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Preface

Vascular neurosurgery has seen an unprecedented level of advancement in the last
decade. The progress of endovascular treatments has allowed safer, easier access to
pathology untreatable in the past. With this advancement, controversy and diverging
philosophies have left many practitioners confused as to what is best practice, or
even appropriate. The genesis of Controversies in Vascular Neurosurgery was based
on providing the practitioner a concise easy-to-use guide on current controversies
with a practical approach. All too often, physicians leave didactic sessions that
discuss controversies feeling that they have gained little more than an overview of a
topic without any true guidance on how to manage a difficult disease entity. The
philosophy of this book is to provide insight into the best combined approach with
direction from those who are experts in the field and many of whom use all the tools
available themselves. Clearly there is not nor will there ever be one uniform
approach for difficult neurovascular pathology. Having access to a concise source of
information that discusses what the different tools are and how best to use them is
paramount to understanding the ever-evolving field of vascular neurosurgery.

Topics covered include some of the most challenging from a data and patient
selection standpoint in modern medicine today. For the first time in modern
medicine, devices and advancements in treatment have surpassed available data to
support or challenge its use. In treatment of acute stroke, most of our current data is
from a pre-perfusion imaging era. The ability to obtain complete revascularization
safely is no longer the issue, but what patients do we select. A better understanding
of AVM natural history has given pause to past treatment paradigms, despite having
meaningful advancements in treatment. The authors have been carefully chosen to
provide a true balanced vantage point of treatment paradigms that they themselves
use, thus the ability to understand the thought process of the surgeons’ approach to
aspecific challenging disease where there may be no one right path. The development
of new technology lends itself not only to the expansion of treatment options, but
also to the use of these treatment options that may not in fact lend itself to the best
overall outcome or result. The use of flow diverters for cerebral aneurysms is
covered with not only the most appropriate use but also avoidance of use that does
not necessarily provide the best choice of treatment.

After over a decade of involvement in teaching controversy courses, hands-on
sessions, and publications on the subject, it was evident that one reliable source to
provide a practical and useful guide is sorely lacking. The basis of management of
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these complex diseases is looking at it from a treatment of disease standpoint using
all available tools, not from what surgical option is best. The common coil versus
clip is an antiquated and political notion. The modern surgeon looks at the disease
and thinks of what tools he or she has that allows best outcome. The format of this
book is based on this concept. Each chapter has a specific disease, and it is discussed
by experienced surgeons who discuss their approach and thought process involved.
The conclusion will be an evaluation by a third author who will provide best
evidence and pearls in the treatment of that disease. The true benefactor of this book
will be the patient; our biases as physicians should never become a patient’s
morbidity.

Philadelphia, PA, USA Erol Veznedaroglu
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Paraclinoid Aneurysms:
Who to Treat with Craniotomy?

Amit Singla, Kyle M. Fargen, and J. Mocco

Introduction

The term “paraclinoid aneurysms” was first used by S Nutik to identify the aneu-
rysms arising from internal carotid artery (ICA) opposite to the origin of the oph-
thalmic artery (OA) [39]. Since that time, various anatomical landmarks have been
used to define these aneurysms.

In the Bouthhillier classification of ICA into seven segments, the clinoidal seg-
ment (C5) begins at the proximal dural ring and ends at the distal dural ring where
the ICA becomes intradural. The ophthalmic segment (C6) begins after the clinoidal
segment (C5) of the ICA and ends proximal to the origin of posterior communicat-
ing artery [8]. The clinoidal segment of the ICA extends between the proximal and
distal dural ring. These aneurysms arising from the clinoidal segment of the ICA
may expand through the distal dural ring and project intradurally. Batjer et al. used
the term “paraclinoid aneurysms” for aneurysms arising from the segments of the
ICA (C5-C6) between the roof of the cavernous sinus and the origin of the posterior
communicating artery. This definition is most commonly used in the current litera-
ture to describe paraclinoid aneurysms. These aneurysms have a common close
relationship with the bone of the skull base and with the dural folds around the ICA,
and they are frequently large and giant.
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Classification of Paraclinoid Aneurysms

Various classification systems have been proposed for paraclinoid aneurysms
[3, 4, 13, 14]:

Day classified paraclinoid aneurysms into two broad categories with one
group referred to as “OA aneurysms,” which arise from the ICA just distal to the
origin of the ophthalmic artery. The other group was referred to as “superior
hypophyseal artery aneurysms” which was further classified into paraclinoid
and suprasellar variants based on the direction of projection of the aneurysm.
The paraclinoid variant projects inferiorly and the suprasellar variant projects
medially or superomedially above the diaphragma sellae into the suprasellar
space [13].

Batjer et al. further classified paraclinoid aneurysms into three groups: (i)
carotid OA aneurysms arising just distal to the ophthalmic artery and projecting
superiorly or superomedially, (ii) superior hypophyseal aneurysms arising from
the medial or inferomedial wall of the carotid artery and projecting medially, and
(iii) proximal posterior carotid aneurysms arising from the posterior or posterolat-
eral wall of the carotid artery (a.k.a ventral ICA aneurysms) with no apparent
vessel of origin [4].

De Jesus et al. proposed separate classifications for C6 and C5 ICA segment
aneurysms. They classified ophthalmic segment (C6) aneurysms topographically
into medial, posterior, and anterior varieties based on location of the aneurysm’s
neck on the ophthalmic segment of the ICA or into ophthalmic, superior hypoph-
yseal artery, and posterior paraclinoid aneurysms, based on the arterial bifurca-
tion point at which the aneurysms arise. Aneurysms of the C5 segment were
classified into medial, lateral, or anterior, depending on the surface of the ICA
from which they originate. They originate without an apparent branch site of the
ICA [14].

Based on the cerebral angiographic findings, Barami et al. classified paraclinoid
aneurysms in four different types [3]. We believe that this classification system is
most descriptive and helpful in the treatment planning.

* Type I: Origin from the dorsal surface of the ICA

— Type Ia: Aneurysms are closely related to the ophthalmic artery (OA)
origin.
— Type Ib: Aneurysms have no branch relation and are often sessile.

e Type II: Origin from the ventral surface of the C6 segment of the ICA, no branch
relation.

e Type III: Origin from the medial surface of C5 and C6 segments, are closely
related to the superior hypophyseal artery (SHA) origin (seen best on the antero-
posterior view of the carotid arteries).

— Type Ila from C6 segment of the ICA, above the dural reflection.
— Type IIb from C5 segment of the ICA, below the dural reflection.

e Type IV: Origin from the ventral clinoidal and ophthalmic segment of the

ICA. They had no branch relations and widened the distal dural ring.
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Microsurgical Versus Endovascular Treatment

With the development of latest technological advancements in endovascular tech-
niques, there is a significant paradigm shift toward endovascular treatment for paracli-
noid aneurysms. However, obliteration of the large/giant paraclinoid aneurysms with
endovascular treatment has a lower success rate for total occlusion [30, 35]. Even with
the advent of the latest endovascular techniques such as flow diverter stents, paracli-
noid aneurysms remain a formidable challenge for vascular neurosurgeons. Thence,
microsurgery still has a significant role in their management for certain indications.

Some of the indications for which microsurgical management remains a strong
consideration include:

e Multiple aneurysms with distal aneurysms unsuited for endovascular
management

* Ruptured aneurysms with anatomy not amenable for stand-alone coiling

* Aneurysms associated with hematoma which needs evacuation

* Progressive visual compromise due to mass effect from the aneurysm

Patients with paraclinoid aneurysms with other distal aneurysms not well suited for
endovascular treatment or with hematoma from ruptured paraclinoid aneurysms need-
ing evacuation may best be managed with microsurgery. Ruptured paraclinoid aneu-
rysms with complex morphology such as those with a lower dome/neck ratio, which
are not suitable for stand-alone coiling, are often better managed with microsurgery.
The use of a stent or flow-diverting stents in such patients necessitates the use of anti-
platelet medications, such as aspirin and clopidogrel, which may be undesirable in the
setting of subarachnoid hemorrhage due to the frequent need for surgical procedures.

The significant incidence of increased mass effect after coiling resulting in worsen-
ing of the visual symptoms favors surgical decompression in patients presenting with
progressive visual compromise [47]. Conceptually flow-diverting stents such as the
Pipeline™ or SILK™ stent have shown promise in such a group of patients as no coils are
placed in the aneurysm cavity itself thereby limiting mass effect. However, the literature
on visual outcomes with the use of flow-diverter stents remains limited at this time.

Some of the relative contraindications for the endovascular management of com-
plex, broad-based paraclinoid aneurysms include:

. Resistance or contraindication to antiplatelet medications

. Size <10 mm (off-label use for flow-diverter device)

. Tortuous anatomy with difficult access via endovascular techniques

. Patient’s desire for immediate aneurysm occlusion

. Patient’s reluctance or inability to have close angiographic follow-up

. Large or giant aneurysms at hospitals with unavailability of flow-diverter tech-
nology or the personnel trained in using flow-diverter devices

AN A W=

Adequate platelet inhibition is important in the prevention of in-stent thrombosis and
re-stenosis making it imperative to ensure that adequate antiplatelet effects are achieved
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in patients undergoing stent placement. This is especially important for flow-diverting
stents due to the high percentage of wall coverage with metal. Platelet inhibition from
aspirin and clopidogrel varies broadly, and some patients are classified as being “resis-
tant” or low responders if their platelet inhibition is inadequate. In these patients who are
“resistant” to the standard antiplatelet regimen, placement of the intracranial stents can
significantly increase the incidence of thromboembolic complications [32, 42]. These
patients may be better managed with microsurgical techniques. Likewise, patients with
tortuous anatomy or atherosclerotic plaques along the ICA may have increased endovas-
cular procedural risk, and therefore these patients may be better suited for microsurgery.

Some patients, especially those with a family history of ruptured brain aneurysms,
may be anxious about aneurysmal rupture and may want to achieve aneurysm occlusion
as soon as possible. In those patients, microsurgical techniques should be offered. Further,
endovascular treatment mandates close follow-up with angiography to evaluate for recur-
rence. The patients who are reluctant to undergo follow-up or in whom follow-up angi-
ography may be contraindicated may prefer to have the aneurysm microsurgically
clipped. The availability of the resources and the personnel trained in the latest endovas-
cular techniques such as flow-diverting stents may further influence decision making, as
not all endovascular treatments may be available depending on treating center.

The efficacy of endovascular coiling for large or giant and partially thrombosed
aneurysms is yet to be established because of their high recurrence rates. A retro-
spective series of large unruptured ophthalmic aneurysms associated with visual
compromise treated with endovascular coiling reported only 50 % near complete
occlusion and 37.5 % significant aneurysm residual. Only 50 % of patients had com-
plete aneurysm occlusion at the final follow-up in 16 patients; 7 patients needed
carotid sacrifice due to continued aneurysm filling [27]. Addition of a stent to the
endovascular coiling for large/giant carotid aneurysms has not been shown to
improve aneurysm occlusion rates. A series on 15 large and giant carotid aneurysms
treated mostly with stent-assisted coiling reported only 47 % complete or nearly
complete occlusion at last follow-up; 80 % of patients required retreatment [26].

Surgical Treatment

The surgical options available for aneurysms difficult to treat with endovascular
techniques include:

* Surgical clipping
* Trapping with or without a bypass procedure

Balloon Test Occlusion

Although occlusion of an intracranial aneurysm with preservation of the parent
artery is the desired outcome during aneurysm surgery, it may not always be feasi-
ble. Often the aneurysms are large or giant with broad necks, have a calcified wall,
or the necks are ill defined which may make surgical reconstruction challenging. In
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such cases, endovascular or surgical carotid occlusion might be a more reasonable
and definitive treatment option. Balloon test occlusion (BTO) should be performed
in such instances to assess collateral circulation to prevent ischemic complications
prior to performing carotid occlusion as a definitive treatment [28, 36]. Serbienko
has been credited with the novel technique of temporary arterial balloon occlusion
for assessing cerebrovascular reserve. Complete angiography with and without
compression of the involved carotid artery to assess the collateral circulation is rec-
ommended when BTO is planned [28].

For BTO, patients undergo digital subtraction angiography (DSA) with a 30-min
period of temporary ICA occlusion using a balloon, including a 10-min period of
induced hypotension, during which mean arterial pressure is lowered by 20-30% of
baseline value. Intravenous heparin is administered during the procedure to maintain the
activated clotting time of 250-300s to decrease the likelihood of thromboembolic com-
plications. During BTO, the patients undergo serial clinical examinations to detect any
neurological changes and the collateral circulation is assessed. In addition, many tech-
niques have been described in the literature such as single-photon emission CT (SPECT)
and xenon CT perfusion scans to further evaluate cerebrovascular reserve besides the
clinical assessment [3]. Further management is dependent on the patient’s ability to tol-
erate the test clinically and adequacy of collateral cerebral circulation without any perfu-
sion defects on SPECT; permanent occlusion of the ICA and trapping of the aneurysm
can be performed relatively safely in such cases. Sekhar et al. used a range of cerebral
blood flow measurement with xenon-CT examination to determine the revascularization
need. They recommended revascularization if patients develop neurological deficits or if
CBF is 15-35 mL/100 g per minute or less even in the absence of neurological deficits.
No revascularization was recommended for patients with cerebral blood flow (CBF) of
>35 mL/100 g per minute [50]. Nevertheless, carotid occlusion even after a successful
BTO with no intraoperative neurological changes and with a normal SPECT is not com-
pletely safe and carries a 15-20 % risk of development of ischemia/infarction [49]. If the
patients have failed the BTO with clinical examination or through supplementary inves-
tigations, they require a revascularization procedure with a bypass graft [50].

Carotid Ligation

Historically, the treatment for intracranial aneurysms started with carotid ligation when
Horsley ligated bilateral carotid arteries in a patient who was operated for a suspected
tumor but was found to have an intracranial aneurysm. Thereafter, proximal surgical
ligation became the primary treatment modality for intracranial aneurysms for decades
[17]. A large series of 461 patients with carotid artery ligation was published by Sahs
and Locksley with reported mortality of 20.7 % and a 30 % stroke rate [45]. The effi-
cacy of carotid ligation in inducing thrombosis within an aneurysm is reported to be
inversely proportional to the degree of collateral circulation and decreases with more
distal aneurysm location along the ICA. Paraclinoid aneurysms may be treated effec-
tively with carotid ligation; however, the likelihood of thrombosis is reported to be
slightly less than the aneurysms located along more proximal ICA segments because of
the potential for retrograde flow through the ophthalmic artery [19].
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The ischemic complications following carotid ligation can arise from thrombo-
embolism or hypoperfusion. The incidence of ischemic complications after ICA
ligation is possible due to thrombus which forms in the lumen of ICA from the point
of occlusion to first important branching point, usually the ophthalmic artery. Due
to the turbulent retrograde flow through the ophthalmic artery, emboli may break off
of the top of the intraluminal thrombus and can cause distal thromboembolism.
Another potential complication with carotid ligation is de novo aneurysm formation
with new aneurysms reported in 1-10 % of patients undergoing carotid ligation [9].
However, carotid ligation remains a viable option in a carefully selected patient
when the other reconstructive options are deemed less safe.

Microsurgical Management
Preoperative Planning

The adjacent complex neurovascular and bony anatomy makes the microsurgical
treatment of paraclinoid aneurysms technically challenging. The success of the
microsurgical treatment correlates to a multitude of factors such as establishing
control of the proximal artery, adequate exposure of the aneurysm neck with or
without anterior clinoidectomy, and successful obliteration of the aneurysm with
minimal manipulation of the surrounding nerves. Preoperative imaging studies are
carefully assessed for size and position of the aneurysm neck and determine the
relation of the aneurysm neck to the surrounding structures. The timing and extent
of the surgical bony drilling and the technique of proximal control should be the part
of the preoperative planning. The extent of the removal of anterior clinoid, extra-
versus intradural resection of anterior clinoid, and removal of the optic strut are still
the areas of debate without clear consensus. Many believe that removal of the ante-
rior clinoid, roof of the bony optic canal, and the optic strut is important for satisfac-
tory exposure and safe clipping [13, 14].

Intraoperative Neuromonitoring

Intraoperative neuromonitoring is performed with somatosensory evoked potentials
(SSEP) with median nerve stimulation and electroencephalography (EEG). Cerebral
protectants can be administered if intraoperative neuromonitoring demonstrates
slowing or asymmetry. EEG is also used to demonstrate burst suppression and help
optimize the cerebral protection with the use of cerebral protectants.

Intraoperative Angiography
Intraoperative angiography is important particularly with paraclinoid aneurysms

because of the difficulty in visualizing the aneurysm neck and working around the
optic nerve. Intraoperative angiography is planned prior to the craniotomy by either
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inserting the femoral sheath or prepping the groin for later insertion of femoral
sheath depending on personal preference.

Surgical Exposure

The patient is positioned supine with the head rotated to the contralateral side 40° to
improve the lateral view under the optic nerve and extended only about 15-20°
(more extension can steepen the view to the aneurysm). The head is fixated with a
three-point skeletal fixation device such as Mayfield clamp. A standard pterional
craniotomy is sufficient for the majority of cases especially for small aneurysms. A
curvilinear skin incision starts at the zygomatic arch 1 cm anterior to the tragus and
curves to the midline, just behind the hairline. Frontotemporal pterional craniotomy
is performed with two burr holes using 4 mm round cutting or the M8 drill bit; one
in the squamous temporal bone and another in the “key hole” region. In the elderly
patients due to thin and adherent dura three to four burr holes are drilled and dura is
carefully separated from the undersurface of the bone using a combination of blunt
dissection and elevators. The craniotomy is completed using the craniotome. The
craniotomy extends from the temporal burr hole inferiorly and then arcing antero-
medially lateral to the supraorbital notch and then connecting with the “key hole”
burr hole. The drill is used to take off the lesser wing of the sphenoid medially to the
superior orbital fissure, with a flat surface over the orbit connecting the anterior and
middle cranial fossae. Cranial base modification with orbital and/or zygomatic oste-
otomy is generally performed in cases with large or giant aneurysms. We prefer to
perform modification of orbitozygomatic (OZ) craniotomy in such cases, as gener-
ally for paraclinoid aneurysms, only orbital osteotomy is required for adequate
exposure. When performing orbital osteotomy, the periorbita is separated from the
superior and lateral orbital rim using blunt dissection. The superior orbital rim is cut
perpendicularly using the saw and the cut is then extended to the inferior orbital
fissure carefully protecting the dura on one side and the periorbita on the other. The
lateral orbital rim is cut inferiorly close to its junction with the floor of the orbit
directed toward the inferior orbital fissure to complete the orbital osteotomy.

Proximal Control

The timing and the technique of proximal control depends on the size, morphology
of the aneurysm, its relationship to the surrounding structures, and experience of the
operating surgeon. Proximal control of these aneurysms is difficult due to their inti-
mate relationship with the skull base and anterior clinoid process. Various sites for
proximal control include [31]:

(a) Exposure of the cervical ICA is recommended as a routine for proximal control
in large and giant aneurysms. In small aneurysms in which the neck is visible
on angiography, typically the neck is prepped only without surgical exposure of
the ICA [11, 37].



8 A.Singla et al.

(b) Exposure of the petrous ICA in the floor of middle cranial fossa extradurally
after the craniotomy. The middle fossa floor is drilled along the course of the
canal of petrosal nerve. Petrous bone over the ICA is unroofed up to where the
carotid artery turns vertically to prevent injury to the cochlea. The temporary
occlusion is then achieved using the surgical patties (Fukushima technique) or
with the Fogarty catheter (Spetzler technique) [2].

(c) Exposure of the cavernous ICA can be achieved after opening the distal dural
ring. However, as the aneurysm is encountered first with this technique with the
potential for rupture, this technique is less favored.

(d) Endovascular techniques with placement of the balloon in the cervical ICA
using the transfemoral approach. Simultaneous retrograde suction decompres-
sion can be performed for large/giant aneurysms. This is becoming more com-
mon now with the improvement in the endovascular techniques [20].

Techniques of Proximal Control/Methods to Reduce
Aneurysm Size

Paraclinoid aneurysms are often large and have a tendency to compress the adjacent
optic apparatus. The adequate visualization of the aneurysm neck and reconstruct-
ing the parent vessel without occluding important arteries are important for success-
ful clip obliteration of the aneurysm. Even with extensive bone removal with
anterior clinoidectomy and optic canal roof drilling, the neck of the aneurysm can
still be difficult to define. This often requires decompressing aneurysm size for giant
and large aneurysms so that the clipping can be performed safely. Various tech-
niques have been described over the years for adequate decompression of the large/
giant paraclinoid aneurysms.

Proximal control by clamping the carotid artery in the neck may not adequately
decompress the dome due to collateral filling of the aneurysm through the ophthal-
mic artery and cavernous branches [4]. Direct puncture followed by “‘suction
decompression” of large and giant aneurysms via a No. 21 butterfly-type scalp vein
needle described by Flamm was reported to adequately decompress the aneurysm
[23]. However, it is technically challenging and may lead to bleeding if the needle
accidentally slips out of the aneurysm at the moment of clip application [4]. This
technique is still practiced by some surgeons. Good results were recently reported
with direct aneurysm puncture with or without aneurysmotomy to decompress the
optic nerves during clipping of visually symptomatic aneurysms [15].

In 1990, Batjer and Samson described the alternative technique of retrograde suc-
tion decompression (RSD) of the aneurysm via surgical exposure and placement of
the vascular clamp across the cervical ICA. For distal occlusion, the temporary clip
was applied on the supraclinoid ICA proximal to the posterior communicating artery
origin. Direct cannulation of the cervical ICA with an 18-gauge angiocatheter was
then performed followed by gentle aspiration using a 20-ml syringe. They reported
success in achieving aneurysmal collapse and clipping in more than 40 cases using
retrograde suction decompression. One elderly patient with severe extracranial and
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intracranial atherosclerosis suffered an arterial dissection which necessitated emer-
gency carotid endarterectomy [5]. Fan et al. suggested the revised technique where
instead of direct clamping and cannulating of the ICA, the CCA and ECA were iso-
lated, and suction decompression was carried out via the ECA [22].

A year later after the original open technique of RSD was described, Scott et al.
suggested an endovascular way of RSD based on the similar principles [48]. The
cervical ICA is reached via a transfemoral approach with a 5-Fr 100-cm double
lumen occlusion balloon catheter. The balloon is inflated in the ICA proximal to the
paraclinoid aneurysm. A temporary clip is placed across the ICA proximal to the
posterior communicating artery. The aneurysm is then collapsed by gentle aspira-
tion through the distal lumen of the balloon catheter. Since the initial description,
several authors have utilized this technique with some variations [2, 38]. The endo-
vascular technique of RSD obviates the need for exposure of the carotid artery in the
neck, and the intraoperative angiogram can be performed simultaneously. However,
the endovascular adjunct can potentially result in additional complications such as
thromboembolic complications and vessel dissection [2, 21, 38]. One recent single-
center series found no statistically significant difference in complications between
ophthalmic artery aneurysms treated with and without endovascular suction decom-
pression [24].

Anterior Clinoidectomy

The anterior clinoid process (ACP) is the continuation of the lesser sphenoid wing,
which is bridged to the sphenoid body by the optic strut (forming the floor of the
optic canal) and the roof of the optic canal. It is located on the superomedial aspect
of the superior orbital fissure. Anterior clinoidectomy can be performed extra- or
intradurally without a clear consensus for the superiority of one over the other. Both
the intradural and the extradural clinoidectomies require elevating the dura to the
orbitotemporal periosteal fold (OTPF) a.k.a meningo-orbital band, which is located
at the lateral aspect of the superior orbital fissure.

Extradural Clinoidectomy

For extradural clinoidectomy, OTPF is cut sharply to develop the plane between the
temporal dura and the connective tissue covering the superior orbital fissure. The
dura is elevated further posteriorly with using microdissector to expose the superior
and the lateral aspect of the ACP. Extradural clinoidectomy along with unroofing
the optic canal and the resection of optic strut is performed using the high-speed
3 mm diamond drill. The advantages of extradural clinoidectomy include having the
dura as a brain protectant while drilling and avoiding contamination of the sub-
arachnoid space with the bone dust [6, 33]. The disadvantages include not having
the control on the aneurysm in case of accidental rupture during drilling and limited
exposure of the aneurysm [37].
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Intradural Clinoidectomy

After the sphenoid wing is flattened and the OTPF is reached by elevating the dura,
the dura is opened sharply using a no.15 scalpel in the C-shaped fashion and
reflected with the base at the Sylvian fissure. The Sylvian fissure is opened with the
Arachnoid knife to expose the aneurysm. The aneurysm neck is then inspected to
determine the need for anterior clinoidectomy. Small aneurysms can often be
clipped by sectioning the falciform ligament without the need for anterior clinoid-
ectomy or optic strut resection. However, in most cases, the ACP will have to be
resected along with the optic strut and deroofing the optic canal for proper visualiza-
tion. A small flap of dura is created around the ACP and optic nerve canal, which is
used to protect the aneurysm during drilling. The advantages with intradural cli-
noidectomy include direct visualization of the aneurysm dome and adjacent neuro-
vascular structures; the need for and the extent of clinoidectomy can be determined
[37], and it provides improved exposure of ophthalmic segment aneurysms [1].

Subsequent Bony Exposure and Distal Dural Ring Dissection

After the anterior clinoidectomy, the optic canal is unroofed with the high-speed
drill with a 2 mm round diamond-tip drill bit. The thinned out bony roof is then
elevated with a microdissector away from the optic nerve. This helps in the early
decompression of the optic nerve. Copious irrigation during the drilling can decrease
the chances of heat injury to the optic nerve. Similarly, the optic strut is drilled with
the high-speed drill. The distal dural ring is then incised lateral to the optic sheath.
The distal dural ring is anterior to the origin of the ophthalmic artery, and the artery
should be elevated before the cut in the distal dural ring to prevent the injury to the
artery. Opening the distal dural ring anchoring the ICA reveals the proximal portion
of the aneurysm neck.

Aneurysm Dissection/Clipping

Ophthalmic artery aneurysms have their neck on the superior carotid wall with the
dome projecting upward. The ophthalmic artery origin is defined and carefully sep-
arated from the aneurysm neck. Mostly, the incision along the upper half of the
distal dural ring is sufficient to expose the aneurysmal neck in large aneurysms.
Proximal control at this stage can help soften the aneurysm and can make the visu-
alization of the aneurysm neck easier. Superior hypophyseal artery aneurysms are
more complex because of their inferomedial orientation and require a more circum-
ferential distal dural ring incision.

The side-angled clip is optimal for ophthalmic aneurysms so that the clip blades
lay parallel to the ophthalmic segment of the ICA. For small ophthalmic artery
aneurysms, the straight clip might be sufficient. Superior hypophyseal artery
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aneurysms are better clipped with the angled fenestrated clip due to their inferome-
dial orientation.

Indocyanine green (ICG) angiography is performed to confirm aneurysm occlu-
sion and flow preservation in the surrounding vasculature. The intraoperative angio-
gram is also performed to confirm the aneurysm occlusion after clipping. The
closure is performed in the standard fashion.

Surgical Outcomes

Due to their unique location with close proximity to neurovascular structures, com-
plex morphology with often large/giant configuration, and difficult proximal con-
trol, paraclinoid aneurysms pose considerable challenge to the operating
neurosurgeon. Historically, they have been associated with high morbidity and mor-
tality [7, 14, 16]. Drake et al. reported good outcomes (GOS score of 4 or 5) in only
40 % of patients (with 14 paraclinoid aneurysms) following microsurgery, while
60 % of patients died [18]. However, the refinements in microsurgical techniques
have greatly improved surgical safety with subsequent clinical series demonstrating
better outcomes for paraclinoid aneurysms [10, 43]. Hoh et al. reported that com-
bined surgical and endovascular treatment of paraclinoid aneurysms resulted in
excellent or good outcomes in 90 % of the 145 surgically treated aneurysms [29].

Complications
Visual Outcomes

Large and giant paraclinoid aneurysms can be symptomatic with visual disturbances
due to their close proximity to the anterior visual apparatus. Monocular blindness
can result from the mobilization of the optic nerve, compromise of the perforators
to the optic nerve, or the heat injury to the optic nerve. In the majority of cases, the
visual symptoms can improve or remain stable following clipping [12, 13]; often
they can get worse following surgery [37]. However, coiling does not appear to be
superior than clipping with respect to visual outcomes. In fact, there are numerous
case reports and series suggesting against the use of coils in visually symptomatic
large to giant aneurysms [41, 46, 51, 52]. A recent meta-analysis showed improve-
ment in visual outcomes in 70 % patients after surgical clipping and 43 % patients
after coiling; worsening was seen in 9 % patients after clipping and 26 % patients
after coiling [47]. Surgical clipping was the only variable that was significantly
associated with improvement of visual symptoms>. Microsurgery carries an advan-
tage of immediate optic nerve decompression, which is specifically effective in
patients with acute hemorrhages. Endovascular coil embolization may not provide
symptomatic relief due to chronic optic nerve compression in such symptomatic
cases [27].
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Recently, an article on the visual outcomes after flow-diverter stent covering the
ophthalmic artery for ICA aneurysms reported a high rate (39.3 %) of new ophthal-
mic complications. The initial angiogram showed normal ophthalmic artery
patency in 24/28 cases (85.7 %) [44]. Another concern with the use of flow divert-
ing stent is the increase in aneurysm size further increasing the associated mass
effect [25] which may cause ophthalmoplegia and visual loss due to cranial nerve
compression.

Intraoperative Aneurysm Rupture

Intraoperative aneurysm rupture is reported to occur ranging from 0.8 % to 14.3 %;
most frequently, this occurs during dissection of the aneurysm. In case of large/giant
aneurysms, they can be adherent to the gyrus rectus, and inadvertent lifting of the
frontal lobe can result in intraoperative aneurysmal rupture. Careful dissection of
the aneurysm dome should be performed under proximal control with temporary
clipping to manage this complication [11, 34, 36].

Cranial Nerve Palsies

Cranial nerve palsies are commonly reported in the range of 5-25 % following treat-
ment of paraclinoid aneurysms both after clipping and coiling. They have been
attributed to injury during clinoid removal, clip blade advancement, or overzealous
sinus packing. Fortunately, most of them are transient [14, 29, 40].

ICA Occlusion and Ischemia

Dolenc et al. reported an unplanned ICA occlusion rate of 2.8 % with no neurologi-
cal deficits [16], and later Hoh et al. reported 2 % morbidity related to unplanned
ICA occlusion in 180 microsurgical treatments of paraclinoid aneurysms [29]. The
incidence of ICA occlusions can be lowered with the use of a variety of clips,
including angled fenestrated clips. The use of intraoperative neuromonitoring and
angiography can help in early detection and in lowering the incidence of postopera-
tive ICA thrombosis.

Cerebrospinal Fluid Rhinorrhea

Cerebrospinal fluid (CSF) rhinorrhea can occur when frontal or ethmoidal sinuses
are opened during the craniotomy or drilling of the pterion or when the optic strut is
pneumatized. The temporalis muscle can be folded and packed into the optic strut
tightly to decrease the incidence of CSF rhinorrhea. Bone cement or temporalis
muscle strip can be used to obliterate the sinuses if opened.
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Mortality

Operative mortality (death during the first 30 days after surgery, related or not to
surgical procedure) from surgical treatment in patients with paraclinoid aneurysms
ranges from 0% to 17.6% [11, 20, 24, 29, 37]. ICA occlusion is most likely the
cause for operative mortality [11].

Conclusions

The advancement in endovascular techniques has revolutionized the treatment of
paraclinoid aneurysms. However, microsurgery remains an important treatment
option for a subset of patients presenting with aneurysms in this location. Patients
with multiple ipsilateral aneurysms, those with ruptured paraclinoid aneurysms
associated with a hematoma, patients with visual loss secondary to optic appara-
tus compression, and those with subarachnoid hemorrhage and in which stand-
alone coiling techniques are insufficient may be better suited to open surgical
clipping. Further, additional relative contraindications toward endovascular
treatment may favor microsurgical treatment. Careful surgical planning in regard
to proximal control, understanding the adequacy of collaterals, need for bony
drilling for neck exposure, and careful dissection around the important adjacent
neurovascular structures are paramount to surgical success.
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Abbreviations

ACT activated coagulation time
AP anteroposterior

BTO balloon test occlusion
CBF cerebral blood flow

CE Conformité Européene
ECA external carotid artery

F French

FDA Food and Drug Administration

FRED Flow-Redirection Endoluminal Device

GDC Guglielmi detachable coil

ICA internal carotid artery

ISAT International Subarachnoid Aneurysm Trial

ISUIA International Study of Unruptured Intracranial Aneurysms
PComA posterior communicating artery

PED Pipeline embolization device
PUFS Pipeline for Uncoilable or Failed Aneurysms
SO, regional oxygen saturation

SAH subarachnoid hemorrhage

SCENT Safety and Effectiveness of an Intracranial Aneurysm Embolization
System for Treating Large or Giant Wide Neck Aneurysms

SPECT single photon emission computed tomography

SSEPs somatosensory evoked potentials

TIA transient ischemic attack

Introduction

Paraclinoid aneurysms arise from the internal carotid artery (ICA) located adjacent
to the anterior clinoid process, between the distal dural ring at the end of the cavern-
ous segment and the origin of the posterior communicating artery (PComA). The
proximity of these aneurysms to the optic apparatus, multiple dural attachments,
osseous anatomy, and the need for adequate exposure through anterior clinoid bone
removal, prior to securing these aneurysms, make them more complex than distal
ICA aneurysms for microsurgical management.

Microsurgical anatomical complexity is less of a concern relative to the endovas-
cular management of paraclinoid aneurysms. The major endovascular challenge is
tortuosity of the carotid siphon, which resides in the paraclinoid segment. Over the
years, the treatment of these aneurysms has progressively shifted, from microneuro-
surgery [1-3] to endovascular neurosurgery [4—6]. This has paralleled the shift for
most aneurysms in the intracranial circulation except those at the anterior commu-
nicating artery, the middle cerebral artery, and the PComA associated with a fetal
type circulation. In the second part of the International Study of Unruptured



2 Paraclinoid Aneurysms: Flow Diverters and Endovascular Treatment 19

Intracranial Aneurysms (ISUIA), the mortality and morbidity of patients treated by
endovascular means were less than those associated with open microsurgery [7].
The International Subarachnoid Aneurysm Trial (ISAT) had similar findings, con-
cluding that independent survival is more common after endovascular treatment
than microsurgery [8]. The long-term ISAT follow-up data showed that the micro-
surgical group carried a significantly higher probability of dependency and death
than the endovascular cohort [9]. The probability of disability-free survival was
significantly greater in the endovascular group at 10 years.

Endovascular management of most intracranial aneurysms has become the
standard of care at most centers. If the dome-to-neck ratio is favorable (>2), these
aneurysms can be managed by primary coiling alone. However, in cases of wide-
necked aneurysms, balloon-assisted and stent-assisted coiling strategies have been
effective. The introduction of flow diverters has resulted in a rapid shift in treat-
ment from traditional endovascular strategies for most aneurysms of the paracli-
noid region [10].

This chapter provides an overview of the clinical anatomy, demographics, and
endovascular management options for paraclinoid aneurysms with a focus on flow
diversion.

Anatomy and Classification Systems

The segment of the ICA between the distal dural ring and origin of the PComA is
called the “paraclinoid” segment [11-14]. The paraclinoid segment is the anterior-
most segment of the ICA. The ICA changes its direction from an anteriorly directed
cavernous flow as initially medially directed around the proximal half and then lat-
erally directed around the distal half of a semicircle hinging around the optic strut
underneath the anterior clinoid process. The ICA ends up with flow directed pos-
terolaterally as the segment merges with the communicating segment. The paracli-
noid ICA is intradural in location and therefore ruptures in this location result in
subarachnoid hemorrhage. Although the anatomical details of the paraclinoid region
are fixed, they pose differing challenges for microneurosurgery and endovascular
approaches. Open microsurgery involves working in close proximity with the ante-
rior clinoid process, optic strut, and distal dural ring. Hence, earlier work on para-
clinoid aneurysms focused on microsurgical anatomy, and various classification
systems were developed to showcase the unique anatomical relationships, which
bear importance during microsurgical approaches.

The first detailed classification was based on anatomic dissection and was pro-
posed by Gibo et al. [15]. Those authors classified the ICA mainly into four por-
tions: cervical (C1), petrous (C2), cavernous (C3), and supraclinoid (C4). Bouthillier
et al. [16] later included two additional segments, lacerum and clinoid. They pro-
posed the following classification: cervical (C1), petrous (C2), lacerum (C3), cav-
ernous (C4), clinoid (C5), ophthalmic (C6), and communicating (C7). This gave
recognition to the importance of the transition zone as the ICA moves from the
cavernous to intradural space (Fig. 2.1). Day [1] classified ICA aneurysms on the
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Fig.2.1 According to the
1996 classification scheme
[16], the seven segments of
the internal carotid artery
are as follows: CI cervical,
C2 petrous, C3 lacerum,
C4 cavernous, C5 clinoid,
C6 ophthalmic, and

C7 communicating

(With permission from
Bouthillier et al. [16])

basis of surgical considerations in two broad categories, ophthalmic artery and
superior hypophyseal artery aneurysms. Later, Batjer et al. [17] added a third group
to the classification, proximal posterior carotid aneurysms, which were those aneu-
rysms arising from the posterior or posterolateral wall of the carotid artery.

Lasjaunias et al. [18] gave the first detailed embryological classification. Their
classification was based on embryonic arteries: ventral pharyngeal hyoid, mandibu-
lar, primitive maxillary, trigeminal, dorsal ophthalmic, and ventral ophthalmic. On
the basis of these arteries, the ICA was divided into the following segments: cervi-
cal, petrous, vertical cavernous, horizontal cavernous, clinoid, and cisternal
segments.

Most recently, Shapiro et al. [19] produced a meticulous endovascular classifica-
tion that simplifies the anatomy into cervical, petrous, cavernous, paraophthalmic,
communicating, choroidal, and terminal segments. This classification bears impor-
tance to endovascular strategies because each segment has its own specific endovas-
cular considerations. Cervical aneurysms tend to be healed dissections with
pseudoaneurysms and pose no risk for rupture but act as a reservoir for embolic
material. This is true for petrous aneurysms as well; however, the bony encasement
of the artery has to be considered during intervention. Cavernous aneurysms can
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lead to cranial neuropathies either before or after treatment as well as rupture, which
present as direct carotid cavernous fistulae. These fistulae allow for both arterial and
venous approaches for management. Up to this segment, occlusion of side branches
off the carotid artery is typically not consequential. The paraophthalmic segment is
the transition intracranially and therefore aneurysmal rupture may present as a sub-
arachnoid hemorrhage. Paraophthalmic aneurysms may also present as cranial neu-
ropathies including visual field defects from direct optic nerve compression. This
segment is also the most tortuous intracranial segment, and aneurysm catheteriza-
tion and optimal wall apposition of intracranial stents, including flow diverters, can
be challenging. Although the ophthalmic artery frequently has a dual supply from
both internal and external carotid arteries, retinal artery occlusion is a well-
recognized complication following treatment of paraophthalmic aneurysms. When
associated with a large fetal posterior communicating artery, the communicating
segment is a special challenge for which endovascular strategies remain suboptimal.
The choroidal and terminal segments pose challenges for flow diversion when more
than one flow diverter is used because of the risk for thrombosis of end vessel per-
forators in these locations.

Natural History, Treatment Indications, and Management
Strategies

In one of the earliest studies on the natural history of unruptured intracranial aneu-
rysms, the incidence of paraclinoid aneurysms was found to be 5.4 % [20]. In the first
ISUIA (a retrospective study), ICA aneurysms comprised 28.5 % of all aneurysms
[21]. The second ISUTIA (a prospective study) suggested a possible 30 % incidence of
ICA aneurysms [7]. In both studies, aneurysms arising from the cavernous ICA and
PComA segment were not included in the cohort of ICA aneurysms, making paracli-
noid aneurysms the commonest intracranial aneurysms. Like all intracranial aneu-
rysms, paraclinoid aneurysms occur more frequently in women [7,21].

In the first ISUIA, the risk of first-time, de novo rupture of an aneurysm of
<10 mm was 0.05 % per year [21]. The risk increased elevenfold when there was a
previous history of rupture. For aneurysms >10 mm, the rupture risk was 1 % with
or without previous history of rupture. In the second ISUIA, the 5-year cumulative
rupture risk for ICA aneurysms (non-cavernous and non-PComA) ranged from 0
(<7 mm) to 40 % (>25 mm) [7].

When one considers studies from geographical locations with a higher incidence
of aneurysms, the rupture risk is even greater. In a Finnish population study, the
annual rupture rate for aneurysms <7 mm was 0.9 % [22]. Similarly, a high risk of
rupture was seen in a Japanese population [23] with aneurysms <5 mm; the annual
rupture rate was 0.34 % and 0.95 % per year for single and multiple aneurysm cases,
respectively.

The decision to treat an unruptured aneurysm is often complicated. Among
patients treated in the United States between 2001 and 2008, the overall risk of
complications and mortality was higher following microsurgery than endovascular
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Table 2.1 Predictors Points
comprising the PH{\SES (P) Population
aneurysm rupture risk score North American, European (other than 0
Finnish)
Japanese 3
Finnish 5
(H) Hypertension
No 0
Yes 1
(A) Age
<70 years 0
>70 years 1
(S) Size of aneurysm
<7.0 mm 0
7.0-9.9 mm 3
10.0-19.9 mm 6
>20 mm 10
(E) Earlier SAH from another aneurysm
No 0
Yes 1
(S) Site of aneurysm
ICA 0
MCA 2
ACA/Pcom/posterior 4

With permission from Greving et al. [26]

To calculate the PHASES risk score for an individual, the number
of points associated with each indicator can be added up to obtain
the total risk score. For example, a 55-year-old North American
man with no hypertension, no previous SAH, and a medium-sized
(8 mm) posterior circulation aneurysm will have a risk score of
04+0+40+3+0+4=7 points. This score corresponds to a 5-year
risk of rupture of 2.4 %

Abbreviations: SAH subarachnoid hemorrhage, /CA internal carotid
artery, MCA middle cerebral artery, ACA anterior cerebral arteries
(including the anterior cerebral artery, anterior communicating
artery, and pericallosal artery), Pcom posterior communicating
artery, Posterior posterior circulation (including the vertebral artery,

basilar artery, cerebellar arteries, and posterior cerebral artery)

intervention [24]. In one meta-analysis, the periprocedural risk of adverse outcome,
including mortality, was 4.8 % for aneurysms treated endovascularly [25]. Based on
aneurysm size and patient demographics and comorbidities, the annual risk of rup-
ture can range from 0 to 15% [26]. A simple management algorithm is that the
complication rate of the treatment should be less than the rupture risk of the aneu-
rysm. In a pooled analysis of individual patient data from 6 prospective cohort stud-
ies with subarachnoid hemorrhage (SAH) as the outcome, the variables of aneurysm
size, aneurysm site, patient age, previous history of rupture, hypertension, and geo-
graphical location of population were found to be significant predictors of rupture

risk (Table 2.1) [26].
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Similarly, an understanding of the relation of the aneurysm and associated branch
vessels is equally important. In a study by Tanaka et al. [27], paraclinoid aneurysms
were associated with the ophthalmic artery in 32.9 % of cases and with the superior
hypophyseal artery in 47.1 %. In 20 % of cases, no branch vessel was associated with
these aneurysms. Although superior hypophyseal artery occlusion is rarely symp-
tomatic, retinal ischemia following ophthalmic artery occlusion is well recognized.

Treatment of Symptomatic Paraclinoid Aneurysms

Most paraclinoid aneurysms are asymptomatic and discovered incidentally during
workup for unrelated pathologies (frequently headaches). SAH is the commonest
presentation of symptomatic paraclinoid aneurysms. Anterior optic pathway com-
pression is the next commonest clinical manifestation of these aneurysms. The inci-
dence of visual impairment ranges from 25 % [28] to 33 % [29,30] in some series.
Visual outcome following treatment is a key consideration in the selection of micro-
surgery or endovascular management. If there is significant mass effect on the optic
nerve with a concurrent visual field loss, microsurgery remains a superior option to
rapidly decompress the optic apparatus and maximize potential for visual function
recovery. However, some studies have suggested equal efficacy of endovascular or
surgical clipping with respect to improved visual outcomes [31] whereas others
have shown improved outcomes following clipping [32]. In a systematic review, it
was shown that surgical clipping resulted in better visual outcomes [33]. That being
said, it is important to appreciate that there is risk of visual loss following microsur-
gery as well. In one surgical series, new-onset optic nerve dysfunction was observed
in 27 % of patients [34]. Acute visual loss after open surgery may be caused by
occlusion of the ophthalmic artery, ischemia to the optic nerve secondary to perfora-
tor injury or manipulation of the nerve, or retinal ischemia [35,36].

In an endovascular series, the use of platinum coils alone to embolize paraclinoid
aneurysms in patients presenting with visual field defects did not result in signifi-
cant improvement of vision [37]. Inflammation following coiling and new thrombus
formation post-coiling were suspected as the commonest reasons for non-improve-
ment or deterioration in vision. However, one study demonstrated improvement in
vision following coiling [38]. In this analysis of 12 patients with mass effect on the
anterior optic pathway who were treated by coiling, 5 patients (42 %) had complete
resolution of symptoms, 4 (33 %) had significant improvement of symptoms, and 3
(25 %) were unchanged.

Endovascular management of paraclinoid aneurysms has become the preferred
management option. One of the reasons is the increased morbidity of open surgery,
secondary to complex surgical anatomy of the region. The amount of exposure
needed can vary from a proximal cervical carotid exposure to resection of the ante-
rior clinoid process and optic strut. In cases of carotid cave and superior hypophy-
seal artery aneurysms, mobilization of the optic nerve, optic nerve sheath incision,
and exposure of the distal dural ring are often needed. This adds to the morbidity
and to new visual deficits.



24 A.Sonig et al.

On the contrary, the anatomical location of the paraclinoid aneurysm does not
add to the difficulty of the procedure when endovascular management is considered.
Instead, it is the tortuosity of the ICA, the angle the long axis of the aneurysm forms
with the ICA, aspect ratio, absolute neck dimensions, relation of branch vessel, and,
for giant aneurysms, the inflow and outflow accessibility that decides the choice of
treatment. Endovascular management has evolved from primary coiling, then
balloon-assisted and subsequently stent-assisted coiling, to most recently the use of
flow diverters.

Endovascular Considerations: Techniques, Results,
and Outcomes

Historical Perspective

Endovascular techniques to treat cavernous and paraclinoid aneurysm are similar. It is
important to note that it was the treatment of carotid-cavernous fistula that accelerated
the development of endovascular options. Brooks [39] can be credited for laying the
foundation of endovascular surgery. In 1930, he used a piece of muscle in the ICA to
treat a carotid cavernous fistula. For the next 4 decades, this procedure was used and
refined by others. In one of the first and largest series on temporary occlusion of the
intracranial and cervical carotid arteries, Serbinenko [40] described temporary arterial
occlusions in 304 cases, with complications occurring in just two cases.

The safety of temporary occlusion of the ICA formed the premise for the use of
detachable balloons to treat cavernous carotid artery aneurysms. Higashida et al.
[41] applied this technique for treatment of such aneurysms in 87 patients. In 68
(78.2 %) patients, therapeutic occlusion (or endovascular sacrifice or deconstruc-
tion) of the ICA across or just proximal to the aneurysm neck was performed. In
1985, these authors modified the technique by filling the balloon with hydroxyethyl
methacrylate, a permanent solidifying agent, after which the balloon was guided
into the aneurysm to preserve the parent artery. This technique was successfully
used in 19 (22 %) of the 87 patients. The results were equally impressive, with 68 %
of the 19 patients achieving complete occlusion at follow-up.

Therapeutic ICA Occlusion

In one of the first systematic reviews of the literature on ICA occlusion in conjunc-
tion with partial aneurysm coiling, it was found that the technique of therapeutic
ICA occlusion was reasonably safe and resulted in occlusion of the aneurysm in
most patients [42].

Current Status

Endovascular sacrifice of the carotid artery for the treatment of paraclinoid aneu-
rysm is considered as the last option when conventional options of coiling, clipping,
or flow diversion are not feasible or aneurysmal recurrence is observed despite the
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above treatments. In such cases, carotid occlusion without a bypass is a reasonable
option, provided adequate collateral circulation has been demonstrated by balloon
test occlusion (BTO).

Compared with surgical ligation, endovascular vessel sacrifice is preferred,
because occlusion of the ICA can be achieved in a minimally invasive fashion with
the same effect. Another advantage is the ability to achieve parent vessel occlusion
close to or within the aneurysm segment with partial occlusion of the aneurysm with
coils. This is advantageous as only a short segment of the vessel is available for
thrombus formation compared to the entire cervical segment during open ligation,
thus reducing thromboembolic phenomena. However, vessel sacrifice has its own
perils. Thromboembolic complications and delayed ischemia have been well char-
acterized following successful BTO and ICA deconstruction [43]. In addition,
increased compensatory flow around the circle of Willis is suspected to lead to de
novo aneurysm formation in up to 20 % of cases following carotid sacrifice [44].

One prerequisite for vessel sacrifice is the documentation of adequate collateral
flow by performing a BTO. Once a hypotensive challenge is added to the assess-
ment, the accuracy of the test reaches 100 % to predict a major stroke following
sacrifice. In one study, none of the patients developed major stroke following vessel
sacrifice once they had passed hypotensive challenge; one patient developed minor
symptoms following treatment but recovered completely [45].

Some authors have used BTO to assess retrograde filling of the ophthalmic artery
from the external carotid artery during the treatment of ophthalmic artery aneu-
rysms [46]. Retrograde filling of the ophthalmic artery from the external carotid
artery and the appearance of a choroidal blush help in devising a strategy for safe
and efficacious occlusion of ophthalmic artery aneurysms, especially those incorpo-
rating the ophthalmic artery [46].

BTO Technique
BTO is performed with the patient under conscious sedation. A 6-French (F) sheath
is placed, and diagnostic angiography is performed to assess the cerebrovascular
anatomy. However, if a recent cerebral angiogram is available, one can proceed
directly with the BTO. After the sheath has been placed, sufficient heparin is admin-
istered to achieve an activated coagulation time (ACT) of approximately 250-300 s.
The choice of balloon catheter can vary. We prefer to use a 6 F Cello™ balloon guide
catheter (Covidien). This catheter has the advantage of a double lumen. The central
lumen can be used to continuously irrigate the occluded vessel with heparinized
saline, thus preventing thrombotic complications. Once the balloon tip is delivered
over a 0.035-inch wire to the desired location, the ACT is confirmed and a baseline
neurological examination is performed. The balloon is inflated until anterograde flow
is confirmed through stasis of contrast material in the distal ICA. This strategy pre-
vents overinflation of the balloon and complications such as vessel dissection.
Under normotensive conditions, the patient’s neurological status and occlusion
of the balloon are assessed every 3 min, for a period of 15-20 min. If the patient
tolerates normotensive occlusion, the hypotensive challenge is initiated. The mean
arterial pressure is reduced by 30 % and even further to 60 mmHg; periodic neuro-
logical examinations are performed. Generally, hypotensive challenge is carried out
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for 10-15 min. The test is aborted if there is a change in mental status or neurologi-
cal examination.

Neurological Evaluation During BTO
Clinical neurological evaluation is the commonest method; however, other options
are as follows:

1. Cerebral blood flow (CBF) testing: In one study, cerebral blood flow (CBF) of
<30 ml/g/min was associated with deterioration in sustained attention during
temporary balloon occlusion [47]. CBF was measured simultaneously using the
intracarotid 133Xe washout method.

2. Cerebral oximetry: regional oxygen saturation (rSO,) of the brain can be used to
assess the outcome of BTO. In one study, rSO, of the brain was measured and
compared simultaneously with near infrared spectroscopy [48]. Asymmetric
single photon emission computed tomography (SPECT) patterns always accom-
panied a profound decrease in rSO, that coincided with a reduction in stump
pressure.

3. Neurophysiologic monitoring: electroencephalography and short latency
somatosensory evoked potentials (SSEPs) are important adjuncts in the assess-
ment of BTO. These methods are important in the setting of general anesthesia
or preexisting poor neurological examination. A CBF of <15 ml/100 g/min coin-
cides with >50 % loss of SSEP amplitude [49].

Complications are uncommon with BTO. In one of the largest series of 500 con-
secutive BTO patients, carotid dissection was seen in 1.2 % cases [50]. The inci-
dence of pseudoaneurysm or embolism was 0.2 % each with 0 % mortality.

Primary and Balloon-Assisted Coiling

Guglielmi detachable coils (GDCs) were introduced in 1990 for the treatment of
cerebral aneurysms and approved by the FDA in September of 1995. One important
aspect in primary aneurysm coiling is the fundus to neck ratio. A ratio of >2 is
considered favorable. In one of the largest series of primary coiling of paraclinoid
aneurysms in 73 patients, 63 % of aneurysms had unfavorable anatomy and 66.7 %
aneurysms that needed retreatment had unfavorable anatomy [51]. In another series
of 71 aneurysms in which GDCs were used primarily, near-total aneurysm occlu-
sion was seen in 85 % of patients at 6 months [6]. For the treatment of wide-necked
and large aneurysms, the use of balloon-assisted coiling [4,52] and dual [53] or
multiple [54] catheters preceded the advent of stent-assisted coiling.

Navigation of Microcatheters

Paraclinoid aneurysms pose a challenge for microcatheter navigation due to their
close proximity to the carotid siphon with its tortuosity and the angles these
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aneurysms make with the parent vessel, which make the task sometimes quite dif-
ficult. Appropriately shaped microcatheters can be of tremendous help to the inter-
ventionist. The tip of the microcatheter can be shaped with steam and a mandrill
[55]; however, pre-shaped catheters are now readily available. The commonest
shapes that are used are straight, 45-degree J, C, and S (Fig. 2.2) [55-57].

Steering of the microcatheter without the use of a microwire has been described
[56,57]. This can be antegrade, where the microcatheter is pushed into the aneurysm
directly or retrograde when it goes distal to the aneurysm and it snaps into the aneu-
rysm after being pulled. This maneuver can be very dangerous, particularly in small
aneurysms. Once in the aneurysm, coils can be delivered typically using viewing
angles, which allow clear visualization of the neck so as to prevent inadvertent her-
niation of coils into the parent vessel.

Fig.2.2 Various shapes of SL-10 catheters (Stryker Neurovascular). From left to right: J-shaped,
90-degree, 45 angled, S-shaped, and C-shaped (With permission from Stryker Neurovascular)
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Stent-Assisted Coiling

Stent-assisted coiling came to the fore to aid the treatment of aneurysms with wide
necks and a <2 fundus-to-dome ratio. In most paraclinoid aneurysm series, stent-
assisted coiling was predominantly used for wide-necked aneurysms (Table 2.2)
[58-60]. The commonest stents used are Neuroform 2TM, Neuroform 3TM,
Neuroform EZ (Stryker Neurovascular), and Enterprise TM (Cordis).

Compared to the Neuroform 2TM, the Neuroform 3TM has more interconnects
between the cells to prevent the prolapse of the stent into the aneurysm. All
Neuroform stents need a 0.027 inner diameter catheter for delivery. The Neuroform
EZ is a modification of the 2TM and 3TM and has an easier deployment mecha-
nism, like that of the Enterprise Vascular Reconstruction Device System (VRDS;
Cordis). One advantage of the Enterprise stent is that it is delivered through a 0.021-
inch inner diameter catheter for deployment. The closed-cell design of the Enterprise
has an inherent ability for recapture after partial deployment and easy redeploy-
ment. However, the closed-cell, laser-cut design also has the propensity to kink
around tight bends as can frequently be the case with paraclinoid aneurysms.

In one prospective registry, a higher rate of thromboembolic events was associated
with Enterprise stent-assisted coiling when compared to Neuroform stents [61].
However, in one of the largest comparative analyses between the Enterprise and
Neuroform stents, it was found that the rates of mortality, recanalization, and intracra-
nial hemorrhage were higher in conjunction with Neuroform stent-assisted coiling
[62]. In our opinion, Enterprise and Neuroform stents are equally safe and efficacious.
Table 2.2 shows the results of primary and stent-assisted coiling of paraclinoid aneu-
rysms [4,6,51,52,58-60,63-65]. More recently, newer stents have been employed in
the paraclinoid location but long-term results are not available; these include the
Liberty stent (Penumbra, Alameda, CA), Low-profile Visualized Intraluminal Support
(LVIS) stent (MicroVention), Leo stent (Balt, Montmorency, France), Atlas stent
(Stryker), and Solitaire (Covidien, Irvine, CA). They most importantly differ in their
strut designs, construction materials, and delivery catheters.

Flow Diversion

Large, wide-necked, and fusiform aneurysms are the most challenging for endovas-
cular treatment, with higher rates of retreatment. When compared to the recanaliza-
tion rates for small aneurysms, those for large and giant aneurysms may be as high
as 17 % [66]. To address these challenges, “flow diverters” became available as an
option. The earliest flow diverters that were used were the Silk (Balt) and the
Pipeline embolization device (PED; Covidien). The PED was approved by the FDA
in April 2011 and is currently the only approved flow diverter in the USA. Flow
diverters are self-expanding stents with low porosity and higher metal coverage than
the earlier stents that were used to aid coiling. They work by inducing thrombosis in
the aneurysm but preserving flow in adjacent vessels. Another advantage of the flow
diverter is that multiple aneurysms located along the same or an adjacent vessel seg-
ment can be treated with a single device (Fig. 2.3).
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Cavernous /
ICA

Paraclinoid
Aneurysm

Fig. 2.3 This patient is a 62-year-old woman who was found to have sudden onset of left-hand
weakness and a facial droop. Evaluation revealed a giant right internal carotid artery (ICA) aneurysm
involving cavernous and paraclinoid locations. Digital subtraction angiogram: right ICA injection
shows the guide catheter in the right ICA with a multilobulated giant ICA aneurysm located at the
cavernous (a) and paraclinoid (b) portions. A significant change in flow was noticed after the deploy-
ment of three Pipeline embolization devices (PED; Covidien) (c and d). Two-month follow-up angi-
ography, anteroposterior (AP) (e) and lateral (f) views, shows complete aneurysm obliteration
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Strategies for Improving Results with the PED

Dual Antiplatelet Therapy

The rationale for antiplatelet usage is central to a lower incidence of thromboem-
bolic complications. In the Pipeline for Uncoilable or Failed Aneurysms (PUFS)
trial, patients received aspirin (325 mg daily for 2 days) and clopidogrel (75 mg
daily for 7 days) prior to PED placement or a 600-mg loading dose of clopidogrel
1 day before the procedure [10]. Following the procedure, they were placed on
325 mg of aspirin daily for at least 6 months and 75 mg of clopidogrel daily for at
least 3 months. We follow a similar protocol. Additionally, preprocedure aspirin
and clopidogrel response testing [67] and aspirin therapy are considered vital by
many experts, whereas others consider this testing to be unreliable. Studies have
shown that a suboptimal response (>240) to clopidogrel is associated with
increased thromboembolic complications [68—70]. If the clopidogrel response is
nontherapeutic, we discontinue that agent and consider alternative antiplatelet
agent, such as prasugrel (loading dose of 60 mg; maintenance dose of 5 mg once
daily) if no history of stroke or transient ischemic attack (TIA) or ticagrelor
(180 mg loading dose, then 90 mg twice daily for maintenance). Maintenance
doses of aspirin above 100 mg reduce the effectiveness of ticagrelor and should be
avoided. If a patient is started on ticagrelor, aspirin (75-100 mg daily) should be
used instead.

Correct Sizing

Undersizing or oversizing of the stent (based on the size of the ICA) can alter the
metal coverage over the neck of the aneurysm, causing incomplete occlusion and
endoleaks [71]. Even modest oversizing can significantly increase the porosity. The
calibration of the angiographic system can be inaccurate. We recommend measur-
ing the size of the guide tip in both anteroposterior (AP) and lateral planes (as the
actual size of the guide tip is always known). This yields the ratio of actual size and
the measured size and helps in greater accuracy during calculation of the ICA
diameters.

Metal coverage can also be altered by the method of deployment [72] and the
number of devices deployed [73]. By controlling the push on the PED and the pull
on the microcatheter, 50 % metal coverage at the aneurysmal neck can be achieved,
causing flow reduction by 62 %.

Optimal Deployment and Judicious Overlapping

Optimal deployment of the devices that takes into consideration the location of
perforators and branch vessels is equally important. Generally for a paraclinoid
aneurysm, the distal margin of the stent should be just proximal to the origin of the
PComA; and invariably in most cases, the origin of the ophthalmic artery is cov-
ered. In up to 25 % of cases, the ophthalmic artery may occlude in a delayed fashion
[74]. However, because there is additional ophthalmic supply from the external
carotid artery and this is a chronic process, visual disturbances and loss are reported
but remain rare events.
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As arule, overlapping of devices should be avoided, as adequate metal coverage
over the neck of the aneurysm can be achieved by dynamic push-pull on a single
device. However, when more than two devices are needed, such as for giant aneu-
rysms, and overlap occurs, judicious sizing of the devices can alter the metal cover-
age to maximum. When two devices of the same diameter are used, the variation in
metal coverage is highest. However, when two devices of different size are used,
more uniform coverage is produced [73].

Use of Coils

Flow diverters afford endoluminal treatment in contrast to the endosaccular treat-
ment offered by coils. Endosaccular treatment has the advantage of immediate
dome protection. By allowing a combination of flow diversion and coiling, bene-
fits of both endoluminal (lesser recurrence) and endovascular (dome protection)
treatment can be achieved. This is particularly important in the setting of large
(Fig. 2.4) or giant wide-necked aneurysms, where the risks of PED prolapse into
the dome of the aneurysm and delayed aneurysmal rupture are higher. Additionally,
coils promote earlier thrombosis in the aneurysm as compared to the flow diverter
alone [75].

Indications

The PED is currently approved for use in the USA by the FDA for >10 mm aneu-
rysms in the proximal ICA from the petrous to the paraclinoid segment. In Europe,
where many more flow diverters are approved, any aneurysm can be treated; how-
ever, the Silk stent is approved only with adjunctive use of coils. Currently there
are multiple ongoing FDA-regulated trials, which are attempting to expand indi-
cations, such as those involving the Surpass stent (Stryker Neurovascular,
Fremont, California) for >10 mm aneurysms up to the ICA terminus and the
Flow-Redirection Endoluminal Device (FRED (MicroVention, Tustin, California))
for aneurysms >7 mm up to the ICA terminus as well as proximal vertebral artery
aneurysms. The PED is currently being evaluated for aneurysms smaller than
7 mm up to the ICA terminus. Despite these restrictions, flow diverters have been
utilized and reported in essentially all intracranial territories as well as some
extracranial locations.

»
>

Fig.2.4 This patient is a 44-year-old woman in whom a right paraclinoid aneurysm was discov-
ered during evaluation subsequent to a transient ischemic attack. She underwent simultaneous
coiling and PED placement. Digital subtraction angiogram shows a large saccular right paraclinoid
unruptured aneurysm in AP (a) and lateral (b) projections. (¢) A Triaxial system (consisting of a
Cook shuttle, Flexor® Shuttle® guiding sheath [all Cook Medical], Navien™ (058 Intracranial
Support Catheter [Covidien], and Marksman microcatheter [Covidien]) was used for better stabil-
ity. A Prowler LPES microcatheter (Codman Neurovascular) was used to deliver Axium coils
(Covidien). (d) PED deployed with coils in situ. (e) Three-month follow-up angiogram shows no
residual aneurysm
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Complications

Complications following Pipeline embolization may be related to the device, throm-
boembolism, perforator or branch vessel occlusion, hemorrhage in the territory of
treated artery or remote, as well as delayed aneurysm rupture. Also, as with all
interventions, access site-related complications, such as groin/retroperitoneal hema-
toma and nephropathy, do occur.

In a systemic review of ten studies, 448 intracranial aneurysms were treated with
the PED, of which 83.5% (374) were in the anterior circulation [76]. The overall
symptomatic complication rate (IA ruptures, ischemic events, non-aneurysm-
related intracranial hemorrhages, worsening of mass effect, and femoral or retro-
peritoneal hematomas) was 10.3% (n=46). The intracranial complication rate
(hemorrhage and ischemia) was 6.3 % (n=28). Procedure-related death occurred in
9 (2.2 %) of the 413 patients.

In one of the largest multicenter series to date involving 17 centers worldwide,
peri- and postprocedure complications of PED in 906 aneurysms were analyzed of
which 660 had anterior location [77]. A total of 311 (47.12 %) anterior circulation
aneurysms were large (>10 mm). In this study, the overall mortality and morbidity
of anterior circulation aneurysms were 3.4 % in small aneurysms and 7.9 % in large
aneurysms. Tables 2.3 and 2.4 give the details of complications on the basis of aneu-
rysm location and time frame, respectively.

Radiological Outcomes

In one of the first prospective single-center registries, 53 patients with 63 aneurysms
underwent treatment with PED (33 small, 22 large, and 8 giant, wide-necked aneu-
rysms) [78]. Complete angiographic occlusion of the aneurysm was achieved in
56 % (n=42) of aneurysms at 3 months, 92.8% (n=28) at 6 months, and 95 %
(n=18) at 12 months.

Similar impressive results were seen in the PUFS trial [10]. PUFS was a multi-
center, prospective, interventional single-arm trial of PED for the treatment of
uncoilable or failed aneurysms of the ICA. A total of 108 patients with unruptured
large or giant wide-necked ICA aneurysms were enrolled in the study. At 6 months,
complete occlusion was achieved in 73.6%. At 1 year of follow-up, 79 of 91
(86.8 %) patients had complete aneurysm occlusion. The FDA approved the use of
the PED based on the results of this trial.

Most studies have shown impressive complete occlusion rates when aneurysms
were treated by flow diverters. Table 2.5 provides a summary of studies in which
more than 20 aneurysms were treated by flow diverters [5,77,79-86]. The rates of
complete occlusion of paraclinoid aneurysms treated with PED at the end of 6
months varied from 76.2 % [5] to 91.6 % [84]; more importantly, the recanalization
rate after achieving complete occlusion was 0% [86].

PED in Ruptured Aneurysms

Paraclinoid aneurysms, which represent 1.5-9% of all ruptured aneurysms, are an
uncommon cause of SAH when compared to other aneurysms [87]. The argument
against the use of PED in ruptured aneurysms is mainly due to the need for dual
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Table 2.3 Complications by aneurysm location and size
Anterior ICA  Anterior ICA
>10 mm <10 mm 95% CI; P
Complications (n=275) (n=294) Value
Mean aneurysm size (mm) 16.8+6.2 52+22 (10.2-11.2);
<.001
Spontaneous rupture 4 (0.7 %) 0 (0.0 %) (0.2-1.5%);
17
Intraparenchymal hemorrhage 6 (2.2%) 6 (2.0%) (1.3-3.4 %);
73
Ischemic stroke 15 (5.5 %) 8 (2.7%) (3.2-6.2%);
.16
Parent artery stenosis 1 (0.4 %) 1 (0.4 %) (0-0.7 %);
1.0
Cranial neuropathy 2 (0.7 %) 0 (0.0 %) (0-0.7 %);
.30
Neurologic morbidity 24 (8.7 %) 14 (4.5 %) (5.6-9.2%);
.16
Neurologic mortality 11 (4.0%) 4 (1.4 %) (2.5-5.1%);
<.01
Neurologic morbidity and mortality (all 26 (9.5 %) 14 (4.8 %) (6.5—
patients) 10.3%); .01
Neurologic morbidity and mortality (patients  24/263 (9.2%) 11/270 (4.1%) (5.5-9.3 %);
with unruptured aneurysms) .03
Neurologic morbidity and mortality (patients  2/12 (16.7%)  3/24(12.5 %) (10.0-
with ruptured aneurysms) 27.1%); .35
Neurologic morbidity and mortality 15 (7.0 %) 9 (3.6 %) (4.1-7.3 %);
(excluding ruptured, dissecting, or fusiform .19
aneurysms)
Reproduced with permission from Kallmes et al. [77]
Note: n indicates the number of patients
Table 2.4 Occurrence of complications by time
Complications <72h 72 h-30 >30 Days
days
Spontaneous rupture 1 (0.1 %) 3(0.4%) 1(0.1%)
Intraparenchymal hemorrhage 3 (0.4 %) 11 (1.5%) 4(0.5%)
Ischemic stroke 172.3%) 7(0.9%) 9 (1.2%)
Parent artery stenosis 0 (0%) 1(0.1%) 1(0.1%)
Cranial neuropathy 0(0%) 2 (0.3%) 0 (0%)
Neurologic morbidity 20(2.7%) 21 (28%) 13 (1.8%)
Neurologic mortality 4 (0.5 %) 13(1.8%) 7(0.9%)
Neurologic morbidity and mortality (all patients) 23(3.1%) 223.0%) 13(1.8%)
Neurologic morbidity and mortality (patients with 19/664 16/664 11/664
unruptured aneurysms) (2.9%) (2.4 %) (1.7 %)
Neurologic morbidity and mortality (patients with 4/70 (5.7 %) 6/70 (8.6 %) 2/70 (2.9 %)
ruptured aneurysms)
Neurologic morbidity and mortality (excluding 13/549 12/549 5/549
ruptured, dissecting, or fusiform aneurysms) (2.4 %) (2.2%) (0.9 %)

Reproduced with permission from Kallmes et al. [77]

Note: n indicates the number of patients
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antiplatelet agents and the inability to provide immediate dome protection. The authors
of one multicenter series analyzed data for 26 patients with PED-treated ruptured aneu-
rysms, of which 15 were ruptured paraclinoid aneurysms [88]. All patients received a
loading dose of 650 mg of aspirin and 600 mg of clopidogrel before intervention.
Following intervention, aspirin (325 mg) and clopidogrel (75 mg) were continued.
Despite the use of dual antiplatelet agents, hemorrhagic complications were seen in
only 2 of 26 patients, and complete occlusion was seen in 18 of 26 (74 %) patients at
last follow-up. Among the 15 paraclinoid aneurysms that were treated, 7 were blister-
type aneurysms. PED in the setting of a ruptured aneurysm is a viable option, espe-
cially when traditional endovascular methods and clipping are higher risk. Use of
adjunctive coiling gives much needed dome protection [75,89]. Primary treatment of
ruptured blister paraclinoid aneurysm with PED can be the preferred option [90].

Silk Stent

The Silk stent has CE marking and was the first flow diverter introduced for neuro-
intervention. The indications for use are similar to those for the PED. However,
there are a few differences in handling this device, when compared with the
PED. The initial Silk stent had a difficult deployment mechanism and was replaced
by a newer device, the Silk +, which has a 15 % increased radial force, flared ends,
and improved radiopacity [91]. Additionally, the incidence of thromboembolic
complication has been less with the newer device. Compared to the PED, shortening
is seen more often in Silk stents, up to 50-60 % can occur, and they are difficult to
negotiate along the curves. Table 2.5 summarizes the studies in which the Silk
device was used to treat paraclinoid aneurysms.

Treatment with the Silk device is safe and efficacious. In some studies, similar
occlusion rates to those with the PED were achieved [79,83,85], with up to 93 %
occlusion rates [83] in paraclinoid aneurysms. There are very few studies that have
directly compared the Silk device with the PED. In a multicenter study (Table 2.5)
at 25 Italian centers, 295 IAs were treated with the Silk or PED [80]. The difference
in hemorrhagic and ischemic stroke between the two cohorts was not significant.
Ischemic or thromboembolic events occurred in 13 patients (4.8 %), 8 treated with
the Silk and 5 with the PED. Technical complications such as failure to deploy,
incorrect positioning, and in-stent stenosis were also similar in proportion in the two
cohorts and were nonsignificant.

Other Flow Diverters

PED Flex

The first-generation PED had issues with deployment and inability to resheath. This
has been addressed in the next-generation device, the PED Flex [92-95]. The PED
Flex received CE approval in March of 2014 and FDA approval in February of 2015.
This device is easier to deploy and is more precise and has the ability to be resheathed.
However, during an initial experience, a few instances of difficult deployment of the
distal end of the device have been encountered [94] (Fig. 2.5). The device comes with
distal flaps that sometimes prevent the opening of the distal end. Resheathing within
the microcatheter and redeployment provide one solution in this instance.
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Flow-Redirection Endoluminal Device (FRED)

The FRED is a new flow-diverting device [96-98]. It has a unique design of a “stent
within a stent.” The outer layer has 1 mm cell size and 16-wire weave design. The
inner layer has a 48-wire braid design which is attached to the outer layer in a heli-
cal pattern with four flared ends, yielding full-length fluoroscopic visualization for
good stent placement accuracy. The 48-wire inner stent layer provides a variable
2244 9% metal surface area plus a 16-wire outer stent layer combine for a signifi-
cant reduction of blood flow into the aneurysm while providing a stable scaffold
with excellent vessel apposition (Fig. 2.6).

Early results of this device are impressive. In a series of 24 patients with 34 aneu-
rysms treated with the FRED, 1 disabling stroke and 2 minor strokes with complete
recovery were seen [97]. At the 6-month follow-up evaluation, aneurysm occlusion
was complete in 22 of 30 aneurysms. As mentioned, a trial of this device is under way
in the USA (Pivotal Study of the FRED Stent System in the Treatment of Intracranial

Aneurysms; https:/clinicaltrials.gov/ct2/results ?term=FRED&Search=Search).

Surpass
The Surpass flow diverter is a new-generation flow diverter. The device has high pore
density that stays uniform across the aneurysm neck and is not affected by the diam-
eter of the parent artery. As implants with various diameters and lengths are available,
a single implant is sufficient to treat the target aneurysm(s) and parent artery (Fig. 2.7).
In one prospective series, 49 aneurysms were treated with the Surpass device
[99]. A single device was used in 97 % of cases. There was no major periprocedural
morbidity or mortality. During follow-up, four patients (10.4 %) experienced tran-
sient neurological deficit. At 6 months, 94 % showed complete occlusion. As men-
tioned, a trial of this device is under way in the USA (Safety and Effectiveness of an

Fig.2.5 In vitro distal end opening test explaining the “inverting flaps maneuver.” (a) The implant
opens instantly but sometimes the flaps (white arrows) do not open fully at the distal end of the
device. (b) By resheathing the microcatheter, the flaps are displaced in an inverted fashion. (c)
Unsheathing again allows full opening with perfect wall apposition (With permission from
Martinez-Galdamez et al. [94])
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Fig. 2.6 (a) The Flow-Redirection Endoluminal Device (FRED, MicroVention) has an outer layer
with 1 mm cell size and a 16-wire weave design. The inner layer has a 48-wire braid design and is
attached to the outer layer in a helical pattern. The FRED is not approved by the FDA for commercial
distribution; the device is investigational and is limited only for investigational use in the USA (Image
obtained from Poncyljusz et al. [98]. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3796728/[This is
an Open Access article distributed under the terms of the Creative Commons Attribution-
Noncommercial 3.0 Unported License, permitting all non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.]). This patient is 54-year-old woman
who presented with diplopia. Workup showed a large left carotid-cavernous segment ICA aneurysm
((b) AP view and (c) lateral view) measuring 1.5 cm. (d) Stasis of contrast is seen following FRED
deployment. (e) One-year follow-up angiogram showed complete occlusion of the aneurysm
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Fig. 2.7 The Surpass (Stryker Neurovascular) is a cobalt-chromium flow diverter (a) with low
porosity (metal surface area coverage 30 %). This device has a self-expanding tubular-shaped mesh
structure (b) with high pore density (21-32 pores/mm?). It has a customized, preloaded, over-the-
wire delivery system (c) (0.014-inch microwire). (With permission from Stryker Neurovascular).
This patient is a 58-year-old woman who presented with headache and was found to have a left
paraclinoid aneurysm ((d), AP projection; (e), lateral projection). She underwent treatment with a
Surpass flow diverter. (f) and (g) Stasis of contrast is seen following device deployment. A 3-month
follow-up angiogram is awaited
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Fig.2.7 (continued)

Intracranial Aneurysm Embolization System for Treating Large or Giant Wide
Neck Aneurysms [SCENT]) [100].

Flow Diverters: The Future

A much higher rate of complete angiographic obliteration can be obtained with flow
diversion when compared with other standard endovascular techniques. In a matched-
pair analysis comparing PED flow diversion with standard endovascular options for
the treatment of paraclinoid aneurysms, a significantly (p=.03) higher rate of com-
plete occlusion was observed in the PED cohort with a similar complication rate [5].
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In another study, 40 patients treated with the PED were matched with 120
patients treated with coiling. The rates of procedure-related complications did
not differ. However, complete obliteration was achieved in a significantly higher
proportion of aneurysms treated with Pipeline embolization (86 %) than with
coiling (41 %; P<0.001) [101]. Flow diversion provides higher occlusion rates
with similar complication rates compared with other conventional endovascular
options.

Endovascular therapies suffered from perennial worse long-term occlusion rates
as compared to microsurgery. Although those therapies had a better safety profile
and were clearly less invasive, long-term occlusion rates — the goal of any endovas-
cular intervention for aneurysms — did not even come close to those for microsurgi-
cal treatments. Flow diversion is beginning to change that, with long-term occlusion
rates approaching microsurgical treatment occlusion rates with a safety profile simi-
lar to traditional endovascular therapies. We expect that as the manufacturers of
second- and third-generation flow diverters begin addressing current issues of deliv-
erability, reliability, thrombogenicity, and branch vessel management, we will likely
see widespread adoption of this methodology in all intracranial locations.
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Treatment Options for Paraclinoid
Aneurysms: Discussion

Adam S. Arthur, Daniel A. Hoit, and Clarence B. Watridge

In the preceding two chapters, the authors have reviewed the literature and their
experience with paraclinoid aneurysms. They pay particular attention to the indica-
tions and techniques used for treatment with open surgical clipping and flow diver-
sion. Also mentioned were several other strategies for treating patients with these
lesions including conservative management, carotid ligation, simple embolization,
and balloon- or stent-assisted embolization.

With so many therapies available, it is difficult but important to organize a cohe-
sive framework upon which to base treatment recommendations. In our view, patient
presentation is the most important influence upon this decision. Paraclinoid aneu-
rysms are generally brought to the attention of patients and their physicians as inci-
dental findings, after subarachnoid hemorrhage, or as the culprits of symptoms from
mass effect.

Open surgical outcomes and techniques have improved, and endovascular tech-
nology has advanced tremendously, but the bimodal distribution of patient presenta-
tion is both a historical and modern constant in the practice of cerebrovascular
neurosurgery. Patients are generally either quite ill, or completely asymptomatic.
Asymptomatic patients often fear that their aneurysm could, without warning, cause
a devastating hemorrhage. It therefore becomes incumbent on the physician to pro-
vide sage counseling and to make treatment recommendations based on the avail-
able data for rupture risk and treatment risks.

The first option considered for incidentally discovered aneurysms should be con-
servative treatment. Small aneurysms generally have a low risk of hemorrhage dis-
tributed over the lifetime of the patient. Conversely, procedural risk is inherent to
any open surgical or endovascular intervention and diminishes after treatment. For
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older patients and others with shorter life expectancies, the cumulative risk of hem-
orrhage is likely less than the procedural risk even for the most experienced opera-
tors. When no procedure is recommended, the physician must reassure the patient
and explain the rationale for conservative therapy. Interval noninvasive imaging to
monitor for any growth or change in the aneurysm may be performed, although
scientific data for this recommendation are lacking. Despite these recommenda-
tions, some patients will remain ill at ease at the prospect of living with a potentially
dangerous aneurysm. In our view, further clinical follow-up to facilitate discussion
and understanding between physicians, patients, and caregivers is the basis of con-
servative management and should be considered a viable therapeutic option.

For those with larger aneurysms, younger patients or those with risk factors for
subarachnoid hemorrhage, exclusion of the aneurysm from the circulation is war-
ranted. In narrow-necked aneurysms, simple embolization is often effective and car-
ries low periprocedural risk. Utilizing careful angiography, obliteration of the
aneurysm can be achieved with coils alone and obviate the need for adjunctive tech-
nologies or surgical exposures. Coiled aneurysms should be followed for growth or
recurrence, but published data indicate that shallow neck remnants pose little risk of
hemorrhage. For wide-necked aneurysms, balloon-assisted coiling can result in
aneurysm neck closure without placement of an intraluminal device. For many large
wide-necked aneurysms, intraluminal stents or flow diversion offers the best chance
for a complete angiographic treatment. Stent-assisted coiling and flow diversion
both require the usage of dual antiplatelet medications, but both have been shown to
have higher initial occlusion rates, higher likelihoods of improved or stable rem-
nants, and lower recurrence rates for treated aneurysms.

Currently, flow-diverting devices are indicated by the FDA as “on label” in the
USA only for the treatment of large cavernous segment and paraclinoid aneurysms
but have been used extensively for smaller aneurysms, more distal anterior circula-
tion aneurysms, and posterior circulation aneurysms with acceptable safety and effi-
cacy margins both in the USA and abroad. For large lesions, and/or complex lesions
encompassing both the paraclinoid and more proximal cavernous internal carotid
artery, flow diversion has supplanted clip reconstruction, bypass, coiling, liquid
embolics, and stent-assisted coiling. While access and device positioning can be
challenging, flow diversion provides a gradual thrombosis of the aneurysm in many
cases and allows for recovery of the native arterial endothelium, while preserving
flow within the distal vascular territory. When access is possible, and there are no
contraindications to antiplatelet therapy, we use flow diversion as a first option for
treatment of these difficult cases. The use of coils in conjunction with flow diversion
remains an area of investigation, and further definition of risk factors for complica-
tions of flow diversion including in-stent thrombosis, aneurysm rupture after flow
diversion, and distal hemorrhagic or ischemic events is needed.

Open surgical clipping for asymptomatic paraclinoid aneurysms, once common,
has become a much less common occurrence in our practice. We agree that this is
an excellent option for younger patients or patients who harbor multiple accessible
aneurysms that seem to merit treatment. This is a scenario that we encounter a few
times a year in our current practice.
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While there has been much discussion regarding the anatomical location of a
paraclinoid aneurysm in regard to the cavernous sinus and dural rings, there has
been less discussion about the extent of circumferential carotid arterial wall involve-
ment. Many paraclinoid aneurysms involve much of the circumference of the carotid
artery, and “reconstructing” an artery by clip application begs the question of how
any unclipped arterial wall will behave in future years and just how much risk avoid-
ance is achieved with open clipping. Any paraclinoid aneurysm with carotid artery
wall involvement of 180° or more poses a significant risk of incomplete clipping
and adjacent anatomical iatrogenic injury. It may well be that aneurysms with
extensive circumferential arterial aneurysmal involvement are better candidates for
either arterial sacrifice with or without bypass or flow diversion. The actual aneu-
rysm anatomy as it relates to the extent of circumferential carotid artery wall
involvement is an important factor in the consideration of the risk of surgical
intervention.

In our practice, several factors deserve special attention when microneurosurgi-
cal clipping is required. Proximal control is of paramount importance. It is unusual
to approach a paraclinoid aneurysm without exposure of the cervical internal
carotid artery. In addition to proximal control, having access to the cervical carotid
allows for needle aspiration of a large aneurysm to deflate the aneurysm for more
facile clip application. Others have used endovascular balloon guide catheters for
this purpose. Removal of the clinoid process is performed routinely by an extradu-
ral approach with an occasional completion of clinoid removal by a combined
intradural and extradural exposure. Much care is given to protection of the optic
nerve. This is accomplished by removal of the clinoid and opening the falciform
ligament and dural investment for a generous length of the nerve. Temporary clip-
ping proximal to the takeoff of the posterior communicating artery with cervical
carotid occlusion isolates the paraclinoid segment for less dangerous clip applica-
tion and optic nerve manipulation. Placement of the clip proximal to the posterior
communicating artery allows for at least some continued perfusion of the carotid
territory. Cerebral protection is accomplished by maintaining an adequate blood
pressure as well as the use of cerebral protection agents. Once a clip reconstruction
of the paraclinoid internal carotid artery has been accomplished, ensuring patency
of the artery is accomplished by indocyanine green video angiography and, not
infrequently, intraoperative arteriography. For aneurysms that involve more than
180° of the internal carotid, arterial sacrifice is considered if endovascular tech-
niques are not feasible. In these cases, test balloon occlusion with SPECT imaging
is performed. In the event the patient does not show adequate collateral flow and
develops a neurologic impairment or decreased cerebral blood flow by SPECT,
extracranial to intracranial arterial bypass is planned. High flow vein graft bypasses
are used to replace the carotid blood flow if the patient develops a significant defi-
cit, whereas, if the patient has no clinical deficit but abnormal SPECT imaging,
superficial temporal artery to middle cerebral artery bypass is performed to aug-
ment the collateral circulation. Attention to every detail is required in the surgical
approaches for these aneurysms and even then, a perfect result is not always
obtained.
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For symptomatic aneurysms, the most commonly encountered issue is how to
deal with an aneurysm that threatens vision. For large paraclinoid aneurysms that
present with visual deficits, every available option carries the risk of partial or even
complete blindness. Conservative management carries a definitive risk of the pro-
gression of any visual deficit and aneurysm rupture. While open surgical treatment
has been advocated for this situation, there are aneurysms that grow around or into
the optic nerve or have thinned the nerve over time. It can be daunting to confront
this situation in the operating room with the delicate nerve plastered against the
dome of the aneurysm. Dissection of the aneurysm away from the nerve in these
cases carries a significant risk of loss of vision. As has been often noted, endovas-
cular treatment does not immediately remove the mass effect, and vision can worsen
acutely as the aneurysm undergoes inflammatory changes after endovascular treat-
ment. In such cases, the particulars of the patient’s age, medical condition, and
visual status should be taken into account in weighing which option might be the
“least bad” choice. Occasionally, paraclinoid aneurysms will present with symp-
toms of headache or dysfunction of other cranial nerves as well. These symptoms
can be very important when judging the risk of rupture and sudden death as they
may be harbingers of aneurysm growth. At times, one has to accept that loss of
vision in one eye or other cranial nerve deficits are preferable to a devastating sub-
arachnoid bleed.

Ruptured paraclinoid aneurysms are usually thought to be best treated with some
intervention, as the risk of rerupture is significant. Endovascular therapy is our first
consideration. If the aneurysm is wide necked, we usually prefer to protect the
patient against rerupture with a subtotal treatment, planning to treat definitively
with stent assistance or flow diversion at a later date to avoid the need for antiplate-
let medications in the acute setting. When the patient selection and aneurysm anat-
omy and morphology do not favor endovascular methods, an open surgical approach
with either direct clipping or arterial sacrifice with or without bypass is chosen.
Open surgical clipping for ruptured paraclinoid aneurysms has become an uncom-
mon occurrence in our practice with this approach.

From this discussion, it is obvious that a “one-size-fits-all” management para-
digm cannot apply to carotid paraclinoid aneurysms. Patient selection with a com-
plete risk/reward analysis is necessary. A detailed knowledge of the aneurysm
anatomy and morphology and an awareness of and expertise in which treatment
methodologies are best suited for particular patients can provide the platform for the
“experts” to be the best advocates for their patients.



Aneurysm Neck Remnants: A Strong
Case Can Be Made for Re-treatment

Awais Vance and Babu G. Welch

Introduction

Endovascular treatment of intracranial aneurysms, both ruptured and unruptured, is
now more prevalent than surgical methods. While the increased surveillance inher-
ent to endovascular success has introduced the concept of “coil compaction,” the
neck remnant has been a topic of surgical discussion for generations. In 1965,
McKissock classically reported the recurrence of a middle cerebral aneurysm fol-
lowing “excision and double clipping” [1]. While many such recurrences were his-
torically found at autopsy, advanced imaging has not only improved detection but
also increased consternation over the appropriate management of the aneurysm
neck remnant (ANR).

For the purposes of debate, it is important to begin with an accurate definition of
the aneurysm neck remnant (ANR). In the endovascular era, the definition provided
by the Raymond-Roy classification, “the persistence of any portion of the original
defect of the arterial wall as seen on any single projection but without opacification
of the aneurysmal sac,” serves our purpose [2]. Prior surgical definitions are well
encapsulated by Feuerberg and colleagues who define “aneurysm rests” as “a rem-
nant of the aneurysm proximal to the clip which still fills at angiography” [3].

In this publication that addresses common controversies in cerebrovascular sur-
gery, we will argue that treatment of surgical or endovascular neck remnants is
appropriate when one carefully evaluates the natural history of the ANR as it relates
to the method of presentation, the lesion location, the size (or change in size) of the
remnant, and the procedural tolerance of the patient.
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Incidence of the Aneurysm Neck Remnant (ANR)

When discussing the management endovascular and surgical neck remnants, it is
crucial to understand the incidence. The true incidence of the surgical ANR is
closely related to practice of intraoperative angiography, a former habit that is now
sporadic, at best. As endovascular treatments have gained prominence, “delayed”
postoperative studies have provided some useful data. In a treatise on the endovas-
cular treatment of neck remnants, Lubicz and colleagues suggest a 4-19 % inci-
dence of surgical neck remnants from their literature review [4]. Similar findings
(15% incomplete obliteration) were provided by the latest Barrow Ruptured
Aneurysm Trial data reported 15% incomplete aneurysm obliteration [3, 5].
Feuerberg et al reported an ANR incidence of 4.4 % (32 of 715, 2-9mm) during an
observation period of 4-13 years. Thornton et al. suggested an incidence of 5.4 % in
their review of 1,370 surgically clipped aneurysms [6]. Thus a minimum incidence
of 4 % is a fair estimate for the surgical ANR.

A recent meta-analysis of coiled aneurysms showed immediate complete occlu-
sion rates of 62% [7]. Due to the likelihood of progressive thrombosis, the inci-
dence of the ANR in endovascular treatment is better understood at follow-up.
Using 12-month follow-up as a guide, our own evaluation of the literature suggests
complete occlusion rates somewhere between 60 % and 80 % [8—10]. This is similar
to the meta-analysis by Ferns et al. that cites a complete occlusion at follow-up of
61.5%. The BRAT data also reports a similar initial endovascular complete occlu-
sion rate of 58 % [5]. We would suggest that the reported incidence of endovascular
ANR or residual aneurysm to be 2040 %.

Natural History of ANR

For the sake of brevity, we will propose that many of the same factors that increase
the risk of de novo aneurysm rupture (smoking, family history, uncontrolled hyper-
tension) also affect the natural history of the ANR. Management of the ANR is
encouraged when these positive risk factors are identified. A discussion of the effect
of the method of presentation, the lesion location, and the size (or change in size) of
the remnant is more important to the natural history.

The method of presentation appears to have an important influence on the natural
history of the ANR. In the endovascular era, it is clear that the natural history of the
ANR is aggressive when the remnant is associated a hemorrhagic presentation. In
the previously mentioned paper by Feuerberg et al., a calculated risk of re-rupture
for the surgical ANR was 3.7 % over a mean follow-up of 8 years [3].

In the CARAT study (2008), the overall risk of re-hemorrhage was 1.9 % and was
similarly associated with degree of aneurysm occlusion (1.1 % for complete occlu-
sion, 2.9 % for 91-99 % occlusion, 5.9 % for 70-90 %, 17.6 % for <70 %; P <0.0001)
[11]. More recently, data from the ISAT study suggests a cumulative risk of delayed
(>1 year after treatment) re-hemorrhage is 2.16 % and 0.64 % for coiled and clipped
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aneurysms, respectively. In this cohort there were 17 incidences of delayed re-
hemorrhage, 13 out of 1,073 coiled and 4 out of 1,070 clipped aneurysms with three
and two deaths, respectively [12]. Re-hemorrhage occurred up to 10 years after
initial treatment. The re-hemorrhage risk varied with degree of occlusion, morphol-
ogy, and location. Whether this variation is related to the concept of coil compaction
or growth of the ANR is difficult to ascertain. Simply put the existence of the neck
remnant is more likely with endovascular therapy, and endovascular therapy was
directly related to the risk of re-hemorrhage in the largest trial on the topic of treat-
ment of aneurysmal SAH to date.

While prior hemorrhagic presentation should prompt a discussion of re-treatment,
new symptoms that can be attributed to an ANR should also raise concern. A classic
example would be a posterior communicating artery aneurysm presenting with an
acute oculomotor nerve palsy following treatment (Fig. 4.1). Neck remnants

Fig. 4.1 45 year old female presented with new onset left oculomotor palsy and headache. She
had a history of SAH from an aneurysm of the posterior communicating artery (a) 8 years prior to
presentation. Despite a negative MRA (b), urgent angiography was performed that demonstrated a
neck remnant (c). Surgical clipping was performed with a satisfactory result (d)



62 A.Vance and B.G. Welch

associated with aneurysms causing cranial nerve palsies, brainstem compression, or
hydrocephalus warrant re-treatment especially if the neurologic symptoms are
clearly associated with growth of the ANR.

Similar to the decision-making in unruptured aneurysms, location must also be
considered in the assessment of the ANR. Following McKissock’s initial report, Dr.
Charles Drake and colleagues reported an evaluation of their own series detailing
the management of symptomatic recurrences [13]. This review of 19 patients sug-
gested it was more likely that the ANR would grow in the young patient. Expectedly,
there were a disproportionate number (60 %) of posterior circulation lesions in this
group. Feuerberg’s own analysis of a larger cohort of surgical patients suggested a
higher proportion of aneurysm rests in the anterior circulation and a single inci-
dence of re-rupture in an MCA recurrence. Their review did not include any basilar
apex aneurysm and had only one posterior circulation lesion. A more uniform eval-
uation of the effect of location on aneurysm “reopening” was performed by Ferns
et al. [10]. In their evaluation of 46 studies (8,161 coiled aneurysms), the relative
risk of aneurysm recurrence was 1.5 for posterior circulation lesions when com-
pared with the anterior circulation.

The re-treatment of the cavernous aneurysm produces an interesting discussion
in the era of flow diversion. Cavernous aneurysms have a much lower risk of rupture
(0-1 %l/year excluding giant aneurysms) [14], and the consequences of rupture are
typically less than intradural aneurysms. We would advocate a less aggressive man-
agement scheme in the asymptomatic cavernous ANR.

Re-treatment Risk

An essential component of and essential, components of the discussion of man-
agement of the ANR should be the risk-to-benefit ratio of the treatment itself and
the patient’s tolerance of such a therapy. In the surgical era, patient tolerance was
a much larger component of the re-treatment argument. Surgical morbidities
range from 7 % to 15.7 % in earlier treatises on the topic [15, 16]. As endovascular
treatments improve, the lower associated morbidity has resulted in a continued
discussion concerning the management of the ANR. Ringer and colleagues
reported a very low risk of death or permanent disability (1.28 %) in their series
of 352 endovascular re-treatment procedures [17]. Other large retrospective series
have reported similar low rates (<3 %) of complications from re-treatment [18,
19]. Given the risks associated with untreated ANR and the relatively low-risk
endovascular re-treatment, we would argue in favor of treatment of the ANR that
meets the more worrisome criteria above. Based on the morbidities above, endo-
vascular and surgical benefits should be carefully weighed.

Advanced Imaging of ANR

Novel imaging techniques exist that may strengthen the argument for ANR manage-
ment. These imaging techniques include aneurysm flow mapping and vessel wall
characterization. Improved evaluation of the aneurysm wall will profoundly change
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the management of the ANR as well as the management of patients with multiple
aneurysms.

Categorization of aneurysm flow (3D TOF MRA and 4D flow MRI) may be able
improve the neurosurgeon’s ability to predict the aggressive ANR. For example,
water-hammer effects on the inflow zone may cause coil compaction, neck remnant
growth, and rupture [20]. Computational fluid dynamic simulations have also been
performed on post-processed catheter angiogram data to assess regional impact
from inflow into the aneurysm. These findings have been associated with increased
risk of aneurysm rupture [21, 22].

Similar to echocardiography, an evaluation of changes in or stress on the aneu-
rysm wall secondary to tensile forces is directly related to aneurysm diameter and
inversely proportional to wall thickness. High-resolution double inversion recovery
black-blood MRI sequences can be used to directly measure wall thickness and thus
give further information with regard to rupture risk of an aneurysm or ANR [23].
Similarly, T1-weighted black-blood imaging pre-/post-contrast can be used to
assess aneurysm wall enhancement and intramural hemorrhage, both of which are
associated with aneurysm rupture [24].

Conclusion
A strong case for re-treatment of the ANR can be made due to the aggressive
behavior of select recurrent lesions and the improved morbidity provided by
modern surgical and endovascular techniques. The ANR in a young patient with
a previously ruptured lesion of the posterior circulation should raise the most
concern. Similar trepidation should occur with the ANR that is associated with
thromboembolic events, compressive symptoms causing neurologic deficits, or
pain. As always the patient’s age, current health, and SAH risk factors (e.g.,
hypertension, smoking) should be considered in the decision for re-treatment.
In the endovascular era, we have achieved the potential for lower treatment
morbidity when compared with prior surgical approaches. Given the dire conse-
quences of SAH and improved treatment modalities, a more aggressive approach
to the management of the aneurysm neck remnant should be considered.
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Remnant Intracranial Aneurysms:
Safety and Feasibility of Observation
Over Retreatment

Gerald W. Eckardt, Akinwunmi Oni-Orisan,
Brian-Fred Fitzsimmons, and Glen Pollock

Introduction

The treatment of intracranial aneurysms has seen significant changes over the past
20 years with the advent of detachable coils and other endovascular techniques.
With multiple modalities available to the surgeon and interventionalist, the decision
of which treatment algorithm to recommend to patients can be challenging. Even
more challenging can be the discussion following treatment of a patient’s aneurysm,
as not every procedure ends with complete occlusion of the index aneurysm.
Protocols for follow-up imaging after aneurysm treatment are not readily available,
and despite much research on this subject, evidence is still lacking. Once the treat-
ment choice has been determined, a follow-up plan must be presented to each
patient in such a manner that the risk of rupture or rerupture in the future is as low
as feasibly possible. In this chapter, we will briefly overview the natural history of
ruptured and unruptured intracranial aneurysms and the treatment modalities cur-
rently employed. Additionally, we will present research supporting the observation
of remnant intracranial aneurysms found following treatment with open surgical
clipping and endovascular techniques. Lastly, we will demonstrate the safety and
practicality of close clinical and imaging observation for these patients in lieu of
further immediate treatment as repeat craniotomy or endovascular procedures are
not without risk (Figs. 5.1, 5.2, and 5.3).
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Fig.5.1 Residual
posterior communicating
artery aneurysm discovered
on follow-up angiogram
for patient treated several
years prior at an outside
institution

Natural History of Intracranial Aneurysms

Aneurysmal subarachnoid hemorrhage (SAH) affects 9-15 persons per 100,000
people per year. The incidence does vary between different populations, but overall
life risk is approximately 0.5 % per person [1, 2]. With progressive improvement in
noninvasive imaging modalities, the diagnosis of incidentally discovered unrup-
tured aneurysms is increasing. Clinical decision-making for the timing of treatment
of these unruptured aneurysms is complex and dependent on multiple factors.
Patient history that is positive for current smoking, a positive family or personal
history of aneurysmal associated SAH, and hypertension are noted to increase the
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Fig.5.2 Large anterior
communicating artery
aneurysm treated electively
with endovascular coil
embolization. Images
demonstrate pre- and
post-coil embolization
frontal projections of a
right internal carotid artery
injection

overall lifetime risk for patients with known aneurysms and play an important role
in the decision of how aggressive to be when it comes to treating unruptured aneu-
rysms. Size, anatomic location, and individual aneurysm morphology must also be
taken into account. Based on the data collected in the International Study of
Unruptured Intracranial Aneurysms (ISUIA), aneurysms of less than 10 mm in
diameter carried an annual rupture risk of 0.05% in those patients without a per-
sonal history of SAH and 0.5 % in those with a history of SAH [3]. Similarly, pos-
terior circulation aneurysms including the posterior communicating artery increased
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Fig. 5.3 The same patient
returned for routine
follow-up and was noted to
have coil compaction and
recanalization. He was
successfully retreated with
repeat coil embolization.
Note: All of the images
presented in this chapter
were taken from
de-identified patients from
the Medical College of
Wisconsin teaching
hospital Froedtert
Memorial Lutheran
Hospital Radiology PACs
system who presented for
initial treatment or
follow-up angiography

the relative risk of rupture by a factor of 2.3. Despite the lack of randomization in
this study, it remains to be one of the key studies used to guide therapy for unrup-

tured aneurysms.

Once the decision has been made to pursue treatment, deciding which treat-
ment modality is paramount. Previous research has demonstrated improved out-
comes of ruptured aneurysms with endovascular therapy. The 10-year data from
the International Subarachnoid Aneurysm Trial (ISAT) demonstrated greater
independence (82 % vs. 79 %, modified Rankin scale 0-2) and greater average
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survivability (82 % vs. 78 %) in those patients treated by endovascular emboliza-
tion [4]. In the Barrow Ruptured Aneurysm Trial (BRAT), similar findings were
noted for 3-year post-bleed modified Rankin scale (mRS) between endovascular
treatment and surgical clipping, 35.8 % for clipping and 30 % for endovascular
therapy with mRS >2 [5]. Also found in this study was surgical clipping provided
higher degree of aneurysm obliteration (85 % vs. 52 %, respectively), decreased
aneurysm recurrence, and decreased rate of retreatment for the index aneurysm
(13 % retreatment for endovascular embolization at 3 years compared to 5 % for
clipping).

These studies briefly emphasize the problem that the vascular neurosurgeons and
interventionalists frequently encounter, that aneurysm remnants are common and
require continued observation at a minimum. More importantly, which of these
patients are at higher risk of rebleeding from their index aneurysm? How do we
determine who should be retreated and who can be observed? Rerupture rates in the
recent literature following treatment are low. In a study of over 1,000 patients treated
at multiple centers over a 2-year period, rerupture rate was found to be 1.8 % which
was similar to the 1-year rerupture risk (1.8 %) published in the ISAT trial [6]. That
being said, there is a persistent risk to the patient with remnant aneurysm and at
what point should retreatment be employed.

Remnant Aneurysms Following Surgical Clipping

Open surgical clipping of intracranial aneurysms has long been deemed one of the
most technically demanding operations faced by neurosurgeons. Following the
advent of the detachable GDC coils first utilized in 1991 by Guglielmi and col-
leagues, the treatment paradigm for intracranial aneurysms changed dramatically
[7]. Currently, surgical clipping is thought, by some, to be the more definitive treat-
ment for aneurysms. However, index aneurysm regrowth or aneurysm remnant
(Fig. 5.1) after clipping has been described in the literature.

Despite routine scheduled follow-up imaging, there are sparse publications dis-
cussing angiographic follow-up after clipping in the literature compared to endovas-
cular treatment. At one large-volume center, routine 1 and 3-year follow-up angiograms
are ordered for all patients after clipping. Despite this schedule, as was previously
stated, the actual percentage that obtained these repeat angiograms is small. In one
study, late follow-up angiograms were performed on 102 patients who previously
underwent surgical treatment of their aneurysm. The mean follow-up angiography
period ranged from 2.6 to 9.7 years. Of the 167 aneurysms treated in this study popu-
lation, 91.8 % were clipped and the remaining were treated by wrapping, bypass with
trapping, or parent vessel occlusion. Ninety-two percent of the clipped aneurysms
demonstrated no evidence of residua. The remaining aneurysms demonstrated resid-
ual necks in 8.2 % (12 patients). Of these incompletely clipped aneurysms, five aneu-
rysms demonstrated regrowth with one diagnosed after subarachnoid hemorrhage [8].
There were no reported cases of SAH from those aneurysms without residua.
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Similar studies demonstrate comparable results as it pertains to residua follow-
ing clip placement on long-term angiographic follow-up. Aky®z et al. followed 166
surgically clipped ruptured aneurysms angiographically over a 3—7-year period. The
results again demonstrated long-term aneurysm obliteration for those that demon-
strated no residua following initial clip placement. Of those with known residua,
five remained stable, one spontaneously thrombosed, and one demonstrated growth.
Again despite known residua, no recurrent SAH was noted during the study period.
Along with this finding, it was noted that two de novo aneurysms were detected and
later treated [9]. Based on these results, despite the overall poor percentage of those
patients that presented for late follow-up studies (approximately 10 % in this study),
it is evident that clipping is a durable treatment modality but not without the poten-
tial for regrowth and SAH despite treatment.

There are several other studies that have looked at long-term durability of
surgical clipping. Edner et al. described their experience of just over 100 SAH
patients who were clipped at their institution. This study followed patients
treated for aneurysmal SAH with surgical clipping for 20 years. One hundred
and two patients who were 1- and 2-year survivors following SAH who were
surgically treated between 1983 and 1985 were followed for 20 years. Forty-
nine patients were alive at time of the study. Of these patients, none had experi-
enced a repeat SAH. Aneurysm remnant was noted in eight patients and de novo
aneurysms were found in seven patients. Of those deceased, one patient died
secondary to SAH from a separate known untreated aneurysm [10]. The authors
concluded that extreme long-term follow-up for successfully clipped aneurysm
is not necessary, but this stance was a point of disagreement in the comment
section of this publication.

Further studies with long-term results have attempted to identify risk factors
for recurrence as well as a mean time from initial treatment to rerupture. Wermer
et al. published a series of patients treated for SAH with surgical clipping with
long-term outcomes (mean follow-up 8 years) and of 752 patients, only 18 had
recurrent SAH. Risk factors for those recurrences were smoking, young age,
and multiple aneurysms at the time of initial presentation. Of those that recurred,
the vast majority (72 %) had bled from de novo aneurysms, and the mean inter-
val from initial bleed and recurrence was 6.5 years with a range from 0.2 to
17 years [11].

These studies demonstrate several important points with respect to surgical
clipped aneurysms. The likelihood of recurrence or remnant formation after aneu-
rysm clipping is low but not absent. Repeat aneurysmal SAH from a surgically
treated aneurysm, with or without remnant, is also low. The durability of surgical
clipping cannot be denied, and in the age of increasingly popularity and technologi-
cal advancements of endovascular therapy, neurosurgeons and interventionalists
must keep this evidence in mind when discussing all available treatment options to
their patients. Most importantly, this demonstrates the need for continued long-term
observation of known aneurysms, particularly those that are not completely obliter-
ated during initial treatment.
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Remnant Aneurysms Following Endovascular Coil
Embolization

Endovascular techniques for aneurysm treatment have continued to evolve since
their initial use in the 1990s. Due to multiple studies [4, 5], particularly in the SAH
population, the usage of endovascular techniques for the treatment of intracranial
aneurysms has seen a significant increase around the globe. While the outcome data
has been reassuring, the technique has also come under scrutiny for its durability
and the potential for future rebleeding from treated aneurysms. In order to respond
to this question of durability, there have been a number of studies published in the
last 20 years concerning results and outcomes following endovascular treatment. As
previously stated, techniques and outcomes have improved over the last 20 years,
but no definitive evidence-based follow-up schedule is available. Further long-term
data is still needed to address this.

Two early studies looked only at anterior communicating artery (Acomm) aneu-
rysms treated with endovascular coiling (Figs. 5.2 and 5.3). Elias et al. followed 30
patients treated for ruptured Acomm aneurysms over a 2-year period with diagnostic
angiograms at 6 months and 2 years of posttreatment. No further follow-up studies
were performed past the 2-year angiogram if the treated aneurysm was fully obliter-
ated. Residual neck remnants after treatment were noticed on 13 aneurysms and were
persistently followed for up to 6 years. Only one was retreated and there were no
rebleeds during the study time frame. A direct quote from this early paper accurately
emphasized a lack of data concerning the subject in question when the authors stated,
“The lack of information regarding both the frequency of residual filling or regrowth
and long-term angiographic follow-up of patients with surgically treated aneurysms
makes meaningful comparison between surgical treatments and endovascular treat-
ment impossible” [12].

A second study examined both elective treated and anterior communicating
artery aneurysms treated for rupture over a 9-year period at a single center. The
ruptured group made up the vast majority of cases (85 %) and was found to have a
higher likelihood of recurrence vs. those of the electively treated patients, 51 vs. 8,
respectively. Also noted was the increase in rebleeding rate associated with ruptured
aneurysms in this study. Although only 3.4 % of the patients presented with rebleed-
ing, it was associated with a high mortality rate (88 %). This group retreated 27 of
these recurrences endovascularly and two with surgical clipping. Of note, the major-
ity of recurrences were noted within the first 6 months of treatment but were found
as late as 3 years of posttreatment, and a de novo aneurysm was found to be the
source of a distant rebleed in one patient 10 years after their initial treatment. The
authors stated that long-term follow-up is recommended to assess for these recur-
rences, but no recommendation as to duration of follow-up was given [13]. Another
group studied 466 patients with 501 aneurysms retrospectively to look for incidence
of recurrence and risk factors for such. Their population was approximately 54 %
ruptured patients, and they termed early follow-up less than 1 year and late follow-
up after 1 year. They found a recurrence rate of 33% at a mean time of 12.31
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+/— 11.33 months. Of these recurrences, those that were deemed “major” actually
presented later than the smaller recurrences (16.49 +/—15.93 months). Approximately
50% of the major recurrences were retreated, and they experienced only three
rebleed events during their study period. They agreed that short-term follow-up was
insufficient for these patients, but again no recommendations on follow-up imaging
for remnants were offered [14].

Multiple other studies over the past 30 years have looked at similar populations
of endovascular-treated patients. Follow-up periods have varied from months to
years, and unlike the previous studies mentioned, the vast majority of the studies did
not limit the patients by aneurysm location. Several of these studies are summarized
in Table 5.1. As can be seen, percentage of remnant and residual aneurysms follow-
ing treatment varied from 20 % to 50 %. These numbers clearly appear concerning,
but in comparison, the number of rebleed events in each of these studies is signifi-
cantly lower with some studies reporting zero rebleeds with follow-up period as
long as 14 years [6, 12-26]. In a separate meta-analysis of 71 studies over a 5-year
period, recurrent aneurysms were found in 24.4 % (321/1,316 patients) after an ini-
tial complete occlusion rate of 86 %. Retreatment was performed in 9.1 %, and rup-
ture after endovascular therapy was found in only nine patients. The authors
calculated the annual risk of rupture after endovascular therapy to be 0.2 % in their
analysis of previously unruptured aneurysms [27].

As was stated before, the goal of aneurysm treatment is prevention of rupture or
rerupture in the future. Follow-up imaging is directed toward monitoring those
aneurysms that are not completely isolated from the parent circulation and present
a possible future rebleed risk. There are three distinct possibilities for each treated
aneurysm in terms of findings on follow-up imaging: stability, recanalization, or
progression of thrombosis. Le Feuvre demonstrated complete occlusion immedi-
ately following embolization to be 52 %, with 32 % being >95 % occluded and 16 %
of 90-95 %. Despite significant loss of follow-up in this study, there was a trend
toward progressive thrombosis with 65 % demonstrating occlusion at 3 months and
82% at 1 year [22]. Another study demonstrated a similar trend with aneurysms
found to have remnant or residual aneurysms following initial therapy to further
thrombose in 46 % or remain stable in 26 % [15]. Conversely, there are examples
that demonstrate the opposite with those aneurysms exhibiting a change in their
obliteration pattern toward recanalization on long-term follow-up in lieu of oblitera-
tion. Recanalization was found to be more common in the first 6 months, but late
recanalization up to 2 years after therapy was also noted. Taking all this into consid-
eration when considering options, it is important to note that the incidence of rebleed
in this study was zero.

In addition to this, the supplement of coiling adjuncts such as balloon- or stent-
assisted coiling methods must be considered as they also play an important role in
the management of wide-necked and larger aneurysms. Evidence from current
research demonstrates similar procedural risk profiles along with less recurrence
noted on follow-up imaging. Yang et al. recently published their experience over a
year period of stent-assisted coiling vs. coiling alone. Fifty-three percent of 512
patients were treated with stent-assisted coiling due to large neck size, low dome to
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neck ratio, or morphologic characteristics that prevented adequate treatment with
coiling alone. In the setting of subarachnoid hemorrhage, coiling alone was pre-
ferred. They demonstrated a lower recurrence rate with the stent-assisted group,
5.2% vs. 16.5% in the coiling alone, at a mean follow-up period of 11.2 months
(range 6-18 months). Also of interest was the initial complete occlusion rate after
treatment in these patients. After coiling alone, 64.1 % of the patients demonstrated
complete occlusion compared to 54.5 % of the stent-assisted group. Given that these
aneurysms were selected due to their complex anatomy, this nonstatistically signifi-
cant difference is not surprising. What was noted to be significant was the percent-
age of patients with remnant aneurysms that demonstrated progressive thrombosis
on follow-up imaging. Patients with stent-assisted treatment demonstrated progres-
sive thrombosis in 32.7 % compared to 15.1 % of those treated with coiling alone
[28]. Despite several limitations to the study, particularly the significant loss of
follow-up data in both groups, the trend toward progressive thrombosis in the stent-
assisted patients again is supportive of the notion that remnant aneurysms can and
often do thrombose with time.

A second similar study looked at stent-assisted treatment of anterior communi-
cating artery aneurysms only. Over 6-year period, 44 patients harboring Acomm
aneurysms were treated with stent-assisted coiling. Seventy-five percent of the
patients in this study presented for follow-up imaging of at least 3 months (mean
65 weeks). Complete occlusion was found in 24 patients, residual neck in five, and
residual aneurysm in four patients. Only one patient underwent retreatment due to
persistent enlargement, and no patients experienced a bleed after treatment despite
only 73 % initial complete occlusion [26].

As can be seen, there is a propensity of studies that demonstrate low rebleed risk
despite the presence of remnant neck or aneurysms after endovascular therapy.
Based on this published data, certain anatomical factors and other risk factors can
guide the treating physician as to which aneurysms require a more stringent fol-
low-up schedule. Initial angiographic result, aneurysm size, neck size, and history
of rupture are factors that have demonstrated correlation with higher likelihood for
recurrence and rebleed [14, 17, 19, 25]. Initial angiographic occlusion comes from
patience, diligence, and experience in the angiography suite in attempt to obtain
this goal of 100 % occlusion whenever possible and safe. Placing those patients
with large aneurysms, large aneurysm necks, and subarachnoid hemorrhage in a
separate class with a more frequent and intensive imaging follow-up schedule is
recommended.

Although the vast majority of studies utilized repeat angiography as seen in
Table 5.1, noninvasive imaging with magnetic resonance angiography (MRA) also
can play an important role in posttreatment observation. Many surgeons and patients
favor MRA for long-term and repeat imaging due to its noninvasive nature. Each of
the studies demonstrates that MRA does have several advantages: noninvasive, no
associated risks of a procedure, and may demonstrate more filling than formal angi-
ography [19, 20, 24]. One particular study utilized time-of-flight MRA to assess
long-term follow-up in 44 patients previously treated by endovascular coiling over
a 6-year period and compared results of a DSA performed 3 years after treatment.
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These patients then underwent MRA at a mean of 9.68 years (range 6-14 years)
after their last endovascular treatment. Independent assessment by neuroradiolo-
gists demonstrated stable findings in 94 % of treated aneurysms once again demon-
strating the high propensity for stability in previously treated aneurysms [18].
Certain centers have questioned whether MRA can replace DSA for follow-up
imaging for reasons discussed above. One study compared MRA and DSA of simi-
lar time frames for follow-up after endovascular therapy of 80 aneurysms. They
found 97 % correlation for diagnosis of recurrence of aneurysms when the modali-
ties were examined by separate radiologists. Of the three that did not correlate,
MRA identified a recurrence that was not visualized on DSA in one case and the
opposite in the second two [34]. This demonstrates the accuracy and feasibility of
transitioning long-term follow-up of aneurysms to noninvasive imaging.

Retreatment Risks

As discussed previously, the incidence and prevalence of aneurysm remnant follow-
ing open surgery and endovascular therapy can be quite high, greater than 50 % in
some reported studies [15, 16, 18, 25]. Patients with remnant aneurysms following
treatment require counseling on the retreatment options and the potential risks this
may pose.

Morbidity and mortality for endovascular therapy of unruptured aneurysms were
presented by Oishi et al. in their recent publication concerning informed consent for
patients undergoing endovascular therapy for unruptured aneurysms. They quote an
overall morbidity of 4.4 % and mortality of 0.7 % [29]. Of those morbid events,
thromboembolic events, groin hematomas, arterial dissections, aneurysm perfora-
tion, contrast-induced nephropathy, and radiation effects are most common in the
literature. Groin hematomas are reported to be the most common overall complica-
tion involved in angiography [32, 33]. Data specific to intracranial aneurysm proce-
dures are limited, but cardiac literature demonstrates groin hematoma rates of
9-32 % [31]. Reports of thromboembolic events range widely among studies from
2% to 40 %. Of the thromboembolic events reported, all were diagnosed on post-
procedure imaging, but the vast majority of these were not clinically relevant [30].

Similar to follow-up for previously clipped aneurysms, the evidence for risks of
repeat craniotomy for aneurysm clipping is sparse. As can be said for other opera-
tions, the first operation is cleaner than the second and usually less complicated.
Johnstone et al. showed that retreatment for aneurysm remnants was certainly not
without risk when they reported life-threatening or disabling complication is 11 %
of those aneurysms treated endovascularly and 17 % for those initially clipped [35].

Despite limited data specifically on repeat craniotomy for aneurysms, compara-
ble data can be educational on this subject as it applies to other complex cranial
cases. Arteriovenous malformations (AVMs) are complex and high-risk procedures
faced by surgeons and interventionalists. One study demonstrated relatively low
complication risk for initial surgery at a high-volume center (7.2% with 1.9%
resulting in permanent neurologic deficit). Increasing complication rates were noted
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in larger AVMs, high number of preoperative embolizations, and unruptured AVMs
[36]. Another study retrospectively examined epilepsy resections over a 30-year
period in three separate types of operation: temporal lobectomy with or without
amygdalohippocampectomy, extratemporal lobar or multilobar resections, or inva-
sive electrode placement. The complication rates were divided into early period vs.
more recent years, and overall the complication rates decreased dramatically, with
the exception of a small increase in wound infections/meningitis and hemorrhage/
hematoma in the invasive electrode placement group. These results were explained
due to the addition of a second operation for removal of the electrodes or resection
[37]. Despite the absence of data specifically outlying the risks of repeat craniotomy
for remnant aneurysm surgery, the risk for repeat surgery is necessary to consider
when discussing options with patients concerning their aneurysm.

Conclusion

Intracranial aneurysm rupture is the most common cause of spontaneous sub-
arachnoid hemorrhage. SAH, even with treatment, can carry a significant risk of
morbidity and mortality. The treatment of intracranial aneurysm typically con-
sists of either surgical clipping or endovascular obliteration. However, even with
significant advancements in the treatment of aneurysms, remnant aneurysm or
aneurysm regrowth after treatment has been described. Surgical clipping of intra-
cranial aneurysm has been established as a durable treatment option, although not
without potential operative risks. Endovascular treatment is a less invasive way to
achieve similar results of aneurysm occlusion. Despite this, however, the risk of
remnant aneurysm after treatment may be higher. Given the lack of long-term
randomized trials that compare the two treatment options, no specific guidelines
can be established about the indications for surgical clipping and endovascular
coiling of intracranial aneurysm. Angiographic follow-up is recommended after
aneurysm treatment; however, if recurrence of the index aneurysm is found, con-
tinued observation vs. retreatment should be considered. Retreatment of remnant
aneurysm is achievable, although these treatment paradigms may pose greater
risk than the overall risk of observation as we have demonstrated here. Therefore,
treatment decisions, including observation, should be carefully discussed with
each patient, and they should be made aware that just because a remnant aneu-
rysm exists, the right choice may be to continue with long-term clinical and
radiographic follow-up as the current authors recommend.
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Controversies in Vascular Neurosurgery: 6
Aneurysm Remnants

David R. Santiago-Dieppa, Tianzan Zhou,
Jeffrey S. Pannell, and Alexander A. Khalessi

The low prevalence but serious disability caused by hemorrhage of an incompletely
occluded aneurysm understandably creates dispute regarding the proper manage-
ment of these aneurysms. As mentioned in the previous sections, both aggressive
and conservative management are feasible. The risks of retreatment and the risk of
repeat hemorrhage both have to be carefully evaluated when deciding between
aggressive treatment strategies and observation.

Incidence

The incidence of aneurysm neck remnants varies greatly depending on the proce-
dure utilized for aneurysm repair. Clipped aneurysms are reported to have an 8 %
rate of residual aneurysm [1]. As demonstrated in the international subarachnoid
aneurysm trial (ISAT), the rate of residual aneurysms is higher for coiled aneurysms
than microsurgical clipping: An 85 % obliteration for clipped and 53 % obliteration
for coiled aneurysms was reported in the ISAT [2].

Natural History

Given the relatively low rate of residual aneurysms following microsurgical clip-
ping, data on the evolution of aneurysm remnants following clipping is understand-
ably sparse. In one study, out of 12 remaining residual necks after clipping, 5
demonstrated regrowth and 1 presented as a subarachnoid hemorrhage [1]. Another
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study described seven residual clipped aneurysms, of which five remained stable,
one thrombosed, and one demonstrated growth [3].

More data is available for residual coiled aneurysms. As demonstrated in
Table 1 of the conservative management section, the percentage of patients with
aneurysm remnants following coiling is higher than following microsurgical
clipping. However, the percentage of repeat hemorrhage is comparatively low
even after many years of follow-up. This is supported by studies demonstrating
the tendency of aneurysmal remnants after coiling to either further thrombose or
remains stable [4, 5].

Management

Given the risks of retreatment of aneurysmal remnants, it is important to stratify
patients according to their risk of expansion and hemorrhage of the remnant. Certain
risk factors have been shown to increase the risk of repeat hemorrhage in residual
aneurysms. These risk factors are similar to the risk factors for naive aneurysm
rupture and include current smoking, family history of ruptured aneurysms, and
hypertension. Furthermore, in remnants of aneurysms that had previously ruptured,
aneurysms in the posterior circulation and aneurysms in young patients are more
likely to exhibit growth and possible repeat hemorrhage [6].

As noted in both previous sections, retreatment of aneurysmal remnants may
pose significant risks of morbidity and mortality. This is particularly true for surgi-
cal retreatment, where morbidity has been shown to range from 7 to 15.7 % [7, 8].
However, endovascular retreatment carries a significantly lower rate of morbidity
and mortality. One study investigating endovascular treatment of repeat aneurysms
showed that only 1.28 % of patients either died or had a permanent disability [9].
The relatively lower morbidity and mortality of endovascular management also
lowers the clinical threshold for aggressive treatment strategies in the management
of aneurysmal remnants.

Aggressive management should be considered for high-risk cases. In addition to
family history, aneurysm characteristics, and symptoms suggestive of hemorrhage,
new neurologic symptoms should also prompt immediate evaluation for interven-
tion. These include cranial nerve palsy, brainstem compression, or hydrocephalus
that can be attributed to the growth of an aneurysmal remnant.

Observation may be appropriate for uncomplicated cases such as remnants of
unruptured aneurysms. Although angiography is commonly utilized to monitor these
aneurysmal remnants, magnetic resonance angiography (MRA) is favored by many
practitioners for their noninvasive nature. Furthermore, MRA has been found to have
a 97 % correlation for diagnosis of recurrent aneurysm compared to DSA [10].

Advanced imaging techniques aimed at aneurysm flow mapping and vessel wall
characterization may further identify high-risk aneurysmal remnants that would
benefit an aggressive treatment strategy. 3D TOF MRA and 4D flow MRI may iden-
tify water hammer effects that may cause coil compaction, remnant growth, and
rupture [11]. High-resolution double inversion recovery black-blood MRI can be
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used to measure wall thickness of the aneurysmal remnant [12]. Flow patterns and
wall thickness are both correlated with the risk of aneurysm rupture and enable
targeted selection of high-risk aneurysmal remnants for invasive management.

Conclusion

Unfortunately, current literature is too sparse to offer definitive risk stratification
for optimal management of aneurysmal remnants. Patient and aneurysm charac-
teristics that increase the risk of growth and hemorrhage of the aneurysmal rem-
nants must be considered when choosing an approach as either approach may be
appropriate depending on the clinical scenario. Aneurysm flow mapping and
vessel wall characterization show promise at identifying high-risk remnants.
Further studies are needed to quantify the risk factors of aneurysmal remnant
hemorrhage and allow for more objective management guidelines.
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Basilar Artery Aneurysm:
Role for Open Surgery

W. Caleb Rutledge and Michael T. Lawton

Introduction

The relationship of the basilar artery to the brainstem and skull base makes basilar
artery aneurysms among the most technically challenging aneurysms to treat micro-
surgically. Preservation of perforators supplying the brainstem, cerebellum, and cra-
nial nerves, while operating in narrow and deep surgical corridors, is critical. Despite
advances in microsurgical techniques, neuroanesthesia, and cerebral protection since
Drake [5-9, 29], microsurgical clipping of these aneurysms still results in excess
morbidity and mortality when compared to anterior circulation aneurysms.

Since publication of the landmark aneurysm trials, including the International
Study of Unruptured Intracranial Aneurysms (ISUIA), which demonstrated worse
outcomes with microsurgical clipping, and the International Subarachnoid
Aneurysm Trial (ISAT), which showed better outcomes with coiling compared to
clipping, endovascular treatments have largely replaced microsurgery as the pri-
mary treatment modality in management of both ruptured and unruptured aneu-
rysms [1, 20, 24, 28, 32, 40, 41]. The benefits of coiling are more apparent for
posterior circulation aneurysms. In the 3-year follow-up of the Barrow Ruptured
Aneurysm Trial (BRAT), while there were no significant differences in outcomes
among patients with anterior circulation aneurysms coiled or clipped, patients who
underwent coil embolization of posterior circulation aneurysms continued to have
significantly better outcomes than clipped patients [39].

Despite the shift toward endovascular treatment in management of aneurysms of
the posterior circulation, particularly for P2 posterior cerebral artery (PCA), basilar
trunk, vertebrobasilar junction, and vertebral artery aneurysms, there remains an
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important role for microsurgical clipping. While it is increasingly safe and effective,
endovascular treatments, including coiling, balloon- and stent-assisted coiling, and
flow diversion, are still more likely to result in residual aneurysm, aneurysm recur-
rence requiring re-treatment, and rarely aneurysmal rebleeding [3, 10-12, 14, 15,
17,22, 25, 27, 31, 33, 34, 38]. Aneurysms of the distal anterior inferior cerebellar
artery (AICA), superior cerebellar artery (SCA), P1 PCA, and basilar bifurcation
are amenable to microsurgical clipping [36]. Wide-necked, thrombosed, large, or
giant aneurysms prone to endovascular failure [2, 12, 27, 30] are also candidates for
microsurgical clipping [13, 26, 37]. Microsurgical clipping of appropriately selected
basilar artery aneurysms by well-trained and experienced cerebrovascular neurosur-
geons is safe and effective and offers a durable cure.

At our center, microsurgery is considered a competitive alternative to endovascu-
lar therapy for P1 PCA, SCA, distal AICA, PICA, and some basilar bifurcation
aneurysms. Conversely, endovascular treatment is preferred for P2 PCA, proximal
AICA, basilar trunk, vertebrobasilar junction, and vertebral artery aneurysms, as
these often require extensive cranial base approaches and carry a high risk of perfo-
rator infraction and cranial neuropathy.

The orbitozygomatic-pterional approach is used routinely because it provides the
greatest exposure with flexibility to shift exposures from transsylvian to subtempo-
ral. The subarachnoid dissection requires wide splitting of the Sylvian fissure to
separate the frontal and temporal lobes and freeing the temporal lobe from granula-
tions infratemporally or veins pretemporally. Dissection into the carotid and crural
cisterns further mobilizes the temporal lobe to open the operative corridors. Three
operative corridors to these aneurysms are established, including the optic-carotid
triangle, supracarotid triangle, and carotid-oculomotor triangle, with the latter pro-
viding the widest and most useful window to the interpeduncular fossa (Fig. 7.1).
The dissection down to the basilar aneurysm can be systematized to a series of steps
with clear anatomical landmarks designed to gain early proximal control of the
basilar trunk and clear identification of the quadrifurcation arteries and vital perfo-
rators. Dissection hazards vary with aneurysm projection, with the most common
superior projecting aneurysms hiding perforators on the contralateral P1 PCA, ante-
riorly projecting aneurysms positioning the dome between the surgeon and the neck
and posteriorly projecting aneurysms hiding the perforators originating from the
distal basilar artery. The aneurysm’s position above or below the posterior clinoid
process can also complicate clipping. High-riding aneurysms require a steeper
upward view that is more subtemporal in its trajectory. Low-riding aneurysms
require a posterior clinoidectomy or even a transcavernous exposure.

Illustrative Case

Patient DS is a 59-year-old woman with a family history of aneurysmal subarach-
noid history who presented with an incidentally discovered large basilar tip aneu-
rysm (Fig. 7.2). The aneurysm was deemed a favorable candidate for microsurgical
clipping given its size, projection, and relationship to the clinoid process. She
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Fig.7.1 (a) Superficial dissection strategy: / Splitting Sylvian fissure, 2 Freeing inferior temporal
lobe by cutting arachnoid granulations and adhesions, 3 Freeing anterior temporal lobe by dividing
temporopolar veins, 4 Opening pretemporal corridor by mobilizing temporal lobe posterolaterally,
5 Dissection along the anterior choroidal artery releases medial temporal lobe, 6. Dissection along
anterior temporal artery allows more posterior mobilization of temporal lobe. (b) Anatomic trian-
gles providing access to the basilar bifurcation: / Optic-carotid triangle, 2 Carotid-oculomotor
triangle, 3 Supracarotid triangle. (¢, d) Deep dissection strategy: / Identify PCoA at its ICA origin,
2 and 3 Follow PCoA to P1-2 junction, 4 Dissect P2 segment laterally over the oculomotor nerve
to the tentorial edge, 5 Dissect inferior surface of P1 segment medially through Liliequist’s mem-
brane, 6 Identify SCA, 7 Secure proximal control on basilar trunk, 8 Dissect superior surface of P1
segment to aneurysm neck, 9 Identify contralateral SCA across basilar apex, 10 Identify contralat-
eral PCA and distal aneurysm neck, // Clear a path across anterior aneurysm neck, /2 Dissect
perforators from posterior neck. (e) Variations in dome projection: A Superiorly projecting hides
thalamoperforators behind distal neck, B Anterior projecting hides contralateral PCA and SCA, C
Posteriorly projecting hides thalamoperforators from posterior base of the aneurysm; D High-
riding aneurysms migrate out of carotid-oculomotor window, E Low riding descend out of carotid-
oculomotor window and are hidden by posterior clinoid

elected to undergo microsurgical clipping. A right orbitozygomatic-pterional crani-
otomy was performed (Fig. 7.3). Perforators were identified posterior to the aneu-
rysm and cleared from the neck before clips were applied. Postoperative angiogram
confirmed complete obliteration of the aneurysm. The patient was discharged home
in good condition with a modified Rankin score of 1.
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Fig. 7.2 Sagittal and coronal views from CT angiogram demonstrating a 6 x 8 x 8 mm irregularly
shaped basilar tip aneurysm which partially incorporates the bilateral P1 segments of the posterior
cerebral arteries

There are few series directly comparing surgical and endovascular management
of posterior circulation aneurysms [18]. The purpose of this chapter is to summarize
the best evidence for surgery for basilar aneurysms. The selected reports suggest
microsurgery still has an important role in the management of basilar artery aneu-
rysms, particularly for young patients with complex aneurysms needing durable
treatment.

Contemporary Surgical Series of Basilar Artery Aneurysms

Samson’s 18-year experience is the largest surgical series of basilar aneurysms
since Drake (Table 7.1) [35]. Three hundred two aneurysms of the basilar apex were
treated microsurgically between 1978 and 1996. The majority of patients presented
with subarachnoid hemorrhage (n=195), of which the highest proportions were
grade III (n=76, 39 %). At discharge, 76 % of patients had a good outcome defined

»
>

Fig. 7.3 (a) Overview of the transsylvian exposure after wide splitting of the Sylvian fissure
preserving the temporopolar veins. (b) View through the carotid-oculomotor triangle visualizing
the basilar apex. Note that only the distal basilar artery, ipsilateral P1 PCA and S1 SCA, and proxi-
mal aneurysm neck are visualized through this window. (¢) The aneurysm is softened with a clip
on the distal basilar artery and neck is reconstructed with a tandem clip configuration, with the
initial straight fenestrated clip applied first to close the distal neck. (d) Before continuing with
tandem clipping, perforators on the contralateral P1 PCA are inspected for patency. (e) The fenes-
tration on the first clip is closed with a stacked straight clip, and (f) mini clips are used to close a
remnant within the fenestration. (g) Note that redirecting the microscope allows visualization of
contralateral anatomy, including the left P1 PCA and oculomotor nerve through the carotid-
oculomotor triangle. (h) Indocyanine green dye confirms patency of thalamoperforators behind the
aneurysm in the interpeduncular fossa
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Table 7.1 Microsurgical clipping of basilar aneurysms

Complete occlusion Good outcome  Mortality

Series Year Number (%) (%)° (%)
Sekhar [37] 2005-2012 37 92 76 8
Nanda [26] 1992-2009 62 92 77 8
Lawton [36] 1997-2006 162 98 63 9
Samson [35] 1978-1996 302 94 81 9
Krisht [19] 1998-2006 51 98 90 4
Lawton [21] 1997-2001 56 - 84 9

Includes all posterior circulation aneurysms
®Good outcome defined as Glasgow Outcome Scale (GOS) score of 4 or 5 modified Rankin scale
(mRS) score of 0-2 depending on study

as Glasgow Outcome Scale (GOS) score of 5 or 4 with a mortality of 7 %. (A GOS
score of 5 is defined as low disability and a score of 4 is defined as moderate dis-
ability, but independence in daily life [16]). At 6-month follow-up, 81 % had a good
outcome and the mortality was 9 %. Complete aneurysm occlusion was demon-
strated on follow-up angiography in 94 % of cases. Age, high-grade SAH, and aneu-
rysm size >20 mm were predictors of poor outcome.

At our institution, in an initial experience between 1997 and 2001, 57 basilar apex
aneurysms in 56 patients were treated microsurgically by the senior author (MTL)
(Table 7.1) [21]. The basilar apex was defined as the basilar bifurcation, P1 PCA, and
SCA. Most aneurysms were treated by microsurgical clipping through an orbitozygo-
matic-pterional craniotomy and transsylvian approach. After surgery, 84 % of patients
had good outcomes defined as GOS score of 5 or 4, with a mortality rate of 9 %. Good
outcomes increased from 79 % in the first half of the series to 90 % in the second half
with a corresponding reduction in mortality attributable to more temporary clipping,
better perforator dissection, and more sophisticated clipping techniques [21].

In an updated report including all posterior circulation aneurysms treated
between 1997 and 2006, 217 patients with 228 aneurysms, including 106 basilar
bifurcation, 27 PCA, 23 SCA, 8 AICA, and 5 basilar trunk aneurysms, underwent
microsurgical clipping (Table 7.1) [36]. Aneurysms selected for microsurgical clip-
ping had broad necks, aberrant branches, or fusiform morphology, and patients were
younger with lower Hunt and Hess grades and fewer medical comorbidities. Of the
171 aneurysms clipped directly, 167 (98 %) were completely occluded. Sixty-three
percent of patients had good outcomes with a mortality rate of 9 % [36].

Krisht et al. reported their results with high-complexity basilar apex aneurysms
prone to fail endovascular treatment (Table 7.1) [19]. Between 1998 and 2006, 51
patients with 82 complex basilar apex aneurysms were treated microsurgically
using a pretemporal transcavernous approach. Aneurysms were defined as highly
complex on the basis of size (large or giant), posterior projecting dome, low bifurca-
tion, wide dysmorphic base, and dolichoectasia. Complete aneurysm occlusion with
no residual aneurysm was achieved in 49 aneurysms (98 %). At discharge, 86 %
(n=44) of patients had a GOS score of 4 or 5, and at 6-month follow-up, 90 %
(n=46) of patients had an mRS score of 0-2 with a mortality of 4 %.
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In a more recent series by Sekhar et al. including 100 consecutively treated patients
with both ruptured (n=63) and unruptured (n=37) basilar apex aneurysms, 37 patients
were selected for microsurgical clipping (Table 7.1) [37]. All treating physicians had
endovascular training and the majority of aneurysms were treated endovascularly.
Younger patients with complex aneurysm morphology were more likely to be treated
with clip occlusion, while patients with high dome-to-neck and aspect ratios were
more likely to be coiled. Over 75 % of patients who underwent microsurgical clipping
had a good outcome defined as a modified Rankin Scale (mRS) score of 0-2, and 12
of 13 (92 %) patients with unruptured aneurysms had good outcomes. There were no
significant differences in outcomes between clipped and coiled patients. Endovascular
treatment was less durable. About 33 % of patients treated endovascularly had resid-
ual aneurysm and more than 17 % required additional treatment, while there were no
residuals for unruptured clipped aneurysms [37].

In another recent series by Nanda et al., 62 patients underwent microsurgical
clipping of basilar apex aneurysms with complete occlusion in 98 % (Table 7.1)
[26]. At their institution, since creation of an endovascular unit, the majority of basi-
lar apex aneurysms have been treated endovascularly (25 of 36), while clipping is
reserved for large and giant aneurysms, aneurysms with wide necks, or calcified and
thrombosed aneurysms. In their series, more than half (33 of 62) of aneurysms were
complex. Seventy-seven percent of clipped patients had good outcomes defined as
GOS score of 5 or 4. When complex aneurysms were excluded, 82 % of patients had
a good outcome.

Discussion

Today, management of basilar aneurysms is dominated by endovascular treatments
and microsurgery is performed at few centers. While endovascular treatments are
becoming increasingly safe and effective for many aneurysms of the posterior cir-
culation, patients with complex aneurysms, wide-necked, thrombosed, large, or
giant aneurysms with vessels arising directly from the aneurysm, are prone to treat-
ment failure and morbidity and should be considered for microsurgical clipping [12,
30]. Flow-diverting stents are associated with substantial morbidity and mortality in
these patients [38]. In contrast, surgical results from Samson, Lawton, Krisht,
Sekhar, and Nanda demonstrate microsurgical clipping is a safe and durable treat-
ment for highly complex basilar artery aneurysms [19, 21, 26, 35-37]. While aneu-
rysms treated with coils or stents have been shown to recanalize even late [23],
aneurysm recurrence is exceedingly rare for aneurysms after clip occlusion [4].
Good outcomes are possible even as cases referred for microsurgical clipping are
increasingly technically challenging [26, 37].

Conclusions

Surgery for basilar aneurysms must be cultivated as endovascular treatments
increase in sophistication and cerebrovascular neurosurgeons are left with
increasingly complex and technically challenging aneurysms. While an
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increasing number of basilar artery aneurysms are amenable to endovascular
treatments, younger patients with complex aneurysms can benefit from micro-
surgical clipping and its durable cure. The decision to treat endovascularly or
microsurgically should be made by a multidisciplinary team, including the neu-
rosurgeon, neurointerventional radiologists, and neurovascular neurologists.
Aneurysm size, morphology, neck size, aspect ratio, projection, branch anatomy,
intraluminal thrombus, wall calcification, parenchymal hematoma, intracranial
pressure, presence of vasospasm, patient age, neurological condition, medical
comorbidities, patient preferences, and institutional expertise should influence
treatment decision [36]. SCA, P1 PCA, distal AICA, PICA, and some basilar
bifurcation aneurysms are often amenable to microsurgical clipping in experi-
enced hands. Treating physicians and patients must weigh higher surgical risks
and longer recovery after craniotomy with higher likelihood of residual aneu-
rysm, aneurysm recurrence, the need for ongoing surveillance angiography, and
possible re-treatment after endovascular treatment.
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Introduction

The management of basilar artery (BA) aneurysms remains one of the most chal-
lenging areas of vascular neurosurgery due to the deep location of the BA and its
supply to many critical structures. Much of the knowledge surrounding the micro-
surgical management of BA aneurysms comes from the vast experience of Dr.
Charles Drake. In a 1990 update of their experience, Peerless and Drake [1]
described 545 patients treated with microsurgical techniques and good outcomes
achieved in 87 % of them. Building on this foundation, over the last 50 years, sev-
eral other vascular neurosurgeons have reported their microsurgical experience with
varying results [2—6]. Much of the microsurgical morbidity for the treatment of BA
aneurysms results from the need for significant brain retraction, injuring critical
temporal lobe structures, and often long duration of temporary arterial occlusion to
test the collateral flow to highly sensitive brain stem structures. The complexity and
not insignificant morbidity associated with the microsurgical treatment of BA aneu-
rysms have stimulated a shift away from these strategies and toward endovascular
techniques [7, 8].

The typically straight course and large caliber of the BA make it particularly
favorable to endovascular navigation and catheterization. Depending on the aneu-
rysm shape and associated branch vessels, primary coiling, balloon-assisted coiling,
stent-assisted coiling, and flow diversion (with or without adjunctive coiling) may
be employed for the endovascular treatment of these aneurysms. As with open
microsurgical approaches, the location of the aneurysm on the BA also dictates
which techniques are best suited for successful endovascular exclusion of the aneu-
rysm. In this light, we separate the BA into three different anatomical locations: the
basilar apex, basilar trunk, and vertebrobasilar junction (VBJ).

Basilar Apex Aneurysms

The basilar apex is the most common location for aneurysms occurring in the pos-
terior circulation [9] (Fig. 8.1). These aneurysms tend to point superiorly in the
direction of blood flow and the long axis of the BA [10]. Although the position of
the basilar bifurcation is critical to the microsurgical approach to basilar apex aneu-
rysms, it does not influence the endovascular strategy. Rather, associated anomalies
and variants (e.g., hypoplastic P1 segment of the posterior cerebral artery [PCA],
hypoplastic posterior communicating artery, fetal arrangement) may have a greater
impact on endovascular techniques and morbidity.

Narrow-necked basilar apex aneurysms can often be treated with primary coil-
ing. However, approximately 60 % of basilar apex aneurysms are wide necked (e.g.,
>4 mm) and may involve the PCA origins. In these cases, prevention of coil pro-
lapse and preservation of the parent vessels (i.e., the PCAs) may require adjunctive
techniques (balloon remodeling, stent-assisted coiling, multiple catheter techniques,
and the application of new devices such as the PulseRider aneurysm neck recon-
struction device (ANRD; Pulsar Vascular, San Jose CA) [9, 11-14].
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Fig. 8.1 (a) An 86-year-old man with a large basilar tip aneurysm treated endovascularly with the
PulseRider aneurysm neck reconstruction device (ANRD; Pulsar Vascular, San Jose CA). (b) Two
microcatheters (arrows) in the basilar artery aneurysm, one for device delivery and a second for
coil delivery. (c—e) Anteroposterior (AP) and lateral views of the ANRD (circled in ¢ and indicated
by arrows in d and e). The T-shape device is situated at the basilar artery and both arms of the “T”
are located at the posterior cerebral arteries. (f-h) Progressive coiling of the aneurysm. The arrow
in () points to the device in the right posterior cerebral artery
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Fig. 8.1 (contiuned)

Balloon remodeling is used to segregate the aneurysm neck from the parent vessel,
allowing coil deployment within the aneurysm dome and preventing prolapse into the
parent vessel. Typically, the balloon is placed across the aneurysm neck and into the
dominant P1. Given the location and morphology of a bifurcation, this technique
requires the use of a compliant balloon whose shape can take on that of the parent
bifurcation. Balloon-assisted coiling is beneficial in the setting of ruptured aneurysms
when stenting (and obligatory dual antiplatelet administration) are not optimal.
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Stent-assisted coiling similarly is used to prevent coil prolapse into the BA and
PCAs. The stent configuration depends on the aneurysm morphology as well as the
local vascular anatomy. For example, incorporation of a P1 PCA segment into the
aneurysm neck would require stent placement into that segment for optimal aneu-
rysm exclusion. A single stent, elbowed into the involved PCA segment, is employed
when only one of the P1 segments is involved. A very wide-necked aneurysm with
involvement of both P1 segments may require a Y-stenting configuration for protec-
tion of both PCA segments [15]. The choice of stent is dictated by the local anat-
omy, as well as surgeon experience. We favor the use of open-cell stents because of
their flexibility and good wall apposition. However, it should be noted that the new
generation of intracranial stents, such as the low-profile visualized intraluminal sup-
portdevice (LVIS, MicroVention, Tustin, CA) and the LVIS Jr device (MicroVention),
has demonstrated advantages over the previous generation with respect to visibility,
deployment, and coil mass support [16, 17].

Novel Devices for Bifurcation Aneurysms

New devices such as the aforementioned PulseRider ANRD (Fig. 8.1) or the Woven
EndoBridge (WEB; Sequent Medical, Aliso Viejo, CA) are under investigation in
clinical trials and are promising adjuncts to endovascular coiling of complex bifur-
cation aneurysms, including basilar apex aneurysms [13, 18]. The PulseRider
ANRD is a novel 0.002-in. laser-cut nitinol self-expanding retrievable device spe-
cifically shaped to fit within bifurcated arteries. It is designed to be deployed to abut
the aneurysm ostium while remaining outside the aneurysm. The reconstructive
scaffold area of the device or “saddle” is oriented by opposing struts that align with
the outflow branches to ensure preservation of those branches. Early experience
demonstrated that it is a safe and effective adjunct in the treatment of bifurcation
aneurysms arising at the basilar apex [13]. Longer follow-up and larger experience
are needed to confirm these early results [19]. The WEB is an intrasaccular device
designed to disrupt intra-aneurysmal flow at the level of the neck. Initial experience
has shown good efficacy, with a high percentage of cases of adequate aneurysm
occlusion in the postprocedure period and at short-term follow-up [18]. However,
significant neck remnants were observed (56.7 %) [20]. This was due, in part, to the
shape of the WEB. The proximal surface of the WEB is not flat but has a recess,
which is concave from the direction of the parent artery. Again, long-term results
are needed. We await the results from the clinical trials relative to both devices.

Aneurysm Recanalization and Coil Compaction

Due to their anatomic location and morphology, basilar apex aneurysms have an
increased risk of coil compaction and recanalization. Traditional treatment strate-
gies seek to obtain 90-100 % angiographic occlusion, which is accepted as protec-
tive against hemorrhage. Model studies have shown that complete coil obliteration
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Table 8.1 Summary of studies evaluating the endovascular treatment of basilar trunk aneurysms

Complete or near-complete

Technique (90-100 %) angiographic Procedure-related
Study, year N  (no. cases) occlusion, no. pts. (%) morbidity (%)
Peschillo et al. 3 Flow diversion 3 of 3 (100) 66.6
(2014) [39] 3)
Chaloubhi et al. 1  Flow diversion 0 of 1 (0%) 0
(2014) [35] 1)
Gross et al. (2013) 2 Coiling (2) 2 of 2 (100) 0
[37]
Higa et al. (2011) 14 Coiling (14) 14 of 14 (100) 7.1
[38]
Chung etal. (2011) 4  Stent-assisted 4 of 4 (100) 0
[36] coiling (3)
Coiling (1)
Yuetal. (2010) [41] 10 Coiling (7) 10 of 10 (100) 0
Balloon-assisted
coiling (2)
Stent-assisted
coiling (1)
Uda et al. (2001) [40] 16 Coiling (16) 14 of 16 (88) 12.5

no. pts. number of patients

of an aneurysm only fills 30% of the aneurysm with coil mass [21, 22]. Wide-
necked aneurysms are at particularly high risk for recanalization, likely related to
flow dynamics and stress. Rates of early recanalization have been shown to be sig-
nificant in wide-necked or partially coil-treated aneurysms [9, 11, 23, 24].

The rate of initial occlusion may be particularly important for long-term oblitera-
tion in the setting of basilar apex aneurysms. In their systematic review, Lozier et al.
[23] analyzed recanalization rates and found recanalization to occur in 10 % of ini-
tially completely coil-occluded, 37 % of nearly completely coil-occluded (90-99 %),
and 60 % of incompletely coil-occluded (<90 %) aneurysms. Henkes et al. [9] found
coil compaction and residual aneurysm filling in 24 % of patients at their first angio-
graphic follow-up (mean 19.4 months). Their experience provides significant insight
into predictors of treatment success — lower occlusion rates during the first treatment
session were associated with larger neck widths and fundus diameters, whereas the
use of 3D coils correlated with successful occlusion. The degree of occlusion at the
time of the initial treatment significantly affected the degree of occlusion at follow-
up, with 78.1 % of aneurysms maintaining complete occlusion on follow-up.

The primary benefit of endovascular techniques in the treatment of BA apex
aneurysms comes in their reduction in morbidity and mortality. A meta-analysis of
228 endovascularly treated basilar apex aneurysms demonstrated a procedural mor-
bidity of 6.6 % and procedural mortality of 1.3 % [9]. Several other studies have
reported even lower morbidity rates, ranging from 0 to 3.7 % [9, 11, 25-30]. These
rates stand in stark contrast to those reported in microsurgical series, where even in
the best of hands, mortality may approach 10 % and perioperative complications are
reported in 40 % [2].
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Basilar Trunk Aneurysms

The basilar trunk is typically considered to be the segment of the BA extending
from just distal to its origin through the superior cerebellar artery (SCA). Like aneu-
rysms in other locations, basilar trunk aneurysms tend to arise from branch points,
most often those formed with the SCA but also with small perforating vessels.
Attention to these small brainstem perforators is critical to avoidance of morbidity.
Basilar trunk aneurysms are rare, accounting for less than 1 % of intracranial aneu-
rysms and 8 % of vertebrobasilar aneurysms [14].

Microsurgical access to the basilar trunk often requires significant retraction and
osseous dissection, including extensive petrosectomies and/or combined supraten-
torial or infratentorial approaches. Further, it requires navigation through a collec-
tion of vital cranial nerves and perforating arteries. Successful occlusion of these
aneurysms may require trapping and bypass [31]. In their analysis of management-
related morbidity and mortality, Seifert et al. [32] found that aneurysm location at
the basilar trunk was associated with poor outcome or death after surgical treatment.
Similarly, in their study of surgical or endovascular treatment of large or giant pos-
terior fossa aneurysms, Inamasu et al. [33] found that patients with basilar trunk
aneurysms were least amenable to treatment with good outcome.

Flow-diverting stents, such as the Pipeline embolization device (PED; ev3-
Covidien, Irvine, CA), provide a new therapeutic option of total intraluminal recon-
struction for the treatment of basilar trunk aneurysms. The PED provides 30-35 %
metal surface area coverage. The decrease in porosity causes stagnation of blood
flow within the aneurysm, thereby promoting its thrombosis while maintaining
patency of nearby perforating vessels. The stent scaffold eventually leads to endo-
thelialization of the PED and, therefore, completes intraluminal reconstruction of
the diseased vessel. However, due to the increased number of perforating vessels in
the posterior circulation and the vital brainstem structures supplied by these perfo-
rators, neuroendovascular surgeons have been cautious in their application of the
PED in the posterior circulation [34]. A summary of studies in which basilar trunk
aneurysms were evaluated is provided in Table 8.1 [35-41].

Saccular Aneurysms

Saccular aneurysms of the basilar trunk are rare lesions, most frequently occurring
in patients with multiple intracranial aneurysms or other vascular anomalies [42, 43].
They are most often seen at the level of the SCA; in these cases, there is often a
curve at the rostral portion of the BA, such that the hemodynamic thrust is in the
direction of the SCA origin, rather than within the long axis of the BA [10]. However,
saccular aneurysms may also form at the branch points of small perforating arteries
with the BA. Morphologically, these lesions may appear as “side-wall” aneurysms
of the BA. The high density of critical perforating arteries and the intimate relation-
ship of basilar trunk aneurysms with them make these particularly formidable
lesions.
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In contrast to the extensive approaches and variable results of microsurgical
strategies, endovascular techniques for the treatment of saccular basilar trunk aneu-
rysms are more technically reliable and associated with better outcomes. Higa et al.
[38] report no procedure-related morbidity in their series of 14 patients treated
endovascularly. Similarly, Uda et al. [40] report excellent or good clinical results in
89.7 % of patients (35 patients) with basilar trunk aneurysms treated with Guglielmi
detachable coils, with complete or near-complete occlusion occurring in 85.4 % (35
aneurysms). The report by van Rooij et al. [14] echoed these excellent clinical
results, also noting the mean procedure time of 61 min. This stands in stark contrast
to the arduous open surgical techniques needed to effectively treat basilar trunk
aneurysms.

Fusiform Aneurysms

Vertebrobasilar fusiform aneurysms (or vertebrobasilar dolichoectasias) comprise a
distinct disease entity that may cause a wide range of clinical symptoms, including
embolic ischemic strokes, cranial nerve palsies, brain stem compression, obstruc-
tive hydrocephalus, and intraparenchymal or subarachnoid hemorrhage. Passero
and Rossi [44] found that, without treatment, 43 % of patients experienced anatomi-
cal (i.e., radiographic) progression and 60 % experienced new symptoms. Though
rare, rupture of a basilar fusiform aneurysm is associated with a particularly poor
prognosis and high mortality rate within the first 48 h [45, 46]. The higher fre-
quency of giant fusiform aneurysms in the basilar trunk compared with those in the
anterior circulation may reflect segmental vulnerability of the basilar arterial
system.

Microsurgical management of these lesions is challenging because of difficult
surgical access, circumferential involvement of the vessel, and frequent incorpo-
ration of the perforating branches of the BA in the aneurysm. The introduction of
flow-diverting stents to the endovascular armamentarium has revolutionized
treatment of these formidable lesions. Chalouhi et al. [47] recently reported
favorable outcomes in three patients with vertebrobasilar fusiform aneurysms
treated with the PED. Similarly, Munich et al. [12] demonstrated effective parent
vessel reconstruction (90%) and good neurologic outcome (modified Rankin
Scale [mRS] scores of 0-3) in 75 % of patients with vertebrobasilar dolichoecta-
sia treated with the PED.

Endovascular techniques other than flow diversion may also provide effective,
minimally invasive treatment strategies for these lesions (Fig. 8.2). Chen et al. [48]
demonstrated good neurologic outcomes in nine of ten patients with large and giant
vertebrobasilar fusiform aneurysms treated with a variety of endovascular tech-
niques (e.g., stenting, stent-assisted coiling, and proximal vessel occlusion). These
techniques, offered through a femoral arteriotomy, stand in stark contrast to the
extensive skull base approaches and parent vessel bypass and/or reconstructions
required to treat these lesions surgically.

We have learned that patient selection is extremely important [34]. Patients pre-
senting with acute ischemic symptoms from brainstem infarction and compression
may not be good candidates for endovascular treatment because they may then
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Fig. 8.2 A 36-year-old man presented with severe headaches, dysmetria, and gait ataxia.
Noninvasive neuroimaging showed a large posterior fossa aneurysm. AP (a) and lateral (b) angio-
grams, right vertebral artery injection, demonstrate a giant basilar trunk aneurysm. After discussing
different treatment options, the patient underwent endovascular treatment. (c¢) Lateral angiogram
demonstrating access into the left posterior cerebellar artery and basilar artery. Progressive stenting
reconstruction of the basilar artery with a Neuroform stent (Stryker Neurovascular, Kalamazoo,
Michigan) (d), two covered stents (JOSTENTS, Abbott Vascular, Santa Clara, California) (e), and
a Wingspan stent (Stryker Neurovascular) (f). Six-month follow-up AP (g) and lateral (h) angio-
grams demonstrating complete aneurysm thrombosis. Sagittal CT angiogram (i) demonstrating
patency of the stents and no evidence of aneurysm recurrence at 1 year
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Fig. 8.2 (contiuned)

progress to have brain stem strokes. This may be reflective of already compromised
ostia of affected perforators as well as the large number of devices. Aneurysms in
perforator-rich regions, especially fusiform mid-BA aneurysms, have a higher
chance of perforator infarcts after flow diversion. Patients with partially thrombosed
aneurysms with significant clot burden also have a higher risk of perforator strokes.
We do not believe flow diversion in its current iteration is an option for giant holo-
basilar fusiform dolichoectatic aneurysms with major branch points coming off
opposite walls of the aneurysm. We also believe that the use of PED should be
limited to one device only, when possible. A second device could be used solely to
ensure adequate coverage of the aneurysm neck. This is mostly in the case of giant
aneurysms where one device is not long enough to provide adequate coverage of the
aneurysm and a long enough anchor segment in the normal segments proximal or
distal to the aneurysm. We do not use a second device to achieve aneurysm stasis or
better flow diversion.
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Vertebrobasilar Junction Aneurysms

The natural history of aneurysms located at the VBJ is one of the most ominous of
all intracranial aneurysms (Fig. 8.3). Although their incidence is low (0.17-0.76 %
[49, 50]), the mortality associated with these lesions approaches 30 %. These aneu-
rysms have a significant male predominance (70 %) [51]. In more than half of the
cases, the aneurysm is associated with a fenestration [52, 53]. Similar to dolichoec-
tatic BA aneurysms, VBJ aneurysms may cause mass symptoms of mass effect (on
the brainstem, cranial nerves, and/or cerebellum), hydrocephalus, ischemia from
thrombus formation and emboli (Fig. 8.4), and subarachnoid hemorrhage. Their

Fig. 8.3 A 40-year-old man with a history of migraines underwent magnetic resonance imaging
and magnetic resonance angiography that revealed a right vertebral artery aneurysm. AP (a) and
lateral (b) angiograms demonstrate a fusiform right vertebral artery aneurysm. The aneurysm was
treated with two Enterprise stents (Codman, Raynham, MA). The patient was treated in 2007 before
the flow-diverter era. The 1-year follow-up angiographic images (¢, AP; d, lateral) show complete
obliteration of the aneurysm with preservation of the related posteroinferior cerebellar artery
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Fig. 8.4 A 50-year-old man who experienced a transient ischemic attack was found to have a
fenestrated basilar artery aneurysm on diagnostic angiography (a). (b—e) The patient underwent
stent-assisted coiling through both vertebral arteries. Right vertebral artery with microcatheter for
stent delivery (arrow) and left vertebral artery microcatheter for coil delivery (long arrow).
(f) 6-month follow-up angiogram showing complete aneurysm obliteration
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clinical course is slowly progressive but often is punctuated by stuttering episodes
of abrupt exacerbation, corresponding to intramural hemorrhage or microdissection
[54]. Ischemia is the most common presentation, occurring in 45 % of patients and
ranging from transient ischemic attack to large pontine infarctions. When infarc-
tions occur, they preferentially affect the pons (33-50 %), thalamus (4.5-11 %), and
lateral medulla (9 %) [51].

Similar to the microsurgical techniques needed for the treatment of basilar trunk
aneurysms, microsurgical techniques for VBJ aneurysms often require extensive
skull base approaches with or without parent vessel occlusion and bypass, thereby
necessitating their treatment at specialized neurosurgical centers. With the advent of
endovascular techniques, and particularly the development of flow-diverting stents,
endovascular strategies have become the preferred method for the treatment of these
lesions (Fig. 8.3). Graziano et al. [52] published their series of the endovascular
treatment of ten patients with VBJ aneurysms, finding all to have good neurologic
outcome (mRS) at last follow-up. We refer readers to that article, which includes a
meta-analysis of the endovascular treatment of VBJ aneurysms since 2004. The suc-
cess of endovascular techniques extends to ruptured VBJ aneurysms — Peluso et al.
[53] demonstrated successful endovascular treatment of ten patients with VBJ, with
complete or near-complete (90 %) occlusion in all patients.

The use of flow-diverting stents in the posterior circulation remains controver-
sial. As previously mentioned, apprehension toward the application of this tech-
nique in this location rests on the concern surrounding critical basilar perforating
arteries. Marinkovic and Gibo [55] have demonstrated a particularly high density of
perforating vessels in the rostral BA. Therefore, the use of flow-diverting stents may
be better tolerated at the VBJ than rostral to the VBJ. Indeed, in a clinical series of
patients with vertebrobasilar fusiform aneurysms in which the use of flow-diverting
stents was restricted to caudal to the anterior inferior cerebellar artery, the mean
mRS score at follow-up was 1.9 [12]. Meckel et al. [56] demonstrate good angio-
graphic outcome in nine of ten patients, with one patient requiring the addition of
another flow-diverting stent.

The aforementioned techniques were performed with preservation of the parent
vessel. However, some complex VBJ aneurysms require parent vessel occlusion
and/or flow reversal. As Steinberg et al. [57] documented in their series, Hunterian
ligation resulted in excellent outcome in 74 % of patients with VBJ aneurysms.
However, even these strategies may be employed endovascularly (Fig. 8.4) (e.g.,
with coiling with or without liquid embolic material) without the need for extensive
surgical approaches or techniques.
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Treatment of Basilar Artery Aneurysms:
Natural Selection and Propagation
of Endovascular Techniques

Aditya S. Pandey, Joseph J. Gemmete, Neeraj Chaudhary,
and B. Gregory Thompson

Introduction

While 3-5% of the general population harbors cerebral aneurysms, only 10-15%
of these are located within the basilar artery circulation, and most of these are at the
basilar apex [1, 3]. Rupture of aneurysms located within this region leads to signifi-
cant morbidity as the aneurysms are located in close proximity to the brainstem. In
addition, ruptured basilar artery aneurysms may lead to obstructive hydrocephalus
secondary to blood reaching the intraventricular space via direct rupture into the
third ventricle as well as via foramen of Luschka into the fourth ventricle. Both
endovascular and microsurgical techniques have been utilized in managing these
complex lesions, and treatment paradigms vary based on anatomical considerations
as well as operator experience.

Both authors have done an elegant job of presenting the respective risks and
nuances of each treatment modality. Risks associated with microsurgery for basilar
aneurysms are related to the location of such aneurysms. Rutledge et al. cite the
presence and manipulation of cranial nerves, basilar artery perforators, as well as a
small corridor for visualization of affected vessels as the reasons for poor outcome
associated with microsurgery. The basilar trunk region represents the toughest loca-
tion for clip ligation as it requires skull base approaches including petrosectomies,
extensive cerebral retraction, as well as manipulation of numerous perforating ves-
sels. In addition, the lack of proximal control if intraprocedural rupture were to
occur may add significant morbidity as well as cause of higher mortality rates for
patients undergoing microsurgery. The rich vascularity of the brainstem, the
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presence of 10—15 perforators along the basilar artery, places perforating vessels at
risk with endovascular as well as microsurgical treatment [4].

Rutledge et al. summarize their treatment paradigm as follows: “At our center,
microsurgery is considered a competitive alternative to endovascular therapy for P1
PCA, SCA, distal AICA, PICA, and some basilar bifurcation aneurysms. Conversely,
endovascular treatment is preferred for P2 PCA, proximal AICA, basilar trunk, ver-
tebrobasilar junction, and vertebral artery aneurysms, as these often require exten-
sive cranial base approaches and carry a high risk of perforator infraction and cranial
neuropathy.” We would agree that anteriorly pointing BA apex aneurysms which are
above the level of the posterior clinoid as well as SCA aneurysms may be amenable
to microsurgical techniques secondary to the fact that these aneurysms can be
clipped utilizing common approaches. It becomes important to perform a fronto-
temporal craniotomy with a wide sylvian fissure dissection as well as drilling the
lesser wing of the sphenoid. This allows the operator to retract the temporal lobe
without moving the frontal lobe and thus access the interpeduncular fossa. The
PCOM artery can be followed to the PCA and then onto the basilar artery. As
pointed out by Rutledge et al., the optico-carotid, carotid-oculomotor, and supra-
carotid spaces serve as corridors to BA apex and SCA aneurysms. Nonetheless, we
agree with the authors that most other BA apex aneurysms (posteriorly pointing or
those located below the posterior clinoid) and BT and VB junction aneurysms are
better treated with endovascular techniques given the complexities and morbidity
associated with access.

On the other hand, Rangel-Castilla et al. describe endovascular methods for
treating basilar aneurysms. The authors eloquently describe that BA aneurysms are
well suited for coil embolization as the dome of the aneurysm is directed in the same
direction as the parent vessel. This allows easy catheterization as well as a more
stable micro-catheter position within the aneurysm. Endovascular techniques have
made significant advances since the arrival of the GDC coil [5]. Adjunct technolo-
gies such as balloons and stents allow for coil embolization of wide-necked aneu-
rysms as well as allowing for increased packing density (Fig. 9.1a—c). In addition,
flow diverters act as intravascular clips as they divert flow away from the aneurysm
without the need of placing thrombotic material within the aneurysm. The authors
caution that flow diversion of holo-ectatic aneurysms of the basilar artery is related
to significant morbidity and mortality associated with post-procedure infarction as
well as delayed rupture. In addition, intra-saccular devices such as the WEB allow
for endovascular management of wide-necked aneurysm without placing metallic
material within the parent vessel [6]. Such devices could be ideal candidates to
compete with microsurgery in the treatment of ruptured wide-necked cerebral
aneurysms.

Discussion

The debate of microsurgery vs. endovascular methods has raged in the past; how-
ever, now operators realize that both are effective treatment modalities leading to
great clinical outcome. However, over the past 10 years, endovascular techniques
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Fig. 9.1 (a) A 43-year-old female presenting with worsening headaches and found to have a
6 mm BA apex aneurysm. Left vertebral artery injection in the AP plane delineating a wide-necked
BA apex aneurysm. (b) Y-stenting technique with jailed micro-catheter and coil embolization of
BA apex aneurysm. Left vertebral artery injection in the AP plane — unsubtracted image. (c) Post-
embolization — left vertebral artery injection in the AP projection revealing 100 % obliteration of
BA apex aneurysm

are supplanting microsurgical techniques in the treatment of cerebral aneurysms
based on the results of the ISAT [7]. This is truly exemplified in the management of
basilar artery aneurysms where the benefits of endovascular techniques have always
been realized and recently been documented with the publication of the
BRAT. Rutledge et al. and Rangel-Castilla et al. do a superb job of documenting the
pros and cons of each technique as well as eloquently stating the support of micro-
surgical techniques or endovascular techniques, respectively. Nonetheless, the treat-
ment modality chosen is based on a combination of patient clinical factors,
aneurismal angioarchitectural factors, as well as operator experience.
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Morbidity and Mortality of Treatment

When comparing two techniques jockeying for pole position, one must evaluate the
morbidity and mortality associated with each therapy. Both authors have performed
thorough study of the literature documenting published morbidity and mortality
rates in large series of patients undergoing treatment for basilar artery aneurysms.
The inherent risks associated with the microsurgical treatment of BA aneurysms
were well established by Drake et al. as well as Sampson et al. — reporting a 7-9 %
morality in their respective series [8—10]. This is further exemplified as Rutledge
et al. report a 9 % mortality when utilizing microsurgical approaches of treating BA
aneurysms (including SCA aneurysms) [11, 12]. The six largest series of patients
undergoing microsurgical treatment of basilar aneurysms report serious morbidity
rates ranging from 10 to 37 % while mortality rates ranging from 4 to 9 % [13-17].
The increased risk of microsurgical treatment of posterior circulation aneurysms
has been further exemplified in the powerful randomized control trial performed at
the Barrow Neurological Institute (BNI) — BRAT (Barrow Ruptured Aneurysm
Trial). Randomizing SAH patients to either microsurgical treatment or endovascu-
lar treatment, the BRAT has a much better representation of the posterior circulation
aneurysms (17 %) as opposed to the ISAT (2.7 %) [2, 7]. The proportion of SAH
patients harboring posterior circulation aneurysms and with poor outcome (mRS
>2) was significantly higher in the microsurgery group as compared to coiling group
(58.3% vs. 26.9 %, p=0.01). The same difference continued to exist in favor of coil-
ing (mRS >2-62.1% vs. 29.6 %, p=0.01). Based on past retrospective studies as
well as the BRAT, endovascular management of posterior circulation aneurysms is
the first line of treatment.

Angioarchitectural Features Favoring Microsurgery

Nonetheless, there continues to be debate on the treatment modality of choice for
smaller as well as giant and holo-basilar dolichoectatic aneurysms. Smaller aneu-
rysms tend to have risk with endovascular management as there is smaller area for
micro-catheterization as well as less micro-catheter stability within the aneurysm.
Brinjikji et al. (2010) performed a meta-analysis of patients undergoing endovascu-
lar management of small aneurysms (<3 mm) and reported a much higher peripro-
cedural rupture rate (8.3 %) than for larger cerebral aneurysms [18]. In addition,
coiling of such small aneurysms led to significant morbidity and mortality (7.3 %)
[18]. In addition, ruptured basilar aneurysms which are wide necked prevent the use
of stents, and thus balloon-assisted coiling is the only option of definitive treatment.
While flow diverters may be utilized by some operators, it does not lead to immedi-
ate therapeutic occlusion and does require treating patients with antiplatelets thus
increasing morbidity [19]. Thus such cases represent ideal cases for the potential of
microsurgical treatment. Clipping of small BA apex aneurysms potentially requires
less cerebral retraction as well as easier visualization of surrounding perforating
vessel and thus should be entertained.
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Giant posterior circulation aneurysms pose significant risk of rupture with a
5 year cumulative rate of rupture of 50 % as based on the International Study of
Unruptured Intracranial Aneurysms (ISUIA) [20]. Such aneurysms tend to not
only pose risk of rupture but also lead to brainstem compression, while microsur-
gery in these instances is extremely challenging as circumferential portions of the
vessel are involved within the aneurysm. In addition, perforators may be emanating
from the neck of the aneurysm thus leading to increased risk associated with either
endovascular or microsurgery. Nonetheless, one other option is for flow reversal
and subsequent thrombosis. Patients can undergo balloon test occlusion (BTO) of
each vertebral artery and subsequent endovascular or microsurgical vessel decon-
struction leading to reversal of flow across the basilar artery. Killu et al. describe
such a case example harboring a giant BA apex aneurysm with the P1s incorpo-
rated into the neck of the aneurysm [21]. Patient subsequently underwent occlusion
of the basilar artery below the superior cerebellar arteries (SCA) for reversal of
flow through the posterior communicating (PCOM) artery and subsequent throm-
bosis of the aneurysm. Of note precise occlusion of the basilar artery is more fea-
sible with microsurgery as exemplified in the previous case as opposed to
endovascular means.

Endovascular techniques of filling such aneurysms with coils tend to lead to a
high rate of recurrence and retreatments as well as potential for further brainstem
compression. Rooij et al. (2007) reported that endovascular treatment of large BA
apex aneurysms (>15 mm in diameter) led to 20 % of patients needing to be coiled
more than six times, while flow diversion represents an ideal treatment modality as
it leads to a minimally invasive method of diverting flow away from the aneurysm
leading to endothelialization across the neck of the aneurysm while maintaining
flow within perforator vessels [22]. In addition, flow diverters may actually lead to
less mass effect from the giant aneurysm as Moon et al. reported that 75 % of
patients with cranial neuropathies reported improvement in symptoms post-pipeline
deployment [23]. We present a case of a patient presenting with transient ischemic
attack who was found to have a giant basilar trunk aneurysm. Given the fact that this
aneurysm did not involve the entirety of the basilar artery, we proceeded with coil
embolization and flow diversion (Fig. 9.2a—d). This patient had no complications
and has continued to show no radiographic signs of recurrence. However, there has
been an increased incidence of brainstem infarction and posttreatment hemorrhage
when treating giant posterior circulation aneurysms which involve majority of the
basilar artery. Siddiqui et al. had reported that two of seven patients undergoing flow
diversion of large posterior circulation aneurysms had delayed aneurismal rupture
and death [24]. Treatment of giant BA aneurysms poses significant risk to the patient
whether choosing natural history, microsurgical, or endovascular treatment para-
digms. Future developments in flow-diverting technology represent the best option
for treatment in this patient population.

Endovascular methods certainly lead to better outcomes in the short term; how-
ever, durability of such treatment continues to be an area of concern. We have
previously reported that 15-25 % of all posterior circulation aneurysms treated
with endovascular means recur [3]. The risks of invasive radiographic follow-up
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as well as retreatment must be considered when choosing endovascular tech-
niques. Ringer et al. reported that routine cerebral angiographic follow-up of
coiled aneurysms carries minimal risk (0.43 %) [25]. In addition, they also
reported that endovascular treatment of recurrent aneurysm carries a 1.13 % risk
of death or disability [26]. In our experience, patients with previous history of
SAH and large recurrences tend to undergo retreatment, while others are followed
with routine radiography. Our own data show that retreatment of recurrent aneu-
rysms does not lead to significant risk; however it does lead to increased costs (in
publication). Nonetheless, current developments of stents and specifically flow
diverters are leading to more durable results.

Intraprocedural Complications and Management

When choosing a modality of treatment, one always evaluates the safety and
ability to counteract the most devastating complications. During aneurysm treat-
ment, the most complicating feature is intraprocedural rupture (IPR) as well as
vessel thrombosis. The morbidity and mortality associated with intraprocedural
rupture are significantly higher during endovascular treatment as compared to
microsurgery. During microsurgery the cranial opening prevents rise in intracra-
nial pressure (ICP) as compared to endovascular methods where IPR leads to
severe rise in ICP leading to devastating neurological disability [27]. As for
thrombotic complications, they occur infrequently during microsurgery as com-
pared to endovascular techniques; however, management of such complications
during endovascular techniques is simpler as patients can be anticoagulated
without the risk of hemorrhage within the cranial surgical cavity. We have a pro-
tocol for managing with IPR: continue coiling, balloon occlusion of the neck if a
balloon has been prepared, reversal of anticoagulant agents (protamine for hepa-
rin and platelet transfusion for antiplatelet use), burst suppression, mannitol and
Lasix, immediate CTH, and then subsequent ventriculostomy. While balloon use
could serve as temporary clips, its presence requires further intravascular manip-
ulation leading to theoretical risk of thromboembolic complications. Endovascular
techniques will need to continue evolving and improving methods of managing
devastating complications such as IPR.

<
<

Fig.9.2 (a) A 40-year-old male presenting with left extremity numbness and found to have an
ovoid mass at the pontomedullary junction. Axial T2-weighted image revealing a large flow void
at the pontomedullary junction. (b) Subtracted oblique projection image acquired via a left verte-
bral artery injection — revealing a partially thrombosed giant aneurysm of the proximal basilar
trunk.(c¢) Unsubtracted AP projection image revealing coil embolization of aneurysm and deploy-
ment of a Pipeline embolization device (PED). (d) Subtracted AP projection image revealing com-
plete obliteration of aneurysm and patency of BA
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Treatment Decisions Based Upon Neurocognitive Outcome

The goal of any surgical modality is to return the patient to their baseline func-
tioning and quality of life. This requires that we not only perform global clinical
assessments but also focus on neurocognitive outcomes. Good clinical outcome
on global assessment scales does not always translate to good neurocognitive
functioning. This has been well documented as some series have reported that
greater than 50 % of patients with good clinical outcome may harbor neurocogni-
tive deficits [28, 29]. Based on the ISAT, 32.1 % of all patients who had good
clinical outcome, mRS <2 at 12 months posttreatment, were diagnosed with sig-
nificant cognitive impairment at 1 year post-procedure. Patients undergoing
endovascular occlusion were significantly less likely to have cognitive decline as
compared to those undergoing clip ligation (26.7 % vs. 38.7 %, p=0.0055) [30].
While the proportion of patients in the ISAT was dominated by anterior circula-
tion aneurysms, the approaches to most BA apex aneurysms do utilize supraten-
torial approaches with microdissection and retraction. Our own study evaluating
neurocognitive outcome in patients undergoing microsurgery vs. coiling for
unruptured aneurysms demonstrated that there was significant decline in mem-
ory and executive functioning within the first 3 months of the procedure. However,
the clipping and coiling groups achieved similar neurocognitive results at the
6 month mark (unpublished results). Both of these studies show benefit in neuro-
cognitive outcome in favor of patients undergoing endovascular treatments as
compared to microsurgery.

Future Treatment Paradigms and Surgical Training

While microsurgery is a reasonable option for treatment of aneurysms on the basilar
artery at UCSF, large-volume surgical experiences do not exist at most centers, and
thus such paradigm cannot be extrapolated to other centers unless neurosurgeons
have extensive experience in clipping basilar artery aneurysms. Most certainly vol-
ume outcome relationships exist for complex diseases requiring surgical interven-
tion, and certainly this relates to microsurgery of basilar artery aneurysms. In fact,
Rutledge et al. report that the proportion of patients having a good outcome increased
from 79 % in the first half of the series to 90 % in the second half of the series. They
attribute this change to improved techniques gained through increased surgical vol-
ume experience. We have shown that as volumes of SAH patients increase from 20
per year to 100 per year, mortality rates decline from 28.4 to 18.7 % as based on
evaluation of the National Inpatient Sample (NIS) [31]. While the mediators of better
outcome at high-volume centers are not well defined, it is plausible that high-volume
centers have high-volume surgical experiences and thus better surgical outcome.
Given that 35,000 patients present with SAH and that 10-15% of these are
within the posterior circulation, this leaves 3,500 patients with cerebral aneurysms
within this location. Even if 50% of these patients are clipping candidates
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secondary to angioarchitecture of cerebral aneurysms, this would lead to 1,750
patients as potential candidates for microsurgery. There are over 100 neurosurgical
training programs within the United States thus allowing for 17 basilar aneurysm
candidates for microsurgery in 1 year. While such aneurysm numbers may be barely
enough for an attending neurosurgeon to maintain surgical skill set, such numbers
are insufficient in teaching resident surgeons or fellows to clip ligate such aneu-
rysms. The involvement of non-neurosurgical interventionalists in the management
of cerebral aneurysms leads to fewer aneurysms referred to neurosurgeons that have
the capability of offering both microsurgical and endovascular treatment options.
Thus in all actuality, that number of 17 posterior circulation aneurysms needing clip
ligation is actually much smaller.

Coiling of anterior and posterior circulation aneurysms requires similar tech-
niques, and thus coiling of any such aneurysms can be translated and taught to treat
aneurysms anywhere within the cerebral vasculature. This is not the case with
microsurgery as most anterior circulation aneurysms can be clipped via a frontal
temporal approach, while basilar artery aneurysms require skull base approaches
and instances when proximal control is not achievable. In addition, there are more
non-neurosurgeon practitioners treating cerebral aneurysms, thus decreasing the
possible number of aneurysms requiring microsurgery. Combination of these fac-
tors is leading to natural selection forces guiding the survival and dominance of
endovascular techniques.

Conclusion

The selection of appropriate treatment of these complex aneurysms should be
made in a multidisciplinary team where microsurgical and endovascular options
are discussed. Each team must determine what technique at each particular cen-
ter will minimize risk and maximize benefit. There continues to be necessity of
treating ruptured small wide-necked BA apex aneurysms utilizing microsurgi-
cal technique. These aneurysms are more challenging to treat with endovascular
techniques given that the risk of intraprocedural rupture and associated morbid-
ity increases. The challenge for neurosurgical operators is to continue to main-
tain microsurgical skill sets while mastering the ever changing and evolving
endovascular techniques. Extrapolating from the success and advances since the
arrival of the GDC coil, we expect that established treatment of the smaller wide
necked and the giant aneurysms via endovascular techniques is a matter of time.
Rutledge et al. state that “Microsurgical clipping of appropriately selected basi-
lar artery aneurysms by well trained and experienced cerebrovascular neurosur-
geons is safe and effective and offers a durable cure.” Unfortunately, the
dynamics of today’s cerebrovascular arena poses a significant threat in develop-
ing well-trained and experienced cerebrovascular neurosurgeons. Future strate-
gies of simulation-based training as well as evaluation of volume outcome
relationship by policy makers are necessary in making sure that our patients
continue to have the best options of treatment for their posterior circulation
aneurysm.
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Surgical and Radiologic Intervention 1 0
for Prevention of Ischemic Stroke

Andrew J. Ringer

Stroke is now the fourth leading cause of death in the United States, down from its
previously third ranking place [1]. Approximately 88 % of all strokes are ischemic,
9 % are intracerebral hemorrhages, and 3 % are subarachnoid hemorrhages [2]. The
etiology of ischemic strokes can be broadly categorized into several subtypes as
cardioembolic, extracranial atherosclerotic, intracranial atherosclerotic, lacunar,
traumatic (e.g., dissections), inflammatory (e.g., moyamoya, vasculitis), and crypto-
genic. A population-based study of incidence (per 100,000 population) for ischemic
stroke subtype identified 40 cardioembolic, 27 intracranial and extracranial athero-
sclerosis, 25 lacunar, 4 other or uncommon cause (i.e., traumatic, inflammatory),
and 52 cryptogenic [3]. This chapter focuses on thromboembolic strokes that
develop from extracranial carotid atherosclerosis, identifies the preferred tools use-
ful in the process of diagnosis and surgical or endovascular planning, and discusses
particular indications for each treatment.

Extracranial Athero-occlusive Disease
Clinical Presentation and Natural Evolution of the Disease
Carotid disease encompasses several disorders, including, but not limited to, athero-

sclerosis, fibromuscular dysplasia, dissections, cystic medial necrosis, radiation
vasculopathy, and arteritis [4]. By far, the most common etiology is atherosclerosis
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defined as a chronic, slowly developing condition that causes narrowing of the arter-
ies [4-6]. The symptoms of atherosclerotic disease depend on the extent of vessel
narrowing and can result from thrombosis, embolism, or occlusion of the involved
artery [6]. Of note, many patients may remain asymptomatic during their life. Other
important risk factors for the disease include smoking, dyslipidemia, diabetes mel-
litus, and hypertension [6-8].

Carotid atherosclerotic disease is a common pathology, especially among elderly
patients with peripheral and coronary arterial disease. Carotid artery stenosis is
believed to account for 20-30 % of strokes [9, 10] with the risk related to the symp-
tomatology and severity of stenosis [6]. Patients presenting with stroke or transient
ischemic attack (TTA) are at higher risk than asymptomatic patients. Additionally,
increased severity of stenosis incurs a higher risk of stroke, even among asymptom-
atic patients [11-13]. In their 2009 publication, Ois et al. reported that 27.6 % of
patients with symptomatic carotid stenosis of 70 % or more developed recurrence of
neurological symptoms, 20.9 % presented within the first 72 h, 6.7 % between 72 h
and 7 days, and 3.7 % at 14 days [14].

Atheroma of the carotid artery causing some degree of intimal thickening is not
uncommon, found in 65 % of men and 75 % of women over age 70 years [9, 10, 15].
These mild lesions are universally asymptomatic. More severely stenotic lesions,
although less common, incur a higher stroke risk. In the Rotterdam Study of cardio-
vascular determinants of carotid artery disease in people over 55 years of age, Bots
et al. noted that reduction in lumen diameter of the internal carotid artery ranged
from 16% to 49 % in 3 % of patients and in severe stenosis (=50%) in 1.4 % of
patients [5]. In a population-based study of volunteers aged 50-79 years, the preva-
lence of asymptomatic carotid stenosis of >50 % was 6.4 %, whereas severe stenosis
was detected in only 0.4 % of the subjects examined [16].

Most studies agree that the prevalence of stenosis of the carotid artery is affected
largely by age and sex. In their cardiovascular health study of men and women ages
65 years or more, O’Leary et al. found that a stenosis range of 50-74 % occurred in
7% of men and 5 % of women [17]. Mathiesen et al. reported that the prevalence of
carotid stenosis increased with age and was significantly higher in men 4.2 % than
women 2.7 % [7]. Thus, male sex and advanced age are associated with a higher
incidence of moderate or severe carotid atherosclerotic disease.

Occlusion of the internal carotid artery (ICA) is the cause of 10 % of transient
ischemic attacks (TIAs) and 15-25 % of ischemic strokes of the carotid territory
[18]. Recurrent stroke risk increases with time and may be as high as 70 % in
patients with poor cerebral hemodynamics [18, 19]. However, in asymptomatic
patients, carotid occlusion carries a very low risk of subsequent ischemic stroke
and a low incidence of cerebral hemodynamic compromise [20]. The risk of recur-
rent stroke in patients with ICA occlusion on medical therapy determined by the
Carotid Occlusion Surgery Study (COSS) was 5-7 % per year for all strokes and
2—-6 % per year for ipsilateral ischemic stroke for the first 2 years [18]. The authors
noted that this stroke risk was dramatically reduced from earlier estimates, possi-
bly related to the increased use of clopidogrel and statins. However, Johansson
et al. noted the risk of ipsilateral ischemic stroke recurrence was higher if the
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presenting event was a stroke or TIA compared with amaurosis fugax [13]. Unlike
carotid stenosis, occlusion of the carotid artery should only be treated if symptoms
and/or other clinical proof of hemodynamic instability are present. Based on COSS
results of 30-day rates for ipsilateral ischemic stroke of 14.4% in the surgical
group and 2.0 % in the nonsurgical group — a 12.4 % difference, aggressive medical
management, and habit changes must be the initial therapy for asymptomatic
patients with carotid occlusion [18].

Patient Evaluation

Given that patients with extracranial carotid disease may or may not have symp-
toms, clinical evaluation is of utmost importance, serving to unveil not only the
presence of symptoms but the cardiovascular risk factors. The extent of stenosis is
another risk factor that influences the natural history and management approach of
this disease [9, 10]. Because of the proven superiority of carotid endarterectomy
compared with medical therapy for symptomatic high-grade carotid stenosis, it is
important to clarify if the carotid is completely occluded and not just highly stenotic
in symptomatic patients [18].

Except for its use in differentiating severe stenosis from carotid occlusion, the
conventional contrast angiogram, once considered as the gold standard for diagno-
sis, is used rarely today. Rather, the advent of noninvasive axial imaging for diag-
nosing carotid stenosis has evolved as a more reliable and inexpensive method. For
the initial serial imaging of the carotid bifurcation, carotid duplex ultrasonography
remains an essential component in the management of carotid bifurcation disease
[9, 21]. Duplex ultrasonography of the carotid artery when aided with other nonin-
vasive modalities (i.e., CT angiography, contrast-enhanced magnetic resonance
angiography) can better determine the stroke risk and guide treatment decisions
[21]. Magnetic resonance (MR) angiography is noninvasive and does not require an
iodinated contrast medium. However, it overestimates the degree of stenosis, is sus-
ceptible to artifacts, and is problematic for people who feel claustrophobic.
According to some authors, contrast-enhanced MR angiography is the best MR
imaging modality for carotid stenosis. Its sensitivity and specificity rates in detect-
ing ICA stenosis exceeding 70% are as high as 97% and 96 %, respectively.
Additionally, it has proven to be an effective tool in demonstrating ulcerated plaques.
Yet, MR angiography with contrast is not innocuous and may lead to significant
dermatologic and renal damage [9, 10, 22].

Computerized tomographic (CT) angiography is a promising diagnostic and
planning tool that is more often used to delineate the extent of the disease and aid
the surgical planning [9]. It is fast, widely available, and less susceptible to artifact.
Its sensitivity ranges from 70 % to 90 % in the detection of severe ICA artery steno-
sis, and its specificity achieves 90-97 % [10]. We find that this technique is very
helpful for surgical planning because of its ability to use bony landmarks (e.g.,
angle of the mandible, cervical spinal level) in determining the accessibility to the
lesion. However, CT angiography is expensive, is software dependent, has risks
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related to contrast media, is limited by technical personnel expertise, and may show
artifacts from calcified plaques [9, 10].

Digital subtraction angiography (DSA) continues to be the gold standard for
treatment planning [10]. It precisely defines the degree of arterial narrowing, does
not have the artifact dilemma of other diagnostic tools, and may serve as the first
step to endovascular therapy. Given these attributes, this technique could be consid-
ered the preferred method for diagnosis of near-carotid occlusion [23]. However,
compared with noninvasive diagnostic methods, DSA requires contrast, has rela-
tively higher costs, is invasive, and may be restricted at times by availability of the
angiography suite and personnel.

Measurement of the hemodynamic status of the distal circulation to the occluded
vessel can identify a subgroup of patients with poor circulation who are at particu-
larly high risk for recurrent stroke [6]. The validity of methods for measurement has
been criticized because of variability in reporting methods and baseline measure-
ments between centers. Measurement of oxygen extraction fraction with positron
emission tomography (PET) and quantitative measurement of cerebral blood flow
with xenon-133 single photon emission computed tomography (SPECT) before and
after administration of acetazolamide have the best evidence base to support stroke
predictive accuracy in symptomatic patients [24]. We recommend evaluation of
hemodynamic status in patients with completely occlusive lesions whom might be
considered for bypass surgery.

In our practice, we use techniques such as carotid ultrasound, MR angiography,
or CT angiography as the first tools in the process of diagnosis and surgical or endo-
vascular planning. When considering surgical or endovascular interventions, duplex
ultrasound should complement whatever technique is used. DSA should be an
option when findings of the noninvasive methods still are inconclusive in differenti-
ating between high-grade stenosis and complete occlusion or when artifact is a limi-
tation preventing an adequate calculation of the extent of carotid narrowing [18].

Management and Treatment

During the last three decades, the management of carotid artery disease has become
increasingly standardized, especially since the studies of the 1980s and 1990s [25].
These later studies separated the management of carotid disease based on the pres-
ence or absence of symptoms and the extent of carotid lumen narrowing [10-12,
25-27]. However, this treatment approach has been criticized recently on the
grounds of the methodologies used by these 1990s studies. In comparison, today’s
approaches offer better diagnostic tools, more effective management of risk factors
associated with carotid stenosis, and improved medical management [27].

The initial management of patients with carotid stenosis should include life-
style modifications, such as smoking cessation, daily exercise, and a healthy diet
[4, 6]. Blood pressure should be targeted to 140/90 mmHg or less for patients with
neither renal disease nor diabetes or below 130/80 mmHg for those with either or
both conditions [10]. Medical management should also include restricting
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Table 10.1 Maximum medical therapy for stroke or TIA caused by intracranial atherosclerosis is
identical to that used in the medical arm of SAMMPRIS [33]

Strategy Target

Aspirin 325 mg daily

Plavix 75 mg daily for 90 days after symptoms
Smoking cessation By patient preference

Blood pressure control (<140 mmHg in nondiabetics, <130 in diabetics)
Statins Aim for fasting LDL of <70 mg/dL

Fenofibrate Achieve triglyceride <200 mg/dL

Weight loss Body mass index <25 kg/m?

Blood glucose in diabetics Goal HbAlc <7 %

cholesterol and saturated fats and administering statin medications to target LDL
levels below 100 mg/dL in patients without history of diabetes mellitus and below
70 mg/dL in those with diabetes [4, 9, 28, 29]. Antiplatelet therapy plays an
important part of the management of atherosclerotic disease [4, 6]. Aspirin doses
between 75 and 325 mg daily are recommended for patients with occlusive or
nonocclusive atherosclerosis [6].

Controversy on the need for tight glycemic control persists for patients at risk of
stroke or with history of TIA [30-32]. A reasonable option is to maintain the gly-
cated hemoglobin (Hb,,.) <7 % [6]. Because of the concomitant presence of coro-
nary artery disease in patients with carotid stenosis, a cardiovascular work-up is
prudent, especially in those with known risks for coronary artery disease [9]. Many
practitioners might argue that the ideal medical management for all atherosclerotic
disease should mirror the SAMMPRIS protocol used for patients with symptomatic
intracranial atherosclerosis. Management of intracranial athero-occlusive disease
depends on whether the patient is symptomatic, the extent of stenosis, and whether
maximum medical therapy succeeded or failed. Maximum medical therapy for
stroke or TIA caused by intracranial atherosclerosis is identical to that used in the
medical arm of SAMMPRIS [33] and is summarized (Table 10.1). In our practice,
this protocol is our choice for the medical management of all symptomatic patients
with carotid, intracranial, or vertebrobasilar atherosclerosis whether or not interven-
tion is planned.

Carotid stenosis can be treated by carotid endarterectomy (CEA) or carotid
artery stenting (CAS). Moderate asymptomatic carotid stenosis of 50-70 % is asso-
ciated with a low risk of ischemic stroke and does not warrant treatment. A popula-
tion with severe stenosis (>70%) sees a marginal benefit with CEA [34]. In the
Asymptomatic Carotid Atherosclerosis Study, authors concluded that for patients
with >60 % stenosis, a 5.9 % absolute risk reduction was obtained over 5 years with
CEA compared with maximum medical management (11% vs. 5.1%,
respectively).

Symptomatic patients should be evaluated in a timely manner because of the
high risk of recurrent strokes [10, 14, 35, 36]. With confirmation that the carotid
disease is the cause of the patient’s symptoms, invasive treatment should be consid-
ered unless compelling contraindications exist. The absolute risk reduction of stroke
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or death for CEA in moderate (50-70 %) and severe (>70 %) stenosis is 10.1 % at
5 years and 16.5% at 2 years, respectively. The method of intervention is best
defined in a multispecialty practice that considers medical comorbidities, life expec-
tancy, surgical risks, surgeon experience, neurological status of the patients, and
other individual factors [4].

Age and sex are important considerations when working up patients to undergo
endarterectomy. According to Rothwell et al., the benefits of surgery were greatest
in men, patients aged 75 years or older, and those randomized within 2 weeks after
their last ischemic event [36]. They specified for patients with >50 % stenosis that
the number of patients needed to undergo surgery to prevent one ipsilateral stroke in
5 years was 9 for men and 36 for women, 5 for patients age 75 years or older and 18
for patients younger than 65 years, and 5 for those randomized within 2 weeks after
their last ischemic event versus 125 for patients randomized after 12 weeks.

Carotid artery stenting has been proposed as an equivalent to endarterectomy.
However, results from a recent randomized controlled trial called CREST failed to
establish this equivalency [4]. Specifically, patients randomized to CEA had fewer
periprocedural strokes, fewer strokes out to 4 years of follow-up, and fewer deaths.
Perioperative myocardial infarction was elevated in the CEA group perhaps because
90 % of patients were under general anesthesia; however, long-term impact clini-
cally was minimal because events were included even for asymptomatic cardiac
enzyme elevation. CREST also showed greater benefits in younger patients from
stenting and older patients from CEA, with the crossover point at 70 years old. This
finding was also confirmed in a 2011 systematic review that found that octogenarian
patients had a major adverse event rate of 6.9 % after carotid stenting (CAS) versus
4.2 % after CEA [37].

In summary, patients with symptomatic carotid artery stenosis must be worked
up and managed expeditiously to prevent symptom recurrence. Currently, I believe
that CEA is superior to CAS, which is superior to best medical management.
Accordingly at our institution, we recommend CEA to all patients with asymptom-
atic carotid stenosis >70 % or symptomatic stenosis of >50 % in the absence of rela-
tive high-risk features. Several factors may increase the perioperative risk of CEA,
specifically local or anatomic factors and medical comorbidities. These factors
include contralateral carotid artery occlusion, high carotid bifurcation or lesion
extent above the angle of the mandible, prior carotid endarterectomy with recurrent
stenosis, previous head and neck dissection or radiation, and New York Heart clas-
sification three cardiac disease (angina at rest or ejection fraction <30 %). Each risk
factor is associated with an increased risk of complications from CEA including
perioperative stroke, cranial nerve injury, or myocardial infarction.

Management of atherosclerotic carotid occlusion begins by performing an ade-
quate clinical and imaging evaluation of the patient. Ideally, the case can be man-
aged by a dedicated multidisciplinary neurovascular center [18, 38]. Asymptomatic
carotid occlusion carries a very low rate of stroke and should only be managed by
optimization of medical therapy [20]. Pertaining to symptomatic carotid occlusion,
various Class I studies have unsuccessfully tried to prove superiority of bypass sur-
gery over medical therapy for the prevention of further stroke events in symptomatic



10 Surgical and Radiologic Intervention for Prevention of Ischemic Stroke 127

carotid occlusion [38, 39]. Although the results proved nonsuperiority or futility of
bypass surgery, other factors could include (1) ineffective patient selection, (2) strict
aggressiveness of medical management that does not meet the reality of the current
medical system, or (3) inexperience of the surgeons performing the procedures.
Indications for bypass surgery for patients are chronic low cerebral blood flow asso-
ciated to ischemic clinical events, compliance issues related to medical therapy, or
medical therapy failed to prevent symptoms. In summary, aggressive medical ther-
apy is the initial approach to symptomatic carotid occlusion, and surgical bypass
should be reserved for symptomatic patients when best medical management has
failed.

Conclusions

Our approach to carotid athero-occlusive disease is based on, but not limited to,
whether the patient is clinically affected by the stenosis, adequacy of medical
therapy, life expectancy, and existence of additional risk factors for stroke (i.e.,
normal hemodynamics, comorbid disease, collateralization of the affected terri-
tory). In symptomatic patients, a prompt assessment will be performed to rule out
amaurosis fugax, TIA, or stroke. If this is evidenced by the history and clinical
exam, the next step will be to rule out other causes of stroke. Once the carotid
stenosis (at least 50 %) has been confirmed as the culprit for the patient’s symp-
toms, an assessment of the surgical benefits and the timing for intervention will be
discussed by the stroke neurologist and neurosurgeon. Patients with no history of
neck surgery or radiation therapy, satisfactory anatomy, and imaging convincing
of nonocclusive disease will be considered for endarterectomy. Endovascular
management will be performed in those with high surgical risk as described above
and suitable vascular anatomy (e.g., mild or no tortuosity). The approach for the
asymptomatic carotid stenosis is to initially screen for other cardiovascular risk
factors, initiate changes in lifestyle habits, and start the patient in validated medi-
cal management. Surgery is reserved for severe disease (>70 %) in asymptomatic
carotid stenosis. For carotid occlusive disease, aggressive medical management
must be prompt. We reserved bypass surgery for patients with proven low cerebral
blood flow accompanied by episodes of ischemic symptoms.

References

1. Towfighi A, Saver JL. Stroke declines from third to fourth leading cause of death in the United
States: historical perspective and challenges ahead. Stroke. 2011;42(8):2351-5.

2. Thom T, Haase N, Rosamond W, Howard VJ, Rumsfeld J, Manolio T, et al. Heart disease and
stroke statistics — 2006 update: a report from the American Heart Association Statistics
Committee and Stroke Statistics Subcommittee. Circulation. 2006;113(6):e85-151.

3. Petty GW, Brown Jr RD, Whisnant JP, Sicks JD, O’Fallon WM, Wiebers DO. Ischemic stroke
subtypes: a population-based study of incidence and risk factors. Stroke. 1999;12:2513-6.

4. Brott TG, Hobson 2nd RW, Howard G, Roubin GS, Clark WM, Brooks W, et al. Stenting
versus endarterectomy for treatment of carotid-artery stenosis. N Engl J Med.
2010;363(1):11-23.



128 A.J.Ringer

5. Bots ML, Breslau PJ, Briét E, de Bruyn AM, van Vliet HH, van den Ouweland FA, et al.
Cardiovascular determinants of carotid artery disease. The Rotterdam Elderly Study.
Hypertension. 1992;6(2):717-20.

6. European Stroke Organisation, Tendera M, Aboyans V, Bartelink ML, Baumgartner I, Clément
D, Collet JP, et al. ESC Guidelines on the diagnosis and treatment of peripheral artery diseases:
document covering atherosclerotic disease of extracranial carotid and vertebral, mesenteric,
renal, upper and lower extremity arteries: the Task Force on the Diagnosis and Treatment of
Peripheral Artery Diseases of the European Society of Cardiology (ESC). Eur Heart
J.2011;32(22):2851-906.

7. Mathiesen EB, Joakimsen O, Bgnaa KH. Prevalence of and risk factors associated with carotid
artery stenosis: the Tromsg Study. Cerebrovasc Dis. 2001;12(1):44-51.

8. Bos D, van der Rijk MJ, Geeraedts TE, Hofman A, Krestin GP, Witteman JC, et al. Intracranial
carotid artery atherosclerosis: prevalence and risk factors in the general population. Stroke.
2012;43(7):1878-84.

9. Saha SP, Whayne Jr TF, Mukherjee D. Evidence-based management of carotid artery disease.
Int J Angiol. 2010;19(1):e21-4.

10. Lanzino G, Rabinstein AA, Brown Jr RD. Treatment of carotid artery stenosis: medical ther-
apy, surgery, or stenting? Mayo Clin Proc. 2009;84(4):362-87.

11. North American Symptomatic Carotid Endarterectomy Trial Collaborators. Beneficial effect
of carotid endarterectomy in symptomatic patients with high-grade carotid stenosis. N Engl
J Med. 1991;325(7):445-53.

12. European Carotid Surgery Trialists’ Collaborative Group. Randomised trial of endarterectomy
for recently symptomatic carotid stenosis: final results of the MRC European Carotid Surgery
Trial (ECST). Lancet 1998;351(9113):1379-87.

13. Johansson EP, Arnerlov C, Wester P. Risk of recurrent stroke before carotid endarterectomy:
the ANSYSCAP study. Int J Stroke. 2013;8(4):220-7.

14. Ois A, Cuadrado-Godia E, Rodriguez-Campello A, Jimenez-Conde J, Roquer J. High risk of
early neurological recurrence in symptomatic carotid stenosis. Stroke. 2009;40(8):2727-31.

15. Ebrahim S, Papacosta O, Whincup P, Wannamethee G, Walker M, Nicolaides AN, et al.
Carotid plaque, intima media thickness, cardiovascular risk factors, and prevalent cardiovascu-
lar disease in men and women: the British Regional Heart Study. Stroke. 1999;30(4):841-50.

16. Mineva PP, Manchev IC, Hadjiev DI. Prevalence and outcome of asymptomatic carotid steno-
sis: a population-based ultrasonographic study. Eur J Neurol. 2002;9(4):383-8.

17. O’Leary DH, Polak JF, Kronmal RA, et al. Distribution and correlates of sonographically
detected carotid artery disease in the Cardiovascular Health Study. The CHS Collaborative
Research Group. Stroke. 1992;3(12):1752-60.

18. Powers WJ. Management of patients with atherosclerotic carotid occlusion. Curr Treat Options
Neurol. 2011;13(6):608-15.

19. Grubb Jr RL, Derdeyn CP, Fritsch SM, Carpenter DA, Yundt KD, Videen TO, et al. Importance
of hemodynamic factors in the prognosis of symptomatic carotid occlusion. JAMA.
1998;280(12):1055-60.

20. Powers WJ, Derdeyn CP, Fritsch SM, et al. Benign prognosis in never-symptomatic carotid
occlusion. Neurology. 2000;54(4):878-82.

21. Byrnes KR, Ross CB. The current role of carotid duplex ultrasonography in the management
of carotid atherosclerosis: foundations and advances. Int J Vasc Med. 2012;2012:187872.
doi:10.1155/2012/187872.

22. Chappell FM, Wardlaw JM, Young GR, et al. Carotid artery stenosis: accuracy of noninvasive
tests — individual patient data meta-analysis. Radiology. 2009;1(2):493-502.

23. Thanvi B, Robinson T. Complete occlusion of extracranial internal carotid artery: clinical fea-
tures, pathophysiology, diagnosis and management. Postgrad Med J. 2007;83(976):95-9.

24. Ogasawara K, Ogawa A, Terasaki K, Shimizu H, Tominaga T, Yoshimoto T. Use of cerebro-
vascular reactivity in patients with symptomatic major cerebral artery occlusion to predict
5-year outcome: comparison of xenon-133 and iodine-123-IMP single-photon emission com-
puted tomography. J Cereb Blood Flow Metab. 2002;22(9):1142-8.


http://dx.doi.org/10.1155/2012/187872

Surgical and Radiologic Intervention for Prevention of Ischemic Stroke 129

25.

26.

27.

28.

29.
. Patel A, MacMahon S, Chalmers J, Neal B, Billot L, Woodward M, ADVANCE Collaborative

31

32.

33.

34.

35.

36.

37.

38.

39.

Meschia JF, Brott TG, Hobson 2nd RW. Diagnosis and invasive management of carotid athero-
sclerotic stenosis. Mayo Clin Proc. 2007;82(7):851-8.

Hobson 2nd RW, Weiss DG, Fields WS, Goldstone J, Moore WS, Towne JB, et al. Efficacy of
carotid endarterectomy for asymptomatic carotid stenosis. The Veterans Affairs Cooperative
Study Group. N Engl J Med. 1993;328(4):221-7.

Chatzikonstantinou A, Wolf ME, Schaefer A, Hennerici MG. Asymptomatic and symptomatic
carotid stenosis: an obsolete classification? Stroke Res Treat. 2012;12:340798.
doi