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Abstract from pathogenesis to management. The differ-
ent functional pathways and their histological/
molecular markers contributing to the devel-
opment of cerebral aneurysms are reviewed.
The advances made in imaging modalities like
vessel wall imaging and computational flow
dynamics are elaborated. This chapter pro-
vides an update on the debate between the two
primary modalities of treatment, clipping, and
coiling. The recent advances made in micro-
neurosurgery for the cerebral aneurysm to
make it more safe and acceptable are
described. Endovascular interventions con-
tinue to evolve, and this chapter throws some
light on the latest advances in next-generation
endovascular techniques for treating cerebral
aneurysms.

Cerebral aneurysms are relatively common,
and if found incidentally (unruptured aneu-
rysm), have a relatively benign clinical course
with alow annual risk of rupture. Subarachnoid
hemorrhage following aneurysmal bleed lead
to significant morbidity and mortality, even
with the best possible care. Our understanding
of the pathogenesis, natural history, diagnostic
imaging, treatment modalities and outcomes
of cerebral aneurysms has significantly
increased in recent years. Despite these
advances, providing optimal management
requires consideration of several factors and
has to be tailored for each patient. This chap-
ter will provide the caretakers involved in the
management of cerebral aneurysms with an
insight into the recent advances in cerebral
aneurysms and review the recent advances
made in various aspects of cerebral aneurysms Cerebral aneurysm - Subarachnoid haemor-
rhage - Pathogenesis - Natural history
Diagnosis - Imaging - Treatment
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emphasis on identifying risk factors for rupture,
enabling personalized aneurysm care to the
patient. Advances in imaging have led to the
development of promising diagnostic and prog-
nostic tools. Advances in Microneurosurgery and
Endovascular techniques have made the treat-
ment of complex aneurysms more safe and effec-
tive. This chapter throws light on these recent
advances made in the management of cerebral
aneurysms.

14.2 Pathophysiology
of Aneurysms-Advanced
Concepts

A cerebral aneurysm is an outpouching of an
arterial wall due to focal disruption of the internal
elastic lamina with inflammation [1]. There are
many factors (luminal and extraluminal) involved
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in the process of aneurysm formation, growth,
and rupture (Fig. 14.1). These factors contribute
to the three main precursors of aneurysm forma-
tion: Focal hemodynamic stress, weakened ves-
sel wall (congenital/environmental), and
inflammation [2]. Extensive research on the etio-
pathogenesis of cerebral aneurysms in recent
times has elucidated the mechanism of forma-
tion, growth, and rupture of cerebral aneurysms
[3]. The hemodynamic stress due to abnormal
flow patterns of blood induces several changes in
the vessel wall. The vascular endothelial cells
transform into pro-inflammatory cells secreting a
cocktail of inflammation mediators, which fur-
ther  recruit  leukocytes  (Macrophages,
Lymphocytes) and cause phenotypic modifica-
tion of the medial cells from a contractile pheno-
type to a pro-inflammatory phenotype. These
modified pro-inflammatory cells along with the
recruited leukocytes release a plethora of inflam-
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matory mediators, which bring about vascular
remodeling (breakage of the internal elastic
lamina, thinning of media, degradation of extra-
cellular matrix), and aneurysm formation [4].
The most prominent hemodynamic factors
responsible for aneurysm formation are Wall
shear stress (WSS), Wall shear stress gradient
(WSSG) and Oscillatory shear index (OSI) [5].
Although aneurysm formation has been linked
to regions of high WSS, the hemodynamics
causing the growth and rupture of aneurysms is
more complex and controversial. Based on sev-
eral Computational fluid dynamics (CFD) stud-
ies and animal experiments, two phenotypes of
cerebral aneurysms are recognized, the thin,
weak walled phenotype and the hyperplastic
atherosclerotic phenotype [6]. Thin, weak
walled aneurysms arise parallel to the flow of
the artery, experience high WSS, high WSSG,
low OSI, have faster-impinging flow and are
caused due to endothelial injury and vessel wall

degeneration. The thicker walled hyperplastic
aneurysms arise perpendicular to the flow
stream, experience low WSS, high OSI, have
stagnant circulatory flow and are caused due to
atherosclerosis, thrombosis, and inflammation
[7]. With the advancements in imaging, small
incidental unruptured aneurysms are being
reported with increasing frequency. Still, the
five-year risk of rupture (3%) is lower than the
risk associated with prophylactic treatment [8].
Researchers have tried various parameters to
stratify the risk of rupture and identify this small
subset of unruptured aneurysms prone to rup-
ture without convincing results [9]. The risk fac-
tors for rupture of an aneurysm can be classified
into clinical, morphological, radiological, and
hemodynamic aspects (Fig. 14.2). All these fac-
tors need to be considered before treating the
aneurysm, and the treatment has to be individu-
alized to give a personalized aneurysm treat-
ment [10].
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14.3 Advancesin Imaging

Imaging of intracranial aneurysms has advanced
substantially and plays a central role in the
screening, diagnosis, management, and post-
treatment surveillance of intracranial aneurysms.
2D-Digital subtraction angiography (DSA) with
3D rotational angiography is the investigation of
choice in the imaging of intracranial aneurysms
[11] gives the highest spatial and temporal reso-
lution. Computed tomography angiography
(CTA) is the investigation of choice for aneurysm
detection in acute SAH [12]. The Magnetic
Resonance Angiography (MRA) is the investiga-
tion of choice for non-emergent detection for
screening intracranial aneurysms in high-risk
populations and patients where contrast, ionizing
radiation is contraindicated [13]. Technological
advances like dual-energy CTA and three-
dimensional time-of-flight (3D-TOF) MRA have
significantly improved the spatial and temporal
resolution of these modalities.

MR-vessel wall imaging (VWI) is a novel
technique that suppresses the signals from the
vessel lumen and CSF and highlights the struc-
ture of the vessel wall [14]. Wall enhancement in
VWI helps in identifying aneurysms that are
prone to rupture, helps in identifying the culprit
aneurysm in a patient with multiple aneurysms
and also helps in identifying the point of rupture
in a multilobulated aneurysm [15].

Macrophage imaging is a diagnostic tool uti-
lizing the phagocytic activity of macrophages.
Macrophages play a pivotal role in the pathogen-
esis of aneurysms, and Ferumoxytol, a contrast
agent used in MRI, is engulfed by the macro-
phages in the aneurysm wall. Enhancement of
aneurysms with Ferumoxytol after 24 h of admin-
istration is associated with rupture of an aneu-
rysm within 6 months of imaging [16].

Computational fluid dynamics (CFD) is a
post-processing technique that utilizes images
from CTA, MRA, and 3D Rotational angiogra-
phy and replicates the hemodynamic conditions
inside the aneurysm [17]. CFD analyses help in
assessing the risk of rupture in the cerebral
aneurysm and also predict the characteristics of
the aneurysm wall. The hemodynamic parame-

ters associated with increased risk of aneurysm
rupture are elevated maximum WSS, low WSS
with high OSI, high Pmax or maximum pres-
sure, high OSI with high PD (pressure differ-
ence) [18].

14.4 Medical Management
of Cerebral Aneurysms

A subset of patients with unruptured aneurysms
who are categorized as aneurysms with a low risk
of rupture by various criteria (PHASES, UIATS,
ELAPSS) are managed conservatively and fol-
lowed up with serial MRA imaging. The two
most essential components of conservative man-
agement of unruptured aneurysms are blood-
pressure reduction and Acetylsalicylic acid
(ASA), which are being studied in a prospective,
randomized, phase III trial titled PROTECT-U
[19]. The incidence of Cerebral vasospasm
(CVS) following aneurysmal SAH is high and
has been associated with delayed cerebral isch-
emia leading to increased morbidity and mortal-
ity. Nimodipine is the only conventional drug to
improve outcomes and decrease mortality pro-
phylactically. Recent animal studies and clinical
trials involving various emerging medical thera-
pies (Cilostazol, Fasudil, Clazosentan,
Rosiglitazone, Tenascin-C knockout, Sildenafil,
Erythropoietin) have given contrasting results,
and the search for an ideal drug to prevent/treat
vasospasm is far from over [20].

14.5 Clipping Versus Coiling

The quest to choose the optimal treatment for
aneurysmal SAH between Endovascular tech-
nique and microsurgical clipping is never ending.
Tenyears follow-up of International Subarachnoid
Aneurysm Trial (ISAT) and Barrow Ruptured
Aneurysm Trial (BRAT) gave contrasting results
suggesting the need for a new perspective intent-
to-treat trial to reach a conclusion [21, 22].
Recent metanalysis concluded that clipping is
appropriate for ruptured aneurysms and coiling is
superior for unruptured aneurysms [23]. Among
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the endovascular options available for unruptured
aneurysms patients treated with flow diverters
fared better than those treated with coiling [24].

14.6 Advances
in Microneurosurgery

The introduction of advanced microneurosurgery
hardware and techniques has revolutionized the
treatment of aneurysms. These advances in neu-
rosurgical techniques have prompted neurosur-
geons to innovate surgical tools and methods
(Fig. 14.3) to make neurosurgery safer, cosmeti-
cally appealing, and less invasive [25].

Pterional craniotomy has been the main work-
horse for clipping of anterior circulation aneu-
rysms. The choice of craniotomies for these
aneurysms has expanded with the addition of the

minipterional craniotomy, lateral supraorbital
craniotomy  (LSO), Supraorbital keyhole
approach (SOKHA) [26], -SOKHA [27] and
extradural minipterional approach [28]. These
approaches are equally safe and effective as pteri-
onal craniotomy with shorter operative time and
good cosmetic results.

Endoscopic-assisted microsurgery allows
visualization of the blind spots to the microscope.
Endoscopic ICG-VA combines the advantages of
both ICG-VA and endoscope and enables the
visualization of perforating arteries hidden in
blind spots [29]. Purely Endoscopic approaches
for clipping aneurysms are reported as small case
series and need further studies to confirm the
safety and efficacy before recommending broad
application of these approaches [30].

Intraoperative ICG-VA is a complementary
tool that increases the aneurysm occlusion rate.

Fig. 14.3 Advances in Microneurosurgery of intracranial
aneurysms. (a) Supraorbital craniotomy “keyhole” sur-
gery, (b) Intraoperative Indocyanine Green vascular imag-

ing, (¢) Intraoperative transient cardiac standstill, (d)

Superficial temporal artery—Middle cerebral artery

bypass
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The use of intraoperative ICG-VA revealed unex-
pected residual aneurysms in 9% and an intraop-
erative clip modification rate of 15% after an
apparent complete occlusion under microscopic
visualization [31]. Flow 800 is a microscope-
integrated visualization tool that gives an objec-
tive analysis of ICG-VA rather than subjective
assessment and gives a better idea of the vascula-
ture, especially where ICG is ambiguous [32].

Ultrasonic transit-time flowmetry provides
quantitative intraoperative measurements of arte-
rial blood flow using a microflow probe. It is a
valuable tool for clipping complex aneurysms
and maintaining adequate flow (>50% of base-
line), reducing the risk of postoperative ischemic
events [33].

Intraoperative neurophysiological monitoring
(IOM) (somatosensory-evoked potentials, motor-
evoked potentials) reduces the incidence of isch-
emic complications and development of new
motor deficit in monitored patients, more so in
patients with the middle cerebral artery (MCA)
aneurysms [34]. A small case series of 30 patients
underwent clipping of aneurysm in awake condi-
tion and found three patients who developed neu-
rological deficits without associated changes in
neuromonitoring. This study revealed a potential
advantage of awake aneurysm surgery, but addi-
tional studies are needed to establish the safety of
this approach [35].

Transient cardiac standstill (Adenosine, Rapid
ventricular pacing) softens the aneurysm sac,
avoids intraoperative rupture, bleeding and facili-
tates permanent clip placement without the need
for temporary clipping [36].

Cerebral revascularization is a crucial tool in
the armamentarium of the cerebrovascular sur-
geon used to treat complex intracranial aneu-
rysms that are difficult to manage with traditional
surgical or endovascular methods. Apart from the
primary EC-IC bypass, several creative and inno-
vative bypasses (“the third generation” bypasses/
in  situ  intracranial-intracranial  bypasses,
Reimplantation/Reanastomoses, and “the fourth
generation”  bypasses/double  reimplantation

using three end-to-side anastomoses) have been
invented and used with good outcomes in patients
with complex VA, PICA, MCA, and DACA
aneurysms [37].

14.7 Advances in Endovascular
Management of Aneurysms

Guglielmi introduced the detachable coil system
in the 1990s, and this marked the development of
a new field of Endovascular Neurosurgery [38].
The early results of coiling were not convincing.
Still, significant technological advances were
made to alter the coil properties and various
devices were introduced to assist coil emboliza-
tion (Fig. 14.4) and improve occlusion rates [39].

14.7.1 Advances in Coils

Many advances have been made in the design and
deployment technique of coils to improve the
outcomes of aneurysm coiling (Fig. 14.5). Soft
Nano-type coils with increased conformability
are used to fill out residual spaces post coiling
and to treat small aneurysms. Longer coils with
larger coil diameters are available to address
larger aneurysms. Coils are coated with materials
like polyglycolic/polylactic acid (PGLA) micro-
filament and hydrophilic acrylic copolymer to
increase the thrombogenic effect (Bioactive
coils) [40]. Another advancement in coils
includes coils containing a hydrogel polymer
(HES coils) that expands to fill the coil lumen
once it makes contact with blood. Several trials
(HELPS, PRET, GREAT, and HEAT) have dem-
onstrated promising outcomes and lesser recur-
rences in patients managed with HES coils [41].

14.7.2 Balloon-Assisted Coiling

Balloon-assisted coiling involves the temporary
inflation of a balloon catheter across the aneu-
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Fig. 14.4 Endovascular treatment of intracranial aneu-  Stent-assisted coiling, (e) Intraluminal flow diverter, f-
rysms. (a) Endovascular coiling, (b) Temporary bridging  Intrasaccular flow diverter
device assisted coiling, (¢) Balloon-assisted coiling, (d)

Fig.14.5 A 42-year-old woman with a large aneurysm of  of the left internal carotid artery (arrows). (b) frontal view
the supraclinoid segment of the left internal carotid artery ~ of the left internal carotid artery injection after aneurysm
was coiled with Microplex coils (Microvention, USA). (a)  coil embolization. (¢) lateral view of the left internal
oblique view of the left internal carotid artery injection carotid artery injection after aneurysm coil embolization.
showing the large aneurysm of the supraclinoid segment ~ Showing the aneurysm was completely occluded (arrows)
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rysm neck to prevent herniation of coils back into
the parent artery and acts as a rescue in case of
aneurysm rupture. Advanced super compliant
balloons (HyperForm, HyperGlide, TransForm,
Scepter), double-lumen balloons (ECLIPSE 2L)
have replaced low-compliance balloons. Balloon-
assisted coiling simplified and made coiling safe
by reducing the procedural time [42] (Fig. 14.6).

14.7.3 Stent-Assisted Coiling

Stent-assisted coiling (SAC) uses stents to stabi-
lize coils inside the aneurysmal sac and prevent
herniation back into the parent artery, maintain-
ing the patency of the parent vessel. Unlike in
balloon-assisted coiling, stents are left inside
the vessels, require chronic antiplatelet therapy
and carry the risk of delayed stenosis/occlusion.
The stents used to depend on the type of SAC
technique employed. In the Jailed coiling tech-
nique, a microcatheter is first inserted into the
aneurysm sac, and then the stent is deployed to
jail the microcatheter. Usually, resheathable
closed-cell stents are used like LEO (Balt
Extrusion, Montmorency, France), Enterprise
stent (Codman Neurovascular, Raynham, MA,
USA) and LVIS (MicroVention Inc., Aliso
Viejo, CA, USA) (Figs. 14.7 and 14.8). Trans-
cell coiling involves the stent deployment and
advancement of the microcatheter into the aneu-
rysm through the open cells. The trans-cell coil-

V. V. Ramesh Chandra et al.

ing technique is done with open-cell stents like
Neuroform Atlas (Stryker Neurovascular,
Fremont, CA, USA) [43].

Advances in stent-assisted coiling include
Temporary Bridging Devices and Bifurcation
support devices. Temporary bridging devices
support coil packing without compromis-
ing blood flow aided by their compliant mesh
design. They are retrieved once the coils are
deployed and obviate the need for chronic
antiplatelet therapy. The Comaneci device
(Rapid Medical, Israel) and Cascade (Perflow
Medical Ltd., Netanya, Israel) are examples of
temporary bridging devices [44]. Bifurcation
support devices offer support for coil mass
as well as neck reconstruction in bifurcation
aneurysms and have flow diversion properties.
These are novel stent-like, self-expanding, niti-
nol devices with two components, a compo-
nent each for the parent vessel and aneurysm
sac. They need chronic antiplatelet therapy,
and examples include pCANVAS (Phenox,
Bochum, Germany), The PulseRider Device
(Pulsar Vascular, Inc., Los Gatos, CA, USA),
and eCLIPs (Evasc Medical Systems Corp,
Vancouver, Canada) [45].

14.7.4 Flow Diverter Devices

Flow Diverter Devices (FDDs) are a novel
breakthrough in the endovascular management

Fig. 14.6 A 41-year-old man presented with an unrup-
tured ophthalmic aneurysm of the internal carotid artery.
(a) 3-D reconstruction of the right internal carotid artery
injection showing an aneurysm of the ophthalmic artery
segment (arrow). (b) Unsubtracted image showing the

aneurysm was coiled (black arrow) with the assistance of
a4 mm x 20 mm Hyperglide balloon catheter (Medtronic
ev3, USA) (white arrow). (¢) Lateral view of the right
internal carotid artery injection showing the aneurysm
was completely occluded (arrow)
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Fig. 14.7 A 62-year-old woman presented with a recur-
rent aneurysm after 2 years of coil embolization. (a)
Lateral view of the left carotid artery injection showing
recanalization of a supraclinoid aneurysm of the internal
carotid artery (arrow). (b) Roadmap image of the left
carotid artery injection showing coils was introduced

of cerebral aneurysms and are rapidly evolving
as the first-line of treatment modality for vari-
ous complex aneurysms. The mesh of FDD cre-
ates an impedance that disrupts the blood flow
into and out of the aneurysm. The substantial
reduction in velocity of blood flow inside the
aneurysm activates platelets to form a stable
thrombus which over a few months to years
transform into collagen, leading to complete
occlusion of the aneurysm [46]. There are two

(arrow) after the 4.5 mm x 25 mm Leo stent (Balt, France)
placement. (c¢) Lateral view of the unsubtracted image
showing the Leo stent (arrow) and coil mass. (d) Oblique
view of the left carotid artery injection showing the aneu-
rysm was completely occluded after treatment

types of flow diverters Intraluminal FDD and
Intrasaccular FDD.

Intraluminal FDD involves the placement of a
semipermeable stent in the parent artery, which
redirects blood away from the aneurysm, caus-
ing flow stasis and thrombosis. The pipeline
embolization device (PED; ev3/Covidien, Irvine,
CA, USA) (Fig. 14.9), The Silk flow diverter
device (Silk, Balt Extrusion, Montmorency,
France) (Fig. 14.10), The Surpass flow diverter
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Fig. 14.8 A 54-year-old man presented with Hunt-Hess
grade 1 subarachnoid hemorrhage. (a) Frontal view of the
left vertebral artery injection showing a basilar artery
aneurysm at the origin of the left superior cerebellar artery
(arrow). (b) Frontal view of the right vertebral artery

injection showing the aneurysm was treated with
2.5 mm X 23 mm LVIS-junior stent (Microvention, USA)
and coils (black arrow). (¢) Frontal view of the right ver-
tebral artery injection showing the aneurysm was occluded
completely (arrow)

Fig. 14.9 A 53-year-old woman presented with a blurred
vision of her left eye. (a) Axial MR imaging showing a
round flow void signal near the left optic chiasm (arrow).
(b) Frontal view of the left internal carotid artery injection
showing a large aneurysm of the supraclinoid internal
carotid artery (arrow). (¢) 3-D reconstruction of the left
internal carotid artery injection showing a 16 mm aneu-

rysm of the supraclinoid internal carotid artery (arrow).
(d) Frontal view of the unsubtracted image showing the
aneurysm was treated with 4.0 mm x 20 mm Pipeline flow

diversion and coils (Axium, Medtronic-ev3, USA)
(arrow). (e) Lateral view of the left internal carotid artery
injection after treatment. (f) frontal view of the left inter-
nal carotid artery injection after treatment
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Fig. 14.10 A 37-year-old man suffered from swallowing
difficulty and numbness of his left limbs. (a) Magnetic
resonance imaging, sagittal view, T2-weighted, showing a
giant saccular vascular lesion compressing the brain stem
(arrow). (b) Frontal view of the right vertebral artery
injection showing a giant aneurysm (arrow). (c¢) Lateral
view of the left vertebral artery injection, unsubtraction
image, showing a giant saccular aneurysm of the vertebra-
basilar junction (arrow). (d) Unsubtraction image show-

device (Stryker Neurovascular, Fremont, CA,
USA), The flow redirection endoluminal device
system (FRED; MicroVention, Tustin, CA,
USA) and The Tubridge flow diverter (MicroPort
Medical Company Shanghai, China) are exam-
ples of intraluminal FDD [47] (Fig. 14.11). The
role of flow diversion for aneurysm treatment
has expanded, and various recent trials
(PREMIER, SAFE, SCENT, PARAT) have
proved their favorably low complication and
high cure rates compared with alternative treat-
ments [47].

ing a 3.0 mm x 25 mm Silk flow diversion (Balt, France)
was placed in the left vertebral artery (arrow), and the
right vertebral artery was occluded using coils. (e) Frontal
view of the right vertebral artery showing the right verte-
bral artery was occluded. (f) Lateral view of the left verte-
bral artery injection showing the aneurysm was completely
thrombosed after flow diversion and additional coils

treatment

Intrasaccular flow diverter/flow disrupters
are deployed within the aneurysm and do not
require the problematic catheterization of bifur-
cation branches nor the use of chronic antiplate-
let therapy. Woven EndoBridge device (WEB,
Sequent Medical, Aliso Viejo, California, USA),
Luna aneurysm embolization device (AES;
NFocus Neuromedical, Palo Alto, California),
and Medina embolization device (MED,
Medtronic, Irvine, California, USA) are exam-
ples of intrasaccular flow diverters. Several tri-
als (WEBCAST 2, WEB-IT) have proven the
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Fig. 14.11 A 72-year-old man presented with an inci-
dental aneurysm of the supraclinoid internal carotid
artery. (a) Lateral of the right internal carotid artery injec-
tion showing an aneurysm arising from the supraclinoid
internal carotid artery (arrow), which was treated with
Tubridge flow diversion (MicroPort Medical Company,

safety and have shown adequate occlusion rates
of the aneurysm [48].

14.8 Conclusions

Significant advances were made in the last decade
in various aspects of cerebral aneurysms. Future
research should convincingly identify aneurysms
at risk of rupture by using serum/genetic/imaging

Shanghai, China). (b) Lateral view of the unsubtracted
image showing the 3.5 mm x 25 mm Tubridge flow diver-
sion. (¢) Lateral view of the right internal carotid artery
injection after flow diversion treatment showing the intra-
aneurysm contrast stagnation (arrow). (d) Picture showing
the Tubridge flow diversion system

markers to give personalized aneurysm care.
New Endovascular innovations to tackle complex
aneurysms should be developed and extensively
studied to confirm efficacy and safety. New train-
ing modules should be invented to give haptic
feedback to beginners doing endovascular work
to better the outcomes. The role of microneuro-
surgery in the management of cerebral aneurysms
cannot be ignored. Microneurosurgery with inno-
vative revascularisation techniques will continue
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to be a significant treatment modality for com-
plex aneurysms till time tested endovascular
alternatives emerge.
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