low complication rate 
is required, so CEA surgeons should continue to brush up their knowledge and 
skills. On the other hand, CEA, CAS and medical therapy are no longer competi-
tive, but complementary treatment, so vascular surgeons should also catch up the 
current status of other two options and become able to change their surgical indica-
tion flexibly to give an optimal treatment to the patients.

Conflict of Interest  Authors do not have any conflict of interest in this manuscript.

Table 10.2  High risk for CEA

Anatomical factors Comorbidities

Previous neck surgery or tracheostomy Severe CHF
Restenosis after CEA Severe CAD
Previous radiation therapy Severe pulmonary disease
Contralateral carotid occlusion CKD
Contralateral laryngeal nerve palsya

High carotid bifurcation (above C2 vertebra)

CHF chronic heart failure, CAD coronary artery disease, CKD chronic renal failure
aTrue contraindication for CEA among anatomical factors (personal opinion)
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Chapter 11
Carotid Angioplasty and Stenting 
for Occlusive Diseases

Shigeru Miyachi

11.1  �Introduction

Carotid artery stenting (CAS) is a valuable treatment option instead of carotid end-
arterectomy (CEA) for high-risk patients with carotid stenosis [1, 2]. However, the 
use of CAS has diminished due to the inferiority of CAS compared with CEA in 
recent randomized controlled trials (EVA-3S [3], SPACE [4], ICSS [5]). The results 
of these trials have actually restricted the application of CAS in Western countries 
[6]. However, CAS has been recently reevaluated and thought better due to the 
higher safety and efficacy thanks to the development of devices, strategies, and vari-
ous protection methods. Properly protected CAS based on risk management and the 
careful evaluation of plaque images has dramatically improved the clinical results. 
In this chapter, the indication, strategy, technique, complication, and pitfall of CAS 
are described.

11.2  �Medical Treatments

The first-line treatment of carotid artery stenosis is medication. Antiplatelet agents 
are indispensable to prevent stroke with the effect avoiding thrombogenesis at the 
stenotic lesion. Statins are also effective in the prevention of the increase of plaque 
due to atherosclerosis. These are prescribed together with advice about life-style 
risks such as smoking and medical management of co-existing diabetes and hyper-
tension [1, 7]. The patients with carotid artery stenosis tend to have coronary and 
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peripheral artery stenotic diseases together as general atherosclerotic disorders. 
Managements of anti-thrombogenesis and anti-atherosclerosis are also important to 
reduce the risk of ischemic events of these lesions.

11.3  �Indication of CAS

Revascularization of extracranial carotid artery stenosis is mainly applied for the 
patients with ischemic events in spite of maximum medical treatments. The meth-
ods for reconstruction of carotid artery are carotid endarterectomy (CEA) and 
CAS. Acceptable indication of CAS is defined according to the AHA Guide line [1] 
as follows.

	1.	 Symptomatic stenosis (>50%) that is surgically difficult to access.
	2.	 Symptomatic severe stenosis in patients with a significant medical disease* that 

would make the patient at high risk for surgery.
	3.	 Severe stenosis associated with contralateral carotid artery occlusion requiring 

treatment before undergoing cardiac surgery.
	4.	 Severe underlying carotid artery stenosis revealed after recanalization of carotid 

occlusion after recanalization for acute stroke.
	5.	 Extracranial pseudoaneurysm, dissecting aneurysm.
	6.	 Asymptomatic severe stenosis (>80%) or preocclusive stenosis (>90%).

*: significant comorbid conditions
	 (a)	 Congestive heart failure (CHF), class III/IV
	 (b)	 Left ventricular ejection fraction (CVEF) <30%
	 (c)	 Unstable angina
	 (d)	 Contralateral carotid occlusion
	 (e)	 Recent myocardial infarction (MI)
	 (f)	 Previous CEA with recurrent stenosis
	 (g)	 Prior radiation treatment to the neck
	 (h)	 Other high-risk conditions for CEA

Contraindication of CAS is as follows.

	1.	 Carotid stenosis with angiographically visible intraluminal thrombus.
	2.	 Carotid stenosis that cannot be safely reached or crossed by an endovascular 

approach.
	3.	 Contraindication (allergy) of Iodine contrast.
	4.	 Severe chronic renal failure.
	5.	 Carotid stenosis with totally surrounding calcification.
	6.	 Severe aortic valve stenosis.

However, recent technical development of CAS has resolved these difficulties in 
some particular cases. Particularly the complete protection method with proximal 
and distal balloon protection enables to perform CAS without thrombus migration. 
As for the approaches, trans-brachial, trans-radial, and direct carotid approach will 
be useful for the cases difficult to access transfemorally.
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For the patients with inconvenience of contrast materials, no or less contrast CAS 
should be adopted. Iodixanol (Visipaque®) (isosmotic contrast) is useful to avoid the 
worsening of renal function, and no contrast CAS under transcutaneous ultrasound 
navigation is possible for those with contraindication of iodine [8]. However, the 
shell-type full calcification is hardly dilated and occasionally causes stent trap and 
fracture. The patients with severe aortic valve stenosis usually develop high grade 
cardiac dysfunction and they have a high risk of acute fatal cardiac failure after CAS 
due to extremely poor output induced by hypotension and bradycardia based on the 
carotid-body (vagal) reflex. Therefore, the cases with shell-type calcification or 
severe aortic valve stenosis are of absolute contraindication of CAS.

11.4  �Preoperative Evaluation

The success of CAS depends on the best strategy, adequate device selection, and 
proper maneuver based on the preoperative risk management. We should evaluate 
the general condition and plaque properties to avoid the perioperative complica-
tions. As mentioned above, the patients with carotid stenosis have coexisting athero-
sclerotic lesions in whole body. Cardiac evaluation like electrocardiogram and 
cardiac ultrasound is required to rule out coronary and valve diseases. Examination 
to detect the atherosclerotic circulation disorder of lower limbs such as Ancle-
Brachial Index (ABI) or Pulse Wave Velocity (PWV) is also useful to check the 
peripheral arteriosclerosis obliterans (ASO). Plaque imaging is essential to detect 
the fragile, high-risk plaque (Fig.  11.1). The most reliable plaque image is 
T1-weighted image and time-of-flight (TOF) image on black blood MR imaging. 
Conventional ultrasound and IVUS (Intravascular ultrasound) are also helpful. 
Particularly virtual histology (VH) of IVUS brings valuable information of the con-
tents of plaque. The characters of plaque are demonstrated in four patterns in 
VH. Fibrous plaque is shown in green color, lipid plaque in yellow, calcification in 
white, necrotic core in red, respectively. Massive lipid plaque has high risk of plaque 
protrusion and liquid oil embolization, and large rate of necrotic tissue may cause 
plaque rupture and debris migration [8].

For particular cases with hemodynamic compromise, all the investigators evalu-
ated the intracranial hemodynamic status of the patients using SPECT to predict 
post-procedural hyperperfusion syndrome.

11.5  �Treatment Method and Maneuver

	1.	 Preoperative management
Patients for CAS are usually medicated with dual antiplatelet therapy 

(Clopidogrel and Aspirin) for 14 days prior to stenting. Anti-hypertensive medi-
cations should be held on the morning of procedure to prevent the excessive 
hypotensive reaction due to the carotid body reflex.
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	2.	 Standard procedure of CAS (Figs. 11.2 and 11.3)
Patients are sedated and groin puncture is performed under the local anesthe-

sia. Usually, 8 or 9 Fr sheath is placed in the femoral artery, and an iliac artery 
angiogram from the sheath is performed to confirm no branch injury and no dis-
section in the access route. After the sheath insertion, general heparinization is 
started with bolus intravenous injection of approximately 100 units/kg of hepa-
rin (more than 200 s. on ACT monitoring). Then a guide catheter is advanced in 
the common carotid artery in the affected side. When proximal protection 
method is applied, 9  Fr Balloon guide catheter is necessary. After taking the 
angiogram to check the lesion and intracranial vessels, the size of the diameter 
of concerned vessels is measured. A distal embolic protection device (EPD) is 
prepared and the tip of the lead wire is appropriately reshaped to facilitate the 
lesion cross. It is inserted to the guide catheter and is passed through the lesion. 
After the EPD is deployed sufficiently distal to the lesion, an angiography is 
taken to check its position. If necessary, IVUS is inserted and the color Doppler 
and virtual histology images are obtained. The exact vessel and lesion diameter 
is also measured in the IVUS image. In case of distal balloon protection, whether 
the carotid flow is completely ceased with balloon inflation should be confirmed. 
Under effective protection, predilatation balloon catheter, usually sized in 3 mm 
balloon diameter and 40-mm length, is advanced along the wire of EPD system, 
and was slowly inflated at the lesion for 10–20 s. Just before the inflation of bal-
loon 0.5 mg of atropine sulfate is injected to avoid the bradycardia. After the 

IVUS (chroma mode) IVUS (virtual 
histology)

OCT

Ultrasound MRI (T1-WI) MRA 
(TOF image)

a

d e f

b c

Fig. 11.1  Various methods for plaque imaging. Ultrasound (a), MRI (b), MRA (c), intravascular 
ultrasound (IVUS) (d, e), OCT (f)
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Postdilatation Retrieval of the 
filter device

Filter device is crossed 
the lesion and deployed

a

Predilatation

b

Deploying a stent

c

d e

Fig. 11.2  Standard CAS under the filter protection. Filter embolic protection device is crossed the 
lesion and is released at the distal internal carotid artery (ICA) (a). After the predilatation with 
balloon catheter (b) stent is deployed (c). After postdilatation (d) and checking the carotid angio-
gram, the filter device is retrieved by pulling it within the outer sheath (e) (Quoted from Ref. [8])
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balloon catheter was deflated and retrieved, a self-expandable stent is deployed 
at the proper position. The size of stent is based on the diameter of normal com-
mon carotid artery; 1  mm plus of CCA diameter is commonly selected. The 
length of the stent should sufficiently cover the stenotic lesion; usually more 
than 10 mm longer than lesion length is selected. After the removal of delivery 
wire a balloon catheter for postdilatation is inserted. The size of this balloon is 
mostly 80% of the maximum diameter of ICA just distal to the lesion. In case of 
distal balloon protection aspiration catheter is placed just proximal to the balloon 
end after removing the postdilatation balloon catheter, and blood is aspirated 
with 20–30  ml syringe, and filtered. Aspiration is repeated till no debris are 
found in the mesh filter (usually 60–80 mL of blood is aspirated). Finally, distal 
balloon is deflated, and post-angiogram of both cervical and intracranial images 
is taken. In case of the filter protection aspiration maneuver is not necessary 
except for the cases with no flow phenomenon with clogged mesh due to the 

a

e f g

b c d

Fig. 11.3  A case of CAS for calcified hard plaque under distal filter protection method. The 
enhanced CT showed a partially calcified plaque (a), and carotid angiogram demonstrated the 
severe stenosis at the origin of left ICA (b). Intracranial circulation was very impaired (c) and 
SPECT showed the hypoperfusion of the ipsilateral hemisphere (d). After stenting the stenosis was 
well improved (e), and hemodynamic condition was found to improve remarkably on postopera-
tive angiogram (f) and SPECT (g)
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massive debris (Fig. 11.4). After confirming the well dilatation of the lesion, no 
plaque protrusion, no thrombus formation, and no intracranial branch occlusion, 
all the devices are retrieved. When dilating the lesion, if major hypotension and 
bradycardia is encountered, catecholamine is administered.

	3.	 Protection methods
There is general consensus that protection should prevent ischemic complica-

tions in CAS, and insufficient or inadequate protection may result in major 
adverse events. There are two types of protection devices (filter and balloon) and 
two protection strategies (distal and proximal). Usual protection methods are 
listed as follows [9].

	 (a)	 Distal balloon [PercuSerge(Guardwire plus)]
	 (b)	 Distal filter [Filterwire, Spider]
	 (c)	 Double balloon (ICA + ECA balloons)
	 (d)	 Proximal (balloon) + ECA balloon [Parodi, Mo.Ma Ultra]*
	 (e)	 Proximal + distal balloon (Seatbelt & Airbag: S & A)
	 (f)	 Proximal + distal filter
	 (g)	 Triple balloon (proximal + double (ICA + ECA) balloon)

Each device has own merits and demerits (Table 11.1). Distal balloon protec-
tion requires temporary occlusion of carotid flow, but it is effective for debris 
collection without leakage through the occlusion site [11]. Filter protection sys-
tems are widely available and easily maneuverable, and can preserve carotid 
flow during the procedure. However, filter systems have limitations based on 

a c d e f g

h
b

Fig. 11.4  A case of no flow phenomenon in CAS for lipid-rich fragile plaque. Preoperative plaque 
evaluation showed a high-risk plaque expressed as the high intensity lesion on MRI-T1 image (a) 
and lipid-rich plaque on IVUS (b). Left carotid angiogram showed nearly total occlusion at the 
origin of ICA (c). Balloon dilatation and stenting was performed under the filter protection with 
Angioguard (Cordis) (d). The angiogram taken after postdilatation showed no flow of ICA due to 
the filter clogging (e). After aspiration of large amounts of debris in the filter as much as possible, 
filter was retrieved. Final angiogram showed the lesion was found to be well dilated (f). Massive 
debris with the fragments of plaque was observed in the retrieved filter (g), but post-MRI showed 
multiple ipsilateral symptomatic ischemic lesions due to the showering of overflowed debris (h)
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their structure. In cases that develop the no flow and/or overflow phenomenon 
during the procedure according to a previous study [12]. The no flow phenome-
non is caused by filter clogging due to excessive amounts of debris shed from the 
plaque [13]. No flow may result in the passage of debris through the filter mesh 
because the increased forward pressure may extrude the accumulated debris and 
cause leak or overflow from gaps in the filter sleeve, resulting in cerebral show-
ering embolism [2, 14].

*Proximal Balloon Technique
The proximal protection method was invented by Parodi et al., but a modification of 

Parodi’s method has been generally used [10]. A 9 Fr balloon catheter is initially 
placed in the common carotid artery to block forward flow and a Guardwire® 
(PercuSerge) balloon (Medtronic AVE, Santa Rosa, CA) is placed in the most 
proximal side of the external carotid artery (ECA) for the protection of retro-
grade flow from the ECA to ICA. This system can be substituted by Mo.Ma Ultra 
system (Fig. 11.5). Then, a 4 Fr short sheath is inserted into the femoral vein and 
is connected to the hemostatic valve of the balloon catheter via a connection tube 
inserted into the filter tube for transfusion. Thus, a continuous arteriovenous 
shunt system is created to aspirate debris ejected during lesion crossing and 
angioplasty. Using this proximal and ECA protection method with retrograde 
aspiration, the lesion is crossed with a distal protection device and placed in the 
proper position of the distal ICA. After the distal protection device is deployed, 
stenting of the carotid lesion is performed. Proximal protection and aspiration 
are continued until the end of the procedure. This double protection method 
using proximal protection (seatbelt) and a distal protection device (airbag) was 

Table 11.1  Comparison among protection methods

Distal 
filter

Distal balloon 
(Guardwire)

Seatbelt and 
airbag Parodi, Mo.Ma.

Guide catheter 8 Fr Guide 8 Fr Guide 9 Fr Balloon 
guide

9 Fr Balloon guide, 
Mo.Ma.

Leion cross Easy 
(MGW)

Difficulta Difficulta Easy (MGW)

Maneuverability Easy Easy Easy Difficultb

Complexity Low Low High Very high
Carotid flow during 
protection

Intact Arrest Arrest Reversed#, arrest

Intolerance None Possible Possible Possible
Position check# Possible Impossible Impossible Possible
Protection ability 
(reliability)

Middle High Very high Very high

Abbreviation: MGW crossing with microguide wire
aIn case of severe tortuous stenosis
bPositioning
#: On using Parodi method
#: Angiography during protection worked
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called the modified “Seatbelt and Airbag method” (Figs. 11.6, 11.7, and 11.10). 
This type of proximal protection is used to cross the lesion in high-risk cases, 
where there is nearly total occlusion or there is a floating thrombus. Multiple 
protection methods that combine two balloons or a filter and balloon are used to 
improve the degree of protection.

The most reliable method to achieve complete protection is considered to be a mul-
tiple protection system. The most popular and stable multiple protection system 
involves proximal protection with a balloon in the common and external carotid 
arteries, and intentional reversed flow to the venous system [15]. However, for 
cases requiring the highest risk management triple protection method with three 
balloons should be considered (Figs. 11.8 and 11.9).

	4.	 Measures to complement the protection
CAS for lesions with plaque that have a thin fibrous cap and rich necrotic core 

(vulnerable plaque) are associated with an elevated risk of ischemic complica-
tions even under filter protection; however, the complication rate was signifi-
cantly reduced by the use of balloon protection. There are measures that can be 
taken to reduce the amount of debris shed from high-risk plaques. Excessive 
dilatation of the balloon is considered to release a large amount of debris due to 

a bFig. 11.5  A schema of 
Parodi method. Balloon 
catheter is placed in the 
external carotid artery 
(ECA) through the balloon 
guide catheter and 
continuous arteriovenous 
shunt system is created to 
aspirate debris ejected 
during lesion crossing and 
angioplasty (a). This 
system is substituted for 
Mo.Ma Ultra system 
(Metronic) (b) (Quoted 
from Ref. [8])
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Distal protection
a b c

balloon

Proximal protection 
balloon

(Airbag)

(seatbelt)

d e f g

Fig. 11.6  CAS under the proximal and distal protection (Seatbelt & Airbag method). A distal bal-
loon protection device (Guradwire (Percu Serge®) system) is placed and distal to the lesion under 
the proximal flow control with balloon guide catheter (a). Both balloons are inflated and predilata-
tion (b), stenting (c), and postdilatation (d) is performed. Aspiration catheter is inserted, and float-
ing debris in the lumen is aspirated together with blood (e). The blood containing the debris is 
filtered (f), and when no debris is detected, balloons are deflated and all the systems are withdrawn 
(g) (Quoted from Ref. [8])

the destruction of the intima and fibrous cap. Therefore, dilatation of the balloon 
to less than 80% of the expected diameter is recommended in the expert consen-
sus statement [1]. However, it is possible that such modest dilatation with rem-
nant stenosis may increase the rate of restenosis or the recurrence of symptoms.
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	5.	 Selection of stent
Stents used for carotid angioplasty are roughly divided to two types by strut 

structure, closed cell and open cell types. Carotid wall stent (Boston Scientifics) 
is a representative closed stent, and Precise (Cordis) and Protégé (Medtronic) 
are open cell stents. The selection criteria are mainly based on the plaque char-
acteristics and the angioarchitecture of the lesion. Table 11.2 shows the differ-
ence between both type stents. The newly developed stent, double-layer 
micromesh stent (Fig. 11.10), is useful for the lesion with the high risk of plaque 
protrusion.

	6.	 Perioperative management
The postoperative management of circulation is important. In some particular 

cases, severe bradycardia and hypotension due to carotid body reflex are encoun-
tered after the stenting or postdilatation. If such reaction is critical and persistent, 
rapid administration of catecholamine and temporary pacing are required. Newly 
developed neurological symptoms, particularly hemiparesis, aphasia and verbal 
dysfunction should be frequently checked at least postoperative 24 h. Convulsion 
and hyperactive, abnormally exciting state should be paid much attention 
because such symptoms often suggest hyperperfusion syndrome. If there is a 
high risk of hemorrhage due to hyperperfusion, rapid sedation and hypotensive 
management is mandatory.

Heparinization will be naturally neutralized or small amount of general hepa-
rinization is continued for 24 h (15,000–20,000 units per day). The dual anti-
platelet agents should be taken at least 6 months postoperatively if the patient 
does not suffer from the hemorrhagic tendency.

a b c d e

Fig. 11.7  A case of CAS for high-risk plaque under Seatbelt and Airbag protection method. 
Preoperative MRI showed a stenosis at the origin of right ICA, and plaque imaging showed marked 
high intensity lesion (a). Carotid angiogram showed severe stenosis (b). Under the Seatbelt and 
Airbag protection with distal and proximal balloons (arrows), stenting was performed (c). Post-
angiogram showed successful dilatation of the lesion (d). Postoperative MRI showed no ischemic 
lesions (e)
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Fig. 11.8  A schema of 
triple protection. Two 
balloon catheters are 
placed both ECA and ICA 
under the flow control of 
balloon guide catheter. The 
complete stuck of carotid 
flow is obtained with this 
system. Quoted from 
Ref. 8

a b c d e

Fig. 11.9  A case of CAS for the lesion with thrombus under triple protection method. Right 
carotid angiogram showed sever stenosis with floating thrombus (a: asterisk) and impaired intra-
cranial circulation (b). Under the tripe protection (c: arrows) stenting was successfully performed 
(d) with the marked improvement of intracranial flow (e). New ischemic lesions were not found in 
post-operative MRI
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Table 11.2  Comparison between closed and open cell stents

Closed cell stent Open cell stent

Stent profile Strut design Closed mesh Open (partial 
connection)

Size variation Less More
Radial force Middle Large
Lumen holding Very well Wella

Foreshortening Yes No
Positioning Arrangement 

required
Easy

Prediction of total length Difficult Easy
Resheath Possible Impossible
Pass of devices Easy Occsionally difficultb

Recommended 
lesion

Fragile plaque ◯ △
Thin fibrous cap ◯ △
Jerry-fish thrombus ◯ △
Ulceration ◯ △
Calcification (local) △ ◯
Tortuous vessel △ ◯
Dissection ◯ △

Angiographic result Shape of cross section Round Ovale, irregularc

Conformability to vessel 
wall

Occsionally poord Well

Prevention of plaque 
protrusion

Welle Poor

Tapering Possible None
Coning Possiblef None
Fructure of strut None Possibleg

Position stability Occasionally 
unstableh

Stable

Intimal hyperplasia 
(restenosis)

More Less

aOccasionally collapse
bDue to the stent fructure
cWith deformity (internal folding)
dIn curved lesion, calcified plaque, big caliver difference
eParticularly with stent with micromesh
fIn tandem lesion, malpositioning
gStuck into soft plaque
hShortening, migration to CCA
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11.6  �The Importance of Tailored CAS

It is very important to evaluate the true characteristics of plaque and to discriminate 
high-risk plaques. Symptomatic patients tend to have high-risk plaque such as float-
ing thrombus, nearly total occlusion, very soft and vulnerable plaque or a thin 
fibrous cap based on plaque imaging. Such patients should be intentionally treated 
using strict debris control, and perioperative management should be based on risk 
assessment. In this situation, a combined protection method using proximal protec-
tion and aspiration is useful [8, 9]. Protection methods should be selected from 
many options and that combined methods should be based on the plaque contents 
and lesion morphology in each case [16]. In addition, the access route should be 
changed from transfemoral to transbrachial depending on the condition of the aortic 
arch and the severity of atherosclerosis. From a hemodynamic point of view, a strat-
egy of staged CAS [17] and postoperative management to avoid post-procedural 
hyperperfusion should be tailored by the preoperative cerebral perfusion data 
including symptoms and hemodynamic imaging. Thus, tailored CAS based on indi-
vidual preoperative risk management is important to perform CAS safely and 
effectively.
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Chapter 12
Complex Intracranial Aneurysms

Shuntaro Togashi and Hiroaki Shimizu

12.1  �Introduction

Several characteristics of complex intracranial aneurysms have been reported: (1) 
large or giant; (2) broad neck; (3) intra–aneurysmal thrombus; (4) calcified or ath-
erosclerotic neck; (5) branches or perforators originating from the aneurysmal dome 
or neck; (6) recurrence after previous clipping or coil embolization; (7) absence of 
collateral circulation; and (8) non-saccular morphology, such as in the case of, for 
example, fusiform/serpentine, mycotic, or dissecting/blood-blister-like aneurysms 
[1]. In most cases, these aneurysms are unsuitable for standard microsurgical clip-
ping or endovascular coil embolization.

Although recent advances in endovascular procedures, including stent-assisted 
coil embolization and flow diverter stenting, may yield favorable outcomes in some 
cases [2, 3], there remain many challenging cases in which microsurgical manage-
ment may represent the optimal form of treatment. Most of these complex aneu-
rysms require parent artery occlusion (PAO) [4], flow alteration [5], and blind-alley 
formation [6] with cerebral revascularization to prevent ischemic complications and 
maintain the cerebral blood flow in the distal territory. Herein, we describe micro-
surgical aneurysmal clipping and PAO/flow alteration/blind-alley formation proce-
dures using various bypass techniques to treat complex intracranial aneurysms.
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12.2  �Standards

12.2.1  �Giant/Large Middle Cerebral Artery 
Bifurcation Aneurysms

Giant/large middle cerebral artery (MCA) bifurcation aneurysms are often difficult 
to treat with simple clipping due to the cortical branches or lenticulostriate arteries 
(LSA) arising from the aneurysm neck or dome. Such aneurysms may also have a 
sclerotic aneurysmal wall that precludes clipping.

When clipping is not indicated, a superficial temporal artery (STA)-MCA bypass 
to the distal MCA branches followed by PAO is usually the next best choice. Complex 
MCA bifurcation aneurysms may be treated by clipping the neck together with one 
of the M2 branches arising from the aneurysm dome following protection with a 
bypass. This strategy of preserving the outflow of M1 to one of the M2 branches can 
effectively prevent infarction in the LSA territory. On the other hand, PAO at the most 
distal part of M1, occluding its anterograde flow, may cause infarction in the LSA 
territory due to abrupt blood flow reduction of M1 [7]. It is important to plan a bypass 
and PAO strategy such as to maintain adequate blood flow in the LSAs.

Case presentation (Fig. 12.1): A 59-year-old man suffered a World Federation of 
Neurosurgical Societies (WFNS) Grade IV subarachnoid hemorrhage (SAH). Initial 
computed tomography (CT) revealed right-dominant SAH.  Preoperative digital 
subtraction angiography (DSA) demonstrated a giant MCA aneurysm (45 mm in 
diameter). The distal branches and perforators were unclear on angiography. 
Because the brain damage was minimal on diffusion-weighted imaging (DWI), sur-
gery to exclude the aneurysm was performed on the same day. Intraoperatively, the 
M2 inferior trunk originated from the aneurysm dome, and neck clipping was con-
sidered difficult. Following the STA-MCA double bypass to both the M2 areas, the 
aneurysm was investigated under temporary occlusion of the most distal part of M1 
(26 min) to finally perform clipping on the neck of the aneurysm with occlusion of 
the M2 inferior trunk while maintaining anterograde blood flow to the M2 superior 
trunk. Postoperative DWI revealed an acute infarction in the right LSA territory, 
probably due to a prolonged temporary occlusion of the distal M1 which caused 
blood flow reduction of M1 to make the LSA territories ischemia. The patient’s 
condition improved postoperatively, and he was transferred to a rehabilitation hos-
pital with a modified Rankin scale (mRS) score of 3.

12.2.2  �Unruptured Symptomatic Intracavernous Giant/Large 
Internal Carotid Artery Aneurysms

Giant/large internal carotid artery (ICA) aneurysms of the intracavernous portion 
may cause visual dysfunction and cranial nerve (III, IV, and VI) palsy [8]. Whether 
cranial nerve palsy improves after treatment depends on the duration of symptoms 
[9], and the best early surgical indication is recommended.
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Following microsurgical clipping, the symptoms caused by the aneurysms may 
be alleviated by a decrease in the mass effect and loss of pulsation due to aneurys-
mal size reduction. Such effects are difficult to achieve with coil embolization [10]. 
Although flow diversion is a superior treatment that can improve cranial nerve palsy, 
it has been reported to be associated with 5.3% morbidity and 10.7% mortality [11]. 
Therefore, PAO, which can immediately and reliably obliterate the blood flow on 
the proximal side of the aneurysm, remains an effective surgical option.

Case presentation (Fig. 12.2 [12]): A 56-year-old man presented with left abdu-
cens nerve palsy. Magnetic resonance angiography (MRA) revealed bilateral ICA 
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Fig. 12.1  (a) Preoperative computed tomography image representing a right-dominant subarach-
noid hemorrhage. A giant right middle cerebral artery (MCA) aneurysm was suspected in the right 
temporal lobe (arrow). (b) Digital subtraction angiography (DSA) showing a giant MCA aneu-
rysm (45 mm in diameter). The M2 superior trunk originated from the aneurysm neck (arrow), but 
the M2 inferior trunk was unclear. (c–e) Intraoperative photographs and the schema showing that 
the M2 inferior trunk originated from the aneurysm dome (c); neck clipping was performed with 
occlusion of the M2 inferior trunk while maintaining anterograde blood flow to the M2 superior 
trunk following superior temporal artery-MCA double bypasses (d, e). (f) Postoperative diffusion-
weighted image showing the right lenticulostriate artery territory infarction, probably due to pro-
longed temporary occlusion of the M1. (g) Postoperative magnetic resonance angiography showing 
a patent bypass and disappearance of the aneurysm
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aneurysms and a right vertebral artery (VA) fusiform aneurysm. The left symptom-
atic giant ICA aneurysm (50 mm in diameter) of the intracavernous portion was 
treated with PAO (ligation of the ICA at the cervical portion) following a saphenous 
vein graft bypass from the cervical external carotid artery to M2. An STA–MCA 
bypass to the distal branch of the M2 was performed prior to the vein graft bypass 
to minimize ischemia during temporary occlusion of the recipient M2 [13]. The 
patient was discharged without any complications.

12.2.3  �Ruptured Intradural Vertebral Artery 
Dissecting Aneurysms

This type of aneurysm has been reported to have a high incidence of rebleeding and 
a high mortality rate in a previous study [14]. Therefore, the treatment of such aneu-
rysms should be carried out as early as possible, as previously emphasized. In recent 
years, endovascular internal trapping has been increasingly selected as a first-line 
treatment because it is less invasive and can be performed immediately following a 
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Fig. 12.2  (a) A T2-weighted image showing the bilateral internal carotid artery (ICA) aneurysms 
of the intracavernous portion (arrow and dot arrow). (b) Magnetic resonance angiography (MRA) 
showing the bilateral ICA aneurysms and the right vertebral artery aneurysm. (c, d) Intraoperative 
photographs showing cervical external carotid artery (ECA)-vein graft anastomosis (c) and 
M2-vein graft anastomosis (d). (e) Postoperative MRA demonstrating a patent vein graft between 
the left ECA and M2, and disappearance of the left ICA aneurysm (Reprinted from reference [12] 
under permission)
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diagnosis [15]. However, this procedure includes a risk of medullary infarction (MI) 
due to perforator occlusion, which may affect patient outcomes [16]. Although 
microsurgical trapping may often prevent ischemic complications by avoiding 
occlusion of the perforators from the VA or posterior inferior cerebellar artery 
(PICA) to the medulla, it is not always possible depending on the anatomical 
structures.

Revascularization surgery, such as an occipital artery (OA)-PICA bypass or 
PICA-PICA bypass, is often required if the PICA is involved in the dissection of the 
VA [17]. When patient conditions do not allow for a surgical intervention, PAO 
proximal to the dissection may be the treatment of choice; however, it carries the 
risk of rebleeding due to retrograde flow from the contralateral VA.

Case presentation (Fig.  12.3): A 55-year-old man suffered a WFNS Grade I 
SAH. Initial MRA and DSA demonstrated a right VA dissecting aneurysm located 
on the midline. An OA-PICA bypass was performed because the large PICA origi-
nated from the aneurysm wall. Subsequently, the dissecting part was completely 
occluded by internal trapping using a coil. Postoperative DWI showed right dorso-
lateral MI, and the patient presented with dysphagia and right ataxia. The patient 
was transferred to a rehabilitation hospital with an mRS score of 2.

PICA

OA-PICA
bypass

a

c d e

b

Fig. 12.3  (a) Preoperative computed tomography showing subarachnoid hemorrhage and intra-
fourth ventricle hemorrhage. (b) Digital subtraction angiography (DSA) showing a right vertebral 
artery (VA) dissecting aneurysm located on the midline. The surgical strategy included an internal 
trapping following an occipital artery (OA)-posterior inferior cerebellar artery (PICA) bypass 
given that the large PICA originated from the aneurysm wall. (c, d) Postoperative DSA showing 
complete occlusion of the right VA dissecting part (c) and a patent bypass (d). The region distal 
from the VA union was well supplied by the left VA. (e) Postoperative diffusion-weighted image 
showing the right dorso-lateral medullary infarction
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12.3  �Advances

12.3.1  �Recurrent Intradural ICA Aneurysms Following 
Previous Coil Embolization

As long-term follow-ups after coil embolization increase, recurrent aneurysms due 
to incomplete obliteration and coil compaction are being increasingly reported [18]. 
Surgical procedures may be challenging in most cases because it is difficult to iden-
tify the entire structure of the aneurysm due to the previously placed coil mass [19]. 
A bypass surgery to prevent ischemic complications is often carried out either to 
prolong temporary occlusion time or to permanently provide alternative blood flow 
following sacrifice of the related arterial branch.

Case presentation (Fig. 12.4): A 61-year-old woman had suffered from SAH 4 
years prior. The ruptured left ICA-posterior communicating (IC-PC) aneurysm was 
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Fig. 12.4  (a) Digital subtraction angiography (DSA) showing a ruptured left internal carotid 
artery-posterior communicating artery (IC-PC) aneurysm which was successfully treated by sim-
ple coil embolization. (b) DSA 4 years after the surgery showing the left IC-PC aneurysm that had 
regrown and rebleeding. (c) A fluid-attenuated inversion-recovery image showing the left anterior 
choroidal artery territory infarction (arrow) and the left intraventricular hemorrhage (dot arrow). 
(d–f) Intraoperative photographs showing the superficial temporal artery-middle cerebral artery 
double bypasses as an insurance bypass (d) and aneurysm neck clipping following partial removal 
of the previous coil (e, f)
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successfully treated using simple coil embolization. However, the IC-PC aneurysm 
gradually enlarged and rebled to cause SAH as well as right hemiparesis due to 
infarction in the left anterior choroidal artery (AchA) 4 years later. Removal of a 
part of the coil followed by neck clipping was planned. Bypass and PAO were the 
second choice of treatment when clipping was not possible. STA-MCA double 
bypass to the M3 portions was first performed. Because the AchA was already 
obstructed, the aneurysm neck was clipped after coil removal, including the origin 
of the AchA, and the anterograde flow of the ICA was preserved. No adverse events 
were observed during the postoperative period, and the patient was discharged to a 
rehabilitation hospital with an mRS score of 3.

12.3.2  �Giant/Large Distal ACA Aneurysms

Giant/large distal ACA aneurysms that require distal revascularization surgery are 
difficult to treat using standard bypass techniques. In such cases, A3-A3 bypass is 
useful when the recipient artery and contralateral A3 are sufficiently close. A short 
interposition STA graft may be useful for anastomosing bilateral A3s, which are 
apart [20].

Case presentation (Fig. 12.5 [12]): A 68-year-old man presented with multiple 
infarctions in the right ACA territory. DSA revealed a right giant ACA aneurysm. 
Notably, both ACAs were supplied by the unpaired ACA, and there was stenosis of 
the right ACA just proximal to the aneurysm. Intra-aneurysmal thrombus was sus-
pected as the embolic source, and microsurgical obliteration of the aneurysm was 
performed. The aneurysm was trapped following an A3-A3 bypass using a short-
interpositioned STA graft. The postoperative course was favorable, and the patient 
was discharged with no clinical symptoms.

12.3.3  �Unruptured Symptomatic Giant/Large Basilar Trunk 
Saccular Aneurysms

Giant/large basilar trunk saccular aneurysms may cause neurological symptoms due 
to compression of the brainstem or surrounding cranial nerves and are sometimes 
life-threatening. Such aneurysms are mostly challenging for microsurgical clipping 
while preserving perforators or other branches. Although flow diverter stents have 
recently become a new treatment option, they lack long-term follow-up data. 
According to previously published literature [21], a flow alteration method using 
various bypasses to the superior cerebellar artery and/or posterior cerebral artery 
(PCA) combined with PAO can be effective in reducing the aneurysm and improv-
ing the symptoms.
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Case presentation (Fig. 12.6 [12]): A 46-year-old man presented with progres-
sive dysphagia, dysarthria, and right upper motor paresis over the course of 3 
months. Magnetic resonance T2-weighted imaging showed an aneurysm that 
severely compressed the brainstem. DSA revealed a giant basilar trunk aneurysm 
protruding from basilar fenestration. The right anterior inferior cerebellar artery 
(AICA) originated just proximal to the aneurysm. Because both curative clipping 
and coiling were considered difficult, a flow alteration strategy was selected for 
aneurysmal flow reduction. Maintenance of adequate flow to the basilar perforators 
was thought to be a key of this surgery.

Using a transpetrosal presigmoid approach, a left STA short saphenous vein 
graft--PCA bypass was performed to introduce sufficient blood flow to replace basi-
lar artery blood flow. The basilar trunk was occluded just proximal to the origin of 
the right AICA to make an outflow of the bypass flow toward the AICA and preserve 
basilar perforators. Postoperative images revealed a decrease in the size of the aneu-
rysm, and the patient’s clinical symptoms gradually improved.
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Fig. 12.5  (a) A diffusion-weighted image showing the right frontal lobe infarction. (b) Digital 
subtraction angiography (DSA) showing the right anterior cerebral artery (ACA) aneurysm. 
Bilateral ACAs are supplied by the unpaired ACA and a stenotic lesion is observed in the right 
ACA just proximal to the aneurysm. The surgical strategy included trapping of the aneurysm (dot 
arrows) followed by an A3-A3 bypass (double arrow). (c, d) Intraoperative photograph (c) and 
schema (d) showing the A3-A3 bypass using an interposed superficial temporal artery graft due to 
the differences in depth of both A3s. (e) Postoperative DSA showing a patent bypass and disap-
pearance of the aneurysm (Reprinted from reference [12] under permission)
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12.4  �Controversies

12.4.1  �Bypass Selection upon Therapeutic ICA Occlusion

Simple ICA ligation without distal revascularization resulted in cerebral infarction 
in 26% of patients, 46% of which were fatal according to an analysis of several 
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Fig. 12.6  (a) A T2-weighted image showing an aneurysm which severely compressed the brain-
stem. (b) Digital subtraction angiography (DSA) showing the giant basilar trunk aneurysm pro-
truding from a basilar fenestration. The right anterior inferior cerebellar artery (AICA) originates 
just distal to the aneurysm (arrow). (c–e) Intraoperative photographs showing left posterior cere-
bral artery-vein graft anastomosis (c) and superficial temporal artery-vein graft anastomosis (d). 
The basilar trunk was occluded just proximal to the origin of the right AICA (e) to create an out-
flow of the bypass flow toward to the AICA and preserve basilar perforators. (f) A T2-weighted 
image 1 month after the surgery showing the decreased aneurysm size. (g) Left carotid angiogram 
showing a patent bypass graft and an occluded basilar trunk just proximal to the origin of the right 
AICA. The right AICA made an outflow of the bypass flow and the aneurysm decreased in size 
(Reprinted from reference [12] under permission)
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reports [22]; therefore, the PAO procedure is usually combined with reconstructive 
bypass surgery, such as a STA-MCA bypass or high-flow bypass using a saphenous 
vein graft or a radial artery graft [23, 24].

There are two approaches to planning which type of bypass surgery should be 
performed prior to PAO of the ICA. The selective approach uses preoperative bal-
loon test occlusion (BTO) of the parent ICA to simulate an ischemic condition and 
selects either a low-or high-flow bypass according to the residual blood flow during 
BTO [25].

The universal approach uses a high-flow bypass for all patients who undergo 
PAO [26]. This is based on the consideration of possible errors in the selection and 
complications due to BTO.

We have applied a selective approach using preoperative BTO. Figure 12.7 dem-
onstrates our criteria for bypass selection based on a previous study [4]. High-flow 
bypass is indicated for all patients with ischemic symptoms during BTO.  In the 
absence of any ischemic symptoms, the bypass procedure was selected based on the 
percentage of residual flow, which was quantitatively assessed by single photon 
emission computed tomography (SPECT) during BTO. Residual flow of less than 
70–75% indicated a high-flow bypass, while residual flow between 75 and 90% 
indicated a STA-MCA bypass. Simple PAO without bypass may be possible for 
patients with residual flow exceeding 90% in terms of immediate good outcomes; 
however, considering the long-term risk of aneurysm induction on collateral arter-
ies, a STA-MCA bypass was applied in most patients, except in elderly patients or 
patients with systemic surgical risks.

Postoperative quantitative SPECT demonstrated that cerebral blood flow and 
cerebrovascular reactivity to acetazolamide on the surgical and non–surgical sides 
did not differ significantly [4].
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However, BTO is associated with a 3.2% complication rate [6], and the process 
is cumbersome because of the use of SPECT during BTO. Further improvements in 
bypass selection are warranted.

12.4.2  �PAO Strategy: Coiling or Clipping?

12.4.2.1  �Intracavernous Giant/Large ICA Aneurysms

In most cases of intracavernous giant/large ICA aneurysms, a cervical ICA ligation 
is appropriate as a PAO after EC-IC bypass. Usually, there are no major branches 
arising from the cervical ICA to the origin of the ophthalmic artery, and spontane-
ous thrombotic formation is expected. However, in approximately 10–20% of cases, 
several collateral circulations, such as the meningohypophyseal trunk or vidian 
artery, may be observed between the external carotid artery and the ICA during 
BTO, providing intense aneurysmal opacification [27]. In these cases, coil emboli-
zation of the ICA just proximal to the aneurysm was used to avoid residual blood 
flow to the aneurysm in our institution. However, it has not been clarified if this 
strategy is correct and further evaluation is necessary.

12.4.2.2  �Paraclinoid Giant/Large ICA Aneurysms

In cases of paraclinoid giant/large ICA (C2) aneurysms, cervical ICA ligation is 
unsuitable for PAO due to the remaining collateral circulation via the ophthalmic 
artery to the aneurysm. In these cases, PAO of the ICA between the ophthalmic artery 
and aneurysm is theoretically necessary. This can be achieved either by clip occlusion 
after anterior clinoidectomy or coil embolization, usually together with the aneurysm.

On the other hand, PAO for C1 portion aneurysms should be performed with clip 
occlusion because the critical branches, including the posterior communicating 
artery, anterior choroidal artery, and direct ICA perforators originate from the C1 
portion of the ICA. If a coil is used for PAO of the C1 portion of the ICA, thrombo-
embolic infarction of these branches may occur [28]. Clip trapping or proximal 
clipping is preferred for PAOs in C1 portion aneurysms.

12.4.2.3  �Intradural VA Dissecting Aneurysms

Although endovascular internal trapping is frequently chosen as the first-line treat-
ment for this type of aneurysm, postoperative MI may occur in 30–47% of cases [16, 
29, 30]. Several risk factors for MI have been previously reported. Endo et al. reported 
that the long segment of the VA coiling (15.7 ± 6.0 mm) was significantly associated 
with MI [29]. Ikeda et al. reported that the length of the coil mass proximal to the 
dilated portion of more than 5.8 mm was associated with a higher incidence of MI 
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[30]. In contrast, Aihara et al. reported that the length of trapping was not the primary 
risk factor for MI, and proximal VA stumps were associated with MI. Preservation of 
the origin of the anterior spinal artery may also reduce the risk of MI [16].

In some cases, clip ligation of the dissected VA may outperform internal trapping 
with a coil to preserve perforators to the medulla; however, this is not necessarily 
possible in all patients, and it remains controversial which method is the best to 
occlude dissected VA.

12.4.3  �Surgical Strategy for Fusiform Giant Partially 
Thrombosed Basilar Trunk Aneurysms

Unclippable fusiform giant partially thrombosed basilar trunk aneurysms are among 
the most challenging types in the treatment of neurovascular disorders. Although 
the optimal therapeutic strategy for these aneurysms remains unclear, flow altera-
tion or blind-alley methods have been reported to be effective treatments by several 
authors [5, 6]. The purpose of both methods is to reduce the intra-aneurysmal flow 
or aneurysmal wall shear stress by altering the pathological hemodynamics. If col-
lateral circulation is insufficient to maintain an adequate distal blood supply, a 
bypass surgery for one or more distal main vessels is required. However, it remains 
difficult to predict how much bypass flow is appropriate to preserve distal blood 
flow and how rapidly intraluminal thrombus formation progresses.

Recently, computational fluid dynamics (CFD) models have become available to 
predict the territories that are likely to be ischemic upon PAO and simulate postop-
erative flows following a planned flow alteration procedure [31]. Further advances 
in this field are expected to create a universal prediction model for the treatment of 
challenging complex aneurysms in the future.

12.5  �Conclusion

We have described various treatments such as PAO, flow alteration, and blind-alley 
formation combined with bypass surgery. To prevent aneurysmal rupture and isch-
emic complications, case-by-case multi-modal evaluations and careful surgical 
strategy planning are indispensable.
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Chapter 13
Endovascular Treatment for Anterior 
Communicating Artery Aneurysms

Masataka Takeuchi, Atsushi Uyama, Takashi Matsumoto, and Kazuma Tsuto

13.1  �Characteristics of the Anterior Communicating 
Artery Aneurysm

Anterior communicating artery aneurysms often have an anatomically complex 
shape. The majority of the aneurysms are small, often with a wide-neck and thin 
parent vessels. From these anatomical features, it has been pointed out that there are 
several cases of intraoperative aneurysm rupture, thromboembolism, incomplete 
occlusion, and recanalization. Intraoperative rupture in endovascular treatment of 
anterior communicating artery aneurysm is often reported to be around 4% [1, 2]. 
The analysis of intraoperative rupture of anterior communicating artery aneurysm 
lists ruptured aneurysms, 3 mm or less, small necks, and shallow domes as the risk 
factors.

There have been several reports that thromboembolic complications occur at 
approximately 6–7%. The risk factors include wide-neck carotid aneurysms, having 
the parent vessel and an aneurysm that are off-axis, and the use of concurrent stents. 
However, although the frequency of thromboembolic complications was high, sev-
eral studies reported that the effect on the prognosis was small [3].

There are some reports that anterior communicating artery aneurysms are often 
recanalized after endovascular treatment. Finitsis et al. reported that 21.7% of rup-
tured anterior communicating artery aneurysms were recanalized and 10.2% were 
retreated. Furthermore, 23.5% of unruptured anterior communicating artery aneu-
rysms were recanalized, and treatment had been performed in 8.8%. The average 
time to recurrence was 0.9  years (6  months to 3  years), and the risk factors are 
ruptured cerebral aneurysm and aneurysm less than 4 mm. It has been suggested 
that there is a risk of recanalization even after complete occlusion is noted 
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immediately after treatment [4]. In the examination of recurrence after endovascular 
treatment for cerebral aneurysm, the overall recurrence rate was 12.6%, while the 
recurrence rate of anterior communicating artery aneurysm was 22.3%. It has been 
reported that an anterior communicating artery aneurysm denotes a significant risk 
of recurrence along with middle cerebral artery aneurysm [5]. Therefore, it is neces-
sary to provide a comparison with craniotomy for the assessment of the treatment 
indications and to obtain preoperative informed consent.

13.2  �Treatment Strategy for Anterior Communicating 
Artery Aneurysm

It is notable that angiography is essential before surgery. It is of prime importance 
to confirm not only the shape of the aneurysm, but also the positional relationship 
with the surrounding blood vessels, the access route of the aneurysm, and the work-
ing angle, among others. For anterior communicating artery aneurysms that are pro-
jected anteriorly or posteriorly, the head position is often changed by raising the 
mandible to secure a working angle. It should also be remembered that the aneu-
rysm and denture often overlap due to head position change. Endovascular treat-
ment without an appropriate working angle has a high risk of complications; 
therefore, treatment indications need to be reconsidered in such cases. In addition, 
the angle between the internal carotid artery and the anterior communicating artery 
A1 and the angle between the anterior cerebral artery A1 and the axis of the aneu-
rysm are important for safe endovascular treatment of the anterior communicating 
artery aneurysm. If the angle between the internal carotid artery and the anterior 
communicating artery A1 is sharp, the microcatheter will easily kick back when the 
microcatheter is deviated or embolized into the middle cerebral artery during micro-
catheter guidance. If the anterior cerebral artery A1 and the aneurysm are signifi-
cantly off-axis, the risk of perforation during microcatheter induction is high. Since 
the anterior cerebral artery A1 often points anteriorly and inferiorly, caution is 
required for small aneurysms projecting upward or posteriorly.

The degree of the development of the bilateral anterior cerebral artery A1 and the 
anterior communicating artery is also important. If the bilateral A1 and the anterior 
communicating artery aneurysms are well developed, a bilateral approach and, in 
some cases, the blocking of the anterior communicating artery are considered. Choi 
et  al. reported that the anterior communicating artery was occluded for anterior 
communicating artery aneurysm with bilateral A1 symmetry; however, it did not 
affect the complication of thromboembolism [6].

A stable backup of the guiding system is desirable; additionally, it is imperative 
that the guiding catheter and guiding sheath be placed as high as possible. The use 
of an intermediate catheter is considered when it is difficult to advance the guiding 
catheter or guiding sheath to a higher position due to the bending of the internal 
carotid artery. A 6 Fr intermediate catheter is used if possible in case of issues, such 
as intraoperative rupture.
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Pre-shaping of the microcatheter is important. If the curve of the anterior cere-
bral artery A1 and the axis of the aneurysm are almost the same, it is possible to use 
simple shaping or a pre-shaped catheter. However, if the curve of the anterior cere-
bral artery A1 and the axis of the aneurysm are significantly deviated, it is necessary 
to have two or more shapes so that the tip of the microcatheter naturally projects 
into the aneurysm.

It is necessary to fill the coil as densely as possible in consideration of the recur-
rence rate. However, if the bifurcation from the internal carotid artery to the anterior 
cerebral artery A1 is at an acute angle, the microcatheter easily kicks back. In such 
a case, it may be necessary to fix the microcatheter with an assist balloon.

13.3  �Indications for Treatment of Anterior Communicating 
Artery Aneurysm

Anterior communicating artery aneurysms often have an anatomically complex 
shape. There are numerous complications, such as intraoperative rupture and throm-
boembolism due to the characteristics of small aneurysms with thin parent blood 
vessels. In addition, problems, such as a high recanalization rate, have been pointed 
out. Therefore, it is important to select an appropriate case for safe treatment. Here 
are some points to check to determine the indication for endovascular treatment for 
anterior communicating artery aneurysms (Table. 13.1).

13.3.1  �Case 1 Simple Technique

An 80-year-old woman with a family history of SAH exhibited a ruptured anterior 
communicating artery aneurysm that was projecting upward in a posterior manner. 
The angle between the internal carotid artery and the A1 origin of the anterior com-
municating artery was relatively linear. It was a relatively small aneurysm with a 
major axis of 4.3  mm  ×  2.9  mm. Additionally, the axis of the anterior cerebral 
artery A1 and the cerebral aneurysm was displaced (Fig. 13.1a). Therefore, two 
locations were steam shaped, from the internal carotid artery to the anterior 

Table 13.1  Points to consider regarding the indication for the endovascular treatment of an 
anterior communicating artery aneurysm

•  Shape of the aneurysm
• � Bilateral anterior cerebral arteries, anterior communicating artery anatomy, and vessel 

diameter
•  Angle from the internal carotid artery to the anterior cerebral artery A1
•  Angle from the anterior cerebral artery A1 to the aneurysm
•  Whether or not a working angle is secured with an angiography device

13  Endovascular Treatment for Anterior Communicating Artery Aneurysms



242

cerebral artery A1 and from the anterior cerebral artery A1 to the aneurysm. The 
first coil was filled; however, the microcatheter was stable, and there was no kick-
back (Fig.  13.1b). Sufficient embolism was obtained without rupture during the 
operation (Fig. 13.1c).

Even during treatment with a simple technique, it is recommended to secure 
multiple access routes in order to prepare for potential issues such as intraoperative 
rupture and coil deviation. Assist balloon catheters are useful for controlling the 
blood flow during intraoperative rupture, and it is necessary to prepare an assist bal-
loon even when treatment with a simple technique is performed. Regarding the 
handling of the assist balloon, there are methods, such as preparing and placing it on 
the table or guiding it to the internal carotid artery or the anterior cerebral artery A1 
and putting it on standby.

13.3.2  �Double Catheter Technique

A 66-year-old woman visited our institution with a ruptured anterior communicat-
ing artery aneurysm, which was significantly irregular (Fig. 13.2a). The bilateral 
anterior cerebral arteries A1 were symmetric, and two microcatheters were inserted 
from both A1s for embolization. One microcatheter was removed because it was 
necessary to fill the piecemeal with a coil and move the microcatheter into the aneu-
rysm bleb. This facilitated microcatheter operation, and the aneurysm bleb was 
embolized (Fig. 13.2b). Although it was irregular, sufficient embolism was obtained 
(Fig. 13.2c).

This technique is useful for wide-neck carotid aneurysms, large aneurysms, and 
irregular anterior cerebral aneurysms. The insertion of two microcatheters from one 
side should be confirmed by frequent angiography, paying close attention to throm-
boembolism. In addition, it is desirable to remove one of the microcatheters judged 
to be unnecessary in the latter half of the treatment, from the standpoint of 
thromboembolism.

a b c

Fig. 13.1  Simple technique. Ruptured anterior communicating artery aneurysm. The axes of the 
small aneurysm, anterior cerebral artery A1, and the cerebral aneurysm are misaligned. Steam 
shapes of the microcatheter at the two sites were effective
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13.3.3  �Balloon Assist Technique

A 69-year-old woman presented with a ruptured anterior communicating artery that 
was observed to bulge superiorly and inferiorly from the anterior communicating 
artery. Additionally, a bleb was observed in the upper part (Fig. 13.3a). An assist 
balloon was placed in the anterior communicating artery. The right side of the 
A1-A2 junction was confirmed from the frontal tube and the left side of the A1-A2 
junction was visually confirmed from the lateral tube (Fig.  13.3b). Additionally, 
sufficient embolism was obtained in the upper bleb, and the anterior communicating 
artery and bilateral A2 could be preserved (Fig. 13.3c).

Since the diameter of the parent vessel is small, the balloon assist technique has 
not been recommended because there is concern about vascular damage due to bal-
loon dilation. In recent years, small-diameter balloon catheters have been developed 
and are frequently used. The important criterion in the balloon assist technique is the 
angle from the anterior cerebral artery A1 to the A2 or the anterior communicating 
artery. The balloon should be placed such that it can cover the aneurysm neck ideally; 
however, the guidance method should be determined in consideration of the bifurca-
tion angle. It is frequently guided from the ipsilateral anterior cerebral artery A1 to 
A2. However, depending on the anatomical structure, guidance may be provided 
from the contralateral anterior cerebral artery A1 to the anterior cerebral artery A2 via 
the anterior communicating artery. Since vascular extension often occurs when the 
balloon is guided, a roadmap is often required again when the microcatheter is guided 
into the aneurysm. At the end of the embolization, it is necessary to confirm that the 
blood flow obstruction does not occur due to the return of the extended vessels.

13.3.4  �Stent Assist Technique

A 76-year-old woman visited our institution with an unruptured anterior cerebral 
aneurysm. The aneurysm and the anterior communicating artery overlap in large 
aneurysms over 10 mm, making it difficult to secure a sufficient working angle. An 

a b c

Fig. 13.2  Double catheter technique. Ruptured anterior communicating artery aneurysm. It was 
observed to be very irregular. After embolizing the tip with a double catheter, one microcatheter 
was removed. A microcatheter was operated to embolize the aneurysm bleb
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a

b

c

Fig. 13.3  Balloon assist technique. Ruptured anterior communicating artery aneurysm. Superior 
and inferior bulges were observed. An assist balloon was dilated into the anterior communicating 
artery and embolized. Asterisk Rt A1-A2 junction, Double asterisk Lt A1-A2 junction
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embolic microcatheter was inserted into the cerebral aneurysm, and a VRD was 
placed from the right anterior cerebral artery A2. The bilateral anterior cerebral 
artery A2 and the anterior communicating artery were preserved, and sufficient 
embolism was obtained (Fig. 13.4).

The stent assist technique was limited to cases, such as the assist balloon tech-
nique because the parent vessel diameter was small. However, small-diameter stents 
have been developed, and the indication has expanded. However, since the throm-
boembolic complications associated with stent placement have increased, the indi-
cations should be determined carefully and sufficient antithrombotic therapy is 
required. In combination with a stent, these methods involve a stent-jailing method 
and a trans-cell method. In the stent-jail method, the stent and the microcatheter 
jailed outside the stent are present in the narrow anterior cerebral artery A1, result-
ing in an impaired blood flow and poor stent dilation. As such, caution is required.

Fig. 13.4  Stent assist technique. Unruptured anterior cerebral aneurysm. When the size is 10 mm 
or more, securing a working angle becomes a challenge. The combined use of VRD made it pos-
sible to preserve the anterior communicating artery and the bilateral anterior cerebral artery A2
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13.3.5  �Postoperative Care

Anterior communicating artery aneurysms are observed to frequently recanalize 
after embolization. The risk is particularly high for ruptured aneurysms and small 
aneurysms. Recanalization is known to occur frequently within a year; therefore, 
sufficient follow-up is required. If possible, reassessments by cerebral angiography 
are ideal.

13.4  �Characteristics of Anterior Communicating Artery 
Distal Aneurysms

The anterior cerebral artery distal aneurysm (ACA distal An) is most common at the 
branch of the anterior cerebral artery A2, the pericallosal artery, and the callosal 
marginal artery. Since it is located relatively close to the brain surface of the inter-
hemispheric fissure, surgery is often selected [7]. However, endovascular treatment 
may be selected if the patient’s general condition is poor and for the elderly. Liang 
et  al. stated that the results of endovascular treatment of ACA distal An showed 
1.1% for mortality and 0% for morbidity, and that endovascular treatment was safe 
and effective [8]. In addition, although ruptured aneurysms are often complicated 
by intracerebral hemorrhage, there is a report that the presence or absence of intra-
cerebral hemorrhage does not affect the treatment prognosis [9]. It often occurs in 
the direction of anatomical and hemodynamic stress. Therefore, the catheter can be 
easily guided. However, the aneurysm is distally located, and the indwelling micro-
catheter becomes unstable.

13.4.1  �Treatment Strategy for ACA Distal An

As with the anterior communicating artery aneurysm, the guiding catheter should 
be guided as high as possible in the internal carotid artery. The microcatheter guid-
ance requires passing through the siphon, internal carotid and anterior cerebral 
arteries A1, A1-A2 junctions, and several flexions before reaching the ACA distal 
An. There are several branched vessels (ophthalmic artery, posterior communicat-
ing artery, anterior choroid plexus artery, and the Heubner artery) in between, and 
great care should be taken to avoid perforation with a microguide wire. The microgu-
ide wire requires shaping to pass through each flexion. However, it is often difficult 
to guide it into the final stage of the aneurysm; additionally, the guidance from the 
anterior cerebral artery A2 into the aneurysm is better performed by removing the 
microguide wire once and changing the shaping. At that time, the microcatheter that 
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has passed through a steep angle may lose its deflection and advance at once. 
Therefore, it is recommended to carefully check it under fluoroscopy and slowly 
remove it. In addition, when guiding a microcatheter, pushability is often poor and 
torque is often difficult to transmit. To overcome this, setting an intermediate cath-
eter (triple coaxial system) improves the operability of the microcatheter. When 
using an intermediate catheter, it is necessary to check the length of how far the 
microcatheter has come out of the intermediate catheter.

13.4.2  �Treatment Indications for ACA Distal An

In the endovascular treatment of ACA distal An, adjunctive techniques, such as bal-
loon assist and double catheter technique, are difficult because the parent vessels are 
thin. Whether it is possible with a simple technique is the most important factor in 
considering indication. Since several aneurysms are mounted on the origins of the 
callosal marginal arteries and pericallosal arteries, the selection of the first coil that 
creates framing is key. When the framing coil deviates from the parent vessel or the 
branch vessel, it is not indicated. As the filling coil, it is recommended to select a 
soft and short coil because the microcatheter is easy to kick back due to the thinness 
of the parent vessel.

13.4.3  �Case 1

A 73-year-old woman presented with a ruptured ACA distal An, which was overrid-
ing the origin of the callosal marginal artery and the pericallosal artery.

The framing could subsequently be created with an inward coil. A feeling coil 
was added so as to not break the framing. The callosal marginal artery and perical-
losal artery were preserved (Fig. 13.5).

13.5  �The Future of ACA Distal An

Due to the development of the triple coaxial system, the development of small-
diameter and flexible coils, and the application of flow diverter system, there have 
been a series of reports that the results of endovascular treatment are comparable to 
those of surgery. Going forward, the merit of endovascular treatment without crani-
otomy will be significant from the viewpoint of preserving higher functions. If the 
curability, safety, and durability of the treatment are ensured, it has the potential to 
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become the first-line treatment in the future, not only for the elderly and those with 
poor general condition.
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Chapter 14
Management of Dural Arteriovenous 
Fistulas

Naoya Kuwayama

14.1  �Standard Management

Dural arteriovenous fistulas (DAVF) are the acquired abnormal connection between 
the dural artery and the dural vein. The pathogenesis includes venous/sinus throm-
bosis, trauma, craniotomy (surgery), but still remains unknown in the majority of 
cases. The incidence has been reported as 0.16–1.0 per 100,000 person-year [1–3].

Among several classifications of DAVF, Borden Classification [4] and Cognard 
Classification [5] are important. These classifications are based on the pattern of the 
venous drainage, which is an essential factor to affect the severity of the diseases 
and treatment indication and strategy.

The involved sites include the cavernous sinus (CS), superior sagittal sinus 
(SSS), transverse-sigmoid sinus (TSS), confluence of sinuses (torcular herophili), 
tentorial sinus, anterior condylar confluence, anterior cranial fossa, craniocervical 
junction, convexity, and spinal dura mater.

Treatment indication is recommended by the clinical presentations of the hemor-
rhagic or venous ischemic events, progressive neurologic deficits or symptoms 
(ocular hypertension, gait disturbance and incontinence), aggressive hemodynamic 
features (such as vigorous cortical venous reflux), and the symptoms such as intrac-
table tinnitus disturbing the patient’s ADL.

Treatment options include observation, endovascular and surgical treatment, and 
stereotactic radiosurgery. Since the venous hypertension plays an important role in 
the clinical course of this disease, the main purpose of the treatment is to cure the 
venous congestion or reflux by means of decreasing the venous pressure.
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14.1.1  �Treatment Strategy

The lesions are divided into two types; the sinus type and the non-sinus type. The 
location of the sinus type includes the cavernous sinus (CS), superior sagittal sinus 
(SSS), transverse-sigmoid sinus (TSS), confluence (torcular herophili), tentorial 
sinus, and anterior condylar confluence. The location of the non-sinus type includes 
anterior cranial fossa, craniocervical junction, convexity, some of tentorial area, and 
spinal dura mater.

The principle of treatment of the sinus type is transvenous embolization (TVE), 
while that of the non-sinus type is transarterial embolization (TAE). In cases with 
difficulty of endovascular treatment, craniotomy and venous discontinuation will be 
an effective alternative treatment. The stereotactic radiosurgery will be the last 
choice of treatment in difficult cases, but it takes several months to obliterate the 
lesion. Because the difficult cases usually tend to need urgent treatment, we should 
not take an easy choice of the radiosurgery.

14.1.2  �Transvenous Embolization (TVE)

Transvenous embolization includes two methods; selective TVE and whole sinus 
packing. The selective TVE is to occlude the localized inflow area of the blood flow 
(venous collector) in the involved sinus, keeping the physiological cerebral venous 
return to and from the sinus. This method is efficacious in the cases with localized 
AV shunt or localized venous collector, which can be seen frequently in the cavern-
ous sinus. The whole sinus packing is to occlude the entire sinus. In case with dif-
fuse AV shunt, the whole sinus packing is often required to cure the lesion.

When the brain still uses the involved sinus, the sinus blood flow should be 
maintained to keep the cerebral venous return, otherwise the treatment will cause 
the cerebral venous infarction. When the brain no longer uses the involved sinus, or 
the cortical venous reflux is apparent, the involved sinus can be occluded as a 
whole. In this case, the sinus occlusion will not affect at least the cerebral 
venous return.

The route of TVE is usually the trans-femoral trans-jugular vein. In case with the 
cavernous sinus DAVF, the first choice of the approach routes is the inferior petrosal 
sinus (IPS). The occluded IPS is sometimes seen but catheterization to the cavern-
ous sinus via the occluded IPS is not difficult in majority of the cases. A microgu-
idewire and a microcathter can proceed in the occluded IPS by rotating these devices 
with the sufficient backup of a guiding or distal access catheter. Other routes to the 
cavernous sinus include the inter-cavernous sinus (from the contralateral cavernous 
sinus), the superior petrosal sinus (from the ipsilateral/contralateral transverse 
sinus), and the superior ophthalmic vein (from the facial or superficial temporal 
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vein). The distal access catheter will also be useful when the approach routes are 
very long.

The standard material of TVE is detachable coils. Onyx could be used in the 
involved sinus by cases, but it may cause the cranial nerve palsy in the cavern-
ous sinus.

14.1.3  �Transarterial Embolization (TAE)

Penetration of the liquid embolic materials from the arterial to the venous side can 
only cure the AV shunts. Proximal feeder occlusion using any materials will result 
in the recurrence of the shunts because the revascularization and recanalization of 
the fistula will occur soon after the feeder occlusion. Proximal occlusion can be 
effective when used as an adjunctive method of curative treatments. For example, 
the occipital artery can be occluded by coils before curative Onyx TAE from the 
middle meningeal artery or the middle meningeal artery can be occluded by coils 
before curative TVE of the cavernous sinus lesion.

Onyx and NBCA (n-butyl cyanoacrylate) are the liquid materials to achieve the 
curative TAE. NBCA is an adhesive polymerizing material (glue) to be used as a 
mixture with lipiodol. The lower the concentration of NBCA, the higher the viscosity 
of the material and the higher the temperature of the material, the lower the viscosity. 
Usually 20–30% mixture of NBCA is used with heating to achieve the easy penetra-
tion without adhering to the catheter. Onyx is a new precipitating material containing 
ethylene vinyl alcohol polymer, DMSO (dimethyl sulfoxide), and tantalum powder 
(for visualization). Initially it has been developed for AVM embolization, but has 
been found to be very effective also to DAVFs. Because Onyx is not an adhesive 
material, prolonged injection (even for hours) can be done and clinical results have 
been improved dramatically [6]. Plug and push method is very effective to penetrate 
the lesion to the draining veins or sinuses. A tip of a catheter is sometimes trapped in 
the Onyx mass in case with excessive embolization. A balloon catheter acts like a 
plug and is useful to prevent Onyx from coming back to the catheter. Since Onyx can 
easily proceed not only to the venous side but also to the other feeding arteries, the 
lesion sometimes will be obliterated completely by a single pedicle injection. 
However, one must be careful not to cause cranial nerve palsy (embolization of vasa 
nervorum) and cerebral infarction through the dangerous anastomosis between exter-
nal and internal carotid and vertebral arteries. A profound knowledge about the func-
tional microvascular anatomy is very important to prevent these complications.

The site of a good indication of Onyx is transverse-sigmoid sinus, superior sagit-
tal sinus, confluence, and tentorial area. Onyx TAE in the anterior cranial base is 
feasible but not easy because the feeding pedicles arising from the ophthalmic artery 
are distal, small, and tortuous. Use of Onyx for DAVF of the cavernous sinus and 
anterior condylar confluence is very dangerous, causing cranial nerve palsy and 
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cerebral infarction. NBCA is a reliable and effective material for the spinal lesion. 
Effectiveness of Onyx for the spinal lesion remains unknown.

14.1.4  �Complications of Treatment

In general, hemodynamic status will dramatically change after obliteration of the 
AVF, regardless of the treatment method. Venous stasis and/or embolic materials as 
the foreign bodies in the veins are the potential cause of venous thrombosis both 
after TAE and TVE. Heparin infusion will be an essential treatment in the postop-
erative course to prevent the venous thrombosis. Cerebral hyperperfusion syndrome 
may occur after abrupt occlusion of the AV shunt in cases with high flow 
AVF. Important is the prediction and recognition of the hyperperfusion syndrome as 
an unexpected complication before treatment. Single photon emission CT or tran-
scranial Doppler ultrasound will be very useful to detect the hyperperfusion 
phenomenon.

14.1.4.1  �Complications of TAE

Migration of the Embolic Materials via the Arterial Anastomosis

One of the most important and critical complications is cerebral ischemia resulted 
from the migration of embolic materials via the so-called dangerous anastomosis 
between dural and pial arteries. Usually the dural branches of the external carotid 
artery have rich anastomosis with the dural and pial branches of the internal and 
vertebral arteries. Liquid embolic materials like NBCA and Onyx as well as particu-
late materials smaller than 200 μm easily migrate to the pial arteries via the net-
work. One must care about the dangerous behavior of the liquid materials; it tends 
to come back the parent feeding pedicle vie the arterial network arising from the 
feeding artery itself (Fig. 14.1).

Migration of the Embolic Materials to the Venous Side

Onyx, particularly, tends to penetrate the arteriovenous fistula very easily and go to 
the venous side. This penetration is the essential phenomenon needed to the radical 
treatment and is the most advantageous point of Onyx. However, excessive penetra-
tion (migration) could occasionally result in the occlusion of the functioning cere-
bral veins (Fig. 14.2) causing potential venous infarction.

NBCA tends to make fragmentation in the venous side when the arterial blood 
flow comes from the other feeding arteries. If a block of fragment occludes the dis-
tal side of the draining vein, venous bleeding may occur due to the remaining arte-
rial inflow.

N. Kuwayama



255

a

c d

b

Fig. 14.1  A case with DAVF in the craniocervical junction showing NBCA migration. (a) 
Preoperative vertebral angiogram indicating DAVF fed by C2 segmental artery of the vertebral 
artery and drained into the cerebral vein in the brain stem. (b) Microangiogram from the feeding 
artery. (c) Postoperative CT scan indicating migration of the fragmented pieces of NBCA. (d) 
Schematic drawing of the mechanism of NBCA migration; injected NBCA came back to the distal 
parent vertebral artery via the network between the other feeding pedicle
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a b
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Fig. 14.2  A case with Borden type I DAVF involving the transverse-sigmoid sinus. The shunt was 
obliterated with Onyx injection from the distal occipital artery arising from the vertebral artery. A 
balloon catheter was inflated in the involved sinus to prevent Onyx migration to the sinus lumen. 
(a) Preoperative vertebral angiogram. (b) Postoperative vertebral angiogram indicating complete 
obliteration of the shunt. (c) Postoperative craniogram showing the Onyx cast. (d) Postoperative 
cone beam CT indicating Onyx migration to the tinny petrosal vein (arrow) from the superior 
petrosal sinus
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Ischemia of the Vasa Nervorum

NBCA, Onyx, and small particulates (<200 μm) will cause cranial nerve palsy by 
migrating into the vasa nervorum. Many external carotid branches such as the mid-
dle meningeal, accessory meningeal, deep temporal arteries, and the artery of fora-
men rotundum give rise to branches which feed the cranial nerves around the middle 
fossa. The middle meningeal, ascending pharyngeal, occipital arteries, and poste-
rior meningeal branch of the vertebral artery also feed the cranial nerves inside and 
outside of the posterior fossa. The inferolateral and meningohypophyseal trunks of 
the internal carotid artery feed many cranial nerves and have a rich collateral anas-
tomosis between external carotid artery in the middle fossa.

14.1.4.2  �Complications of TVE

Mass Effect to the Cranial Nerves

Excessive transvenous coil packing of the cavernous sinus causes III, IV, and V 
cranial nerve palsy and that of anterior condylar confluence causes XII nerve palsy. 
Sometimes, the delayed ocular palsy will occur and never recover [7]. This mecha-
nism still remains unknown and one should remind.

Venous Infarction and Bleeding

Normal cerebral veins sometimes drain into the involved sinus in an antegrade fash-
ion. Venous infarction will occur after the whole sinus packing by blocking the 
normal cerebral venous drainage (Fig. 14.3). Cortical venous drainage or retrograde 

Fig. 14.3  A case with cavernous sinus DAVF treated with transvenous packing of the affected 
sinus. Left: Preoperative external carotid angiogram (lateral view) showing the shunt in the cavern-
ous sinus. Center: Preoperative internal carotid angiogram (lateral view) showing the superficial 
middle cerebral veins are draining into the affected cavernous sinus in an antegrade fashion. Right: 
Venous phase of the postoperative common carotid angiogram (lateral view). Note one of the 
superficial middle cerebral veins (arrow in the center figure) was missing
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letpomeningeal venous drainage in sinus type is sometimes seen in Borden type II 
or III and Cognard type IIb. Transvenous sinus packing of these lesions have potent 
complication of venous bleeding from the residual cortical veins if the packing is 
incomplete (Fig. 14.4). One must obliterate, at first, the dangerous small draining 
veins like the uncal vein, petrosal vein, and bridging veins to the brain stem 
(Fig. 14.5).

Fig. 14.4  A case with cavernous sinus DAVF treated by transvenous coil embolization. Left: 
Preoperative common carotid angiogram. Center: Postoperative common carotid angiogram show-
ing incomplete obliteration of the affected cavernous sinus. Note the cavernous sinus was packed 
with coils but the inferior petrosal sinus was still opacified (arrow). Right: MRI (FLAIR) in the 
next day showing (venous) infarction of the entire brain stem, suggesting the postoperative change 
of the draining routes into the brain stem due to the incomplete transvenous occlusion of the cav-
ernous sinus

Fig. 14.5  Examples of the dangerous draining veins. Left: Cavernous sinus injection opaficied the 
uncal vein (arrow) connecting with deep cerebral veins (vein of Rosenthal and vein of Galen). 
Center: Cavernous sinus injection opaficied the petrosal vein (arrow). Right: Carotid angiogram 
showing the cavernous sinus DAVF draining only into the tinny vein of the brain stem (double 
arrows) via the bridging vein (arrow)
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14.2  �Advances

Several topics at present will be shown with case presentation.

14.2.1  �Selective TVE

Selective TVE is a recent trend. Advantage of this method is to spare the physiologi-
cal cerebral venous return with a low cost, compared with the whole sinus packing. 
3D-DSA can easily find the localized AV shunt (the shunting pouch or venous col-
lector) in many cases with cavernous sinus DAVF (Fig. 14.6). Parallel sinus or small 
pouch is sometimes found in the case with transverse-sigmoid sinus DAVF 
(Fig. 14.7)

14.2.2  �Onyx Embolization

Onyx has brought the paradigm shift in the treatment of DAVF of the transverse-
sigmoid sinus, superior sagittal sinus, and confluence, especially in cases with 
Borden type I and II lesions. Curative treatment for these lesions was difficult before 
Onyx era because NBCA tended to result in a partial occlusion. Finally, sinus 

Fig. 14.6  A case with cavernous sinus DAVF. Left: external carotid angiogram showing the lesion 
fed by the dural branches of the external carotid artery, draining to the superior ophthalmic vein, 
inferior petrosal sinus, and the bridging vein connecting with the lateral mesencephalic vein. Right: 
a MIP image of 3D-DSA. Note the localized AV shunt point (venous collector) is clearly indi-
cated (arrow)
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packing was performed if necessary. Onyx has dramatically improved the oblitera-
tion rate of the shunts even in Borden type I lesion (Fig. 14.8). It also enables tran-
sarterial sinus packing instead of TVE (Fig. 14.9).

14.2.3  �Spinal Dural and Epidural AV Shunts

Clinical entity of spinal “epidural” AVF has been newly proposed [8]. Recently, the 
concept of the angioarchitecture of the spinal dural and epidural AVF has changed 
and well been elucidated by the nation-wide survey in Japan [9]. The feeding arter-
ies are usually the bilateral dorsal somatic arteries and the AV shunt is located in the 
dural lake on the ventral surface of the dura and drained into the radiculomedullary 
to the perimedullary veins and/or the paravertebral veins (Fig. 14.10). While, in the 
case with spinal “dural” AVF, the radiculomeningeal and/or prelaminar arteries con-
nect with the bridging vein of the spinal dura and drained into the perimedullary 
vein. Previously it was said that the AV shunt located in the dural sleeve in the text-
book. However, in the majority of cases with dural AVF, the AV shunt was located 
away from the dural sleeve in this report.

This nation-wide survey in Japan proved that dominant location of the spinal 
dural AVF was the thoracic level, while that of the spinal epidural AVF was lumbo-
sacral level. Because the angioarchitecture of the feeding vessels of the epidural 
AVF is simpler, in general, than that of dural AVF, catheterization is usually easier 
in the epidural AVF. Successful rate of the surgery, tansarterial NBCA injection, or 
combination of these treatments was high. Effectiveness of Onyx for the spinal 
lesion remains unknown. When the endovascular treatment is failed or incomplete, 
surgical treatment should be followed.

Fig. 14.7  A case of the sigmoid sinus DAVF with a shunting pouch in the parallel sinus. Left: 
lateral view of the external carotid angiogram showing the DAVF (black arrow) draining into the 
sigmoid sinus in an antegrade fashion. Center: arterial phase of the common carotid angiogram 
after selective transvenous embolization with coils (white arrow). Right: its venous phase. Note the 
patent sigmoid sinus after packing of the involved parallel sinus (black arrow)
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a b

c d

Fig. 14.8  The same case with Fig. 14.2 (Borden type I DAVF involving the transverse-sigmoid 
sinus). The shunt was obliterated with Onyx injection from the distal occipital artery. (a) 
Preoperative vertebral angiogram showing the transverse-sigmoid sinus DAVF fed by the occipital 
artery arising from the vertebral artery. (b) A sinus balloon (arrow) is inflated in the involved sinus 
during the Onyx injection from the occipital artery to avoid Onyx migration to the sinus lumen. (c) 
Postoperative vertebral angiogram. Note the DAVF was completely obliterated. (d) Postoperative 
craniogram showing the Onyx cast
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Fig. 14.9  A case of the transverse-sigmoid sinus DAVF with the so-called isolated sinus. Left: The 
occipital angiogram showing the DAVF (Borden type III, Cognard type IIa + b) with the vigorous 
cortical venous reflux. Center: Postoperative craniogram showing the Onyx cast which packed the 
entire sinus. Right: The left external carotid angiogram after the Onyx TAE showing the complete 
obliteration of the DAVF

3

4
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6

Fig. 14.10  A case with spinal epidural AVF. Left: No. 2 lumbar angiogram showing the epidural 
AVF fed by the dorsal somatic artery and draining into the venous lake on the dural surface. 
Center: 3D-DSA. (1) Dorsal somatic artery, (2) posterior spinal artery, (3) shunting point, (4) epi-
dural venous lake (pouch), (5) radiculomedullary vein, (6) perimedullary vein. Right: postopera-
tive angiogram. Note the shunt was completely obliterated with NBCA injection

14.3  �Controversies

14.3.1  �Timing of Treatment

Urgent treatment is mandatory in cases with the hemorrhagic onset, because re-
bleeding rate is high [10]. Cortical venous reflux in cases with hemorrhagic onset is 
a potential risk of re-bleeding and is a strong reason of treatment. However, the 
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bleeding risk of asymptomatic cases with cortical venous reflux is not high [11] and 
the necessity of the urgent treatment is controversial.

Treatment should not be delayed in cases with progressive (neurologic) symp-
toms such as diplopia and ocular hypertension in the cavernous sinus DAVF and 
congestive myelopathy in the spinal dural and epidural AVF.

Other symptoms such as headache, pulsatile tinnitus should be followed up con-
servatively because those symptoms do not harm the patients. In rare cases, intrac-
table tinnitus in Borden type I fistulas may need to treat in order to improve the 
patients’ mental status and activities of daily life.

14.3.2  �Shunt Location and Treatment Modality

In the cavernous sinus DAVF, the priority of treatment is TVE. Recent trend is a 
selective TVE (targeted embolization). Multiplanar reconstruction (MPR) images 
of 3D-DSA help to find out the localization of the AV shunts (venous collector) and 
enable the selective TVE.

In the DAVF of transverse-sigmoid, superior sagittal sinuses and confluence, 
variety of treatment will be indicated according to its hemodynamic status. Recent 
topic is Onyx embolization for the Borden type I and II lesions. The sinus packing 
for the Borden type III lesions can be done both by TVE and transarterial Onyx 
injection.

Surgical treatment will be the first choice in the lesions of anterior cranial base 
and craniocervical junction. Also surgery with or without the endovascular treat-
ment plays an important role in the treatment of tentorial DAVF and spinal dural and 
epidural AVF.

14.3.3  �Surgical Treatment

Surgical treatment will be safer and the first choice in the region of anterior cranial 
fossa. Endovascular treatment (Onyx TAE) could be feasible but less safe. 
Craniotomy and clipping of the draining vein is a simple treatment. However, one 
must pay attention to the olfactory veins as draining routes running on the frontal 
base, not in the interhemispheric space.

Atypical angioarchitecture is a characteristic feature in the lesion of craniocervi-
cal junction. Feeding arteries include dural and pial branches and it is very difficult 
to differentiate these arteries. Even the anterior spinal artery often joins the fistula. 
Detection of the precise location of AV shunt (epidural, dural, or perimedullary) 
would be difficult by means of any diagnostic modality. Surgical exploration of the 
complex angioarchitecture is very effective and safe.
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Chapter 15
Keyhole Approach in Cerebral Aneurysm 
Surgeries

Kentaro Mori and Sadayoshi Watanabe

15.1  �Introduction

Routine treatment of intracranial cerebral aneurysms has increasingly adopted 
endovascular coiling rather than surgical clipping, but surgical clipping is still indi-
cated to treat subsets of aneurysms with location and morphology unsuitable for 
endovascular treatment. Conventional fronto-temporal craniotomy and bifrontal 
craniotomy are considered the gold standards to approach cerebral aneurysms in the 
anterior circulation. Modern technological advances based on computer graphics 
techniques for preoperative simulation, endoscopy, exoscopy, and navigation with 
head-up display enable safe performance of less invasive open surgery, such as key-
hole clipping [1]. This chapter describes surgical techniques, tips, and surgical indi-
cations for supraorbital keyhole clipping, and further discusses the pros and cons of 
keyhole surgery. Personally speaking, selection between the standard craniotomy 
and keyhole craniotomy should not be controversial but definite surgical indications 
for the keyhole approach for safe clipping should be established.

15.2  �Pros and Cons of Keyhole Clipping Compared 
with Standard Craniotomy

We must appreciate the pros and cons of keyhole clipping surgery. The pros are mini-
mum soft tissue damage and minimum hospital stay. Figure 15.1 shows the difference 
between standard craniotomy (right) and supraorbital keyhole craniotomy (left) in the 
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same patient. This illustrates the small size of supraorbital keyhole craniotomy with 
minimum soft tissue damage of keyhole approach compared with standard craniot-
omy. The cons are the narrow working angle that restricts multi-angled observation 
and manipulation of deeply located pathology. The pitfall of the keyhole approach is 
that the superficial middle cerebral artery cannot be harvested for precautionary 
bypass to the intracranial artery. Standard craniotomy is still the gold standard for 
clipping surgery because of the surgical flexibility such as potential for bypass, ante-
rior clinoidectomy, and sinus reconstruction for complex cerebral aneurysms.

15.3  �Surgical Indications of Clipping via the Supraorbital 
Keyhole Approach

Supraorbital keyhole clipping has been applied to middle cerebral artery and basilar 
artery aneurysms, but we recommend this technique for the subgroup of internal 
carotid artery (ICA) and anterior communicating artery (AcomA) aneurysms [2, 3]. 

Fig. 15.1  Comparison of the sizes of standard fronto-temporal craniotomy (right) and supraor-
bital keyhole craniotomy (left) in the same patient
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Many neurosurgeons apply this keyhole approach to treat ruptured aneurysms, but I 
do not recommend this technique because brain swelling and dark bloody operative 
field caused by subarachnoid hemorrhage hinder safe clipping surgery. Consequently, 
we must know the pros and cons of keyhole clipping. I consider that only small 
ICAs of less than 10 mm in diameter and simple aneurysms are candidates for key-
hole clipping for safety reasons. Anteriorly or inferiorly projecting AcomA aneu-
rysm with height from the skull base of up to 13 mm is a good indication. Laterally 
projecting ICA aneurysm without badly attached anterior choroidal artery is also a 
good indication. The supraorbital keyhole approach cannot provide periosteal flap 
for closing the opened frontal sinus. If the frontal sinus is very large, the supraor-
bital keyhole approach is not recommended.

15.4  �Preoperative Imaging and Surgical Simulation

The main targets of keyhole clipping are relatively small and simple cerebral aneu-
rysms, so three-dimensional (3D) computed tomography angiography (CTA) is nec-
essary but sufficient and catheter angiography is not required. However, keyhole 
mini-craniotomy is the minimum bone window to access a deeply situated aneu-
rysm, so we should perform preoperative simulation with 3D CTA data to determine 
the optimal location and size of the keyhole. The 3D images of the aneurysm, cere-
bral arteries, and skull are merged into a single 3D image using computer worksta-
tion (Ziostation 2.4, Ziosoft, Inc.) (Fig. 15.5, left). The supraorbital keyhole should 
be located laterally to the supraorbital notch. Basically, keyhole clipping is a straight 
axis operation, so we should also determine the best head rotation angle from this 
simulation. In most cases, the width of the keyhole is 25–30 mm and the height is 
22 mm (more than 20 mm). If the height is less than 20 mm, adequate light from the 
operating microscope cannot be introduced into the deep intracranial site.

15.5  �Keyhole or Standard Craniotomy?

Several representative cases illustrate whether keyhole or standard craniotomy 
should be chosen.

15.5.1  �ICA Aneurysm

The upper panels of Fig. 15.2 show the aneurysm is small and laterally projecting 
and the anterior choroidal artery is separated from the dome. The preoperative simu-
lation image indicates the supraorbital keyhole approach is possible. The lower 
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panels of Fig. 15.2 show the proximal neck of the aneurysm is hidden by the ante-
rior clinoid process and the aneurysm is low-lying. Anterior clinoidectomy and 
resection of the tentorium were anticipated, so the standard fronto-temporal crani-
otomy was chosen.

15.5.2  �Internal Carotid-Paraclinoid Aneurysm

The upper panels of Fig. 15.3 show the dome projecting upward with the space 
between the anterior clinoid process and the proximal neck. Anterior clinoidec-
tomy seemed unnecessary for this aneurysm. Therefore, keyhole clipping was cho-
sen. The lower panels of Fig. 15.3 show the aneurysm dome was embedded into 
the anterior clinoid process. Anterior clinoidectomy was considered to be defi-
nitely required, so standard fronto-temporal craniotomy (extradural approach) 
was chosen.

Fig. 15.2  Two cases of internal carotid-posterior communicating artery aneurysm. Upper panels: 
Small laterally projecting aneurysm and anterior choroidal artery separated from the dome. 
Preoperative simulation image indicates the supraorbital keyhole approach is possible. Lower pan-
els: Low-laying aneurysm, which indicates the necessity of tentorial incision. The proximal neck 
is hidden by the anterior clinoid process, which indicates the necessity of anterior clinoidectomy. 
Standard fronto-temporal craniotomy was chosen
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15.5.3  �AcomA Aneurysm

The upper panel of Fig. 15.4 shows the dome projecting anteriorly without involv-
ing the A2. Supraorbital keyhole clipping was chosen. The lower panel of Fig. 15.4 
shows the dome pointed upward and the bilateral A2 attached to the dome, so stan-
dard craniotomy (bifrontal) was chosen.

15.6  �Surgical Technique of Supraorbital Keyhole Clipping

After induction of general anesthesia, the patient is positioned supine with the head 
away from the operative side at the angle determined by the preoperative simula-
tion. The head is fixed with a Mayfield tri-pin holder. The motor evoked potential 

Fig. 15.3  Two cases of internal carotid-paraclinoid aneurysms. Upper panels: Dome seems sepa-
rate from the anterior clinoid process. Supraorbital keyhole was chosen. Lower panels: Aneurysm 
dome is embedded into the anterior clinoid process. Anterior clinoidectomy was required, so stan-
dard fronto-temporal craniotomy was chosen
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electrodes are set in the scalp. A slight chin-up position facilitates gravity retraction 
of the frontal lobe. The landmark structures such as the orbital limb, supraorbital 
notch, frontal sinus, and orbitozygomatic suture are marked on the face. The sched-
uled supraorbital keyhole is also marked on the face and then the skin incision just 
above the eyebrow is determined (Fig.  15.5, right). Surgical drapes should be 
tightly fixed with the Mayfield holder to retract the skin inferiorly using hooks. The 
operating microscope should be introduced from the step of skin incision. The eye-
brow skin incision generally starts from just lateral to the supraorbital foramen and 
then about 40 mm laterally toward the end of the eyebrow. If the wrinkle just above 

Fig. 15.4  Two cases of 
anterior communicating 
artery aneurysms. Upper: 
Aneurysm dome projects 
anteriorly without 
involving the A2, so 
supraorbital keyhole 
clipping was chosen. 
Lower: Aneurysm dome 
partially projecting upward 
and involving the bilateral 
A2, so standard 
craniotomy (bifrontal) was 
chosen
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the eyebrow is prominent, the skin incision follows the wrinkle (Figs. 15.6a and 
15.8a). Skin incision along the wrinkle over the eyebrow is acceptable but should 
not pass too high from the eyebrow, otherwise the patient will suffer from postop-
erative frontal muscle weakness. After the skin incision, the frontalis muscle is 
incised using the monopolar coagulator (Fig. 15.6a). The skin and frontalis muscle 
are retracted together both superiorly and inferiorly. The subperiosteal dissection is 
made to expose the frontal bone and the anterior end of the temporal muscle fascia 
over the McCarthy point. The temporal muscle and its fascia are partially dissected 

Fig. 15.5  Preoperative 3D CT multi-fusion image of left internal carotid artery aneurysm for 
preoperative simulation of supraorbital keyhole clipping (left) and the landmark structures, sched-
uled keyhole mini-craniotomy, and eyebrow skin incision (right)

a b

c d

Fig. 15.6  Intraoperative photographs of clipping of left internal carotid-paraclinoid aneurysm via 
the supraorbital keyhole approach. (a) Eyebrow skin incision.(b) Subperiosteal exposure of the 
frontal bone, arrow showing the retracted temporal muscle, star showing the McCarty point. (c): 
Drilling the bony ridge over the orbital roof (arrowhead). (d) Supraorbital mini-craniotomy
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from the superior temporal line, and dissected and retracted inferiorly to expose the 
McCarty point (Figs. 15.6b and 15.8b). Burr hole is made at the McCarty point and 
then the supraorbital mini-craniotomy is performed. The dura mater is dissected 
from the frontal base and any bony ridge over the orbital roof (Juga) should be 
drilled away to flatten the frontal base (Figs. 15.6c, d and 15.8c, d). The dura mater 
is incised in curvilinear fashion (Fig. 15.7a). The frontal lobe is slightly retracted 
and the arachnoid membrane near the medial sylvian fissure is opened, then cere-
brospinal fluid is aspirated until the brain become slightly slack. Then, the tip of the 
brain spatula is advanced little by little toward the carotid cistern. The carotid cis-
tern is widely opened and cerebrospinal fluid is aspirated until the brain becomes 
slack enough to retract the brain more (Fig. 15.9a). Then, the medial sylvian fissure 
should be widely opened and the optic nerve dissected from the rectal gyrus (Fig. 
15.9b). After this step, clipping procedures can be performed similarly to the pteri-
onal approach via standard craniotomy. I use Sugita titanium clip applier (Mizuho 
Corp.) because this device is thin enough for keyhole clipping. After the clipping, 
motor evoked potential, indocyanine green video-angiography, and Doppler sonog-
raphy can be performed for safety as in the standard operation. After dural closure, 
I prefer to use a titanium pterion plate to cover the bone defect (Fig. 15.10a). The 
wound should be meticulously sutured in multi-layer fashion (Fig. 15.10b). After 
removal of the skin stitches, the wound is taped for 1  month for better cos-
metic result.

a b

c d

Fig. 15.7  Intraoperative photographs of clipping of left internal carotid-paraclinoid aneurysm via 
the supraorbital keyhole approach (continued). (a) After dural opening. (b) Left internal carotid-
paraclinoid aneurysm attached to the left optic nerve. (c) Dissecting the paraclinoid aneurysm from 
the optic nerve (d) After aneurysm clipping
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Fig. 15.8  Intraoperative photographs of clipping of anterior communicating artery aneurysm via 
the supraorbital keyhole approach. (a) Eyebrow skin incision. (b) Exposed left frontal bone. (c) 
Drilling the bony ridge over the orbital roof. (d) Supraorbital mini-craniotomy

a b

c d

Fig. 15.9  Intraoperative photographs of clipping of anterior communicating artery aneurysm via 
the supraorbital keyhole approach (continued). (a) Opening of the left carotid cistern until the brain 
became slack. (b) Opening of the left medial sylvian fissure (arrowhead). (c) Dissection of the 
anterior communicating artery aneurysm after partial resection of the rectal gyrus. (d) Clipping the 
aneurysm
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15.7  �Representative Cases

Figures 15.6 and 15.7 show intraoperative photographs of a representative case of 
internal carotid-paraclinoid aneurysm clipped by the left supraorbital keyhole 
approach. Figures 15.8, 15.9, and 15.10 show intraoperative photographs of a rep-
resentative case of AcomA aneurysm clipped by the left supraorbital keyhole 
approach. The rectal gyrus can be partially resected to expose the aneurysm com-
plex (Fig. 15.9c).

15.8  �Future Prospects

Pure endoscopic keyhole surgery and exoscopic surgery have been adopted more 
and more extensively in the field of neurosurgery. I mainly use the operating micro-
scope and only use the endoscope to observe any small perforating artery and check 
the position of the clip blades and confirm complete clipping. One of the drawbacks 
of using the operating microscope during keyhole clipping is the relatively low illu-
mination in the deep operative field. Choice of the modality for keyhole clipping 
may depend on the surgeon’s experience and expertise.

a

b

Fig. 15.10  Intraoperative photographs of clipping of anterior communicating artery aneurysm via 
the supraorbital keyhole approach and postoperative 3D images (continued). (a) Bony defect 
sealed by a titanium pterion plate. (b) After closure of the wound using 6–0 nylon
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15.9  �Reminds

More details of the surgical indications, techniques, and surgical results of keyhole 
clipping have been published elsewhere [2, 3]. The supraorbital keyhole approach 
and keyhole concept were established by Alex Perneczky (1945–2009). He noted 
that the keyhole concept is not to reduce the size of craniotomy to a real keyhole but 
rather make the minimal craniotomy large enough to access deeply situated intra-
cranial pathologies [4]. Keyhole clipping is not established as a safe surgical 
method. Consequently, less invasive keyhole clipping may suddenly be changed to 
maximum invasive surgery. Therefore, strict surgical indications and preoperative 
simulation are mandatory for safe keyhole surgery. If any disadvantages or compli-
cated procedures are identified, standard craniotomy should be chosen for safe clip-
ping. Keyhole surgery is performed for the benefit of the patient not for the 
neurosurgeon.
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Chapter 16
Repeated Aneurysm Intervention

Vladimír Beneš, Anna Štekláčová, and Ondřej Bradáč

16.1  �Introduction

The morbidity and mortality of subarachnoid hemorrhage from ruptured intracra-
nial aneurysm remains high worldwide [1]. According to a meta-analysis of recent 
epidemiological studies, the morbidity ranges between 8 and 67% and mortality 
between 8 and 20% [2]. The most effective prevention of aneurysm rupture known 
today is its complete exclusion from cerebral circulation. The original procedure to 
accomplish this goal was ligating the artery at the site where aneurysm originated. 
Nevertheless, with the improvement of neurosurgical techniques over years, occlu-
sion of the aneurysm neck with a microsurgical clip became the gold standard for 
treatment. Later on, endovascular coiling emerged as less invasive alternative to 
surgical treatment [3]. One year results of the largest randomized controlled trial 
comparing clipping and coiling found lower proportion of death and dependency for 
patients with small ruptured anterior circulation aneurysm in good initial clinical 
condition who were randomized to endovascular arm [4]. Despite multiple criti-
cisms, the results of this study led to the increased use of endovascular treatment, 
which in some institutions even surpassed surgery. However, not clinical but radio-
logical results remain the often cited and feared weakness of this newer, less inva-
sive technique.
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16.2  �Occlusion Rate After Surgical 
and Endovascular Treatment

Surgical clipping has been traditionally believed to provide definitive and long-term 
exclusion of aneurysm from intracranial circulation. Nevertheless, some authors 
argue that consistent data on technical efficacy of this treatment have been lacking 
over published series [5]. Moreover, the mode of postoperative radiological controls 
and their timing may not always seem to be stated clearly. Depending on definition 
and the use of postoperative angiography, the incidence of residual neck after sur-
gery ranges between 3.8 and 18% [6–13]. In the meta-analysis published by 
Raaymakers et al. [14], 10 of 61 studies reported routinely performed postoperative 
angiography to verify the occlusion, and the results were stated in five of them. The 
total number of examined patients was 158, with complete obliteration rate pre-
sented to be 93%. Kotowski et al. [15] similarly found that information on occlusion 
rates was not stated in all examined studies. Still, based on 1969 postoperative 
examinations available, 91.8% aneurysms were completely occluded, 3.9% had 
neck remnants, and 4.3% were incompletely occluded. Single center results by 
Kivisaari et  al. [13] presented experience with postoperative angiography in 955 
aneurysms treated consecutively by surgery over 3.5-year period. Complete aneu-
rysm occlusion was achieved in 88%, a neck remnant was discovered in 9%, and a 
fundus remnant was revealed in 3%. The proportion of complete occlusion was 
higher in unruptured group. In single series by Drake et al. of 1767 vertebrobasilar 
aneurysms [16], total obliteration was achieved in only 82.5% aneurysms, which 
probably mirrors the time of the study and technical challenge of surgery in poste-
rior circulation.

Even though, in contrast to surgery, the data on initial occlusion rate after endo-
vascular treatment could be easily accessed at the end of each procedure, this infor-
mation is not routinely stated in published series either. Moreover, the available data 
according to some authors indicate, that this younger method would be technically 
inferior. Indeed, the systematic review published by Naggara et al. [17] revealed that 
DSA results at the end of the procedure were published in 38 out of 71 studies (3089 
UAs), with a complete occlusion or a neck remnant in 2660 (86.1%). Another sys-
tematic review published by Ferns et  al. [18] evaluated the results of 46 studies 
(8161 ANs). Complete initial occlusion was reported in 62.3%, near complete 
occlusion in 29.5% and incomplete occlusion in 8.2%. Prospective multicenter 
study ATENA of Pierot et al. [19] was designed to evaluate the technical success in 
endovascular treatment of unruptured aneurysms which were ≤15 mm in size. The 
study included 649 patients with 1100 aneurysms treated with simple coiling, stent 
or balloon assistance. Complete aneurysm occlusion was achieved in 59%, a neck 
remnant was discovered in 21.7%, and residual sac filling in 19.3%. Another study 
showed that the risk of incomplete occlusion after endovascular intervention is 
mostly dependent on neck width, size, and shape of aneurysm sac [20].

Complete occlusion rate in ISAT study was achieved in 81% of aneurysms ran-
domized to surgical and 58% randomized to endovascular treatment [21].
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16.3  �AN Regrowth

Data obtained from several follow-up imaging studies consistently suggest that 
aneurysm regrowth is more commonly observed in patients who undergo endovas-
cular treatment, as opposed to surgical clipping where this is considered as rather 
exception.

Meta-analysis published by Spiessberger et  al. [22] included 92 articles with 
13,723 patients after aneurysm clipping. Pooled annualized incidence rates were 
0.13% for recurrence and 0.35% for de novo aneurysm formation. Mean time to 
recurrence was 12.9  years and mean time to de novo formation was 9.3  years. 
Recurrent aneurysms were most often seen at the ICA/PCoA, AcoA, and 
MCA. Three of the analyzed studies reported on remnant growth patterns. David 
et al. [23] found no growth in 75% of dog-ear remnants and regrowth in 75% of 
broad-based remnants at a mean follow-up of 4.4 years in 102 patients. Edner and 
Almquist [24] found a 1% annual enlargement risk for base remnants in 790 patients. 
Jabbarli et al. [25] found patient age to be a risk factor for remnant growth in a series 
of 616 patients (the overall proportion of AN remnant regrowth was 6.25%). 
Tsutsumi et al. presented their long term (mean 9.3 years) follow-up angiography 
results in 140 patients after clipping [26]. Their data showed that the risk of aneu-
rysm recurrence after complete occlusion was 0.13% per year which was lower than 
the risk of de novo aneurysm formation (0.89% per year).

As already mentioned, findings presented for endovascular group may be per-
ceived less satisfactory. A systematic review published by Ferns et al. [18] included 
46 studies with 8161 coiled aneurysms: reopening occurred in 21.8% at a mean 
follow-up ranging from 4.7 to 38 months. Another systematic review, presented by 
Naggara et  al. included 22 studies with 1737 unruptured intracranial aneurysms 
treated by endovascular intervention [17]. The mean follow-up time in studies 
ranged from 0.4 to 3.2  years and the overall recanalization rate was 24.4%. 
Interestingly, in the three studies (324 patients) with independent evaluation of DSA 
results, the overall recanalization rate was significantly higher (34.6%) than it was 
in remaining 19 studies where the results were self-assessed (p < 0.001) [17].

Risk factors for aneurysm recurrence reported in more than one study included 
larger lumen size (>10  mm), larger aneurysm neck size, and incomplete initial 
occlusion [18, 27–32]. In order to quantitatively predict the risk of retreatment fol-
lowing endovascular therapy, Ogilvy et al. presented their “Aneurysm Recanalization 
Stratification Scale” [30]. According to this model, the chance of aneurysm recur-
rence is stratified based upon aneurysm size (>10 mm vs. ≤10 mm), presence of 
subarachnoid hemorrhage, presence of intraluminal thrombus, modality of treat-
ment (coils only, stent assistance, or flow diversion), and initial degree of oblitera-
tion. Based on these factors, the predicted rate of recurrence can range from 4.9 to 
100% [30, 33]. Interestingly, some results suggest that reopening after coiling 
occurs predominantly within the first year after treatment [15, 29, 34–39] and the 
long-term risk of reopening would be low in patients with complete or near com-
plete occlusion at 6 month follow-up angiogram [39, 40].
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16.4  �Rebleeding

As previously stated, the main goal of aneurysm treatment is to prevent its bleeding 
by aneurysm exclusion from cerebral circulation. Some valuable information 
regarding protective effect of both treatment methods can be extracted from two 
studies, namely ISAT (International Subarachnoid Aneurysm Trial) [4, 21, 41, 42] 
and CARAT (Cerebral Aneurysm Rerupture After Treatment) [27].

The analysis of long-term outcome (mean follow-up 9 years) of 2004 patients 
randomized in ISAT study was published in 2009 [42]. Data showed that recurrent 
hemorrhage in the first year after treatment was present in 24 patients, out of which 
13 were from previously treated aneurysm (10 by endovascular, 3 by surgery). 
Besides that the most recent data were published in 2015 [41]. Follow-up was still 
available in 1003 patients (46.8% of previously randomized) who were observed 
between 10 and 18.5 years. Recurrent hemorrhage at this point of study was present 
in 33 cases, out of which 17 were from rupture of previously treated aneurysm (13 
by endovascular, 4 by surgery). The cumulative risk of rerupture from previously 
treated aneurysm in patient after subarachnoid hemorrhage at the end of observation 
was calculated to be 0.0216 after endovascular intervention and 0.0064 after surgery.

Analysing long term results of CARAT study, authors concluded that the degree 
of initial occlusion is a strong predictor of repeated rupture [27]. The study included 
1010 patients (711 treated by surgery, 299 by endovascular intervention). Cumulative 
risk of repeated hemorrhage was 1.1% in completely occluded aneurysms, as com-
pared to 2.9% in residual neck filling (91–99% occlusion), 5.9% in aneurysms with 
larger residual filling (70–90% occlusion), and even 17.9% in case of incomplete 
occlusion. This trend towards higher risk of bleeding in dependence to lower occlu-
sion rate was similarly observed in endovascular as well as surgical group. Altogether 
19 reruptures occurred in 4 years of follow-up. Risk of rebleeding was 3.4% after 
endovascular intervention and 1.3% after surgery.

Single institution results of 752 patients after clipping for ruptured intracranial 
aneurysm with 6016 follow-up years were published by Wermer et al. [43]. Authors 
found that the incidence of recurrence within first 10 years after SAH was 3.2%. 
Another report on risk of repeated subarachnoid hemorrhage after complete oblit-
eration of cerebral aneurysms was published by Tsutsumi et al. [26], who noted a 
cumulative risk of SAH from de novo and recurrent aneurysms of 2.2% in 10 years 
and 9.0% in 20 years. The important fact to mention is that patients in these studies 
were not routinely screened for recurrent aneurysm between treatment and termina-
tion of follow-up. A study of recurrent intracranial aneurysms (ruptured and unrup-
tured) after successful neck clipping by el-Beltragy et  al. [44] reported lower 
incidence of hemorrhage, with only two patients (0.2%) having SAH among 1016 
clipped over a 15-year period.

Long-term follow-up data on recurrent hemorrhage after endovascular treatment 
are scarce  - and not too surprising. Previously described surgical series included 
cases when the aneurysm was treated and subsequent graphical controls were not 
performed routinely in given intervals for years, thanks to the traditional belief in 
efficacy of microsurgery. Endovascular, on the other hand, was suspicious from risk 
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of shorter durability from the very beginning, which led to more frequent controls 
and repeated interventions before the recurrent or bled de novo aneurysms. Only 
identified single-study information were presented by Schaafsma et al. [45]. This 
study presented the results of 283 patients followed-up for mean duration of 
6.3 years after “adequate” coiling (>90% obliteration) of ruptured intracranial aneu-
rysm. Frequency of recurrent SAH in their series was only 0.4%, which would seem 
lower than observed in surgical series, nevertheless the selection bias in addition to 
shorter follow-up period is obvious.

Altogether, the available information imply that the risk of repeated rupture of 
previously treated aneurysm is generally low after both treatment methods (surgical 
and endovascular) and is increased in case of incomplete initial occlusion as well as 
the length of follow-up. Available results further suggest that endovascularly treated 
patients might be at somehow higher risk of rebleeding from the original aneurysm 
than patients treated surgically (although the data are limited).

16.5  �Retreatment: Indications and Risks

Most experts agree that substantial residual filling (more than 90% of initial size) or 
aneurysm regrowth are indications for repeated intervention, as they pose (although 
low) the risk of rupture with potentially negative sequelae [7, 10, 45–47]. Some 
authors postulate that younger patients are at higher risk to create a larger aneurysm 
from tiny remnant [10, 25]. In addition, enlarging remnants can produce compres-
sive symptoms from local mass effect [46–48]. Thus, treatment of aneurysm rem-
nants is usually advocated, especially in young patients. The results of ISAT trial at 
10 year follow-up showed that retreatment rate was 17.4% for patients randomized 
to coiling and 3.9% to surgery [21, 28]. Similar results were observed in BRAT 
study, where the rate of retreatment at 6 year follow-up was 17.4% for coiling and 
3.9% for surgery [49].

Nevertheless, repeated interventions pose very specific challenges. Surgical 
treatment of previously coiled or clipped aneurysm, owing to the formation of 
arachnoid scars or appearance of foreign material in the form of coils or stents 
implanted during previous endovascular intervention, may present one of the most 
difficult procedures in aneurysm surgery [44, 47, 50]. Repeated endovascular pro-
cedure, on the other hand, may pose the risk of lower technical feasibility.

Meta-analysis published by Petr et al. [34] focused on the outcome of endovas-
cular treatment of the previously clipped aneurysms. The authors included 27 stud-
ies with 271 patients, overall complete occlusion rate was 76.1% with combined 
procedure-related morbidity/mortality of 4.5%. In another meta-analysis by 
Muskens et  al. [51], the authors calculated pooled prevalence rates for complete 
occlusion rate and mortality for different treatment and retreatment strategies. Their 
results showed that surgical retreatment was associated with a higher complete 
occlusion rate but considerable morbidity and conversely, endovascular retreatment 
was associated with low mortality but also low complete occlusion rate. Surgery 
after coiling had a complete occlusion rate of 92.6% with mortality of 5.6%. Coiling 
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after coiling had a pooled complete occlusion rate of 51.3% with mortality of 0.8%. 
Coiling after surgery had an occlusion rate of 56.1% with mortality of 9.3%. Surgery 
after surgery had pooled mortality rate of 5.9% and pooled complete occlusion rate 
could not be calculated because only one study reported their results (88.7%, Drake 
et al.) [46]. All included studies in both meta-analyses were retrospective.

16.6  �Follow-up Controls

General guidelines recommending frequency and length of follow-up after aneu-
rysm treatment are not available. We can still make some suggestions based on 
published data available.

Regarding surgical treatment, early postoperative catheter angiographic control to 
verify the quality of aneurysm occlusion should be performed routinely [11, 13]. 
Good results of intraoperative angiography have also been well documented in pres-
ent studies [52–54], though the method is not widely available and its clear advantage 
over postoperative angiography has not yet been proved. Subsequent long-term fol-
low-up imaging should be certainly managed given the risk of aneurysm recurrence 
and de novo formation [22–26]. The timing of controls should be planned individu-
ally, based on the initial occlusion rate, age, and general status of patients. First con-
trol after release from hospital should be performed in 12–36  months. In clipped 
aneurysms, CT angiography is the noninvasive method of choice [55].

After endovascular treatment, a large variety of schemes are used among different 
departments and different countries [56]. First follow-up control is mostly scheduled 
3–6 months after procedure, with further follow-up depending on the patient/aneu-
rysm characteristics. Classical scheme includes 12–24 months period and a midterm 
follow-up at 3–5 years [57]. Noninvasive imaging modality of choice after endovas-
cular treatment is MR angiography [58]. First year after endovascular intervention is 
crucial, because most recurrences occur during this period. The ideal frequency of 
examinations and the length of follow-up is not determined, but more frequent fol-
low-up may be indicated in patients harboring risk factors of recurrence [59, 60].

Despite many advances of noninvasive methods, conventional angiography still 
remains the gold standard and should be used to resolve any cases of diagnostic 
uncertainty.

16.7  �Future Directions

Recent years meant the evolution of research at molecular level in all fields of neuro-
surgery, and aneurysms are no exception. Most investigations are focused on aneu-
rysm wall biology. Observational data imply that to ensure permanent and long-term 
occlusion, the aneurysm wall must be healed and angiographic occlusion after endo-
vascular treatment or surgical clipping does not equate to biological healing [61–65]. 
Human studies further confirm that half of aneurysms deemed completely occluded 
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on angiography show tiny openings between coils at the neck [61]. The healing after 
clipping relies on mechanical occlusion, whereas healing after coiling mainly 
requires the induction of a biological response [66]. During embolization, the aneu-
rysm sac is filled with material which should induce thrombosis and subsequent heal-
ing that requires growth of new tissue over the thrombus or organization of the 
thrombus into fibrous tissue [3]. Nevertheless, some studies revealed that many aneu-
rysm walls lack the smooth muscle cells which are crucial elements in the process of 
thrombus formation and subsequent aneurysm healing and these aneurysms are thus 
predisposed to recurrence after endovascular treatment [67–69]. This means that the 
development of imaging to identify decellularized aneurysm could help identify at 
risk lesions. To date, we are able to image aneurysm walls by modern MRI tech-
niques [70–72]. Several studies show that gadolinium uptake was more frequently 
observed in unstable aneurysms and has been associated with major recurrence after 
embolization [70, 73]. Nevertheless, the exact relation between wall decellulariza-
tion, MRI findings and pattern of aneurysm recurrence is not fully understood yet. 
Another approach how molecular findings could help resolve aneurysm recurrence is 
focus on pharmacological affection of process in aneurysm wall. Similar research is 
ongoing in unruptured aneurysm management where biological therapy or nonsteroi-
dal anti-inflammatory drugs might be potential future treatment options [74, 75].

16.8  �Conclusion

After century of improving technical standards and strategies, the primary goal of 
aneurysm treatment remains stable: its complete occlusion from cerebral circula-
tion. To date, we have two well established standard treatment modalities, surgical 
and endovascular, both proved to bring similar clinical benefit for patients. Thus, 
technical results, namely initial occlusion rate, regrowth and retreatment rate, all 
appear to be more satisfactory after surgery. On the other hand, the risk of endovas-
cular retreatment does not seem to negate the advantage of initial intervention and 
appears to be safe even in case of additional treatment after surgery, when risk pend-
ing from additional open procedure could be substantial. Nevertheless, the choice of 
treatment should be individualized, with both neurosurgeon and endovascular neu-
roradiologist being involved. The postop control should be mandatory and long last-
ing. CTA and MRA seem to be suitable procedures with angiography being used in 
any uncertainties. Molecular therapy appears to be potential future strategy, even 
though its exact role is not clearly understood yet.

16.9  �Our Experience

Between January 2000 and December 2019 we treated altogether 2032 aneurysms 
(769 indicated for clipping, 1263 for endovascular intervention) in 1742 patients 
and total number of procedures performed was 2167. The proportion of aneurysms 
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that required repeated intervention was 3.5% (27/769) in surgical and 12.6% 
(159/1263) in endovascular group (p < 0.001) (Fig. 16.1a). The reasons for repeated 
intervention were divided into several subgroups. Most often reason for retreatment 
in both surgical and endovascular groups was incomplete initial occlusion: 16 aneu-
rysms of initially clipped (2.1%) and 96 aneurysms of initially coiled (7.6%) 
(Fig.  16.1b). Three aneurysm in surgical and 65  in endovascular group were 
retreated for regrowth (Fig.  16.2). We observed 9 reruptures after endovascular 
treatment (6× early, 3× late) and none after surgery.

Illustrative case No. 1: 58-year-old patient with giant left MCA aneurysm indicated 
for surgical treatment. Clip reconstruction was performed with dysplastic aneu-
rysm base remnant which was treated by additional coiling 7 months after origi-
nal surgery. AN treatment is illustrated on Fig. 16.3.

Illustrative case No. 2: 34-years old patient with unruptured ophtalmic artery aneu-
rysm was indicated for clipping. The surgeon was not satisfied at the end of the 
procedure and thus immediate angiography 20 min after surgery was performed. 
Post-angiography revealed residual filling which was managed by immediate 
coiling. AN treatment is illustrated on Fig. 16.4.

Illustrative case No. 3: 42-year-old patient with SAH HH 3, WFNS 3, Fisher 4 from 
ruptured bilobed aneurysm at VA junction. Aneurysm lobe that had ruptured was 

2032 AN

1263 E

136 E 23 S 27 E

re-treated

159 (12.6%)
re-treated

27 (3.5%)

769 S

1. Incomplete AN occlusion (n = 16; 2,1%)

2. Neurosurgeon’s decision (n = 6)

3. Rupture during craniotomy (n = 2)

4. Regrowth, initial complete occlusion (n = 3)

a

b

Fig. 16.1  (a) Proportion of retreatment according to initial treatment modality. (b) Reasons for 
retreatment in surgical group
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coiled, second lobe not feasible for endovascular intervention was clipped 
3 weeks later. Coiled aneurysm lobe requires additional treatment for regrowth 
by stent + coils in 183 months after original procedure. AN treatment is illus-
trated on Fig. 16.5a, b.

Illustrative case No. 4: 48-year-old patient presented with ruptured left ophtalmic 
artery aneurysm, HH 2, WFNS 1, Fisher 2. The aneurysm was indicated for clip-
ping. During surgery, left optic nerve was identified to be ``smashed flat`` over 

1. Planned 2nd procedure
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A - Intended partial occlusion

B - Incomplete occlusion

A - Initial total embolisation
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B - Repeated endovascular procedure

2. AN regrowth

3. Technical failure

Fig. 16.2  Reasons for retreatment in endovascular group

Fig. 16.3  Coiling of residual giant AN filling after clip reconstruction of dysplastic aneurysm base
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aneurysm and surgeon deemed further preparation unnecessary hazardous. 
Under the same anesthesia, patient was transferred to angio ward and aneurysm 
treated by coiling. AN treatment is illustrated on Fig. 16.6.

Illustrative case No. 5: 73-year-old patient with unruptured fusiform aneurysm at 
MCA which was successfully clipped. 51 months after treatment, recurrence of 
aneurysm filling was discovered and treated by additional coiling. AN treatment 
is illustrated on Fig. 16.7.

Illustrative case No. 6: 37-year-old patient with unruptured aneurysm at anterior 
communicating artery indicated for endovascular intervention. During the first 
session, the implantation of stent was performed with planned additional coiling 
in 1 month. AN treatment is illustrated on Fig. 16.8.

Illustrative case No. 7: 54-year-old male patient with ruptured ACoA aneurysm, HH 
5, WFNS 5, Fisher 4. The aneurysm was coiled subtotally in acute phase with 
additional coiling in 7 days. AN treatment is illustrated on Fig. 16.9.

Illustrative case No. 8: 56-year-old woman with unruptured bilobed aneurysm at 
carotid artery bifurcation. Planned coiling was performed in two sessions with 
6 months interval between procedures. AN treatment is illustrated on Fig. 16.10.

Illustrative case No. 9: 58-year-old patient with unruptured aneurysm at basilar 
artery bifurcation. The aneurysm was coiled subtotally with residual neck 
(Raymond class II), in 8  months regrowth was observed and aneurysm was 
secured by additional coiling. AN treatment is illustrated on Fig. 16.11.

Illustrative case No. 10: 48-year-old male with unruptured aneurysm at ACoA 
which was coiled with residual filling (Raymond III). At follow-up in 49 months, 
the coil was found to migrate into distal ACA and AN was treated by stent and 
coil. AN treatment is illustrated on Fig. 16.12.

Fig. 16.4  Coiling of residual sac of clipped unruptured ophthalmic artery aneurysm
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Illustrative case No. 11: 47-year-old patient presented with subarachnoid hemor-
rhage HH 1, WFNS 1, Fisher 3. Ruptured AN at PCoA was coiled. 61 months 
after initial treatment, she presented with recurrent bleeding. Catheter 
angiography revealed recurrent AN which was treated with additional coiling. 
AN treatment is illustrated on Fig. 16.13.

Illustrative case No. 12: 60-year-old patient presented with SAH HH 2, WFNS 2, 
Fisher 4. Ruptured AN at ACoA was treated by stent + coils. Two days after 
original procedure, neurological state deteriorated. CT revealed recurrent hemor-
rhage. Catheter angiogram was emergently performed and revealed residual fill-
ing at the base of aneurysm and tiny daughter sac, additional coils were implanted. 
AN treatment is illustrated on Fig. 16.14.

a

b

Fig. 16.5  (a) Ruptured bilobed aneurysm at VA junction. First lobe was coiled, second clipped. 
(b) Regrowth of coiled lobe and subsequent retreatment by stent+ coils
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Illustrative case No. 13: 87-year-old patient with unruptured AN at PCoA was 
treated by coiling. 23 months after original procedure, she presented with SAH 
HH 2, WFNS 2, Fisher 3. Control examination revealed aneurysm regrowth 
which was treated by additional coils placement. AN treatment is illustrated on 
Fig. 16.15.

Illustrative case No. 14: 45-year-old patient with SAH from ruptured PCoA aneu-
rysm (HH2, WFNS 1, Fisher 3). AN coiling was performed. Regrowth occurred 

Fig. 16.6  Peroperatively identified conflict between left ophthalmic artery aneurysm and 
optic nerve

Fig. 16.7  Aneurysm regrowth after successful clipping
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Fig. 16.8  Stent implantation in the first session and additional coiling in 1 month

Fig. 16.9  Ruptured AN at ACoA coiled subtotally in acute phase with additional procedure 
in 7 days

after 3 years. During repeated endovascular intervention, patient developed ana-
phylactic shock and procedure was terminated prematurely. Subsequently, AN 
was treated by resection of coiled sac and clip reconstruction. AN treatment is 
illustrated on Fig. 16.16.
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Fig. 16.10  Bilobed aneurysm at carotid artery bifurcation coiled in two sessions

Fig. 16.11  Aneurysm regrowth after initial subtotal occlusion (Raymond class II) and addi-
tional coiling

Fig. 16.12  AN recurrence after coil migration and additional intervention (stent  +  coils) 4 
years later
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Fig. 16.13  Late (after 5 years) rerupture of previously coiled aneurysm

Fig. 16.14  Early (2 days) rerupture of residual neck and daughter sac after stent + coil

Fig. 16.15  Regrowth and rupture of previously coiled unruptured aneurysm
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Fig. 16.16  Aneurysm regrowth after coiling treated by AN wall resection and clip reconstruction
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Chapter 17
Management of Wide-Necked Basilar tip 
Aneurysms

Yuichiro Kikkawa and Hiroki Kurita

17.1  �Introduction

Basilar artery aneurysms are difficult to approach surgically because of their deep 
location [1–4]. Endovascular treatment is the first-line treatment for basilar artery 
aneurysms, and direct surgery for such lesions is becoming increasingly less com-
mon, which limits the experience of surgeons. Despite endovascular treatment being 
the first-line approach, it is often difficult to treat large wide-necked aneurysms 
using endovascular treatment alone. Thus, in recent years, surgery and endovascular 
treatment have been combined for difficult cerebrovascular lesions, also termed 
hybrid surgery [5–8]. We herein describe our original surgical approach for large 
wide-necked basilar tip aneurysms.

17.2  �Selection of Surgical Approach

The pterional approach, subtemporal approach, and a combination of these 
approaches are commonly used to treat basilar tip aneurysms [9–13]. The pterional 
approach has some advantages over the subtemporal approach; for example, with 
the pterional approach, it is easy to visualize the bilateral P1 portions of the poste-
rior cerebral artery (PCA), superior cerebellar artery, and perforators. In addition, 
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with the pterional approach, there is no need to compress cranial nerves III and IV, 
and less retraction of the temporal lobe is required.

Despite these advantages, regardless of the space outside, inside, or above the 
internal carotid artery (ICA), the operative field is narrow and the flexibility of 
manipulation is limited with the pterional approach. Therefore, it is often necessary 
to retract the ICA to obtain an adequate operative field. Furthermore, the posterior 
communicating artery or the posterior clinoid process often obstructs the visual field.

To overcome the limitations of the pterional approach, we use the orbitozygo-
matic approach to treat basilar tip aneurysms, which combines the pterional 
approach with orbitozygotomy [14–17]. The orbitozygomatic approach makes it 
possible to look upward from the skull base to a higher position, increasing the 
surgical corridor and allowing inspection from different directions [14–17].

Although the orbitozygomatic approach has some advantages, one disadvantage is 
that it is difficult to visualize the perforators behind the aneurysm with this approach. 
However, in such cases, the field of view that can be achieved using the subtemporal 
approach is helpful to visualize the perforators. In addition, we usually use the ante-
rior temporal approach together with the orbitozygomatic approach [18, 19].

When dissecting the Sylvian fissure using the distal Sylvian approach, the tem-
poral lobe can be sufficiently retracted backward by detaching the superficial mid-
dle cerebral vein and anterior temporal artery from the temporal lobe and cutting off 
the arachnoid membrane between the oculomotor nerve and the uncus. This pro-
vides a sufficient field of view on the lateral side of the ICA. When sufficient poste-
rior retraction of the temporal lobe cannot be achieved due to the variation in the 
running pattern of the Sylvian vein, epidural retraction of the temporal lobe using an 
extradural temporopolar approach is useful [20, 21]. Moreover, the visible range is 
further expanded by obtaining the mobility of the ICA by removing the anterior 
clinoid process and incising the distal dural ring of the ICA [22, 23]. Whether it is 
best to approach from the left or right side is determined by referring to the height 
and protrusion of the P1 portion of the PCA, the length and running pattern of the 
ICA, and the direction in which the aneurysm leans.

17.3  �Treatment Strategy Using Hybrid Surgery

With large wide-necked basilar tip aneurysms, cerebral infarction sometimes occurs 
in the area of P1 perforators after surgery, even if the perforator that adheres to the 
aneurysm neck is carefully detached and preserved during surgery [7]. This may 
occur because even if the perforator is preserved in the visible range near the aneu-
rysm neck, deformation of the dome by neck clipping may cause kinking in the 
peripheral part of the perforator that adheres to the dome, leading to perforator cir-
culation failure [7]. Moreover, with large basilar tip aneurysms, it is practically 
impossible to observe the relationship between bilateral perforators and the aneu-
rysm over the entire length. Dissociation of intraoperative findings and postopera-
tive complications may thus result [7].
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For large wide-necked basilar tip aneurysms, we use hybrid surgery in which 
aneurysm neck plastic clipping and coil embolization are performed simultane-
ously. We perform partial clipping of the aneurysm neck with preserving perforators 
to shape the aneurysm such that coil embolization is possible [7]. Just after deform-
ing the aneurysm to a highly curative “side wall-type” using aneurysm neck plastic 
clipping, intraoperative angiography is performed to confirm the residual aneurysm, 
followed by coil embolization [7]. Then, total obliteration of the aneurysm is con-
firmed by intraoperative angiography, and the wound is closed. This method, which 
only partially deforms the aneurysm without detaching the perforators, may over-
come the limitations of direct surgery and contribute to preservation of neurological 
function [7].

17.4  �Case Presentation

In a 70-year-old woman, a basilar tip aneurysm, which was incidentally identified 
by magnetic resonance angiography performed to investigate the cause of dizziness, 
increased in size over time. Preoperative angiography revealed a broad-necked 
aneurysm. It was determined that tight packing would be difficult by coil emboliza-
tion alone (Fig. 17.1). It was also expected that bilateral perforators would adhere to 
the dome; thus, we performed hybrid surgery.

After administering general anesthesia, a guiding catheter with a balloon was 
placed in the basilar artery, followed by craniotomy. After orbitozygomatic osteot-
omy (Fig. 17.2), the Sylvian fissure was opened and the basilar cistern was observed 
from the carotid-oculomotor space via the anterior temporal approach (Fig. 17.3). 
As expected preoperatively, P1 perforators in front of the aneurysm strongly adhered 
to the dome, and it was difficult to peel off perforators over the entire length. 
Subsequently, we attempted to decompress the aneurysm and confirm the proximal 
portion of the P1 perforator under temporary occlusion of the basilar artery using an 
endovascular procedure, but this could only be partially confirmed (Fig.  17.4). 
Because strong adhesion between the contralateral perforator and the dome was 
expected, a fenestrated clip was applied so that the tip of the blade did not exceed 
the neck on the opposite side. The perforator in front of the aneurysm was preserved 
using the clip fenestration (Fig. 17.5). Immediately after intraoperative angiogra-
phy, to confirm that the aneurysm had been deformed into a shape capable of tight 
packing, endovascular coil embolization was performed (Fig.  17.6). Then, after 
confirming complete obliteration by intraoperative angiography (Fig.  17.7), the 
head was closed and surgery was concluded.

After surgery, asymptomatic embolic complications were found in the area of 
the PCA on magnetic resonance images (Fig. 17.8), but the postoperative course 
was uneventful, and the patient was discharged from hospital. Delayed complica-
tions, such as coil compaction, have not been observed over a 7-year follow-
up period.
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Fig. 17.1  Preoperative images. Anteroposterior (a) and lateral (b) views on preoperative angiog-
raphy showing a large wide-necked basilar tip aneurysm. Volume-rendering images from three-
dimensional angiography showing the aneurysm from the front left side (c) and the front right side 
(d). Arrowheads indicate the P1 perforators
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Fig. 17.2  Intraoperative photograph. (a) After a semi-coronal skin incision, the superior temporal 
fascia was fully exposed. (b) Interfascial dissection between the superficial layer and the deep 
layer of the deep temporal fascia was performed to preserve the facial nerve and to expose the 
zygomatic arch. The supraorbital rim, lateral orbital rim, and zygomatic arch were exposed over 
the entire length. (c) Temporal muscle was retracted posteriorly and a one-piece orbitozygomatic 
osteotomy was performed along the marked line with three burr holes, including the MacCarty 
keyhole, a temporal bone burr hole, and a burr hole just above the temporal line. (d) A bone flap 
created by one-piece orbitozygomatic osteotomy is shown
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Fig. 17.3  Intraoperative photograph. The distal Sylvian approach was used to open the Sylvian 
fissure. The anterior temporal approach was performed to sufficiently pull the temporal lobe pos-
teriorly and obtain the visual field from the lateral side of the internal carotid artery. In addition, to 
achieve internal carotid artery mobility, the anterior clinoid process was removed and a distal dural 
ring was cut. (a) The anterior temporal artery (arrow) and the superficial middle cerebral vein 
(arrowhead) were detached from the medial aspect of the temporal lobe to provide space to insert 
a spatula to retract the temporal lobe. (b) After sufficient dissection of the arachnoid membrane 
between the cerebral tentorium and the uncus, a brain spatula was inserted from below the anterior 
temporal artery and the superficial middle cerebral vein toward the cerebellar tentorium. (c) The 
frontal and temporal lobes were widely separated after dissection of the Sylvian fissure. The M2 
portions of middle cerebral arteries and the anterior temporal artery were detached from the brain 
surface. The oculomotor nerve (asterisk) was observed over the entire length by retracting the 
temporal lobe posteriorly. (d) The anterior clinoid process was completely removed using extradu-
ral procedures
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Fig. 17.4  Intraoperative photograph. (a) As the aneurysm was exposed, the endovascular team 
prepared for temporary basilar artery occlusion using a balloon. (b) From the carotid-oculomotor 
space, a perforator on the front side arising from the aneurysm neck was confirmed. (c) Under 
temporary occlusion of the basilar artery, a contralateral perforator arising from the aneurysm neck 
behind the aneurysm was confirmed (arrowhead). The tip of the clip blade was stopped just before 
the perforator. (d) From the optico-carotid space, the contralateral oculomotor nerve (asterisk), 
superior cerebellar artery (arrowhead), and posterior cerebral artery (arrow) were confirmed. The 
guidewire in the superior cerebellar artery can be visualized

a b

c d

Fig. 17.5  Intraoperative photograph. (a) Of the two perforators on the front side of the aneurysm, 
one was moved outward (arrowhead). Then, a space for the clip blade was provided at the neck on 
the left side of the aneurysm. The asterisk and arrow indicate the ipsilateral oculomotor nerve and 
posterior communicating artery, respectively. (b–d) From the carotid-oculomotor space, a fenes-
trated straight clip was applied to preserve another perforator originating from the dome, which 
adhered to the anterior surface of the aneurysm. The tip of the clip blade was stopped just before 
the contralateral perforator
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a b

c d

Fig. 17.6  Intraoperative angiogram. Anteroposterior (a) and lateral (b) views on intraoperative 
three-dimensional angiography showing dome clipping and aneurysm deformation. Ipsilateral (c) 
and contralateral (d) perforators were preserved at the ring of the clip and at the tip of the blade, 
respectively. The arrowhead indicates the perforators
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a b

c d

Fig. 17.7  Intraoperative angiogram. Anteroposterior (a) and lateral (b) views on intraoperative 
angiography showing complete obliteration of the aneurysm after coil embolization. AP (a) and 
lateral (b) views of intraoperative three-dimensional angiography showing dome clipping and 
aneurysm deformation. (c, d) The P1 perforator was preserved after coil embolization. Double 
arrowheads indicate the ipsilateral P1 perforator
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17.5  �Conclusion

While the frequency of direct surgery for basilar tip aneurysms is decreasing, the 
need for safe and effective surgical treatments for difficult-to-treat aneurysms, 
including large or wide-necked aneurysms, is likely to continue. Surgeons with 
extensive experience in direct surgery for basilar aneurysms can exercise surgical 
judgment based on the experience; however, the number of direct surgeries per-
formed is decreasing, limited surgeons’ experience and making it difficult to rely on 
empirical rules. The orbitozygomatic approach and the anterior temporal approach 
are considered essential for the treatment of basilar tip aneurysms because these 
approaches allow the surgical field to be expanded to the maximum achievable. In 
addition, hybrid surgery, which incorporates the advantages of both endovascular 
and direct surgery and bypasses the limitations of both, is useful to improve surgical 
results.
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