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Neurosurgeons have a long history of treating cerebral aneurysms. 
Understanding the vascular anatomy and physiology of the nervous system 
and management of patients with abnormalities of these vascular structures 
are vitally important aspects of neurosurgery resident training. Over the past 
few decades, the treatment of cerebral aneurysms has been evolving toward 
endovascular strategies for many patients. Interventional neuroradiologists 
play an important role in developing this area of therapy, but the number of 
neurosurgical trainees in neuroendovascular treatment is increasing. Other 
specialties, including neurology and vascular surgery, are now entering the 
field of neuroendovascular treatment, the neurosurgeons are better trained and 
provide safe treatment options. We have compiled and edited this book to 
report current neuroendovascular techniques and their impact on the treatment 
of cerebral aneurysms. Readers will benefit from the perspicacity among 
some of our most experienced practitioners on the treatment strategies for 
cerebral aneurysms. Even today, the number of neurosurgeons who had for-
mal training in both endovascular and surgical treatment of cerebrospinal 
vascular diseases remains limited; the complexity of these difficult problems 
clearly calls for more neurosurgeons who can be efficient and knowledgeable 
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in both treatment modalities. This book will be very helpful for both practitio-
ners and trainees alike pursuing the practice of excellence in neurovascular 
surgery.

 James Wang
Department of Neurosurgery  

Beijing Tsinghua Changgung Hospital  
School of Clinical Medicine

Tsinghua University
Beijing, China

Department of Neurosurgery
University of Washington

Seattle, WA, USA
March 6, 2020
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Endovascular neurosurgery provides effective and minimally invasive treat-
ment of a broad spectrum of diseases. This area of expertise has continued to 
gain both wider application and greater depth as new and better techniques 
are developed and as landmark clinical studies are performed to guide their 
use. The treatment of cerebral aneurysms has evolved substantially, increas-
ing the number of aneurysms that can be treated successfully with minimally 
invasive therapy. The book aims to report current neuroendovascular tech-
niques and the efficacy and safety of procedures used for cerebral aneurysms 
and to summarize key aspects of best practice. Attendees, fellows, residents, 
medical students, or anyone interested in sharpening their diagnostic and 
therapeutic skill set will benefit from reading this text. Finally, I must thank 
all the authors who have contributed so much of their time, wisdom, and 
experience in creating the final product you hold in your hands. On behalf of 
everyone associated with this work, I sincerely hope you enjoy learning and 
implementing your new skills as much as I have enjoyed organizing the 
material.

 
Beijing, China Xianli Lv
March 6, 2020
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Pathophysiology of Cerebral 
Aneurysms

Zaid Aljuboori, Samer S. Hoz, Zahraa Al-Sharshahi, 
and Mohammed A. Alrawi

Abstract

Understanding the pathophysiology of the for-
mation and growth of cerebral aneurysms is 
crucial for early detection, risk assessment, 
and therapeutic monitoring of intracranial 
aneurysms. A multifactorial model can be 
applied to study the formation and growth of 
cerebral aneurysms. This model is mainly 
based on patient and aneurysm-specific char-
acteristics. Potential patient-specific factors 
include smoking status, hypertension, inflam-
matory disease, bone mineral loss, and sex 
hormone exposure. Aneurysm-specific factors 
include aneurysm size, bifurcation site, multi-
plicity, presence of a daughter sac, higher 
dome-to-neck ratio, multi-lobularity, and 
adjacent arterial geometry. Other factors that 
can affect the development and growth of 
aneurysms include female sex, short stature, 
bone fragility, malnutrition, and the existence 
of genetic disorders, and a range of aortic 
pathologies, including bicuspid aortic valve, 
dilated aortic root, aortic aneurysm, and arte-

rial dissection. The goal of this chapter is to 
summarize the existing evidence and potential 
prospects for cerebral aneurysm pathophysio-
logical studies.

Keywords

Intracranial aneurysms · Pathophysiology 
Formation · Growth · Risk factors

Abbreviations

ADPKD Autosomal dominant polycystic kid-
ney disease

CA Cerebral aneurysms
IL-1β Interleukin 1B
MMPs Matrix metalloproteinases
SAH Subarachnoid hemorrhage
SNPs Single nucleotide polymorphisms
TNF Tumor necrosis factor
UIA Unruptured intracranial aneurysm

1.1  Introduction

Cerebral aneurysms (CAs) represent areas of 
focal dilatations of the vascular lumen caused by 
weakness of the vessel wall, most commonly 
located around the bifurcation sites of the circle 
of Willis. It is estimated that 5% of the population 
have cerebral aneurysms, with 20–30% of this 
cohort harboring multiple aneurysms [1]. 
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Furthermore, 20% of patients with unruptured 
CAs have a positive family history for a 
CA.  Aneurysmal subarachnoid hemorrhage 
(SAH) accounts for approximately only 5% of all 
strokes, and the consequences are devastating 
due to high mortality and morbidity rates [2].

Unruptured cerebral aneurysms are primarily 
asymptomatic and are most commonly detected 
incidentally or by screening those at high risk. 
Cerebral aneurysms are mostly acquired lesions 
resulting from a defective vascular wall response 
to local hemodynamic stress forces. The struc-
tural deterioration of the arterial wall involves 
inflammation and tissue degeneration with degra-
dation of the extracellular matrix and smooth 
muscle cell apoptosis [3]. Three-fourth of all 
cerebral aneurysms occur at one of three loca-
tions—the middle cerebral artery, the posterior 
and the anterior communicating arteries, at the 
bifurcation, the internal carotid artery junction 
and the anterior cerebral artery junction, respec-
tively. Less than 5% of patients with unruptured 
intracranial aneurysms (UIAs) are children. 
There are substantial differences in the risk fac-
tors and mechanisms of UIAs formation between 
children and adults. In children, 50–70% of UIAs 
cases are due to infection, trauma, or dissections, 
only 20–30% have a cystic shape, and the major-
ity have clinical symptoms [4].

CAs can be divided into “True” and “False” 
aneurysms. True aneurysms are abnormal focal 
dilatations of the vascular lumen due to areas of 
vessel wall weakness, while false or pseudoaneu-
rysms represent sites of contained perivascular 
hematoma that do not possess the same histologi-
cal layers of the parent vessel. False aneurysms 
are primarily caused by penetrating trauma but 
may also result from periadventitial infections, or 
rarely, an infiltrating malignancy.

Morphologically, CAs can be saccular or fusi-
form. Saccular (“berry”) aneurysms are rounded 
outpouchings from the vessel wall, characterized 
by the presence of a neck and dome. Saccular 
aneurysms can be subdivided into seven catego-
ries based on their etiology: Developmental 
aneurysms develop secondary to congenital 
weakness in the arterial wall. Hemodynamically 
induced aneurysms are the result of high shear 

forces at the bifurcation sites, mostly presenting 
at the apex of the bifurcation where these forces 
are most pronounced. High-flow aneurysms 
develop in the vicinity of arteriovenous malfor-
mations, especially where its feeder vessels are 
located. Other subtypes include traumatic and 
oncotic aneurysms as well as those related to vas-
culitis, connective tissue disease, and medication 
side effects.

Fusiform (dolichoectatic) aneurysms have no 
identifiable neck and include atherosclerotic, 
mycotic (infectious), and dissecting aneurysms. 
Atherosclerotic aneurysms form when an unusual 
form of atherosclerosis damages the media lead-
ing to arterial stretching and elongation that could 
extend over a considerable length, leading to a 
serpentine, giant, and bizarre aneurysm shape. 
Such aneurysms tend to predominate in the older 
age group, affect proximal arteries (the vertebro-
basilar system is commonly affected), have per-
forating branches over the entirety of its length, 
harbor intraluminal clots leading to ischemic 
symptoms, and present with mass effect (bleed-
ing is rare). Mycotic (infectious) aneurysm is the 
term used when an infectious process destroys 
the vessel wall. Examples of such infection 
sources include septic emboli secondary to intra-
venous drug use of infective endocarditis, and 
meningitis. Dissecting aneurysms result when an 
intramural hematoma extends into the subadven-
titial plane and are most commonly located at the 
extracranial segments of the internal carotid and 
the vertebral arteries.

1.2  Structure of the Cerebral 
Arteries

The cerebral arteries are similar to other systemic 
arteries in that their wall is composed of the 
tunica intima, tunica media, and the adventitia. 
The internal elastic lamina partitions the tunica 
intima and tunica media. The internal elastic lam-
ina partitions the tunica intima and tunica media, 
while the external elastic lamina marks out the 
adventitia from the tunica media.

Cerebral arteries can be further classified as 
“muscular” or “elastic” with respect to the com-

Z. Aljuboori et al.
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position of their tunica media. For example, the 
common carotid artery is an elastic artery, while 
the internal carotid and intracranial arteries are 
muscular. The intra- and extradural segments of 
the intracranial arteries vary in their histopathol-
ogy; the adventitia is thinner in the intradural 
portion than in the extradural portion, and the 
collagen part of adventitia plays an important 
role in decreasing the risk of rupture in the event 
of a sudden blood pressure change [5]. The intra-
dural segments also lack the external elastic lam-
ina, which could explain the higher propensity of 
these vessels to develop aneurysms with higher 
risk of rupture.

Location is an important risk factor for aneu-
rysm formation. For example, vasculature remod-
eling capability is higher in the posterior as 
opposed to the anterior circulation. Also, arterial 
bifurcation sites are preferred locations for aneu-
rysm formation, given the higher level of hemo-
dynamic stress created by the blood 
flow-associated deflection and oscillation forces. 
Aneurysmal changes usually involve multiple 
vessels with a shared embryonic origin, a phe-
nomenon attributed to neural crest malposition 
and/or malfunction. Epidemiological observa-
tions revealed that patients with thoracic aortic 
aneurysms have a ninefold increased risk of cere-
bral aneurysms, as compared to the general popu-
lation [6].

Recently, it has been found that ascending aor-
tic aneurysms occur more frequently in associa-
tion with anterior and middle cerebral artery 
aneurysms, while abdominal aortic aneurysms 
tend to co-occur with internal carotid artery 
 aneurysms. Anecdotal studies have shown that 
cerebral aneurysms can be considered as a typi-
cal pathological phenomenon of neurocristopa-
thy, such as congenital heart disease, bicuspid 
aortic valve, type 1 neurofibromatosis, and fibro-
muscular dysplasia. In line with this concept, 
patients with multiple, larger, and ruptured aneu-
rysms tend to have a dilated aortic root. Clinically, 
multiple defects of the extracellular matrix have 
been detected in patients with connective tissue 
diseases linked to aneurysms, including osteo-
genesis imperfecta, vascular Ehlers-Danlos syn-
drome, and Marfan’s syndrome [7–9].

Clinically, several abnormalities of the extra-
cellular matrix have been detected in patients 
with connective tissue disorders such as osteo-
genesis imperfecta, vascular Ehlers-Danlos syn-
drome, and Marfan syndrome, which are 
generally associated with cerebral aneurysms 
[7–9].

1.3  Formation of Intracranial 
Aneurysms

Aneurysm formation is a gradual process that 
entails the combination of hemodynamic, vas-
cular genetic, molecular, and hormonal vari-
ables [10].

1.3.1  Hemodynamic Factors 
and Associated Structural 
Changes

The walls of cerebral arteries have a sparse tunica 
adventitia and a lower proportion of elastic fibers. 
Moreover, cerebral arteries are immersed in the 
cerebrospinal fluid of the subarachnoid space 
rather than in connective tissue. These structural 
factors are thought to make cerebral arteries sus-
ceptible to aneurysm formation [10].

In the wall of a healthy cerebral artery, the 
internal lamina maintains the elasticity and struc-
tural integrity of the vessel wall at the bifurcation 
sites. Degeneration or disruption of the internal 
elastic lamina at a bifurcation is a key event in the 
formation of an intracranial aneurysm. The defi-
nite cause of the degeneration and why it only 
occurs in certain individuals, however, remains 
unclear. Anatomical variations such as bifurca-
tions comprising hypoplastic branching arteries 
or bifurcations with particularly sharp angles are 
considered to be a crucial factor in intracranial 
aneurysm formation [11].

Common sites for aneurysm formation include 
the anterior and posterior communicating arteries, 
middle cerebral artery, and basilar artery bifurca-
tion sites, where local shear stress forces on the 
vessel wall are most pronounced. Blood flow at 
the arterial junctions, bifurcation sites with wide 

1 Pathophysiology of Cerebral Aneurysms
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angles, or locations with abrupt changes in vascu-
lar angulation create an environment of turbulent 
blood flow with higher levels of shear stress. This 
wall induces a cascade of changes, including 
endothelial cell damage, smooth muscle degener-
ation, and media layer thinning. Smoking, on the 
other hand, is linked with both higher prevalence 
of cerebral aneurysms and higher risk of rupture. 
The mechanisms by which smoking can cause 
cerebral aneurysm formation and rupture are sug-
gested to be elevated wall shear stress due to 
increased blood volume and viscosity and nico-
tine-induced vasoconstriction [12].

1.3.2  Genetic Factors

Although evidence suggests that individuals with 
a family history of intracranial aneurysms or 
SAH are at increased risk of an intracranial aneu-
rysm formation, no specific genes have yet been 
identified. One meta-analysis which included 
(32,887) sporadic aneurysms and (83,683) con-
trols has identified three single nucleotide poly-
morphisms (SNPs) that were associated with the 
presence of sporadic intracranial aneurysms. The 
SNPs were located on chromosome 9 within the 
CDKN2B-AS1 gene, on chromosome 8 near the 
SOX17 transcription regulator gene, and on chro-
mosome 4 near the endothelin receptor gene [13].

The strongest confirmation for the linkage was 
with a locus on 7q11 near the gene that encodes 
elastin, which is a protein that is involved in the 
preservation of integrity of the vessel wall [4]. 
Some heritable connective tissue diseases are 
also associated with an increased risk of cerebral 
aneurysms and SAH. Autosomal dominant poly-
cystic kidney disease (ADPKD) is the most com-
mon genetic disorders associated with 
SAH. Ehlers-Danlos type IV (caused by mutation 
of collagen type III), fibromuscular dysplasia, 
and possibly Marfan syndrome (mutation of 
fibrillin-1 gene) are other inherited disorders 
associated with the CAs and SAH [14].

1.3.3  Molecular Changes

In addition to the disruption of the internal elastic 
lamina and the resulting mechanical overload and 
tensile force shift, the vascular smooth muscle 
cells, and fibroblasts synthesize type I and V col-
lagens, which are the main molecular constitu-
ents of intracranial aneurysms. As the molecular 
mechanisms fail to compensate for the mechani-
cal overload of the vessel wall and the myointi-
mal injury, the cellular and humoral inflammatory 
responses serve as the key drivers of aneurysm 
development. These responses, which are medi-
ated by inflammatory cytokines such as tumor 
necrosis factor (TNF), IL-1β and matrix metal-
loproteinases (MMPs), facilitate the flow of mac-
rophages and continuous degradation of collagen 
and elastin fibers [15].

1.3.4  Hormonal Changes Related 
to Aneurysm Formation 
and Rupture

There is evidence to support the difference in 
incidence and rate of cerebral aneurysm forma-
tion and rupture between men and women, and 
between pre- and postmenopausal women, indi-
cating that aneurysm formation may be affected 
by hormonal changes. Estrogen and its interac-
tions with estrogen receptors have been shown to 
be associated with regulation of arterial cell wall 
matrix, mediation of inflammation, and regula-
tion of proteolytic and apoptotic pathways. 
Estrogen’s effect on the regulation of the cerebro-
vascular system and its association with various 
vascular diseases, including stroke, trauma, and 
dementia, has been demonstrated and thought to 
be related to the reduction of inflammation and 
preservation of vessel wall integrity. Early meno-
pause is associated with the development of cere-
bral aneurysms, whereas the use of hormone 
replacement therapy is protective against the for-
mation of aneurysms [16].

Z. Aljuboori et al.
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1.4  Risk Factors Associated 
with Formation and Rupture 
of Cerebral Aneurysms

1.4.1  Conventional Risk Factors

Many risk factors have been linked to the for-
mation of aneurysms, including cigarette 
smoking, heavy alcohol consumption, cocaine 
usage, familial history, ethnicity, gender, age, 
and most importantly, hypertension. From the 
above risk factors, some are thought to cause 
aneurysm formation via mechanisms that 
increase blood pressure and hemodynamic 
stresses. For example, heavy alcohol consump-
tion has been shown to be an independent risk 
factor for spontaneous aneurysmal SAH, 
potentially through its effects on blood pres-
sure and hemodynamic factors. Cocaine and its 
metabolites increase the risk and severity of 
aneurysms and SAH through its vasoconstric-
tor properties, which act via nervous stimula-
tion of the vascular smooth muscle, causing 
profound hypertension.

As far as race is concerned, the risk of aneu-
rysm tends to be comparable in whites, blacks, 
and Hispanics. It is well known that women are at 
higher risk of aneurysm formation, but the female 
preponderance is apparent only in the perimeno-
pausal and postmenopausal periods. Finally, reg-
ular physical exercise may decrease the risk of 
aneurysm formation [14, 17].

Currently, screening for cerebral aneurysms 
is recommended for patients with a positive 
family history. Experts suggest screening of all 
individuals with two affected first-degree rela-
tives due to the high incidence of CAs in this 
population. It may also be advisable to screen 
patients who have one affected first-degree 
relative if they have other risk factors for devel-
oping CAs such as female sex, older age, heavy 
smoking, hypertension, having an affected sib-
ling, or having an affected relative with multi-
ple aneurysms manifesting at an early age [14, 
18].

1.4.2  Innate Risk Factors

Genetic disorders with a number of phenotypes 
have been identified with cerebral aneurysms. 
ADPKD is associated with defects in one of two 
genes; PKD1 and PKD2. Approximately, 
20–40% of ADPKD cases have cerebral aneu-
rysms, and 10–30% have multiple aneurysms. 
The prevalence of cerebral aneurysms in fibro-
muscular dysplasia is estimated to be 13 percent, 
which is around six times higher than that of the 
general population.

Cerebral aneurysms are also common in 
patients with aortic coarctation and bicuspid aor-
tic valve. Cardiac outflow tracts and cerebral 
arteries share the origin of neural crest cells and 
pathological changes. Hence, the combination of 
these congenital heart diseases and the develop-
ment of cerebral aneurysms are called neurocris-
topathic phenotypes. It has also been found that 
dilated aortic roots with no apparent heart disease 
are associated with nonconventional aneurysm 
features, such as multiple lesions, larger sizes, or 
early rupture [19].

1.4.3  Acquired Risk Factors

Acquired inflammatory conditions such as 
trauma, atherosclerosis, and infection can dam-
age the arterial wall, leading to the formation of 
CAs. The development of CAs at relatively older 
ages is connected to age-related risk factors as 
well as the accumulation of atherosclerosis dur-
ing the aging process.

There are other acquired risk factors to be rec-
ognized as aneurysm-inducing factors. Smoking 
induces the inflammatory response in the cere-
bral vessel and weakens the wall. Sex hormones 
may contribute to the acquired arterial wall weak-
ness. Women are more susceptible to having a 
CA and occurrences of multiple aneurysms, as 
they experience a variety of reproductive and 
hormonal phases in menarche, menopause, 
oophorectomy, and hormone replacement ther-

1 Pathophysiology of Cerebral Aneurysms
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apy over their life. As a consequence, a shift in 
the degree of exposure to estrogen can cause 
women to have different vulnerabilities to cere-
bral aneurysms. Gender-related differences may 
also support the link between sex hormones and 
extracellular matrix degeneration. Osteoporosis 
shows a female predominance, and bone mineral 
density reflects a cumulative estrogen exposure. 
Recent studies have shown that reduced bone 
mineral density is associated with cerebral aneu-
rysms, large aneurysms, and multiple aneurysms 
[20, 21].

1.5  Common Risk Factors 
for Cerebral Aneurysm 
Rupture

Risk factors for CA rupture include both aneurys-
mal and patient factors. Aneurysmal factors 
include size, location (specifically in the poste-
rior circulation and aneurysms arising from the 
posterior and anterior communicating arteries), 
and morphology (aneurysms with a daughter sac 
have higher rates of rupture). Patient factors 
include aging, female gender, current smoking, 
alcohol consumption, hypertension, history of 
SAH, and positive family history. Aneurysms 
larger than 10 mm have a 1% risk of rupture per 
year. Aneurysms of the anterior communicating 
artery rupture more easily in smaller sizes than 
those in other locations. Although larger aneu-
rysms usually have a higher risk of rupture, rup-
tured aneurysms are generally small. If the size 
surges or morphological changes take place 
within a brief time period, the probability of rup-
ture increases.

Multiple aneurysms are predominately found 
in the pediatric age group and younger adults and 
they pose a higher risk of recurrence. 
Morphological changes suggestive of an 
increased risk of rupture include the presence of 
a daughter sac, a high dome-to-neck ratio, and 
multilobular appearance. Recently, the PHASES 
study found that geographical location, e.g., 
Finnish or Japanese origin, was also a strong risk 
factor for aneurysmal rupture, possibly support-
ing a genetic influence on rupture risk [22, 23].

Cigarette smoking has been reliably docu-
mented as an important risk factor for SAH. Even 
those undergoing embolization, cigarette smok-
ing is a risk factor for aneurysm recurrence, and 
patients should also be advised to quit smoking 
[24].

High blood pressure has been shown to pre-
dispose to SAH in prospective cohort studies. 
Blood pressure management is therefore yet 
another simple intervention to minimize the risk 
of aneurysm rupture [25].

While heavy alcohol consumption has been 
shown to increase the risk of SAH, it does not 
predispose to aneurysm development. The 
increased risk of SAH with alcohol use is possi-
bly due to a fleeting rise in blood pressure [14]. 
Some factors have been identified as immediate 
triggers for aneurysm rupture, including coffee 
and Cola consumption, anger, startling, straining 
for defecation, sexual intercourse, nose blowing, 
and vigorous physical exercise [26].

Generally, aneurysms ≥7  mm in diameter 
should be treated as a result of their tendency to 
rupture, except in older patients and those with 
severe medical comorbidities and short life 
expectancy. Factors that permit strong consider-
ation for treatment regardless of the aneurysm’s 
size include young age, change in the size or con-
figuration of the aneurysm, and the presence of 
many, daughter sac, or symptomatic aneurysms. 
Factors that can give priority to intervention over 
observation are active smoking, hypertension, 
posterior circulation aneurysm, anterior/
posterior- anterior communicating artery aneu-
rysms, previous SAH, history of familial SAH, 
and high aspect ratio [27].

A multitude of CA geometric indices have 
been studied as potential determinants of the 
probability of rupture. The aspect ratio is identi-
fied as cerebral aneurysm height divided by the 
diameter of the neck, it is the most studied and 
perhaps the most useful shape parameter. Studies 
have shown that 80% of ruptured aneurysms have 
an aspect ratio of >1.6, while 90% of unruptured 
aneurysms have an aspect ratio of <1.6. Another 
simple and useful geometric index, particularly 
suitable for small aneurysms, is the aneurysm-to- 
vessel size ratio, more commonly referred to as 
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the size ratio. In clinical practice, this means that 
a 3-mm aneurysm arising from the anterior com-
munication artery has a higher risk of rupture 
than a 3-mm aneurysm of the paraclinoid internal 
carotid artery [27]. The growth of a CA is a strong 
risk factor for future rupture. As such, several 
experts recommend treating any aneurysm that 
has increased in size during the follow-up period. 
The annual risk of rupture was found to be 2.4% 
in aneurysms with growth compared with just 
0.2% in those without growth (i.e., 12-fold 
increase in risk of rupture) [28].
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Abstract

Introduction: Vasospasm remains a major 
cause of poor outcome after subarachnoid 
hemorrhage (SAH) following rupture of intra-
cranial aneurysms. The pathogenesis still 
remains misty due to its complexity even 
though a lot of progress has been made in 
understanding various causative mechanisms 
through intense clinical and experimental 
research.

Method: Study carried out by a review of 
English literature on topics related to patho-
genesis and management of post SAH induced 
vasospasm.

Result: Evidence-based information avail-
able points toward multifactorial biochemical 
phenomena instigated by Ferrous Hemoglobin 
which revolve around:

 (a) Concept of early brain injury and evidence 
of cortical spreading depression

 (b) Effect of ischemia in pre-vasospasm 
period and blood–brain barrier disruption.

 (c) Role of Nitric oxide (NO), Endothelin-1 
levels, and oxidative stress on smooth 
muscle cells.

 (d) Changes induced by free radical produc-
tion, lipid peroxidation, and alteration of 
ionic channels.

 (e) Differential upregulation of genes.

Conclusion: To date the understanding of 
pathophysiology of delayed vasospasm has 
made significant stride for which the role of 
research using animal models cannot be over-
emphasized. The treatment of this complex 
condition still remains vague.

Keywords

Delayed vasospasm · SAH · Aneurysm  
Cerebral ischemia

2.1  Introduction

Vasospasm remains a major cause of poor out-
come after subarachnoid hemorrhage (SAH) fol-
lowing rupture of intracranial aneurysms. The 
pathogenesis still remains misty due to its com-
plexity even though a lot of progress has been 
made in understanding various underlying mech-
anisms through intense clinical and experimental 
research. Though statistically 3.4% of population 
harbor incidental aneurysm [1] yet, depending on 
the risk factors, their rate of rupture varies from 
0% to 100% with an annual rupture rate of 
0–6.5% [2]. The risk factors vary from size of 
aneurysm, age of patient, history of smoking, and 
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hypertension to pathophysiology of aneurysm 
formation. In familial aneurysms, however, the 
risk of rupture is threefolds the normal [3]. 
Despite lot of progress in understanding of the 
molecular changes culminating into delayed 
vasospasm, the exact interplay of various patho-
physiological substrates remains an enigma. 
Interestingly, aneurysmal SAH was recognized 
since the time of Hippocrates and the outcome 
remains quite grim even to date [4].

2.2  Delayed Cerebral Vasospasm

Though management of aneurysmal SAH 
remains a major neurocritical care issue delayed 
cerebral vasospasm, which occurs usually 
between 3 and 14 days of SAH, remains the most 
elusive challenge [5]. Based on the belief that 
vasospasm is the main culprit for deterioration in 
SAH patients several trials antagonizing the sus-
pected precursors of vasospasm were conducted, 
however, they failed to achieve a good functional 
outcome [6, 7]. Hence the role of vasospasm as 
the sole prognostic factor in clinical outcome 
after SAH remains questionable. On the contrary, 
it now seems evident that the pathological events 
starting at the very onset of SAH, which culmi-
nates into various biochemical changes, need to 
be understood better. Vasospasm and DCI may be 
the extreme manifestation of the same patho-
physiological process rather than isolated 
 phenomena. This has led to the concept of “Early 
Brain Injury.”

Most of the management regimes for treat-
ment of vasospasm has been directed toward the 
end result of pathophysiological phenomenon 
rather than treating the causative mechanism. 
Based on it, till now, the main treatment modali-
ties include partial Triple H therapy 
(Hypervolemia, Hemodilution, and 
Hypertension), calcium channel antagonists, 
chemical or mechanical vasodilation. As a result, 
it still remains to be proven whether any of these 
treatment modalities have an evidence-based 
prognostic benefit in a patient with refractory 
vasospasm [8]. The diversity of opinion is 
reflected on the deliberations in 15 international 

conferences dedicated to vasospasm and SAH till 
the year 2019.

The process of vasospasm is far from the mere 
feature of spasm of blood vessels [9] and its isch-
emic consequences [10]. Clinical observation 
and experimental evidence point to the evolution 
of vasospasm as a complex multifactorial phe-
nomenon that may remain subclinical or may 
progress to clinically manifested vasospasm with 
its devastating consequences [11–15]. There are 
various other pathophysiological mechanisms 
implicated in the clinical manifestations after 
SAH apart from vasospasm namely microcircu-
latory dysfunction, ionic disbalance, cortical 
spreading depolarization, micro-thrombosis, and 
inflammation at neuronal cell level [16].

2.3  The Pathophysiological 
Changes After SAH

2.3.1  Understanding Early Brain 
Injury

The event of SAH initiates a process of transient 
global ischemia which has a consequential bear-
ing on the further pathophysiological events that 
follow. These may be in the form of brief micro-
circulatory arrest, blood–brain barrier disruption, 
microvascular constriction, brain edema [17]. 
The impact of these phenomena weighs heavily 
on the further events which progress in complex 
chain manifesting in the form of cerebral inflam-
mation, dysregulation of blood flow, cortical 
spreading depolarization, microthrombi forma-
tion, and apoptosis [18]. These changes may be 
self-limiting with minimal or no clinical conse-
quence or may progress into severe form leading 
to clinical deterioration with poor prognosis or 
fatal outcome.

2.4  What Leads to Vaso 
Constriction?

To date, a wide-ranging biochemical and molecu-
lar mechanisms have been implicated in vaso-
spasm. These processes include mopping up of 
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nitric oxide (NO), high levels of endothelin 1 
(ET-1) activity [19], alteration of ionic channels 
[20], lipid peroxidation, and free radical produc-
tion [21]. These contribute to smooth muscle 
changes through oxidative stress [15] and apop-
tosis of endothelial cells [22]. There is now clear 
identification of upregulation of genes, which can 
point to individual susceptibility [23, 24]. 
Needless to say, the root cause of all these phe-
nomena is triggered off by the release of ferrous 
components from the disintegrated hemoglobin 
released by the ruptured aneurysm in the sub-
arachnoid space.

The role of oxidative stress [25]seems to have 
taken a center stage through its mechanism of 
direct activation of calcium channels and also 
through production of vasoactive molecules. The 
action of reactive oxygen species leads to vaso-
constriction by its action on arachidonic acid 
which in turn leads to release of vasoactive lipids. 
Though the role of bilirubin oxidative products, 
formed as a result of hemoglobin break down, 
has been also considered but its role is not con-
vincing [26] (Fig. 2.1).

2.4.1  Endothelin 1 (The 
Physiological Vasoconstrictor)

There are several substrates that contribute to the 
progression of vasospasm. ET-1 is a potent vaso-
constrictor released in vascular wall whose levels 

are detected to be high in CSF following 
SAH. The exact levels, which can induce vaso-
constriction, are still not determined because 
experimental studies need much higher levels 
than what is normally witnessed clinically after 
SAH.  This raises the question of whether ET-1 
needs potentiation by other factors [27, 28]. 
There is also evidence of enhanced ET-1 receptor 
expression and function in experimental animals 
suggesting its activation after SAH [29]. The role 
of Ca+ in the smooth muscle contraction is evi-
dent in acute phase of SAH as influx of Ca+ in the 
cells leads to phosphorylation of myosin light 
chain by stimulation of myosin light chain kinase 
[30]. The sustained contraction of the smooth 
muscles is regulated by the postulated mecha-
nism of RhoA kinase activity which is stimulated 
by ET-1. Rho kinase is formed by ET-1 activation 
of Rho A.  This initiates a cascade of chemical 
changes whereby Rho kinase inhibits myosin 
phosphatase subunit (MYPT1) of myosin light 
chain phosphatase (MLCP) augmenting phos-
phorylation of myosin light chain (MLC) [31]. 
Thus, once triggered the prolonged contraction of 
vascular smooth muscle is sustained by the 
enhanced phosphorylated MLC independent of 
intracellular Ca+ levels [32]. Further studies 
endorsed these postulates whereby the expres-
sion of Rho-associated protein kinase (ROCK), 
MYPT1 subunits, Protein kinase C (PKC), and 
upregulation of ET-1 receptor are demonstrated 
after SAH [33].

Fig. 2.1 Factors contributing to vasospasm
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2.4.2  Nitric Oxide (The 
Physiological Vasodilator)

Endothelial nitric oxide is a potent physiological 
vasodilator that maintains a balancing act with 
ET-1 to maintain a steady patency of vessel 
lumen. It is produced by activation of endothelial 
nitric oxide synthase (eNOS). It produces cycli-
cal guanine monophosphate (cGMP) through its 
stimulation effect of guanyl cyclase. The end 
result, which is vascular smooth muscle relax-
ation, is achieved by dephosphorylation of MLC 
through activation of cGMP-dependent protein 
kinases [34]. Following SAH the nascent NO lib-
erated by the endothelium is mopped by hemo-
globin to which it has a very strong affinity 
leading to reduction of local NO concentration 
tilting the balance for other substrates to induce 
vasospasm in an unchallenged situation. 
Furthermore, various molecular cascades of 
events lead to endothelial cell apoptosis reducing 
the NO secreting cell population [35]. There is 
also activation of protein kinase C after SAH 
which has an inhibitory regulation on NOS 
resulting in lower levels of NO [36]. Hence, it is 
derived that in normal situation a steady balance 
between NO and Endothelin-1 plays a vital role 
in maintaining the lumen of cerebral blood 
vessels.

2.4.3  Inflammatory Changes 
Leading to Apoptosis

Investigations of cerebral arteries of patients who 
died after SAH and vasospasm revealed apop-
totic changes of vascular endothelial cells [36]. 
The endothelial loss further reduces NO produc-
tion exposing the bare vascular smooth muscles 
to spasmogenic substances like ET-1 to act 
directly. This apoptotic change is in response to a 
molecular cascade of events which is demon-
strated in experimental studies and takes place 
through inflammatory mediators, e.g., tumor 
necrosis factor alfa and interleukin-1beta [37] 
and activated caspase-3 [35, 38].

In addition, release of inflammatory sub-
stances as a reaction to blood in the subarachnoid 

space potentiates spasmogenic effect and brain 
ischemia. Potent among them are thromboxane 
A2, serotonin released from platelets [39, 40], 
and ET-1 released from leucocytes [41]. Elevated 
ICAM-1 (intracellular adhesion molecule 1), 
TNF alfa, CD18 suggests interplay of various 
inflammatory mediators in response to SAH [42–
44]. Studies suggest that there is c-Jun N-terminal 
kinase (JNK) pathway activation after SAH 
which is one of the signalling cassettes of 
mitogen- activated protein kinase (MAPK) path-
ways [45]. JNK is known to play an important 
role in cytokine production, inflammatory 
changes, and also apoptosis.

2.4.4  The Ischemic Insult

The very critical event after SAH is a sudden rise 
in the ICP which is dependent on the amount and 
duration of blood released in the subarachnoid 
space. Decreased perfusion of the brain contrib-
utes to global ischemia which has a serious con-
sequence if it does not reverse early. An immediate 
impact on the cerebral blood flow is reflected in 
reduction of brain parenchymal oxygen pressure 
[46]. Though many patients may not survive the 
immediate impact of raised ICP, severe ischemic 
secondary insult in the surviving patients leads to 
blood–brain barrier (BBB) disruption [47] con-
tributing to further brain damage, progressive 
cerebral edema [48] and delayed apoptosis of 
cerebral and vascular cells [22]. Any ischemia in 
the brain lasting for more than a few minutes will 
trigger a cascading chain reaction at the molecu-
lar level due to release of various biochemical 
substrates, which propagates BBB disruption. 
One of the inducible factors is HIF-1 which, 
when excessively activated, overexpresses its tar-
get gene VEGF (vascular endothelial growth fac-
tor) which increases BBB permeability. It also 
overexpresses BNIP3 and Nip3-like proteins, 
which are known mediators of apoptosis [49, 50]. 
Experimental studies using HIF- alpha inhibitors 
show attenuated expression of HIF-alpha with a 
reduction in vasospasm [51]. In addition to apop-
tosis triggered by activated HIF- 1alpha and 
BNIP3 [50], elevated levels of pro- apoptotic p53 

A. Pathak



13

proteins in vasospastic cerebral arteries seem to 
play a role in the phenomenon of induction of 
vasospasm [52–54].

2.4.5  Free Oxygen Radicals

Autoxidation of hemoglobin leads to liberation 
of reactive oxygen species (ROS), which play a 
role in arterial narrowing. The use of antioxidants 
demonstrated reversal of its effect on experimen-
tal vasospasm [55, 56]. The effect of ROX on 
bilirubin leads to oxidation products of bilirubin 
which has an inhibiting effect on endothelial 
nitric oxide synthase (NOS) leading to dampen-
ing of physiological vasodilation because of 
reduced production of NO [57]. The role of ROS 
in vasoconstriction is also postulated because of 
its stimulation effect on production of vasocon-
strictor metabolites of arachidonic acid which 
have shown to decrease cerebral blood flow by 
blocking calcium-activated potassium channels 
in experimental animals [58]. The superoxide 
radicals (SOR) produced after SAH from 
NADPH oxidase have an indirect vasoconstric-
tive effect as these SOR combine with NO to pro-
duce peroxynitrite which in turn inhibits eNOS 
[59]. This mechanism is corroborated by reversal 
of vasospasm using NADPH inhibitors experi-
mentally [60].

2.4.6  Is Vasospasm All About 
Cerebral Vasculature?

Until recent past, cerebral vasospasm was related 
to constriction changes in cerebral vasculature as 
a result of reactive changes secondary to effect of 
blood and its products released in the subarach-
noid space after SAH. However, the mechanism 
seems to be related to the phenomenon of spread-
ing depression set off by glial cell dysfunction 
(Cortical Spreading Depolarization) which is 
heavily dependent upon the changes secondary to 
pathophysiology of SAH [61–64]. Following the 
event of SAH there is a marked change in the 
milieu of ions in the neuroglial cells resulting in 
a significant increase of extracellular potassium 

with simultaneous decrease of extracellular 
sodium, chloride, and calcium ions due to their 
influx in the cell along with water. This results in 
a state of EEG silence [65–67].

Normally increase in functional activity of 
brain is directly proportional to increase blood 
flow and oxygen uptake, which enhances metab-
olism and glucose uptake [68, 69]. This coupling 
of flow and metabolism is regulated by interac-
tion between astrocytes, neurons, and endothelial 
cells, which is mediated by electrical and chemi-
cal changes in milieu contributed by agents like 
nitric oxide (NO), carbon dioxide, endothelin 1, 
alteration of ionic channels, adenosine, lipid per-
oxidation, and free radical production. The role 
of astrocytes in maintaining the local extracellu-
lar potassium concentration is important as they 
are described as perfect potassium electrodes 
[70], acting as a spatial buffer in local change of 
potassium [71].

Extracellular acidosis and hypercapnia have a 
linear correlation with cerebral vasodilation with 
maximum dilation achievable up to pH 7. This 
acidosis-induced dilation due to high extralumi-
nal H+ concentration is mediated through acti-
vated KATP & KCa’, Even though there is 
contribution of NO in moderate increase in 
extraluminal proton concentration however its 
role becomes ineffective at a lower pH of 7 [72–
75]. The aggravation of cerebral ischemia is aug-
mented by periodic waves of Cortical Spreading 
Depolarization (CSD), which develop as a com-
plex biochemical change secondary to oxyhemo-
globin, ET-1, and K+ ions [76]. The major trigger 
for CSD is changed in ionic milieu which hap-
pens due to inactivation of Na+/K+-ATPase activ-
ity at synaptic membrane level after SAH [77]. 
CSD thus contributes to spasm in distal small 
vessels and cellular necrosis (Fig. 2.2).

2.5  Diagnosis of Vasospasm

The diagnosis of vasospasm is best performed 
with a modality that can demonstrate the cerebral 
blood vessels and their caliber. Hence, CT angio-
gram (CTA), MR angiogram (MRA), or Digital 
Subtraction Angiography (DSA) are the options 
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to study the vascular territory involved in 
 vasospasm. However, all these modalities are 
appropriate to diagnose spasm in large and 
medium-size intracranial vessels but their utility 
in diagnosis of small vessels vasospasm is very 
limited. Though the diagnostic ability of these 
modalities is good for moderate-to-severe vaso-
spasm but the logistic feasibility of repeating 
these studies precludes them for use in daily 
monitoring of status of vasospasm. DSA pro-
vides a more detailed picture of the status of ves-
sels and the cross circulation but the intraluminal 
maneuvering of catheters and use of contrast 
medium can aggravate vasospasm in a spastic 
vessel [78]. CT perfusion studies are a useful 
substitute and can be helpful in diagnosing the 
imminent ischemia as well as the status of perfu-
sion but the exact degree and distribution of 
spasm in the vasculature would not be apparent 
through this investigation.

Transcranial Doppler Ultrasound (TCD) is 
now being extensively used as a handy modality 
to assess the degree and extent of vasospasm. It 
has the logistic advantage of being noninvasive, 
easy to repeat, available at the bedside, and user 
friendly. The assessment through TCD is not only 
operator dependent but it has bearing on the anat-
omy of cerebral vasculature, exact site of vaso-
spasm, the thickness of temporal bony window, 
viscosity of blood, ICP status, fluctuation of CO2, 
and systemic blood pressure levels. Though it 

does not fulfil all the needed criteria for a detailed 
diagnosis, it gives a fair reading of velocity of 
blood flow in all the major vessels, thus alerts the 
observer on the magnitude of impending or exist-
ing vasospasm. TCD diagnosis of vasospasm in 
the MCA has a sensitivity of 39–94% and speci-
ficity of 85–100% [79]. There are different win-
dows of access to mainly three intracranial 
vessels namely, the most commonly used middle 
cerebral artery (MCA) and anterior cerebral 
artery (ACA) both through the thin temporal 
squama, the basilar artery (BI) through the fora-
men magnum, and the transorbital window for 
the anterior cerebral vessels. TCD monitoring 
should ideally be done on a daily basis and the 
mean velocity of MCA would normally be 
between 80 and 100 cm/s. The respective values 
for mild, moderate, and severe vasospasm of 
MCA are 100–120, 120–200, and >200  cm/s, 
respectively [80].

The Lindegaard ratio of flow velocity between 
MCA and extracranial Internal Carotid Artery 
(ICA), which has got an almost 90% accuracy of 
detecting angiographic vasospasm, is a useful 
method for diagnosis of vasospasm whereby 
vasospasm is established if the ratio of MCA/
ICA is more than 3 and a value of 6 or more indi-
cates very severe vasospasm [81, 82]. A similar 
ratio of flow between BA and extracranial verte-
bral artery (EVA) has been advocated to establish 
vasospasm of BA [83].

Fig. 2.2 Cortical Spreading depolarization
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2.6  Management Options 
for Vasospasm

2.6.1  Trials on Targeted Substrates

2.6.1.1  Lipid Peroxidation Inhibitors
Since lipid peroxidation induced by free radi-
cals has a potent role in inducing vasospasm 
hence its inhibition by a nonglucocorticoid 
21-aminosteroid (Tirilazad mesylate) was tried 
by virtue of its radical scavenging action and 
membrane stabilizing properties. Tirilazad 
mesylate underwent a global multi-centric ran-
domized, double-blind trial with an aim to look 
for improvement in vasospasm and outcome at 
3 months follow up. Though there was a signifi-
cant reduction of vasospasm using 6 mg/kg/day, 
the benefits failed to reach a statistical signifi-
cance even though it showed better efficacy in 
males in contrast to female patients [84].

2.6.2  Role of Endothelin-1 
Antagonist

Endothelin-1 an endogenous potent vasocon-
strictor which maintains a balancing act with 
nascent NO, is a potent vasodilator, released by 
the endothelium of cerebral arteries. CSF stud-
ies after SAH demonstrate an increase in ET-1 
levels. There are two types of Endothelin-1 
receptors, Endothelin A (ETA) receptor and 
Endothelin B (ETB) receptor [85]. ETA is 
directly responsible for smooth muscle contrac-
tion and hence a random placebo-controlled 
trial (CONSCIOUS 1) with Endothelin 1A 
antagonist (Clazosentan) was carried out to 
look for relief from ischemia and infarction of 
the brain [6]. Though the trial demonstrated 
significant benefit in terms of angiographic 
vasospasm, it did not show any impact on DCI 
[7]. Subsequently, CONSCIOUS-2 and 
CONSCIOUS-3, Phase III trials were con-
ducted, respectively, for clipped and coiled 
patients with no significant advantage on either 
mortality, morbidity, or long-term functional 
outcome [86].

2.6.3  Is There Any Role of Statins?

Due to the unique combination of anti- 
inflammatory properties, dampening effect on 
reactive oxygen production, upregulating effect 
on NO synthase, and reduction of excitotoxicity 
the statins were also tried to look for ameliora-
tion of vasospasm and DCI.  Limited studies 
endorse some beneficial effects of statins but 
there was asymptomatic alteration in liver func-
tion noted as a side effect [87]. However, the 
STASH trial (Simvastatin in Aneurysmal 
Subarachnoid Hemorrhage Trial) could not 
establish the use of statins in acute phase of 
treatment of SAH [88].

2.6.4  Augmenting NO Activity

2.6.5  Sildenafil Citrate

Sildenafil citrate is a phosphodiesterase inhibitor 
which along with NO is known to relax the 
smooth muscles by preventing hydrolysis of 
cyclic guanosine monophosphate (cGMP) and 
inducing smooth muscle relaxation. Its role is 
already established in vertebrobasilar insuffi-
ciency, angina, and erectile dysfunction. 
Experimental studies suggested a beneficial 
effect of intrathecal sildenafil apart from its 
smooth muscle relaxation to produce changes in 
cognitive function [89]. To avoid the logistic 
implication of intrathecal sildenafil therapy, treat-
ment through enteral route was tried on a series 
of patients in a pilot study which claims to show 
benefit in limited number of patients with refrac-
tory vasospasm. However, there were consider-
able side effects of the drug and no controlled 
study has been undertaken to prove its efficacy 
[90].

2.6.5.1  Nascent NO Donors
The mopping up of nascent NO released from the 
vascular endothelium by oxyhemoglobin is an 
important biochemical phenomenon that has a 
major implication in the pathophysiology of 
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vasospasm. Hence, any therapy to augment the 
availability of NO would be a logical and effica-
cious way to prevent or reverse vasospasm [91]. 
The main hurdle is the ultra-short life of NO 
which remains active for a very brief period. 
Accordingly, intrathecal instillation of sodium 
nitroprusside as a potent NO donor was carried 
out in a study with very good angiographic evi-
dence of reversal of vasospasm (Fig. 2.3). Though 
the study showed reversal of early vasospasm 
with its prevention in imminent cases, however, 
its role in refractory vasospasm was not estab-
lished [92]. Other nitric oxide donors like NaNO2 
were reported to be useful in animal models [93], 
but its efficacy in humans is yet to be 
established.

2.6.5.2  Magnesium Sulfate
Magnesium is long known to be an important cat-
ion, which has a role in various metabolic pro-
cesses. Its role resembling a physiological 
calcium antagonist [94] was intensely studied 
with considerable improvement in DCI and vaso-
spasm in animal studies [95, 96]. Magnesium 
Sulfate (MgSO4) was therefore put through Phase 
I and Phase II trials with potentially encouraging 
results. A subsequent Phase II trial IMASH 

(Intravenous Magnesium Sulfate for Aneurysmal 
Subarachnoid Hemorrhage) was undertaken 
which, however, failed to show any significant 
good outcome at 6  months [97]. A further 
MASH-II (Magnesium in Aneurysmal 
Subarachnoid Hemorrhage II Study) using Mg 
therapy for 20 days after SAH failed to demon-
strate any beneficial effect [98]. The lower CSF 
penetration and the side effects of Mg therapy 
were considered as important reasons for the sub-
optimal response.

2.7  Treatment Regime for SAH/
Vasospasm

2.7.1  Optimizing Physiological 
Disruption

2.7.1.1  Catecholamine Surge 
and Increased Sympathetic 
Activity

SAH is associated with increased catecholamine 
surge, which has a bearing on the prognosis [99, 
100]. This in turn enhances sympathetic activity 
manifested in the form of cardiovascular changes 
recorded in ECG and also neurogenic pulmonary 

a b

Fig. 2.3 (a, b) Treatment of vasospasm using NO donor. 
(a) Pre-treatment and (b) Post-treatment. Reversal of 
vasospasm in a clipped patient with TCD value of 

300  cm/s using intrathecal NO donor (sodium 
Nitroprusside) instillation. Note may be made on the 
effect of therapy on perforators
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edema in severe cases [101]. Hence, close moni-
toring of cardiac and pulmonary function is of 
utmost importance specifically in patients mani-
festing with extracranial sympathetic manifesta-
tions and appropriate remedial measures are to be 
instituted, e.g., positive pressure ventilation for 
neurogenic pulmonary edema.

2.7.1.2  Controlling Body Temperature
Fever is a recognized entity in SAH which is 
common in patients with poor grade SAH or 
intraventricular hematomas [102]. For every 
degree Celsius change in body temperature, the 
glucose utilization demand in different areas of 
brain increases by 5 to 10%. Poor outcome has 
been documented with patients of SAH associ-
ated with fever [103]. Contrarily hypothermia 
has a protective effect on brain by reducing the 
rate of metabolism and free radical production, 
maintaining integrity of blood–brain barrier and 
aerobic metabolism and also lowering excitatory 
neurotransmitters release [104, 105]. The role of 
targeted temperature control therapy, therefore, is 
claimed in several studies to have a significantly 
beneficial role in restoring the alteration in brain 
metabolism secondary to SAH [106–108].

2.7.1.3  Electrolyte Management
Fluctuation in serum sodium levels is well known 
in SAH with observation of initial rise followed 
by significant fall in the second week [109]. The 
reason for hyponatremia is related to various fac-
tors which include cerebral salt wasting syn-
drome, SIADH, glucocorticoid deficiency. 
Despite hyponatremia being a known cause of 
reduced cerebral function and infarction of the 
brain, its contribution to poor outcomes is not 
clear [110].

Hypernatremia is commonly a manifestation 
of hypothalamic insult and may be associated 
with diabetes insipidus. It has been shown to 
have a poor outcome as per studies available 
[111, 112]. Based on the above observations 
serum sodium level within the normal physiolog-
ical range is ideal even though the exact relation-
ship of sodium imbalance with outcome is not 
fully established.

2.7.1.4  Maintaining Cerebral Perfusion
To counter the effects of decreased perfusion 
and poor blood flow secondary to vasospasm 
and DCI the triple H therapy (Hypervolemia, 
Hypertension, and Hemodilution) was in vogue 
with the aim to improve circulatory blood vol-
ume, cerebral perfusion pressure, and reduce the 
viscosity of blood. Low molecular weight dex-
tran, mannitol, and albumin were used for vol-
ume expansion as a routine measure in the past. 
However, there was mounting evidence that 
hypervolemia and hemodilution were not be of 
much benefit [113, 114] with convincing evi-
dence to suggest harmful effects of hemodilu-
tion [115, 116]. Hence induced hypertension, to 
maintain a high mean arterial pressure (MAP), 
remains one of the efficacious components of 
the regime, which is followed routinely in most 
of the centers [115]. Maintaining a high level of 
hemoglobin has also been seen to have contrib-
uted to better outcomes [116]. Since cerebral 
perfusion is guided by a balance between the 
intracranial pressure and the MAP there remains 
a role of anti-edema measures through pharma-
cological means as well as ventilation. Mannitol, 
which is a commonly used drug to reduce ICP, 
was also popular because of its volume expan-
sion effect. However, there remains a concern in 
long-term use of mannitol due to its effect on 
blood rheology through serum osmolality 
changes, electrolyte imbalance, and rebound 
rise in ICP after its withdrawal. ICP reduction, 
in order to improve cerebral perfusion, is there-
fore better managed through controlled 
ventilation.

2.7.1.5  Calcium Channel Antagonists
Calcium channel blockers are known to act on 
the “slow calcium” channels and hence have a 
relaxing effect on vascular smooth muscles and 
cardiac muscles without any effect on skeletal 
muscle. Apart from their action on smooth mus-
cle vasculature they are known to play a signifi-
cant role in blood rheology, calcium entry in 
ischemic cells, dilation of collateral leptomen-
ingeal vessels, and platelet aggregation 
[117–119].
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2.7.1.6  Nimodipine
Dihydropyridine calcium antagonists are known 
to reduce spasm of vascular smooth muscles and 
amongst them nimodipine has been proved to 
have class I evidence to be efficacious in signifi-
cant number of cases, more so, if it is prophylac-
tically started on the day of SAH [78, 95, 113, 
120, 121]. Nimodipine has been shown to also 
improve outcomes in DCI as it demonstrates a 
neuroprotective effect through a reduction in the 
degree of apoptosis by decreasing Ca influx and 
antiplatelet aggregation properties and also by 
improving collateral channels and blood rheol-
ogy. Results of the British aneurysm nimodipine 
trial substantiate these facts with a significant 
reduction in incidence infarction and improve-
ment in outcome [122, 123]. The treatment with 
nimodipine has shown to be cost-effective also 
with nominal side effects [124].

Nimodipine is administered by oral or intrave-
nous route, ideally in an ICU setting, and the rec-
ommended dose is 60 mg every 4 hourly. In case 
this dose interferes with maintenance of desired 
MAP, required for sustained cerebral perfusion, a 
revised dose of 30 mg every 2 to 4 hourly may be 
administered under strict monitoring.

2.7.2  Strategies to Reduce Blood 
Load in Subarachnoid Space

2.7.2.1  Lumbar Drain
Since free blood remains the main spasmogenic 
source in the subarachnoid space (SAS) studies 
were conducted to reduce the blood load around 
the vessels in order to attenuate the harmful effect 
of blood or its products. The EARLY DRAIN 
Trial (Early Lumbar Cerebrospinal Fluid 
Drainage in Aneurysmal Subarachnoid 
Haemorrhage Trial) [125] and the LUMAS trial 
(Lumbar Drainage in Subarachnoid Haemorrhage 
Trial) [126] were instituted to look for decrease 
in the incidence of DCI and improved early clini-
cal outcome. Both the studies were found to be 
safe and showed a reduction in the incidence of 
DCI with improvement in early clinical out-
comes. However, the long-term clinical outcome 
did not reveal any significant improvement. Even 

then, the use of lumbar drain and removal of 
blood load in the basal cisterns during open sur-
gery is still practiced by many clinicians with dis-
puted claims of achieving lower incidence of 
ischemia and vasospasm [78]. However, one 
needs to be cautious as too much drainage of CSF 
is found to be associated with shunt dependency 
[126].

2.7.2.2  Cisternal Lavage and Local 
Thrombolytics

Studies conducted to look for efficacy of cis-
ternal and ventricular lavage, mechanical agi-
tation (kinetic therapy), and use of local 
thrombolytics were analyzed to see for reduc-
tion in DCI and improvement in outcome. The 
studies definitely suggest improvement in early 
outcome and reduced incidence of vasospasm 
in the group who are subjected to cisternal and/
or ventricular lavage with added kinetic ther-
apy. However, there are limitations of these 
procedures as it involves potential risk of 
infection and is a subject of logistic debate in 
patients who are treated purely be radiological 
intervention.

2.7.3  Intrathecal Treatment Options

2.7.3.1  Intrathecal Thrombolysis
Early and quick resolution of blood in subarach-
noid space seems to be an attractive alternative to 
clear the blood from the thecal space. Several 
studies were undertaken using intracisternal 
thrombolysis using urokinase or tissue plasmino-
gen activator to lyse the clot from the cisternal/
intraventricular space. Recent meta-analysis sug-
gests a clear advantage of intrathecal fibrinolysis 
showing improved functional outcome with 
lower mortality risk and lesser incidence of 
hydrocephalus [127, 128]. Despite claims of effi-
cacy in this management, issues related to incon-
sistency of technical aspects cast a doubt on 
safety and side effects, infection and hemorrhage 
being of serious concern. A prospective random-
ized control trial on intraventricular thrombolysis 
is already underway to answer these important 
issues [129].
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2.7.3.2  Intrathecal Nicardipine
Nicardipine, a calcium channel blocker which is 
used to treat hypertension and chronic angina, 
has been tried to treat vasospasm after SAH [130, 
131]. The drug was used as a slow-release loaded 
polymer for local release which demonstrated 
promising results. However, the problems of 
logistics in delivery and its efficacy in the distant 
vascular tree, especially with thick load of blood 
clot in subarachnoid space around the vessel pre-
cluded it from coming into regular use.

2.7.4  Endovascular Intervention 
for Vasospasm

Endovascular treatment options for vasospasm 
are considered when the other options do not 
yield encouraging response to the clinician, even 
though they are not bereft of side effects and 
complications. The options include the use of 
intra-arterial drug infusions and balloon angio-
plasty [132, 133].

2.7.5  Role of Intra-arterial 
Pharmacotherapy

2.7.5.1  Intra-arterial Nimodipine
Since nimodipine is considered to be of proven 
efficacy as a calcium channel blocker its role in 
preventing and reversing vasospasm has been 
very much tried in various studies with reason-
able success in controlling and reversing vaso-
spasm specifically when it is in mild or moderate 
form. However, its efficacy in severe vasospasm 
with advanced DCI is not very well established. 
In a single-center study conducted in the recent 
past using intra-arterial nimodipine for vaso-
spasm the outcome was good in 73.8% of patients 
[134].

2.7.5.2  Papaverine
Papaverine (a nonspecific phosphodiesterase 
inhibitor) which is a potent vasodilator was ini-
tially considered a useful agent for intra-arterial 
use. Though good vasodilation was achieved, the 
effect of the drug was short-lasting [135]. 

Moreover, intra-arterial papaverine did not last 
the test of time because of issues of unpredictable 
complications, e.g., systemic hypotension, brain-
stem function depression, seizures [136]. A com-
parison of intra-arterial papaverine and 
nimodipine was studied to see for the efficacy of 
each agent. Though papaverine has a diffuse 
effect on all the vessels in comparison to nimodip-
ine (83%), there was no demonstrable difference 
in perfusion at the capillary level [137].

2.7.5.3  Milrinone
Milrinone, a phosphodiesterase III inhibitor, is 
widely used to treat patients with acute cardiac 
failure having a dual role of vasodilation and ino-
tropic effect. This therapy has shown significant 
improvement in the patients of vasospasm includ-
ing refractory vasospasm in patients of poor 
grade SAH [138]. Safety and efficacy of milri-
none are being assessed in MilriSpasm Trial 
(Safety of Intravenous Milrinone for the 
Treatment of Subarachnoid Hemorrhage-induced 
Vasospasm) is due to complete in early 2021. The 
drug seems to hold a promise in reversing vaso-
spasm through chemical angioplasty.

2.7.5.4  Balloon Angioplasty
Balloon angioplasty remains an important option 
for refractory vasospasm when pharmacotherapy 
fails. Though it gives relief from focal vasospasm 
it may not be very useful in diffuse vasospasm 
particularly if it involves distal vessels. More so, 
this therapy is ideally to be implemented in cen-
ters which are equipped with the facility and 
expertise. The procedure is not without any risk 
or failures and hence may need to be repeated 
several times during the phase of acute vaso-
spasm. The controversy remains in the timing of 
mechanical balloon dilation where studies have 
shown the procedure to be effective if performed 
within the first 2 h of onset of vasospasm in con-
trast to that performed within 24 h [132, 139].

If normal or supranormal diameter of the ves-
sel is achieved at initial angioplasty then subse-
quent need for angioplasty can be obviated in 
contrast to a subnormal dilatation where repeat 
dilations may be necessary [140]. The main limi-
tation of mechanical angioplasty is in its effec-
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tiveness mainly in short segment vasospasm and 
it remains technically difficult to exploit its role 
in vasospasm involving long arterial segments or 
distal vessels. Hence, a combination of intra- 
arterial mechanical dilation and infusion using 
nimodipine was found to be more effective than 
isolated use of individual modalities and the 
effect was most pronounced on ICA and BA 
[141]. However, the procedure of mechanical 
angioplasty needs to be done with caution as 
there are reported complications which include 
perforation and rupture of vessels, occlusion, 
stroke, dissection, displacement of aneurysm 
clips. 144. Attempts for prophylactic dilation of 
major vessels to prevent vasospasm did not yield 
the desired outcome of preventing delayed isch-
emia of the brain [132].

The Invasive Diagnostic and Therapeutic 
Management of Cerebral Vasospasm After 
Aneurysmal Subarachnoid Haemorrhage trial 
(IMCVS) to sort out the optimal treatment modal-
ity has not been able to provide a defined guide-
line for treatment in individual cases [142]. 
However, endovascular treatment for vasospasm 
remains an effective alternative in situations of 
refractory vasospasm with comparatively better 
functional outcome [143].

2.8  Conclusion

Vasospasm, which is an important cause of mor-
bidity and mortality, remains a major challenge 
in patients of SAH. Over the decades there is a 
definite improvement in outcome because of bet-
ter perioperative management using aggressive 
treatment and prevention protocols. 
Understanding of the pathophysiological changes 
after SAH and identification of various substrates 
involved in its genesis has helped in formulating 
management guidelines yielding better outcome. 
The identity of primary trigger spasmogenic mol-
ecules remains illusive, and the cascading events 
initiated by activation of various biochemical 
pathways starting from release of oxyhemoglo-
bin to oxygen free radicals and their conse-
quences are yet to be precisely understood. In 

comparison to the past, the molecular changes 
and their impact are now better revealed but there 
has been no breakthrough in countering their 
impact on the brain. As various trials to date have 
failed to come out with a panacea the age-old 
concept of augmentation of cerebral perfusion, 
creation of an optimal milieu for the brain paren-
chyma still remains an important strategy for 
ICU management. Nimodipine is the only drug 
with proven efficacy but it fails to ameliorate all 
stages of vasospasm especially the refractory 
group. Hence, the emerging concept of “Early 
Brain Injury” and its prevention remains a major 
target for timely institution of treatment strate-
gies in such patients.
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Abstract

Brain aneurysms are the most frequent cause 
of intracranial hemorrhage in young people. 
In the last 40  years the treatment of brain 
aneurysm has been revolutionized by the 
advent and the growth of endovascular tech-
niques. Treatment of aneurysms with the aid 
of various foreign bodies such as needle and 
wire insertion with or without electrical cur-
rent has been reported since the first half of the 
nineteenth century. In 1832 Phillips induced 
clot formation in the femoral and carotid arter-
ies of dogs by leaving needles in the arteries 
for variable lengths of time. Simultaneously, 
in France, Velpeau had proposed using 
“l’acupuncture des arteres dans le traitement 
des anevrismes.” The introduction of detach-
able balloons by Serbinenko in the mid-1970s 
to occlude ruptured or symptomatic aneu-
rysms was the first step of the neurovascular 
progress that goes on today. Then, endovascu-
lar therapies emerged in the 1990s with the 
advent of the Guglielmi detachable coil sys-

tem. This chapter concisely describes the his-
tory of endovascular intracranial navigation 
and the history of the endovascular endosac-
cular treatment of brain aneurysms, from 
detachable balloons to detachable coils.

Keywords

Aneurysm · Endovascular · Detachable 
balloons · Detachable coils

3.1  Introduction

Studies of Egyptian mummies have revealed that 
atherosclerosis and arterial calcification were 
relatively common 3500 years ago [1]. The Ebers 
Papyrus is among the earliest medical writings 
and is thought to have been prepared around 
2000  BC.  The writer clearly identified arterial 
aneurysms, probably peripheral aneurysms, and 
recommended the following treatment: Treat it 
with a knife and burn it with a fire so that it bleeds 
not too much [2].

In 117  BC, Flaenius Rufus (Fig.  3.1), an 
Ephesian physician trained in Alexandria, Egypt, 
provided the first insight into the underlying 
causes of this class of vascular lesions by sug-
gesting that their origins might lie in trauma [3]. 
Progress in treatments for the disease and coining 
of the term—aneurysm did not occur until Galen 
described the entity in AD 200 [4].
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Antyllus, a Greek surgeon of the second cen-
tury AD, has left the earliest record of attempted 
therapy of aneurysms. Although his writings 
have been destroyed, his ideas are recorded in the 
works of Oribasius, who lived in the fourth cen-
tury AD.  According to Oribasius, Antyllus 
said,—We decline exceptionally big aneurysms, 
but we will operate as follows on aneurysms in 
the extremities, the limbs and the head [5].

3.2  Middle Ages

During the 1600s and 1700s, forensic studies 
conducted on patients whose death was sudden 
and unexpected led to the proposal that the cere-
bral aneurysm could be the cause of death.

In 18, Dinis P. (1643–1718) described the 
cases of the Duke of Aurelia and the Prince of 
Espinoza, who died suddenly. Autopsies 
revealed that the cerebral ventricles were dis-
tended with sanguineous extravasation of blood 
in both cases [6].

Giovanni Battista Morgagni (1682–1771) was 
an Italian anatomist, described the dilatation of 
posterior branches of the carotid arteries, which 
may have been aneurysms in his book—“De 
Sedibus et causis morborum per anatomem inda-
gatis” in 1761 (Fig. 3.2) [7].

Aneurysm surgery entered an era with the 
advent of the proximal artery ligation technique. 
Arterial ligation was popularized in the 1800s by 
John Hunter (1728–1793), who demonstrated a 

technique of arterial ligation—Hunterian liga-
tion, named in his honor, which is a safe repro-
ducible means of. Lighting certain peripheral 
arteries [8].

John Hunter described a case of false popliteal 
aneurysm whose rupture after a first attempt of 
classical proximal ligation at its neck was the 
motive for an ipsilateral femoral artery ligation 
[9]. However, the first reports of peripheral artery 
ligation belong to Ambrose Paré (1510–1590). In 
1552 Ambroise Paré performed the first surgical 
control of a cervical vascular injury (Fig. 3.3) [10].

Fig. 3.1 Rufus of Ephesus (Flaenius Rufus, 80–150 AD, 
above)

Fig. 3.2 Giovanni Battista Morgagni (1682–1771)

Fig. 3.3 Ambrose Paré uses ligature during amputation
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In 1760 Jean-Louis Petit revealed his discov-
ery that there is no significant effect on the brain 
even if one of the carotid arteries is thrombosed. 
He stated that his patient had an aneurysm at the 
bifurcation of the right common carotid artery. 
7 years later, an autopsy was done on that patient 
showed complete occlusion of the lumen by 
organized thrombus [11]. This opened the way 
towards elective carotid artery ligation for condi-
tions other than injury. Hebenstreit of Germany 
in 1793 reported a case of carotid ligation for 
hemorrhage, and the patient is said to have lived, 
and this case may be considered the first elective 
carotid artery ligation [12]. John Abernethy, in 
London in 1798, ligated the carotid artery for 
trauma, but the patient died of cerebral causes 
[13]. The first authentic, successful ligation of the 
carotid artery on record was performed by David 
Fleming, a young British naval surgeon on 
October 17, 1803, on a servant who tried to com-
mit suicide by cutting his throat. The patient sur-
vived [14].

The first case of ligature of the carotid artery 
in the United States was that of Mason F. Cogswell 
of Hartford, Conn, performed November 4, 1803; 
the report was published in October of 1824. The 
patient, a 38-year-old woman, had an extensive 
tumor of the left side of her neck that completely 
enveloped the carotid artery. During the course of 
its removal, the carotid artery had to be ligated 
and divided. The patient did well at first, but on 
the 20th day, she died as a result of a hemorrhage 
from the wound. Cogswell stated the circum-
stances attending this case were such as entirely 
to establish the practicability and safety of divid-
ing the carotid artery on the living subject [15].

The first successful ligation of the carotid 
artery in the United States was performed by Dr. 
Amos Twitchell of Keene, NH, on October 18, 
1807 [16]. Sir Ashley Cooper (1768–1841) made 
history in 1808 when he performed at Guy‘s 
Hospital in London, the first successful treatment 
of a carotid aneurysm (Fig. 3.4). The operation 
consisted of ligation of the common carotid 
artery, and the patient, a 50-year-old man, left the 
hospital after a 3-month period of recovery 
(because of smoldering wound infection) [17]. 
On May 23, 1809, Benjamin Travers, Cooper’s 

pupil, performed ligation of the common carotid 
artery in a 28-year-old female with unilateral pul-
sating exophthalmos; this became the first docu-
mented surgical treatment of CCF [18].

3.3  Twentieth Century Era

By the begging of the twentieth century, many 
efforts were carried out to modify ligation tech-
niques to minimize complications and increase 
efficacy and safety. It was started by Halsted in 
1905, who tried to use aluminum strips that 
would enable radial occlusion of the ligated arter-
ies [19]. In such a similar way, Mata R. Published 
his work in 1911 of testing the efficacy of collat-
eral circulation using slowly tightening remov-
able aluminum bands before complete occlusion 
[20, 21]. Hamby and Gardner were the first to 
succeed in surgically treating carotid-cavernous 
fistula by carotid ligation in two cases in 1933 
[22]. In 1951 Poppen J. Published his experience 
with 143 surgically treated patients with intracra-
nial aneurysms and illustrated his plication tech-

Fig. 3.4 Sir Ashley Cooper (1768–1841)
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nique of the carotid artery, which considerably 
reduced intimal damage [23].

The outcomes of proximal artery ligation for 
aneurysm treatment also frustrated many sur-
geons, including Norman Dott of Edinburgh, 
who decided to take the risk of tackling an aneu-
rysm directly. In 1931, with no angiographic 
assistance, he performed a frontal craniotomy in 
a 53-year-old patient, discovering a 3-mm aneu-
rysm of the ICA, at which point he wrapped it 
with muscle from the patient’s leg. The next day 
his patient was awake. Until his death, 11 years 
after, the patient did not have any hemorrhagic 
events [24].

Few years later, Walter E.  Dandy (1886–
1946), who is well known for his studies on 
hydrocephalus, published his results on the 
treatment of carotid-cavernous fistula using a 
trapping technique by ligation of the cervical 
carotid artery and clipping of the intracranial 
ICA aiming to induce thrombosis and in some-
where of the vascular system participating in the 
fistula.

Many neurosurgeons nowadays consider 
Dandy the father of modern vascular neurosur-
gery as he was the first, who planned to direct 
clipping procedure for intracranial aneurysm in 
March 1937 using a Cushing silver clip used pre-
viously in hemostatic purposes during brain 
tumors surgery (Fig.  3.5) [25]. Clip technology 
and manufacture continue to improve and update 
till the present day. In 1949 Duane changed the 
shape of Cushing‘s V clip to U shaped clip, 
increasing its efficacy (Fig. 3.6) [26].

One-year late, Schwartz devolved a tempo-
rary clip for arterial occlusion called cross action 
alpha clip which was modified 20 years later by 
Mayfield to obtain better handling of the appli-
cator allowing trial and error in clip placement 
[27]. Then Sundt (1930–1992) designed what is 
so- called encircling clip graft which was 
devolved to repair defects in the vessel wall [28]. 
Edgar M. Housepian, a pioneer in the develop-
ment of stereotactic surgery, designed the 
Housepian clip in 1976, which is safer and con-
trollable (Fig. 3.7) [29].

Fig. 3.5 Cushing’s clips showing the silver wire sutures 
for the meningeal artery. The set consists of a rod for mak-
ing the sutures, and forceps for cutting and applying them

a

b

Fig. 3.6 A modification of the McKenzie silver clip (a) to 
U shaped clip (b)

O. M. A. Ramadan and X. Lv



33

In the same way with the evolution of extra-
vascular approaches to cerebral aneurysms, many 
attempts, from pioneering ones to hazardous 
ones, were done to build up the era of the endo-
vascular route to cerebral aneurysms. In 1824, 
Scudamore observed that blood thrombosed at a 
positive but not a negative electrode [30]. Velpeau 
and Philips described the blockage of arterial 
vessels by temporary puncture with a pin [31]. In 
1847, Ciniselli described the use of direct current 
applied through pins in an aneurysm to induce 
thrombosis [32]. Dawbarn was the first to report 
on the embolization of head and neck tumors in 
1904. He invented the Starvation operation to 
treat malignant tumors by embolizing them at the 
region of the external carotid artery [33].

At this time, it was not possible to take radio-
graphic images of the brain in a living human 
except by pneumoventriculography, a method 
devolved by Dandy by introducing air into the 
ventricles. This method provided faint images of 
the cerebral ventricles, but it had many hazards to 
the patients [34].

Egan Moniz (1874–1955), a Nobel prize 
awarded, described in his book the several steps 

leading to the discovery of cerebral angiography. 
A very difficult procedure was given the possibil-
ity to take only three films in sequence after 
injecting a contrast agent directly into the carotid. 
In 1937, he originally described internal carotid 
occlusion as documented by angiography. His 
observations and comments on the clinical, 
pathogenic, and therapeutic aspects of internal 
carotid thrombosis are reviewed [35].

Norman Dott dramatically improved methods 
of diagnosis with the introduction of angiogra-
phy. Equipment capable of performing angiogra-
phy was installed in Edinburgh soon after the 
original description of the technique by Moniz. 
Dott quickly utilized. The new method to identify 
an arteriovenous malformation (AVM)—the ear-
liest attempts at cerebral arterial radiography 
were made in 1927 when we used Sodium Iodide 
as the opaque medium. On March 24, 1933, Dott 
performed the first angiogram demonstrating an 
intracranial aneurysm [36]. Fourteen years later, 
Stig Radner published the first vertebral angiog-
raphy (Fig. 3.8) [37].

Fig. 3.7 Housepian clip design

Fig. 3.8 First vertebral angiogram done by Stig Rander
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The first attempt carried out to an endovascu-
lar embolization of carotid-cavernous sinus fis-
tula was in 1930 by Barney Brooks. He used a 
free piece of muscle through the internal carotid 
artery (ICA) [38]. It was hoped that the embolus 
would be carried out by the blood flow to the fis-
tulous opening.

In 1964, Speakman was the first to describe 
the internal occlusion of carotid-cavernous sinus 
fistula. The case was of 27 years old patients who 
had post-traumatic CCF and was treated with an 
extravascular approach by staged trapping proce-
dures consisting of gradual occlusion of the left 
cervical common carotid artery with Selverstone 
clip then replaced by ligature to decrease the risk 
of complications. Later, a left frontal craniotomy 
allowed the left ICA and ophthalmic arteries. To 
be clipped. Unfortunately, 2  months later, the 
patient‘s symptoms recurred. Speakman pushed 
a catheter inside the ICA, and marked pieces of 
gelfoam were released in the blood flow under 
radiographic guidance to stick to the point of the 
fistula [39]. Three years later, Ishimori published 
his success in treating two patients of CCF by gel 
foam embolization marked with thin films of 
gold [40]. In 1970, Fabian Isamat reported his 
deal with a patient of 86 who developed a carotid- 
cavernous fistula. Artificial embolization alone 
was considered the safest treatment for this 
patient and proved to be adequate. Post-operative 
preservation of the patency of the ICA was dem-
onstrated by angiography [41].

In this era, it was common to see neurosur-
geons deal with cerebrovascular diseases with 
combined extravascular and intravascular routes. 
However, the strategy changed, and all the efforts 
and thinking shifted towards how to change the 
route of filling aneurysmal sac from transfundal 
route to endovascular route. Werner and 
Blackmore credited the first successful trial for 
electrothrombosis of giant ICA aneurysm of 
15  years old girl eroding the orbital roof. This 
large aneurysm was difficult to treat in the usual 
way. He introduced 9 m of silver enameled wire 
after a trans-orbital puncture of the aneurysmal 
sac. The heat was applied for 40 s at 80 °C [42].

Another huge steps were made by the pioneers 
Luessenhop and Spence in 1960 by their trial of 

artificial embolization of cerebral arteries to treat 
a case of cerebral AVM Using silastic beads in a 
surgically exposed common carotid artery. A pre-
determined size and configuration of the embolus 
are introduced even far proximal to the malfor-
mation, and it will find its way to it. By its size, 
the embolus will be excluded from passage to 
smaller branches [43]. In 1976, Sanyo K. treated 
205 cases of cerebral AVM, 192 of them were 
followed to 24 years using different material like 
polymerizing silicone [44].

The first case of cerebral aneurysm treated by 
pilojection was reported by Gallagher in 1964. 
Using shafts of hog hair delivered under high 
velocity into the wall of the sac, a large aneurysm 
of the anterior cerebral artery was closed by 
thrombosis [45]. Despite all the previous efforts, 
the morbidity and mortality of ruptured cerebral 
aneurysms remain high. This made the surgeons 
worked hard to develop improved methods of 
therapy. In 1965, Mullan devolved a method that 
achieve aneurysm thrombosis without open sur-
gery by craniotomy. The technique is composed 
of an insertion of a steel electrode with a sharp 
end through burr hole into the aneurysm sac. 
Once the aneurysm is punctured, an electric cur-
rent is applied that would not only trigger electro-
thrombosis of the aneurysm but also erode the tip 
of the electrode to permit safe removal [46]. 
Mullan concluded that the passage of a direct 
current through a needle was the most effective. 
Unfortunately, the thrombi were not permanent.

Alksne devolved another technique to over-
come the problem of guiding the embolization 
agent in a safe manner without the need for crani-
otomy. He used iron microspheres guided with a 
magnet produced on the dome of the aneurysm. 
He introduced a magnetic probe through a burr 
hole and directed towards the dome under radio-
graphic guidance. He used a carbonyl iron pow-
der suspended in human serum albumin, but 
rapidly he shifted towards injecting the emboliza-
tion material directly inside the aneurysm with a 
needle due to the encouraging results he obtained 
[47]. Later in 1977, he modified the embolization 
agent by reducing the solidification times to min-
imize the risk of distal embolization dissemina-
tion [48].
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At the beginning of the second half of twenti-
eth century, experiments were carried out to test 
the tolerance of cerebral vessels to catheteriza-
tion by flexible tubes. The credit went to 
Luessenhop and Velasquez. Tests on cadavers 
and animals were done before choosing silastic 
tubing for that purpose. They used their material 
in three patients only (Fig.  3.9) [49]. It was 
pointed out that once inside the endovascular 
space, few means are available to negotiate arte-
rial bifurcation.

Frei in 1966 came with a possible solution 
with the development of POD or para operational 
device. This catheter was designed for superse-
lective catheterization with a minimum of vessel 
trauma. The proximal portion was made of poly-
ethylene, and the distal portion of soft silicone 
rubber. The distal section measured only 1.3 mm 
in outer diameter and was 7  cm in length. 
Embedded in the tip of the silicone tubing was a 
micromagnet which measured 1 mm in diameter 

[50]. A slight modification was done on POD by 
Yoder by introducing a detachable platinum- 
cobalt magnet tip [51]. Another modification 
made by Hilal in 1974 and reported the use of a 
modified POD microcatheter in 120 patients [52].

In 1975, Debrun invented a coaxial microcath-
eter with a detachable latex balloon at the tip. 
Unfortunately, this microcatheter could only 
reach the cavernous part of ICA due to its rela-
tively stiffness [53]. All that happened before 
1974 is considered the pre-balloon era. In 1974, 
the society of neuroendovasular specialist was 
shocked by the report of Serbinenko who reported 
the endovascular treatment over 300 patients 
using detachable and non-detachable balloons in 
the period from 1969 to 1972 [54]. It is consid-
ered the first report about the ability of temporary 
balloon occlusion of cerebral arteries, endovas-
cular occlusion of direct carotid-cavernous fistula 
with preservation of the parent artery. This study 
has a unique influence on most of endovascular 
neurosurgeons all over the world. Later on, many 
caters were established and adopted the tech-
nique of Serbinenko (Fig. 3.10).

In 1978, Debrun reported the use of balloon 
occlusion on five patients with intracavernous 
aneurysms with preservation of the parent artery 
[55]. He suggested the addition of latex strings to 
avoid contrast leakage. Balloon-based proce-
dures continue to spread around the world rapidly 
(Fig.  3.11). In 1982 Romodanov published a 
series of 120 patients treated with detachable, 
silicon-filled latex balloons. In 73% of cases, 
preservation of the parent vessel was observed 
[56]. However, the problem they faced was that 
the balloons did not adopt the shape of the aneu-
rysm. Therefore, in 1990, Higashida published an 
84 patient series of inoperable aneurysms treated 
by balloon embolization by the use of 
2- hydroxyethyl methacrylate (HEMA), a solidi-
fying agent to prevent balloon deflation. The 
series showed 18% mortality and 11% morbidity 
[57]. These higher results of morbidity and mor-
tality discouraged most neurosurgeons from car-
rying out this technique. Due to the failures of the 
detachable balloon, the world was put in another 
challenge, and new pioneers appeared on the 
field with a brilliant solution.

Fig. 3.9 Schematic illustration showing the report on the 
first catheterization of intracranial arteries. Luessenhop 
AJ, Velasquez AC: Observations on the tolerance of the 
intracranial arteries to catheterization. J Neurosurg 21:85–
91, 1964
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The first trial of using short pushable coils 
for endovascular packing intracranial aneu-
rysms made by Hilal in 1988. However, due to 
the stiffness of the coil packing could not be 
achieved [58].

The year 1989 was the year of the second 
shake for the neuroendovascular world. Gugliemi 
and his team announced that they devised very 
soft retrievable detachable platinum coils for 
more safety and efficacy in the treatment of brain 

a b c

Fig. 3.10 Early illustration of the balloon embolization 
technique. (a) The non-detachable balloon catheter guides 
the detachable balloon into the aneurysm sac. (b) The 

detachable balloon is placed into the aneurysm sac with 
help from the non-detachable balloon. (c) The detachable 
balloon is deployed to occlude the aneurysm

a b c

Fig. 3.11 A 43-year-old man presented with headaches. 
(a) Frontal view of the right carotid artery injection show-
ing a giant aneurysm of the cavernous segment of the 
internal carotid artery (arrow). (b) Unsubtracted image, 
lateral projection, showing the left internal carotid artery 

was occluded using two detachable balloons (arrows). (c) 
Frontal view of the right vertebral artery injection show-
ing the left middle cerebral artery was filled through the 
posterior communicating artery (arrow)
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aneurysm. Vinuela (interventional neuropatholo-
gist), Sepetka and Engelson (engineer at Target 
therapeutic) had an undeniable role in the pro-
duction of the new detachable coils [46]. This 
technique was successfully developed to over-
come the disadvantages of balloon embolization.

Now the aneurysm could be treated in the 
acute phase of hemorrhage and in the presence of 
vasospasm (Fig. 3.12). The embolic material is a 
soft, controllable, detachable, platinum coil, 1 to 
50 centimeters in length, soldered to a stainless 
steel delivery wire (Fig. 3.13). The tip of an “over 
the wire” microcatheter (vide supra) is positioned 

in the aneurysm. The detachable coil is then 
advanced through the microcatheter and depos-
ited in the aneurysm. A positive direct electrical 
current is then applied to the proximal end of the 
delivery wire. The current electrolytically dis-
solves the delivery wire just proximal to the plati-
num coil, detaching the coil within the aneurysm 
(Fig. 3.14) [59].

This quick journey through the history and the 
early beginnings of the endovascular treatment of 
cerebral aneurysms has reached an end. We owe 
respect and thank all their pioneers who lighten 
our way to where we are now.

a b c

d e f

Fig. 3.12 A 38-year-old woman with a ruptured posterior 
communicating artery aneurysm was coiled. (a) Cranial 
CT scanning showing subarachnoid hemorrhage of the 
suprasellar cistern (arrow). (b) CT angiography. (c) 
Oblique view of the left internal carotid artery injection. 
Showing the aneurysm of the left posterior communicat-
ing artery (arrows). (d) Lateral view of the unsubtracted 

image showing the coil mass in the aneurysm sac (arrow). 
(e) Oblique view of the left internal carotid artery injec-
tion after aneurysm coil embolization showing the aneu-
rysm was completely occluded (arrow). (f) Control cranial 
CT scanning showing the artifact of the coil mass without 
additional bleeding and infarction
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a b e

c d

f

Fig. 3.13 Perdenser detachable coils (TJWY Medical Company, Beijing, China) come in two different shapes. (a) 3-D 
coil. (b) Helical coil. (c) 3-D hydrogel coil. (d) helical hydrogel coil. (e) detachment system

Fig. 3.14 Left, advance and deploy. Right, from frame to finish
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Abstract

Neuroendovascular procedures are associated 
with a risk of immediate or delayed thrombo-
embolic and ischemic complications. 
Anticoagulants and antiplatelet agents are 
widely used to lower the risk of perioperative 
thromboembolic events in neuroendovascular 
surgery. Immature embolization of the aneu-
rysmal sac, protrusion of coils, balloon remod-
eling, or stenting maneuvers may lead to acute 
thrombus formation by platelet activation. 
Antiplatelet therapy prior to procedures has 
significantly lowered the risk of thromboem-
bolic complications in stent-assisted coil 
embolization of cerebral aneurysms. Although 
several antithrombotic therapeutic options are 
available, optimized antithrombotic manage-
ment in neuroendovascular surgery is not well 
defined. Appropriate antiplatelet agents, anti-
coagulants, dosing, and duration of treatment 
have not been adequately determined. The 
present chapter provides our experiences of 
available antithrombotic agents, focusing on 

practical aspects of their use in different clini-
cal settings.

Keywords

Antiplatelet drug · P2Y12 inhibitors · GPI 
IIb/IIIa · heparin · Antithrombotic drug

4.1  Introduction

The field of neurovascular intervention is expand-
ing rapidly. Newer instruments and better tech-
niques optimized by the use of drugs have 
resulted in better outcomes. More number of neu-
rologists, neurosurgeons, and radiologists are 
undertaking this field as their career choice [1]. 
Multiple ongoing trials are presenting new evi-
dence in management [2, 3]. Hence, updated 
knowledge about drugs used in neurovascular 
intervention techniques is important. This chap-
ter deals with drugs used in intervention 
procedures.

4.2  Fibrinolytic Agents

Sudden occlusion due to thrombus formation 
results in acute ischemic stroke. Early interven-
tion with fibrinolytic agents in carefully selected 
patients results in re-establishing blood flow. 
Figure 4.1 shows the mechanism of fibrinolytic 

V. Karmarkar (*) · N. Singh · C. Deopujari 
Department of Neurosurgery, Bombay Hospital 
Institute of Medical Sciences,  
Mumbai, Maharashtra, India 

R. Singh 
Department of Neurology, Bombay Hospital Institute 
of Medical Sciences, Mumbai, Maharashtra, India

4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7102-9_4&domain=pdf
https://doi.org/10.1007/978-981-16-7102-9_4#DOI


42

agents. Fibrinolytic drugs activate plasminogen 
to plasmin, thus degrading insoluble fibrin to 
fibrin degradation products causing lysis of clot. 
Currently, Alteplase and Tenecteplase are 
approved for use in acute ischemic stroke [4]. 
Compared to first-generation streptokinase, 
these agents generally do not cause antigenic 
reactions [5].

4.2.1  Alteplase

Recombinant tissue-type plasminogen activator 
(rtPA or alteplase) is more fibrin specific than 
streptokinase [6]. It has a short half-life (3–4 min), 
so need to be given as a continuous intravenous 
infusion. Patient needs to be admitted to intensive 
care or stroke unit for monitoring. Prior CT scan 
of brain should be done to rule out intracranial 
hemorrhage. Alteplase is given as 0.9  mg/kg, 
maximum dose 90 mg over 60 min with initial 
10% of the dose given as bolus over 1  min. 
Initially approved for use during 3 h of ischemic 
stroke, it is also recommended for select patients 
within 3 and 4.5  h of ischemic stroke after 
ECASS III trial [7]. BP monitoring and neuro-
logical assessment should be done every 15 min 
during infusion. During infusion or within 24 h 
after infusion, if the patient develops a severe 
headache, acute hypertension, nausea, or vomit-
ing or has a worsening neurological examination, 
infusion should be discontinued (if IV alteplase 
is being administered) and emergency head CT 

scan should be done to rule out intracranial hem-
orrhage. AHA/ASA 2019 guidelines on acute 
ischemic stroke management describe detailed 
indications and contraindications for use of 
alteplase [8]. Important eligibility recommenda-
tions for use of alteplase are window period 
within 3 h, window period between 3 and 4.5 h in 
carefully selected patients, age group above 
18 years, blood pressure < 185/110 mmHg, and 
blood sugar level above 50  mg/dL.  In patients 
with blood pressure  >  185/110  mmHg, careful 
lowering of BP can be done using Labetalol 
(10  mg IV followed by continuous IV infusion 
2–8 mg/min), Nicardipine (5 mg/h IV, titrate up 
to desired effect by 2.5  mg/h every 5–15  min, 
maximum 15  mg/h), or Clevidipine (1–2  mg/h 
IV, titrate by doubling the dose every 2–5  min 
until desired BP reached, maximum 21  mg/h). 
Potential contraindications for use are previous 
ischemic stroke, severe head trauma, and intra-
cranial/intraspinal surgery within 3  months. 
Alteplase should not be given to patients who 
have received treatment doses of low molecular 
weight heparin within last 24 h. Patients who are 
taking thrombin/factor Xa inhibitors should not 
be given alteplase till laboratory tests such as 
aPTT, INR, platelet count, eccrine clotting time, 
thrombin time, and factor X assay are normal. It 
is important to note that patients who taking anti-
platelet monotherapy prior to stroke should be 
given alteplase as benefits outweigh the risk of 
bleeding. In case the patient develops orolingual 
angioedema during alteplase infusion, discon-
tinue infusion, maintain airway, administer IV 
methylprednisolone (125  mg), IV diphenhydr-
amine (50 mg), IV ranitidine (50 mg), or famoti-
dine (20  mg). If there is a further increase in 
angioedema, give epinephrine (0.1%; 0.3  mL 
subcutaneously). Management of symptomatic 
intracranial bleeding secondary to alteplase 
requires more intensive approach. Alteplase infu-
sion must be stopped, emergency CT scan of 
Brain should be done to confirm hemorrhage [9]. 
Such patients should be given Cryoprecipitate 
(10 U infused over 10–30 min), Tranexamic acid 
(1000  mg IV infused over 10  min), or 
e- aminocaproic acid (4–5 g over 1 h, followed by 
1 g IV) until bleeding is controlled.

Plasminogen activator inhibitor-1

Plasminogen

Plasmin

Fibrin
degradation

products

Plasminogen
activators
streptokinase
alteplase
tenecteplase

Fibrin

+–

Fig. 4.1 Mechanism of fibrinolytic drugs
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4.2.2  Tenecteplase

(TNK-t-PA) It is derived from alteplase, differing 
in its fibrin binding specificity, plasma half-life 
(20 min), and resistance to Plasminogen Activator 
Inhibitor-1 [10]. Tenecteplase has higher fibrino-
lytic potency on platelet-rich clots than its parent 
molecule. It is given in a dose of 0.4 mg/kg as 
single bolus administration. Extend IA TNK trial 
showed Tenecteplase (0.25 mg/kg, max 25 mg) 
was non-inferior to alteplase in restoring perfu-
sion large vessel occlusion of intracranial cere-
bral artery (internal carotid artery, basilar artery, 
and middle cerebral artery) [11]. Overall func-
tional outcome was better with tenecteplase. 
There was no significant difference in the inci-
dence of cerebral hemorrhage.

4.3  Antiplatelet Agents

Platelets play a central role in achieving hemosta-
sis. Platelet activation, followed by aggregation 
and adhesion to vascular endothelium lead to for-
mation of a clot which is subsequently stabilized 
by coagulation cascade. Collagen, vWF (Von- 

Willibrand factor), and other platelet activators 
like ADP (Adenosine diphosphate) mediate this 
process. ADP acts on adenosine-specific recep-
tor, P2Y12, present on platelet plasma membrane 
and activates G protein-coupled expression of GP 
IIb-IIIa receptors on platelet surface which cause 
platelet aggregation [12]. Neurointervention pro-
cedures like intraluminal stenting, coiling of 
aneurysms, and flow diversions have potential for 
thromboembolic events during or after the proce-
dure. Platelet inhibitors prevent platelet activa-
tion, aggregation, or adhesion, thereby preventing 
clot formation and propagation. Pre-procedure 
antiplatelet drugs are administered to prevent 
thrombosis in stenting and flow diverters [13]. 
Other treatment options for preventing or treating 
thromboembolic events include intravenous 
unfractionated heparin and thrombolytics. 
Various classes of antiplatelet agents have differ-
ent targets as shown in Fig. 4.2.

4.3.1  Aspirin

Prostaglandin pathway involving cyclooxygen-
ase enzyme leads to formation of thromboxane 

Thromboxane
inhibitors
Aspirin (indirect)

PDE Inhibitors
Dipyridamol
Cilostazol

Legend
TP-R: Thromboxane receptor
cAMP: Cyclic adenosine monophosphate
AMP: Adenosine monophosphate 1
PDE: Phosphodiesterase

GPIIb/IIIa receptor
antagonists
Abciximab
Tirofiban
Eptifibatide

A2Y12/ADP receptor
antagonists

Thienopyridines
•  Ticlopidine
•  Clopidogrel
Reversible
•  Ticagrelor
•  Cangrelor

Thrombin

PLATELET
ACTIVATION

PDE
cAMP AMP

Fibrinogen

GPIIb/IIIa

TXA2

ADP

Thromboxane A2

TP-R

P2Y12
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PAR1 receptor antagonists
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Fig. 4.2 Mechanism of action of antiplatelet agents
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A2, which is a potent platelet aggregator. Aspirin 
is irreversible, non-selective cyclooxygenase 
inhibitor. It has more specificity for COX 1 recep-
tors than COX 2 receptors. It is most widely 
available, frequently used, and extensively 
backed by clinical trials for its use in intervention 
and stroke treatment. It has onset of action within 
15–30  min and its effect on platelets lasts for 
8–10  days due to irreversible inhibition [14]. 
Doses used during neurointervention typically 
range from 81 to 325 mg daily (Table 4.1). Most 
neurovascular interventionists start Aspirin 
3–5  days before stenting procedure, but some 
consider it before 14–21 days. In case of hemor-
rhage, platelet transfusion may be considered to 
reverse the effects of aspirin. Common side 
effects include gastritis and ulceration.

4.3.2  ADP Antagonists/P2Y12 
Inhibitors

ADP acts on P2Y1 and P2Y12 receptors con-
comitantly to activate platelets and cause aggre-
gation. Thienopyridines (Clopidogrel, 
Ticlopidine, and Prasugrel) cause irreversible and 
competitive inhibition of P2Y12 receptors [15]. 
These are prodrugs that gets metabolized in vivo 
to form active form of drug, thus delaying onset 
of action. Loading dose is required to hasten to 
onset of action. Cytochrome P450 polymor-
phism, specially CYP2C19 polymorphism found 
in Asian population, causes different metabolism 
and clopidogrel resistance or hypo-responders 
[16]. Yet, this polymorphism is not consistently 
associated with increased thromboembolic events 
so routine testing of polymorphism by genetic 
testing is not required.

Clopidogrel is most commonly used with 
aspirin in dual antiplatelet therapy as it is most 
tolerated thienopyridine, with lesser side effects 
than ticlopidine and prasugrel [15]. It has a half- 
life of 7–8 h and onset of action is 2–4 h. It is 
given as 75 mg daily dose with 300–600 mg load-
ing dose at onset of therapy. It causes lesser gas-
trointestinal bleeding than aspirin, but causes 
diarrhea, nausea, and vomiting. Ticlopidine is not 
a commonly used drug clinically due to its side 

effects profile, which includes marrow suppres-
sion, rarely thrombotic thrombocytopenic pur-
pura (TTP), cholestatic jaundice, and colitis.

Prasugrel has a faster onset of action and 
more potent inhibition of platelet activation [17]. 
It causes more bleeding related complications 
than clopidogrel offsetting its benefits clinically. 
It can be used in those patients with clopidogrel 
resistance or in those unable to tolerate clopido-
grel as a first-line agent. Usual dose regimens for 
intervention use are 5–10  mg daily with a 
20–60 mg loading dose.

Ticagrelor is a noncompetitive antagonist of 
P2Y12 receptor [18]. It is not influenced by CYP 
polymorphisms. Ticagrelor has a median onset 
of action of 1.3–2  h. Commonly, it is used in 
patients who have thromboembolic complica-
tions in carotid stents or flow diverters. It is used 
as dual antiplatelet therapy with aspirin in sus-
pected clopidogrel resistance. It is started with 
loading dose of 180 mg with daily maintenance 
of 90  mg twice a day. Commonest side effect 
requiring discontinuation of drug is respiratory 
discomfort.

4.3.3  GP IIb/IIIa Inhibitors

GP (glycoprotein) IIb-IIIa receptors are present 
on platelet plasma membrane which on activation 
bring about conformational change exposing 
binding sites for fibrinogen, vWF, and adhesion 
molecules [19]. GP IIb-IIIa inhibitors are highly 
potent, fast-acting antiplatelet agents. These are 
mostly used as rescue therapies in the treatment 
of acute thrombosis during or immediately after 
procedure.

Abciximab is a monoclonal antibody directed 
at the GPIIb-IIIa receptor [19]. It is administered 
intravenously (IV) or intra-arterially (IA). A 
bolus of 250 μg/kg inhibits platelet aggregation 
by 80% at 15  min post-administration. Platelet 
function reverses 50% in 48 h after stopping infu-
sion. The effect of abciximab is reversed by 
platelet transfusion in case of life-threatening 
bleeding. The drug is cleared by reticuloendothe-
lial system, so no dose adjustment is required in 
case of renal failure. Profound thrombocytopenia 
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caused by the drug needs monitoring during 
treatment.

Eptifibatide is a cyclic heptapeptide derived 
from rattlesnake venom [20]. It binds reversibly 
to GPIIb-IIIa receptor. A bolus dose of 180 μg/kg 
intravenously achieves over 80% inhibition of 
platelet function in 15  min. Platelet function 
recovers by 50% in 4 h after stopping the infu-
sion. Eptifibatide has renal clearance, so dose 
adjustment is needed in case of renal failure.

Tirofiban binds reversibly to the GPIIb-IIIa 
receptor [21]. It has a faster onset of action. A 
bolus dose of 0.4 μg/kg causes 90% inhibition of 
platelet aggregation after 10-40  min. Platelet 
function returns to near baseline within 4–8 h of 
stopping of the infusion. Tirofiban is also renally 
cleared, so dose must be adjusted in patients with 
renal failure.

4.3.4  Phosphodiesterase Inhibitors

Cilastazol and dipyridamole act as phosphodies-
terase (PDE) inhibitors [22]. PDE inhibitors, 
through cAMP and cGMP mediated metabolism 
inhibition decreases platelet activation. It has 
secondary effect of vasodilation. Cilastazol is in 
cardiac setting along with aspirin and clopidogrel 
but it can cause tachycardia and arrhythmia [23]. 
It is contraindicated in cardiac failure.

Antiplatelet therapy remains cornerstone in 
periprocedural management in intracranial, 
extracranial stenting, flow diverter placement, 
and placing Woven EndoBridge (WEB) Device™ 
[13]. In patients who are undergoing extracranial 
angioplasty and stenting, dual antiplatelets; aspi-
rin, and clopidogrel are started 5 days before the 
planned procedure [24]. Appropriate antihyper-
tensive medications are given to control blood 
pressure to prevent procedure-related complica-
tions like bleeding and cerebral hyperperfusion 
syndrome. During the procedure, Atropine 
0.5 mg IV is given prior to dilation angioplasty to 
prevent baroreceptor-induced bradycardia and 
hypotension [25]. If a patient develops bradycar-
dia (HR  <  60  bpm), Atropine is administered 
0.75 mg IV bolus dose. Post procedure, patients 
should receive dual antiplatelets aspirin (150 mg 

once a day) and clopidogrel (75 mg once a day) 
with high dose statin for 30  days, followed by 
continuation of aspirin (150  mg once a day). 
Other treatment options post procedure includes 
aspirin 325 mg once a day, or a combination of 
aspirin 81 mg once a day and ticagrelor 90 mg 
twice a day for 30 days followed by continuing 
aspirin thereafter.

In patients who are undergoing intracranial 
angioplasty-stenting and flow diverter placement, 
dual antiplatelets; aspirin (150  mg once a day) 
with clopidogrel (75  mg once a day) are given 
5 days prior to procedure. Strict medical manage-
ment to maintain blood pressure below 
140  mmHg systolic (<130  mmHg in diabetic 
patients), low-density lipoprotein (LDL) below 
70 mg/dl is an important part of management in 
patients with intracranial atherosclerotic 
diseases.

Prior to placing WEB device, patients can be 
administered single antiplatelet; aspirin 150 mg 
once a day 5 days prior or loading dose of aspirin 
300  mg on the day of procedure [13]. In post- 
procedure management, dual antiplatelet therapy 
is not universally employed when using the 
WEB.  Some interventionists consider aspirin 
75–100 mg daily and clopidogrel 75 mg daily for 
3 months, especially when an adjunctive stent or 
endoluminal flow diverter is used.

4.4  Anticoagulating Agents

Coagulation factors along with platelets form 
stable clot. Exposure to tissue factor or denuded 
endothelial surface activates coagulation cas-
cade, forming activated factor X (Xa). This factor 
converts prothrombin to thrombin, which in turn 
converts fibrinogen to fibrin. Insoluble fibrin 
forms clot, which further propagates to achieve 
hemostasis. Figure 4.3 demonstrates coagulation 
cascade and site of anticoagulation drugs. This 
topic limits discussion to heparin which is most 
commonly used in intervention procedure.

Heparin inhibits thrombosis by preventing 
Factor X activation [26]. The overall risk of 
thromboembolic complications during neuroin-
terventional procedures is significant. 
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Anticoagulation with unfractionated heparin is 
standard for most procedures. Anticoagulation 
during diagnostic cerebral angiograms is usually 
done, but with a lower dose. The only exception 
to the use of heparin is in subarachnoid hemor-
rhage where anticoagulation is deferred until one 
or two coils are deployed to secure the aneurysm. 
All the catheters and sheaths should be continu-
ously flushed with heparinized saline (3000–
5000 Units in 1 L normal saline) to prevent clot 
formation. Dosing for flush and irrigation during 
procedure in adults is 10,000 units/L and in pedi-
atric (age < 6 years) is 2000 units/L. The initial 
bolus dose for adult is about 60–80 μ/kg followed 
by 20–40 μ/kg every hour for long procedures. 
Pediatric loading dose is 50 units/L. Half-life of 
heparin is 90 min. Monitoring of heparin therapy 
is done by measuring activated clotting time 
(ACT), which is kept between 250 and 350 s. It is 
monitored every hour during a prolonged proce-
dure. During diagnostic digital subtraction angi-
ography (DSA), heparin is given at the dose of 
20  mg/kg IV [26]. Bleeding is the commonest 
side effect. Heparin effects are reversed by 
Protamine sulfate (1 mg for 100 units of heparin, 
not to exceed 50 mg total). Partial thromboplastin 
time should be monitored at 5–15 min after dose, 
followed by 2–8 h afterward. Protamine sulfate 
has an independent weaker anticoagulant ten-
dency in higher doses. Heparin is contraindicated 
in patients with a known allergic tendency to this 

drug and in patients with a history of heparin- 
induced thrombocytopenia.

Alternatives to heparin include Argotraban, 
Bivalirudin, lepirudin, and danaparoid [27]. They 
are used in patients with heparin-induced throm-
bocytopenia requiring anticoagulation.

4.5  Treatment of Vasospasm: 
(Chemical Angioplasty)

Following class of drugs are used to treat vaso-
spasm in subarachnoid hemorrhage.

 (A) Calcium Channel Blocker: Nimodipin, 
Nicardipin, Verapamil

 (B) Phosphodiesterase inhibitors: Papavarin, 
Milrinone

 (C) Nitroglycerin (NTG)

Calcium channel blockers are commonly used 
as intra-arterial vasodilators. No single agent has 
been shown to be more efficacious than others. 
Intra-arterial infusion of these agents can be used 
to treat vessels that cannot be dealt with, or are 
difficult to treat with balloon angioplasty, such as 
distal branches and the A1 segment.

Nicardipine (dose 0.5 to 40 mg) is diluted in 
0.9% NaCl (without heparin) to a concentration 
of 0.1 mg/mL [28]. It is injected 1 mL through 
the micro Catheter to a maximal dose of 5 mg per 
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vessel. Nicardipine precipitates in heparinized 
saline, so the system should be flushed with 
saline without heparin before and after injecting 
nicardipine. Angiographic improvement is 
demonstrable in almost all arteries, neurologic 
improvement occurs in around 42% of patients. 
Nicardipine causes transient intracranial pressure 
(ICP) elevation.

Nimodipine (dose 0.8 to 3.2 mg) is a preferred 
drug for intra-arterial injection [29]. Nimodipine 
is diluted in saline to 25% concentration. Slow 
infusion at the rate of 2  mL/min is done, with 
each vessel infused for 10–30 min. Total dose is 
per vessel is 1–3 mg and total dose per patient is 
5 mg. Clinical improvement is observed in about 
76% of patients. Blood pressure needs to be mon-
itored as hypotension is a major side effect. 
Nimodipine is also be used for irrigation during 
procedures through guiding catheter to prevent 
artery to go into spasm (10–15 mL in 1 L pres-
sure bag).

Verapamil (dose 2 to 120  mg) is diluted as 
5 mg vial with normal saline to a concentration of 
1 mg/mL [30]. It is injected as 10–20 mg per ves-
sel for a maximum of 20 mg per carotid. Transient 
hypotension and bradycardia are side effects. 
Neurological improvement is seen in 29% of 
patients.

Papavarin (dose 200–400 mg), once a popular 
intraarterial drug, now has fallen out of favor 
because of short-lived effect and dramatic rise of 
intracranial pressure, decreased brain oxygen-
ation, and incidences of ischemic infarctions of 
infused territories [31]. It is administered as 
300 mg at a rate of 3 mL/min.

Nitroglycerine (dose 30 microgram in indi-
vidual artery) is used intra-arterially, but can 
cause raised intracranial pressure and hypoten-
sion [32].

Milrinone (dose 2.5–24 mg), acts by inhibit-
ing phosphodiesterase 3 causing vasodilation and 
also has inotropic properties (inodilator) [33]. It 
is used as a loading dose of 0.1  mg/kg Iv fol-
lowed by infusion of 0.75  μg/kg/min for 
7–10  days. It can cause hypotension and 
hypokalemia.

4.6  Radial Artery Cocktail

It is used to prevent spasm of artery during radial 
access. It contains 10 mL of saline with Heparin 
(5000  IU), Verapamil (2.5 mg), Lidocaine (2%, 
1 mL), and Nitroglycerine (0.1 mg) [34].

Contrast Agents and Treatment of Contrast- 
Induced Nephropathy and Allergic 
Reactions Nonionic contrast agents are safer 
and less allergenic than ionic preparations [35]. 
Most commonly used contrast agent in cerebral 
angiography is Iohexol (Omnipaque®, GE 
Healthcare, Princeton, NJ). It is a low osmolality, 
nonionic contrast agent, and is relatively inex-
pensive. It is used as 300 mg I/mL in diagnostic 
angiograms and 240 mg I/mL in neurointerven-
tional procedures. Patients with normal renal 
function can tolerate as much as 400–800 mL of 
Omnipaque®.

Maximum tolerable volume of 300 mg I/mL 
nonionic contrast agent is calculated by for-
mula—Weight in kg × 5 (adults) or 4 (children)/
serum creatinine (mg/dl).

Contrast-induced nephropathy (CIN) remains 
most worrisome issue clinically [36]. Clinically 
significant contrast-induced nephropathy is con-
sidered if serum creatinine rises by 0.5 mg/dl or 
25% above baseline during 48–72  h following 
contrast injection. In severe cases, serum creati-
nine continues to rise for 5–10 days, sometimes 
requiring dialysis. Incidence of CIN increases 
with serum creatinine level, 0% at <1.5  mg/dl, 
50–75% at 1.6–4.5  mg/dl, to 90–100% at 
>4.5  mg/dl. Risk factors for CIN include age 
above 60  years, serum creatinine level 
above1.5  mg/dl, diabetes mellitus, dehydration, 
hypertension, hyperuricemia, cardiovascular dis-
ease and use of diuretics, and in patients having 
paraproteinemias.

Methods to reduce risk of CIN include reduc-
tion in use of contrast, use of Visipaque™ 
(270  mL I/mL) instead of Omnipaque™, oral 
hydration (water, 500 mL prior to the procedure 
and 2000  mL after the procedure), intravenous 
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hydration (0.9% NaCl), intravenous hydration 
with sodium bicarbonate. Acetylcysteine (600 mg 
orally twice a day, one the day before and on the 
day of the procedure) is an antioxidant function-
ing as a free radical scavenger. It also stimulate 
intrarenal vasodilation. Acetylcysteine has been 
shown to reduce serum creatinine elevation in 
patients undergoing radiological procedures using 
nonionic, low-osmolality contrast material. 
Prophylactic administration of acetylcysteine 
(600  mg PO twice a day) and 0.45% saline IV, 
before and after administration of the contrast 
agent, has been shown to decrease serum creati-
nine compared to patients receiving saline only. 
Sodium bicarbonate infusion has also been shown 
to reduce rates of CIN.  Sodium bicarbonate 
(150  mEq) in 1  L of 5% dextrose is infused at 
3 mL/kg/h for 1 h prior to procedure, at 1 mL/kg/h 
through procedure, and for 6  h after procedure. 
Incidence of CIN can be decreased by hydration 
with 0.45% saline or 0.9% saline beginning 12 h 
before and continuing 12 h after angiography.

Contrast allergy is one of the commonest side 
effects noted [37]. Prednisolone 50 mg orally (or 
hydrocortisone 200 mg IV) is given 13, 7, and 1 h 
prior to contrast injection. Diphenhydramine 
(50 mg IV, IM, or PO 1 h prior to contrast injec-
tion) is also used. Steroids should be given at 
least 6 h prior to the procedure [38]. Administration 
less than 3  h prior to the procedure does not 
reduce the risk of an adverse reaction.

4.7  Statins (Hypolipidemic 
Therapy)

Atherosclerotic diseases manifestation including 
transient ischemic attack and stroke need high- 
dose statin therapy use to reduce further risk. 
Atorvastatin 80 mg daily or Rosuvastatin 20 mg 
daily have been advised [38].
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Abstract

The prevalence of saccular intracranial aneu-
rysms is about 1–3% in the general popula-
tion. The introduction of the Guglielmi 
detachable coil system, three decades ago, 
provided a new approach for treating aneu-
rysms without the need for a craniotomy. In 
the new era of technological advancements, 
several devices have been developed to aid 
endovascular treatment such as flow diverters, 
flow disrupters, and stent- or balloon-assisted 
coil embolization. Herewith, we provide a 
summary of the latest innovations in the endo-
vascular treatment of cerebral aneurysms.
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5.1  Introduction

The prevalence of saccular intracranial aneu-
rysms (IA) in the general population is approxi-
mately 1–3%, with most being asymptomatic 
until the moment of rupture. Rupture of an 
aneurysm and the following subarachnoid hem-
orrhage (SAH) is an emergency event that is 
linked with a high mortality rate (25–45%) as 
well as with possible significant permanent neu-
rological impairment. The quality of life is dra-
matically reduced in patients with ruptured 
IA. Numerous risk factors for IA development 
have been suggested, such as Ehlers-Danlos 
syndrome, autosomal dominant polycystic kid-
ney disease (ADPKD), neurofibromatosis, and 
positive family history of IA. The risk of IA rup-
ture is higher in women, with the sex ratio being 
1,5 [1–3].

Clipping of the aneurysm neck with craniot-
omy was the optimal treatment of IA.  All that 
changed 30  years ago with the introduction of 
endovascular approaches for the treatment of IA 
and especially the Guglielmi detachable coil sys-
tem’s entry. Dr. Fedor Serbinenko is considered 
the father of endovascular neurosurgery, as it was 
him who in 1974 first proposed the use of a 
detachable balloon for the management of intra-
cranial aneurysms and vascular lesions. Early 
technical difficulties, such as the device’s cum-
brousness, were the main reason for this method 
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being discontinued, but the era of endovascular 
neurosurgery had just begun [2–4].

The initial dilemma of “clip vs. coil” after 
the widespread use of the Guglielmi device led 
to the conduction of two large studies, the 
International Subarachnoid Aneurysm Trial 
(ISAT) and the International Study of 
Unruptured Intracranial Aneurysms (ISUIA). 
Ultimately, these studies’ results supported the 
use of coil over clip in terms of overall morbid-
ity and mortality (ISAT: 30% vs. 23%, ISUIA: 
13% vs. 10%). Open approaches are still uti-
lized in selected cases of IA (e.g., in the pres-
ence of complex or giant aneurysms, aneurysms 
of the posterior circulation, or failure of endo-
vascular approaches) [2, 3, 5, 6].

Currently, novel devices have been developed 
for IA’s endovascular treatment, such as balloon- 
assisted coiling system (BAC), stent-assisted 
coiling system (SAC), Flow Diverters, Flow 
Disrupters, and Medina embolization system 
(Table  5.1). All these devices were designed to 
treat IA, which cannot be feasibly treated with 
the standard coil method and otherwise would 
require an open approach [2, 3]. Herewith, we 
provide a summary of the latest innovations in 
the endovascular treatment of cerebral aneu-
rysms. The indications, efficacy, and complica-
tions associated with the use of each device will 
be discussed.

5.1.1  The Guglielmi Detachable Coil 
System (GDC)

The filling of the aneurysmal cavity for IA treat-
ment had been initially described by Werner et al. 
back in 1940 when via an extravascular approach 
they attempted to puncture the aneurysmal cavity 
and introduce a wire into the aneurysm [7]. 
During the next 50  years, several other authors 
described various extravascular and intravascular 
(including Serbinenko) approaches to occlude 
the aneurysmal cavity. The success rates of those 
methods varied, with many technical difficulties. 
These issues, together with the widespread use of 
aneurysmal clipping, were the main reason these 
methods did not find widespread implementa-
tion. Nevertheless, endovascular treatment’s pre-
vious efforts resulted in the innovation of new 
delivery systems such as microcatheters of vari-
able stiffness (“Trackers”), which can pass 
through the arterial bifurcations. The develop-
ment of trackers was a step forward, but two sig-
nificant problems persisted, namely the lack of 
appropriate occluding embolization materials 
and a mechanism for material detachment from 
the catheter. Finally, in 1990, Guglielmi gave a 
solution to the aforementioned problems, with 
the development of appropriate coil materials and 
a detachment mechanism based on electrolysis. 
To date, GDC has been systematically used 

Table 5.1 Devices that have been developed for intracranial aneurysms endovascular treatment

Technique/
device Mechanism Main indication Complications
GDC Embolization Berry aneurysms TE, IOR, RC, RB
BAC Embolization Wide neck (over 4 mm), dome/neck 

ratio < 1,5)
TE, IOR, RC, RB

SAC Embolization, flow 
diversion

Wide neck (over 4 mm), dome/neck 
ratio < 1,5), Unruptured aneurysms

TE, IOR, stent stenosis and 
migration

Flow 
diverters

Flow diversion Large/giant aneurysms, or very small 
aneurysms, Unruptured aneurysms

TE, rupture in the latent 
phase, cerebral hemorrhage

Flow 
disrupters

Flow disruption Large/giant aneurysms, no need for 
antiplatelet regimen

TE, IOR, rupture in the latent 
phase

Medina Hybrid (embolization and 
flow diversion)

Wide neck aneurysms Stroke in 6 months, IOR

TE thromboembolism; IOR intraoperative rupture; RC recanalization; RB rebleeding
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worldwide and is considered the “gold-standard” 
for the management of brain aneurysms [8, 9].

The entirety of GDC embolization procedure 
is accomplished under fluoroscopic guidance 
while the patient is under general anesthesia, or if 
possible, sedation. The next step is to confirm 
access to the femoral artery with a femoral French 
(F) sheath. The delivery system is promoted via 
the sheath. The sheath size is usually 6F or 7F, 
with 7F sheaths preferred when there is a possi-
bility to use a stent or a balloon [10]. The 
Seldinger technique is utilized to access the fem-
oral artery [11]. When access to the femoral 
artery has been ensured, a guide catheter is navi-
gated toward the aneurysm’s parental artery with 
the help of a guidewire. The latter is followed by 
the insertion of a microcatheter via the initial 
catheter. When the microcatheter is at the level of 
the aneurysmal cavity a microwire is placed 
inside the microcatheter, and the microcatheter–

microwire complex is guided into the aneurysmal 
cavity. Confirmation of microcatheter appropri-
ate location (close to the aneurysm dome) is fol-
lowed by guidewire removal and coils’ 
introduction into the aneurysm. Three types of 
coils are currently used, the classic platinum- 
based GDC coil, the Matrix coil, which is a coil 
similar to GDC but with a polymer coverage 
(with the ability to induce thrombosis), and 
hydrogel coated coils. Initially, a 3-D “basket” 
coil is placed into the aneurysmal cavity to pre-
vent the migration or bulging of the next placed 
coils in the parent vessel. After the initial 3-D coil 
placement, the procedure continues with the 
placement of additional softer coils until the cav-
ity is occluded. The success of the method is con-
firmed with angiography (with no inflow into the 
aneurysm). Finally, by electrolysis, there is a 
detachment of the coil from the microcatheter 
[8–10, 12, 13] (Fig. 5.1).

a b c

d e

Fig. 5.1 A 76-year-old woman with an anterior commu-
nicating artery aneurysm was coiled. (a) Lateral view of 
the left internal carotid artery injection showing the aneu-
rysm of the anterior communicating artery (arrow). (b) 
Frontal view of the unsubtracted image showing the first 

3-D coil. (c, d) Lateral view of the unsubtracted images 
showing subsequent coils were inserted (arrows). (e) 
Frontal view of the left internal carotid artery injection 
after aneurysm coiling showing complete occlusion of the 
aneurysm (arrow)
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The two major and life-threatening complica-
tions of coil embolization are thromboembolic 
events and intraoperative rupture. The frequency 
of thromboembolic events during coil emboliza-

tion is approximately 5–30%, with the higher fre-
quencies observed in embolization of ruptured 
aneurysms, wide-neck aneurysms, or in the case 
of large-giant aneurysms (Fig. 5.2). Nevertheless, 

c d

a b

Fig. 5.2 A 44-year-old woman. (a) Cranial CT scanning 
showing subarachnoid hemorrhage from an anterior com-
municating artery complex aneurysm. (b) Oblique view of 
the left internal carotid artery angiogram showing a left 
dominant filling of the anterior communicating artery 
complex and aneurysm. Noting the Heubner’s artery aris-
ing from the aneurysm neck (arrow). (c) Working angle 

view of the left internal carotid artery angiogram after 
aneurysm occlusion showing the disappearance of the 
Heubner’s artery due to the retrograde thrombosis (arrow). 
(d) Cranial CT on day 4 after treatment showing the 
infarction of the head of the caudate nucleus on the left 
side (arrow)
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some authors propose that the real rate of throm-
boembolism could be as high as 50–70%, but 
only a small percentage of them will occur with 
neurological deficits and will lead to fatal events. 
The introduction of Diffusion-Weighted Images 
(DWI)/MRI gave the ability to highlight “small” 
silent strokes early after the procedure. 
Thromboembolism is a well-known complica-
tion, and a dual-antiplatelet regimen (in unrup-
tured aneurysms) and low molecular weight 
heparin is administered in the patients before the 
operation to prevent this complication. Typically, 
an arterial blood flow obstruction is seen in angi-
ography. Treatment of thromboembolism 
includes intra-arterial use of antiplatelet, antico-
agulant, or other thrombolytic agents such as uro-
kinase with an aim of artery recanalization. 
Another common treatment option during opera-
tion includes mechanical thrombectomy with a 
stent [2, 10, 14–16].

Intraoperative rupture is the second most com-
mon (2–4%) and deadliest complication of IA 
coil embolization (Fig. 5.3). The mortality rate of 
intraoperative rupture is approximately 15%. As 
in thromboembolism, the intraoperative rupture 
rate is higher in previously ruptured aneurysms. 
The extravasation of contrast medium suggests 
aneurysm rupture. The first step after the rupture 
diagnosis is the injection of protamine to reverse 
the anticoagulative effect of heparin. 
Administration of mannitol is required to reduce 
the raised intracranial pressure. The coil that 
caused the perforation should remain in the site 
as it may tamponade the perforation. Instead of 
removing it, a second microcatheter should be 
inserted in the aneurysmal cavity to place more 
coils until the extravasation stops. In the case of 
an early rupture, the inflation of a non-detachable 
balloon in the aneurysm’s parental artery may 
limit the extent of bleeding [10, 16, 17].

c d
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Fig. 5.3 A 68-year-old woman with an incidental paracli-
noid aneurysm of the left internal carotid artery. (a) 
Lateral view of the left internal carotid artery injection 
showing a large paraclinoid aneurysm (arrow). (b) 
Oblique projection of the unsubtraction image showing 
the first 3-D coil in the aneurysm sac. (c) Intraoperative 
angiogram of the left internal carotid artery. (d) 
Intraoperative unsubtraction image showing the coil mass 
in the aneurysm sac and contrast extravasation (arrow). (e) 

Frontal projection of the final angiogram image showing 
no contrast extravasation and incomplete occlusion of the 
aneurysm (arrow). (f) Lateral projection of the unsubtrac-
tion image showing the coil mass in the aneurysm sac and 
contrast extravasation (arrow). (g) Lateral projection of 
the final angiogram image showing no contrast extravasa-
tion and incomplete occlusion of the aneurysm (arrow). 
(h) Postprocedural CT image showing diffuse contrast 
medium extravasation and an enlarged ventricle
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Aneurysm recanalization (or regrowth) is 
another well-known complication of coil emboli-
zation and may occur in approximately 2–10% of 
patients at some point after the operation. Despite 
that, the recanalization would not be significant 
and not require treatment in half of the patients 
with this complication. The wide neck (over 
4 mm) of the aneurysm is considered a major risk 

factor for aneurysm regrowth and may lead to 
recurrence in 85% of the patients treated with the 
GDC system. The latter is one of the main rea-
sons novel endovascular devices were developed 
to treat such aneurysms (Fig. 5.4). Rebleeding of 
the aneurysm is another complication after IA 
embolization and occurs in approximately 1% of 
the patients [16, 18].

c d
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Fig. 5.4 A 50-year-old woman presented with a recurrent 
vertebral artery-posterior inferior cerebellar artery dis-
secting aneurysm. Frontal view (a) and lateral view (b) of 
the right vertebral artery injection showing a recurrent dis-
secting aneurysm after LVIS stent-assisted coiling 

(arrows). Frontal view (c) and lateral view (d) of the right 
vertebral artery injection showing the aneurysm was 
retreated with 3.5 mm × 35 mm Tubridge flow diversion 
(Microtherapeutic, Shanghai, China) and coils (arrows)
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5.1.2  Balloon Assisted Coiling (BAC)

The GDC system for the treatment of berry 
aneurysms soon became the procedure of choice, 
but results were poor for aneurysms with a wide 
neck or giant aneurysms. The main reasons for 
failure were the aneurysm recanalization and 
coil herniation. Soon it was visible that a coil 
stabilization mechanism was necessary for the 
treatment of wide-neck aneurysms [18, 19]. 
Moret et al. in 1997 described a method of stabi-
lization with the use of a non-detachable bal-
loon, the so-called “Remodeling technique” (or 
“Balloon assisted coiling”). They placed a non-
detachable balloon next to the aneurysm before 
the coils’ insertion, intending to stabilize the 
coils and keep them inside the aneurysmal cav-
ity. The initially deflated balloon is directed in 
the parental artery of the aneurysm. Then, the 
balloon is inflated to cover the aneurysm neck. 
After balloon inflation, coil insertion may begin. 
After each coil placement, the balloon is deflated 
and coil stability and aneurysm occlusion are 
evaluated with angiography. The circle of infla-
tion-coil placement- deflation continues until the 
aneurysm is occluded, and the coils are stabi-
lized (Fig. 5.5) [19].

The main indication for BAC is the treatment 
of wide-neck aneurysms (over 4 mm), but today 
it is clear that the dome/neck ratio rather than the 
absolute value of neck diameter can better predict 
the success rate of GDC.  A dome/neck ratio 
lower than 1.5 is considered a good indication for 
BAC (Fig. 5.6). Today BAC is additionally uti-
lized in the classic GDC procedure in cases of 
intraoperative rupture as previously discussed. 
The total or subtotal occlusion rate after BAC 
was over 90% in Moret et  al. series and other 
series [19, 20].

The complication rates and comparison with 
the standard GDC procedure have been analyzed 
in two multicenter trials, the “CLARITY” and 
“ATENA” conducted by Pierot et  al., and con-
cern ruptured and unruptured aneurysms, respec-
tively. The results from both of these studies 
found similar or slightly higher complication 
rates (thromboembolism and intraoperative rup-

ture) compared to the standard GDC procedure 
[2, 21, 22].

5.1.3  Stent-Assisted Coiling (SAC)

Another technique used in the treatment of “com-
plex” or “wide” neck aneurysms involves using a 
stent. The idea behind the use of stents in the 
SAC procedure is similar to that of a balloon in 
BAC.  In both techniques, a wall-like structure 
prevents the herniation or migration of coils in 
the parental artery. Additionally, in the SAC tech-
nique, the stent remains in the parental artery 
after the operation and offers long-term preven-
tion of coil herniation. Theoretically, the stent 
limits the blood inflow into the aneurysm and 
thus the aneurysm’s regrowth. Currently, the 
stents applied in the treatment of IA are special-
ized for delivery and placement in the intracra-
nial vessels, contrary to the previously used 
coronary stents. “Open” and “Closed” types of 
stents are used in the SAC technique, with the 
open type being more flexible and preferred in 
bifurcated aneurysms. “Neuroform” and 
“Enterprise” stents are the most frequently used 
stents for SAC (Fig.  5.7) [2, 23]. Accero is a 
novel, very promising braided self-expandable 
stent, which can easily be directed through the 
intracranial vessels and may overcome some 
challenges observed with the laser-cut stents 
[24]. In order to prevent stent thrombosis, a dual 
antiplatelet regimen is required in patients fol-
lowing. Consequently, the SAC technique was 
initially limited to unruptured aneurysms, but 
today is also utilized in ruptured aneurysms in 
some institutions [2, 23, 25].

In the standard SAC procedure, the stent is 
implanted in the parental artery before the micro-
catheter placement. This method’s main disad-
vantage is that sometimes the microcatheter 
cannot pass through the tiny stent struts. For this 
reason, an alternative method has been devel-
oped, the so-called “Jailing-technique.” In jail-
ing technique, the coil microcatheter is placed 
into the aneurysmal cavity before stent delivery. 
When the stent is well placed and deployed, the 
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coil introduction via the microcatheter can begin. 
The disadvantage of this method is the limitation 
of microcatheter maneuvers after stent deploy-
ment. The “Y-technique” is another method used 
for aneurysms of the basilar tip (or other bifur-
cated aneurysms) and includes the use of two 
stents (stent inside stent). The first stent is placed 

into the main artery and one of the two branches, 
while the other stent is placed inside the first 
stent up to the level of bifurcation and then con-
tinues to the other branch. Finally, the neck of 
the aneurysm is fully covered, and the insertion 
of the coils follows. Lately, another method 
combining BAC and SAC procedures has been 

c d
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Fig. 5.5 A 54-year-old man presented with a ruptured 
posterior communicating artery aneurysm. (a) Oblique 
view of the left internal carotid artery injection. (b) 3-D 
reconstruction of the left internal carotid artery injection. 
Showing a 5 mm × 6 mm aneurysm of posterior commu-
nicating artery segment (arrows). (c) Unsubtracted image 

showing the aneurysm was coiled (white arrow) with the 
assistance of a 4 mm × 20 mm Hyperglide balloon cathe-
ter (Medtronic ev3, USA) (black arrow). (d) Lateral view 
of the left internal carotid artery injection showing the 
aneurysm was completely occluded (arrow)
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Fig. 5.6 A 48-year-old woman presented with an anterior 
communicating artery aneurysm. (a) 3-D reconstruction 
of the left internal carotid artery injection showing an 
anterior communicating artery aneurysm (arrow). (b) 
Roadmap image showing the aneurysm was coiled (black 

arrow) with the assistance of a 4 mm × 7 mm Hyperform 
balloon catheter (Medtronic ev3, USA) (white arrow). (c) 
3-D reconstruction of the left internal carotid artery injec-
tion after embolization showing disappearance of the 
aneurysm (arrow)
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Fig. 5.7 A 62-year-old man presented with a ruptured 
posterior communicating artery aneurysm. (a) CT scan-
ning showing subarachnoid hemorrhage of the left Sylvian 
fissure. (b) 3-D reconstruction of the left internal carotid 
artery injection showing a 13 mm × 5 mm posterior com-
municating artery aneurysm (arrow). (c) 3-D reconstruc-
tion of the right internal carotid artery injection showing a 
5 mm × 8 mm posterior communicating artery aneurysm 

(arrow). (d) Frontal view of the unsubtracted image show-
ing bilateral aneurysms were all treated with Neuroform 
stent-assisted coiling (arrows). (e) 3-D reconstruction of 
the left internal carotid artery injection after treatment 
showing the disappearance of the aneurysm (arrow). (f) 
3-D reconstruction of the right internal carotid artery 
injection after treatment showing the coil mass in the 
aneurysm (arrow)
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developed. Initially, a typical BAC procedure is 
performed, and then a stent is placed in the neck 
of the aneurysm. The stent stabilizes the coil 
mass and blocks the blood inflow into the aneu-
rysmal cavity, while there is no limitation in the 
microcatheter maneuvers because the stent is 
implanted after the placement of coils [2, 23]. 
The theoretical advantage of the last method has 
been supported by the results of the Spiotta et al. 
study [26].

The total occlusion rate in SAC is approxi-
mately 75% in wide-neck aneurysms. The rate of 
thromboembolic events is approximately 10%, 
significantly higher compared to the standard 
GDC procedure. Recanalization rate is approxi-
mately 5–6%, while stent stenosis is observed in 
1% of the patients. Up to date, it is unclear 
whether the SAC procedure is superior to BAC or 
vice versa. Park et al. performed a study to com-
pare these techniques but did not find significant 
differences in efficacy, complications, and mor-
tality rates [2, 27, 28].

5.1.4  Flow Diverters

The observation that the stents induce a reduction 
in blood inflow into the aneurysmal cavity led to 
the creation of stents specially made for this pur-
pose. However, the high porosity of the stents 
limited the efficacy in terms of restricting the 

blood inflow. The development of new devices of 
low porosity gave the solution to this problem. 
These devices are called “flow-diverters”(Fig. 
5.8). Flow diverters are “stent-like” devices with 
low porosity and high pore density, which divert 
blood flow away from the aneurysm leading to 
blood stasis and clot formation inside the aneu-
rysm similar to a coil. The endothelization 
observed in the device surface further obstructs 
blood flow. Some of the devices used as flow 
diverters are the “Pipeline,” “Silk,” “Stryker,” and 
“FRED.” Currently, Pipeline (Medtronic-ev3, 
USA) and Surpass (Stryker, USA) are the only 
devices with US (United States)/FDA (Food and 
Drug Association) approval. Another advantage 
of the flow diverters over other devices is the 
absence of perioperative maneuvers within the 
aneurysm, ultimately leading to a reduction of 
intraoperative rupture (Fig. 5.9). The risk of rup-
ture is increased in giant aneurysms whose wall 
is very vulnerable (Fig. 5.10) [2, 28].

For this reason, flow diverters are predomi-
nantly utilized in the treatment of such large- 
giant aneurysms. Wide neck or tiny aneurysms 
may also be treated with flow diverters. As with 
stents, a dual antiplatelet regimen is necessary. 
Thus, the use of flow-diverters in ruptured aneu-
rysms is controversial. Unlike the standard 
method of coil embolization, thrombus induction 
within the aneurysm may not be achieved imme-
diately. It is estimated that only 10–20% of the 

ca b

Fig. 5.8 A 50-year-old woman presented with Hunt–
Hess grade 1 subarachnoid hemorrhage. (a) 3-D recon-
struction of the left internal carotid artery injection 
showing a 1.5 mm × 1.5 mm blood-blister like aneurysm 
(arrow) of the supraclinoid internal carotid artery. (b) 

Oblique view of the internal carotid artery injection show-
ing the aneurysm was treated with 3.5  mm  ×  20  mm 
Pipeline flow diversion and a 1.5 mm × 2 cm coil (Nano, 
Stryker, USA) (arrow). (c) Picture showing the Pipeline 
flow diversion system (Medtronic, USA)
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Fig. 5.9 A 42-year-old man presented with an incidental 
giant aneurysm of the internal carotid artery. (a) 3-D 
reconstruction of the right internal carotid artery injection 
showing a giant aneurysm of the posterior communicating 
artery segment of the internal carotid artery (arrow). (b) 
Oblique view of the right internal carotid artery injection 

showing the giant aneurysm (arrow). (c) Unsubtracted 
image showing the Pipeline flow diversion (arrow). (d) 
Unsubtracted image showing additional coils were placed 
(arrow). (e) Oblique angiography showing the patent 
internal carotid artery (arrow). (f) Lateral view of the 
angiography showing the aneurysm was partially occluded

ca b

Fig. 5.10 A 39-year-old woman presented with a blurred 
vision of the left eye. (a) Oblique view of the left carotid 
artery injection showing a giant aneurysm of the supracli-
noid segment of the internal carotid artery (arrow). (b) 
Oblique view of the left internal carotid artery injection 

showing the aneurysm was partially thrombosed after 
flow diversion and additional coils treatment. (c) CT scan-
ning showing aneurysm rupture 20 h after treatment and 
the patient died

5 Current Devices and Uses
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aneurysms will be occluded entirely after apply-
ing these devices. In total, it can take up to a year 
to achieve complete occlusion and shrinkage of 
the aneurysm. However, it should be mentioned 
that giant aneurysms have a very high risk of 
intraoperative rupture compared to other aneu-
rysms. Therefore, the optimal treatment should 
be assessed case-by-case by weighing the risk of 
rupture in the latent phase (flow-diverters) with 
the risk for intraoperative rupture (other endovas-
cular approaches and surgical clipping) [2, 
28–30].

Thromboembolic events and device migration 
are not unusual after flow diverter implantation. 
The risk of intraoperative rupture still exists 
despite the lack of maneuvering inside the aneu-
rysm. Obstruction of the parental artery’s perfo-
rators is another complication of this technique. 
The obstruction usually concerns the paraclinoid 
carotid artery and ophthalmic artery branches, 
although it seems that a significant degree of cov-
erage is required to cause ischemia in the perfora-
tor territory [28].

Early and late (after 1–2  months) ruptures 
may occur, with early ruptures being more com-
mon. The pathophysiological mechanism of late 
rupture is still unclear, but the aneurysm wall’s 
inflammatory response to elements secreted from 
the clot is considered a possible cause. The over-
all rupture frequency is about 2–4%. Prognosis 
post aneurysm rupture is poor, but this is proba-
bly related to the nature of the aneurysms (large/
giant aneurysms) treated with this technique. 
Late intraparenchymal cerebral hemorrhage (not 
related to aneurysm rupture) is another paradoxi-
cal event after the treatment with flow-diverters 
with a frequency of 3–4%. The majority of intra-
parenchymal hemorrhages are located in the ipsi-
lateral parenchyma in which the device is 
implanted. Thus, the correlation of the device 
with this event is unavoidable. Other authors sug-
gest that the hemorrhagic transformation of small 
ischemic lesions in the brain-territory (caused by 
the device) of the parental artery is a possible 
pathophysiological mechanism, while others 
suggest that hemodynamic alterations are the pri-
mary mechanism. Antiplatelets’ role in this event 
is unclear, but the occurrence of the hemorrhage 

predominantly in ipsilateral parenchyma discred-
its them as a cause [28–31].

5.1.5  Flow Disrupters

Although flow diverters provided several advan-
tages, their intraluminal location generates a high 
risk of thromboembolic events and a necessity 
for a prophylactic antiplatelet regimen. Flow dis-
rupters are devices whose mechanism is similar 
to flow diverters, with the difference that they 
possess an intrasaccular location instead of intra-
luminal. Thus, they overcome the need for an 
antiplatelet regimen and the restriction of appli-
cation only in unruptured aneurysms. The 
“WEB” (Woven Endo Bridge) is a nitinol-based 
flow disrupter, available in a spherical or cylin-
drical shape. One or two layers of wire are avail-
able, with the efficacy being similar in both 
versions. The feasibility is very high (95–100%), 
with the device being preferred in wide-neck 
bifurcated aneurysms such as basilary tip aneu-
rysms or aneurysms located in anterior and mid-
dle cerebral arteries. “Artisse” is another 
oval-shaped disrupter like WEB and is mainly 
used for the management of small aneurysms. 
These devices have yet to be certified by US-FDA 
and are currently used in European countries. 
Despite their intrasaccular location, thromboem-
bolic events may occur in 10% of the patients and 
the risk of rupture in the latent period still remains 
[32, 33].

5.1.6  Hybrids and Other Novel 
Devices

Currently, many variations of the devices men-
tioned above have been developed for the endo-
vascular treatment of IA.  Medina embolization 
device (MED) is a woven cage that combines an 
embolization device and a flow disrupter. It is 
essentially a coil with the ability to transform into 
a 3D structure when fully deployed inside the 
aneurysmal cavity. The barrel stent is another 
device used in bifurcated aneurysms with an 
expanded middle part to fully cover the neck cir-
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cumference. The “eCLIPS” and “PulseRider” are 
also endovascular devices used in bifurcated 
aneurysms. eCLIPS has an anchor segment to 
stabilize the structure into the main vessel and a 
leaflet segment used for the placement of coils 
into the aneurysm. This is another hybrid device 
because the leaflet segment blocks the blood 
inflow into the aneurysm. The Pulserider is a “Y” 
or “T” shaped structure that helps the coiling of 
bifurcated aneurysms with concurrent protection 
of artery branches. Finally, many other experi-
mental devices are being developed and are 
expected to be used for IA’s endovascular treat-
ment in the coming years [3, 25].

5.2  Conclusion

Endovascular treatment of IA is an effective and 
relatively safe method that has replaced, to a 
great extent, classic surgical clipping. The devel-
opment of novel techniques and devices such as 
BAC, SAC, and flow diverters/disrupters for the 
treatment of wide-neck or giant/large aneurysm 
has expanded the use of endovascular approaches 
beyond the exclusive treatment of berry aneu-
rysms. Finally, other hybrid devices are being 
developed to treat challenging aneurysms such as 
basilary tip aneurysms and are expected to be 
used in the upcoming years.
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Neuroendovascular Management 
of Wide-Neck Bifurcation 
Aneurysms

Xianli Lv

Abstract

This chapter is to give an overview of the 
endovascular treatment of intracranial 
 bifurcation aneurysms. These aneurysm loca-
tions were the internal carotid artery bifurca-
tion, anterior communicating artery complex, 
middle cerebral artery bifurcation, and basilar 
artery bifurcation. Development in neuroen-
dovascular devices and techniques, such as 
stent-assisted coiling, balloon-assisted coil-
ing, low-profile stent system (LEO Baby, 
LVIS Jr., and Atlas) and flow diversion tech-
niques has treated more challenging aneu-
rysms, such as wide-necked or complex 
bifurcation aneurysms. We will describe these 
available neuroendovascular devices and tech-
niques in this chapter. We hope this would 
help to encourage advancements in managing 
the bifurcation aneurysms and assist real-time 
decision-making in clinical practices.

Keywords

Bifurcation aneurysm · Stent · Endovascular 
therapy · Complete occlusion

6.1  Background

Neuroendovascular therapy of wide-neck, com-
plex, bifurcation aneurysms is a challenging 
issue [1]. Coil embolization has become a stan-
dard treatment for ruptured and unruptured cere-
bral aneurysms [2]. Subsequent development in 
neuroendovascular devices and techniques, such 
as self-expanding stents, has greatly improved 
the ability to treat intracranial aneurysms [3]. 
Stent-assisted coiling of cerebral aneurysms has 
been performed initially using coronary stents in 
the 1990s (Fig. 6.1) [4]. Until 2002 and 2003, the 
first neurostent, the self-expanding Neuroform 
(Stryker, Kalamazoo, MI, USA) (Fig.  6.2) and 
the self-expanding Leo stent (Balt, Montmorency, 
France), were designed as open-cell and braided 
neurostents deliverable through a 0.027-inch 
microcatheter [5–7]. They were followed by the 
closed-cell Solitaire AB (Covidien, Irvine, CA, 
USA) (Fig. 6.3), Enterprise (Codman, Raynham, 
MA, USA) (Fig. 6.4), and braided LVIS (Low- 
Profile Visualized Intraluminal Support, 
Microvention, USA) stents [8–10]. Recently, 
ministents deliverable through 0.0165-inch 
microcatheters have become possible, such as 
Leo Baby (Balt, France) (Fig.  6.5), LVIS Jr. 
(Microvention, USA) (Fig. 6.6) and the open-cell 
Atlas (Stryker, Kalamazoo, MI, USA) (Fig. 6.7) 
stents [11, 12]. The use of ministents has become 
a good option for complex bifurcation aneu-
rysms. These low-profile neurostents can be 
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Fig. 6.1 Stenting of a mid-basilar artery aneurysm using 
coronary stent in the 1990s. (a) Lateral angiogram of the 
left vertebral artery showing a large mid-basilar artery 
aneurysm (arrowhead). (b) Lateral angiogram of the left 

vertebral artery after implant of a 3.5 mm × 18 mm Bx 
Velocity stent (Cordis, USA) showing disappearance of 
the aneurysm (arrowhead). (c) Frontal view of the unsub-
tracted image showing the stent (arrow)
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Fig. 6.2 A 55-year-old woman presented with an unrup-
tured middle cerebral artery aneurysm. (a) T1-weighted 
MR imaging showing a hypertensity in the right Sylvian 
fissure(arrow). (b) Frontal view of the right carotid artery 
injection showing a 7 mm × 8 mm aneurysm of the middle 
cerebral artery (arrow). (c) Frontal view of the unsub-

tracted image showing the 3.0 mm × 20 mm Neuroform 
stent (Boston Scientific, USA) (white arrow) and coil 
mass (black arrow) after treatment. (d) Frontal view of the 
right carotid artery injection showing the aneurysm was 
completely occluded after treatment

6 Neuroendovascular Management of Wide-Neck Bifurcation Aneurysms
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introduced into distal arteries with diameters 
between 1.5 and 3.0  mm through 0.0165-inch 
microcatheters allowing easier navigation. In 
addition to stent-assisted coiling, intrasaccular 
techniques such as the Woven EndoBridge 
Device (WEB) and pCONus (Phenox GmbH, 
Bochum, Germany) are used to prevent parent 
artery occlusion [13–15]. The pCONus (Phenox 
GmbH, Bochum, Germany) protrudes into the 

aneurysmal lumen and thus protects against acci-
dental closure of the lateral branches [16]. To 
protect the lumen, either 2 stents can be inserted 
side by side or inside each other in both outgoing 
vessel branches. In this chapter, we will provide 
young practitioners, particularly those in endo-
vascular training, with an overview of the 
 different types of bifurcation aneurysms and vari-
ous treatment strategies available.

c da b

Fig. 6.3 A patient presented with subarachnoid hemor-
rhage. (a) 3-D reconstruction of the left internal carotid 
artery injection showing the 4 mm × 5 mm anterior com-
municating artery aneurysm (arrow), which was treated 
with 4.0 mm × 15 mm Solitaire AB stent and coils. (b) 

The unsubtracted image showing the Solitaire AB stent 
(white arrow) and the coil mass (black arrow). Lateral 
view (c) and frontal view (d) of the left internal carotid 
artery injection after coiling showing the aneurysm was 
occluded completely (arrows)

ca b

Fig. 6.4 A 58-year-old woman presented with an unrup-
tured middle cerebral artery bifurcation aneurysm. (a) 
frontal view of the left carotid artery injection showing a 
3  mm  ×  4  mm aneurysm of the middle cerebral artery 
bifurcation (arrow). (b) Working angle of the unsubtracted 

image showing the 4.5  mm  ×  15  mm Enterprise stent 
(Cordman, USA) and coil mass (arrow) during treatment. 
(c) Working angle of the left carotid artery injection show-
ing the aneurysm was completely occluded after treatment 
(arrow)
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Fig. 6.5 A 50-year-old female presented with Hunt–Hess 
grade1 subarachnoid hemorrhage. (a) CT scanning show-
ing a hypertensity in the left Sylvian fissure (arrow). (b) 
Frontal view of the left internal carotid artery injection 
showing the 1.5 mm × 1.5 mm bifurcation aneurysm of 
the middle cerebral artery (arrow), which was treated with 

2.5 mm × 18 mm Leo baby stent and coil. (c) Lateral view 
of the left internal carotid artery injection after coiling 
showing the aneurysm was occluded completely (arrow). 
(d) Lateral view of the unsubtracted image showing the 
Leo baby stent and the coil mass (arrow)
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6.2  Three Types of Bifurcation 
Aneurysms

6.2.1  Saccular Aneurysms

Saccular aneurysms are the most common type 
of bifurcations [17]. They are a round outpouch-
ing with well-defined aneurysmal domes and 

necks connecting to the parenting vessel. They 
favor bifurcation locations of the internal carotid 
artery, the middle cerebral artery (MCA) and the 
basilar artery (BA), and the anterior communicat-
ing artery (Acoma). Saccular aneurysms can be 
classified into microaneurysms (<2 mm in diam-
eter), small aneurysms (2–10  mm in diameter) 
large aneurysm (10–25  mm in diameter) and 

ca b

Fig. 6.6 A patient presented with subarachnoid hemor-
rhage. (a) Frontal view of the left internal carotid artery 
injection showing the 3 mm × 4 mm anterior communicat-
ing artery aneurysm (arrow), which was treated with 
2.5 mm × 17 mm LVIS Jr. stent and coils. (b) The unsub-

tracted image showing the LVIS Jr. stent and the coil mass 
(arrow). (c) Frontal view of the left internal carotid artery 
injection after coiling showing the aneurysm was occluded 
completely (arrow)

ca b

Fig. 6.7 A 46-year-old female presented with Hunt–Hess 
grade3 subarachnoid hemorrhage. (a) Frontal view of the 
right internal carotid artery injection showing the 
3 mm × 3 mm bifurcation aneurysm of the middle cerebral 
artery (arrow), which was treated with 3.0 mm × 15 mm 

Neuroform Atlas stent and coils. (b) Working angle of the 
unsubtracted image showing the Atlas stent and the coil 
mass (arrow). (c) Frontal view of the right internal carotid 
artery injection after coiling showing the aneurysm was 
occluded completely (arrow)
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giant aneurysm (>25  mm in diameter) [18]. 
Untreated giant aneurysms have over 50% risk in 
rupturing and 88% to 100% in mortality at 2-year 
follow-up [19].

6.2.2  Dissecting Aneurysms

Dissecting aneurysms, or arterial dissections, 
start with a minor tear on the inner wall, and then 
layers are further separated by the shearing force 
of blood flow which results in pseudoaneurysm 
formation [20]. Spontaneous dissections can 
occur anterior cerebral artery, middle cerebral 
artery, and internal carotid artery and involve 
their bifurcations caused by increased shear 
force. Supraclinoid segment of internal carotid 
artery navigates its path through ligaments with 
little mobility, and it breaks free from these 
bonds as it enters the dura adding to the risk of 
tearing.

6.2.3  Giant Serpentine Aneurysms

Giant serpentine aneurysm (GSA) is a subtype of 
dissecting aneurysms [21]. They were often 
described as partially thrombosed aneurysms. 
The blood flow through GSAs is slow, leading to 

repeated episodes of intramural clot formation. 
The clots build up and eventually become a giant 
mass, leaving only a tortuous channel, which 
appears to be serpent-like under digital subtract 
angiograph (DSA) (Fig. 6.8). Due to their chronic 
nature, the thrombus inside is highly fibrosed, 
giving them stiff and rubber-like textures.

6.3  Neuroendovascular 
Strategies for Bifurcation 
Aneurysms

Coil embolization is insufficient when dealing 
with complex bifurcation aneurysms. 
Neuroendovascular techniques have been inno-
vated over the past years to handle these complex 
lesions (Tables 6.1 and 6.2).

6.4  Coiling

Since detachable coils were invented by 
Guglielmi in the 1990s [22], coil embolization 
has become a standard therapy for cerebral aneu-
rysms (Fig. 6.9). Simple coiling is transluminal 
navigation of a 0.0165-inch or 0.0170-inch 
microcatheter into the aneurysm sac with the 
help of 0.014-inch microguidewires and the 

ca b

Fig. 6.8 A 36-year-old female presented with a giant ser-
pentine aneurysm. (a) CT scanning showing a giant 
hypertensive mass in the left Sylvian fissure (arrow). (b) 
Coronial view of the T1-weighted MR imaging showing a 

giant hypertensive mass in the left Sylvian fissure (arrow). 
(c) Oblique view of the left internal carotid artery injec-
tion showing the dissecting aneurysm of the middle cere-
bral artery (arrow)
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a b

Fig. 6.9 A 27-year-old man with a ruptured right middle 
cerebral artery bifurcation aneurysm was coiled with 
Guglielmi detachable coils (GDC, Boston Scientific, 
USA) in 1998. (a, b) Frontal view of the right internal 
carotid artery injection showing the aneurysm of the mid-
dle cerebral artery bifurcation (arrows). (c) Lateral view 
of the internal carotid artery injection showing the 

aneurysm(arrow). (d) Frontal view of the fluoroscopic 
image after aneurysm coiling showing the coil mass 
(arrow). (e) Frontal view of the right internal carotid 
artery injection after aneurysm coil embolization. (f) 
Lateral view of the right internal carotid artery injection 
after aneurysm coil embolization. Showing the aneurysm 
was completely occluded (arrows)
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delivery and packing of detachable coils within 
the aneurysmal sac. The goal of coil emboliza-
tion is to achieve dense packing and induce rapid 
blood clot formation within the aneurysmal sac, 
hence preventing it from bleeding for all aneu-
rysms with desirable dome-to-neck ratios (>2.0).

6.5  Double Catheter Technique

Double catheter technique is for saccular aneu-
rysms with a slightly unfavorable dome-to-neck 
ratio (2.0, >1.5). The 2 microcatheters are posi-
tioned in the proximal and distal aspects of the 
aneurysm sac before coil embolization. The first 
3-D coil is introduced through the proximal cath-
eter to make a supporting frame, and then the fill-
ing coils are inserted via the distal microcatheter. 
The framing coil is not detached until satisfactory 
packing is obtained. This technique is safe and 
effective for the aneurysms at MCA bifurcation 
and Acoma complex (Fig. 6.10).

6.6  Balloon-Assisted Coiling

Balloon-assisted coiling was initially described 
as “remodeling technique” in treating aneurysms 
with a wide neck [23]. It is described as using 1 
or 2 nondetachable temporarily inflated balloons 
to block the aneurysmal neck during coil place-
ment (Fig. 6.11). For difficult situations or com-
plex cases, double-balloon technique is used. 
Besides double-balloon technique, special bal-
loons are also being developed, such as hyper-
compliant, round-shaped, and double-lumen 
balloons.

6.7  Stent-Assisted Coiling

Stent-assisted coiling can overcome the disad-
vantages of wide-necked bifurcation aneurysms 
[24]. Similar to balloon-assisted coiling, a stent is 
deployed to block the aneurysmal neck before 
coil packing, which is defined as stent-assisted 
coiling. The aneurysms with an extremely 
 unfavorable dome-to-neck ratio (1.0) require 
stent- assisted coiling generally due to the need of 
permanent support to prevent coil prolapse and 
migration. There are 4 major stent-assisted coil-
ing techniques: mesh technique, stent jail tech-
nique, semi-jailing technique, stent jack 
technique, and Y-stenting technique. Stent jail 
technique is safe and effective, and it is one of the 
most used stent-assisting techniques nowadays 
[25]. In mesh technique, it would be difficult to 
navigate a microcatheter into the aneurysmal sac 
via the mesh of the stent. However, in stent jail 
technique, the microcatheter is positioned before 
the stent bridging over the aneurysmal neck and 

Table 6.1 Types of bifurcation aneurysms and their neuroendovascular techniques

Neuroendovascular techniques
Neuroendovascular techniques
Saccular Dissecting Serpentine

Coiling Yes No Yes
Balloon-assisted coiling Yes No No
Stent-assisted coiling Yes Yes No
Intra-luminal flow diversion Large or giant Yes Yes
Intra-saccular flow diversion Yes No No

Table 6.2 Devices in neuroendovascular techniques

Techniques Devices
Balloon- 
assisted 
coiling

Single/dual lumen

Stent-assisted 
coiling

Solitaire AB, Enterprise, LVIS, LVIS 
Jr., Leo+, Leo baby, Neuroform EZ, 
Neuroform atlas

Intra-luminal 
flow diversion

Silk, FRED, pipeline, surpass

Intra-saccular 
flow diversion

WEB

Device 
selection

Efficacy, safety, access option, bail 
out strategy

Limiting 
factors

Aspirin/Plavix, durability, ease of 
use/convenience, experience
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there is no difficulty in holding the microcathe-
ter’s position during coil packing as it is trapped 
by the stent. In the stent jack technique, the stent 
delivery system and the microcatheter are both in 

place as the first step, and the stent is deployed 
after the deployment of the first coil in the aneu-
rysmal sac. It allows the first coil to form a larger 
loop which is then pushed back into the sac, 

c d

a b

Fig. 6.10 A 52-year-old woman presented with Hunt–
Hess grade 1 subarachnoid hemorrhage. (a) 3-D recon-
struction of the right internal carotid artery injection 
showing a middle cerebral artery bifurcation aneurysm 
and an A1 origin aneurysm of the right anterior cerebral 
artery (arrows). (b) Oblique review of the right internal 
carotid artery injection showing the middle cerebral bifur-
cation aneurysm was coiling. (c) The void roadmap image 

showing the A1 aneurysm was treated via the transcircula-
tion approach because of the microwire cannot be passed 
through the ipsilateral approach. White arrow, the 
4.5 mm × 22 mm Enterprise stent; black arrow, coils. (d) 
Frontal view of the right internal carotid artery injection 
showing the 2 aneurysms were occluded completely 
(arrows)
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resulting in better coil wall positioning. However, 
it is not recommended for the increased risks of 
rupture and the possibility of compromising the 
stent’s integrity and stability.

6.8  Y-stenting Technique

Y-stenting technique is developed for treating 
bifurcation aneurysms, where 1 or more micro-
catheter are in place with 2 stents blocking the 
aneurysmal neck [26]. The Y-stenting was ini-
tially carried out and described by Chow and col-
leagues when treating a basilar apex aneurysm 
[27]. In classic Y-stenting, 2 stents are applied, 
the first being initially in one of the branches and 
the second is finally inserted through the meshes 
of the first stent into the second branch [26]. 
Another method is the so-called kissing stent 
technique. Here, the two stents are unfolded par-
allel in the main carrier vessel [28]. A meta- 
analysis that included 27 studies and 750 
aneurysms treated with Y-stent placement has 
been published in 2019 [29]. In this study, the 
long-term complete/near-complete occlusion rate 
was 95.4%, and the treatment-related complica-
tion rate was 8.9%. Morbidity and mortality after 
treatment were 2.4% and 1.1%, respectively. 
Crossing Y-stent placement was associated with a 
slightly lower complication rate compared with 
the kissing configuration. Occlusion rates were 
quite comparable among Enterprise, Neuroform, 

and LVIS stents, whereas the Enterprise stent was 
associated with lower rates of complications 
(6.5%) compared with the others (14%). Another 
possibility is intrasaccular procedures such as the 
web device, in which, for example, a nitinol 
 basket is inserted into the aneurysmal lumen 
[13]. A wide aneurysm neck can also be covered 
with a pConus system [30].

6.9  Intrasaccular Flow 
Disruptions

Intrasaccular flow disruption devices have been 
developed, among which is the Woven 
EndoBridge Embolization Device (Sequent 
Medical, Aliso Viejo, California) [31]. It is to be 
deployed inside the aneurysmal sac to induce fast 
thrombosis. It is suitable for most saccular bifur-
cation aneurysms and even ruptured bifurcation 
aneurysms, as it facilitates acute aneurysmal 
occlusion. Some authors point out its limitation 
in treating irregular dome-shaped intracranial 
aneurysms as good wall apposition is impossible. 
Lv et al. have performed a meta-analysis before 
June 2017, identifying and including 19 uncon-
trolled case-series studies (935 patients) [13]. 
Most aneurysms were wide-neck bifurcation 
aneurysms of the middle cerebral artery (43%) 
and the anterior communicating artery (23%). 
The technical success rate was 97%. There were 
10% of peri-procedural complications. After a 

ca b

Fig. 6.11 A 38-year-old man presented with subarach-
noid hemorrhage. (a) Frontal view of the left vertebral 
artery injection showing a basilar tip aneurysm (arrow). 
(b) Frontal view of the left vertebral artery injection show-

ing the aneurysm was coiled with the assistance of a 
4  mm  ×  7  mm Hyperform balloon catheter (Medtronic 
ev3, USA) (arrow). (c) The left vertebral artery injection 
showing the aneurysm was completely occluded (arrow)
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mid-term clinical follow-up, mortality was 2% 
and adequate occlusion was 81%. Lv et al. con-
cluded that although the WEB showed high rates 
of adequate aneurysm occlusion at midterm, 
there is no comparison of currently available 
treatment options, such as stent-assisted coiling. 
The intrasaccular WEB device is a good alterna-
tive, with closure rates of over 85% and perma-
nent morbidity and mortality rates of 4 and 1.3%, 
respectively.

6.10  Intralumenal Flow Diversion

Another competing vascular treatment method 
for bifurcation aneurysms is flow diversion with 
so-called flow diverters (Fig.  6.12). Flow- 
diverting stents (FDSs) are a new generation of 
stents designed to treat aneurysms by isolating 
the aneurysmal lumen from the circulation via 
recanalization. They are braided mesh stents, 
such as the Silk Flow Diverter (Balt Extrusion, 
Montmorency, France), the Pipeline 
Embolisation Device (ev3, Irvine, California) 

[32]. The FDSs are suitable for both wide-necked 
and fusiform aneurysms. A systematic review 
showed a complete occlusion rate in over 81% of 
cases with a morbidity and mortality rate of 
6.9% [33]. The main concern with FDSs is the 
risk of perforator and side branch blockage 
which makes them less desirable in treating 
bifurcation wide-neck aneurysms. However, the 
outcomes were satisfactory with preserved per-
forators and side branches [34].

6.11  The pCONus Bifurcation 
Aneurysm Implant

The pCONus Bifurcation Aneurysm Implant 
(Phenox GmbH, Bochum, Germany) is a stent- 
like endoluminal device for the treatment of 
wide-necked bifurcation aneurysms [30]. In a 
meta-analysis published in 2019 concerning the 
pCONus device for the treatment of aneurysms 
[35], 203 intracranial aneurysms were treated 
with per-procedural morbidity, and mortality 
rates were 7% and 0%, respectively. The long- 

a b

Fig. 6.12 A 54-year-old woman presented with an 
unruptured middle cerebral artery bifurcation aneurysm. 
(a) Frontal view of the right carotid artery injection show-
ing a 8  mm  ×  8  mm aneurysm of the middle cerebral 

artery bifurcation (arrow). (b) Frontal view of the right 
carotid artery injection showing the aneurysm was treated 
using Pipeline flex flow diverter (arrow)
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term complete occlusion rate was 60% and the 
retreatment rate was 14%. According to the 
authors, the pCONus devices are an additional 
tool for the treatment of wide-necked bifurcation 
aneurysms with high rates of technical success 
and sufficiently low rates of morbidity and mor-
tality. Henkes et al. published a biocompatibility 
patient study on a new version of the pCONus 
device, called the pCONus HPC, which is coated 
with a novel glycan-based multilayer polymer 
coating, in an attempt to inhibit platelet adhesion 
[36]. The pCANvas Neck Bridging Device is a 
third-generation device [37]. The major upgrade 
as compared to pCONus is the biocompatible 
membrane on the distal end of the device, in 
order to redirect the flow away from the aneuris-
mal sac.

6.12  Salvation Techniques

Salvation techniques are for dealing with throm-
bosis, ruptured aneurysms, or vascular trauma 
during interventional procedures [38]. The prin-
ciple of salvation technique is to restore the integ-
rity of vessel and stop the bleeding. The most 
commonly used one is to deploy small coils to 
block the perforation, to scaffold the protruding 
coils by stent placement. In extreme scenarios, a 
balloon is used to occlude the entire parent artery 
as a life-saving procedure to stop bleeding.

6.13  Observation for Bifurcation 
Aneurysms

Current evidence in the literature does not conclu-
sively support a standard treatment strategy 
regarding asymptomatic unruptured intracranial 
aneurysms, especially for small-sized asymptom-
atic unruptured aneurysms in patients without a 
previous subarachnoid hemorrhage [39]. 
Management decisions require an accurate assess-
ment of the risks of various treatment options 
compared with the natural history of asymptom-
atic aneurysms. In 1998, the International Study 
of Unruptured Intracranial Aneurysms (ISUIA) 
investigators reported the results of a large retro-
spective multicenter study on the natural course of 
asymptomatic unruptured aneurysms [40]. In this 
study, the natural course of 1937 asymptomatic 
unruptured aneurysms in 1449 patients was retro-
spectively assessed. The findings obtained sug-
gested that annual hemorrhage rates of aneurysms 
<10 mm, 10–25 mm, and >25 mm in diameter in 
patients with no history of SAH were 0.05%, 
approximately1%, and 6%, respectively. 
Moreover, this study suggested that small 
unptured aneurysms have a benign natural course 
and a very low risk of bleeding when left untreated 
[40]. After this seminal publication, many cere-
brovascular centers moved away from treating 
small incidentally discovered aneurysms, particu-
larly in older patients (Fig. 6.13).

ca b

Fig. 6.13 An 84-year-old woman presented with an inci-
dental middle cerebral artery bifurcation aneurysm. (a) 
CT scanning showing a hypertensive mass in the left 
Sylvian fissure, which suggested a calcification (arrow). 
(b) Axial view of the T2-weighted MR imaging showing 

flow void signal in the left Sylvian fissure (arrow). (c) MR 
angiography showing an aneurysm of the middle cerebral 
artery bifurcation (arrow). The aneurysm was not treated 
since old age and the aneurysmal calcification
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6.14  Conclusion

Intracranial aneurysms most commonly occur 
at bifurcation sites. In the case of dealing with 
broad-based aneurysms, the risk of accidental 
vessel occlusion during embolization should 
not be underestimated. Therefore, several 
devices are available, e.g., WEB device and 
low-profile stents. Besides that, Y-stenting tech-
nique using double closed cell stent-assisted 
coiling is also feasible and safe for selected 
patients in the management of complex wide-
necked bifurcations.
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Dual Lumen Balloon-Assisted Coil 
Embolization

Zaid Aljuboori, Abigail McCallum, Dale Ding, 
and Robert James

Abstract

Intracranial aneurysm is an abnormal dilation 
of a vessel wall. A multitude of factors have 
been linked to the development of and risk for 
rupture of these malformations. The conse-
quences of these vascular abnormalities 
depend predominantly on whether the aneu-
rysm ruptures. Aneurysmal subarachnoid hem-
orrhage (aSAH) is a serious condition that is a 
result of aneurysm rupture. It is associated 
with a high case fatality rate (45%) and severe 
disability in afflicted patients. The incidence 
rates are between 2 and 32 per 100,000 person-
years. There are multiple treatment modalities 
available for the treatment of both ruptured and 
unruptured intracranial aneurysms. In this 
chapter, we will focus on the double-lumen 
balloon-assisted coiling technique for the treat-
ment of intracranial aneurysms.

Keywords

Intracranial aneurysm · Wide neck · Balloon 
assisted · Double lumen · Coil embolization

7.1  Rationale for the Use 
of Double-Lumen Balloon

Anatomic variability can make endovascular 
treatment technically challenging. Especially, 
when the aneurysm has a wide neck (>4 mm) or 
unfavorable dome/neck ratio. Under these cir-
cumstances, stand-alone aneurysm coiling can 
lead to suboptimal results [1]. Some studies have 
reported that the stand-alone coiling technique 
can result in a complete occlusion rate of 15% for 
wide-neck aneurysms in comparison to an occlu-
sion rate of 85% for small-neck aneurysms [1]. 
The argument for these unsatisfactory results was 
that a wide-neck aneurysm prevented dense 
packing of the fundus because of the risk of coil 
prolapse. This is especially important in the case 
of ruptured aneurysms where a complete occlu-
sion is of uttermost importance to prevent rehem-
orrhage [1–3]. A balloon remodeling technique 
(BRT) was described to circumvent this technical 
limitation with wide-neck aneurysms. The con-
cept behind the BRT is to temporarily inflate a 

Z. Aljuboori (*) · A. McCallum · D. Ding 
Department of Neurological Surgery, University of 
Louisville School of Medicine, Louisville, KY, USA
e-mail: zaidsa@uw.edu 

R. James 
Department of Neurological Surgery, Indianna 
University School of Medicine,  
Indianapolis, IN, USA

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7102-9_7&domain=pdf
https://doi.org/10.1007/978-981-16-7102-9_7#DOI
mailto:zaidsa@uw.edu


84

non-detachable balloon in the parent vessel span-
ning the neck of the aneurysm during coils 
deployment, and then the balloon is removed at 
the end of the procedure [1–10] (Fig. 7.1).

The use of BRT has shown good results for 
aneurysm occlusion after initial treatment and 
during follow-up. A recent review article reported 
a complete occlusion rate of 73% after initial 
treatment of wide-neck aneurysms in the BRT 
group versus 49% in the stand-alone coiling 
group. The subtotal occlusion and the incomplete 
occlusion rates were 22% and 5% in the BRT 
group vs 39% and 13% in the stand-alone coiling 
group [2, 8]. At follow-up, the results were simi-
lar; the complete occlusion rate was 72% in the 
BRT group versus 54% in the stand-alone coiling 
group, and the subtotal and the incomplete occlu-
sion rates were 17% and 10% in the BRT group 
vs 34% and 11% in the stand-alone coiling group 
[2, 8].

In the Analysis of Treatment by Endovascular 
Approach of Nonruptured Aneurysms (ATENA) 
study, the investigators reported similar initial 
anatomic results for both the stand-alone coiling 
and the BRT groups (complete occlusion rate was 
59.8% of aneurysms in the stand-alone coiling 
group and 59.8% of aneurysms in the BRT group) 
[11]. In the Remodeling Technique for 
Endovascular Treatment of Ruptured Intracranial 

Aneurysms study, the initial anatomic results 
were different between the BRT and the stand- 
alone coil embolization groups. The rate of satis-
factory aneurysm occlusion rate was significantly 
higher in the BRT group (94.9%) than in the 
stand-alone coil embolization group (88.7%) 
[12]. Finally, Shapiro et  al. published a meta- 
analysis that elucidated the superiority of BRT 
over stand-alone coiling for both immediate 
(BRT 73% vs stand-alone coiling 49%) and fol-
low- up (BRT 72% vs stand-alone coiling 54%) 
angiographic occlusion rates [2].

7.2  Advantages

7.2.1  General Advantages 
of Balloons

 (a) BRT does not usually necessitate antiplate-
let therapy, which increases the risk of 
rebleeding in case of a ruptured aneurysm or 
the presence of external ventricular drain [1, 
7, 8].

 (b) BRT balloon conformity clearly delineates 
the neck of the aneurysm and adjacent ves-
sels. Therefore, vessels originating from 
the aneurysm neck are safe during coiling 
[1, 7, 8].

a b c

Fig. 7.1 A 60-year-old man presented with a large mid-
dle cerebral artery aneurysm. (a) Frontal view of the right 
internal carotid artery injection showing a large middle 
cerebral artery aneurysm (arrow). (b) Oblique view of the 
unsubtracted image showing the aneurysm was coiled 

with the assistance of a 4 mm × 7 mm Hyperform balloon 
catheter (Medtronic ev3, USA) (arrow). (c) Oblique view 
of the right internal carotid artery injection showing the 
aneurysm was completely occluded (arrow)
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 (c) BRT can be used to stop blood flow in the 
parent vessel in case of intraprocedural rup-
ture [1, 7, 8].

7.2.2  Advantages Specific 
to Double-Lumen Balloons

 (a) Double-lumen balloons have a better naviga-
bility compared to single lumen balloons due 
to their ability to pass a thicker guide wire 
0.014-inch vs 0.010-inch [9].

 (b) Dual-lumen balloons catheters are denser (2 
lumens) with a larger Profile and rely on 
occlusion of vent holes by contrast to create 
seal. The hydrophilic coating on the balloon 
and catheter shaft assists in the trackability.

 (c) Double-lumen balloons can be used to 
deploy coils through the inner lumen, which 
permits the use of a single catheter tech-
nique. This is not applicable to single lumen 
balloons [9].

 (d) Double-lumen balloons can be used to 
deploy low-profile stents through the inner 
lumen of the coaxial system. This feature can 
be used as a salvage option in cases where 
stenting was not planned but is deemed to be 
necessary to terminate aneurysm coiling 
with the deployment of the stent in order to 
keep the parent vessel open [13].

7.3  Potential Complications

 (a) Thromboembolic complications: it occurs in 
8% of patients, but only 4.4% are symptom-
atic [1, 8].

 (b) Aneurysm rupture: the rate of aneurysm rup-
ture due to balloon use is 1.7% in ruptured 
aneurysms, and 1.8% in unruptured aneu-
rysms treated with BRT [1, 8].

 (c) Parent vessel rupture: there is a 1% risk of 
parent vessel rupture due to balloon inflation 
[1, 8].

 (d) Ischemia due to balloon inflation: a longer 
maximum inflation time correlates 
 significantly with increased watershed 
infarcts. There are no clear-cut guidelines 

that delineate what is acceptable for balloon 
inflation time limits, because patient-related 
factors such as status of collateral circulation 
and presence of atherosclerosis do affect the 
patient tolerance to maximum balloon infla-
tion time [1, 8].

7.4  Specific Indications

 (a) Coiling of wide-neck aneurysms (>4 mm) [1, 
3, 7, 8].

 (b) Coiling of aneurysms with an unfavorable 
dome-to-neck ratio (<½) [1, 3, 7, 8].

 (c) Coiling of aneurysms in patients whom a 
stand-alone coiling is expected to yield sub-
optimal results due to complex anatomy and 
are unable to receive antiplatelet therapy 
(e.g., acutely ruptured aneurysm) which pre-
cludes the use of stent-assisted coiling or 
flow diverting stent [1, 3, 7, 8].

 (d) Coiling of aneurysms with a vessel or ves-
sels originating from the aneurysm neck [1, 
3, 7, 8].

7.5  Available Options 
for Double-Lumen Balloons

Balloons are made from a thermoplastic elasto-
mer that is mounted on a nitinol slotted hypo- 
tube with hundreds of micromachined ports for 
contrast infusion. Two types of intracranial com-
pliant balloons and coaxial dual-lumen systems 
are available. The Ascent (Codman Neuro, 
Pennsylvania, USA) and the Scepter 
(Microvention/Terumo, California, USA). Both 
have an inner lumen that permits the passage of a 
0.014-inch guidewire and the deployment of 
0.010- and 0.018-inch-diameter coils. The inner 
lumen is surrounded by a parallel outer noncom-
municating lumen for contrast injection to inflate 
the balloon. Double-lumen balloon preparation is 
time-consuming and is less flexible compared to 
single lumen balloons.

The Ascent balloon is available in two forms, 
a semi-compliant form (4  mm  ×  10  mm, 
4  mm  ×  15  mm) and a super-compliant form 
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(6 mm × 9 mm, 4 mm × 7 mm). The Scepter bal-
loon is available in two forms as well: The 
Scepter-C (compliant, 4-mm x 10, 15, and 
20  mm) and the Scepter-XC (extracompliant, 
4 × 11 mm). Both balloons can also be used for 
embolization of intracranial vascular malforma-
tions as they are compatible with dimethyl sulf-
oxide (DMSO) [1, 3, 7, 8]. The Ascent 
semi-compliant and Scepter-C are less compliant 
versions that offer longitudinal coverage and 
minimal slipping for the treatment of sidewall 
aneurysms, while the more compliant version 
(Ascent super-compliant and Scepter-XC) con-
forms to vascular bifurcations and is more useful 
for bifurcation aneurysms [1, 3, 7, 8]. Both bal-
loons have comparable results when used with 
the balloon remodeling technique for aneurysm 
coiling [3, 9, 14].

7.6  Technique for Device 
Preparation (Manufacturer 
Recommendations)

7.6.1  Ascent Balloon Preparation

 1. Follow hospital procedures for removing the 
balloon catheter from packaging.

 2. Attach a 3-way stopcock and a 20 cc syringe 
filled with 3  cc of contrast solution to the 
inflation port of the hub. Point the syringe 
down then pull vacuum and close the stop-
cock to the inflation lumen.

 3. Point syringe up and purge air out.
 4. Point syringe down, open stopcock, and pull a 

second vacuum, then slowly lower the plunger 
to let contrast to flow into the inflation lumen.

 5. Hold the balloon in a vertical position, inject 
contrast with the 20 cc syringe to replace air 
with contrast in the balloon.

 6. Once all air is out you should notice contrast 
exiting the tip of the catheter, confirm no air 
bubbles visible in the balloon.

 7. Deflate the balloon while the catheter tip is in 
contrast solution.

 8. Balloon inflation lumen prime volume is 
0.45 cc.

 9. Check manufacturer recommendations for 
using different contrast viscosity and associ-

ated balloon deflation time, also check infla-
tion volumes for each balloon size.

7.6.2  Scepter Balloon Preparation

 1. Follow hospital procedures for removing the 
balloon catheter from packaging.

 2. Attach a 3-way stopcock and a 20 cc syringe 
filled with contrast/saline solution to the infla-
tion port of the hub.

 3. With the distal tip of the balloon catheter sub-
merged in saline, slowly inflate and allow all 
the air to escape from the distal purge hole.

 4. After purging all the air out, the balloon starts 
inflating with contrast/saline solution.

 5. Balloon inflation lumen prime volume is 
0.44 cc.

 6. Check manufacturer recommendations for 
using different contrast viscosity and associ-
ated balloon deflation time, also check infla-
tion volumes for each balloon size.

7.7  Device Uses

 1. Sidewall aneurysms: place the balloon in the 
parent vessel covering the aneurysm neck [1, 
3, 7, 8].

 2. Bifurcation aneurysms, it is not as straightfor-
ward as sidewall aneurysms because of ana-
tomical complexity and the increased 
likelihood of coil prolapse, the best option is 
decided based on a case-by-case basis depend-
ing on the anatomy of the parent vessel, the 
circle of Willis, and the aneurysm [1, 3, 7, 8]. 
Available options:

 (a) Place one balloon starting in the parent 
vessel and extend into one of the branches. 
Inflate the balloon sufficiently to com-
pletely cover the neck especially if the 
balloon is compliant enough to assume a 
pear shape (Figs. 7.2 and 7.3).

 (b) Place a balloon parallel to the neck of the 
aneurysm through a trans-circulation 
approach. For example, for a basilar aneu-
rysm, the balloon can be navigated 
through one posterior communicating 
artery into the posterior cerebral artery 
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crossing the aneurysm neck into the con-
tralateral posterior cerebral artery. This 
approach requires a large circle of Willis 
anastomoses (Fig. 7.4).

 (c) Use a double-lumen balloon for both BRT 
and coil deployment. In this case, the bal-
loon is positioned to cover the aneurysm 
neck, and the coils passed through the 
inner lumen of the coaxial system. There 
are some limitations to this technique as it 
can only be used in aneurysms that are 
large enough to accommodate the micro-
catheter tip (Fig. 7.5).

 (d) Two balloons technique, position two bal-
loons in front of the aneurysm neck start-
ing in a single parent vessel with each 
extending into one of the bifurcation ves-
sels (e.g., basilar tip aneurysm). Another 
scenario is the placement of two balloons 
in front of the aneurysm neck in two par-
ent vessels starting proximal to the aneu-
rysm and extending distal to it (e.g., 
bilateral A1 and A2 segments of the ante-
rior cerebral artery in the case of anterior 
communicating artery aneurysm) 
(Figs. 7.6 and 7.7).

7.8  Alternative Options

 (a) Stent assisted coiling: this technique works 
by deploying a stent across the aneurysm 
neck, followed by coiling of the aneurysm 
through a separate microcatheter passed out-
side the stent or through the stent into the 
aneurysm. This approach has been widely 

Fig. 7.2 An art sketch depicts the balloon remodeling 
technique where the balloon inflated into the parent vessel 
and covers the aneurysm neck assuming a pear shape

Fig. 7.3 An art sketch depicts the balloon remodeling 
technique where the balloon inflated into the parent vessel 
to cover the aneurysm neck and ostium of the adjacent 
branch for protection

Fig. 7.4 An art sketch depicts the balloon remodeling 
technique where the balloon is parallel and covering the 
neck of the aneurysm through a trans-circulation approach
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adopted, especially for wide-neck complex 
aneurysms. Conceptually, the stent provides 
stability to the coil mass inside the aneurysm 
and prevents coil prolapse into the parent 
vessel. Major limitations of this technique 
include the need for dual antiplatelet therapy 
which renders it inapplicable in the case of 
ruptured aneurysm treatment. Another limi-
tation is the parent vessel diameter relative to 
the stent diameter. A minor limitation of this 
technique is the potential for delayed in-stent 
stenosis and parent vessel occlusion. The 
reported thromboembolic and hemorrhagic 
complications are 5.6% and 0.8%. Procedure- 
related mortality is 0.8% [1, 8, 15].

 (b) Endosacular flow disrupter: this device was 
designed to be placed completely within the 
aneurysm sac and span the ostium, where it 
causes flow disruption. It obviates the need 
for antiplatelet therapy. Studies have shown 
an occlusion rate of approximately 60% 
with low morbidity and mortality. An exam-
ple of this technology is the (Woven endo-
bridge [WEB] device, Microvention, 
California, USA), this device has a globular 
shape and is predominantly made of braided 
nitinol wire [16].

Fig. 7.6 An art sketch depicts the two-balloon technique 
for ACoA aneurysm where two balloons are positioned in 
front of the aneurysm neck starting in the A1 on each side 
and extending into each of the A2 vessels

Fig. 7.7 An art sketch depicts the two-balloon technique 
for basilar tip aneurysm where two balloons are posi-
tioned in front of the aneurysm neck starting in the basilar 
trunk and extending into each of the posterior cerebral 
vessels

Fig. 7.5 An art sketch depicts the use of the double- 
lumen balloon for covering the neck as well as coil 
deployment. In this case, the balloon positioned to cover 
the aneurysm neck, and the coils passed through the inner 
lumen of the coaxial system

Z. Aljuboori et al.



89

 (c) Flow diverting stents: these stents work 
through reconstruction of the parent artery. 
They have a high metal surface area coverage 
(30–35%) with full deployment into a size- 
matched vessel. The stent brings forth an 
endovascular scaffold on which a de novo 
artery can be reconstructed across the dis-
eased segment. Eventually, the neointima 
and endothelium grow across the stent and 
become contiguous with the normal endolu-
minal surfaces of the distal and proximal par-
ent artery, thereby excluding the abnormal 
segment. The reconstruction process starts 
immediately after the stent deployment and 
continues to evolve over a period of weeks to 
months. In terms of flow dynamics, these 
changes translate into an initial flow disrup-
tion that progresses to complete angiographic 
occlusion of the aneurysm and ultimately to 
curative anatomical restoration of the dis-
eased vessel segment. An example of this 
technology is the Pipeline Embolization 
Device (PED; Medtronic, Dublin, Ireland). 
The FDA approved the PED for the endovas-
cular treatment of adults with large or giant 
wide-neck intracranial aneurysms of the 
internal carotid artery. Off-label uses of the 
PED for the treatment of different aneurysm 
sizes and locations showed a good safety 
profile and high angiographic occlusion rates 
[8, 17–19].

 (d) Surgical clipping: although the role of surgi-
cal clipping in the treatment of intracranial 
aneurysms has declined over time, still is 
considered a viable option in certain situa-
tions where endovascular techniques are of 
limited use.
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Blood Blister-Like Aneurysms: 
Pathogenesis and Endovascular 
Treatment

Xianli Lv

Abstract

The exact pathogenesis of BBA is still uncertain. 
Despite variant treatment modalities, the out-
comes have been unsatisfactory, because many 
treatments did not target the BBA pathology. 
Based on angiograms, pathologic change of ves-
sels adjacent to BBA means the pathogenesis of 
BBA is acute vascular dissection. Open-cell and 
braided stents assisted coiling may be the appro-
priate treatment of BBAs for their good wall 
apposition. Adjunctive use of coiling facilitates 
immediate complete occlusion of BBAs. Flow 
diversion (FD) is also suggested for BBAs. 
Multistent reconstruction and stent-in-stent tech-
nique were reported for treating BBAs before the 
FD era. Despite the lack of data of BBAs treated 
with FD from large series of clinical studies, a 
few recent small clinical studies or case reports 
suggested FD to be a safe and feasible alternative 
for BBAs. The use of antiplatelet therapy after 
FD treatment for BBAs still remained 
controversial.
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Abbreviations

BBA Blood blister-like aneurysms
CT Computed tomography
CTA Computed tomography angiography
DSA Digital subtraction angiography
ICA Internal carotid artery
mRS Modified Rankin Scale;
SAH Subarachnoid hemorrhage

8.1  Introduction

Blood blister-like aneurysms (BBAs) are defined 
as small aneurysms originating from nonbranch-
ing sites of the terminal internal carotid artery 
(ICA) with a broad base, which are assumed to 
be dissecting in nature (Fig. 8.1) [1, 2]. Despite 
its definition, they can also be found in other 
locations of the cerebral circulation [3]. Several 
studies reported BBA in the circle of Willis, even 
the middle cerebral artery, anterior communicat-
ing artery, and vertebrobasilar circulation could 
be found (Fig.  8.2) [3]. The BBAs are rare, 
accounting for 0.9–6.5% of all intracranial aneu-
rysms. They have extremely fragile walls and are 
highly prone to spontaneous rupture. Little is 
known about their pathogenesis at present, but 
they are hypothesized to arise from dissections 
[4, 5]. BBA can also increase in size and change 
its configuration into a saccular shape when the 
aneurysm points toward the optic nerve [6]. 
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According to a systematic review, female gen-
der, hypertension, younger age, and right-sided 
ICA origins are associated factors of BBA [3]. 
The overall mortality following various treat-
ment modalities was 19%. Therefore, the natural 
history of BBAs is still dismal. The optimal 
management of ruptured BBAs still remains 
unclear because the pathogenesis of BBAs is still 
uncertain [7]. In a recent review, neither surgical 
nor endovascular treatments have an effect on 
clinical outcome, aneurismal regrowth, rebleed-
ing, or complication rate [7]. This study has 
diminished the value of the combining applica-
tion of stents and coils. The number of BBAs 
treated by endovascular technique is increasing 
along with the sprouting of new intracranial 
stents (Fig.  8.3). Consolidate understanding of 
BBA pathogenesis will facilitate us to manage 
and prevent rebleeding and regrowth of BBA 
maximizing patient outcomes. In this chapter, 
we reviewed experiences of reconstruction treat-
ment and previous literatures, focusing on the 
pathogenesis of BBA that led us to choose the 
optimal management modality.

8.1.1  Pathogenesis of BBA

Our concept of BBA treatment is ICA recon-
struction and in our experience, the ICA recon-
struction of BBA is often successful and not too 

difficult to be done [8–10]. Although there have 
been reports of BBAs located at other vessels of 
the cerebral circulation, the initial and most 
 classic location of a BBA is restricted to the ICA 
[7]. They are typically diagnosed after a bleed on 
the CTA and DSA. However, the critical point is 
not only the difficulty in BBAs diagnosis but also 
the complexity of their treatment, which is always 
challenging no matter the therapeutic modality 
chosen [7].

In recent studies, the pathomechanism under-
lying the development of BBAs has been explored 
[11–13]. Pathological examination usually dem-
onstrates subintimal dissection involving the 
supraclinoid ICA and extending a variable dis-
tance to the middle cerebral artery (Fig.  8.4). 
Yanaka et al. found an intraoperative arterial tear 
at the base of a BBA [11]. Guo et al. reported a 
case of BBA, in which the laceration of the arte-
rial wall was repaired (Fig. 8.5) [12]. In a case of 
ruptured BBA, intramural hematoma had been 
detected with MRI in the subacute stage, which 
suggested BBA was a focal dissection of the ICA 
[13]. These findings supported the hypothesis 
that focal dissection causes the formation of 
BBAs. This precise definition will facilitate BBA 
treatment.

Hemodynamic stress may play an important 
role in the formation of BBAs because the ante-
rior wall of the ICA is curved and the shear forces 
impinge between the mobile supraclinoid and 
fixed intracavernous segments [14]. The spiral 
extension and weakening of the vessel wall of the 
superaclinoid ICA facilitate a focal dissection 
dilation at the site of the initial dissection 
(Fig. 8.6). According to Laplace’s law, the wall 
tension is directly proportional to the radius of a 
vessel [15]. The general relation of Laplace’s law, 
expressing that the product of the vessel radius 
(r) and blood pressure (P) is equal to vessel wall 
tension (T) (i.e., r × P = T) (Fig. 8.7). The supra-
clinoid ICA wall is asymmetrically flatter than 
the cavernous ICA will experience a greater wall 
tension.

Cerebral ischemia was a presenting feature 
reported in 73% of patients with anterior circula-
tion dissections, the incidence of SAH due to 
ICA dissection reported between 12% and 20% 

Fig. 8.1 A lateral projection of internal carotid artery 
angiogram showing a small bulge of the dorsal wall of the 
supraclinoid segment of the internal carotid artery, which 
is called blood blister-like aneurysm (arrow)
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[16]. But the SAH is reported up to 99% in BBA 
cases. Chronic dissection is a “string sign” or 
“pearl and string sign” on DSA and the dissection 
usually occurs in the plane between the internal 

elastic lamina and the media [17, 18]. In ischemic 
cases, an Enterprise stenting and coiling is indi-
cated in my patients to prevent further formation 
of thrombus and subsequent thrombus emboliza-

c d

a b

Fig. 8.2 A BBA of the basilar artery treated with LVIS 
stent-assisted coiling. (a) CT angiography showing a 
broad-based bulge arising from the non-branch site of the 
basilar artery. (b) Under roadmap image, a microcatheter 
was navigated over a micro-guidewire. (c) Lateral projec-

tion of the unsubtraction image showing the 
3.5 mm × 15 mm LVIS stent (Microvention, USA) (black 
arrow) and coil mass (white arrow). (d) Lateral projection 
of the post-embolization angiogram showing the BBA 
was completely occluded (arrow)
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tion [18, 19]. Enterprise stenting is useful for its 
higher radial force when a patient has tight lumi-
nal narrowing. Little attention has been given to 
acute intracranial arterial dissection as a cause of 
SAH [5], though the clinical and radiological fea-

tures of chronic intracranial arterial dissection 
have been described in detail. The cleavage plane 
will be extended transmurally from the lumen 
through intima, elastic lamina, and media to the 
adventitia when SAH is the primary presentation 
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Fig. 8.3 Cumulative 
number of BBAs treated 
endovascular is 
increasing and close to 
the surgical treatment. 
Surgical (blue line) and 
endovascular (orange 
line). The endovascular 
techniques were initiated 
in BBAs in 2000 until 
now. The systematic 
reviews of ruptured 
BBAs were conducted in 
recent years
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a b

Fig. 8.4 Showing a supraclinoid ICA dissection extended 
to the distal MCA caused Hunt–Hess grade 3 SAH in a 
67-year-old female patient. (a) Frontal view of the aortic 
angiogram. (b) Unsubtraction image showing a 6-F inter-
mediate catheter was advanced into the right carotid artery 
(arrow). (c) Oblique view of the right internal carotid 
artery angiogram. (d) 3D reconstruction of the right inter-
nal carotid artery injection. Showing the supraclinoid ICA 

dissection (arrows) extended to the distal MCA (arrow-
head). (e) Roadmap image showing a prowler plus cathe-
ter was navigated to the distal MCA (arrow) and a 
microcatheter was inserted into the aneurysm sac. (f) 
Unsubtraction image showing the aneurysm was coiled 
with the assistance of a 4.5 mm × 28 Enterprise (Codman, 
USA). (g) Post-treatment angiogram showing the aneu-
rysm was completely occluded
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c

a b

Fig. 8.5 (a) 3-D reconstruction of ICA injection of a 
BBA showing a spiral extension of a focal dissection of 
the vessel wall associated with a BBA. (b) Frontal view of 

the right carotid artery injection showing a BBA of the 
ICA. (c) intraoperative view showing a 5-mm laceration 
of the right ICA after removing the clot

Fig. 8.6 Illustrations showing a spectrum of hemody-
namic forces injury acting upon the ICA wall. Panel 1 
shows the normal situation of the ICA. Panel 2 shows ICA 
dilatation as the initial event. Panel 3 shows a tear in the 

inner ICA wall secondary to laceration. Panel 4 shows 
ICA wall laceration gradually merges to form a complete 
dissection and rupture
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of an intracranial dissection [5]. The subsequent 
course of the dissection is determined by several 
factors which may include systolic blood pres-
sure, vessel location, vessel curvature, and side 
branches [5].

8.1.2  Neuroendovascular Strategies

Given the proposed pathogenesis of BBA, endo-
vascular reconstruction is potentially useful and 
should be considered as a treatment option [5]. 
Acute surgery for BBAs resulted in intraopera-
tive bleeding in 43.2% of all patients with unfa-
vorable patient outcomes [20]. Anastomosis to 
proximal MCA is difficult with a swollen brain in 
patients with high-grade SAH [21, 22]. 
Endosaccular coil embolization is reported to fail 
to prevent rebleeding or regrowth of BBAs 
(Fig.  8.8) [23]. Endovascular ICA trapping has 
been suggested, but it is unsuitable while PcomA 
or AchoA originates too close to BBA [21, 22]. 

Fig. 8.7 Illustration of Laplace’s law. P indicates intra- 
arterial pressure. The irregular asterisk indicates a con-
stantly fluctuating value of pressure, r indicates the artery 
radius and T indicates arterial wall tension. T will increase 
with the increasing dilatation of the ICA. This will initiate 
a vicious cycle of events that may lead to further arterial 
pathologic changes

a b

Fig. 8.8 One-year follow-up angiogram showing 
regrowth of a BBA in a 31-year-old female patient. (a) 
Lateral projection of the carotid artery angiogram show-
ing the regrowth of the BBA (arrowhead). (b) 

Unsubtraction image showing the BBA was treated with 
stent-jail technique using 3.5 mm × 20 mm LVIS stent and 
a coil 1 year before
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And the sacrifice of the ICA within 48 hours fol-
lowing an SAH will lead to a poor outcome even 
in patients with adequate collateral circulation 
demonstrated by preoperative DSA (good cross- 
filling of the MCA and ACA, good-sized AComA, 
and good-sized PComAs), probably because of 
vasospasm and high intracranial pressure com-
promise the cerebral collaterals [24]. Although an 
EC–IC bypass and endovascular trapping also 
constitute one treatment option, the risk of throm-
boembolic or hemorrhagic complications must 
be considered in this complex therapy [21]. The 
ICA preserving usually resulted in a benign clini-
cal course. In a systematic review of 334 patients, 
the surgical morbidity for BBAs is estimated to 
be 20%, with a 10.7% mortality [25]. For endo-
vascular outcomes, the morbidity is 7.0% and a 
9.0% mortality for BBAs. The endovascular out-
comes differ according to the endovascular tech-
niques used, the highest percentages of a good 
outcome are among those treated with stents 
(86.4%), stent-assisted coiling (85.2%), and 
flow-diverting stents (82.2%); the lowest rate of 

good outcomes (mRS 0–2) is treated with coiling 
(52.9%). In a systematic review from 2005 to 
2015, 36 papers including 256 patients with 
BBAs treated endovascularly (122 procedures) or 
surgically (139 procedures) are analyzed to ther-
apeutic efficacy and safety [26]. In surgical 
group, immediate and late (mean 20.9  months) 
aneurysm occlusion rates are 88.9% and 88.4%, 
respectively. In endovascular group, immediate 
and late aneurysm obliteration rates are 63.9% 
and 75.9%, respectively. However, procedure- 
related complications and overall poor neurologi-
cal outcomes are slightly greater in the surgical 
cases than those in the endovascularly cases 
(27.8% [95% CI 19.6%–37.8%] vs 26.2% [95% 
CI 18.4%–35.8%]), indicating that endovascular 
therapy may provide better outcomes.

The use of various stents, stent-assisted coil-
ing, or stent-within-a-stent has been described in 
treating these lesions. Fiorella et al. have obtained 
good outcomes by using open-cell stents to 
reconstruct the ICA (Fig. 8.9) [27]. Other authors 
have tried close-cell stents, 2 patients suffered 

a b

Fig. 8.9 (a) 3-D reconstruction of left ICA injection showing a BBA. (b) Left ICA injection after 3.5 mm × 20 mm 
Neuroform stent-assisted coiling showing the BBA was embolized completely
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regrowth and rebleeding after overlapping tech-
nique in 7 patients [28]. Among Lv et al. cases, 
one patient with BBA treated with close-cell 
stent-assisted coiling had undergone an aneu-
rysm rebleeding [19]. Close-cell stent seems to 
have a potential risk of rebleeding in immediate 
postoperative periods for its incomplete wall 
apposition. For many years at our institution, 
stenting plus coiling is the standard endovascular 
treatment. Recently, new braided stents with a 
dense porosity, known as LVIS and Pipeline 
flow-diverting stents, have been used [8–10]. 
Previous studies demonstrated the safe manage-

ment of BBA with a standard endovascular 
approach using LVIS stenting (Fig. 8.9) and coil-
ing or, more recently, flow-diverting stents 
(Figs. 8.10 and 8.11). The possibility of perform-
ing a parent vessel reconstruction appears to be a 
more physiological method to avoid ICA sacri-
fice. A recent review by Szmuda et al. from 2010 
to 2016, only ruptured BBAs of a supraclinoid 
ICA treated with flow-diverting stents were 
included [7]. From a total of 17 studies, 56 
patients which fitted the criteria were obtained. 
Twenty-three patients (41.1%) were treated in the 
acute stage of SAH. Thirty-four patients (60.7%) 

c

a b

Fig. 8.10 A BBA was treated with FD-assisted coiling in 
a 56-year-old female patient with Hunt–Hess grade 3 
SAH. (a) Lateral projection of the left internal carotid 
artery injection showing a BBA (arrowhead). (b) 
Unsubtraction image showing the BBA was treated with 

coils and a 3.5 mm × 25 mm Pipeline Flex FD (Medtronic, 
USA) (arrow). (c) Lateral projection of the left internal 
carotid artery injection showing complete occlusion of the 
BBA after treatment (arrowhead)
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c d

a b

Fig. 8.11 A BBA was treated with FD-assisted coiling in 
a 54-year-old female patient with Hunt–Hess grade 1 
SAH. (a, b) 3-D reconstruction of the left ICA injection 
showing a BBA. The BBA was treated with Pipeline flow- 

diverting stent-assisted coiling. After treatment, lateral 
projection (c) and frontal projection (d) of the left ICA 
injection showing the BBA was completely embolized
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were initially treated with a single flow-diverting 
stent, 19 patients (33.9%) with 2 flow-diverting 
stents, and 3 (5.4%) were treated with a combina-
tion of flow-diverting stent and coils. Immediate 
occlusion rates of single flow-diverting stent, 
telescoping flow-diverting stents, and flow- 
diverting stent+coils were 27.3% (6/22 patients), 
18.8% (3/16), and 100% (1/1), respectively. 
Further endovascular treatment of additional 
flow-diverting stents was needed in 5 patients, of 
whom 3 died. In the clinical follow-up period, an 
overall good outcome (mRS 0–2) was obtained 
for 83.3% (45/54) of patients. Concerns are high-
lighted in case examples of persistent aneurysm 
flow/growth despite flow-diverting stent place-
ment and leading to re-rupture and death. 
Therefore, we propose concomitant coiling to 
promote earlier aneurysm complete occlusion. 
This has been shown by other authors to be a 
potentially successful and durable technique for 
BBAs. None of our patients had rebleed follow-
ing treatment and results were overall positive.

The major disadvantage is the need for double 
antiplatelet therapy. In some cases of hydrocepha-
lus, the external ventricular drain may be necessi-
tated for the treatment [3]. A systematic review by 
Bodily et al. showed clinically significant external 
ventricular drainage-related bleeding complica-
tion rates to be between 3% and 10% in patients on 
antiplatelets who had undergone stent-assisted 
coiling in acutely ruptured aneurysms [29]. In our 
institution, lumbar puncture and drainage is rou-
tine practice if required. All patients did not suffer 
any related symptomatic hemorrhage. However, 
for patients who have already commenced dual 
antiplatelets needing additional external ventricu-
lar drainage, a very careful balance of the anti-
platelet medication must be thought about.

8.2  Conclusions

This review focused on stent-assisted coiling and 
FD as the treatment of choice for BBA.  Open- 
cell, braided, or FD stent-assisted coiling may be 
the ideal treatment for BBAs. It is a definitive and 
immediate cure for a potentially devastating 
pathology.
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Flow Diverter Stents

Julien Ognard, Mohamed Abdelrady, 
and Jean-Christophe Gentric

Abstract

Flow Diversion is one of the relevant technical 
improvements of the past decade in the endo-
vascular treatment of cerebral aneurysms. 
When the efficacy and safety of a recent tool 
allow treating challenging aneurysms, this 
adoption in daily practice is fast even if the 
benefit of use is incompletely shown. We will 
review studies of these stents called “Flow 
Diverters” (FD) in animal models and in clini-
cal use, mainly to discuss the technical charac-
teristics inherent to its endovascular 
prostheses, which determine the choice and 
the manner in which this medical device can 
be used. During the chapter we will come 
back to this choice depending on the type of 
intracranial aneurysm to be treated, supported 
by the literature and illustrations of a series of 
personal cases, also resuming the manage-
ment of complications in the presence of these 
devices, antiplatelet treatments as well as 
retreatment possibilities.

Keywords

Flow diverter · Flow diversion · Stent  
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9.1  Introduction

Endovascular treatment of cerebral aneurysms is 
the treatment of choice for ruptured intracranial 
aneurysms [1]. The invention of detachable coils 
in the early 1990s is largely responsible for the 
success of endovascular treatment and its 
 adoption by the majority of neuroendovascular 
operators [2]. However, large, fusiform, or wide-
necked aneurysms are more difficult to treat with 
simple coiling and required, when possible, 
recourse to a “de-constructive” approach with 
occlusion of the parent vessel [3]. The more 
advanced techniques of stent-assisted coiling or 
balloon remodeling were until recently alterna-
tive approaches to simple coiling in the manage-
ment of some of these aneurysms [4]. However, 
numerous studies have shown the limitations of 
coiling approaches, with or without stenting, par-
ticularly in large and wide-necked aneurysms, 
with significant recanalization rates [5].

Flow diversion is a unique, innovative endo-
vascular approach. It consists of treating the 
aneurysm-parent artery, rather than packing the 
aneurysmal sac with embolization materials. 
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Flow diversion has been used for about 15 years. 
Initially designed for large side-wall aneurysms, 
its use by operators has been widely diversified 
without high-grade recommendations linked to 
robust scientific evidence on the scope of Flow 
Diverter (FD) indications. The flow diverter tech-
nique (Fig. 9.1) can be used alone or in combina-
tion with other endovascular tools such as coils 
and stents.

The Flow Diverter, because of its low poros-
ity, creates intra-aneurysmal hemodynamic 
changes, with blood stagnation and occlusion of 
the aneurysm, while most often keeping the arter-
ies whose origins are covered by the FD perme-
able [6]. At the level of the aneurysm, blood 

stagnation is followed by thrombosis, inflamma-
tion, and thrombus organization, whereas at the 
level of the treated artery, the FD is covered by a 
neointimal formation that will eventually lead to 
healing [7].

Proposing such a tool for aneurysm treatment 
can only be done responsibly by exploring the 
chances of success and the expected or potential 
risks in a variety of preclinical studies; studies of 
the properties of the tool, flow studies, animal 
studies, etc., that will lead to a better discernment 
of this technique: its functioning, its limits, its 
potential complications, and therefore its 
indications.

Fig. 9.1 The FRED and 
FRED Jr. flow diversion 
devices (MicroVention, 
Aliso Viejo, California, 
USA) feature a unique 
dual-layer construction 
designed to achieve 
excellent vessel wall 
apposition, which fosters 
neointimal growth and 
long-term aneurysm 
occlusion. The FRED Jr. 
device is the first flow 
diverter that can be 
delivered using a 0.021″ 
microcatheter for safe 
delivery in distal 
locations. Both devices 
may be used with or 
without embolic coils
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9.2  Study of the FD 
Characteristics

9.2.1  Flow Diverters: Braided 
and Low Porosity Stents

FDs differ from previously used stents in their 
design. Conventional stents were most often con-
structed by laser cutting a hollow metal tube 
(hypo tube). FDs are formed by braiding so- 
called “super elastic” woven wires together, 
forming a mesh.

The wires forming the FD can slide over each 
other (Fig. 9.2), which gives it a high conform-
ability, i.e., adaptation to the geometry of the ves-
sel [8]. This braided construction constrains the 
implant and allows it to pass through the micro-
catheter before expanding upon exit (Fig. 9.1).

There are a growing number of different FDs. 
Some are approved by the Food and Drugs 
Administration in the USA (PED, SURPASS). 
Others have obtained the CE mark (SILK, FRED, 
P64, DERIVO), and others are used in Asia 
(TUBRIDGE, FLOW WISE). All these products 
are grouped under the term “Flow diverters” but 
they have a large number of technical 
differences.

In addition to design differences, FDs differ 
from conventional stents in their porosity. Not all 
braided stents are considered FDs (LVIS stents 
and LEO stents are porous braided stents, but 
have little flow diversion capacity). There is no 
quantifiable definition that differentiates a 
braided stent from an FD. However, it is accepted 
that an FD is a low-porosity stent, unlike non-FD 
braided stents. For example, it is almost impos-
sible to pass a microcatheter through the mesh of 
an FD, whereas this strategy is possible (and con-
ventional) when using other stents. The surface 
area of a unit cell is approximately 1–1.5 mm2 for 
non-FD braided stents such as LVIS and LEO, 
whereas this surface area is 0.05 mm2 for FDs.

9.2.2  Porosity

Porosity is calculated by the below Formula 
(9.1), developed to understand the different tech-
nical characteristics influencing the porosity (9.2 
and 9.3) with N  =  Number of wires, d  =  Wire 
diameter (section), B  =  Wire length to make a 
complete turn (no braiding), α = Angle between 
the wires in the long axis of the stent.

 
Porosity Metal Coverage MC� � � �1

 
(9.1)

 
MC PoreDensity PD� � � �d2

 
(9.2)

 
PD � �� �N B2 / sin�

 
(9.3)

The porosity value of an implanted FD is dif-
ferent from non-implanted unconstrained ones. 
Its porosity changes according to the external 
constraints imposed by the local hemodynamic 
environment (curvatures of the artery, length of 
the aneurysmal neck, etc.).

The nominal porosity of stents is partly exis-
tent in the literature, but most of the time it is 
mentioned by the manufacturers without details 
of the measurement conditions [9]. It varies 
according to the devices between 45% and 85%; 
this porosity corresponds to the non-metallic pro-
portion of the surface of the FD deployed at its 
nominal diameter.

Fig. 9.2 Porosity, FD, and non-FD stents. Stent A is an 
FD, its porosity is lower. Stent B is also a braided stent but 
is not an FD. A braided stent is able to deform and open a 
unit cell in a very important way. Here the FD enters 
through a unit cell of the non-FD stent without being con-
strained. Courtesy of J.  Raymond  – I.  Salazkin  – 
A. Makoyeva (Montréal)
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The compaction imposed or not by the opera-
tor during deployment, the choice of FD diameter 
and its relationship with the diameter of the 
recipient arterial segment are all factors that also 
modify the porosity of the implant in place.

Pore size (unit cell) is also not a clearly detailed 
data by the manufacturers. Some give the surface 
of the unit cell at the nominal diameter. For exam-
ple, it is 0.02–0.05  mm2 for PED and 0.04–
0.05 mm2 for TUBRIDGE.19,20 Others give the 
major axis of the unit cell, which would be between 
110 and 250  μm for SILK or 300–350  μm for 
DERIVO.17,21 To give an element of comparison, 
the size of the cells of LEO BABY is 1  mm of 
major axis and those of LVIS JR is 1.5  mm. 
Moreover, the data from the literature and those 
from the industry are not always comparable. There 
is a perpetual advance in technology in the FD 
industry. Dandapat et al. recently reviewed current 
flow diversion technology and clinical use [10].

To understand the adaptation of the FD to its 
container, an experiment consists in placing an 
FD in several transparent tubes of increasing size. 
A change in the shape and orientation of the unit 
cells is then observed. If the FD is oversized, the 
unit cell takes on the shape of a rhombus that has 
its largest diagonal in the axis of the vessel. The 
unit cell changes its shape to a square when the 
FD is less oversized relative to its container. 
Then, when the FD is undersized relative to its 

container, the unit cell takes the shape of a rhom-
bus with its long axis perpendicular to the long 
axis of the vessel. The porosity is weaker, the 
closer the shape of the unit cell is to a square. The 
more rhombic the unit cell, the greater the poros-
ity, regardless of the direction of the rhombus 
(Fig. 9.3). The alpha angle is the angle of the unit 
cell in the axis of the FD.  Thus, the closer the 
alpha angle is to 90°, the lower the porosity, 
which can reach a minimum of 20%. When the 
alpha angle is less than 30° (as when the FD is 
compressed in the microcatheter) or greater than 
150°; porosity increases significantly [11–13].

The porosity of an FD will always be less at 
the concavity of the curve than at the convexity 
(Fig. 9.4). On the other hand, it is relatively con-
stant at the lateral faces [14]. It should be noted 
that oversizing the FD increases its porosity at 
the constrained segment but not at the uncon-
strained segment (aneurysm neck), where it natu-
rally regains its size. This phenomenon gives the 
appearance of spindle-shaped dilation of the mid-
dle portion of the FD [15].

Porosity has been individualized as a parame-
ter influencing flow reduction within the aneu-
rysm [16]. In vitro work comparing the effect on 
flow reduction of high-porosity stents and DFs 
unequivocally concludes that there is a stronger 
effect of the FD, when compared with multiple 
telescopically nested non-FD stents [17].
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Fig. 9.3 Schematic 
representing the 
variation of porosity as a 
function of unit cell 
shape and alpha angle
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Implantation of multiple FDs is sometimes 
proposed in certain clinical indications in case 
of ineffectiveness of a first implanted FD 
(Fig. 9.5). This strategy is also used to treat an 
aneurysm in cases where anatomic constraints 
require it. For example, if there is a significant 
difference in caliber between the distal and 
proximal anchor zones, different sized FDs can 
be implanted [18]. However, the porosity result-
ing from multiple FD assemblies is more diffi-
cult to anticipate. For example, a 3.75-mm 
diameter PED placed in a 3.5-mm tube has an 
estimated porosity of 78%, but the placement of 
a second PED of the same size does not neces-
sarily increase porosity significantly [19]. 
Indeed, layering can be done in a variable man-
ner, thus affecting porosity.

Fig. 9.4 Photograph of an FD prototype (stent-in-stent 
construction), it can be seen that the porosity is lower at 
the concavity of the curve than at the convexity. Courtesy 
of J. Raymond – I. Salazkin – A. Makoyeva (Montréal)
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Fig. 9.5 Case of a 50 years-old patient with right P2-P3 
junction unruptured aneurysm (a). First treatment was 
done with a single PED (b). Control angiogram (c) 
denoted a persistent patency of the aneurysm at 6 months. 
Second treatment was done with a same-sized PED at 

9 months (results in d). Successive control angiograms at 
15 months (e) and 21 months (f) showed the progressive 
interruption of flux within the aneurysm, it also permits to 
appreciate the stent-in-stent construction
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In the case of a stent-in stent, the wires can be 
placed exactly the same way or they can be 
placed in the free metal gaps. This arrangement is 
random, thus the porosity values obtained have 
wide confidence intervals. As a result, Shapiro 
et  al. advise oversizing the second implanted 
FD. For example, they suggest placing a second 
4.25 mm FD within a first 3.25 mm diameter FD 
to achieve 60–65% porosity more consistently.

9.2.3  Pore Density

Pore density is a different entity from porosity. It 
represents the number of pores (unit cells) per 
unit area (Fig.  9.5). Sadasivan et  al. state that 
pore density is the most important parameter for 
judging the effectiveness of FDs [20]. Pore den-
sity (PD) is calculated by the formula previously 
shown in [3].

Thus, the greater the number of wires and the 
shorter the length of wire needed to go around the 
FD, the greater the pore density. The pore density 
varies between 12 and 32 pores per mm2. The 
pore densities of some FDs are as follows; 
SURPASS 21–32 pores/mm2, SILK 12 pores/
mm2, and PED 15–22 pores/mm2. For compari-
son, a WALL STENT used in the stenting of ath-
eromatous carotid stenosis has a pore density of 
0.2 pores/mm2 [21].

9.2.4  Composition

As previously said, considering a perpetual evo-
lution of the FD stents technology, the following 
details are only given as examples, to image 
 characteristics that can vary and be considered 
when implanting FD.

The PED is composed of 48 wires with the 
same gauge for all strands (30  μm) [18]. The 
SILK has 44 strands of 25 μm gauge and 4 radi-
opaque wires of 40 μm gauge [14]. The p64 is 
composed of 64 strands and the TUBRIDGE of 
62 strands. The DERIVO has wires of different 
calibers ranging from 35 (n = 44) to 85 μm (n = 4) 
[22]. Regarding the SURPASS and TUBRIDGE, 
the number of wires increases with the diameter 

of the implant, reaching 96 wires for a 5-mm- 
diameter implant for the SURPASS and 62 wires 
if the diameter of the FD is >3.5  mm for the 
TUBRIDGE. The FRED is a stent-in-stent sys-
tem with 16 wires on the outer stent and 48 wires 
on the inner stent [23].

The diameter of the wires and the number of 
strands influence: friction within the microcathe-
ter, radial force within the artery, and coverage of 
the perforating arteries. Indeed, the diameter of 
the ostium of the latter oscillates between 100 μm 
and 1 mm [20].

The wires used to braid FDs can be made of 
Nitinol (i.e., SILK, FRED, TUBRIDGE, p64, 
DERIVO) or cobalt-chromium (PED, 
SURPASS). Nitinol (Nickel-Titanium) has less 
radial strength but is easy to handle and has the 
advantage of excellent shape memory. It is also 
less radiopaque than cobalt chrome and requires 
the addition of markers or platinum ‘coils’ for 
better visibility. Dandapat et al. recall that Cobalt/
chromium adds stiffness and radial force while 
nitinol brings flexibility and easy navigation and 
deployment, and that Cobalt/chromium implants 
allow a better answer to ballooning when an 
incomplete wall apposition is observed [10].

The value of the radial force is difficult to find 
in the literature but would be more than 1.5 times 
higher in the case of PED compared to SILK 
[24]. These data, although rarely reported, may 
make sense in clinical practice. Indeed, too low a 
radial force could be the cause of poor opening of 
the FD in cases where there is an external con-
straint, such as a pre-aneurysmal stenosis or 
spasm of the artery.

Alternatively, decreasing porosity by main-
taining or increasing pore density increases the 
amount of metal in the implant. The more metal 
an FD contains, the more flexible it becomes and 
the more difficult it is to navigate. The more sup-
port the FD needs, the more friction it experi-
ences when navigating the microcatheter, which 
requires larger diameter microcatheters.

The choice of the FD might govern the micro-
catheter (diameter) needed for implantation. The 
latter will obviously define the navigability of the 
set, and sometimes the feasibility of the proce-
dure (Figs. 9.6 and 9.7).
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These catheters can nowadays have a diameter 
of 0.017″ (Silk Vista Baby, 48 wires Nitinol stent 
with platinum DFT technology), 0.021″ (SILK, 
p48, Fred Jr), 0.027″ (PED, Survpass Evolve, 
Fred, p64, Derivo 2nd generation), and 0.025″ to 
0.040″ (Silk+, Turbridge, Surpass streamline).

Friction problems also increase with stent 
length but can be improved by surface treatments. 
An FD that is too rigid can be difficult to navi-
gate, requiring more seating downstream of the 
aneurysm, and thus taking more risks in the distal 
delivery area in particular. 48-wire nitinol FDs 
have the advantage of easy distal placement (e.g., 
SILK and in particular Silk vista baby, FRED).

The “stent-in-stent” construction of FRED 
allows for fewer contact points between the FD 
and the inner wall of the microcatheter, similar to 
the wooden logs that were used to roll the lime-
stone blocks during the construction of the 
pyramids.

FDs are self-expanding stents, and their appo-
sition to the vessel walls is done slowly and 
sequentially by the operator [25]. However, these 
stents are not all braided in the same way, and the 
varying braiding “pitch” characterized by differ-
ent Alpha and Beta angles. The Alpha angle rep-
resents the angle of wire crossing in the long axis 
of the stent, and the Beta angle represents the 

c d
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Fig. 9.6 Patient of 60 years old with a giant unruptured 
aneurysm of the left carotid siphon (a). Anchoring technic 
was used to pass through the distal neck of the aneurysm, 
which was impossible to navigate directly or using two 
microwires, because of the angioarchitecture and the mis-

fit between the wire and the microcatheter diameters (b, 
c). A tutor-stent was initially placed (Leo) (d) to perform 
coiling with jailing technic. A PED was finally placed in 
the first stent (e). Control angiogram at 6 months showed 
good results (f)
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angle of wire crossing in the short axis of the 
stent. These angles change depending on the 
curve made by the FD, as well as its degree of 
compaction (Fig. 9.6) [14].

Between the constrained zone affixed to the 
walls of the portal artery and the “free” stent 
(Free Segment of Stent = FSS) located in front 
of the aneurysm neck exist two transitional 
zones (TZ) [26]. These transitional zones, 
reported in the literature, are described as two 
incompressible zones, where porosity is higher 
than at the level of the compaction (central) 
zone (Fig. 9.8) [27]. Knowledge of these transi-
tional zones is important for the clinician when 
using an FD to treat a wide-neck aneurysm [28]. 
The transition zone will be more porous the 
larger the size of the FD compared with the 
diameter of the artery [27]. Thus, the tendency 
is to recommend the use of an FD that is slightly 
larger than the diameter of the artery in order to 
ensure the stability of the FD and to decrease 
the risk of migration.

Some precautions can be considered in order 
to minimize the importance of transition zones. 
The first is to avoid oversizing the FD. Another 
strategy is to first place a non-FD stent at the neck 
of the aneurysm, and to deploy the DF within this 
first stent, which then acts as a stent, and allows 
to avoid fusiform dilation of the FD placed within 

it (Figs. 9.5 and 9.9). This strategy is sometimes 
useful in the presence of very large collars or 
fusiform aneurysms. It should be noted that the 
FRED device is a stent-in-stent, with a 16-wire 
braided outer stent and a 48-wire inner stent. 
Despite this, fusiform dilatation of the entire 
device remains possible as observed in some 
works [15]. Other authors, mainly PED users, 
advise the placement of several FDs to avoid this 

ca b

Fig. 9.7 Flow diverter stent-assisted coiling. The micro-
catheter is jailed during the deployment of the FD (a–c) 
and the coiling is done after a partial or total placement. 

The required set-up to perform this kind of procedure is 
obviously linked to the microcatheter (the one which will 
deploy the FD) diameter

a

b

Fig. 9.8 (a) Photograph of a PED inserted in two hollow 
tubes. We individualize the free segment of the stent 
which is the portion of the FD without constraint com-
posed of a compaction area and two transition zones (TZ). 
(b) Photograph of an FD inserted in a glass tube to empha-
size TZ.  Courtesy of J.  Raymond  – I.  Salazkin  – 
A. Makoyeva (Montréal)
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a

b

Fig. 9.9 (a). Clinical case illustrating the deployment of 
a non-FD stent prior to the implantation of 2 FD (SILKS). 
Courtesy of J.  Raymond (Montréal). (b) Photographs 

showing the importance of a 6–7 mm anchoring zone to 
avoid stenosis of the FD tip. Courtesy of J. Raymond – 
I. Salazkin – A. Makoyeva (Montréal)
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phenomenon. A first FD, with a smaller diameter, 
is placed downstream, and then a larger diameter 
FD is inserted within it and deployed to the prox-
imal anchoring zone [19].

9.2.5  Choice

Particle velocimetry data show that the closer the 
nominal diameter of the DF is to that of the artery, 
the greater the effectiveness [17]. However, the 
choice of DF diameter depends on multiple fac-
tors, including mainly habits, the operator’s 
deployment technique, and measurements made 
during the procedure, which are aimed at choos-
ing the right FD to be placed in the right place. 
The choice of the diameter is an important step in 
the implantation process and different techniques 
exist depending on the operator. The most com-
mon is to take into account only the proximal 
diameter (most often the largest), but some oper-
ators sum the distal and proximal diameters to 
make an average. It should be noted that the risk 
of migration is greater, the smaller the FD com-
pared to the diameter of the artery. Some authors 
have described cases of migration following the 
shortening of SILK and PED [29, 30]. For some 
FDs, the unconstrained diameter (when deployed 
in the open) is greater than the diameter under 
which they are labeled (e.g., +0.25 mm for PED, 
and +0.3 mm for p64) [31].

Proximal misapposition of the FD causes sig-
nificant changes in flow within the aneurysm 
after implantation. Indeed, the work of Rayepalli 
et al. shows that poor proximal apposition leads 
to a reversal of the direction of flow in the aneu-
rysm, which then enters preferentially through 
the proximal collar in a direct manner and then 
exits through the FD [32]. Incomplete apposition 
may also be a source of thromboembolic events, 
as shown for some stents [33].

The PED is 2–3 times longer when constrained 
in the microcatheter compared to its nominal 
diameter length. This translates into a percentage 
shortening of 50–66% during deployment. 
Knowledge of this fact is particularly important 
in fusiform aneurysms, in which the DF takes on 
its nominal size because it is not constrained, 

thus responsible for a significant shortening, 
which is potentially difficult to predict [24].

9.2.6  Implantation

All of these FDs are available in a wide range of 
diameters and lengths, and are implanted via 
microcatheters with internal lumens ranging 
from 0.017 to 0.040″. The newer FDs can be 
recaptured after partial implantation [34]. The 
ability to recapture is a definite addition to the 
safety of these procedures, as the operator can 
attempt to avoid unwanted branch coverings, but 
can also use multiple attempts to anchor the FD, 
both anteriorly and posteriorly, in order to avoid 
its tilting in the aneurysm.

Operators use the “Pull and Push” technique to 
alternately apply pressure to the microcatheter to 
allow the implant to open and then relax the system 
to affix the FD in the bends [25]. However, all situ-
ations require adaptation. For example, in the case 
of cavernous aneurysms, because of the absence of 
major functional arterial branches, maximum com-
paction is sought. On the other hand, if a functional 
arterial branch needs to be covered during place-
ment of a DF, the surgeon may decide to increase 
the porosity of the FD in front of it by decreasing 
the compaction and/or by oversizing the diameter 
of the implant used [18] (Fig. 9.10).

9.2.7  Surface Treatment

Because of the many links between coagulation 
pathways, inflammatory reactions, and cell pro-
liferation in the vessel wall, high biocompatibil-
ity of FDs is necessary to avoid intra-stent 
thrombosis [4, 35, 36]. Teams have evaluated the 
thrombogenicity of Nitinol stents. They have 
compared bare Nitinol stents with stents that are 
coated with heparin or albumin and showed that 
coating these stents with albumin or heparin 
reduced their thrombogenicity [37]. Most FDs 
undergo polishing. Others offer a surface treat-
ment that may reduce friction (DERIVO) or 
increase the biocompatibility of the implant. The 
developers of the PED FLEX have developed a 
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new surface modification with the “SHIELD” 
technology. This technology is based on phos-
phorylated choline (PC), abundant on the surface 
of red blood cells. This technique, known for 
more than 10  years, allows the PED FLEX 
SHIELD to be coated with a layer of less than 
3 nm, which mimics the cell membrane. Platelet 
activation and thrombosis phenomena are 
decreased by PC-coated stents in animal periph-
eral arteries [38–40]. Girdhar et al. showed that 
SHIELD FLEX PED was less thrombogenic (in 
vitro experiment with quantification of thrombin 
formation) than other FDs [41]. They also show 
that its “degree of thrombogenicity” was more 
similar to a SOLITAIRE AB stent, which has 
only 5–8% metal coverage. Manning et  al. 
reported the use of a simple antiplatelet therapy 
in settings of hemorrhagic presentations [42]. 
Even if further prospective investigation is 
needed, this knowledge may be important in case 

of hemorrhagic presentations (Fig. 9.11) or fol-
lowing hemorrhagic complications.

9.2.8  Extremities

Flares are modifications of the distal ends of 
stents (Fig. 9.12). The flared ends can be related 
to real Flares of significant size. In these cases, 
markers (e.g., FRED) are added to these Nitinol 
arms. The flared ends can be less marked and 
only represent a continuity of the FD mesh (ex: 
SILK, DERIVO). Their main role is to facilitate 
the anchoring of the stent ends. However, true 
Flares raise concerns about thrombogenicity and 
distal opening, with a tendency to distal stenosis 
when placed in smaller caliber arteries, some-
times amplifying the “fish-mouth” phenomenon. 
These Flares can also complicate secondary cath-
eterization of FDs during retreatment or during 
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Fig. 9.10 65 years old female that presented with chronic 
headaches and asthenia revealing a giant unruptured par-
tially thrombosed right Sylvian aneurysm (a, b). After a 
coiling session (c), a PED FD was placed covering the 
Sylvian bifurcation. From (d–g) the placement of the FD 

with a low push at the neck. Control angiogram at 
6 months showed a full occlusion (h), note the occlusion 
of the inferior Sylvian branch covered by the stent, the 
patient was asymptomatic
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placement of a second FD inside the first. The 
concern then is to ensure that the FD never exits 
the lumen of the FD during catheterization, to 
avoid deployment of the second FD between the 
artery wall and the first [43].

9.2.9  In Vitro Studies

Preclinical in vitro studies are also making prog-
ress in the attempt to understand the mechanisms 
leading to ischemic and hemorrhagic complica-
tions. Thus, intra-aneurysmal pressure following 
FD placement has been studied. To explain 
delayed ruptures, hypotheses of increased intra- 
aneurysmal pressure or surface pressure have 
been put forward. Experiments have shown that 
the placement of an FD opposite to the aneurysm 
neck did not modify the pressure in a durable way. 

In fact, the pressure simply decreased transiently 
during the placement of the FD to regain a normal 
pressure shortly afterward. These data initially 
obtained on bench work were later confirmed by 
computer-assisted flow studies, but also by data 
collected on humans [17, 44, 45]. Another con-
cern of the operator is the occlusion of functional 
arterial branches covered by the FD.  Roszelle 
et  al. showed by particle velocimetry study that 
flow could be decreased by 32.7–46.5% in such a 
branch covered by a single PED [46].

9.2.10  Computational Fluid Dynamic 
Studies

It is difficult to talk about flow diversion without 
mentioning flow studies. In fluid mechanics, the 
Navier–Stokes equations are nonlinear partial dif-
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Fig. 9.11 A 43 years old patient presented with mFisher 
IV SAH (a), CTA was considered normal and contrast- 
enhanced MRI showed a gadolinium uptake within an 
addition image of the dorsal wall of the right internal 
carotid artery (b). Angiogram confirmed the presence of a 

highly suspected blood blister-like aneurysm (c). 2 PED- 
Shield were placed in a stent-in-stent fashion, to cover the 
latter abnormality (d). Control angiogram at 6  months 
showed no more parietal aneurysm (e)
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ferential equations that are supposed to describe 
the motion of “Newtonian” fluids (ordinary vis-
cous liquids and gases) in the continuous media 
approximation. Blood is treated as a Newtonian 
fluid, with a specified density and viscosity. The 
blood is assumed to be laminar at the inlet and 
outlet, with constant and incompressible flow. 
This flow is calculated from a Doppler or MRI 
phase-contrast examination, under static and pul-
satile conditions, with synchronization to the 
heart rate. The fluid/structure interaction is thus 
simulated. These simulations are then generated 

by a software. Classically, the model generates an 
inflow and an outflow separated by a helical flow 
called a vortex [47]. It is worth noting that all the 
assumptions below have many limitations [48].

Authors have characterized intra-aneurysmal 
flows using, in particular, the complexity and sta-
bility of the flows during the cardiac cycle. The 
concentration of the inflow and the size of the 
area receiving the inflow (− or +50% of the area) 
have also been studied. Cebral et al. showed that 
in ruptured aneurysms, there was more likely to 
be angulation of the inflow and numerous recir-
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Fig. 9.12 Photographs showing the difference between a 
flared tip and true Flares (a versus b, respectively). (c, d) 
Showing clots and neointima bridges on flares (animal 

experiments). Courtesy of J.  Raymond  – I.  Salazkin  – 
A. Makoyeva (Montréal)
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culation zones [47, 49, 50]. They also reported 
that complex recirculation flow, concentrated 
inflow, and a small inflow landing area were risk 
factors for rupture.

These simulations allow for the quantification 
of variables of interest; Wall Shear Stress (WSS), 
pressure, relative residence time (RRT), inflow 
velocity, inflow volume, oscillatory shear index 
OSI… The RRT being a reflection of the time of 
blood contact with the inner surface of the aneu-
rysm. Unfortunately, although flow studies gen-
erate a large amount of data, the indexes or 
variables produced are still subject to 
speculation.

Therefore, we will focus on the concepts that 
are most commonly recognized and in particular 
the WSS.  WSS is a shear force that can be 
described as a tangential friction force between 
the aneurysm wall and the blood, related to the 
viscosity of the blood [51]. It can be expressed in 
terms of maximum or average stress. It is known 
to play a role in wall remodeling and aneurysm 
progression [52]. WSS is transformed into bio-
logical signals via mechanical receptors on endo-
thelial cells. Thus, a WSS that is too low to 
maintain endothelial functions may facilitate 
degeneration of the aneurysmal wall and be 
responsible for AIC growth and rupture [53, 54]. 
Abnormal WSS are known to induce inflamma-
tory responses mediated by: endothelial cells, 
activation of MMP metalloproteases, cell death, 
degradation of the extracellular matrix, and vas-
cular remodeling [55–58]. However, and despite 
the fact that this parameter is cited as the most 
important, conclusions about its role vary widely 
[59]. Finally, the authors seem to agree on the 
role of too high WSS in the initiation phases, and 
they propose two pathways that can lead to rup-
ture. The first is related to thrombus formation 
and the inflammatory reaction in the case of low 
WSS.  The second, more direct, is related to 
matrix degradation secondary to destructive 
remodeling in the case of high WSS [57].

Two different parameters such as WSS and 
velocity decrease during FD placement at the 
aneurysm neck and the appearance of the flow 
lines changes before and after FD implantation. 

For example, placement of a NEUROFORM 
stent decreases the mean inflow velocity by 
15%, whereas a PED reduces mean inflow by 
more than 80% [60]. This link between porosity 
and inflow reduction has been known since the 
use of non-DF stents. It is even more important 
when porosity is low, raising the suspicion that 
changes in these two variables play an impor-
tant role in thrombus formation within the 
aneurysm [61]. A greater relative reduction in 
WSS and velocity is observed in small or fusi-
form aneurysms after DF implantation and 
some authors report that a one-third decrease in 
velocity is predictive of occlusion at 12 months 
[62, 63].

9.2.11  Cellular and Tissular Level

If the relationship between the stent and the wall 
has been extensively studied in cardiology, the 
particularity of the animal studies that focus on 
flow diverters is that it is the free segment of the 
stent (FSS) located at the level of the neck of the 
aneurysm (where there is no contact between the 
stent and the wall) that is the major zone of 
interest.

Indeed, the FSS must undergo biological 
changes in order to allow the occlusion of the 
aneurysm. In the first days (D1–3), there is a 
denudation of the endothelial cells of the artery 
where the DF is implanted. There are also islands 
of inflammatory cells at the wire intersections at 
the level of the FSS.  Neonintimal formation at 
the artery is quite rapid compared with the more 
delayed formation at the FSS (Fig. 9.13).

There are two potential sources of neointimal 
and neoendothelial cells to overlay the FSS: cells 
from the adjacent arterial wall (near-to-near 
migration) and circulating stem cells. For some 
authors, the neointima spreads over the FSS 
wires from the artery [13]. In this sense, it is pos-
sible that the most perfect possible apposition of 
the FD is important to allow this layer to form. 
On the other hand, poor FD apposition could lead 
to an increase in thrombotic risks. It could also 
lead to failure to heal because of channels 
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between the DF and the artery that prevent 
migrating progenitor cells from “sliding” from 
the artery to the FD [64–66]. A complexification 
of these explanations would be to propose a mul-
tifactorial healing process starting from a flow 
modulation inducing thrombosis notably at the 
dome, with the concomitant neointimal forma-
tion of the FD starting at the portal artery. There 
may be a link between thrombus formation and 
endothelialization of the FD that is intertwined in 
the healing process.

9.2.12  Factors Related to Aneurysm 
Characteristics

9.2.12.1  The Importance of Aneurysm 
Size and Volume

It is likely that the size and total aneurysmal vol-
ume have an impact on the efficacy of FDs. In a 
review of the literature, experiments in large ani-
mals that resulted in aneurysms with larger vol-
umes had lower efficacy rates than experiments 
involving smaller aneurysms [67].

c d

a b

Fig. 9.13 (a) Section of the free segment of the FD after 
extraction which finds a thick neointima. (b) Neointima 
“bridges” are sometimes found on the luminal side that 
did not follow the “rule” of a close progression. (c) 
Photograph of the FSS of an FD 3 months after implanta-
tion in a canine model. This image shows the neointimal 
progression, which starts from the artery and propagates 

over the FD guides, predominating at the crossings, and 
proceeding in the direction of flow. (d) Shows the luminal 
aspect of the FSS of an angiographically occluded aneu-
rysm at 3 months and finds a continuous neointimal layer 
on the surface of the FD.  Courtesy of J.  Raymond  – 
I. Salazkin – A. Makoyeva (Montréal)
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9.2.12.2  The Importance of a Curve at 
the FSS or Covered Branch

FD has been shown to be more effective in lateral 
aneurysms in straight arteries than in curved 
arteries, regardless of whether one or more FDs 
are used [68]. The angle between the FSS and the 
direction of flow is important as studied by CFD 
[69]. The more parallel the flow is to the FSS, the 
better the conditions seem to be for providing 
support to the neointima. In the case of a curved 
FSS, which concerns a major part of the clinical 
situations, the porosity of the implant is of course 
more important at the convexity of the curve 
(Fig. 9.14).

9.2.12.3  Lateral or Bifurcation 
Aneurysms and Fusiform 
Aneurysms

Some authors have studied the efficacy of the FD 
in bifurcation aneurysm situations and report a 
low rate of efficacy [70]. Flow diversion in the 
treatment of bifurcation aneurysms may be less 
effective because of the presence of a branch cov-

ered by the DF. Thus, in some experiments, the 
presence of a branch from the aneurysmal neck 
or fundus has been identified as a factor for fail-
ure [71]. Some anatomic configurations (lateral 
aneurysms) facilitate complete ap-positioning of 
the FSS at the aneurysm neck allowing continu-
ous neointimal coverage along the DF wires 
(Fig. 9.15). This is more commonly encountered 
in lateral aneurysms and is not possible in bifur-
cation aneurysms in which the SSF only partially 
covers the neck. The size of the neck is also a 
factor influencing the outcome.

9.2.12.4  The Covered or “Jailed” 
Branch

The presence of a covered, or “jailed” branch 
arising from the neck or aneurysm is often cited 
as a cause of ineffective FDs. An FSS can cover 
both the neck of the aneurysm and a branch. It is 
desired that this branch remains open, with no or 
minimal occlusive tissue formation at its ostium. 
Darsaut et al., in a canine model of a lateral aneu-
rysm with a branch, demonstrated the ability of 
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Fig. 9.14 (a–d) placement of an FD (PED) for the recanali-
zation of a left carotid-cave unruptured aneurysm. The angio-
architecture permits here to have the FSS in front of a lateral 

aneurysm, in a quite straight segment, and the stent was 
placed with push providing a good compaction at the neck (e). 
Control angiogram at 6 months showed a total occlusion (f)
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Fig. 9.15 Recurrent aneurysm of previously ruptured 
Posterior Communicating artery was treated with FD (a). 
Persistence of a flux within the sac was noted for 12 
months after the treatment by FD (b, c) and retreatment 
was performed using direct access of the sac through the 

Posterior Communicating artery and simple coiling with 
the concomitant use of a balloon inside the FD (d, e). 
Control angiogram at 6 months of the retreatment showed 
a total occlusion of the aneurysm (f)
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the FD to occlude the aneurysm while leaving the 
branch open [72] (Fig. 9.16). To date, in animal 
models of large bifurcation aneurysms, the FD 
has failed to occlude these aneurysms, which cor-
roborates some clinical papers that have, for 
example, shown the ineffectiveness of FDs in 
bifurcation aneurysms with a jail branch consid-
ered hemodynamically significant [68, 73].

9.2.12.5  Factors Related to the Choice 
of the FD

The effects of the FSS on flow are influenced by 
the porosity and pore density, which are them-
selves related to the thickness of the unitary wires 
and the distance between them [74]. The final 
porosity of the FSS differs significantly from the 
nominal porosity, which should be a characteris-
tic given by the manufacturer. The more over-
sized a DF is in relation to the artery; the longer 
and more porous its transition zone is, and the 
greater its deformation is. Conceptually, a high 
pore density decreases the physiological distance 

between unitary wires facilitating neointimal 
coverage from proximal to proximal. Sadisvan 
et al. showed that pore density was a more impor-
tant parameter than porosity in terms of effective-
ness [20]. It is likely that increasing the number 
of wires, thus affecting the two cardinal parame-
ters of porosity and pore density, will increase the 
effectiveness of the implant. Hong et al. showed 
that the amount of neointima formed was propor-
tional to the amount of metal coverage (MC) of 
the implant [75]. In clinical practice, the diameter 
of FD is usually chosen in relation to the proxi-
mal diameter (proximal delivery zone), with a 
degree of oversizing always present to avoid the 
risk of migration. This oversizing is often greater 
at the distal anchor zone because of the progres-
sive decrease in vessel caliber. The degrees of 
expansion are variable and the stent will expand 
where space is available, either at the aneurysmal 
neck or in covered branches of significant caliber. 
This deformation will be even more important if 
the FD is oversized. The TZs between the areas 
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Fig. 9.16 Recanalization of a previously ruptured left 
posteroinferior cerebellar artery initially treated by coils 
(a). Stenting with an FD in the vertebral artery, covering 
both aneurysm neck and PICA ostium (b–e). The control 

angiogram at 6 months showed a preserved patency of the 
PICA. The aneurysm is still circulating but partially col-
lapsed (f)
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compressed by the vascular tree and the uncom-
pressed areas are areas of lower porosity.

Compaction of the Flow Diverter by 
the Operator
Compaction of the device during deployment 
will decrease the porosity of the implant to 
increase its potential to reduce aneurysmal flow 
and provide better support for neointimal forma-
tion. Unfortunately, the transition zones are not 
accessible to compaction by the operator and 
their porosity is even more important when the 
implant is oversized in diameter. Their responsi-
bility in post-FD failures is likely, especially 
since these zones are often located in the flow 
entry zones [68, 69].

9.3  Clinical Studies

9.3.1  Efficacy

Numerous series report the efficacy rates (in 
terms of angiographic occlusion) as well as the 
morbidity and mortality rates of the use of the 
flow diversion technique. The differences within 
these series are numerous and are related to: the 
characteristics of the treated aneurysms, such as 
their nonproximal location, or at a bifurcation 
[76–79]; the context of their use, ruptured aneu-
rysms [80–82], blister dissections [83, 84], surgi-
cal wounds [85, 86], aneurysmal recurrences 
[87]; the FD type [87, 88].

The FDA approval followed the PUFS study, a 
prospective uncontrolled study that obtained 
73.6% complete occlusion at 6  months and a 
morbidity rate of 5.6% in 107 patients [89]. 
Similar efficacy and morbidity figures have been 
found in many prospective registries, such as 
InterPED [90].

In the meta-analysis of Arrese et al. [91], 15 
studies were analyzed for a total of 897 patients 
with 1018 aneurysms. The mean duration of 
patient follow-up was 8.5 months. The early mor-
tality rate (1 month) was 2.8% (1.7% hemorrhage 
and 0.9% ischemia). The early neurological mor-
bidity rate was 7.3%. At more than 1 month, the 
most frequent complication was ischemia (3.6%), 

followed by mass effect (1.1%), and rupture 
(0.9%). The delayed mortality rate was 1.3% 
(total 4.1%) and the delayed neurological mor-
bidity rate was 2.6%. This represents a total of 
14% of morbidity and mortality over the average 
follow-up period (8.5 months. With regard to the 
occlusion rate, the average rate was 76.2%. The 
authors mention that in light of their work the 
results with FDs are worse than in reported series 
of coiling, or even clipping [92, 93]. The bias 
here is obvious, and the conclusion severe if FDs 
were used after ruling out other treatments 
(Figs. 9.17 and 9.18). However, the high rate of 
occlusion at 9  months questions whether this 
population is predominantly composed of com-
plex aneurysms.

The meta-analysis of Brinjikji et  al. [94] 
included a total of 1451 patients and 1654 aneu-
rysms. The 6-month complete occlusion rate was 
76%. Procedure-related morbidity was 5% and 
mortality was 4%. The postprocedure subarach-
noid hemorrhage rate was 3%. The rate of intra-
cerebral hemorrhage was also 3%. The rate of 
infarction was also 3%, significantly lower in the 
anterior circulation than in the posterior circula-
tion. The same is true for the rate of ischemic 
events, which was 6%, and significantly lower in 
the anterior circulation than in the posterior 
 circulation. This meta-analysis shows that FD 
treatment is safer in small aneurysms with a 
lower rate of ischemic events and subarachnoid 
hemorrhage. These complication rates are in 
agreement with a systematic review by Briganti 
et al. who found a mean neurological morbidity 
of 3.5% and a mean mortality of 3.4% [95]. And 
also with Lv et  al. that analyzed 29 studies or 
1524 patients between 2009 and 2014 and 
reported a morbidity of 14% and a mortality of 
6.6%. In this latter study, fusiform, dissecting, 
circumferentially implanted, posteriorly located, 
and distal aneurysms were the selected risk fac-
tors [96].

Considering flow diversion among MCA, 
anterior communicating artery, and distal ante-
rior cerebral artery aneurysms, the recent meta- 
analysis of Cagnazzo et  al. [97] included 27 
studies (484 aneurysms). The long-term adequate 
occlusion rate (O’Kelly–Marotta scale, C–D) 
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was 82.7%. Treatment-related complications 
were 12.5%, with 5.4% morbidity. MCA location 
was an independent factor associated with lower 
occlusion (OR = 0.5, P = 0.03) and higher com-
plication rates (OR = 1.8, P = 0.02), compared 
with anterior communicating artery and distal 
anterior cerebral artery aneurysms. Large/giant 
aneurysms were associated with higher odds of 
complications (OR = 2.2, P = 0.03). The rates of 
occlusion and narrowing of arteries covered by 
flow-diverter stents were 6.3% and 23.8%, 
respectively. Symptoms related to occlusion and 
narrowing of the jailed arteries were 3.5% and 
3%, respectively.

Regarding the posterior circulation, data from 
previous reviews are in agreement with a meta- 
analysis that was published in Neuroradiology in 
2016, including 14 studies for a total of 225 pos-

terior circulation aneurysms in 220 patients. The 
procedure-related mortality rate was 15%, with 
an occlusion rate of 84%. The rate of ischemic 
events was 11% (7% related to perforators). The 
post-procedure subarachnoid hemorrhage rate 
was 3%. The rate of intracerebral hemorrhage 
was 4% [98].

9.3.2  Classifications

To evaluate our interventions, we have no choice 
but to reduce the variety and heterogeneity of 
clinical outcomes [99, 100]. It is best to judge the 
outcomes of these interventions in a reduced 
number of categories. The names of these catego-
ries must then be determined in order to differen-
tiate successes from failures. Angiographic 
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Fig. 9.17 Illustrative case for the use of FDs in complex 
cases. Case of a 53 years old female that presented with 
rapidly progressive intracranial hypertension symptoms. 
MRI revealed a giant partially thrombosed right Sylvian 
aneurysm (a). Treatment was performed by coiling and 

flow diverter (Silk Vista Baby) after a craniectomy (b–e). 
Follow-up images performed at 12  months showed the 
near-complete occlusion of the aneurysm sac and a sig-
nificant reduction of the mass effect that permitted to 
replace the bone flap (f)
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judgments after coiling of cerebral aneurysms are 
generally reported using the Roy/Raymond clas-
sification which judges occlusion in three catego-
ries of aneurysm occlusion (complete occlusion, 
residual neck, or residual aneurysm). While this 
scale is easy to use for judging coiled aneurysms, 
there are limitations in the reproducibility of 
assigning an angiographic result to a coiled 
patient by different observers [101]. Similar 
results have been obtained in magnetic resonance 
[102]. The same classification has been used to 
evaluate post-FD results, but its appropriateness 
is questionable. Indeed, residual aneurysms are 
common findings after FD placement, and occlu-
sion results have the potential to improve with 
time. The situation is different with the coiling of 

cerebral aneurysms where it is desired that the 
end result persists. A residual neck is often an 
acceptable outcome in the follow-up of a coiled 
aneurysm. This may also be the case with FD 
treatment, but not always, because even slow 
opacification of an FD-treated aneurysm may be 
sufficient to sustain a mass effect, aneurysm pro-
gression, and in some cases rupture. Several clas-
sifications dedicated to post-flow diversion 
angiographic findings have been proposed. The 
main are listed below.

9.3.2.1  O’Kelly–Marotta (OKM) 
Classification [103]

In this classification, a grade is assigned to each 
aneurysm based on the degree of initial opacifica-
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Fig. 9.18 Illustrative case for the use of FDs in complex 
cases. Patient of 25  years old presenting with diplopia. 
MRI found and fusiform aneurysm with parietal hemor-
rhagic and thrombotic changes responsible for a brain-
stem focal ischemia (a–d). After a preventive posterior 

fossa craniectomy, an occlusion of the post-PICA seg-
ment of the right vertebral artery was performed, and 2 FD 
were placed after the implantation of a tutor stent (Leo) 
and coiling (control angiogram at 3 months: e, f)
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tion (ABCD) and the degree of stasis [1–3] 
observed during the degree of initial opacifica-
tion (ABCD) and the degree of stasis [1–3] 
observed during different angiographic phases 
(arterial = 1, capillary = 2, and venous = 3).

• A: Total opacification
• B: Subtotal opacification
• C: Residual collar
• D: Complete occlusion

9.3.2.2  Kamran–Byrne (KB) 
Classification [104]

This classification is proposed for saccular and 
fusiform aneurysms. For both types of aneu-
rysms, it documents two items: the degree of 
aneurysmal occlusion using a 5-grade classifica-
tion for aneurysmal occlusion and a three-point 
classification for the artery.

Item 1: Degree of occlusion for saccular aneu-
rysms (an equivalent exists for fusiform 
aneurysms)

• Grade 0, No change in intra-aneurysmal flow
• Grade 1, Opacification of more than 50% of 

initial aneurysm volume
• Grade 2, Opacification of less than 50% of ini-

tial aneurysm volume
• Grade 3, Opacification limited to the region of 

the aneurysmal neck
• Grade 4, Complete occlusion

Item 2: Assessment of the artery.

• “a”: No change in caliber of the artery
• “b”: Stenosis of the artery
• “c”: occlusion of the artery

9.3.2.3  Grunwald Classification 
(SMART) [105]

This classification includes 5 grades from 0 to 4. 
This classification is the same for saccular aneu-
rysms and fusiform aneurysms. The SMART 
classification takes into account the appearance 
of the inflow, the stasis (a, b, or c), and the loca-
tion of residual opacification within the aneu-
rysm as well as the degree of stenosis of the 
artery.

Assessment of the occlusion

• Grade 0 (arterial time): Early in-jet is found
• Grade 1 (venous time): The aneurysm is 

circulating
• Grade 2 (venous time): The walls and the 

dome are judged to be unsafe
• Grade 3 (venous time): The walls and the 

dome are judged secure
• Grade 4 (venous time): Complete occlusion

Hemodynamic evaluation

• “a”: no significant stasis
• “b”: stasis is visible in the capillary phase
• “c”: stasis is visible in the venous phase

Carrier axis, intra-stent stenosis (ISS):

• Grade 0: No stenosis
• Grade 1: Mild stenosis
• Grade 2: Moderate stenosis
• Grade 3: Severe stenosis (>70%)
• Grade 4: Occlusion

9.4  Complications

They can be neurological or systemic. When they 
are neurological, they are of two main types, 
ischemic or hemorrhagic. They may or may not 
be symptomatic; simply revealed by follow-up 
examinations. The main difficulty is their defini-
tion, because it is obvious that the reported rates 
will differ according to the definition. In the case 
of the flow diverter, the implant puts the artery at 
risk permanently and complications may occur in 
a delayed fashion. This is important because case 
series often have a short average follow-up time, 
which may not reveal these complications at a 
distance.

9.4.1  Ischemic

Endovascular treatment that requires intra- 
arterial implantation of a metallic prosthesis 
raises concerns prosthesis, raises fears of throm-
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boembolic complications (TE) similar to throm-
boembolic (TE) complications similar to the 
subacute thrombosis encountered during 
angioplasty- stenting of stenosing coronary or 
peripheral arteries [106]. They are largely related 
to uncontrolled platelet aggregation on the sur-
face of the foreign body that has not yet been 
incorporated into the wall via neointimal forma-
tion. Flow diversion, therefore, requires a priori 
dual antiplatelet therapy, which will be discussed 
in the last paragraph.

TE complications can be immediate or 
delayed, symptomatic or not. They can occur at 
the level of the stent (Fig. 9.19), but also down-
stream or at the level of a branch covered by the 

FD. They represent a wide spectrum of complica-
tions: FD thrombosis, FD stenosis, downstream 
thrombus, ischemia of perforators or covered 
branches, etc. The heterogeneity of their causes 
and presentations also makes their report in clini-
cal series very heterogeneous. However, the rate 
of TE complications is reported to be higher in 
the posterior circulation, but also in large aneu-
rysms [94, 107]. However, these published data 
are limited by the short duration of patient fol-
low- up. Skukalek et al. recently published a lit-
erature review and meta-analysis of post-FD 
complications, including TE complications. 
Nineteen studies were analyzed for a total of 
1110 patients [108]. Their results were as fol-
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Fig. 9.19 Illustrative case of a left Sylvian bifurcation 
aneurysm, previously ruptured and with multiple sessions 
of treatment by coils treated by FD (a, b) under dual anti-
platelets therapy. Intra-stent thrombosis at hour 3, pre-
sented with severe aphasia and right hemiplegia (c). 

Rescue manoeuvers of mechanical thrombectomy intra- 
stent with anti-GpIIbIIa infusion (d) yielded to quick 
reperfusion (e), but a frontal area of necrosis and aphasia 
persisted
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lows: Symptomatic and transient TE: 3.67%. 
Permanent symptomatic TE and mortality: 
1.35%. Asymptomatic TE: 1.93%.

Early or delayed FD thrombosis is always 
reported in a series of about 100 patients, with an 
occurrence rate of less than 5% [109]. It is impor-
tant to keep in mind that the indications in which 
the first FDs were firstly implanted (proximal 
carotid aneurysm) were previously treated by 
occlusion of the (carotid) vessel. In these patients, 
for whom occlusion was possible, the impact of 
complete thrombosis of an FD is assumed to be 
low (unless the DF overlaps the bypass of the 
polygon of Willis). In this sense Labeyrie et al. 
report in January 2015 a series of large or fusi-
form aneurysms treated by occlusion of the sup-
porting axis. The permanent neurological 
morbidity in this series was also 5% [110]. Thus, 
evaluation of the polygon or usual or unusual 
anastomotic support is important to assess before 
placement of an FD. In other words, if an FD is 
implanted in a patient tolerant of occlusion, it is 
important to know this before implant 
placement.

Another complication associated with the use 
of FD is delayed stenosis of the bearing artery. 
Chalouhi et  al. report an observation rate of 
15.8% of these stenoses, all asymptomatic, in an 
angiographic study of 139 patients; 73% of these 
stenoses were detected at 6 months [111].

Finally, as shown in the literature on non-DF 
intracranial stents, an eventual period of discon-
tinuation of anti P2Y12 is a delicate moment. 
One of the causes, always raised by the authors, 

is the role of antiplatelets in ischemic and 
 hemorrhagic complications. Some very late 
thrombosis (defined in the cardiology literature 
as occurring more than 1 year after implantation) 
has been reported [36, 112, 113]. In a series of 86 
patients including aneurysms of the anterior or 
posterior circulation, Guédon et al. report a 3.5% 
rate of late ischemic complications. The other 
reported delayed cases are fusiform aneurysms of 
the basilar trunk treated with multiple PEDs in a 
telescopic fashion. Certainly, neointimal forma-
tion on fusiform aneurysms treated with multiple 
PEDs takes longer to achieve. It may also never 
be achieved, and the addition of new FDs as sug-
gested by some may not be the answer. The lon-
ger the aneurysm segment, the greater the 
thrombotic potential of these FDs seems to be. In 
such cases, the authors advise maintaining dou-
ble antiplatelets for a longer duration (more than 
1  year). These particular cases are difficult in 
practice, because faced with patients who are 
clinically worsening, the difficulty is to do 
nothing.

Ischemic complications related to perforator 
occlusions after flow diversion are well known 
and described. Their overall rate is estimated by 
meta-analyses to be about 6%. The branch cov-
ered by the FD may be an artery whose vascular-
ization is terminal, of the perforating artery type, 
or it may be a branch whose vascularization 
regime has or may have suppletions (communi-
cating arteries, pial arteries, ophthalmic artery, 
etc.) (Fig. 9.20). With respect to posterior fossa 
aneurysms, the number of perforators potentially 
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Fig. 9.20 Illustrative case of an aneurysm of the right 
Sylvian artery with a recurrent branch (a) covered by a 
flow diverter (b), yielding to the occlusion of this branch 

(depicted on the control angiogram at 6 months, c), with-
out symptomatic events
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covered by the FD is very large. The greater num-
ber of complications in the treatment of basilar 
aneurysms could be explained by the delicate and 
terminal perfusion of the functional structures of 
the brain stem, and their limited possibility of 
collateralization. With regard to the anterior cir-
culation, Gawlitza et al. report on 18 aneurysms, 
17.6% of symptomatic lacunar lesions rapidly 
regressed and 29.4% of asymptomatic lacunar 
lesions [79, 114–117].

In this context, coverage of the anterior cho-
roidal artery (AchoA) with FDs has been the 
subject of several publications [116, 118]. Most 
authors report the absence of clinical complica-
tions. However, they report rare cases of asymp-
tomatic occlusions. The AchoA territory can be 
supplemented by other contributions. Takahashi 
et  al. describe 7 cases of retrograde filling of 
the AchoA in case of occlusion of the clinoid 
ICA occlusion. The normal AchoA presents 
anastomoses with the posterior communicating 
artery and the PCA.  These anastomoses are 
located at the level of the choroid plexuses, the 
lateral geniculate body, or at the level of the 
geniculate body, or at the proximal portion of 
the PCA [119].

Another artery often covered is the ophthal-
mic artery. Some authors have reported a 25% 
occlusion rate of this artery during FD placement 
[114, 120]. Rouchaud et al. performed ophthal-
mologic examinations of 28 patients treated with 
FD for carotid ophthalmic aneurysms; 31% of 
patients complained of the onset or progression 
of visual symptoms. In 39.3% of cases, abnor-
malities were found on ophthalmologic 
 examination, including retinal emboli and optic 
nerve atrophy [114]. Collateral branches to the 
ophthalmic artery are numerous, and while proxi-
mal occlusion does not appear to be dangerous, it 
is the emboli to the retina that appear to be of 
greater concern.

Regarding the coverage of arteries with obvi-
ous bypasses (arteries communicating arteries, 
A1 segment with an effective anterior communi-
cator), these may decrease in caliber or become 
occluded depending on the hemodynamic 

regimes, and this without neurological deficit in 
the vast majority of cases [121] (Fig.  9.21). 
Another important factor is the actual porosity of 
the FD located in front of these branches, which 
is influenced by the placement technique (com-
pression of the implant) and by the choice of its 
size [122].

9.4.2  Hemorrhagic

When a flow diverter is used to treat an aneu-
rysm, the rate of hemorrhagic complications is 
estimated at about 5%, but the figures vary from 
0% to 10% depending on the series [80, 123–
125]. The complications described are subarach-
noid and intraparenchymal hemorrhages. These 
may be near or distant from the aneurysm corre-
sponding to aneurysmal rupture or parenchymal 
hemorrhage. Hemorrhagic complications have a 
poor prognosis including major morbidity and 
mortality. The management of these patients 
under dual antiplatelets therapy is delicate and 
the transfusion of platelets, the possible recourse 
to surgery, and the risk of DF thrombosis create 
clinical situations that are often complicated 
[108].

Ruptures following the placement of flow 
diverters have been widely reported [126–128] 
(Fig. 9.22). Their time of occurrence is not lim-
ited to the perioperative period according to 
reported clinical cases. Rouchaud et  al. review 
the literature and reported that 3/4 of delayed 
ruptures occurred within the first month, that in 
50% of cases, these were giant aneurysms, and 
that in 20% of cases, these ruptures occurred 
despite prior coiling. The prognosis of these 
 ruptures is very poor in 80% of cases [129]. There 
are many hypotheses to explain these ruptures: 
Related to the thrombus that could cause tran-
sient destabilization of the aneurysmal wall 
[126]. Biological origin related to mural hypoxia, 
inflammation, and enzymatic degradation. This 
biological reaction may cause inflammatory 
secretions in the aneurysm wall via proteases in 
particular [130]. Hemodynamic origin, such as 
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the presence of residual flow at the inflow zone 
[131] or the rapid creation of an intra-aneurysmal 
thrombus that creates an internal force responsi-
ble for tearing the aneurysm sac [132].

Some authors recommend the use of coils 
associated with the FD implantation. However, 
these coils do not provide perfect protection, 
with Siddiqui et al. reporting two cases of rup-
ture after coiling and FD, and Fischer et  al. 
reported one [133, 134]. Staged techniques, with 
initial coiling of the aneurysm fundus followed 
by FD implantation, have been reported in cases 
of ruptured aneurysms. The goal is twofold: to 
avoid early aneurysmal rupture and to maximize 
aneurysmal occlusion. However, there is a lack 

of strong scientific data to support this strategy 
except [81, 135].

Intraparenchymal hemorrhages vary in sever-
ity depending on the situation and the size of the 
hematoma. There is no consensus for the man-
agement of these hemorrhages, and attitudes 
obviously depend on the clinical presentation. 
Depending on the clinical presentation, several 
options are possible: modification, or not, of the 
antiplatelet regimen, recourse to surgery [124, 
136].

The most common explanation is the hemor-
rhagic transformation of a silent ischemic lesion, 
aggravated by double antiplatelet aggregation. 
However, it is interesting to note that no prior 

c

d e

a b

Fig. 9.21 Case of a 37 years old female with an Anterior 
communicating unruptured “fusiform” aneurysm (a). 
Treatment consisted of the placement of an FD in each 
A1–A2 segment (Silk Vista Baby) (b–d). Control angio-

gram showed the exclusion of the aneurysm, and note the 
modification of flux and caliber within both cerebral ante-
rior circulations (e)
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ischemic lesion was observed in the reported 
cases of hematoma. Yet, these patients frequently 
have postprocedural control imaging, but MRI 
series have shown that silent ischemic lesions are 
common [137]. One could always imagine a 
hemorrhagic transformation of a small lesion, or 
of an ischemic lesion that took place remotely 
from the procedure. Other authors have sug-

gested microscopic embolisms of foreign bodies 
(PVP, polyvinylpyrrolidone), composed of the 
internal linings of catheters, which have been 
found in the brain parenchyma of patients who 
died of post-FD hemorrhagic complications 
[138].

Another original explanation is the modifica-
tion by the flow diverter of the compliance of the 

c d

a b

Fig. 9.22 Patient of 53 years old presented with a SAH 
(mFisher 4) WFNS 1 (a). Cerebral angiography did not 
depict a saccular aneurysm, but a late-filling and stagnat-
ing millimetric area rising from the right retro-carotidian 
segment. Conservative management was primarily 
decided, and control angiography at day 7 showed a slight 

rebleeding and growth of the aneurysm (b). FD placement 
under dual antiplatelet therapy was decided and done on 
day 7 (c). Early control CTA at day 8 was performed fol-
lowing a clinical deterioration, and showed a rebleeding 
(d), note the absence of opacification of the aneurysm and 
the patency of the FD
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vessel in which it is placed. This implantation 
would change the pressure regime transmitted to 
the distal vasculature and would result in a hem-
orrhagic complication [124, 139].

9.5  Antiplatelets Regimen

Antiplatelets are used more and more frequently 
in daily practice. They are used pre-procedure, 
intra-procedure, and post-procedure, sometimes 
for several years following treatment. However, 
there are actually no recommendations based on 
strong scientific evidence, and the management 
of antiplatelets both before and after the proce-
dure remains debated.

The classic preparation, which uses two com-
plementary molecules, Aspirin and Clopidogrel, 
has its limitations. The variability of response to 
Clopidogrel has been demonstrated, and its link 
to ischemic and hemorrhagic complications is 
strongly suspected [140]. In this context, some 
learned societies such as SNIS concluded in 2014 
that there is insufficient evidence to recommend 
the routine use of platelet function tests [141]. 
The life span of platelets is 7–10  days. 
Approximately 10–15% of the platelet supply is 
replaced daily. Tests to assess the degree of plate-
let inhibition are numerous, and the gold standard 
is LTA (Light Transmission Aggregometry). In 
the field of INR, the most studied test is the 
“Verify Now” test, which is the subject of author 
recommendations [142]. This test estimates the 
ability of a drug to block the P2Y12 receptor and 
thus makes it possible to identify hypo- and 
hyperresponders. Indeed, general and specific 
reasons make each person’s sensitivity to anti-
platelets such as clopidogrel unique (obesity, 
drug interactions, genetic mutations, pro- 
coagulant states, smoking, etc.) [102, 143]. The 
results are reported in P2Y12 reactive units 
(PRU). If the PRU is high: many platelets are 
reactive, the risk is thrombotic, If the PRU is low: 
few platelets are reactive, the risk is hemorrhagic. 
Delgado et  al. proposed acceptable values 
between 60 and 240 for endovascular stent/DF 
treatment of cerebral aneurysms [144]. However, 
other authors such as Tan et al. place the thresh-

old at 208 [140]. In his meta-analysis, Skukalek 
et al. report the following: a high dose of Aspirin 
administered for more than 6 months is associ-
ated with fewer TE or bleeding events. Less than 
6 months of Clopidogrel administration is associ-
ated with more TE events. Loading doses of 
Aspirin and Clopidogrel are associated with 
fewer bleeding events. Platelet inhibition test 
results did not correlate with complications 
[108]. The data from this meta-analysis appear to 
support the use of high-dose Aspirin and 
Clopidogrel for at least 6 months in combination 
with a pre-procedure loading dose.

Aspirin is a COX-1 inhibitor and prevents the 
synthesis of TXA2, which inhibits platelet func-
tion throughout its life. Aspirin is rapidly effec-
tive, with maximum activity measurable as early 
as 30–60  min after administration [145]. Small 
doses, less than 100  mg, are sufficient to com-
pletely block TXA2 synthesis. However, if a 
period of 4–7 days is required for full normaliza-
tion of platelet activity, normalization of TS is 
observed between 48 and 72  h after cessation. 
Reversal of the therapeutic effect can be achieved 
by platelet transfusion. Resistance to aspirin is 
controversial, with reported rates of resistance 
ranging from 5% to 40%, and resistance can be 
overcome by increasing the dose [146].

Clopidogrel is a hepatically metabolized pro- 
drug that induces irreversible ADP blockade at 
the P2Y12 surface receptor. Clopidogrel has no 
immediate effect at a maintenance dose of 75 mg 
but requires 3–7 days to achieve the desired inhi-
bition [147]. A loading dose of Clopidogrel 
600  mg achieves platelet inhibition in 2–4  h 
[148]. The definition of resistance varies between 
trials and influences the proportion of resistant 
patients. The rate of resistance to Clopidogrel 
varies between studies and tests used, reaching 
over 50% in some series [149]. The most com-
monly reported interaction is with proton pump 
inhibitors. This interaction was the subject of an 
FDA warning in 2009, and one study suggested 
that the combination of Clopidogrel and panto-
prazole should be preferred when these drugs are 
used together.

Prasugrel and Ticagrelor have already been 
adopted by many teams despite the lack of evi-
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dence of superiority [150] and randomized stud-
ies are needed on this topic. While Prasugrel is a 
pro-drug that requires hepatic hydrolysis and oxi-
dation before binding to the P2Y12 receptor, 
Ticagrelor does not undergo a transformation 
in vivo. Prasugrel, for example, shows less inter- 
patient variability than Clopidogrel. The largest 
published series is that of Akbari et  al., who 
reported in a non-randomized study a bleeding 
complication rate of 19.4% in the Aspirin/
Prasugrel arm compared with a rate of 3.6% in 
the Aspirin/Clopidogrel arm [151]. The authors 
also recommend lowering the daily dose of 
Prasugrel to 5 mg.

Ticagrelor is not all good. It requires twice- 
daily dosing, which decreases compliance, and it 
is difficult to antagonize, with little theoretical 
efficacy of platelet transfusions in case of bleed-
ing complications. It also has adverse effects 
such as dyspnea. It is necessary to be wary of its 
drug interactions; thus, it is recommended to 
keep the dose of aspirin below 100 mg per day 
and to avoid doses above 40 mg of the following 
statins: Simvastatin and Lovastatin.

Anti-GpIIbIIa (Abciximab, Eptifibatide, 
Tirofiban) molecules cause more rapid platelet 
inhibition than Clopidogrel. They can be injected 
intra-arterially or intravenously. They can be 
used preventively or in the context of clinical or 
angiographic thromboembolic complications. 
They can be used during coiling, stenting, or FD 
implantation [152–154]. A bolus type protocol 
per IV or IA procedure could allow a rapid and 
constant platelet inhibition, thus avoiding prior 
preparations and tests. However, the modalities 
of relaying the treatment which will be continued 
orally by the patient raise questions. Indeed, the 
interest of a preparation tested before the proce-
dure is the probable obtaining of a stable regime 
and a predefined post-procedure treatment. If a 
per-procedure bolus approach were to be applied, 
the post-procedure therapy should not suffer 
from resistance and/or an excessive rate of bleed-
ing complications. In these cases, molecules such 
as Prasugrel and Ticagrelor may be interesting 
because of their efficacy, but may also raise con-
cerns about an increase in the bleeding complica-
tions described in the cardiology literature [155].

Similar in action mechanism to Ticagrelor, 
Cangrelor allows intravenous administration and 
offers the benefit of a very short duration of 
action (2 min) with a half-life of 3 to 6 min after 
stopping the infusion. Cangrelor may be a feasi-
ble alternative for patients requiring immediate 
intervention with the use of FD. It allows the pos-
sibility for a secure transition to long-term 
ticagrelor and progression to surgery in the set-
ting of unexpected complications, but the recent 
introduction of an intravenous P2Y12 inhibitor 
further adds to the multitude of modalities and 
contexts in which changes in therapy can occur 
[156–158].
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The Off-Label Use of Flow Diverter

Ting Liao, Ukam Wong, Yiu Wah Fan, and Xianli Lv

Abstract

The Pipeline embolization device (PED) is the 
most widely used flow diverter in endovascu-
lar treatment of cerebral aneurysms. In 2011, 
the device received FDA of USA approval for 
the treatment of large and giant aneurysms in 
the internal carotid artery (ICA) extending 
from the petrous to the superior hypophyseal 
segments. As popularity of the device grew 
and neurosurgeons gained more experience, 
its indications were extended to complex 
wide-necked aneurysms located in the ICA 
with parent vessels between 2.0 and 5.0 mm in 
diameter approved by FDA in 2019. 
However,there are many types of aneurysms 
ouside this range are considered challenging 
to treat using the standard surgical and endo-
vascular methods. The PED may be a promis-
ing alternative for these otherwise challenging 
lesions. The off-label uses of flow diverters 
include blister-like aneurysms, distal circula-

tion aneurysms, posterior circulation aneu-
rysms, previously treated aneurysms, acutely 
ruptured aneurysms, dissecting aneurysms, 
and pseudoaneurysms. We will discuss the 
safety and efficacy of the PED in these off-
label uses in this chapter. The off- label use of 
PED has a reasonable risk-to- benefit profile 
for appropriately selected aneurysms.

Keywords

Flow diversion · Pipeline embolization device  
Off-label uses · Cerebral aneurysms

The treatment of intracranial aneurysms has 
undergone a few very significant paradigm shifts 
in its history. Surgical clipping served as the ini-
tial basis for successful treatment of these lesions. 
And then the endovascular therapy arose from 
the desire to reduce the invasiveness of therapy. 
The Guglielmi detachable coil (GDC) was devel-
oped in the 1990s. This represented a significant 
paradigm change, aneurysms were occluded not 
by the clip preventing ingress of arterial blood, 
but by coils invoking thrombosis by the action of 
Virchow’s triad. The International Subarachnoid 
Aneurysm Trial (ISAT) began in 1994 found bet-
ter results with endovascular coiling compared to 
surgical clipping [1]. The risk of death at 5 years 
was significantly lower in the coiled group than it 
was in the clipped group (11% vs. 14%). There 
was an increased risk of recurrent bleeding from 
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a coiled aneurysm compared with a clipped aneu-
rysm, but the risks were small [2]. However, post- 
treatment aneurysm recanalization remains a 
major challenge. In one prospective, consecutive, 
multicenter European study consisting of 404 
intracranial aneurysms in 390 patients treated 
with Nexus detachable coils (ev3-Covidien, 
Irvine, CA), complete occlusion was seen in 48% 
of aneurysms with a neck remnant in 22% and an 
aneurysmal remnant in 30% [3]. Much like in the 
context of surgical clipping, the morphology of 
an aneurysm and its proximity to other branches 
and perforators can pose unique challenges while 
planning for endovascular coiling. Aneurysms 
that are large (>10  mm diameter) and/or giant 
(>25  mm diameter), wide-necked (aneurysms 
with a dome-to-neck ratio of <2), and fusiform 
(aneurysms with no distinct neck, consisting of 
diffuse enlargement of a diseased vessel seg-
ment) are difficult to treat either by the endovas-
cular or microsurgical treatment. The next 
significant paradigm shift after GDC is the 
remodelling technique by balloon and stent assis-
tance. This technique facilitates improved pack-
ing density of the coils, reduces the risk of coil 
protrusion into the parent vessel, and stent- 
assisted coil embolization has empowered inter-
ventionists to tackle wide-necked/giant 
aneurysms. Initially, stent-assisted coiling was 
employed to prevent coil herniation into the par-
ent vessel and allow denser packing of the aneu-
rysm, which is known to correlate with a 
decreased rate of aneurysm recurrence and better 
long-term outcomes [4]. Computational fluid 
dynamics analyses suggested that placement of 
the stent in the parent vessel itself may alter flow 
within the aneurysm, potentially accelerating the 
rate of aneurysm thrombosis [5]. Thus, the idea 
of flow diversion was established, it was hypoth-
esized that the stent disrupted blood flow from 
the parent artery into the aneurysm, and the stent 
provided a scaffold on which endothelial cells 
could grow, therefore isolating the aneurysm 
from the parent artery. Flow diverter (FD) needs 
to have greater metal coverage and decreased 
porosity, while maintaining pore density. A 
porosity of 70% is reported to be the ideal poros-
ity for aneurysm occlusion [6]. It changed the 

pathophysiological understanding that many 
aneurysms do not in fact need to be completely 
occluded at the time of treatment. When reducing 
flow into and within the aneurysm, the aneurysm 
itself can either thrombose spontaneously or 
remodel. Advantage of flow diversions compared 
to traditional microsurgical or endovascular ther-
apies is that aneurysms with no neck can be 
treated efficaciously, and the aneurysm itself, the 
most fragile part of the vasculature, does not need 
to be manipulated directly. As the paradigm of 
flow disruption, or hemodynamic decoupling, 
between “normal” vessel and “aneurysmal 
lumen,” FD stents are now accepted as an integral 
option in the management of cerebral 
aneurysms.

In the 2010s, a single flow diversion stent was 
approved by the Food & Drug Administration 
(FDA) for use in the United States, the Pipeline 
Embolization Device (PED; ev3-Covidien, 
Irvine, CA). At the same time, Silk flow diverter 
(Balt Extrusion, Montmorency, France), Flow- 
Redirection Endoluminal Device (FRED; 
MicroVention, Inc., Tustin, CA), Surpass (Stryker 
Corp., Kalamazoo, MI), and p64R Flow 
Modulation Device (Phenox, Bochum, Germany) 
are commercially available in Europe, Asia, and 
South America. A new flow diverter of Nuva™ 
(TJWY Medical Company, Beijing, China) in a 
clinical trial will be launched soon in China 
(Fig. 10.1).

The PED is the first-generation flow diversion 
stent to achieve the optimum degree of stent poros-
ity in a single device while being deliverable for 
the more tortuous intracranial vasculature. The 
PED has been supported by clinical trials, the 
Pipeline for Intracranial Treatment of Aneurysms 

Fig. 10.1 Picture showing the Nuva™ flow diverter 
(TJWY Medical Company, Beijing, China)
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Trial (PITA) [7] and the Pipeline for Uncoilable or 
Failed Aneurysms Trial (PUFS) [8] both demon-
strated high complete aneurysmal occlusion rates 
(93.3% at 180 days and 86.8% at 1 year, respec-
tively, increasing to 95.2% at 5 years for PUFS) as 
well as safety profile (6.4% major ipsilateral stroke 
in PITA and 5.6% major ipsilateral stroke or death 
in PUFS). In 2011, the FDA approved the PED for 
endovascular treatment in adults with large or 
giant wide-necked intracranial aneurysms in the 
internal carotid artery from the petrous to the supe-
rior hypophyseal segment. After initial experience 
proved encouraging, it has been documented to 
have precipitated a significant change in practice 
pattern, confirming it as a disruptive technological 
advance [9]. As the popularity of the device grew 
and neurosurgeons gained more experience, its 
indications were extended. In 2019, FDA approved 
PED indications to complex wide- necked aneu-
rysms located in the ICA attached to parent vessels 
between 2.0 and 5.0 mm in diameter.

PEDs implanted in ICA have been shown a 
low occlusion rate for the involved branches and 
the occlusion of side branches were clinically 
silent [10]. Supraclinoid internal carotid usage in 
unruptured aneurysms is the most accepted and is 
probably the least complication prone, due to the 
lower number of small eloquent branches with 
potential for occlusion. The flow diverter (FD) 
has become a separate entity from the stent, with 
a different purpose and set of indications. 
Nowadays, FD is being more broadly applied to 
blister-like aneurysm, distal circulation aneu-
rysm, posterior circulation aneurysm, previously 
treated aneurysm, acutely ruptured aneurysm, 
dissecting aneurysm, and pseudoaneurysm.

10.1  Blister-Like Aneurysm

Blister aneurysms are a rare but well-recognized 
form of cerebral vascular lesions. Comprising 
less than 2% of all intracranial aneurysms [11], 
they are typically found on the dorsal or dorso-
medial wall of the internal carotid artery (ICA). 
With a characteristic thorn-like appearance on 
angiography, blister aneurysms have the fragile 

wall, which not only reflects the unique pathol-
ogy of these lesions but also predetermines their 
high rupture risk, aggressive clinical course, and 
tendency for rapid growth and progression. In the 
most common scenario, a blister aneurysm will 
be diagnosed after an episode of subarachnoid 
hemorrhage. Being initially small, it will sub-
stantially enlarge within days of presentation, 
reaching finally a shape much similar to that of 
its saccular counterparts [12]. Commonly, the 
end result is a rerupture with potentially cata-
strophic consequences for the patient.

Although most authors agree that blister aneu-
rysms are either dissecting or false lesions, their 
optimal management remains unknown. The 
alternative treatment modalities for blister aneu-
rysms are:

 1. Reconstructive Techniques
Surgery: Primary clipping (including 

encircling clips), wrapping, clip-wrapping, 
wrap-clipping, and direct suturing.

Endovascular therapy: Primary coiling, 
stent-assisted coiling, telescopic stenting 
(stent-in-stent technique), and flow diverters.

 2. Deconstructive Techniques
Parent artery occlusion (PAO): Surgical or 

endovascular means with or without bypass 
surgery.

Management of blister aneurysms is associ-
ated with a high overall rate of mortality and 
morbidity [13]. The main causes for this include 
the small size and broad neck morphology along 
with the prominent fragility of such lesions, fea-
tures that often lead to intra-procedural rupture 
when traditional surgical or endovascular tech-
niques such as clipping or primary coiling are to 
be applied [13, 14]. Even if an initial intervention 
proves successful, subsequent regrowth requiring 
further treatment has been commonly reported 
[15]. Other factors contributing to the grim prog-
nosis of blister aneurysms include a commonly 
grave clinical presentation as well as delays in an 
appropriate diagnosis.

Traditionally, surgery has been advocated as 
the first-line treatment. Primary clipping, wrap-
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ping, wrap-clipping, or even carotid artery sacri-
fice (with or without a bypass) have all been tried. 
However, results have always been far from satis-
fying, often making neurosurgeons reluctant to 
operate on such cases. Ogawa et al. described an 
operative aneurysmal rerupture risk of 38% with 
direct aneurysm clipping, aneurysmal segment 
trapping, or aneurysm wrapping. Of this opera-
tive rerupture cohort, only 13% had good clinical 
outcomes, and 53% died as a result of surgery 
[12]. Other single-center series of open surgical 
management of ruptured blister aneurysms 
reported 55% and 41% operative rerupture rates, 
respectively [14, 16].

A meta-analysis including endovascular 
deconstructive parent-vessel occlusion treatment 
of ruptured blister aneurysms found a signifi-
cantly higher procedural ischemic infarct compli-
cation of 29%, versus only 5% for endovascular 
reconstructive approaches with FD or for other 
endovascular methods, including stent-assisted 
coil occlusion, balloon-assisted coil occlusion, or 
overlapping placement of traditional intracranial 
stents, with similar rates of perioperative morbid-
ity, and long-term good outcomes [17].

Initial attempts at endovascular reconstructive 
treatment with primary coiling of blister aneu-
rysms have been disappointed also [18]. A high 
risk of intra-procedural rupture and coil protru-
sion or migration were problems commonly 
encountered due to the small size, their fragile 
nature, and difficult catheterization access to the 
sac without perforation [13]. Additionally, the 
lack of a true wall often allowed for posttreat-
ment progression and rerupture [19]. As a conse-
quence, most authors advocated that blister 
aneurysms are unsuitable for endovascular treat-
ment and should therefore be left to surgery.

Stent-assisted coiling became the new trend in 
the field. The procedure is carried out either by 
first placing the stent and then introducing coils 
through its struts (trans-stent coiling) or by cath-
eterizing the aneurysm sac and deploying the 
stent over the microcatheter prior to coiling (jail-
ing technique). Facilitating stable intrasaccular 
coil deployment while at the same time reinforc-
ing the underlying diseased arterial wall, stent- 
assisted coiling promised to provide a safe and 

reliable therapeutic alternative [20]. However, it 
was soon realized that results, even though better 
than those of surgery, were far from optimal. 
Intraoperative complications, mainly bleeding, 
were encountered in up to 17% of cases, while 
the risk for recurrence of the lesion, need for fur-
ther treatment and postoperative repeat hemor-
rhage were reported at 65, 50, and 13%, 
respectively [13]. Most authors now use stent- 
assisted coiling as a preliminary means to achieve 
a certain degree of protection until definite 
 treatments, in the form of some other techniques, 
can be instituted.

As blister aneurysms are regarded by many as 
pseudoaneurysms, FD is the only endovascular 
technique capable of actually reconstructing the 
vessel wall and sealing off any underlying defect 
[21]. This results in thrombosis of the lesion and 
effect augmented by endothelial proliferation 
along the length of the implanted stents. 
However, the off-label use of FD to treat rup-
tured blister aneurysms is associated with high 
rates of complete occlusion and good long-term 
neurological outcomes in most patients. Linfante 
et  al. treated 10 patients with ruptured blister 
aneurysms of the supraclinoid ICA using a PED, 
which resulted in the immediate occlusion or 
near occlusion in 90%, and the follow-up DSA 
showed the 100% complete occlusion [22]. Of 
62 ruptured blister aneurysms treated with FD in 
a recent meta- analysis, 86% achieved good clini-
cal outcomes, and 17% suffered procedural com-
plications including an almost 8% risk of 
procedural ICH [17].

Major concerns with the use of FD for the 
treatment of blister lesions include an even more 
prominent need for antiplatelets as well as the 
fact that such an approach does not guarantee 
protection from postoperative progression and 
rerupture. Regarding the latter, and despite 
reports of a marked decrease in intra-aneurysmal 
flow on the intraoperative already angiogram, 
hemodynamic stress upon the lesion theoretically 
remains at least for a few days [19]. The most 
serious problem that occurs after the placement 
of FD is the continued existence or growth of 
blister aneurysms. For example, in the 2016 
report by Linfante et al., a blister aneurysm of the 
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supraclinoid ICA remained patent and tended to 
grow, despite the placement of three FDs in two 
procedures, but rerupture did not occur in this 
patient. However, the patient died of severe vaso-
spasms, despite the administration of a dual anti-
platelet regimen and growth of the lesion [22]. A 
valid alternative possibly addressing the whole 
issue is the combination of FD with coiling, 
which is my preference in practice. Figure 10.2 

shows an acute ruptured blister aneurysm treated 
with PED recently. The initial plan was one PED 
with coiling in the sac. Two PEDs was deployed 
as the alternative to unstable cathetering in the 
aneurysm sac during the deployment of 
PED. Only one antiplatelet drug was used after 
the procedure since the bleeding existed after two 
PEDs telescopic stenting which was stopped by 
reversion of anticoagulation. Kim et  al. have 

c d

a b

Fig. 10.2 A 27-year-old patient with ICA blister aneu-
rysm ruptured (a) in poor grade SAH showed bleeding 
during treatment with 2 PED shield (b) and was stopped 
after reversion of heparin. Follow-up angiogram 6  days 

later showed aneurysm occlusion without in-stent throm-
bosis or occlusion of branch (c, d), even only a single anti-
platelet with ASA was used without inhibitors of IIb/IIIa 
glycoproteins
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reported favorable results with stent-assisted 
coiling as a primary treatment augmented by 
deployment of a second flow diverting stent if 
needed (i.e., postoperative progression of the 
lesion) [23]. In cases with extremely small lesions 
where coil deployment is perceived as carrying a 
significant risk, the reverse route can also be fol-
lowed: telescopic stenting and subsequent trans- 
stent coiling should the lesion further grow to 
allow that [19].

During the past few years, clinicians’ interest 
in blister aneurysm has been renewed with the 
introduction of endovascular modalities in every-
day practice. Among all the different available 
approaches, FD seems lately to be gaining 
ground, showing promising results. Of course, 
until consensus has been reached, blister aneu-
rysms are still to be treated on a case-by-case 
basis.

10.2  Distal Circulation Aneurysm

Distal cerebral circulation aneurysms may be 
defined as those located beyond the circle of 
Willis. They may be either saccular (at the level 
of bifurcations mainly), fusiform, or dissecting 
aneurysms. They are rare, representing approxi-
mately 1–9% of all intracranial aneurysms. 
Ruptured distal anterior cerebral aneurysms 
(DACA) cause intracerebral hemorrhage (in 
addition to SAH) in more than one-half of cases 
and are associated with worse outcome after rup-
ture when compared with aneurysms in other 
locations [24]. Both microsurgical clipping and 
endovascular coiling of aneurysms of the distal 
cerebral circulation can be associated with high 
morbidity. Lahaska treated 258 ruptured DACA 
by clipping with 15% morbidity and 84 unrup-
tured DACA clipping with 12% morbidity [24]. 
Meanwhile, complications associated with 
 endovascular treatment of these aneurysms are 
not rare and probably related to a higher level of 
technical difficulty because of distal location, 
morphology (with frequent partial incorporation 
of the parent artery in the neck), and higher asso-
ciation with anatomic variations. These chal-

lenges may explain the relatively higher 
procedure-related complication rates compared 
with aneurysms in more common locations. 
Sturiale et al. reviewed 16 studies with 279 distal 
cerebral circulation aneurysms (185 ruptured) 
treated by coiling, procedure-related morbidity 
rate was 8% and mortality rate was 9% [25]. 
Thus, making FD a potentially attractive alterna-
tive. However, off-label use of FD in vessels 
smaller than 2.5  mm may be technically chal-
lenging, as these systems are stiffer and have a 
higher profile than conventional stents, and 
require larger caliber microcatheters, which can 
cause proximal spasm and inability to deliver the 
devices to the required distal location. The other 
potential concerns are vessel injury, acute stent 
thrombosis, delayed branch vessels occlusion, 
and in-stent stenosis.

Successful delivery of FD needs more robust 
and versatile catheter support systems. From this 
arose a newer generation of catheters, the distal 
intracranial catheters (DICs) or intermediate 
catheters (ICs), which are designed with the flex-
ibility to safely travel further into the cranial cir-
culation. Initial versions of these catheters, 
including Neuron (Penumbra, San Leandro, 
California, USA), helped move support systems 
from the proximal cervical circulation to the dis-
tal cervical vessels and proximal intracranial ves-
sels [26]. The Navien (Medtronic, Minneapolis, 
MN, USA), with additional advances in catheter 
technology, allowed for the placement of 5-Fr 
and 6-Fr support catheters distal into the intracra-
nial anterior and posterior circulations [27]. 
Further improvements in catheter technology 
have focused on atraumatic distal tracking, sta-
bility in distal position, and resistance to catheter 
deformation. The AXS Catalyst 5 distal access 
catheter (Cat5; Stryker, Freemont, CA, USA) is a 
novel multi-durometer intracranial support cath-
eter [28]. And Syphontrak (Codman Neuro, 
Raynham, MA, USA) is the newest. Colby et al. 
have a series reports of their institutional experi-
ence with the DICs. Compared to earlier experi-
ences with the Navien, both the Catalyst 5 and 
the Syphontrak cases utilized statistically signifi-
cantly less fluoroscopy time, despite similar 
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numbers and sizes of PED. The last 2 DICs were 
routinely positioned in the distal cavernous ICA 
and even tracked the catheter to the supraclinoid 
ICA and M1 without evidence of vessel injury or 
significant flow-limiting vasospasm. In addition 
to serving as a support system, the DIC can also 
be used as an instrument or advanced technique 
for augmenting PED Flex deployment with the 
ability of tracking and pushing. DICs can be 
tracked over the 0.027″ microcatheter with ease 
to bump and foreshorten the proximal end of the 
PED Flex in order to improve vessel wall apposi-
tion if needed. The DIC also can be tracked over 
the microcatheter into the PED Flex for endolu-
minal access in cases needing multi-device 
deployments or balloon angioplasty. The use of 
verapamil was their institutional practice patterns 
to utilize IA vasodilation prophylactically rather 
than as a reactive measure to vasospasm [29]. 
And they used the Via (Sequent Medical/
MicroVention; Terumo, Tustin, California, USA) 
microcatheter with its increased column strength 
and stiffness facilitated bringing the PED through 
regions of vessel tortuosity and deploying it pre-
dictably without the accordion effect of the 
Marksman in distal locations [30]. After success-
ful delivery, PED can be deployed by more 
unsheathing rather than pushing to minimize the 
force buildup during deployment and mitigate the 
possibility of translating push force into wire per-
foration [31]. Another choice to improve delivery 
and deployment is low-profile FD, dedicated to 
small vessels, which have been lately developed. 
The first has been the small-sized version of the 
dual-layer Flow Direction Endoluminal Device 
(FRED) (MicroVention, Aliso Viejo, California), 
called FRED Jr. More recently, the P48MW Flow 
Modulation Device (Phenox GmbH, Bochum, 
Germany) has been launched. Both FRED Jr. and 
P48MW are delivered through a 0.021-inch 
microcatheter. Very recently, the Silk Baby Vista 
(Balt Extrusion, Montmorency, France) has been 
launched in Europe; this is the only FD delivered 
through a 0.017-inch microcatheter. During PED 
deployment, extreme attention has to be paid not 
to perforate small, distal branches with the inner 
wire as it is pushed forward while unsheathing 

the stent. FRED Jr. delivery wire is shorter and it 
remains inside the stent during its deployment, 
thus minimizing the risk of perforation; however, 
the drawback of this system probably is the infe-
rior stability. Interestingly, the P48 inner wire can 
be moved independently from the implant, poten-
tially improving safety and stability during 
deployment.

Heightened concern for acute stent thrombosis 
associated with PED deployments in small caliber 
vessels is justified. In the series of 67 PEDs 
deployed in 57 patients, Bender et  al. found 5 
cases (7.5%) of intra-procedural thrombosis in the 
stent, higher than in their overall experience with 
anterior circulation PED (4%), and treated suc-
cessfully with escalating doses of intra- arterial 
abciximab [31]. The other institutions prefer 
alternative glycoprotein IIb/IIIa inhibitors such as 
eptifibatide or tirofiban because of their shorter 
half-lives [32]. The experience of Bender also 
suggests that platelet plugging may be more dif-
ficult to reverse in small caliber vessels. In their 
overall PED series of 30 patients treated with 
intra-arterial abciximab, only 4 (13%) went on to 
experience symptomatic ischemic infarcts. In the 
distal series, 2 of 5 patients (40%) had major 
strokes [31]. In Ravindran series, 5 patients (10%) 
experienced a transient parent artery occlusion 
immediately after FD deployment, resolved with 
intra-arterial glycoprotein IIb/IIIa inhibitor, with 
no clinical deficits experienced [33].

Heightened concern for symptomatic delayed 
stent thrombosis in distal small vessels is not jus-
tified. Several studies reveal asymptomatic in- 
stent stenosis with mild associated flow limitation 
in small vessels aneurysms treated with PED [31, 
33, 34]. Significant reduction in parent vessel 
caliber at the proximal end of the stent but not the 
distal end of the stent was found in Bender series. 
They believed that there was a tendency for the 
device to adopt a similar diameter across its 
length in small vessels, and was restricted by the 
smaller (typically distal) vessel diameter and 
results in a greater reduction in the larger (typi-
cally proximal) diameter [31].

However, the risk of perforator stroke second-
ary to FD coverage of perforator-rich arterial seg-
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ments, particularly the A1 and M1, has thus 
largely dissuaded the use of FD for aneurysms at 
these locations. In Ravindran series [33], 76.1% 
aneurysms had associated perforator vessel cov-
erage by the FD, and 88.9% bifurcation aneu-
rysms with side branch coverage. Despite this 
situation, there were only 3 complications related 
to perforator or side branch coverage, and all 
neurologic deficits were transient. These results 
suggest that it is safe to cross side branches with 
the FD.  In MCA bifurcation aneurysms treated 
with FD, the risk of cortical infarction secondary 
to bifurcation branch coverage seems to be sub-
clinical. In Iosif et al.’s study of MCA bifurcation 
aneurysms, although angiographic narrowing or 
occlusion of covered branches was observed in 
29 of 63 patients at 6-month follow-up, only 2 
cases of branch occlusion were symptomatic. 
Furthermore, at 12-month follow-up, only 10 
cases of branch narrowing were observed, all of 
which were asymptomatic [35]. In my practice 
on distal aneurysm treated with PED, only one 
case was found late occlusion of the covered 
branch (Fig. 10.3) but no symptom.

With the 4.5% major stroke and 1.5% mortal-
ity, complete occlusion was observed in 42 (89%) 
cases of Bender’s study at on average 10 months 
after embolization [31]. Occlusion outcomes of 
other studies from 77.8% to 100%, are similar to 
the aforementioned small-caliber vessel series 
[33, 36, 37].

Antiplatelet therapy decisions to balance 
thromboembolic and hemorrhagic risk are always 
challenging, perhaps more so when treating 
aneurysms arising from small vessels. In our 
institute, P2Y12 test is performed routinely for 
all patients undergoing PED and adjust antiplate-
let regimens based on its results. Meanwhile, 
some authors do not test P2Y12 routinely. Bender 
et  al. reported the largest series of clopidogrel 
hyporesponders (P2Y12 > 200) to undergo PED, 
in which rates of ischemic complications are on a 
par with the overall PED literature (2/52 cases, 
4%) [38]. However, given the increased risks of 
acute stent thrombosis, this population may be 
appropriate for clopidogrel alternatives, such as 
prasugrel and ticagrelor, with more predicable 
pharmacodynamics.

FD for distal circulation cerebral aneurysms 
represents a safe and effective application of 
flow diversion technology. The small-vessel 
PED delivery and deployment technique dif-
fers from its on-label use in ICA. Improvements 
in robust polyaxial catheter access platforms 
have facilitated the use of FD in the distal loca-
tion of cerebral artery. Heightened vigilance 
for the prevention and management of acute 
stent and vessel thrombosis is warranted in 
these cases. Despite the distal location, issues 
related to vessel trauma and delayed occlusion 
are uncommon and should not limit use of this 
technique.

ca b

Fig. 10.3 A 66-year-old patient presented with SAH and 
the first angiogram negative, follow-up angiogram 
2 weeks later revealed anterior communicating artery blis-
ter aneurysm (a), which was treated with PED deployed 

from right A1 to left A2. Aneurysm was occluded imme-
diately with distal ACA patent (b). A follow-up angio-
gram 27 months later revealed the asymptomatic occlusion 
of right A2 (c)
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10.3  Previously Treated 
Aneurysms

Conventional therapies for intracranial aneu-
rysms are microsurgical clipping and endovascu-
lar coiling. Two randomized, controlled trials 
have evaluated these 2 methods and looked at 
recurrence and retreatment rates. In the 
International Subarachnoid Hemorrhage Trial 
(ISAT), 9.0% of patients treated with coiling and 
0.85% of patients treated with microsurgical clip-
ping had to be retreated due to recurrence [39]. In 
the Barrow Ruptured Aneurysm Trial (BRAT), 
the retreatment rates at the 3-year follow-up were 
13% and 5% for coiling and clipping, respec-
tively [40]. To reduce the recurrence associated 
with conventional treatments, several investiga-
tors have studied the safety and efficacy of the 
FD as a treatment for recurrent aneurysms after 
previous coiling, stenting, or clipping. Dornbos 
III et  al. reviewed a total of 13 cases in which 
patients underwent secondary placement of a 
PED for aneurysm recurrence following prior 
treatment with another modality. The PEDs were 
used to treat aneurysm recurrence or residual fol-
lowing endovascular coiling in 7 cases, FD in 2, 
and microsurgical clipping in 4. The rate of com-
plete occlusion was 80% at 6 months and 100% 
at 12  months in these patients who underwent 
PED placement following failed endovascular 
coiling; there were no adverse clinical sequelae at 
a mean follow-up of 26.1 months [41].

Daou et al. looked at subsets of patients with 
recurrent aneurysms that were previously coiled 
and previously stented [42, 43]. One study fol-
lowed 32 patients with single lesions who had a 
recurrence of previously coiled aneurysms, and 
found a total rate of complete and near-complete 
occlusion of 86.7%, a complication rate of 3%, 
and no mortalities [42]. In a series of 21 previ-
ously stented aneurysms, the complete occlusion 
rate after PED placement was found to be 55.6% 
and the complication rate was 14.3% [43]. In this 
second study, the authors compared these results 
with a group of patients who underwent PED 
placement for aneurysms not previously stented. 
They concluded that the PED was less effective in 
managing previously stented aneurysms  compared 

with non-stented aneurysms, and can also be 
associated with a higher complication rate in the 
previously treated aneurysms. Similar result was 
found in a series of 20 patients with recurrent 
aneurysms successfully treated with PED in the 
presence of preexisting stents, both FD and recon-
structive stent. Cases with in- dwelling stents pres-
ent additional technical challenges, as evident 
from the greater number of devices used, longer 
procedural time, higher radiation exposure, and 
balloon angioplasty rate. Salvage FD offers a 
good chance of occlusion (56% complete occlu-
sion at on average 13-month follow-up angiogra-
phy) with acceptable complication rates (10%), 
including 1 mortality (5%) [44].

In our institute, FD placement is the first 
choice for recurrent aneurysms not previously 
stented (e.g., the case in Fig. 10.4), but re-coiling 
is a preference to aneurysm treated with stent- 
assisted coiling previously since technical chal-
lenge of a salvage FD case revolves around the 
indwelling stent. In Fig. 10.5, the recurrent case 
after 3 times coiling performed the flow diversion 
and achieved complete occlusion finally.

The indwelling stent poses an obstacle both to 
delivery and deployment. Given the large cell size 
and the proximal tines at the parent vessel wall, it 
can be difficult to stay in the true lumen while 
navigating across an indwelling stent. A FD 
deployed through a cell in an indwelling stent will 
initially appear to have a restricted opening. In 
addition to hypervigilance for any catching of the 
wire while crossing the indwelling stent, tech-
niques that can be used to ensure deployment 
within the lumen of the parent vessel include: 
crossing with a J-tip wire, compliant balloon 
inflation following crossing, and visualization on 
DynaCT after crossing. Crossing an indwelling 
stent is more difficult when the proximal end/stent 
tines are located in a vessel bend, such as the ante-
rior genu. The indwelling stent also creates chal-
lenges during FD deployment, given the risk of 
catching on the distal end of the indwelling device 
and anchoring the device to be implanted, leading 
to stretching and incomplete opening of the 
device. It should be deployed directly in its final 
location and rely more on balloon angioplasty for 
device opening instead of the drag and drop tech-
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nique. The rate of balloon angioplasty in salvage 
cases was 40% as compared with 13% in all ante-
rior circulation PED cases [44].

A common mechanism of aneurysm persis-
tence after FD is malapposition between the stent 
and vessel wall, which allows blood flow to insin-

ca b

Fig. 10.4 A 40-year-old patient presented with recurrent A1 aneurysm after coiling (a), retreated with 1 PED (b). 
Follow-up angiogram showed complete occlusion 6 months later (c)
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Fig. 10.5 A 73-year-old patient with left ICA asymtoma-
tive wide neck aneurysm (a), performed stent-assisted 
coiling first (b). Angiogram 9 months later revealed the 
enlargement of aneurysm, retreatment was performed 
with coiling (c). Follow-up angiogram another 6 months 

later showed the enlargement again and third coiling per-
formed (d). Retreatment with flow diversion 6  months 
after the third coiling with neck residue (e). Final angio-
gram 27 months from the first treatment showed the com-
plete occlusion (f)
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uate between the stent and vessel, continuing to 
fill the aneurysm, a so-called “endoleak” [45]. 
The risk of endoleak is greater in salvage FD 
cases given how a poorly endothelialized preex-
isting stent may prevent contact between the 
newly placed FD and vessel endothelium. So the 
new FD should be deployed to cover the preexist-
ing stent both proximally and distally in salvage 
cases. Following successful deployment of sal-
vage PED, heightened thrombogenicity of the 
multi-stent construct is a concern at every follow-
 up time point. Fischer et al. observed that placing 
one stent inside another will always delay the 
endothelialization process and that extended or 
lifetime DAPT should be considered for these 
patients [46].

In another more difficult series, PED retreat-
ments were performed for 6 anterior communi-
cating artery region recurrent aneurysms after 
surgical clipping. Occlusion rate was 83% with-
out complication [47]. Promising results were 
found in a series of 24 patients who underwent 
PED placement for previously clipped and coiled 
aneurysms. The complete or near-complete 
occlusion rates of previously treated ruptured and 
unruptured aneurysms were 94.4% at 6 months 
and 93.3% at 12 months. These investigators also 
did not observe any severe procedure-related 
complications [48].

Safety and effectiveness of FD as a salvage 
treatment following failed coiling or clipping was 
confirmed in these limited series. Positive results 
suggest that ruptured complex aneurysms might 
be deliberately treated 2 times: immediate subto-
tal coiling (with or without balloon assistance) 
and planned flow diversion after the acute phase. 
This strategy will be discussed in detail in the fol-
lowing chapter “Ruptured Aneurysm.” FD treat-
ment results for recurrence of previously stented 
aneurysms are not encouraging, the presence of a 
stent raises technical challenges. Retreatment is 
reserved for recanalized stent-coiled aneurysms 
with a history of prior rupture or progressive 
symptoms, typically from mass effect. By con-
trast, retreatment of previously FD treated aneu-
rysms is commonly for persistence or failure to 
occlude and occasionally for device foreshorten-
ing. Continued patency of aneurysm following 

coverage by FD is dependent on several factors, 
including the degree of metal coverage, device- 
to- wall apposition, thrombogenic disposition of 
the patient, degree of individual intimal reactiv-
ity. Given the perceived ease of re-FD some 
authors have a low threshold for retreatment [45]. 
Since occlusion outcomes continue to accrue for 
up to 5 years after PED placement, some authors 
wait to complete DPAT tapering and have per-
formed re-FD cases at an average of 18 months 
after the first procedure [44]. There is a need for 
larger studies to assess the safety and efficacy of 
the FD in treating such cases.

10.4  Posterior Circulation 
Aneurysms

Posterior circulation aneurysms are a heteroge-
neous disease group including sidewall, bifurca-
tion, dissecting, saccular, and fusiform 
aneurysms. The natural history of the different 
aneurysm types is not well known. As compared 
with anterior circulation aneurysms, there is a 
higher proportion of non-saccular morphologies, 
which commonly present with a variety of differ-
ent symptoms ranging from asymptomatic and 
incidental findings on routine imaging, posterior 
circulation ischemic strokes, brainstem compres-
sion, cranial nerve palsies (most commonly V–
VIII), obstructive hydrocephalus, and hemorrhage 
[49]. The natural history of these lesions is fateful 
with a review by Shapiro et  al. suggesting that 
mortality could be even higher at 43% [50]. If left 
untreated they carry significant morbidity with 
growth of these aneurysms seen in 46% of 
patients over a median interval period of 8.5 years 
[49]. Saccular aneurysms of the posterior circula-
tion are at higher risk of rupture than their ante-
rior circulation counterparts and, when ruptured, 
present in worse clinical grade. In the International 
Study of Unruptured Intracranial Aneurysms 
(ISUIA), the rupture rate for posterior circulation 
aneurysms >7 mm was 3–10% a year [51]. This 
creates an impetus toward elective treatment, but 
existing treatments are limited by morbidity and 
efficacy. Surgery for these lesions—because of 
the deep exposure and proximity of cranial nerves 
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and perforating arteries—carries high morbidity 
[52, 53]. Endovascular coiling has lower morbid-
ity but comparatively inferior occlusion out-
comes [54]. Residual posterior circulation 
aneurysms remain at significant rupture risk and 
retreatment of these lesions is technically 
challenging.

The off-label use of FD may be an alternative 
for these challenging lesions that avoids high 
morbidity of open surgery while sufficiently 
excluding the aneurysm. However, overall poor 
outcome or death was seen in 40% of patients 
treated for fusiform posterior circulation aneu-
rysms in a large series [55]. A similar trend has 
been described in a meta-analysis of intracranial 
FD, which included 29 reports, 1451 patients and 
1654 aneurysms. Ischemic strokes and perforator 
infarctions were significantly higher in the poste-
rior circulation, although there were no differ-
ence in subarachnoid hemorrhage and intracranial 
hemorrhage rates [56].

The main risk factor of the FD treatment in 
the posterior circulation is due to the unique 
characteristics of the cerebral vasculature and 
aneurysms arising in this location. Specifically, 
numerous unforgiving perforator vessels arise 
in this area and supply brainstem structures; 
the occlusion of these perforators can lead to 
significant disabilities. It is generally believed 
that covered branch arteries will remain patent 
provided that flow is maintained through the 
FD.  One theory is that demand phenomena 
continue to draw blood into the covered branch. 
Phillips et al. assessed the safety of PED place-
ment in 32 patients with posterior circulation 
aneurysms. The aneurysm occlusion rate 
achieved 96% of patients followed up more 
than 1 year. But perforator infarctions rate was 
14% of the 21 patients who had basilar artery 
aneurysms. Clinical perforator infarction rates 
may be higher when the PED is placed within 
the basilar artery compared with the ICA [57]. 
More recent studies have demonstrated good 
outcomes with FD. Munich et al. present good 
outcomes in 12 patients with vertebrobasilar 
fusiform aneurysms treated with the PED. The 
complete aneurysm occlusion rate was 90% 
without thromboembolic complications [58]. 

None of the patients in Marcus series devel-
oped flow restriction of a covered PICA with 
one PED positioned proximal to the vertebro-
basilar junction in 10 of 11 patients. Only 1 
patient experienced a PICA occlusion during 
PED placement and developed an associated 
region of diffusion restriction on postoperative 
MRI [59].

The patient shown in Fig. 10.6 presented with 
right cerebellum infarction, angiogram 1 month 
later revealed the fusiform aneurysm involved 
PICA. Flow diversion was achieved with PICA 
patency at the angiogram after 1 PED was 
deployed to cover the PICA origin. Dual anti-
platelet treatment was stopped 1 year later when 
angiogram showed complete occlusion of aneu-
rysm with PICA patency. The patient had been 
follow-up for 3  years without any thromboem-
bolic complications. Strict adherence to adequate 
platelet inhibition to avoid thromboembolic com-
plications and also vigilant monitoring of patients 
receiving antiplatelet therapy to avoid hemor-
rhagic complications.

The other risk factors are multiple overlapped 
PEDs inserted, clopidogrel resistance, poor appo-
sition of the PED to the aneurysm wall, aneurysm 
morphology, size, and clinical presentation. 
Natarajan et al. used an average of 1.7 devices to 
treat 12 posterior circulation aneurysms with an 
average size of 13 mm and encountered 1 major 
complication, a pontomedullary infarct attributed 
to occlusion of a distal vertebral perforating 
artery [60]. In contrast, poor result was found in 
their previous report on 6 patients who under-
went PED treatment: 4 (66%) were basilar fusi-
form aneurysms and 3 had pretreatment strokes 
as demonstrated by MRI. An average of 5.3 ± 2.9 
PEDs without adjunctive coiling were used 
resulted 83.3% brainstem ischemic events and 
33% aneurysms reruptured. During the follow-up 
period, 4 patients (67%) died, 1 was disabled 
with mRS score 5, only 1 recovered to mRS score 
0 [61]. The author attributed these improved 
results to the following factors. First, basilar fusi-
form aneurysms and pretreatment ischemic 
infarction patient was excluded; second, critical 
attention to the antiplatelet regimen; third, the 
number of PED was limited; final, adjunctive 
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coiling with FD in the most saccular component 
of the aneurysm, served as a scaffold to organize 
thrombi [60]. Bender et  al. present the large 
single- center experience about 59 embolization 
procedures performed on 55 patients. Morphology 
was saccular (45%), fusiform (29%), or dissect-
ing/pseudo-aneurysms (25%). Most of the aneu-
rysms (62%) arose along the vertebral artery. 1 
PED was placed in 85%; and coiling was per-
formed in 17% of cases. Complete occlusion rate 
was 78% at 12  months with 8% complications 
(all stroke). Fusiform or dissecting morphology 
and large or giant aneurysm size were predictors 
of aneurysm persistence on multivariate logistic 
regression. The resolutions of reduced ischemic 
risk were as follow: first, in the distal basilar 
artery, the degree of metal coverage was titrated 
by using devices with relatively short length and 
oversized diameter to reduce perforator infarc-

tion; second, maintain systemically heparinized 
for 24 h post-embolization and on dual antiplate-
let treatment for life (Prasugrel was used rather 
than Clopidogrel for basilar apex-region aneu-
rysms); Third, single device was used whenever 
possible, choosing longer and large diameter 
devices in the fusiform segment, and adjunctive 
coiling to expedite occlusion rather than tele-
scoping multiple devices [62].

The most difficult and risky morphology in 
posterior circulation aneurysms with FD treat-
ment is nonsaccular aneurysms. Occlusion rates 
were lower (57% at last follow-up) in a large 
single center series focused on the nonsaccular 
aneurysms [63]. The aneurysms were classified 
as either dolichoectatic, fusiform, or transitional 
according to the classification of Flemming et al., 
with the definition of each subtype based on the 
following imaging appearance [49]:

c
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Fig. 10.6 A 43-year-old patient presented with right cer-
ebellum infarction, angiogram 1 month later revealed the 
fusiform aneurysm involved PICA (a–c). Flow diversion 
was achieved with PICA patency at the angiogram after 1 

PED was deployed to cover the PICA origin (d). 
Follow-up angiogram 1 year later showed complete occlu-
sion of aneurysm with PICA patency (e, f)
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 1. Fusiform: Dilation >1.5 times normal involv-
ing a part of the vertebral or basilar artery, 
without any discernible neck and with any 
degree of tortuosity (Fig. 10.7).

 2. Dolichoectatic: Uniform dilation >1.5 times 
normal involving the entire basilar artery, ver-
tebral artery, or both with any degree of tortu-
osity (Fig. 10.8).

 3. Transitional: Uniform dilation of an entire 
arterial segment >1.5 times normal involving 

the vertebral artery, basilar artery, or both with 
a superimposed dilation of a portion of the 
involved arterial segment (Fig. 10.9).

In this cohort, the transitional and fusiform 
types were more likely to be symptomatic and 
dolichoectatic aneurysms appeared more benign 
in clinical course. The annual risk of rupture for 
fusiform and transitional aneurysms was 2.3% 
while that of dolichoectatic aneurysms was 0.4%. 
Compressive symptoms were seen in 22% of 
patients and importantly, 7.5% who did not ini-
tially have compressive symptoms developed 
them. Aneurysm growth was associated with the 
development of compressive symptoms, which 
was statistically associated with the transitional 
and fusiform subtypes, and also affects mortality, 
with a 5 year 56.6% mortality of enlarging aneu-
rysms compared with 3.7% of stable aneurysms 
[64]. Given the prognosis, it is no wonder then 
that management options have been aggressively 
sought. The author believed that early manage-
ment prior to infarction or compressive symptoms 
was extremely important to achieve a good clini-
cal outcome. Strict antiplatelet regimen was also 
important to avoid in-stent thrombosis or throm-
boemboli. And direct oral anticoagulants 
(2  ×  100  mg dabigatran daily) were added for 
patients with large fusiform or transitional type 
aneurysms involving the basilar trunk. Adjunctive 

Fig. 10.7 A patient with fusiform aneurysm of the right 
vertebral artery presented with ischemia attack

Fig. 10.8 A patient with dolichoectasia of the vertebrobasilar artery presented with symptoms of compression of brain 
stem. MRI revealed the compression of brain stem without mass
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coiling may be useful but did not appear to be 
necessary and needed to be based on individual 
anatomy. The number of FD required was based 
on the longitudinal extent of the disease. Because 
endothelialization commences from the site of 
contact with the parent artery, it was important to 
land the FD in a portion of the vessel that demon-
strates a normal appearance, both at the proximal 
and at the distal end. And longer diseased seg-
ments will require a much longer time to endothe-
lialize. This means that a tailored approach is 
required with some patients likely to require life-
long dual antiplatelet therapy (DAPT). The author 
prefers telescoping from proximal to distal with 
about 30% overlap of the implanted FD.  The 
diameter of the most proximal stent should be 
slightly larger than the diameter of the landing 
zone. Subsequent FD should have the same or 
larger but never smaller diameters, since smaller 
diameters will result in FD displacement. Since 
the PED for less and p64 for more coverage, a 
combination of PED and p64, devices with non-
matching braiding patterns, will result in more 
coverage than telescoping of devices of the same 
kind. The procedure is usually stopped as soon as 
a hemodynamic effect becomes visible through 
repeated catheter angiography. The patient returns 

for repeat angiography and MRI after approxi-
mately 6–12 weeks to observe for flow changes 
and changes in size of the aneurysm. If no signifi-
cant flow redirection has occurred compared with 
the pretreatment angiography, then more FDs are 
placed inside the construct. Gradual vessel recon-
struction obviously allows for the development of 
collateral brain stem circulation, eventually with 
no opacification of pontine basilar artery branches 
but without signs of brain stem ischemia, neither 
clinically nor MRI. In conclusion, gradual adap-
tion of the local circulation through staged FD 
implantation, confirmed DPAT, and mild oral 
anticoagulation is key. Disease of the basilar trunk 
and disease that crosses the vertebrobasilar junc-
tion can be the most difficult to treat. In addition 
to the FD, coil occlusion of the contralateral ver-
tebral artery is required to prevent a persistent 
endoleak around the FD.  The author proposes 
early treatment prior to the development of symp-
toms and when the maximum diameter and length 
of the diseased segment is minimized. Both tran-
sitional and fusiform aneurysmal subtypes should 
be managed aggressively given their poor progno-
sis; however, a “watch and wait” strategy could be 
used for dolichoectatic disease with treatment 
commenced as soon as enlargement is seen.

Fig. 10.9 A patient presented with symptoms of mass effect from vertebrobasilar transitional aneurysm. MRI revealed 
the partially thrombosed and superimposed dilation portion of basilar artery with compression of brain stem
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As mention above, there is significant vari-
ability in mortality, permanent new morbidity, 
and occlusion rates of posterior circulation aneu-
rysms treated with FD. These studies have sev-
eral limitations. Interpretation of the results is 
difficult owing to heterogeneity of the patients 
and aneurysms, relatively short follow-up, retro-
spective analysis, and relatively small total num-
bers. One of the important observations from the 
overall outcomes is that mortality and morbidity 
appear to be higher with symptomatic aneurysms. 
This poses a difficult clinical dilemma, because, 
reasonably, physicians feel obliged to offer treat-
ment when symptoms are present to prevent fur-
ther decline. Unfortunately, it is not known what 
percentage of the incidentally discovered asymp-
tomatic aneurysms would go on to become symp-
tomatic over time. The challenging question is 
whether it is worth considering treating asymp-
tomatic posterior circulation aneurysms earlier 
when they may be a lower treatment risk, or wait-
ing to treat until they become symptomatic, less 
stable, and the risk of intervention is greater. The 
other finding is in line with prior opinions that 
fusiform basilar aneurysms have the highest 
treatment risks, probably owing to extensive 
involvement of perforators. These aneurysms 
have unfavorable characteristics for any treat-
ment, including FD. The fate of small perforator 
arteries is difficult to predict. There is no good 
understanding of the dynamics of aneurysm 
thrombosis around FD stent in a large and elon-
gated fusiform vessel segment. In particular, 
increased distance from the device wall to the 
perforator vessel origin seems to be very 
 important. The other risk factor is higher number 
of stents, probably owing to overlapping cover-
age of the small perforators, more metal and for-
eign body presence, increased risk of ischemic 
events, and longer procedure times. An important 
component of preventing perforator infarcts or 
other ischemic complications is the strict adher-
ence to the obligatory DAPT. Noncompliance is a 
rare, but dreaded problem in patients with intra-
vascular stents. Life-threatening consequences 
should be explicitly discussed with the patient 
and family before proceeding with FD treatment. 
The use of antiplatelet inhibition testing appears 
important and provides guidance about the effect 

of treatment; however, significant thrombotic or 
hemorrhagic events may still occur despite ade-
quate testing. Extended follow-up of previously 
treated patients will be valuable to better under-
stand the long-term risks and benefits of FD.

There is usually a significant dilemma about 
treatment indications for these challenging aneu-
rysms, which clearly have an unfavorable natural 
history, and also, an increased risk of treatment. 
In most large tertiary care centers, intervention is 
usually considered necessary if new symptoms 
develop, and/or there is evidence of change in 
morphology over time, prior hemorrhage, expan-
sion, or progressive posterior circulation mass 
effect.

Newer-generation devices and computational 
flow dynamic models may help in tailoring treat-
ment to individual patients in the future. Further 
prospective data are necessary to assess the role 
of FD in the posterior circulation.

10.5  Acute Ruptured Aneurysms

Endovascular management of ruptured intracra-
nial aneurysms is well established. However, 
broad necked or giant saccular, fusiform, or blis-
ter aneurysms pose specific challenges for con-
ventional endovascular treatments. These 
aneurysms may also pose challenges for micro-
surgical clipping. Few options are available for 
the safe and effective treatment of this subpopu-
lation of ruptured intracranial aneurysms. In 
these aneurysms, the use of stent-assisted coiling 
or FD may be a viable treatment strategy. 
However, there is understandable resistance to 
the use of intravascular stents for aneurysmal 
subarachnoid hemorrhage (aSAH), owing to the 
risks of thromboembolic and hemorrhagic com-
plications. DAPT reduces the risk of the former 
at the cost of increasing the risk of the latter. 
When treating aSAH, multiple additional intra-
cranial procedures may be required, such as 
external ventricular drain (EVD) placement, ven-
triculoperitoneal (VP) shunt insertion, or decom-
pressive craniotomy for hematoma evacuation. 
These subsequent surgeries can be complicated 
by DAPT that is required in conjunction with FD 
placement. In addition, placement of FDs like the 
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PED results in gradual rather than immediate 
thrombosis of the aneurysm, which may increase 
the risk of aneurysm rerupture in the acute phase 
of aSAH.

As mentioned previously in the treatment of 
ruptured blister aneurysm, flow diverse technique 
resulted in the immediate occlusion or near 
occlusion in 90%, and the follow-up DSA showed 
the 100% complete occlusion [22]. Of 62 rup-
tured blister aneurysms treated with FD in meta- 
analysis, 86% achieved good clinical outcomes, 
and 17% suffered procedural complications 
including an almost 8% risk of procedural ICH 
[17]. A recent meta-analysis of 20 studies includ-
ing 233 patients treated with FDs for acutely rup-
tured aneurysms reported an almost 90% rate of 
total or subtotal occlusion at a mean of 9.6 months 
and although the immediate occlusion rate was 
only 32%, the rerupture rate was nonetheless low 
at 4% suggesting that aneurysmal rerupture is not 
a significant concern with the use of FDs despite 
the persistent filling. The overall complication 
rate was 18% with 7% treatment-related morbidi-
ties and comparable rates of hemorrhagic and 
thromboembolic complications [65]. The results 
suggest an excellent efficacy but higher compli-
cation of FD for the management of acutely rup-
tured aneurysms. VP shunt-related ICH rates of 
up to 71% have been reported in patients con-
comitantly treated with dual antiplatelet agents 
after stent-assisted aneurysm coiling [66]. A 
matched cohort pilot study by Paisan also found 
that significantly longer time interval between 
presentation with aSAH and shunt placement in 
the DAPT cohort, which reflect the reluctance of 
practitioners to perform surgical procedures on 
this subset of patients [67]. However, the same 
study revealed that patients receiving DAPT after 
the stent-assisted coiling of acutely ruptured 
aneurysms did not have an increased risk of 
shunt-related complications or unfavorable long- 
term functional outcomes compared to endovas-
cular treatment without DAPT.  Another series 
including 80 aSAH cases with VP shunt found in 
patients who performed stent-assisted coiling or 
FD treatment, there was an elevated risk (22% vs 
2%) for VP shunt-associated radiographic hem-
orrhage, but the risk of clinically significant hem-
orrhage was low (3%) [66].

Given the Iatrogenic hemorrhage complica-
tion relative to DAPT, there is considerable 
debate on the ideal timing of FD placement. 
Some experts recommend early flow diversion 
(less than 2 days from SAH ictus) [68, 69], while 
others advocate for delayed treatment (2–14 days 
from SAH ictus) [70, 71]. However, the meta- 
analysis of 13 studies with 142 patients did not 
show a difference in overall complication rate 
(primary outcome) between early vs. delayed FD 
for ruptured aneurysms [72]. Early treatment for 
blister or dissecting/fusiform aneurysms was 
associated with a low complication rate in com-
parison to saccular aneurysms. Given the high 
risk of rerupture and subsequent mortality from 
primary FD for large, saccular ruptured aneu-
rysms, acute coiling followed by staged flow 
diversion, median time of 16 weeks between the 
coiling and flow diversion, appears to be a safer 
endovascular option for these ruptured aneu-
rysms. In Brinjikji series, 27 patients with aSAH 
from large/giant ruptured aneurysms, 18 patients 
had complete or near-complete aneurysm occlu-
sion, and 25 patients had good performance sta-
tus [73].

Natarajan et  al. present their series [74], 
despite 18.2% mortality, the patients in the 
remaining 9 of 11 cases (81.8%) achieved good 
functional recovery and 100% obliteration of the 
aneurysm without rebleeding. At their protocol, 
an EVD was placed before angiogram if needed, 
followed by primarily dome protection and oblit-
eration of rupture points in aneurysms by coiling 
or clipping. If the aneurysm morphology was 
complex (blister or fusiform aneurysms) and/or if 
the patient was not a good candidate for surgical 
clipping (elderly patients and/or those with poor 
Hunt and Hess grades), FD or stent assistance 
was attempted to achieve aneurysm occlusion.

Despite the importance of antiplatelet therapy 
on the success of FD-based interventions, there 
is wide variability in antiplatelet management 
surrounding the off-label use of FDs in 
aSAH. Some authors reported performing inva-
sive procedures (EVD or central line placement) 
12 h before FD placement or DAPT, administer-
ing a loading dose of DPAT before FD place-
ment and continuing DAPT for at least 3 months 
[68]. Other authors avoided pre-procedural anti-
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platelet therapy altogether, instead administering 
DAPT, and a glycoprotein IIb/IIIa inhibitor dur-
ing FD placement, followed by a 12-hour main-
tenance infusion of a glycoprotein IIb/IIIa 
inhibitor and post-procedural DAPT for 
6 months [75]. The inhibitors of IIb/IIIa glyco-
proteins have a very potent inhibitory effect on 
platelets, and rapid onset of action, can be used 
just for short periods of time [76]. The protocol 
with tirofiban or eptifibatide infusion, drugs with 
reversible binding to platelets, may be easier to 
handle than irreversible antagonists (abciximab), 
was proposed starting immediately after the 
stent deployment and continuing for 12 h after 
the procedure, making coagulation better con-
trollable and allowing restoration of coagulation 
in case of bleeding. The authors reported 17% 
complications and 2.8% aneurysm rebleeding 
[75]. One meta-analysis [65] found 4 main 
groups of antiplatelet therapy administration. 
There were no statistically significant differ-
ences among the analyzed subgroups of anti-
platelet therapy, with an overall complication 
rate ranging from 17% to 23%. The most com-
mon drugs were clopidogrel plus ASA, adminis-
tered intraoperatively and maintained after 
treatment (19.5% complications and 3% rebleed-
ing). Ticagrelor has an advantage compared with 
ASA, clopidogrel, and prasugrel in that it binds 
reversible to platelets and therefore partial plate-
let activity returns after 12 h and is used for clop-
idogrel nonresponders.

A promising recent advancement has been 
surface modification to reduce the inherent 
thrombogenicity of FD.  The PED with Shield 
Technology (PED Shield, Medtronic) is a phos-
phorylcholine surface modification of the PED 
that has shown a reduction in material thrombo-
genicity in  vitro [77]. Manning et  al. used the 
PED with shield technology (with adjunctive 
coiling in 83%) under single antiplatelet therapy 
in treating 14 patients with ruptured intracranial 
aneurysms and reported no hemorrhagic or 
thromboembolic complications in the subgroup 
that did not receive post-interventional heparin 
infusion (heparin infusion postoperatively was 
associated with all complications combined) 

[78]. However, PED with shield is not the univer-
sal key in the real world. After PED with Shield 
deployment for the acute ruptured ICA aneu-
rysm, parent artery kept patency in the case of 
Fig. 10.2 but occlusion in Fig. 10.10 case. Even 
glycoprotein IIb/IIIa inhibitor (Eptifibatide) was 
injected immediately with the parent artery 
reopened, the patient still had minor weakness in 
the acute phase. Until establishing the efficacy 
and safety of such coatings in a large clinical 
trial, the use of FD will remain limited by the 
need for DAPT.

Flow diversion is not the primary treatment of 
choice after aSAH, but is a reasonable last option 
if other, safer options are not available to treat the 
aneurysm. Careful patient selection, selective use 
of coiling, timing of flow diversion after dome 
protection, and timing of heparin and antiplatelet 
therapy in the periprocedural period improve the 
safety of flow diversion as a strategy to achieve 
permanent aneurysm occlusion in the rupture set-
ting. Further development of surface modifica-
tion technology may allow flow diversion with a 
single antiplatelet agent, and thus may broaden 
the use of FD in this setting.

10.6  Intracranial Dissecting 
Aneurysms

There are relatively few studies of intracranial 
dissecting aneurysm in the literature, but they 
seem to have a predilection for young adults and 
arteries of the posterior circulation [79]. There 
are numerous mechanisms in the formation of 
dissections, and each has a different clinical pre-
sentation and imaging findings (saccular, 
 fusiform, or pseudoaneurysm). Patients most 
often present with a nonspecific headache fol-
lowed by ischemic stroke or SAH. The heteroge-
neity of this rare condition precludes standardized 
diagnostic criteria and evidence-based treatment 
guidelines.

In adults, involvement of the posterior circula-
tion is at least three times more common than the 
anterior circulation and V4 is the most frequently 
implicated [79, 80].
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Fig. 10.10 A 76-year-old patient presented with acute 
headache and vomit, brain CT showed SAH (a, b), angio-
gram revealed multiple aneurysms involving both anterior 
and posterior circulation (c–f). It was difficult to confirm 
which one was responsible, so all the aneurysms were 
treated in one procedure. After loading dose dual anti-
platelet drugs was given, the tandem wide-neck aneu-
rysms in left ICA were treated with Pipeline shield stent 

and coiling at first (g) and followed by coiling of the aneu-
rysm in basilar artery (h). However, acute thrombosis was 
found in the flow diverter (i). Glycoprotein IIb/IIIa inhibi-
tor (Eptifibatide) was injected immediately and continue 
to 12 h. Left ICA was reopened at the end (j). The patient 
presented with weakness of right upper limb after the pro-
cedure and small infarction was confirmed in day 1 MRI 
(k), limb power recovered well in one week

c d

a b

10 The Off-Label Use of Flow Diverter



158

e f

g h

Fig. 10.10 (continued)
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Fig. 10.10 (continued)

The most common location in the anterior cir-
culation of dissection is the supraclinoid internal 
carotid artery [79].

Approximately 80% of patients with intracra-
nial dissection have a prodromal headache pre-
ceding SAH or symptoms of cerebral ischemia, 
whether it be a stroke or transient ischemic attack 
[81]. An estimated 50–60% of intracranial dis-
secting aneurysm patients develop SAH, and 
30–78% of patients have ischemic events. Other 

uncommon presentations include isolated head-
ache or mass effect from brain stem and/or cra-
nial nerve compression [79]. Patients who present 
with ischemic stroke are at high risk of subse-
quent ischemic stroke and low risk of SAH while 
those who present with hemorrhage are at high 
risk of subsequent hemorrhage but low risk of 
subsequent ischemic stroke [79]. Mortality is 
reported to be 19–83% in patients with SAH and 
0–3% without SAH [79]. Up to 40% of patients 
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who present with SAH experience rebleeding, 
most commonly within the first week. For 
patients who present with ischemia, recurrent 
ischemic events have been reported at a rate of 
2–38% in numerous studies with widely variable 
follow-up lengths [82, 83].

When the patient presents with Ischemic, 
medical management includes antithrombotic or 
antiplatelet therapy for the prevention of throm-
boembolic stroke. In patients present with large 
vessel occlusion, urgent endovascular recanaliza-
tion should be performed when SAH can be ruled 
out. In patients with recurrent strokes despite 
medical therapy, stent reconstruction is reason-
able to perform.

In patients present with SAH, there is a sig-
nificant risk of rebleeding after initial stabiliza-
tion [83]. As such, surgical or endovascular 
treatment is often pursued in this population. 
Various surgical and endovascular treatment 
methods have been proposed for intracranial 
dissecting aneurysms. All treatment methods 
aim to reduce blood flow in the dissected region. 
Deconstructive techniques sacrifice the parent 
artery, whereas reconstructive techniques aim to 
maintain a parent artery. Deconstructive tech-
niques are associated with higher rates of both 
short-term (90% versus 50%) and long-term 
complete occlusion (90% versus 80%) [82]. 
However, there is a trend towards better clinical 
outcomes in patients treated with reconstructive 
techniques, likely due to the lower risk of stroke 
and hypoperfusion due to preservation of the 
parent artery. Reconstructive techniques are 
alternative options for patients who are not suit-
able candidates for parent vessel occlusion [84, 
85]. FD and stenting, with or without coiling, 
selectively occlude the dissection while main-
taining patency of the parent vessel. Patients 
often require treatment with dual antiplatelet 
therapy after device implantation. There is a risk 
of rebleeding following reconstructive treat-
ment due to the fact that FD still allows for some 
blood flow to the aneurysm which is not imme-

diately “protected” against rerupture until ves-
sel wall remodeling and endothelialization of 
the stent construct. There are also issues sur-
rounding the risks of placing CSF diversion 
devices while patients are on dual antiplatelet 
therapy. The timing and technique about addi-
tional surgical procedures and antiplatelet treat-
ment have been discussed in the section Acute 
ruptured Aneurysms. Nonetheless, it appears as 
though reconstructive techniques, especially 
flow diversion, have become the preferred 
option for treatment of ruptured intracranial 
dissections.

The most important consideration in treating 
unruptured dissecting aneurysms is weighing the 
risks of treatment with the risks of the natural his-
tory of these lesions, especially located in the pos-
terior circulation. It has been discussed in the 
section Posterior Circulation Aneurysms. The 
Tubridge flow diverter (MicroPort Medical 
Company, Shanghai, China) was used in Fig. 10.11 
case. In Fig. 10.12 case, the small saccular aneu-
rysms maintained patency in portion stented while 
stenosis improved in portion without stenting after 
17  months of antiplatelet treatment. Flow in the 
false lumen existing with the non-cover proximal 
portion of dissecting may be the reason.

As expected, treatment with deconstructive 
techniques (i.e., parent vessel sacrifice) is associ-
ated with high rates of complete occlusion in the 
immediate and postoperative setting (90–100%) 
while reconstructive techniques including FD 
require some time to achieve complete occlusion. 
FD is generally the preferred means of treatment 
of these lesions due to its high rate of treatment 
efficacy, high long-term occlusion rates and abil-
ity to preserve the parent vessel.

Flow diversion is a new paradigm shift in the 
treatment of intracranial aneurysms, but, not a 
universal key. As popularity of the device grew 
and neurosurgeons gained more experience, its 
indications were extended. In recent years, off- 
label use of flow diversion in treatment of intra-
cranial aneurysms has become more and more 
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popular. It has proven to be a safe and efficacious 
treatment option for many of these off-label uses, 
whereas others may still require larger, more 
extensive studies to draw conclusions. 
Nevertheless, the FD may be a promising treat-

ment alternative and should be considered when 
we face the challenge of complex aneurysms that 
may be deemed difficult to treat by using conven-
tional surgical and endovascular techniques in 
the real world.

c d

a b

Fig. 10.11 A 58-year-old woman presented with an inci-
dental vertebral artery aneurysm. (a) Coronal view of the 
enhanced MR image showing a fusiform aneurysm of the 
left vertebral artery (arrow). (b) Frontal view of the left 
vertebral artery injection showing a fusiform aneurysm 
(arrow). (c) Frontal view of unsubtracted image showing 

the releasing of a 4.0 mm × 50 mm Tubridge flow diver-
sion (Microtherapeutic, Shanghai, China) (arrow). (d) 
Frontal view of the venous phase of the left vertebral 
artery injection showing intra-aneurysm contrast stagna-
tion (arrow)
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Abstract

This chapter discusses the periprocedural 
complications of coil embolization for cere-
bral aneurysms and their management. 
Moreover, an explanation on delayed leukoen-
cephalopathy after coil embolization has been 
included. The most important complications 
are hemorrhagic and ischemic events. The 
associated factors include type of aneurysm 
(ruptured or unruptured); aneurysm location, 
size, and morphology; and its relationship 
with the parent vessels. Five hundred and sev-
enty ruptured cerebral aneurysms emboliza-

tions were performed, in total, 29 (5.1%) 
patients presented with perioperative hemor-
rhagic complications. Moreover, 1178 patients 
with unruptured cerebral aneurysms under-
went embolization. Among them, 22 (1.9%) 
presented with perioperative hemorrhagic 
complications. The risk factors for periopera-
tive bleeding include aneurysms with an ante-
rior communicating artery, small-size 
aneurysms, and ruptured aneurysms. By con-
trast, local thrombus formation is a periproce-
dural ischemic complication and is correlated 
to aneurysm neck size, use of stents (particu-
larly for ruptured aneurysms), aneurysm angle 
relative to the parent artery, and duration of 
the procedure. The endovascular outcomes of 
aneurysm embolization were presented and 
systematically compared with those of previ-
ous reports. Moreover, the pathophysiology 
and management of complications and meth-
ods associated with a decreased risk of cata-
strophic events were discussed. In all cases, 
the initial treatment is important, and a multi-
disciplinary team who can respond to emer-
gency situations should be established.
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11.1  Introduction

This chapter discusses the complications of coil 
embolization for cerebral aneurysms and their 
management. In 1991, Guglielmi et  al. first 
reported the use of coil embolization for cerebral 
aneurysms [1]. Compared with clipping, which is 
the standard treatment for cerebral aneurysms, 
the technique is minimally invasive. Hence, it 
was considered a breakthrough in the history of 
cerebral aneurysm therapy. In particular, the indi-
cations for aneurysms located at the vertebral 
basilar artery system, which are challenging to 
manage with clipping, were expanded to facili-
tate safer interventions. The International 
Subarachnoid Hemorrhage Trial [2] and the 
Barrow Ruptured Aneurysm Trial [3] have a sig-
nificant impact, particularly in the treatment of 
ruptured aneurysms, to communities in this field 
worldwide. Endovascular coiling involves the 
replacement of surgical clipping, and it is the pre-
ferred option for treating not only ruptured but 
unruptured aneurysms in the USA [4]. A previ-
ous research has compared the complication rates 
between coiling and clipping [5]. Intraoperative 
bleeding (IOB) is common among patients under-
going surgical clipping for ruptured aneurysms. 
Moreover, some studies showed that the inci-
dence rate of IOB with new disability was similar 
between the endovascular and surgical treatment 
groups [2, 3, 5].

The important complications of coiling are 
hemorrhagic and ischemic events [6–12]. Three 
general perspectives should be considered when 
discussing complications. First, the concept of 
“risk factors,” including the demographic 
patient’s data and aneurysmal morphology was 
used if the risk of developing complications is 
significantly high. Whether postoperative com-
plications can be predicted or prevented remains 
to be elucidated. This can be addressed by 
acknowledging the existence of risk factors first. 
Second, technical issues as well as problems and 
pre-cautionary measures in handling devices, 
such as micro-guidewire, microcatheter, micro-
balloon, and coil, must be examined. Third, treat-
ment measures for complications should be 
planned. That is, simulation is useful in ensuring 

that all members of a team can take appropriate 
and prompt actions when managing crisis [13]. 
Moreover, one wrong procedure can worsen the 
situation, resulting in devastating consequences.

Delayed leukoencephalopathy, a complication 
of unruptured aneurysmal embolization, is also 
explained in this study. Delayed encephalopathy, 
which occurs several months after treatment, has 
been attributed to contrast-induced encephalopa-
thy [14], nickel allergy [15], and plugging due to 
the use of hydrophilic catheter coated with poly-
vinylpyrrolidone (PVP) [16]. PVP is a coating 
material widely used on catheters and guide-
wires, and it has been considered a causative 
agent [17, 18]. Although this complication is rare 
and not observed perioperatively, it should be 
considered by all neurointerventionists because it 
is unique in endovascular management [17].

Some of our results are presented in this chap-
ter. Factors associated with complications, 
including incidence, mechanism, and prognosis, 
have been discussed. However, each case is 
unique, and there is no general principle that can 
be used because the situations are multifactorial, 
unpredictable, and specific [5, 7–9]. In this chap-
ter, complications from the perspective of what 
should be the focus in performing coil emboliza-
tion for cerebral aneurysm were discussed.

11.2  Hemorrhagic Complications

11.2.1  Incidence, Risk Factors, 
and Mechanisms of IOB

This section aimed to present the incidence, 
mechanism, management, and outcome of hem-
orrhagic complications in endovascular coil 
embolization for cerebral aneurysms. 
Hemorrhagic complications are among the most 
serious complications [6–8], and they affect 
prognosis. We addressed some complications 
based on risk factors and technical problems. 
Hemorrhagic complications in endovascular coil-
ing include procedural aneurysmal perforations 
caused by the use of devices such as microcathe-
ter, micro-guidewire, microballoon, and coil. 
IOB is defined as the first radiographic sign of a 
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perforation caused by a breach of any device out 
of the aneurysmal boundary on a road-map image 
[13]. This breach is followed by an increase in 
blood pressure and pulse rate. Contrast material 
that does not wash out in the venous phase indi-
cates blood in the extravascular space. Decreasing 
the risk of mortality and permanent neurologic 
disability caused by IOB is dependent on imme-
diate and appropriate treatment measures after a 
perforation occurs. Hence, IOB should be imme-
diately recognized.

The complication rate was first described in a 
multicenter study. Results showed that the aneu-
rysm perforation rate was 2.7% among patients 
(n = 403) admitted in eight centers [6]. Doerfler 
et al. [19] reported that the rupture rate was 3% in 
a series of 164 patients with acute rupture of 
aneurysm. In the study of Ricolfi [20], Cognard 
et  al. [21], and Raymond et  al. [22], the iatro-
genic rupture rates were 4.4%, 4%, and 5.8%, 
respectively. The IOB rates vary from 1% to 5%. 
Regardless of whether the procedure is per-
formed for ruptured or unruptured aneurysms, 
the prognosis of IOB is generally poor, with a 
mortality rate of up to 40% [8, 23, 24]. However, 
the severity of IOB may vary, ranging from a 
slight leakage of contrast material into the sub-
arachnoid space to a massive hemorrhage with 
severe intracranial hypertension.

Several studies have assessed the risk factors 
of IOB. A meta-analysis showed that the risk of 
aneurysm perforation in coil embolization was 
significantly higher in patients with previous rup-
tured aneurysms than in those with unruptured 
ones [8]. Ruptured differ from unruptured aneu-
rysms due to the presence of a rupture point and 
bleb. Moreover, a history of SAH may stimulate 
blood vessel walls and aneurysms with blood fill-
ing the subarachnoid space, resulting in an 
increased susceptibility to aneurysm rupture [8]. 
Although IOB is less common in unruptured than 
in ruptured aneurysms [25, 26], it is associated 
with increased morbidity and mortality rates [11, 
27–29]. The other risk factors of IOB are small- 
size aneurysms and those with an anterior com-
municating artery (Acom) aneurysm [25]. A high 
risk of rupture in small-size aneurysms is attrib-
uted to the increased restriction of microcatheter 

movement within the aneurysm, resulting in 
greater stress within the aneurysm sac, particu-
larly in cases of Acom aneurysms [30]. The risk 
factors of IBO may include unfavorable dome- 
neck ratio, acute angle between the internal 
carotid artery and the anterior cerebral artery, and 
morphological complexities of Acom [31]. 
Coronary artery disease, hyperlipidemia, race, 
chronic obstructive pulmonary disease (COPD), 
and low Hunt and Hess grade were associated 
with a greater risk of IOB, thereby indicating dif-
ferences in vessel fragility requiring further con-
firmation [5]. For patients undergoing coiling, the 
independent predictors of IOB were Asian and 
black race, COPD, and lower initial Hunt and 
Hess grade [5]. Since the complication rate is 
low, the identification of these risk factors 
becomes challenging.

Regarding procedural issues, the balloon- 
assisted technique is similar to the use of tempo-
rary clips for the treatment of aneurysms. 
However, some studies showed that the use of 
balloons is a risk factor for IOB [32]. However, 
others have contrasting results [33–35]. In a ret-
rospective study on subarachnoid hemorrhage 
(SAH), the incidence rate of IOB was signifi-
cantly higher in patients who received local anes-
thesia than in those who received general 
anesthesia [36]. The high incidence rate of IOBs 
is attributed to unexpected movements, which 
can displace micro-instruments, during local 
anesthesia administration. The hemorrhagic 
complications of endovascular coiling include 
procedural aneurysmal perforations caused by 
devices including microcatheter, micro- 
guidewire, microballoon, or coil. Although these 
complications can occur, they are unexpected, 
complex and can have devastating outcomes [9]. 
Cloft et al. reported that the morbidity and mor-
tality rates of perforations caused by coils (39%) 
and microcatheters (33%) were similar, and the 
morbidity and mortality rates of IOBs caused by 
micro-guidewires were considerably lower than 
those caused by coils or microcatheters [8]. 
Kawabata et al. showed that the clinical outcomes 
depend on the cause of IOB, and patients who 
experience aneurysmal rupture caused by micro-
catheter present with worst outcomes. Moreover, 
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the rates of good clinical outcomes associated 
with the use of coils, micro-guidewires, and 
microcatheters were 90%, 100%, and 57%, 
respectively [37]. Over-packing of the aneurysm, 
oversized coils, and use of stiff three-dimensional 
coils and inappropriate devices are associated 
with IOBs [33].

Decreasing the risk of mortality and perma-
nent neurologic disability caused by IOB is 
dependent on immediate and proper treatment 
after a perforation occurs [8]. The immediate 
identification of IOB is extremely important. The 
first radiographic sign of a perforation is break-
age caused by any tool used beyond the anatomic 
boundary on a road-map image. This is followed 
by increased blood pressure and pulse rate. 
Occasionally, false breaching can appear due to a 
patient’s feeble movement, partially thrombosed 
aneurysm, or superimposed parent artery [9, 13]. 
Moreover, blood pressure quickly increases with-
out an IOB when manipulation of devices stimu-
lates the endothelium of a cerebral artery or in the 
event of diminished anesthesia [13].

11.2.2  Comparison Between 
the Outcomes of Coiling 
and Clipping

The incidence rates of IOB caused by coiling 
range from 1% to 2% for unruptured aneurysms 
and from 4% to 5% for ruptured aneurysms. The 
rate has been discussed and compared with that 
of IOB caused by clipping, which is the standard 
treatment for cerebral aneurysms. Several retro-
spective case series conducted in single institu-
tions showed that the incidence rates of IOB vary 
from 2% to 4.5% for coiling and from 7.6% to 
34.9% for clipping [3, 19, 26, 38–43]. CARAT is 
an ambidirectional cohort study of 1010 
unselected patients with ruptured intracranial 
aneurysms who were treated by coil emboliza-
tion or surgical clipping at 9 high volume centers 
in the United States from 1996 to 1998 and who 
were followed-up for more than 5  years. 
Moreover, it is an important prospective study as 
it revealed the complication rates between clip-
ping versus coiling [5]. According to the study, 

IOB occurred in 148 (14.6%) patients, and rup-
tures during coiling (5%) or clipping (19%) 
increased the risk of periprocedural mortality/
disability by four- and two-fold, respectively. The 
complications, risks, and morbidity and mortality 
of ruptured cerebral aneurysms are significantly 
low in coil embolization. Moreover, race and 
lower initial Hunt and Hess grade were associ-
ated with IOB based on a univariate analysis. The 
relationship between lower Hunt and Hess grade 
and a higher risk of IOB is perplexing probably 
because data were not collected prospectively 
and patients were not randomized to treatment 
type. The risk of IOB with COPD may be lower 
with clipping because vessels are not approached 
intraluminally or simply because the risk is pre-
dicted based on other unidentified factors that 
obscure an association with COPD.

However, the technical challenges between 
clipping and coil embolization are challenging to 
compare in terms of SAH severity and location of 
the targeted aneurysm because both are com-
pletely different treatment modalities. In the 
BRAT study [3], a policy of intent to treat favor-
ing coil embolization, rather than clip occlusion, 
resulted in a low incidence of poor outcomes. 
Hence, a substantial number of treatments were 
switched from endovascular coiling to surgical 
clipping. Therefore, high-quality surgical clip-
ping should be used as an alternative treatment 
modality. In summary, whether coiling is supe-
rior to clipping has not been validated in real- 
world settings, and performing either coiling or 
clipping should be based on the protocols of each 
institution.

11.2.3  Results

Data on IOB are described in this section. This 
retrospective study aimed to investigate the prev-
alence, risk factors, and management of compli-
cations among patients admitted to our 
institutions.

11.2.3.1  Material and Methods
Between April 2007 and October 2020, 570 rup-
tured cerebral aneurysm embolization procedures 
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were performed at our institution and affiliated 
hospitals. Then, 29 (5.1%) patients presented 
with perioperative hemorrhagic complications, 
and 1178 patients with unruptured cerebral aneu-
rysms underwent embolization. Moreover, 22 
(1.9%) had perioperative hemorrhagic complica-
tions (Table 11.1). Next, we examined the loca-
tion, shape, size, and severity of aneurysms and 
SAH in patients with intraoperative hemorrhage.

Our interventions have been reported in a pre-
vious study [44]. In brief, patients with unrup-
tured aneurysms received two types of antiplatelet 
treatment (ticlopidine and aspirin or clopidogrel 
and aspirin) 1 week before surgery. Those treated 
with antiplatelet drugs received oral aspirin 
100 mg daily and ticlopidine 100 mg twice a day. 
Heparin was administered intravenously (50 IU/
kg) after the placement of a vascular sheath in the 
common femoral artery. In patients with ruptured 
aneurysms, treatment with systemic heparin was 
delayed until the guiding catheter was success-
fully placed. Anticoagulation therapy aimed to 
maintain the activating clotting time (ACT) at 
1.5–2 times above the control level. The guiding 
catheters were continuously flushed with saline, 
and the sheaths were not continuously flushed. In 
all cases, systemic heparin was not reversed, and 
the patient was transferred to the stroke intensive 
care unit.

11.2.3.2  Results
Ruptured aneurysm: In total, 29 (5.1%) patients 
presented with perioperative hemorrhagic com-
plications. Acom is the affected site in 16 (9.7%) 
of 165 patients. Intraoperative rupture was fatal 
in eight (50%) patients. Intraoperative hemor-
rhagic and other cases are presented below, fol-
lowed by middle cerebral artery aneurysms in 2 

(6.3%) of 32 patients and paraclinoid aneurysms 
of the internal carotid artery in 1 [5.0%] of 20 
patients. IC-posterior communicating artery 
(Pcom) aneurysms (3 [1.9%] of 156) and basilar 
top aneurysms (0/48) were less common 
(Table 11.2). The total aneurysm size was smaller 
in the IOB group than in the non-IOB group (5.1 
vs 6.3 mm), and the VER was higher in the IOB 
group than in the non-IOB group (44.4% and 
33.1%, respectively) (Table 11.3). Intraoperative 
hemorrhage was characterized by neck outpouch-
ing (NOP) in four (26.7%) patients with Acom 
aneurysms.

Unruptured aneurysms: Perioperative hemor-
rhagic complications occurred in 22 (1.9%) of 
1178 patients, of which three (0.3%) resulted in 
death (Table 11.1) and residual disability with a 

Table 11.2 Proportion of patients with and location and 
incidence rate of IOB in embolization for ruptured 
aneurysms

Location No. IOB %
Acom 165 16 9.7
ICPC 159 3 1.9
BA-top 48 0 0
ICaca 36 2 5.6
MCA 32 2 6.3
BASCA 23 0 0
ICpara 20 1 5.0
VAPICA 17 2 7.1
BA trunk 12 0 0

Acom is the most common site of IOB. By contrast, there 
is no IOB on BA-top. In addition, the incidence rate of 
IOB in MCs is high. However, the number of cases is 
small. Acom anterior communicating artery; ICPC inter-
nal carotid–posterior communicating artery; ICaca inter-
nal carotid–anterior choroidal artery; MCA middle 
cerebral artery; BASCA basilar artery–superior cerebellar 
artery aneurysms; ICpara paraclinoid aneurysms of the 
internal carotid artery; VAPICA vertebral–posterior infe-
rior cerebellar artery aneurysms

Table 11.1 Total number of coiling procedures for ruptured and unruptured aneurysms and incidence of intraoperative 
bleeding (IOB) and mortality. The overall incidence rate of IOB was 2.9%, and the incidence of IOB and mortality was 
high in ruptured aneurysms

Total number of 
interventions

Proportion of patients with 
IOB % No. of deaths Mortality rate

Ruptured 570 29 5.1% 8 1.4%
Unruptured 1178 22 1.9% 3 0.3%
Total 1748 51 2.9% 11 0.6%

11 Complications of Aneurysm Embolization and Their Management: Basic and Practical Considerations



172

modified Rankin scale (mRS) score 4 or greater 
in 2 (0.1%) patients. Then, 15 patients were dis-
charged from the hospital with an mRS score 0 or 
1 without any disability. Four (0.3%) patients 
underwent clipping. In 5 (4.6%) of 107 patients, 
the middle cerebral aneurysm (MCA) was the 
site of intraoperative hemorrhage. Intraoperative 
hemorrhage and other cases are presented below, 
followed by IC–Pcom aneurysms in 6 (3.7%) of 
163 cases and Acom aneurysms in 4 (2.8%) of 
140 cases. IC–paraclinoid aneurysms (4 [1.0%] 
of 402) and basilar top aneurysms (0/64) were 
less common (Table 11.4). IOB was most com-
mon in MCA aneurysms in unruptured aneu-
rysms than in ruptured aneurysms. The total 
aneurysm size was smaller in the IOB group 
(5.7 mm) than in the non-IOB group (6.4 mm), 

and the VER was high in the hemorrhagic group 
(44.1% and 35.4%, respectively) (Table 11.5).

Intraoperative rupture caused by different 
devices was observed (Table 11.6). Intraoperative 
rupture during filling is common in ruptured 
cerebral aneurysms. However, poor prognosis is 
somewhat less common. Patients with intraoper-
ative rupture with microcatheters and framing 
coils had a poor prognosis. There were no com-
plications with the use of micro-guidewires or 
microballoons in ruptured cerebral aneurysms. 
Two patients with unruptured cerebral aneurysms 
presented with microballoon-induced vessel 
cracking, which is a fatal complication. In several 
intraoperative rupture cases, the cause was 
unknown. Thus, disease onset is difficult to 
predict.

11.2.3.3  Case Presentations
Case 1 (Fig.  11.1). A 69-year-old woman was 
unconscious and admitted to our institution. The 
preoperative WFNS grade was 4. The patient was 
diagnosed with ruptured aneurysm at Acom. 
Thus, coil embolization was performed. In par-
ticular, the angle from A1 to the axis of the mass 
was acute. Thus, the approach used was challeng-
ing. Moreover, there was neck outpouching 
(NOP). When the fifth coil was embolized, extra-
vascular leakage of the contrast agent was 
observed. Two coils were subsequently emboli-
zed and hemostasis was achieved. However, the 
patient died due to severe SAH.

Table 11.3 Size of the neck, long axis, and volume of 
embolization (VER) for ruptured aneurysms between the 
IOB and non-IOB groups. In the IOB group, endovascular 
obliterated aneurysms have a small neck and long axis 
size, and the volume embolization rate was high

IOB group 
(n = 29)

Non-IOB 
group 
(n = 541)

Total number of 
patients 
(n = 570)

Age 66.5 64.7 64.8
Neck 
(mm)

3.1 3.8 3.8

Long 
axis 
(mm)

5.1 6.3 6.3

VER 
(%)

44.4% 33.1% 33.8%

Table 11.4 Location of unruptured aneurysm, number of interventions, and proportion of patients with IOB. In unrup-
tured aneurysms, IOB is more common in MCA and ICPC and is less common in BA-top and ICpara

Location No. of interventions Proportion of patients with IOB %
ICpara 402 4 1.0
ICPC 163 6 3.7
Acom 140 4 2.8
MCA 107 5 4.6
BA-top 64 0 0
ICaca 46 0 0
BASCA 40 1 2.5
AC distal 27 0 0
IC others 26 0 0

Acom anterior communicating artery; ICPC internal carotid–posterior communicating artery; ICaca internal carotid–
anterior choroidal artery; MCA middle cerebral artery; BASCA basilar artery–superior cerebellar artery aneurysms; 
ICpara paraclinoid aneurysms of the internal carotid artery; VAPICA vertebral–posterior inferior cerebellar artery 
aneurysms

F. Yamane et al.



173

Case 2 (Fig.  11.2). A 66-year-old man pre-
sented with grade 3 SAH.  The patient was 
 diagnosed with ruptured aneurysm in Acom. 
Moreover, NOP was observed. Axelguide 6F 
(Medikit), Fubuki 4.2F (Asahi Intec.), Neurodeo 
10 (Medicos Hirata), Chikai14 (Asahi Intec.), 
first coil: Galaxy 3.5 mm 9 cm (J&J), one loop of 
the first coil was applied to the NOP, and the 
framing was good. After deploying the second 
coil, the loop deviated outside the coil mass at a 
slightly distant site from NOP, thereby indicating 
intraoperative rupture. Further embolization of 
the coils was performed to achieve hemostasis.

Case 3 (Fig. 11.3). A 67-year-old woman was 
admitted to the hospital for the endovascular 
treatment of right ICPC aneurysm without neuro-
logical deficits. Coil embolization was per-

formed, and blood vessel cracking was observed 
during the third coil insertion. The aneurysm 
neck size was 4.0  mm; depth, 4.4  mm; width, 
4.2  mm; and thickness, 3.8  mm. Axelguide 5F 
(Medikit), Hyperform 7 mm:7 mm (Medtronics), 
Neurodeo10 (Medicos Hirata), Chikai14 (Asahi 
Intec.), first coil: Galaxy 3.5 mm 5 cm (J&J), sec-
ond coil: Target 360 nano 2 mm 4 cm (Striker), 
third coil: Target 360 nano 2 mm 4 cm. Balloon- 
assisted coil embolization was performed. The 
Hyperform 7*7 mm balloon caused cracks in the 
internal carotid artery, resulting in fatal vascular 
injury. The recommended infusion volume for 
Hyperform 7*7  mm is 0.27  mL.  Visibility was 
not an issue in the use of this balloon, and the 
recommended infusion volume was maintained.

11.2.3.4  Discussion
In this study, the incidence of IOB was similar to 
that of previous reports: 5.1% and 1.9% for rup-
tured and unruptured aneurysms, respectively. 
Compared with unruptured aneurysms, ruptured 
ones are associated with a higher incidence of 
IOB, and risk factors such as aneurysmal rupture, 
small-size aneurysms, and location in Acom have 
been reported previously. Moreover, a signifi-
cantly high proportion of patients with IOB pre-
sented with neurologic deterioration at discharge 
and last follow-up. However, the proportion of 
functionally independent patients with an mRS 
score of 0–2 did not differ between the two 
cohorts. This result indicated that the degree of 
disability caused by IOB among patients with 

Table 11.5 Aneurysm neck and size and volume of 
embolization (VER) for unruptured aneurysms. The char-
acteristics were similar to those of ruptured lesions (long 
axis size and high volume embolization rate)

IOB group 
(n = 22)

Non-IOB 
group 
(n = 1156)

Total number of 
patients 
(n = 1178)

Age 60.8 61.4 61.4
Neck 
size 
(mm)

3.9 4.0 4.0

Long 
axis 
(mm)

5.7 6.4 6.4

VER 
(%)

44.1 35.4 35.6

Table 11.6 Devices that could cause intraoperative bleeding. Patients with intraoperative rupture caused by microbal-
loon, framing coil, or microcatheter had a poor prognosis, whereas those with intraoperative rupture caused by filling 
coil had a better prognosis

Number of ruptured 
cases

Mortality in ruptured 
cases

Number of unruptured 
cases

Mortality in unruptured 
cases

Microcatheter 1 1 1 0
Micro-guidewire 0 0 1 0
Microballoon 0 0 2 2
Coil
   Framing 2 2 1 0
   Filling 10 1 6 0
   Finishing 1 0 5 0
Increase in 
hematoma size

3 3 (−) (−)

Unknown 10 2 6 1
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unruptured aneurysms was not severe. Notably, 
none of the patients in the IOB cohort with an 
aneurysm in Acom, which was the most common 
location of IOB in the ruptured aneurysms group, 
experienced neurological deterioration. By con-
trast, the IOB cohort with BA aneurysm had a 
high risk of neurological deterioration (two 
[66.7%] of three cases) [45]. There is a high inci-
dence of IOB in Acom in our institution. However, 

no cases of intraoperative rupture of basilar artery 
aneurysms, which vary per institution, were 
observed.

Most cases of aneurysm intraoperative breach 
during filling were caused by microcatheter per-
foration and vascular damage caused by a micro-
balloon in unruptured aneurysm treatment. There 
are only few reports on complications caused by 
microballoon as the Case 3. This complication is 

a b

c d

Fig. 11.1 Case 1. See text for full details. (a) Preoperative 
left carotid artery angiogram, neck view. (b) Other view 
on left carotid angiogram. A small basal neck outpouch-
ing was observed (arrow). (c) After five coils were embo-

lized, extravasation of the contrast material was noted 
(double arrow). (d) Two coils were embolized and intra-
operative bleeding was controlled
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c d

e

Fig. 11.2 Case 2. See text for full details. A 68-year-old 
man with grade 3 SAH. See text for full detail. A diagnosis 
of ruptured Acom was made. (a) There was a basal neck 
outpouching (NOP: black arrow). (b) Framing was in prog-
ress. (c) A coil loop was placed on the NOP and a good 

frame was made. (d) Coil protrusion outside the aneurysm 
during the second coil embolization. The loop was observed 
at site slightly distant to NOP (white arrowhead), resulting 
in an intraoperative rupture. (e) Hemostasis is complete and 
extravascular leakage has stopped (black arrowhead)

11 Complications of Aneurysm Embolization and Their Management: Basic and Practical Considerations



176

often fatal. Local hemostasis with balloons is no 
longer feasible, and parent vessel occlusion may 
be performed, or, alternatively, a liquid embolic 
material can be used. Middle cerebral and small- 
size aneurysms were associated with IOB in 
unruptured cases in the series. Most patients had 
a good prognosis due to rapid response to micro-
balloons. Preoperative planning was considered 
important, and this management should consider 
the structure of the blebs and masses as well as 
microcatheter movement and coil embolization.

The presence of NOP, as shown in Figs. 11.1 
and 11.2, is another issue. Although intracranial 
saccular aneurysms invariably rupture in the 

dome area, the wall of the aneurysm base can be 
the point of rupture. This finding has been 
reported for quite some time. In terms of inci-
dence [44], the rate was 2% according to an 
autopsy study by Crompton [46]. Nonetheless, 
the recognition of such a basal rupture on angio-
graphic evaluation is crucial for optimal treat-
ment [47]. In a patient with an aneurysmal 
subarachnoid hemorrhage, the basal outpouching 
may be the point of rupture. These so-called basal 
ruptures are often accompanied by an angio-
graphically identified blister at the neck region of 
the aneurysm [48]. In this series, the rupture site 
is the basal outpouching observed along with 

a b c

d e f

Fig. 11.3 Case 3. Fatal rupture with the use of microbal-
loon. See text for full detail. Size of the neck 4.0  mm, 
aneurysmal dome size 4.4 mm. Broad neck and relatively 
small-size aneurysm. In placing the third coil the vessel 
laceration occurred. (a, b) ICPC aneurysm was observed 
on three-dimensional angiogram. Pcom branched from 
the neck. Although the dome-to-neck ratio was low, 
balloon- assisted coil embolization could be feasible. (c) 
The Hyperform balloon 7*7 mm was tearing the vessel 
wall. (d) Intraoperative rupture occurred. Balloon burst-

ing was suspected. Local hemostasis was unsuccessful, 
and the patient died after external decompression. (e, f) 
The procedures were performed at the interventional 
room combined with multidetector computed tomography 
(CT). (e) Hemorrhagic complication was found in plain 
CT scan immediately after the rupture. (f) The patient 
underwent immediate decompressive craniotomy, the CT 
scan revealed diffuse swelling of the whole brain paren-
chyma and the cortico-medullary boundary was obscured

F. Yamane et al.



177

ruptured aneurysms in approximately 33% of 
patients with surgically explored aneurysms with 
this pathoanatomic feature [49]. This finding was 
correlated with coil perforation of the ruptured 
basal outpouching or coil compaction into the 
dome, which exposes the basal rupture site. 
Hence, NOP is important and can be considered 
a risk factor.

Table 11.7 summarizes the risk factors for 
IOB in conjunction with the related previous 
reports. These include factors for which con-
sensus has not yet been established. However, 
there is a consensus that at least ruptured aneu-
rysms, small aneurysms, Acom, and the pres-
ence of NOP should be treated with full 
awareness.

11.2.4  Management of Hemorrhagic 
Complications

Angiogram can be performed to confirm the 
presence of IOB. Contrast material staying in the 
venous phase indicates blood in the subarachnoid 
space. Cone-beam computed tomography (CT) 
can be conducted to assess for this condition. If 
aneurysmal perforations are detected during the 
procedure, prompt treatments are critical. That is, 
blood pressure should be controlled, and antico-
agulants must be immediately reversed. However, 
in some cases, we do not recommend protamine 
administration if rapid mechanical hemostasis 
can be achieved. Antiplatelet medications such as 
aspirin and clopidogrel can also be reversed [50].

Perforation caused by micro-guidewire may 
be minimal, and embolization can be continu-
ously performed. However, caution should be 

taken. When perforation caused by devices such 
as coil and microcatheter is observed, the instru-
ment should not be removed to prevent further 
injury to the structures. Laceration caused by a 
coil can be mitigated by leaving the perforating 
coil in place. Hence, the part of the coil outside of 
the aneurysm should be deployed, and the micro-
catheter tip must be withdrawn from the proxim-
ity of the aneurysm wall. Upon positioning the 
microcatheter tip, the rest of the coil should be 
delivered into the aneurysm. With the use of a 
second microcatheter, the aneurysm must be 
packed with coils, thereby temporarily leaving 
the first microcatheter in place. This multiple 
microcatheter technique is more advantageous 
than a single microcatheter technique for the 
immediate and accurate management of IOB 
[51]. In addition, hemorrhage can be  immediately 
and effectively controlled with the application of 
a balloon, which is considered as temporary clip-
ping, across the aneurysmal neck at the time of 
rupture. However, caution must be taken when 
using balloons because it may increase the risk of 
secondary procedural complications. In such cir-
cumstances, n-butyl cyanoacrylate can be consid-
ered in the closure of aneurysmal ruptures [52]. 
McDougall et  al. reported that uncontrolled 
advancement of microcatheters can be a factor 
for IOB. The incidence of microcatheter perfora-
tion can be decreased by ensuring that no forward 
pressure is exerted on the microcatheter before 
the micro-guidewire is removed and by with-
drawing the micro- guidewire very slowly while 
under fluoroscopy [39].

All endovascular devices placed into the aneu-
rysm lumen can cause perforation. Moreover, 
neurointerventionists should be aware that micro-
catheters have a radiolucent distal segment with a 
length of approximately 0.5–1 mm between the 
distal marker visible on fluoroscopy and the 
actual microcatheter tip [53]. However, the inci-
dence of wire perforations is underreported. The 
size of the perforation was correlated with the 
device size. Because of the small number of per-
forations in unruptured aneurysms, performing a 
statistical comparison is not practical.

Table 11.7 Risk factors of intraoperative bleeding in 
coiling based on previous studies

History of aneurysmal rupture [8, 25, 26]
Location (e.g., Acom [25, 30, 31] & BA-top [45])
Neck basal outpouching [47–49]
Small size [5, 8, 25]
History of chronic obstructive pulmonary disease [5]
Race (Asian, black [5])
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11.3  Ischemic Complications

11.3.1  General Considerations

A thromboembolic event is defined as any event 
with complete or partial occlusion of arteries at 
the site of the parent vessel and aneurysm distal 
to the vascular territory where the endovascular 
procedure was performed and/or in other vascu-
lar territories. The mechanisms and management 
of thromboembolic complications are described 
in this section. Ischemic complications are 
important factors influencing prognosis after 
endovascular therapy for intracranial aneurysms. 
The incidence rates of symptomatic ischemic 
complications among individuals receiving this 
therapy range from 2% to 3% [54–56]. 
Furthermore, about 10%–60% of patients present 
with small high-intensity signals on diffusion- 
weighted images [57, 58]. Thromboembolic 
complications may begin with the emergence of a 
small thrombus in a vessel. First, a small throm-
bus develops in a vessel [9]. This can lead to vas-
cular occlusion due to thrombosis. In addition, a 
thrombus may develop in the catheter when DAC 
is used, and the thrombus may somehow flow dis-
tally, causing an infarction. Although thrombo-
embolic complications are more common and are 
associated with higher morbidity rates than intra-
procedural ruptures, identifying a thromboembo-
lism is more challenging than confirming the 
presence of aneurysmal perforations [9]. 
Appropriate response is still essential at an early 
stage. Heparinization and preoperative coagula-
tion therapy can prevent complications. Oral 
clopidogrel and/or aspirin decreased the symp-
tomatic thromboembolic complication rate of 
elective coil embolization for unruptured aneu-
rysms [58]. This result indicates that the treat-
ment of unruptured cerebral aneurysms begins 
with preoperative preparation.

Thromboembolic complications start with the 
formation of microthrombus in the local vessels. 
First, the pathogenesis of microthrombus was 
discussed. This condition might be attributed to 
the administration of antiplatelet therapy preop-
eratively. GP inhibitors [59, 60] might be more 
effective than fibrinolysis because acute thrombi 

are rich in platelets (white clot). Although it is 
used for the treatment of thromboembolic com-
plication during procedures, there might be a 
higher risk of complication at the vascular access 
site, hemorrhage if emergency surgery is needed, 
thrombocytopenia, and intracranial hemorrhage, 
and the effects are not easily reversed. We admin-
istered aspirin 200 mg via a stomach tube, and 
systemic hypertension was controlled. In case of 
flow disturbance, tPA and GP1 inhibitors com-
bined with fibrinolysis using urokinase were rec-
ommended. In recent years, the usefulness of 
prasugrel has been reported and it is being widely 
used in clinical practice [61]. In any opinion, 
thrombus formation in the parent vessels initially 
occurs in thromboembolic complications. 
Therefore, knowledge on the mild effects of con-
trast agents is important.

11.3.2  Local Thrombus Formation: 
Angiographic Classifications 
of Appearance 
and Management

Intraprocedural thrombus that forms at the 
boundary between the parent vessel and the aneu-
rysm neck during coil embolization can be suc-
cessfully treated if detected at an early stage 
[62–65]. The sources of these emboli vary, 
thereby indicating a potential risk of frequent 
thrombus formation during coil placement. In 
this procedure, particularly at the late stage, a 
minute thrombus appears around the parent ves-
sel at the aneurysm neck with coil mass [65]. 
Intraprocedural thrombus that forms at the 
boundary between the parent vessel and the aneu-
rysm neck during coil embolization can be suc-
cessfully treated if detected at an early stage 
[63–65]. The following are some points regard-
ing angiographic findings.

The coil–parent artery interface is the surface 
of the coil mass that interacts with the inflow and/
or outflow of blood stream and is located at the 
parent artery and coil mass. Moreover, it includes 
areas in the parent artery where turbulence or sta-
sis of flow might occur during procedures. Fresh 
thrombus was defined as the presence of a small 
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volume of contrast material at the coil–parent 
artery interface zone in coil embolization. A 
grading system that was modified based on the 
TICI grading systems [66–68] was used:

• Grade 1: microthrombus formation with nor-
mal flow, no distal occlusion

• Grade 2: distal artery occlusion without nor-
mal filling in the distal branch with near-nor-
mal appearance

• Grade 3: thrombus formation with significant 
flow reduction, poor filling of the parent

• Grade 4: no flow, parent vessel occlusion 
(Fig. 11.4)

Therapy for microthrombi was started based 
on the physician’s discretion. Aspirin 200  mg 
was administered via a stomach tube. Moderate 
perfusion was achieved immediately after control 

angiography. Patients with grade 2 thrombus on 
angiography received fibrinolytic therapy. Intra- 
arterial urokinase infusion was started via con-
tinuous manual injection. The infusion rate was 
about 5000  IU/min, and the infusion lasted for 
15–30 min. Angiography was performed repeat-
edly. Even if perfusion was not achieved, treat-
ment was discontinued at a maximum dose of 
100,000  IU. ACT was conducted in all patients 
before starting fibrinolysis therapy. Cronqvist 
et  al. reported the outcomes of super-selective 
intra-arterial fibrinolytic therapy for thromboem-
bolic events occurring during endovascular aneu-
rysm treatment in 19 patients. Results showed 
complete recanalization in 10 and partial recana-
lization in 9 patients, and 14 eventually presented 
with good outcomes [59]. However, three of six 
patients with ruptured aneurysms had intracranial 
bleeding. Hence, compared with rescue therapy 

a b
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Fig. 11.4 Schematic representation of thrombus forma-
tion at the parent vessels. (a) Grade 1: Microthrombus 
formation with normal flow. (b) Grade 2: distal artery 
occlusion without normal filling in the distal branch. (c) 

Grade 3: thrombus formation with a significant flow 
reduction. (d) Grade 4: no flow, occlusion of the parent 
artery
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with glycoprotein IIb/IIIa inhibitors, that with 
fibrinolytic agents for intraprocedural thrombo-
embolic events is associated with significantly 
higher morbidity and mortality [69]. Therefore, 
urokinase and tPAs are no longer considered as 
the primary treatment for thrombi during coiling 
of aneurysms.

11.3.2.1  Case Presentation

Case 5 (Fig. 11.5). Grade 1: Microthrombus 
Formation
A 67-year-old-woman underwent coil emboliza-
tion for a ruptured Acom cerebral aneurysm 
(H&K grade 4, WFNS grade 4, and Fisher score 
of 3). The procedure was performed on day 0. 
The patient underwent elective coiling of the 
aneurysm. Embolization of the aneurysm was 
performed with a single catheter technique. A 
microthrombus appeared in the left A2 after the 
final stage of coil embolization. Aspirin 200 mg 
was administered immediately via a stomach 
tube. Serial angiography revealed diminished 
thrombus, and no distal artery emboli were 
observed. The thrombus soon disappeared.

Case 6 (Fig. 11.6). Grade 3: Thrombus 
Formation with Significant Decrease 
in Blood Flow
A 63-year-old woman was admitted to our hospi-
tal due to altered mental status. CT scan revealed 

SAH (H&K grade 4, WFNS grade 4, and Fisher 
score of 3). The patient was diagnosed with rup-
tured cerebral aneurysm in Acom. Coil emboliza-
tion was performed on day 0, with a simple 
catheter technique. A short time after catheter 
removal, a microthrombus was observed in the 
right A2. Then, there was a tendency for micro-
thrombi to infiltrate toward the neck with signifi-
cant decrease in blood flow in the parent artery. 
Aspirin 200  mg was administered immediately 
via a stomach tube, and serial angiography 
revealed diminished thrombus. No distal artery 
emboli were observed, and the microthrombus 
was resolved.

Case 7 (Fig. 11.7). Grade 1: Microthrombus 
Formation
An unruptured basilar top aneurysm was detected 
on magnetic resonance imaging (MRI) in a 
69-year-old female patient. She underwent elec-
tive coiling of the aneurysm. The longest aneu-
rysms measured 8.84 mm, and the neck size was 
6.20 mm. After the vascular sheath was placed, 
heparin 5000 IU was administered. Coil emboli-
zation of the aneurysm was performed using the 
balloon-assisted techniques. Coil treatment of the 
aneurysm was continued until a tight coil mass 
was achieved. The total coil length used was 
133 cm, and the volume embolization ratio was 
26.4%. When the last coil was placed and the bal-
loon was removed, control angiography revealed 

a b c

Fig. 11.5 Case 5. Grade 1 thrombus formation. (a) 
Ruptured aneurysm in Acom was observed on left internal 
carotid artery three-dimensional angiogram. (b) Left 
internal carotid artery angiogram revealed a small 

embolus at the left A2. (c) Complete recanalization of the 
vessel was achieved after the administration of aspirin 
200 mg via a stomach tube
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Fig. 11.6 Case 6. See text for full details. Grade 3 throm-
bus formation with significant reduction in blood flow. 
Left internal carotid angiogram revealed the following: 
aneurysm size, 9  mm; depth, 6.3  mm; and neck size, 
2.9  mm. A simple technique of coil embolization. (a) 
Before microcatheter removal, complete embolization 

was achieved. (b) Twenty coils were used, one coil was 
added, and the microcatheter was removed at a VER of 
26.9%. (c) After 10  min of waiting, there was further 
microthrombotic enhancement. (d) The microthrombus 
was stabilized by the drug (arrow), and the right A2 was 
well delineated, thereby completing the procedure

a small thrombus at the coil–parent artery inter-
face. Aspirin 200 mg was administered immedi-
ately via a stomach tube, and serial angiography 
revealed diminished thrombus. No distal artery 

emboli were observed. After recovery from anes-
thesia, overnight heparinization and oral aspirin 
were started and continued for 3  months. The 
patient had no other morbidities.
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11.3.3  Risk Factors 
and Considerations

Thromboembolic complications may be caused 
by clot formation in the guiding catheter, on the 
coil mashes, or in parent vessels caused by 
induced vasospasm or coil mispositioning [70]. 
Prolapsed coil loops are the sites of platelet 
aggregation, leading to local thrombosis or distal 
thromboembolism [71]. Several reports have 

shown that embolic sources include air embo-
lism, atheroma dislodgement during catheteriza-
tion, thrombus formation from the device used 
during the procedure, and hydrophilic coating 
from catheters and wires [72, 73]. There are two 
types of factors for ischemic complications: 
procedure- related factors (procedure time and 
methods, number of coils inserted, extent of pro-
cedure manipulations, operator experience, etc.) 
and non-modifiable factors (patient age, aneu-

a b

c d

Fig. 11.7 Case 7. See text for full details. Acute throm-
bus formation: Grade 1. Microthrombus appeared at the 
right P1 of the coil–vessel border zone. (a) Left vertebral 
angiogram (frontal projection) before embolization. (b) 
Left vertebral angiogram revealed that the coil loop pro-
truded into the parent artery, thereby maintaining normal 
flow in the vessel. (c) After balloon removal, the control 

angiogram showed a small volume of contrast material at 
the coil–parent artery interface, indicating grade 1 throm-
bus formation (arrow). (d) Angiogram after treatment. 
After the administration of aspirin 200 mg via a stomach 
tube, an almost complete resolution of thrombus at the 
coil surface line was observed

F. Yamane et al.



183

rysm size and location, presence of SAH, smok-
ing, etc.). Regardless of the technique used, 
thromboembolic complications are more com-
mon in patients with a ruptured aneurysm than in 
those with an unruptured aneurysm [74]. A previ-
ous research showed that the other risk factor is a 
large aneurysm. In some studies, multivariate 
logistic analysis revealed that presence of SAH 
and procedure time were independent predictors 
of ischemic events during endovascular coiling 
of intracranial aneurysms [65, 75].

Recent advancements in vascular reconstruc-
tion devices and coils have facilitated the applica-
tion of coil embolization even for aneurysms with 
a relatively wide neck. Despite tight coil packing, 
protrusion of coil segments out of the aneurysm 
and into the parent artery still occurs. Coil protru-
sions were sub-grouped according to form, degree 
of protrusion into the parent vessel, and position 
in the vessel. Coil protrusions did not increase the 
incidence of high-intensity lesions (infarcts) on 
diffusion-weighted MRI (33.3% vs 29% in cases 
without coil protrusion) [75]. A longer operative 
time increased the risk of infarct, and lesions were 
more commonly observed in the cortical area than 
in the perforating area [70, 75]. Coil protrusion 
was more likely to occur in cases of wide-neck 
aneurysms with loose neck framing. Moderate 
and less coil protrusion carries no additional 
thromboembolic risk if blood flow is maintained, 
which can be facilitated by additional postopera-
tive antiplatelet therapy. Whether coil protrusion 
into the parent artery increases the risk of throm-
boembolic events is still a cause of debate. 
However, coil retrieval [76, 77] or parent artery 
stent deployment is commonly recommended for 
severe protrusion.

Some reports showed that stent-assisted coil-
ing (SAC) was associated with a higher rate of 
thromboembolic complications than non-SAC 
[78]. However, if antiplatelets and anticoagulants 
are used appropriately, SAC is not likely associ-
ated with an increased risk of thromboembolic 
events, which are more common in coiling for 
acutely ruptured aneurysms [79, 80]. In the case 
of ischemic complications, there are many reports 
of risk factors, but no consensus has been reached 

by authors. This may be due to variation in treat-
ment protocols, i.e. use of antithrombotic agents, 
timing and volume of their administrations in 
each institution. For ischemic complications, it 
may be difficult to compile a list similar to that 
for hemorrhagic complications.

11.4  Delayed Encephalopathy

11.4.1  General Considerations

Delayed leukoencephalopathy is a rare complica-
tion of coil embolization for unruptured cerebral 
aneurysms, and it occurs several months after 
treatment [17, 81]. Histologically, foreign body 
embolization is caused by catheter hydrophilic 
polymers resulting in distal embolization [16]. 
The cause can be hydrophilic polymer reactions, 
which may present as various lesions, including 
those in encephalopathy, chemical meningitis, 
and hydrocephalus. Because of insufficient data 
regarding this disease, a multicenter study should 
be conducted to elucidate its pathogenesis and 
prevention. Lesion biopsy suggests that device- 
associated PVP can cause distal embolization 
and granulomatous response [18]. Moreover, 
hydrophilic coating inside the catheter may 
detach during the insertion and removal of coils, 
which then leads to the formation of a distal 
embolus, resulting in granuloma at that site. In 
general, this condition has been reported in 
numerous cases of large cerebral aneurysms in 
which multiple coils have been used. However, in 
some case reports, it occurs after the implantation 
of flow diverters [73].

The characteristic imaging findings of multi-
ple dots on gadolinium-enhanced T1-weighted 
images are granulomatous changes. These condi-
tions are highly responsive to steroid treatment. 
The imaging findings are highly distinctive and 
have diagnostic significance. Thus, symptoms of 
relatively sudden neurologic deteriorations 
appeared several months after aneurysm coil 
embolization or pipeline implantation for unrup-
tured aneurysm, in such a case, this is the first 
step to suspect this disease. Diagnosis is rela-
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tively easy by MRI findings and is based on the 
following three points.

 1. Multiple lesions with small patchy enhance-
ment consistent with the access route of a 
cerebral aneurysm to appear after a few 
months later of the operation.

 2. Only a slight change was observed on 
diffusion- weighted image in the white matter 
in the same area on fluid-attenuated inversion 
recovery with a wide range of high-signal 
area.

 3. A low signal on magnetic susceptibility- 
weighted image.

It was associated with marked edema in the 
white matter, which might be caused by  headache. 
The protein levels in the CSF fluid were elevated. 
However, no other findings were noted. 
Corticosteroid improved both symptoms and 
imaging findings and, in some cases, therapeutic 

diagnosis. Moreover, it has been used for treat-
ment and found to improve both symptoms and 
imaging findings. Treatment with corticosteroids 
significantly improved both symptoms based on 
MRI findings.

11.4.2  Case Presentation

Case 8 (Fig. 11.8). A 62-year-old woman under-
went stent-assisted coil embolization for a large 
unruptured left basilar artery–superior cerebellar 
artery aneurysm. 20.7  mm 16  mm 14.9  mm. 
Envoy 6F (J&J) placed at RT VA, two SL-10 
(Stryker) jailed, LT VA: dominant, FUBUKI 6F 
(Asahi Intec), Headway17 (TERUMO), LVIS Jr. 
2.5 mm 17 mm (TERUMO), 32 coils deployed, 
762  cm; 819.9  mm3, VER: 32.3%. The patient 
was discharged without new postoperative com-
plications. She often complained of severe head-
aches. One month after coil embolization, the 

a b c d
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Fig. 11.8 Delayed encephalopathy. (a–d) Magnetic reso-
nance imaging (MRI) at admission to our hospital about 
1 month after coil embolization. (a, b) Fluid-attenuated 
inversion recovery (FLAIR) images. (c, d) Contrast- 
enhanced T1-weighted images. (e–h) MRI conducted 
6 weeks after steroid pulse therapy. (e, f) FLAIR images, 
(g, h) Contrast-enhanced T1-weighted images. In the 

FLAIR image, there were high-signal areas in the bilateral 
cerebellum, left thalamus, and left temporal to the occipi-
tal lobes. On contrast-enhanced T1-weighted images, the 
same area had multiple punctate lesions. Six weeks after 
steroid pulse therapy, the high-signal range of the FLAIR 
images and the structures that should be assessed with 
contrast enhancement disappeared
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patient was admitted to the hospital due to disori-
entation, behavioral abnormality, slurred speech, 
and aphasia. Fluid-attenuated inversion recovery 
magnetic resonance imaging revealed a high- 
signal intensity in the interventional perfusion 
areas. Multiple lesions were observed on contrast- 
enhanced imaging. The patient’s symptoms 
improved with steroid pulse therapy after 
6  weeks, and abnormal imaging findings 
disappeared.

11.5  Conclusion

The development of complications is challenging 
to predict and investigate using statistical methods 
because of their low incidence. The risk factors of 
IOB include ruptured, Acom, and small-size aneu-
rysms and anatomical, morphological difficulties 
including NOP. Thus, these should be considered 
by neurointerventionists. The life-threatening fac-
tors associated with thromboembolism include 
large-size aneurysms, wide neck, long procedure 
time, and use of stent. However, this finding is 
controversial. To prevent thromboembolic compli-
cations, the early detection of a thrombus is impor-
tant. While these risk factors are controversial, 
those are well known. Therefore, they should be 
cautiously considered in preoperative planning. 
When complications occur, a prompt response is 
important to reduce damage.
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Clipping in Uncoilable Aneurysms
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Abstract

Aneurysms are common disease in a neuro-
surgical setup with an incidence of 2 to 16 per 
one lakh persons. Not all aneurysms are easy 
to treat. With increasing endovascular man-
agement of aneurysms, clipping has taken a 
backstage in certain types. But for uncoilable 
cases, microneurosurgery is still the best 
option. Aneurysms that are good in appear-
ance in terms of size, shape, or contour and 
ready to visit hospitals for regular follow-ups 
or where there is absence of thrombus or mass 
effect are good candidate for coiling as well as 
clipping. Aneurysms that are tiny, large, or 
giant, irregular in size, shape or contour, not 
ready for multiple visits or not ready for dual 
antiplatelets are best managed with clipping. 
In this chapter, the modalities of treating an 
uncoilable aneurysm have been addressed.

Keywords
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12.1  Introduction

This chapter reflects those situations which a cli-
nician faces in decision-making for the manage-
ment of a cerebral aneurysm that cannot be 
coiled. Ruptured brain aneurysms resulting in 
subarachnoid hemorrhage occur with an inci-
dence ranging from 2 to 16 per 100,000 persons 
[1]. Even though there is a gross decline in his-
torical microsurgical clipping techniques for the 
treatment of unruptured intracranial aneurysms 
(UIAs) over the past 20 years, yet the procedure 
shall never die as there are many situations where 
clipping of aneurysm is the best solution. The lit-
erature has all the evidence of what is best for the 
patient. Endovascular options are more favored 
in the current time, and the surgical skills on han-
dling clipping of aneurysms are dwindling in the 
younger generations [2].

The paradox remains that failed coiling of 
aneurysms does come at infrequent intervals, and 
the new budding neurosurgeon does not have the 
necessary expertise to deal with such difficult 
cases due to the lack of experience in clipping of 
aneurysms. Endovascular expertise is also avail-
able in only a few centers. The number of neuro 
interventionists is just a few handfull globally. 
The huge investment required for its setup is a 
disadvantage to providing neuro intervention ser-
vices in resource-constrained places. This limits 
the use of endovascular procedures in complex 
cases where expertise is required.
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All treatment decisions are patient specific, 
but there are situations where certain aneurysms 
cannot be coiled. In such situations, the clipping 
of aneurysm does pitch in as the most reliable as 
well as an economic option. However, those 
aneurysms which cannot be coiled can still be 
managed these days with newer endovascular 
techniques like flow diverters, stent, or balloon 
assistance. These techniques also come with their 
share of difficulties and complications. 
Aneurysms have a very high propensity to re- 
rupture, requiring treatment to repair the aneu-
rysm in the acute phase, which is in many 
situations is better for clipping rather than the 
newer endovascular techniques.

Clipping also remains the mainstay of treat-
ing a cerebral aneurysm in many parts of the 
developing world for economic reasons. The 
huge costs of endovascular treatment still are not 
affordable in many parts of the world, and so 
clipping still is quiet in vogue in those parts of 
the world. Besides, it has also been seen that in 
spite of the best treatment by either clipping or 
coiling, the level of headaches after surgical 
aneurysm clipping decreases significantly faster 

compared to endovascular coiled patients. It has 
been shown in a study by Petridis et al.; that post 
clipping, the headaches almost disappeared after 
24 h and did not reappear during the follow-up 
period of 3 months, whereas after coil emboliza-
tion, headaches were still present in the first 
3 weeks and disappeared after 3 months [3]. The 
available treatments for a ruptured aneurysm in 
the current time is given in the table below 
(Table 12.1).

In this chapter, we will discuss the treatment 
of aneurysms in three different groups.

• Group 1: Uncoilable aneurysms
• Group 2: Unclippable aneurysms
• Group 3: Both uncoilable and unclippable 

aneurysms

12.2  Factors for Decision-Making 
in Coiling or Clipping

According to the European Stroke Organization 
Guidelines for the Management of Intracranial 
Aneurysms and Subarachnoid Haemorrhage [5]:

Table 12.1 Major therapies available for ruptured brain aneurysms

Method Common indication

Need for 
antiplatelet 
therapy

Class of 
evidencya

Clipping Most aneurysms − 1

Coiling Most aneurysms − 1

Flow diversion Large proximal internal carotid artery aneurysms, 
blister aneurysms

+ 4

Flow diversion with 
adjunctive coiling

Large and giant aneurysms with wide necks + 4

Intrasaccular flow diversion Bifurcation aneurysms with neck C4 mm − 4

Coiling with assistive 
stenting

Wide-neck aneurysms and aneurysms with branch 
vessels near/incorporating aneurysm neck

− 3

Parent vessel sacrifice or 
branch vessel sacrifice with 
bypass

Dissecting aneurysms, giant aneurysms with 
branch vessels incorporating aneurysm neck

+ 4

Parent vessel sacrifice 
without bypass

Distal posterior inferior cerebellar artery 
aneurysms, distal posterior cerebral artery 
aneurysms, distal mycotic aneurysms

− 4

aModified from the Oxford Center for Evidence-Based Medicine for ratings of individual studies: 1—Properly powered 
and conducted randomized clinical trial, systematic review with meta-analysis; 2—Well-designed controlled trial with-
out randomization, prospective comparative cohort trial; 3—Case-control studies, retrospective cohort study; 4—Case 
series with or without intervention, cross-sectional study; 5—Opinion of respected authorities, case reports [4]
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Factors in favor of the endovascular 
intervention(coiling) are:

 1. Age above 70 years [class II, level B]
 2. Space occupying ICH not present [class II, 

level B]
 3. Aneurysm specific factors such as:

Posterior location
Small aneurysm neck
Unilobar shape [class III, level B]

Factors in favor of clipping are:

 1. Younger age
 2. Space occupying ICH [class II, level B]
 3. Aneurysm specific factors:

Location: MCA aneurysm, Pericallosal aneu-
rysm [class III, level B]

Wide-neck aneurysms [class III, level B]
Branches arising out of sack [class III, 

level B]
Unfavorable vascular and aneurysmal con-

figuration for coiling [class IV, level C]

12.3  What does the Landmark 
Trials Say?

Endovascular coiling practically became popular 
after the ISAT trial, but there were strong criti-
cisms of the trial as well.

International Subarachnoid Aneurysm Trial 
[ISAT] [6]
The results were published in 2005 and the 
10 years outcome in 2015.

In patients with ruptured intracranial aneu-
rysms suitable for both treatments, endovascular 
coiling is more likely to result in independent 
survival at 1 year than neurosurgical clipping; the 
survival benefit continues for at least 7 years. The 
risk of late rebleeding is low but is more common 
after endovascular coiling than after neurosurgi-
cal clipping.

However, at 10 years of follow-up rebleeding 
was more likely after endovascular coiling than 
after neurosurgical clipping [7]. The outcome 

assessment scale, biases regarding patient selec-
tion and center participation criteria were issues 
of criticism in this trial [8].

The Barrow Ruptured Aneurysm Trial 
[BRAT]: Six-Year Results: Randomized 
Controlled Trial [9]
The results were published in 2015 and 2019

Although BRAT was statistically underpow-
ered to detect small differences, these results sug-
gest little difference in outcome between the two 
treatments for anterior circulation aneurysms. 
This was not the case for the posterior circulation 
aneurysms, where coil embolization appeared to 
provide a sustained advantage over clipping. 
However, retreatment was higher in coiling.

At 10  years, there was no significant differ-
ence in clinical outcomes between the two 
assigned treatment groups as measured by mRS 
outcomes or deaths. Clinical outcomes in the 
patients with posterior circulation aneurysms 
were better in the coiling group at 1  year, but 
after 1 year, this difference was no longer statisti-
cally significant. Rates of complete aneurysm 
obliteration and rates of retreatment favored 
patients who actually underwent clipping com-
pared with those who underwent coiling [10].

J-ASPECT Trial
The results were published in 2018

In this study, the effect of treatment modality 
on in-hospital outcomes in patients with sub-
arachnoid hemorrhage on a nationwide basis was 
done. They concluded that despite the increasing 
use of coiling, clipping remains the mainstay 
treatment for SAH. Clipping was associated with 
reduced in-hospital mortality, similar unfavor-
able functional outcomes and medical costs, and 
a longer hospital stay as compared with coiling in 
2012 in Japan [11].

The Cerebral Aneurysm Re-rupture After 
Treatment (CARAT) Study
The results were published in 2008

This study reported a re-rupture rate of 3.4% 
for coiled aneurysms during a mean time of 
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3  days postoperatively. Among 1001 patients 
during a mean of 4.0 years follow-up, there were 
19 postprocedural re-ruptures; median time to re- 
rupture was 3 days, and 58% led to death. The 
degree of aneurysm occlusion after treatment was 
strongly associated with risk of re-rupture (over-
all risk: 1.1% for complete occlusion, 2.9% for 
91% to 99% occlusion, 5.9% for 70% to 90%, 
17.6% for <70%; P  <  0.0001  in univariate and 
multivariable analysis). Overall risk of re-rupture 
tended to be greater after coil embolization com-
pared with surgical clipping (3.4% versus 1.3%; 
P = 0.092), but the difference did not persist after 
adjustment (P = 0.83). They concluded that the 
degree of aneurysm occlusion after the initial 
treatment is a strong predictor of the risk of sub-
sequent rupture in patients presenting with sub-
arachnoid hemorrhage, which justifies attempts 
to occlude aneurysms [12] completely.

12.4  Group I: Uncoilable 
Aneurysms

Aneurysms where you cannot think of coiling at 
all. The factors which are unfavorable are:

• Tiny aneurysm
• Blood blister-like aneurysm
• Dome: Neck ratio < 2
• Neck width > 4mm
• Bad contour of aneurysm like multilobulation
• Incorporation of parent or branch arteries
• Unstable thrombus in giant aneurysms
• Poor Access
• Complex anatomy.
• Experience of the endovascular surgeon.

12.4.1  Tiny Aneurysm Are Difficult 
to Coil (Fig. 12.1a, b)

They have suboptimal microcatheter access, 
increased risk of rupture and size of coil 
 sometimes is a problem. The smallest coil avail-
able is 2 mm with a wire thickness of 0.010 inch.

12.4.2  Blood Blister-Like Aneurysm

Blood Blister Aneurysm (Fig.  12.2) are small, 
fragile walled. They are typically described as 
small, sessile aneurysms that occur at non-branch 

a b

Fig. 12.1 (a, b) Tiny aneurysms (arrows)
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points along the artery wall [13, 14]. Anatomically, 
they represent a deficiency in the parent vessel 
(usually dorsal internal carotid artery) rather than 
the typical dome-neck configuration of a saccular 
aneurysm, and primary surgical clipping is diffi-
cult. Ruptured blister aneurysms also have a high 
tendency for intraoperative hemorrhage, with the 

potential for catastrophe [15]. Those which are 
located at non-branching sites on dorsomedial 
ICA are not good for coiling. People have tried 
stent-assisted coiling/stent-in-stent with some 
success. They are known to have high re-rupture 
rates. Clipping is also not a viable option in such 
cases. Surgical alternatives to primary clipping 
include aneurysm wrapping or trapping with 
cerebrovascular bypass.

12.4.3  Wide-Necked Aneurysm 
(Fig. 12.3a, b)

12.4.4  Bad Contour (Fig. 12.4a, b)

12.4.5  Incorporation of Parent or 
Branch Arteries (Fig. 12.5a, b)

12.4.6  Large and Giant Aneurysms 
(Fig. 12.6a–e)

They are difficult to coil. Coil increases the mass 
effect due to the huge number of coils required to 
take control of the aneurysm. Flow diverters are 
used in certain cases but again have its inherent 
risks. In ruptured cases, immediacy of treatment 
effect has limited the use of these flow diverting Fig. 12.2 Blood Blister Aneurysm (arrow)

a b

Fig. 12.3 (a, b) wide-neck aneurysms [Neck >4 mm. Dome: Neck ratio < 2] (arrow)
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a b

Fig. 12.4 (a) Pyramidal shape of aneurysm (arrow). (b) lobulated aneurysm

a b

Fig. 12.5 (a, b) Incorporation of vessel in a DACA aneurysm
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devices in cases of subarachnoid hemorrhage. 
Early bleeding events from the aneurysm have 
been reported, even with the treatment of unrup-
tured aneurysms [16, 17]. The best way is clip-
ping and excising the sac and removing the 
thrombus. Clipping may not be possible all the 

time as the neck is not under vision because the 
sac occludes the vision. The better option remains 
bypass and trapping. It usually requires a high- 
flow bypass in complex cases. In cases when the 
aneurysm is feasible for clipping, a low flow 
superficial temporal artery to middle cerebral 

Fig. 12.6 (a–e) Aneurysms with mass effect: (a, b) Giant 
aneurysm with mass effect as seen in the CT scan axial 
section. (c) operative pic of a giant aneurysm. (d) Giant 

aneurysm after decompression and clipping. (e) Thrombus 
being removed from a giant aneurysm

a b

c d
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artery bypass also suffices. This facilitates the 
increased duration for the neck of aneurysm 
manipulation under temporary clipping.

In a meta-analysis of 900 patients where a 
comparison of endovascular techniques (recon-
structive surgery) and parent artery occlusion 
(deconstructive surgery) for very large and giant 
aneurysms was done, it has been shown that in 
unruptured aneurysms, deconstructive treatments 
allowed higher rates of occlusion (93% versus 
71%) and lower rates of complications (16% ver-
sus 30%), compared with reconstructive tech-
niques. The rate of good neurologic outcome was 
approximately 80% and 60% for unruptured and 
ruptured treated aneurysms with endovascular 
treatments, whereas overall, long-term occlusion 
was achieved in about 90% of patients, with low 
recanalization and retreatment rates among 
unruptured lesions (5% and 4%, respectively), a 
low risk of rupture after treatment, and a high rate 
of good neurologic outcome [18].

12.4.7  Poor Access (Figs. 12.7a–c 
and 12.8a, b)

12.4.8  Complex Anatomy 
(Fig. 12.9 a–d)

12.4.9  Resistant Vasospasm 
(Fig. 12.10)

Vasospasm is treated by IA Nimodipine or by 
Papaverine. Sufficient access for coiling is usu-
ally achieved with infusion; however, at times 
may be resistant.

12.4.10  Pseudoaneurysms 
(Fig. 12.11)

12.4.11  Clipping as an Option 
to Newer Endovascular 
Techniques When Coiling Is 
Not Feasible?

Newer endovascular techniques like flow divert-
ers, stents, stent-assisted coils, balloon-assisted 
coils are increasingly being used when simple 
coiling is not possible. However, they have their 
limitations, and in such cases also clipping is a 
reasonably good option.

Flow Diverters Flow diverters have a must 
requirement for dual antiplatelet therapy (DAPT) 
like the stent. It also has the additional drawback 
of occluding aneurysms only after some time, 

e

Fig. 12.6 (continued)
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ca b

Fig. 12.7 (a) Neck vessel tortuosity (arrow). (b) iliac artery tortuosity (arrow). (c) Elongated arch with unfolded ori-
gins of great vessels (arrow)

a b

Fig. 12.8 (a, b) Severe atherosclerotic stenoses (arrow)
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which may be undesirable for ruptured aneu-
rysms because of the risk of re-rupture and the 
need for immediate aneurysm protection in the 
event that induced hypertension becomes neces-
sary for the treatment of vasospasm. Flow divert-
ers are known to cause delayed aneurysm rupture. 

Even with the use of antiplatelet agents, endolu-
minal flow diverting stents can result in silent 
ischemia detected by surveillance magnetic reso-
nance imaging in up to 62% of patients [19]. In a 
prospective randomized multicenter study by 
Kiselev et al.; the rate of complete occlusion at 

c d

a b

Fig. 12.9 (a, b) Complex anatomy in the presence of vital arteries. (c, d) Reverse origin of aneurysm/artery
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12  months was 65% in the flow diverter group 
and 97.5% in the surgical group where parent 
artery occlusion was done after bypass [20].

Balloon-Assisted Coils Balloon devices require 
complete occlusion of blood flow through the 
parent vessel during aneurysm coiling, and the 
balloons themselves may lead to intraprocedural 

ischemic complications, especially if the patient 
is not anticoagulated. Balloon catheters also may 
be difficult to navigate through tortuous anatomy, 
to distal aneurysm locations, or through small 
vessels or vessels with acute takeoff angles rela-
tive to their parent artery, as shown in the exam-
ples above. Balloon-assisted coiling of unruptured 
aneurysms, the intraprocedural complication rate 
was 9%, with permanent deficits in 2% [21].

Stent-Assisted Coils The use of stent-assisted 
coil embolization of ruptured wide-necked aneu-
rysm is still a major concern for neuro- 
interventional doctors because of the high rate of 
thromboembolic events due to inadequate anti-
platelet drug preparation [22]. The perioperative 
thrombotic events of stent-assisted coil treatment 
of wide-necked aneurysm are about 30%. In a 
study by Zhengzhe Feng et al., procedure-related 
complications of stent-assisted coil treatment for 
the selected acutely ruptured wide-necked intra-
cranial aneurysms occurred in 14.2% of patients, 
56.7%of which were ischemic events. Inadequate 
antiplatelet therapy is thought to play an impor-
tant role [23]. It is also established that Stent- 
induced hemodynamic changes, promotion of 
endothelialization of the aneurysm neck, and 
morphologic changes of parent artery after stent-Fig. 12.10 Resistant vasospasm

a b

Fig. 12.11 (a, b) Pseudoaneurysms (arrow)
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ing. A double antiplatelet is mandatory, and also 
follow-up imaging of patients treated with endo-
vascular therapy is recommended due to con-
cerns for its long-term durability and increased 
recurrence rates coupled with the greater need for 
retreatment compared with microsurgical clip-
ping [24–26].

12.4.12  Coiling Risks Which Can 
Be Handled Well by 
Clipping

Coiling complications can be divided into the fol-
lowing categories:

 (a) Complications in the intracranial artery,
 (b) Complications in the extracranial artery,
 (c) Complications related to the placing of the 

guiding catheter,
 (d) Complications related to the puncture site.

The two most common types of complications 
which occur during coiling in the intracranial 
artery are intraprocedural aneurysm ruptures 
(IARs) and thromboembolic complications.

Even though the risk of aneurysmal rupture is 
higher with clipping, but in the reported 5% inci-
dence of intraaneurysmal rupture during coiling, 
the mortality is as high as 40%. In open surgery, 
the rupture can be easily controlled most of the 
time as you have direct access to the site. Cloft 
et al.; reported that the morbidity and mortality 
rates of perforations caused by coil (39%) and 
microcatheter (33%) were similar [27]. Rupture 
in case of coiling happens due to overpacking of 
coils, stiffness, or oversized coils. Since they can-
not be addressed as in clipping of aneurysm, the 
role of immediate external ventricular drainage 
(EVD) or a craniectomy for the urgent manage-
ment of severe SAH and intracranial hyperten-
sion after the coiling procedure is of paramount 
importance. The causes for thromboembolic 
complications are due to clot formation in the 
guiding catheter, on the coil mashes, or in parent 
vessels caused by the induced vasospasm or mal-

position of coils. Prolapsed coil loops serve as a 
site for platelet aggregation, leading to local 
thrombosis or distal thromboembolism [28]. The 
embolic sources are air embolisms, atheroma dis-
lodged during catheterization, thrombus forma-
tion from the device used over the course of the 
procedure, and hydrophilic coating from cathe-
ters and wires [29, 30]. It is also seen that larger 
aneurysms are more likely to have residual flow 
within the coil mass than small aneurysms, and 
the greater volume of thrombus in a larger aneu-
rysm could yield an increased risk of propagation 
or distal embolization [31]. Clipping should be 
considered for all ruptured aneurysms and should 
not be overlooked when deciding on how to treat 
the lesion in question best. When there is no safe 
option to completely occlude a ruptured aneu-
rysm with the use of an endoluminal device, 
strong consideration should be given to surgical 
clipping or other open techniques [32].

12.4.13  Why Clipping Is Better 
in Specific Cases?

As mentioned earlier, during an untoward event 
of intraoperative rupture during clipping, both 
preoperative and intraoperative subarachnoid 
blood can be removed, whereas during coiling 
blood cannot be cleared either ictal or intraproce-
dural. In cases of P.com segment aneurysm, 
either ruptured or unruptured, where the presen-
tation is ptosis, clipping has an advantage. The 
ptosis is due to the mass effect of the aneurysm. 
The pressure is either due to the size of the aneu-
rysm or the thrombotic component of the aneu-
rysm on the adjacent third nerve. During clipping 
the contents of the sac or the whole sac can be 
removed or excised, which gives an immediate 
noticeable recovery of the ptosis. This advantage 
does not lie with coiling, even though the aneu-
rysm may be favorable for coiling [33, 34]. In 
cases of high-grade aneurysmal subarachnoid 
hemorrhages, the outcome with coiling is not 
superior to clipping. Also, coiling has a greater 
risk of mortality [35].
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12.5  Group II: Unclippable 
Aneurysms

Unclippable aneurysms are hard to define. They 
include giant, fusiform, serpentine aneurysms or 
those which has incorporated branches arising 
from them. Many MCA and Basilar top aneu-
rysms remain unclippable due to the incorpora-
tion of branches and perforators. Microsurgical 
techniques like trapping of aneurysms at any 
location with a rescue or augmentative bypass, 
however, fill in the gap for the unclippable aneu-
rysms, which in the majority of cases are also not 
endovascular friendly. Parent artery occlusion is 
a very viable solution in case of good cross col-
lateral circulation. For example, in the case of a 
giant aneurysm of the ICA, if a good cross circu-
lation exists, an augmentative low flow STA- 
MCA bypass suffices to provide the additional 
time required for temporary clipping during 
manipulation of the aneurysm. The same holds 
true for an MCA complex giant aneurysm.

For a complex A.com giant or distal anterior 
cerebral artery giant aneurysm A2-A2 bypass and 
trapping of aneurysm can be done.

For giant PICA aneurysm, occipital vertebral 
artery anastomosis can be done, and aneurysm 
trapped or clipped and excised.

For giant unclippable basilar aneurysm with-
out any fetal p.com support, a middle meningeal 
artery to PCA anastomosis is advocated on both 
sides and then the aneurysm is trapped at the bas-
ilar and both PCA.

We need to know that the basilar parent artery 
may not be seen at all. In such case, a suction 
decompression technique can be done, the aneu-
rysm deflated or thrombus addressed, and the 
trapping done.

In other words, it will not be wrong to say that 
no aneurysm exists, which is not amenable to 
microvascular surgery until and unless the medi-
cal condition of the particular patient does not 
allow one to take up for surgery.

12.6  Group III: Both Unclippable 
and Uncoilable Aneurysms

There is a subset of aneurysms that are highly 
complex, and their natural history is also poor. 
They can neither be coiled or clipped due to the 
complexity. This category includes large or giant 
aneurysms with wide neck and branches or per-
forating arteries incorporated at the neck or the 
dome, atherosclerotic or calcified walls, and a 
partially thrombosed lumen. Certain fusiform 
aneurysms and serpentine aneurysms also fall in 
this category. Fusiform aneurysms do not have a 
neck at all, and the entire wall of the involved 
arterial segment is pathologically dilated, and the 
lumen may be partially thrombosed. These 
lesions are not amenable to conventional surgical 
treatments or coiling. Endovascular treatments in 
combination with extracranial-intracranial 
bypass surgery in such complex aneurysms as 
mentioned above, results in durable, and often 
definitive, protection against hemorrhage and 
further aneurysmal growth. The mortality rate 
and clinical outcomes were superior to those 
associated with the natural history of these 
treatment- resistant aneurysms in studies carried 
out with the small number of patients. In a very 
recent study by Kenichi Sato et al.; from Japan, 
they managed such cases with a combined 
approach which they described in three catego-
ries in their series:

• Type A: Endovascular parent artery occlusion 
with bypass surgery to restore cerebral blood 
flow

• Type B: Endovascular trapping with bypass 
surgery to isolate branches incorporated into 
the aneurysm

• Type C: Intraaneurysmal coil embolization 
with bypass surgery to isolate branches incor-
porated into the aneurysm. The type of bypass 
surgery used was (single, double, or high-flow 
bypass using the saphenous vein) [36].
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These combined procedures are done at a 
short interval. Endovascular procedures are long 
time dependant on anticoagulants, whereas 
bypass procedures needless anticoagulant tempo-
rary support only. So doing at same sitting looks 
a little difficult but bypass followed shortly by the 
endovascular procedure is well tolerated and 
gives good results.

12.7  Cost of Hospitalization

Clipping always has a distinct advantage of being 
less costly than coiling. Despite a shorter length 
of hospitalization in patients with unruptured 
aneurysms, coiling was associated with higher 
hospital costs in both patients with unruptured 
and ruptured aneurysms. This is likely attribut-
able to the higher device cost of coils than clips 
[37].

12.8  Conclusions

Clipping still remains the viable, economic, and 
long durable option for the majority of aneu-
rysms. Coiling or clipping decisions should be 
customized to the particular patient depending on

• Clinical signs and symptoms
• Presence of hematoma on CT scan
• Angiographic anatomy of aneurysm
• Management of intraprocedural 

complications
• Cost-effectiveness

The simple guideline to decide for coiling or 
clipping suggested her is to remember as “A for 
coiling” and “B for clipping as given below in 
Table 12.2.

To summarize, cases that are good candidates 
for coiling are also good candidates for clipping. 
Candidates who are not good candidates for coil-
ing are in most cases clip friendly. The choice 
depends on the geographical availability, eco-
nomic stability and the aneurysm features to 
decide the best modality of treatment.
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Abstract

With the advent of new endovascular devices, 
open surgery is becoming less popular for the 
treatment of intracranial aneurysms. However, 
in many situations it maintains material advan-
tages and should therefore be considered 
among the tenable treatment options. This 
chapter discusses the specific indications for 
considering surgery as an option due to evi-
dence that surgery yields a better outcome or 
because equipoise remains regarding the best 
treatment strategy. The different clinical situa-
tions presented include morphological aneu-
rysm characteristics (wide-neck, giant size, 
fusiform shape, thrombotic, small size and 
blister aneurysms), the presence of multiple 
aneurysms, aneurysms causing neural com-
pression or epilepsy, patient’s age, aneurysm 
location (middle cerebral and anterior com-
municating aneurysms), and aneurysm recur-
rence after endovascular treatment.
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13.1  Introduction

Following the publication of the International 
Subarachnoid Aneurysm Trial (ISAT) results [1–
6] in 2002, a shift toward endovascular treatment 
of both unruptured and ruptured intracranial 
aneurysms began [7–9]. This trend has persisted 
during the last decade [10–12]. As the number of 
endovascular treatment strategies continues to 
grow, open surgery increasingly has begun to 
appear as a less desirable option. However, open 
surgical treatment may offer significant advan-
tages in many specific cases. Herein, we discuss 
the indications in which an open surgical 
approach may be the preferred choice in the treat-
ment of intracranial aneurysms.

13.2  General Advantages of Open 
Surgical Treatment 
of Aneurysms

While endovascular approaches offer a scarless 
approach among other benefits, open surgery has 
its own advantages: instant aneurysm occlusion 
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after the surgery, higher rates of complete occlu-
sion [13], lower rates of retreatment and rebleed-
ing [14], approaches to all types of aneurysms, 
decompression of neural structures, and the 
absence of required antiplatelet therapy. 
Furthermore, there are specific anatomical con-
figurations and clinical situations where external 
exclusion, remodeling, or the ability to add flow 
through bypass makes open surgery a preferred 
therapeutic option for intracranial aneurysms.

13.3  Wide-Neck Aneurysms

Wide-neck aneurysms most commonly refer to a 
neck diameter of ≥ 4mm or a dome-to-neck ratio 
of < 2 (Fig. 13.1) [15]. Being wide-neck is often 
cited as a factor favoring surgical clipping. For 
example, a post hoc analysis conducted on a 
cohort of wide-neck aneurysms included in the 
Barrow Rupture Aneurysm Trial (BRAT) showed 
that even though clinical outcomes were similar 
between clipping and coiling (mRS > 2 of 49.5% 
and 40.0% respectively, P = 0.33), the aneurysm 
obliteration rate was higher (91.8% vs 35.7%, 
P  <  0.001) and the retreatment rate was lower 
(0% vs 28.8%, P < 0.001) in the patients actually 
treated by clipping [16]. Subsequently, several 
endovascular techniques and devices have been 
developed in order to increase the occlusion rate 

and decrease the recurrence rate of this specific 
type of aneurysm, including balloon-assisted 
coiling, stent-assisted coiling, flow diverters, the 
WEB device, and others. Although there are two 
ongoing trials on the subject [17, 18], no pub-
lished studies have effectively compared these 
techniques with surgical treatment yet. Since the 
complete occlusion rate is high using microneu-
rosurgery (>90%) [16, 19], this modality remains 
the gold standard treatment for wide-neck aneu-
rysms. Of note, these lesions might need more 
than simple clipping (e.g., complex clip recon-
struction or bypasses); however, these interven-
tions do not necessarily lessen efficacy or raise 
risk.

13.4  Giant Aneurysms

Giant aneurysms are defined as having a diameter 
of ≥2.5 cm. They pose a challenge for both endo-
vascular and open surgery. These lesions can 
engulf branches, compress neural structures, and 
can be thrombosed, which makes their treatment 
more complex and riskier than that of regular 
aneurysms. Although flow diverters seem prom-
ising in the management of such lesions, this 
strategy has yet to be proven more effective and 
less morbid than open surgery. In the meantime, 
the literature suggests that surgery remains the 

a b

Fig. 13.1 Wide-neck aneurysm of the middle cerebral artery seen in (a) solid and (b) transparent 3D angiographic 
reconstruction
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gold standard treatment with an occlusion rate of 
≥84% [20, 21] and a mortality rate of ≤15.5% 
[20] (Table 13.1). Surgery also offers reconstruc-
tive possibilities such as better ability to avoid the 
sacrifice of a vessel branch and has the advantage 
that it immediately decompresses neural struc-
tures when necessary. In some cases, direct clip-
ping or a clip-reconstruction technique may be 
possible, while in other cases revascularization is 
needed. Skull base approaches, cardiac standstill 
(or use of adenosine or induced hypotension 
through transvenous pacing) and intrasaccular 
thrombectomy are adjuncts that often prove use-
ful when clipping giant aneurysms. Sometimes 
even these procedures fail to treat such aneu-
rysms. In these circumstances, revascularization 
is available, and may be a better treatment modal-
ity. Additionally, multiple different revasculariza-
tion techniques are available: bypass plus flow 
reversal using either proximal or distal occlusion, 
bypass plus aneurysm trapping, and aneurysm 
excision plus direct bypass (provided enough 
vessel redundancy).

13.5  Neural Compression

Although still debated in the literature, surgery is 
intuitively more effective than endovascular tech-
niques as a method to decompress neural struc-
tures. However, in the case of oculomotor 
neuropathy, coiling can result in oculomotor 
function recovery, because in addition to direct 
compression of the nerve, the pulsatile effect of 
the aneurysm also might explain the neurological 
deficit. While some studies concluded that embo-
lization leads to equivalent clinical outcome 
regarding oculomotor neuropathy [6, 58–62], 
others seem to point toward a better outcome 
with surgery [2, 4, 6, 63–69] (Table  13.2). 
Microneurosurgical treatment seems to lead to a 
higher rate of complete recovery of oculomotor 
neuropathy than embolization and less recur-
rence [58–79, 83, 86, 103–105]. Although the 
current literature is not definitive as to whether 
surgery is equivalent or better than endovascular 
treatment for treating aneurysm-related oculo-

motor neuropathy, it is clearly an effective modal-
ity which makes it the preferred approach in 
many institutions that can offer both modalities.

Aneurysm-related optic neuropathy however 
seems to be more effectively treated with surgery 
compared to coiling (Table 13.3) [106, 111, 121, 
122, 127, 139, 142, 146, 154]. Although data 
regarding the results of flow diverters for this 
indication seem promising (Table 13.3) [19, 106, 
108, 154–156], they have yet to prove their long- 
term efficacy and safety. In the meantime, sur-
gery offers a rapid and safe option of treatment 
for this pathology.

Although flow diverters promise to be effec-
tive in treating aneurysm-related cranial neuropa-
thies [154, 156], this has yet to be proven in a 
randomized controlled trial.

13.6  Epilepsy

Patients with aneurysms causing seizures are 
considered to be epileptic according to the latest 
definition of the International League Against 
Epilepsy [157] since they have “a probability of 
further seizures similar to the general recurrence 
risk (at least 60%) after two unprovoked seizures, 
occurring over the next 10 years.” Surgical treat-
ment has proven effective according to case 
reports and case series in treating the epilepsy of 
such patients (Table  13.4) [159–165, 167–171, 
174–178, 180–182, 184–186, 189–191]. While 
surgery has not clearly proven more effective 
than medical treatment for these patients’ sei-
zures, surgery has more data regarding its effec-
tiveness compared to endovascular treatment 
[158, 166, 192]. It also seems more logical that 
surgical reduction of mass effect secondary to an 
aneurysm will better treat epilepsy than packing 
the same aneurysm and not alleviating the com-
pression of the brain. However, aneurysm shrink-
age seen after flow diverter placement may lead 
to a similar result, although the current literature 
does not have enough data either to confirm or 
invalidate this hypothesis. In the meantime, sur-
gery (compared to endovascular therapy) remains 
the best approach in the case of aneurysm-related 
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Table 13.2 Published studies on the treatment of aneurysm-related compressive CN III neuropathy

Study
Year Patients with oculomotor impairment Improved

n n %
Endovascular
Signorelli et al. [70] 2020 31 19 61.3
Tian et al. [4] 2020 39 39 100.0
Zhong et al. [6] 2019 63 61 96.8
Su et al. [71] 2019 39 32 82.1
Gao et al. [64] 2017 29 25 86.2
Hall et al. [66] 2017 15 15 100.0
Zu et al. [72] 2017 34 29 85.3
Mino et al. [61] 2015 8 8 100.0
Sheehan et al. [73] 2015 20 20 100.0
Tan et al. [2] 2015 44 30 68.2
Brigui et al. [58] 2014 14 11 78.6
Patel et al. [62] 2014 9 9 100.0
Khan et al. [69] 2013 9 8 88.9
Chalouhi et al. [74] 2013 37 33 89.2
Güresir et al. [65] 2011 7 7 100.0
Ko and Kim [75] 2011 10 8 80.0
Panagiotopoulos et al. [76] 2011 10 9 90.0
Nam et al. [60] 2010 6 5 83.3
Kassis et al. [77] 2010 20 19 95.0
Santillan et al. [78] 2010 11 9 81.8
Zhang et al. [79] 2010 13 13 100.0
Hanse et al. [80] 2008 21 19 90.5
Mansour et al. [81] 2007 7 6 85.7
Chen et al. [68] 2006 6 6 100.0
Ahn et al. [59] 2006 10 10 100.0
Kim et al. [82] 2003 3 3 100.0
Stiebel-Kalish et al. [83] 2003 11 11 100.0
Yanaka et al. [84] 2003 1 0 0.0
Mavilio et al. [85] 2000 6 6 100.0
Birchall et al. [86] 1999 3 3 100.0
Endovascular total 536 473 88.2
Surgery
Signorelli et al. [70] 2020 24 21 87.5
Tian et al. [4] 2020 31 31 100.0
Zhong et al. [6] 2019 39 39 100.0
Gao et al. [64] 2017 23 23 100.0
Mino et al. [61] 2015 9 9 100.0
Tan et al. [2] 2015 132 130 98.5
Brigui et al. [58] 2014 7 7 100.0
Patel et al. [62] 2014 9 9 100.0
Khan et al. [69] 2013 8 8 100.0
Motoyama et al. [87] 2012 1 1 100.0
Park et al. [88] 2011 13 13 100.0
Javalkar et al. [89] 2010 26 20 76.9
Nam et al. [60] 2010 8 7 87.5
Yeramneni et al. [90] 2010 13 13 100.0
Grunwald et al. [91] 2008 1 1 100.0

(continued)
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epilepsy especially considering the possibility of 
simultaneous invasive monitoring and resection 
of the seizure-onset zone if necessary.

13.7  Small Aneurysms

Small aneurysms (usually defined as having a 
diameter of ≤ 4mm) may be challenging to treat 
(Table 13.5). Although one can argue on the indi-
cation of treating a small unruptured aneurysm 
since it is believed that its rupture rate is low 
[219], many ruptured aneurysms are small [220] 
and their treatment is important to prevent further 
rebleeding. Moreover, some consider unruptured 
and ruptured small aneurysms as arising from 
different pathological processes; the latter could 
result from a process of rapid formation of the 
aneurysm, explaining its fragility and propensity 
to rupture early [221, 222]. While open surgical 
treatment of these aneurysms is straightforward, 
endovascular strategies can result in serious com-
plications such as aneurysm perforation (which is 
more frequent in small ruptured aneurysms 
[210]), coil migration, and thrombus formation. 
And because these aneurysms are often treated 
when they are ruptured, the use of stents and flow 
diverters is disadvantaged by the requirement of 
dual antiplatelet therapy and the hemorrhagic 

risks it entails acutely after an aneurysm rupture 
and in the frequent clinical setting of the require-
ment for external ventricular drainage. Although 
a comparative study has shown similar disability 
outcomes between endovascular treatment and 
surgery (with increased periprocedural complica-
tions), these results have to be analyzed cau-
tiously since this study is not randomized [218]. 
Given all this information, many small aneu-
rysms should be considered for surgical treat-
ment (Fig. 13.2). Although there is not definitive 
prospective data, there is solid rationale for the 
notion that the smaller the aneurysm, the greater 
the preference for open surgery.

13.8  Blister Aneurysms

Blister aneurysms are usually defined as arising 
at nonbranching sites of the dorsal wall of the 
supraclinoid portion of the internal carotid artery 
[223–232], although they may arise on other ves-
sels as well [233]. Their size makes them chal-
lenging to diagnose. This characteristic along 
with their friability render these aneurysms even 
harder to treat; aneurysm coiling may result in 
intraprocedural rupture, trapping may lead to 
brain ischemia even with a negative balloon test 
occlusion [234] and the use of stents or flow 

Table 13.2 (continued)

Study
Year Patients with oculomotor impairment Improved

n n %
Saito et al. [92] 2008 3 3 100.0
Ahn et al. [59] 2006 7 7 100.0
Bhatti et al. [93] 2006 1 1 100.0
Chen et al. [68] 2006 7 7 100.0
Dimopoulos et al. [94] 2005 5 5 100.0
Kraus et al. [95] 2004 1 1 100.0
Arle et al. [96] 2002 1 1 100.0
Yanaka et al. [84] 2003 14 13 92.9
Park-Matsumoto and Tazawo [97] 1997 1 1 100.0
Fujiwara et al. [98] 1989 26 22 84.6
Kyriakides et al. [99] 1989 22 22 100.0
Bartleson et al. [100] 1986 12 11 91.7
Román-Campos and Edwards [101] 1979 1 1 100.0
Kasoff and Kelly [102] 1975 1 1 100.0
Surgery total 446 428 96.0
All techniques 995 914 91.9
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Table 13.3 Published studies on the treatment of aneurysm-related compressive CN II neuropathy

Study
Year Technique Patients with visual impairment Improved

n n %
Endovascular
Hirata et al. [106] 2019 Flow diverter 6 3 50.0
Hirata et al. [106] 2019 Coiling 12 5 41.7
Silva et al. [19] 2018 Flow diverter 15 14 93.3
Silva et al. [19] 2018 Coiling 3 0 0.0
Park et al. [107] 2015 Coiling 10 2 20.0
Sahlein et al. [108] 2015 Flow diverter 17 9 52.9
Shimizu et al. [109] 2015 Coiling 6 4 66.7
Zanaty et al. [110] 2015 Flow diverter 12 9 75.0
Durst et al. [111] 2014 Coiling 22 15 68.2
Heller et al. [112] 2014 Coiling 32 11 34.4
Tanweer et al. [113] 2014 Flow diverter 19 16 84.2
Drazin et al. [114] 2013 Coiling 15 8 53.3
O'Kelly et al. [115] 2013 Flow diverter 10 5 50.0
Szikora et al. [116] 2013 Flow diverter 6 5 83.3
Wang et al. [117] 2013 Coiling 13 4 30.8
Schuss et al. [118] 2011 Coiling 8 3 37.5
Sun et al. [119] 2011 Coiling 7 3 42.9
Yadla et al. [120] 2011 Coiling 13 4 30.8
Heran et al. [121] 2007 Coiling 16 8 50.0
Schmidt et al. [122] 2007 Coiling 7 5 71.4
Park et al. [123] 2003 Coiling 5 1 20.0
Hoh et al. [124] 2001 Coiling 4 3 75.0
Malisch et al. [125] 1998 Coiling 6 2 33.3
Halbach et al. [126] 1994 Coiling 7 6 46.2
Coiling total 186 84 45.2
Flow diverter total 85 61 71.8
Endovascular total 271 145 53.5
Surgery
Silva et al. [19] 2018 – 3 1 33.3
Kamide et al. [127] 2018 – 17 9 52.9
Matano et al. [128] 2016 – 2 1 50.0
Matsukawa et al. [129] 2016 – 2 2 100.0
Pasqualin et al. [130] 2016 – 20 3 15.0
Shimizu et al. [109] 2015 – 12 5 41.7
Aboukaïs et al. [131] 2015 – 5 1 20.0
Lai and Morgan [132] 2013 – 28 16 57.1
Mattingly et al. [133] 2013 – 14 11 78.6
Dehdashti et al. [134] 2012 – 12 9 75.0
Kanagalingam et al. [135] 2012 – 6 0 0.0
Nanda and Javalkar [136] 2011 – 15 10 66.7
Schuss et al. [118] 2011 – 12 9 75.0
Xu et al. [137] 2010 – 17 12 70.6
Park et al. [138] 2009 – 10 8 80.0
de Oliveira [139] 2009 – 14 14 100.0
Raco et al. [140] 2008 – 26 13 50.0
Iihara et al. [141] 2008 – 7 3 42.9
Nonaka et al. [142] 2007 – 16 9 56.3

(continued)
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diverters plus dual antiplatelet therapy can lead to 
dramatic rebleeding [235]. Although a meta- 
analysis comparing open surgery to endovascular 
therapy has shown lower morbidity and mortality 
rates with endovascular therapy and a higher rate 
of complete occlusion with surgery, this conclu-
sion is limited by the fact that the included stud-
ies were all case reports and case series [233]. 
Notably, the same meta-analysis showed better 
aneurysm occlusion rates with surgery than with 
endovascular approaches (96.4% vs 44.5%, 
respectively, in the early posttreatment period) 
[233]. Thus, while the approach should be indi-
vidualized for any given patient, open surgery is 
still a valuable treatment option for the treatment 
of blister aneurysms (Table 13.6).

13.9  Thrombotic Aneurysms

Thrombotic aneurysms have been less often stud-
ied as a separate entity. Their treatment is aimed 
toward obliteration, decompression, and preven-
tion of ischemic events. Surgery is a logical man-
agement strategy in this setting since 
thrombectomy and aneurysm exclusion can be 

done simultaneously within the same intervention 
with immediate effect. This approach results in 
high exclusion rates (97%), good clinical out-
comes (87% improved or unchanged compared to 
preoperative state) while having a low mortality 
rate (6%) and low chances of permanent neuro-
logic deficit (7%) [279]. A meta-analysis compar-
ing surgery to endovascular treatment showed no 
significant difference in the clinical outcome of 
both cohorts. However, the two cohorts were not 
very similar; 80% of patients in the endovascular 
group had an unruptured aneurysm, while 72.6% 
of the patients in the surgical group presented 
with a ruptured aneurysm (P  =  0.0001) [280]. 
Given the fact that the treatment of unruptured 
aneurysm has generally a better clinical outcome 
than for ruptured aneurysms, these results raise 
some concerns regarding the presumed safety of 
the endovascular treatment of ruptured throm-
botic aneurysms. Since all patients in the endo-
vascular group were treated by coiling, stenting, 
stent-assisted coiling, or trapping techniques, new 
endovascular technology may still prove safe and 
effective in future studies. In the meantime, a sur-
gery-first policy may be safer when treating a 
thrombosed aneurysm.

Table 13.3 (continued)

Study
Year Technique Patients with visual impairment Improved

n n %
Zhao et al. [143] 2006 – 25 21 84.0
Barami et al. [144] 2003 – 5 0 0.0
Hoh et al. [124] 2001 – 12 8 66.7
Meyer et al. [145] 2001 – 13 2 15.4
Date et al. [146] 1998 – 6 3 50.0
Kattner et al. [147] 1998 – 10 5 50.0
Arnautović et al. [56] 1998 – 6 2 33.3
Fries et al. [148] 1997 – 19 15 79.0
Day [149] 1990 – 23 17 73.9
Diaz et al. [150] 1989 – 6 3 50.0
Norwood et al. [151] 1986 – 8 5 62.5
Heros et al. [152] 1983 – 16 10 62.5
Ferguson and Drake [153] 1981 – 21 12 57.1
Surgery total 408 239 58.6
All techniques 679 384 56.6
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13.10  Ruptured Aneurysms 
Presenting 
with Intracerebral 
Hemorrhage

Aneurysmal subarachnoid hemorrhage is some-
times complicated by intracerebral hematoma. 
Such hematomas can produce local mass effect 

and increased intracranial pressure, making evac-
uation mandatory (Fig. 13.3). While some groups 
still prefer to treat the aneurysm endovascularly, 
surgical treatment offers obvious advantages: 
securing the aneurysm, evacuating the hema-
toma, and relieving the pressure on the brain, all 
within the same procedure. Only retrospective 
studies have been published comparing surgical 

Table 13.4 Published studies on the treatment of aneurysm-related epilepsy

Study
Year Patients with seizures Improved

n n %
Endovascular
Peera and LoCurto [158] 2009 1 N/A –
Kuba et al. [159] 2004 1 1 100.0
Endovascular total 2 1 100.0
Surgery
Yefet et al. [160] 2020 1 1 100.0
Akimoto et al. [161] 2017 1 1 100.0
Lin et al. [162] 2017 1 1 100.0
Patil et al. [163] 2013 3 3 100.0
Lad et al. [164] 2012 1 1 100.0
Hänggi et al. [165] 2010 6 6 100.0
Kamali et al. [166] 2004 3 2 66.7
Miele et al. [167] 2004 1 1 100.0
Sena et al. [168] 2003 1 1 100.0
Roberts et al. [169] 2001 1 1 100.0
Ellamushi et al. [170] 1999 2 2 100.0
Mizobuchi et al. [171] 1999 1 1 100.0
Aladro et al. [172] 1998 1 1 100.0
Huang et al [173]. 1996 1 1 100.0
Provenzale et al. [174] 1996 1 1 100.0
Casey and Moore [175] 1994 1 1 100.0
Yacubian et al. [176] 1994 1 1 100.0
Miyagi et al. [177] 1991 1 1 100.0
Putty et al. [178] 1990 1 1 100.0
Merva et al. [179] 1985 1 1 100.0
Whittle et al. [180] 1985 4 2 50.0
McCulloch and Ashworth [181] 1982 1 1 100.0
Stewart et al. [182] 1980 2 2 100.0
Pasqualin et al. [183] 1979 1 1 100.0
Sengupta et al. [184] 1978 3 3 100.0
Morley and Barr [185] 1969 1 1 100.0
Kamrin [186] 1966 3 3 100.0
Höök and Norlen [187] 1958 1 1 100.0
Frankel and Alpers [188] 1955 1 0 0.0
Surgery total 47 43 91.5
Combined
Hänggi et al. [165] 2010 2 2 100.0
Combined total 2 2 100.0
All techniques 51 46 92.0
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and endovascular approaches to obliterate the 
aneurysm when an ICH was present [281, 282]. 
These studies did not show a significant advan-
tage of endovascular treatment although one 
would predict that their selection bias would have 
favored endovascular therapy over surgery. While 
a randomized control trial may help guide which 
treatment modality would be the best for treating 
stable patients, patients with increased intracra-
nial pressure caused by the hematoma would 
probably be excluded from such a study and 
would be surgically treated. Until there is clear 
evidence of advantage of endovascular treatment 
in the literature, it is our opinion that patients 
with a significant intracerebral hemorrhage 
caused by an aneurysm rupture should be treated 
surgically (Table 13.7).

13.11  Young Population

As previously discussed, there is a shift toward 
endovascular treatment of intracranial aneurysms 
in general [7–9]. However, surgery leads to a 
more durable treatment (i.e., in terms of residual 
aneurysm, recurrence, and rebleeding) [14, 299]. 
This is the reason why surgical treatment is often 

cited as the appropriate management of aneu-
rysms in the younger population, since this popu-
lation has a longer life expectancy [300]. Since 
this patient population often has less comorbidi-
ties than older patients, they can more easily 
undergo surgery safely. Therefore, younger 
patients with aneurysms are usually more suit-
able for surgical treatment unless anatomical 
considerations strongly favor endovascular ther-
apy. However, given the risks of de novo aneu-
rysm formation and recurrence even with surgery, 
these patients should be followed with neurovas-
cular imaging over a long period of time [301].

13.12  Fusiform Aneurysms

Fusiform aneurysms are difficult to treat both 
endovascularly and surgically. Their lack of neck 
makes simple coiling a high-risk treatment 
option because it can easily occlude the parent 
vessel. The advent of flow diverters was thought 
to revolutionize their treatment. However, perfo-
rator occlusion and aneurysm rupture secondary 
to ball-valve effect of telescopic flow diverters 
placement (extravasation and trapping of blood 
through the pores of the device into the extralu-
minal space) have been described after flow 
diverter placement [302–312]. Surgical options 
include clip reconstruction, clip-wrapping, aneu-
rysm trapping, proximal or distal occlusion of 
the parent vessel with or without bypass and 
resection with reanastomosis [313–320]. Clip 
reconstruction can often be accomplished, 
although this modality can also be challenging 
when the parent vessel is calcified or severely 
atherosclerotic or when the aneurysmal segment 
contains perforating arteries [320]. In these 
cases, wrapping, trapping with bypass or aneu-
rysm resection with reanastomosis may be pre-
ferred [320]. The morbidity and mortality of 
both endovascular and surgical treatment being 
high (Table  13.8), the treatment of fusiform 
aneurysms should be tailored to each case to 
make treatment as safe and effective as 
possible.

Fig. 13.2 Very small anterior communicating artery 
aneurysm (arrow) identified in the workup for subarach-
noid hemorrhage, preferred for clipping
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Table 13.6 Published studies on the treatment of blister intracranial aneurysms

Study

Year Technique Patients 
treated

Aneurysms 
treated

Good clinical 
outcome Mortality

n n n % n %
Endovascular
Brown et al. [236] 2017 N/A 3 3 2 66.7 0 0.0
Kim et al. [237] 2014 ICA trapping 11 11 8 72.7 1 9.1
Meckel et al. [235] 2011 Stenting and/or coiling and/

or parent artery occlusion
13 13 12 92.3 1 7.7

Yu-Tse et al. [238] 2012 Coiling ± stenting 2 2 1 50.0 0 0.0
Matsubara et al. 
[239]

2011 Coiling or trapping 9 9 6 66.7 2 22.2

Regelsberger et al. 
[240]

2011 Stenting 1 1 1 100.0 0 0.0

Gaughen et al. [241] 2010 Stenting ± coiling 6 6 5 83.3 0 0.0
Lee et al. [242] 2010 Coiling + ICA trapping 1 1 1 100.0 0 0.0
Lee et al. [243] 2009 Coiling + stenting 9 9 8 88.9 1 11.1
Ahn et al. [244] 2008 Coiling 1 1 1 100.0 0 0.0
Doorenbosch and 
Harding [245]

2008 Coiling + stenting 1 1 1 100.0 0 0.0

Korja et al. [246] 2008 Coiling + stenting 1 1 1 100.0 0 0.0
Meling et al. [247] 2008 Coiling or ICA trapping 3 3 2 66.7 1 33.3
Kim et al. [248] 2007 Coiling + stenting 1 1 1 100.0 0 0.0
Park et al. [249] 2007 Trapping or coiling ± 

stenting
5 5 3 60.0 0 0.0

Tanoue et al. [250] 2004 Coiling 1 1 0 0.0 0 0.0
McNeely et al. [251] 2000 Coiling 1 1 1 100.0 0 0.0
Endovascular total 69 69 54 78.3 6 8.7
Surgery
Kim et al. [252] 2019 – 36 36 29 80.6 0 0.0
Brown et al. [236] 2017 – 10 10 6 60.0 0 0.0
Yu et al. [194] 2015 – 9 9 9 100.0 0 0.0
Kalani et al. [253] 2013 – 17 17 9 52.9 0 0.0
Park et al. [254] 2013 – 1 1 0 0.0 0 0.0
Murai et al. [255] 2012 – 5 5 4 80.0 0 0.0
Haji et al. [256] 2011 – 1 1 1 100.0 0 0.0
Horie et al. [257] 2011 – 1 1 1 100.0 0 0.0
Yu-Tse et al. [238] 2012 – 7 7 1 14.3 0 0.0
Horiuchi et al. [258] 2011 – 3 3 2 66.7 1 33.3
Lee et al. [242] 2010 – 1 1 0 0.0 1 100.0
McLaughlin et al. 
[259]

2010 – 7 7 7 100.0 0 0.0

Regelsberger et al. 
[240]

2011 – 2 2 1 50.0 1 50.0

Shimizu et al. [260] 2010 – 9 9 4 44.4 2 22.2
Chung et al. [261] 2009 – 1 1 1 100.0 0 0.0
Lee et al. [262] 2009 – 18 18 14 77.8 0 0.0
Otani et al. [263] 2009 – 6 6 3 50.0 0 0.0
Vashu et al. [264] 2009 – 1 1 1 100.0 0 0.0
Meling et al. [247] 2008 – 9 9 4 44.4 4 44.4
Tekkök and Bakkar 
[265]

2008 – 1 1 1 100.0 0 0.0
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13.13  Multiple Aneurysms

Around 30% of patients with an intracranial 
aneurysm will be found to have multiple intracra-
nial aneurysms [327, 328]. Since the presence of 

multiple aneurysms is a risk factor of aneurysm 
growth [329], this could justify the treatment of 
all aneurysms. While endovascular treatment 
offers the possibility of access to virtually every 
aneurysm location within the same approach, it 

Table 13.6 (continued)

Study

Year Technique Patients 
treated

Aneurysms 
treated

Good clinical 
outcome Mortality

n n n % n %
Fiorella et al. [266] 2006 – 1 1 1 100.0 0 0.0
Joo et al. [267] 2006 – 2 2 2 100.0 0 0.0
Kim et al. [268] 2006 – 1 1 1 100.0 0 0.0
Kubo et al. [269] 2006 – 6 6 6 100.0 0 0.0
Sekula et al. [228] 2006 – 1 1 1 100.0 0 0.0
Sim et al. [229] 2006 – 10 10 8 80.0 1 10.0
Yanagisawa et al. 
[230]

2004 – 1 1 1 100.0 0 0.0

Yanaka et al. [231] 2002 – 1 1 1 100.0 0 0.0
Pelz et al. [270] 2003 – 2 2 2 100.0 0 0.0
Kurokawa et al. 
[271]

2001 – 1 1 1 100.0 0 0.0

Ogawa et al. [226] 2000 – 40 40 18 45.0 10 25.0
Wrobel and 
Taubman [272]

2000 – 1 1 1 100.0 0 0.0

Abe et al. [223] 1998 – 4 4 1 25.0 2 50.0
Ikeda et al. [273] 1998 – 1 1 1 100.0 0 0.0
Ishikawa et al. [224] 1997 – 1 1 0 0.0 1 0.0
Shigeta et al. [274] 1992 – 20 20 14 70.0 5 25.0
Nakagawa et al. 
[227]

1986 – 8 8 4 50.0 3 37.5

Sundt and Murphey 
[275]

1969 – 1 1 1 100.0 0 0.0

Surgery total 247 247 162 65.6 31 12.6
Combined
Cho et al. [276] 2012 Stenting + clipping 1 1 1 100.0 0 0.0
Yu-Tse et al. [238] 2012 – 3 3 2 66.7 0 0.0
Lee et al. [242] 2010 Wrapping + bypass + ICA 

trapping
1 1 1 100.0 0 0.0

Baskaya et al. [277] 2008 Bypass ± coiling ± stenting 
± trapping

4 4 3 75.0 1 25.0

Korja et al. [246] 2008 Coiling + stenting + 
clipping

1 1 0 0.0 1 100.0

Meling et al. [247] 2008 – 2 2 0 0.0 1 50.0
Park et al. [249] 2007 – 2 2 1 50.0 0 0.0
Fiorella et al. [266] 2006 Wrapping + stenting 1 1 1 100.0 0 0.0
Islam et al. [278] 2004 Embolization + ICA 

occlusion + EC-IC bypass
1 1 1 100.0 0 0.0

Abe et al. [223] 1998 Clipping + ICA occlusion 2 2 2 100.0 0 0.0
Combined total 18 18 12 66.7 3 16.7
All techniques 334 334 228 68.3 40 12.0
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may not be the best approach for multiple aneu-
rysms, especially if the aneurysm suspected of 
rupture is not optimally treated by endovascular 
means. As previously described, some aneurysms 
are best treated surgically. In patients with such 
aneurysms, it may be more suitable to occlude 
the other aneurysms during the same surgery 
rather than to embolize them during another pro-
cedure. Since most aneurysms can be clipped 
using a single approach (usually a pterional cra-
niotomy with or without an adjunct skull base 
technique) and since clipping can be performed 
from the contralateral side [330–335], surgery 
can be used to treat multiple aneurysms during 
the same procedure. Furthermore, unilateral min-
imally invasive approaches have also been 
described for the treatment of multiple intracra-
nial aneurysms [336, 337]. Although in the set-
ting of subarachnoid hemorrhage and multiple 
aneurysms a particular aneurysm is often sus-
pected of being the ruptured one, endovascular 
treatment cannot confirm this the way clipping 
can. Considering that clipping offers confirma-
tion that the ruptured aneurysm has been treated, 

a better rate of aneurysm obliteration, and a lower 
rate of recurrence in the treatment of multiple 
intracranial aneurysms [338], surgery should 
strongly be considered when all the aneurysms 
are accessible using a single craniotomy.

13.14  Middle Cerebral Artery 
Aneurysms

The middle cerebral artery (MCA) is one of the 
most common sites of intracranial aneurysm for-
mation. These aneurysms often have a complex 
architecture including a wide neck which some-
times includes the ostium of an arterial branch. 
When ruptured, they often present with an intra-
cerebral hemorrhage that may necessitate drain-
age. The former characteristic makes the 
endovascular approach more difficult without the 
use of a stent or a flow diverter which can result 
in the sacrifice of an arterial branch and necessi-
tates the use of dual antiplatelet therapy. 
Furthermore, stent deployment and dual anti-
platelet therapy increase the risk of re-rupture 

a b

Fig. 13.3 Ruptured posterior communicating artery 
aneurysm causing uncal herniation secondary to temporal 
intracerebral hemorrhage and hydrocephalus secondary to 

intraventricular hemorrhage seen in (a) axial and (b) coro-
nal CT angiographic views
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and can result in hemorrhagic complications fol-
lowing ventricular drainage installation. In con-
trast, surgery does not necessitate the use for 
antiplatelet therapy and allows safe reconstruc-
tion of the MCA bifurcation while preserving 
arterial branches contained in the neck of the 
aneurysm. Additionally, most MCA aneurysms 
are quickly and easily exposed during surgery. 
Studies have compared the surgical and the endo-
vascular treatment of MCA aneurysms, although 
none were randomized controlled trials. Most 
have concluded that even if the endovascular 
treatment was safe, the obliteration rate was 
higher and the recurrence rate was lower with 
surgery [339–345]. The high rate of crossover 
from coiling to clipping for MCA aneurysms in 
the BRAT study shows the preference of some 
clinicians toward clipping [346]. Notably, new 
endovascular devices have not been shown to 
have better occlusion rates than surgery [347]. 
Thus, an open surgical approach should be pre-
ferred for the treatment of MCA aneurysms.

13.15  Anterior Communicating 
Artery Aneurysms

Anterior communicating artery (ACoA) aneu-
rysms are the most common ruptured intracranial 
aneurysms encountered (Fig. 13.4) [348]. While 
ISAT showed that patients with these aneurysms 
have better clinical outcomes when treated by 
endovascular means [1], this modality offers 
lower obliteration rate than surgery even when 
stent-assisted coiling or flow diversion tech-
niques are used [349–359]. This might explain 
the high rate of crossover from coiling to clipping 
in the BRAT study for aneurysms in this location 
[360]. Nonetheless, new technological advances 
have permitted a wider proportion of ACoA 
aneurysms to be treated by endovascular tech-
niques with similar outcomes as clipping [361]. 
Characteristics cited to favor surgical treatment 
of ACoA aneurysms are the presence of a wide 
neck, small aneurysm (too small or at the lower 
end of the size technically favorable for coiling), 
complex morphology, subarachnoid hemorrhage 
in the context of multiple aneurysms with uncer-

tainty on which is the bleeding source, younger 
age, and the presence of a large intraparenchymal 
hemorrhage [360]. However, some characteris-
tics carry a higher surgical risk such as a posteri-
orly oriented fundus [362]. In this case, an 
endovascular approach should probably be pre-
ferred. Some studies have also shown an advan-
tage of endovascular treatment on cognitive 
outcome [363–368]. These differences should 
prompt both better surgical techniques such as 
minimally invasive approaches and preservation 
of the gyrus rectus and encouraging new techni-
cal advances in the endovascular realm to obtain 
better aneurysmal occlusion rates. In summary, 
ACoA aneurysms treatment should be discussed 
thoroughly in interdisciplinary meetings or be 
offered treatment by dually trained neurosur-
geons in order to choose the best approach for a 
given patient.

13.16  Elderly Population

Given the constant increase in life expectancy, 
many patients present with intracranial aneu-
rysms at an older age. Since elderly patients, 

Fig. 13.4 Fusiform left anterior communicating artery 
aneurysm oriented inferiorly
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defined as being ≥65 years old or ≥70 years old 
depending on the study, have less years of life 
expectancy and more comorbidities than younger 
individuals, they may be more often advised to 
undergo a conservative management of their 
intracranial aneurysms when unruptured. 
However, in the setting of rupture, intervention is 
warranted even at this age [369]. Endovascular 
therapy may be riskier in this population since 
they tend to have tortuous and atherosclerotic 
vessels. However, surgery and endovascular 
treatment have both resulted in good clinical out-
comes and should be considered [369–373]. 
Surgery results in better aneurysm obliteration 
rate [371, 374]; however, in this population, 
aneurysm rupture and retreatment rates might be 
more appropriate data to analyze given their 
lower life expectancy and the goals of preventing 
hemorrhage and retreatment rather than to aim 
for a perfect angiographic result. Given that there 
is no clinical evidence of a better outcome with 
surgery for these patients, a complete assessment 
should be done in order to choose the safest and 
most effective approach to treat aneurysms in the 
elderly population.

13.17  Recurrence After 
Endovascular Treatment

Following the shift toward endovascular treat-
ment of intracranial aneurysms and because of 
the higher rate of recurrence associated with this 
approach [299], a new pathology has emerged: 
recurrent aneurysms following endovascular 
therapy (Fig. 13.5). Since approximately 20% of 
coiled aneurysms recur and 10% require another 
intervention [375], this entity is now very com-
mon. Young age, large aneurysm size, and incom-
plete occlusion have been demonstrated to be risk 
factors for retreatment after coiling [299]. When 
recoiling is attempted, up to 50% of aneurysms 
recurred [376] and their treatment often involved 
multiple coiling interventions which increases 
the risk of complications [377–379]. Considering 
that surgery has been demonstrated to result in 
better occlusion rates in aneurysms not previ-
ously treated compared to coiling, one could 
hypothesize that it may also be true for the treat-
ment of recurrent aneurysms. Since the early 
ages of aneurysm coiling, studies have been pub-
lished on surgical treatment of these lesions 

a b

Fig. 13.5 Recurrent endovascularly treated middle cerebral artery aneurysm shown in (a) AP angiographic view and 
(b) reconstructed CT angiography
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[380–382]. Notably, the number of studies pub-
lished on the subject has multiplied within the 
last two decades [379, 383–417]. As hypothe-
sized, these have demonstrated better occlusion 
rates with surgery than repeat endovascular treat-
ment and good clinical outcomes. A sufficient 
residual neck is important in order to be able to 
clip these aneurysms [413]. The removal of coils 
in order to be able to occlude the aneurysm is 
much more technically complicated and might be 
dangerous [379, 408]. In response to this insight, 
a tandem clipping technique using a fenestrated 
clip has been described to avoid having to remove 
coils [389]. However, clipping is not always pos-
sible and a wrapping technique or a bypass with 
trapping of the aneurysm or proximal occlusion 
becomes necessary [379, 383, 405]. The constant 
evolution of technology in the endovascular 
realm could be thought to have had a positive 
effect on the obliteration rate. However, most 
studies on flow diverters and on the Woven 
EndoBridge (WEB) device have failed to show 
good obliteration rates [115, 418–431]. Presently, 
surgery still remains the most effective treatment 
option for aneurysms which have recurred after 
previous endovascular therapy.

13.18  Future of Open Aneurysm 
Surgery

The shift toward endovascular treatment has not 
only been beneficial for patients in terms of clini-
cal outcomes after endovascular therapy, but it 
also forced open vascular neurosurgery to have 
better outcomes in order to continue to be part of 
our armamentarium. Meticulous microneurosur-
gical technique is probably the most important 
part of this evolution. In addition, minimally 
invasive techniques such as mini-pterional crani-
otomy, keyhole supraorbital craniotomy, 
endoscopy- assisted approaches, and even endo-
scopic endonasal approaches may help reducing 
the morbidity related to surgery. Indocyanine 
green video-angiography, intraoperative Doppler 
and intraoperative digital subtraction angiogra-

phy are other examples of progress made to 
achieve better results for patients treated 
surgically.

13.19  Conclusion

Since the results of ISAT were released, endovas-
cular therapy has increasingly become the pre-
ferred treatment modality for intracranial 
aneurysms rather than surgery [1]. However, as 
discussed above, endovascular therapy may not 
be the best approach for every aneurysm. Scant 
data comparing the two approaches are derived 
from randomized controlled trials. The results of 
ongoing trials might help us make more evidence- 
based decisions in specific cases [17, 18, 40, 
432–435]. In the meantime, a thorough evalua-
tion of each patient should be performed so as to 
offer the best possible treatment modality. 
Interdisciplinary meetings and/or the involve-
ment of a dual-trained vascular neurosurgeon 
comfortable with the full range of techniques of 
both modalities are certainly beneficial in this 
decision-making process.

Although the endovascular field has seen sev-
eral great technological advances, surgery 
remains a valid and critically important modality 
in the treatment of intracranial aneurysms. 
Therefore, these two techniques should be con-
sidered complementary rather than opposite 
approaches which should be thoughtfully 
deployed to achieve the safest and most effective 
result for individual patients.
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Abstract

Cerebral aneurysms are relatively common, 
and if found incidentally (unruptured aneu-
rysm), have a relatively benign clinical course 
with a low 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 

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.

Keywords
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14.1  Introduction

Several advances were made in all the aspects of 
cerebral aneurysms in the recent past. The patho-
physiology and natural history of cerebral aneu-
rysms were extensively studied with particular 
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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 

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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Proinflammatory VSMC

Proinflammatory EC’s

CYTOKINES
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ANEURYSM FORMATION
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MMP-1,2,9
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+
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Fig. 14.1 Pathophysiology of intracranial aneurysms 
formation. ADPKD autosomal dominant polycystic kid-
ney disease; FMD fibromuscular dysplasia; ADAMTS2 
A-disintegrin and metalloproteinase with thrombospondin 
motifs 2 genes; PDGFRB platelet-derived growth factor 
receptor β gene; THSD1 thrombospondin type 1 domain- 
containing protein 1; MMP2 matrix metalloproteinase 2 
gene; SNP’s single nucleotide polymorphisms; VCAM 
vascular cell adhesion molecule; ICAM intercellular adhe-

sion molecule; MCP-1 monocyte chemoattractant protein 
1; TNF α tumor necrosis factor α; IL-1β Interleukin 1β; 
IL-6 Interleukin 6; EC’s endothelial cells; VSMC’s vascu-
lar smooth muscle cells; MMP matrix metallo proteinase; 
ROS reactive oxygen species; TGF β transforming growth 
factor β; VEGF vascular endothelial growth factor; PGE2 
Prostaglandin E2; NO nitric oxide; PDE-4 phosphodies-
terase 4; TLR4 Toll-like receptor 4; IEL Internal elastic 
lamina; ECM extracellular matrix

V. V. Ramesh Chandra et al.



243

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].

ANEURYSM FORMATION

ANEURYSM RUPTURE

High impinging flow
Flow parallel to wall
Endothelial injury

Stagnant, circulatory flow
Flow perpendicular to wall
Thrombosis,inflammation

Thin vessel wall
phenotype

Hyperplastic
atheromatous

phenotype

IMAGING FEATURES MORPHOLOGICAL FEATURES

CLINICAL FACTORS

-Aneurysm wall enhancement
-Macrophage imaging
Computational Fluid Dynamics
-Low WSS areas
High OSI
High LSAR
Increasing inflow angle Increasing age, female sex, ethnicity+, smoking, hypertension,

earlier SAH, PHASES, UIATS, ELAPSS

Irregular dome, daughter sacs, dome diameter>10mm,
narrow neck, deviated neck, high AR (>1.6), high SR (>2.3), higher

bottleneck factor, high H/W ratio, right-sidedness, size 7mm or
more, location of aneurysm*, increasing size, associated AVM

Fig. 14.2 Pathophysiology of intracranial aneurysm 
enlargement and rupture. CFD computational fluid 
dynamics; WSS wall shear stress; OSI oscillatory shear 
index; LSAR low wall shear stress area ratio; AR aspect 
ratio; SR size ratio; H/W ratio height-width ratio; AVM 
arteriovenous malformation; PHASES population, hyper-

tension, age, size, earlier subarachnoid hemorrhage, site; 
UIATS unruptured intracranial aneurysm treatment score; 
ELAPSS earlier subarachnoid hemorrhage, location, age, 
population, size, shape. *basilar bifurcation, internal 
carotid-posterior communicating artery, anterior commu-
nicating artery †Finnish and Japanese
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14.3  Advances in 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. 
Ten years 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], f-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. 

c d

a b

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

ing, (c) 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-
rysms. (a) Endovascular coiling, (b) Temporary bridging 
device assisted coiling, (c) Balloon-assisted coiling, (d) 

Stent-assisted coiling, (e) Intraluminal flow diverter, f- 
Intrasaccular flow diverter

ca b

Fig. 14.5 A 42-year-old woman with a large aneurysm of 
the supraclinoid segment of the left internal carotid artery 
was coiled with Microplex coils (Microvention, USA). (a) 
oblique view of the left internal carotid artery injection 
showing the large aneurysm of the supraclinoid segment 

of the left internal carotid artery (arrows). (b) frontal view 
of the left internal carotid artery injection after aneurysm 
coil embolization. (c) lateral view of the left internal 
carotid artery injection after aneurysm coil embolization. 
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-

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 

ca b

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 
a 4 mm × 20 mm Hyperglide balloon catheter (Medtronic 
ev3, USA) (white arrow). (c) Lateral view of the right 
internal carotid artery injection showing the aneurysm 
was completely occluded (arrow)
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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 

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 

a b
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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 

(arrow) after the 4.5 mm × 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
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ca b

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 × 23 mm LVIS-junior stent (Microvention, USA) 
and coils (black arrow). (c) Frontal view of the right ver-
tebral artery injection showing the aneurysm was occluded 
completely (arrow)
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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). (c) 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 × 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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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].

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 

c
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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-

ing a 3.0 mm × 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
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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 

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 

c d
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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, 

Shanghai, China). (b) Lateral view of the unsubtracted 
image showing the 3.5 mm × 25 mm Tubridge flow diver-
sion. (c) 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
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to be a significant treatment modality for com-
plex aneurysms till time tested endovascular 
alternatives emerge.
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Abstract

Over the last decade, there has been refine-
ment in both microsurgical techniques as well 
as endovascular therapy (EVT) for the man-
agement of giant intracranial aneurysms 
(GIAs) and blood blister-like aneurysms 
(BBAs). Both of them come with their own set 
of problems in there management. GIAs are 
treacherous lesions with grave prognosis, and 
their management is problematic because of 
the wide atheromatous neck, involved 
branches, thrombus within, calcified wall, and 
complex anatomy resulting in a combined sur-
gical morbidity and mortality that remains in 
the range of 20–30%. Posterior circulation 
aneurysms have a higher rupture risk (RR) 
over anterior circulation. While small saccular 
aneurysms are optimally excluded from circu-
lation by EVT, there is a high failure rate after 
EVT of GIAs. Failures of EVT are often 
related to aneurysm morphology, a broad 
aneurysm neck (high neck: dome ratio), large 
and giant-size outflow arteries arising from 
the aneurysm base or walls, and fusiform/doli-
choectatic morphology. An aneurysm with a 
broad neck can result in the herniation of coils 

into the parent artery lumen. Balloon- and 
stent-assisted coiling techniques are useful but 
are associated with the additional risk of par-
ent artery ischemia, perforation, distal throm-
boembolism, and occlusion of adjacent 
perforators and branch arteries by the lattice 
of the stent. The rate of recurrence is also 
higher in broad neck aneurysms because the 
hemodynamics at the inflow zone is more 
complex. The other reasons for failure are 
incomplete initial obliteration, thrombus 
within the lumen, poor radiographic visualiza-
tion of the aneurysm anatomy and its adjacent 
branches, and tortuosity of the feeding vessel, 
making catheterization difficult. Flow divert-
ers are exciting, but it is still early days for 
prime time. Improvements in instrumentation 
and hardware, application of skull base surgi-
cal techniques, revascularization procedures, 
advances in anesthetic techniques like cere-
bral protection, adenosine-induced cardiac 
standstill, rapid ventricular pacing and hypo-
thermic circulatory arrest, and intraoperative 
indocyanine green (ICG) angiography have 
made microsurgery a relatively safe and also a 
cost-effective option over EVT. Treatment of 
complex aneurysms like GIAs and BBAs is 
challenging. The modalities of treatment, 
microsurgery, EVT, or combined should be 
individualized taking into consideration the 
patient and pathological factors and available 
expertise. Although EVT is an attractive 
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option, the high incidence of incomplete treat-
ment, delayed complications, recurrence, and 
inadequate long-term follow-up data makes 
microsurgery relevant.

Keywords

Giant intracranial aneurysm · Blood blister 
aneurysm · Endovascular therapy  
Microsurgery

15.1  Introduction

Giant intracranial aneurysms (GIAs) have, by 
definition, a minimum diameter of 25  mm [1]. 
They represent <5% of all intracranial aneu-
rysms, making them rare among all aneurysms 
[2]. GIAs are treacherous lesions with grave 
prognosis, and their management is problematic 
because of the wide atheromatous neck, involved 
branches, thrombus within, calcified wall, and 
complex anatomy resulting in a combined surgi-
cal morbidity and mortality that remains in the 
range of 20–30% [3]. Yet, the GIAs need treat-
ment, as these often have a downhill course with-
out treatment, with a mortality rate at 2 and 
5 years after diagnosis being 68 and 85%, respec-
tively [4]. Rupture risk (RR) of untreated, unrup-
tured GIAs is 8–10% per year, with a mortality of 
65–100% at 1–5 years follow-up [5, 6]. Posterior 
circulation aneurysms have a higher RR over 
anterior circulation [7]. Over the last few decades, 
there has been refinement in both microsurgical 
techniques and endovascular treatment (EVT). 
Continuous improvements in EVT offer promise 
in the management of GIAs. While small  saccular 
aneurysms are optimally excluded from circula-
tion by EVT, there is a high failure rate after EVT 
of GIAs. Failures of EVT are often related to 
aneurysm morphology, a broad aneurysm neck 
(high neck: dome ratio), large and giant-size out-
flow arteries arising from the aneurysm base or 
walls, and fusiform/dolichoectatic morphology 
[8]. An aneurysm with a broad neck can result in 
the herniation of coils into the parent artery 
lumen. Balloon- and stent-assisted coiling tech-
niques are useful but are associated with the addi-

tional risk of parent artery ischemia, perforation, 
distal thromboembolism, and occlusion of adja-
cent perforators and branch arteries by the lattice 
of the stent [8]. The rate of recurrence is also 
higher in broad neck aneurysms because the 
hemodynamics at the inflow zone is more com-
plex. The other reasons for failure are incomplete 
initial obliteration, thrombus within the lumen, 
poor radiographic visualization of the aneurysm 
anatomy and its adjacent branches, and tortuosity 
of the feeding vessel, making catheterization dif-
ficult [8]. Flow diverters are exciting, but it is still 
early days for prime time. Improvements in 
instrumentation and hardware, application of 
skull base surgical techniques, revascularization 
procedures, advances in anesthetic techniques 
like cerebral protection, adenosine-induced car-
diac standstill, rapid ventricular pacing and hypo-
thermic circulatory arrest, and intraoperative 
indocyanine green (ICG) angiography have made 
microsurgery a relatively safer and also a cost- 
effective option over EVT [9].

The natural history of giant intracranial aneu-
rysms (GIAs) is characterized by progressive 
growth, thrombosis, and rupture [2], and the natu-
ral history of untreated giant cerebral aneurysms is 
significantly poor. In the International Study for 
Unruptured Intracranial Aneurysms (ISUIA), 
Wiebers et al. reported that the 5-year incidence of 
rupture was 40% for anterior and 50% for poste-
rior circulation giant aneurysms or 8 to 10% per 
year [6]. Peerless et al. showed that the mortality 
rate of patients not presenting with hemorrhage 
was higher than 60% within 2 years, with the prog-
nosis being worse for patients presenting with sub-
arachnoid hemorrhage (SAH) [10]. This poor 
natural history is attributed to their mass effect on 
the surrounding brain tissue, higher risk for rup-
ture, location, morphology (saccular versus fusi-
form), and the presence or absence of laminated 
thrombus and/or atherosclerotic plaque within the 
fundus and neck of the aneurysm [11, 12].

Management of Aneurysms not amenable to 
EVT can be broadly classified into:

 1. Hemorrhagic presentation
 2. Ischemic presentation
 3. Mass effect as presentation
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15.2  Operative Techniques

15.2.1  Choice of Operative Approach 
(Fig. 15.1)

The use of cranial base approaches to enhance 
exposure and to minimize damage to, and retrac-
tion of neural tissue is the golden rule of surgery. 
In fact, the authors currently utilize dedicated 
skull base approaches more often in aneurysm 
surgery than in surgery of skull base tumors. 
While tumors provide space to be tackled through 
conventional craniotomy, every millimeter of 
extra space gained through bone drilling helps 
significantly in aneurysm surgery. Aggressive 
drilling of bony structures at the skull base may 
consume time but ultimately provides a wide and 
safe corridor. Moreover, drilling is essential to 
expose the neck and provide proximal vessel 
control (anterior clinoidectomy for ICA, poste-
rior clinoidectomy, and clivus drilling for BA). 
For lesions involving the anterior circulation, 

authors routinely use the frontotemporal (FT) 
craniotomy.

15.3  Anterior Circulation 
Aneurysms

15.3.1  Orbitozygomatic-Pterional 
Approach

The pterional transsylvian approach is the work-
horse. It provides access to the entire circle of 
Willis and branches. Drilling the pterion can fur-
ther increase basal exposure and bony ridges over 
the floor of the frontal fossa and OZ osteotomy 
[13, 14]. Intradural anterior clinoidectomy and 
carotid exposure in the neck are routinely per-
formed in ophthalmic segment aneurysms. The 
OZ approach provides a lower trajectory along 
the skull base, which reduces the need for cerebral 
retraction. It also enhances access to upper clival 
lesions. The risks associated with this approach 

a

b

Fig. 15.1 Pictorial depiction of Individual & Combined Approaches to the Anterior and Posterior circulation 
aneurysms
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are periorbital bruising, injury to the frontalis 
nerve, orbital entrapment, diplopia, and blind-
ness. However, these are extremely rare [15, 16].

15.3.2  Interhemispheric Approach

This approach is traditionally used for DACA 
aneurysms.

15.4  Posterior Circulation 
Aneurysms

The OZ approach is optimal for lesions of the 
upper third, and the vertebrobasilar area is best 
accessed with the far-lateral approach. Lesions 
involving only the midbasilar zone may require 
transpetrosal or extended retrosigmoid approaches.

15.4.1  Orbitozygomatic Approach

Additional modification of drilling the anterior 
and posterior clinoid processes and the clivus 
itself allows visualization down towards the mid-
basilar zone [17]. The authors employ extradural 
anterior clinoidectomy and intradural posterior 
clinoidectomy for GIAs of the basilar top. It pro-
vides excellent exposure of the upper interpedun-
cular space without excessive frontal lobe traction 
for high-riding basilar top aneurysms. It also 
gives an overview of the adjacent vessels and 
perforators.

15.4.2  Transpetrosal Approaches

The transpetrosal approaches are divided into ret-
rolabyrinthine, translabyrinthine, and transco-
chlear, depending on the degree of removal of the 
petrous ridge [18, 19]. This approach is reserved 
for complex lesions of the midbasilar zone.

15.4.3  Far-Lateral Approach

It provides an excellent exposure from the mid-
basilar zone down to the intradural vertebral 
artery, which includes giant aneurysms of the 
vertebrobasilar, vertebral, and proximal posterior 
inferior cerebellar arteries [20, 21].

15.4.4  Combined Approaches

If the situation demands, various conventional 
approaches can be combined to get wider access 
and control [22]. A combination of supratentorial 
and infratentorial approaches, for example, a 
subtemporal craniotomy with a transpetrosal 
approach, can be extended further inferiorly by 
the addition of a far-lateral approach to it [23].

For the management of complex aneurysms, 
including giants, the operating surgeon should 
have the following in his armamentarium.

15.5  Vascular Control

Proximal and distal vascular control is essential 
as it gives control during an event of intraopera-
tive rupture of aneurysm. It softens the aneurysm, 
helps dissection and manipulation from the sur-
rounding neural structures, and facilitates clip-
ping. Proximal control can be easily obtained for 
GIAs of anterior circulation except if the lesion is 
more proximal at the level of clinoid and ophthal-
mic segment. Options available include exposure 
and control of the cervical carotid artery via a 
separate neck incision which is the most com-
mon, least risky and preferred by the authors. 
Other options include exposure of the petrous 
ICA through Glasscock’s triangle, exposure of 
the clinoidal segment of the ICA after removal of 
the anterior clinoid process, and endovascular 
balloon occlusion of the cavernous segment of 
the ICA [24].
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Vascular control of giant aneurysms of the 
posterior circulation is more difficult owing to 
the complex anatomy and its proximity to the 
skull base. There is a high risk of injury to the 
brainstem perforators if a temporary clip is placed 
along the middle portion of the basilar artery. 
Far-lateral exposure can give proximal control 
over the vertebral arteries, but distal control can 
be problematic. OZ exposure can give proximal 
control by access to the basilar trunk, but the con-
tralateral superior cerebellar artery and posterior 
cerebral artery control are difficult.

Endovascular temporary balloon occlusion 
can be instrumental particularly in the proximal 
basilar and vertebral artery regions [25].

The ultimate vascular control is obtained with 
hypothermic circulatory arrest [26]. Hypothermic 
circulatory arrest was first applied in neurosur-
gery in 1938 [27, 28]. In the early 1960s, it was 
used to treat intracranial aneurysms in several 
studies; however, it soon lost favor because of its 
high complication rate due to intraoperative and 
postoperative coagulopathies. The patients who 
were earlier candidates for cardiac standstill are 
now being treated via alternative microsurgical 
techniques, endovascular therapy, or combined 
endovascular and microsurgical strategies [26].

Adenosine-induced cardiac asystole has been 
useful in the treatment of intracranial aneurysms. 
It gives brief periods (5–10 s) of cardiac arrest, 
thus facilitating clipping. It has largely obviated 
the need to use cardiac standstill in the treatment 
of GIAs [28–30].

15.6  Techniques for Clipping

For clipping to happen successfully, the ideal 
neck should be well defined and favorable to clip 
as what is commonly seen in a saccular aneu-
rysm. However, the same does not happen if it is 
a GIA, especially fusiform or dolichoectatic 
GIAs. These have ill-defined neck and efferent 
vessels, and perforators may arise from the base 
or from the body.

The principle of clipping involves reconstruc-
tion of the lumen while preserving the branches/
perforators and obliteration of the aneurysm. For 
this, the know-how of technicalities of the aneu-
rysm clip is essential, e.g., the lowest closing 
force along the clip is located at its tip [31]. 
Hence instead of one long clip, multiple small 
clips placed in tandem can be better; they can 
also be stacked one above the other to prevent 
migration/slippage [17, 18]. Most frequently, 
GIAs are associated with atherosclerotic necks, 
which may prevent the blades of the clip to 
approximate; discretion is warranted while doing 
these procedures so as to avoid distal migration 
and emboli of the plaques in the vessel [32]. 
Hence preoperative angiographic evaluation can 
help to decide if a protective bypass is essential 
while clipping of these aneurysms.

Clipping should ensure that small perforators, 
especially those arising from the basilar top, ICA 
bifurcation, proximal MCA aneurysms, are pre-
served or else significant deficits can happen. 
Intraoperative ICG/angiography, microvascular 
Doppler can be used to ensure patency.

15.6.1  Aneurysm with Hemorrhagic 
Presentation

Illustration 1 (Fig. 15.2) Some GIAs are adher-
ent to the dura of the skull base and do not col-
lapse even with multiple clips unless the wall of 
the aneurysm is excised and released from the 
skull base. This is especially true for inferior wall 
ICA aneurysm and some vertebral aneurysms. 
Some MCA bifurcation aneurysms are multilob-
ulated and wide neck and incorporate the 
branches. These need innovative clipping meth-
ods after excision of the aneurysmal sac to have a 
satisfactory outcome. This was the case in a 
35-year-old woman who presented to us in a 
coma and left hemiplegia from WFNS Grade IV 
SAH. CTA revealed a partially thrombosed giant 
right MCA aneurysm with significant mass 
effect, the source of hemorrhage, as well as a 
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large left MCA bifurcation aneurysm. The patient 
was operated through a right FTOZ craniotomy. 
Hematoma evacuation, partial excision of the 
aneurysm wall, and occlusion of the aneurysm 
with preservation of the parent artery and 
branches were performed utilizing multiple clips. 
The patient had a prolonged hospitalization and 
gradually improved to become independent but 
was left with residual hemiparesis on the left 

side. Later at a second stage, the large left MCA 
bifurcation aneurysm was also successfully 
clipped without any complication.

Illustration 2 (Fig.  15.3) A 25-year-old man 
was admitted to another center in a comatose 
state with an acute subdural hematoma (SDH) 
from a giant ICA aneurysm; he had a decompres-
sive craniectomy and gradually improved almost 

c

d e f

a b

Fig. 15.2 (a–c) CTA showing a partially thrombosed 
giant right MCA bifurcation aneurysm with the branches 
incorporated in the aneurysm and a large left MCA bifur-
cation aneurysm. (d) Postoperative DSA after the right 
side aneurysm surgery shows complete exclusion of the 

aneurysm and preserved parent right MCA and its 
branches. (e, f) 1-year follow-up postoperative DSA after 
the second stage surgery demonstrating occlusion of both 
MCA aneurysm with preserved normal vessels

ca b

Fig. 15.3 (a) Shows “The Camel” a giant right petrous to 
supraclinoid segment ICA and a large basilar apex aneu-
rysm on CT angiogram. (b) Shows postop CTA with 

clipped aneurysm and EC-IC bypass. (c) Shows postop 
CTA with both the aneurysms clipped
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completely. On evaluation, he was found to have 
a 77 mm partially thrombosed aneurysm involv-
ing the whole ICA from the petrous to the supra-
clinoid segment, the cause of his SDH. He also 
had a large, wide-necked basilar apex aneurysm. 
He was referred to us for definitive treatment. 
After further preoperative workup that included 
3D CTA and 3D DSA, it was decided to perform 
in the first stage, ECA-M2 RAG bypass and trap-
ping of ICA.  While preparing to do the distal 
ECA-M2 anastomosis, it was observed that the 
length of the graft was not enough because of the 
large MCF mass caused by the aneurysm. Hence, 
initially, the ICA was trapped; the aneurysm was 
opened in the MCF and decompressed. Then 
interposing a RAG, an ECA-M2 anastomosis 
was successfully performed. The patient was 
subsequently referred to the neurointerventionist 
for taking care of the basilar top aneurysm. The 
configuration at the basilar top, the wide neck, 
the right posterior cerebral (PCA), inseparable 

from the aneurysm made the endovascular propo-
sition unsafe, and the patient was referred back 
for a microsurgical option. Uneventful microsur-
gical clipping of the basilar apex aneurysm was 
thus performed at a second sitting 3 months after 
the first operation. The second operation was per-
formed after inserting a lumbar drain and com-
bining an OZ craniotomy to the previous FT 
craniotomy done at the first sitting. An extradural 
clinoidectomy and intradural posterior clinoidec-
tomy completed the bone work. The aneurysm 
was completely obliterated with preservation of 
all perforators and the right PCA by using a com-
bination of fenestrated and large Yasargil tita-
nium clips and employing tandem clipping 
technique as advocated by Drake.

Illustration 3 (Fig.  15.4) A 34-year-old male 
presenting with CT angiogram showing a large 
distal right ICA aneurysm and WFNS Grade II 
SAH underwent a right frontotemporal approach 

c

d e f
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Fig. 15.4 (a) Shows CT brain plain shows WFNS grade II SAH. (b, c) Shows DSA with a large distal ICA aneurysm. 
(d, e) Showing postop angiogram and DSA with the clipped aneurysm. (f) Complete obliteration of the aneurysm

15 Microsurgery of Cerebral Aneurysms Not Amenable to Endovascular Therapy



262

and clipping of the aneurysm. Vertical stacking of 
multiple clips was done in order to achieve oblit-
eration of the aneurysm.

Illustration 4 (Fig. 15.5) A CT angiogram of a 
young male presenting with massive WFNS 
Grade 4 SAH showed a doubtful area of out-
pouching in the right supracliniod ICA, which 
was later confirmed to be a blood blister aneu-
rysm on DSA. He underwent a right frontotem-

poral approach and clipping of the same using a 
Sundt Encircling clip.

Illustration 5 (Fig. 15.6) A 57-year-old gentle-
man presented with profuse right epistaxis, with 
a bling right eye and left hemiparesis. There was 
past history of road traffic accidents about a 
month back. CTA showed presence of a Right 
petrous ICA pseudoaneurysm. He underwent a 
right high flow (ECA-M2) bypass with radial 

c d

a b

Fig. 15.5 (a) Shows CT brain plain shows WFNS grade IV SAH. (b) Shows CTA negative for aneurysm. (c, d) 
Showing angiogram with a blood blister aneurysm
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artery graft (RAG) followed by clipping of the 
aneurysm intradurally.

Illustration 6 (Fig.  15.7) Moyamoya disease 
presenting with hemorrhage, especially in young 
adults, can be treated with superficial temporal to 
middle cerebral artery bypass and clipping of any 
associated aneurysm at the same time.

15.6.2  Aneurysm with Ischemic 
Presentation (Fig. 15.8)

As seen in the figure, a left distal MCA throm-
bosed aneurysm presenting with ischemic 

changes as seen on diffusion-weighted sequences 
of the MRI necessitates the need for thrombec-
tomy and clipping of the aneurysm for achieving 
the optimum outcome of the patient.

15.6.3  Aneurysm with Mass Effect 
as There Presentation

Illustration 1 (Fig. 15.9): Flow Diversion and 
Bypass An elderly gentleman presented with a 
history of decreased vision in the right eye, MR 
angiogram showed the presence of pan- 
dolichocephalic vessels with fusiform dilatations 
of bilateral ICA, basilar and other vessels. He 

c

a

b

Fig. 15.6 (a, b) Shows CTA showing the right petrous ICA pseudoaneurysm. (c) Shows postop CTA showing a right 
high flow (ECA-M2) bypass with radial artery graft (RAG), and the clipped aneurysm
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ca b

Fig. 15.7 (a) Shows CT Brain plain with intraventricular hemorrhage. (b) DSA with a puff of smoke appearance. (c) 
postop DSA with STMC anastomosis

c d

a b

Fig. 15.8 (a) Shows MR Diffusion showing infarct. (b) 
shows CT brain showing the thrombosed aneurysm. (c) 
Shows CTA with a left distal MCA thrombosed aneurysm. 

(d) Shows the intraoperative picture of a thrombosed dis-
tal MCA aneurysm

A. G. Warade and B. K. Misra



265

underwent a high flow (ECA-M2) bypass with 
RAG followed by ligation of ICA in the neck.

Illustration 2 (Fig. 15.10): Flow Diversion and 
Bypass An elderly lady presented with painful 
right ophthalmoplegia. CTA showed a giant cav-
ernous ICA aneurysm for which she underwent 
EC-IC bypass with Radial artery graft (RAG) and 
ligation of ICA in the neck.

Illustration 3 (Fig. 15.11): Combined Approach 
(Microsurgery and EVT) A young male pre-
sented with a Giant Supraclinoid aneurysm for 
which he underwent a Pterional approach, extra-
dural anterior clinoidectomy and clipping of 
aneurysm. Postop angiogram showed residual 
filling of aneurysm, which was referred for EVT.

Illustration 4: Protective Bypass 
(Fig. 15.12) An elderly lady presenting with the 
progressive visual loss on evaluation was found 
to have a 4.1  ×  3.8  cm Giant ICA Carotid- 
Ophthalmic segment aneurysm. Clipping of the 
aneurysm was carried out under protective STMC 
bypass to avoid ischemia during the prolonged 
period of temporary clipping of ICA

Illustration 5: Clipping After Failed Coiling 
(Fig.  15.13) Residual and recurrent aneurysms 
are more common after EVT than after 
 microsurgical treatment. Moreover, even after 
total obliteration of the aneurysm, the patient 
worsens from the combined mass effect of the 
thrombosed aneurysm and the coils, as happened 
in the following case. A 2-year-young male child 

c d e

a b

Fig. 15.9 (a, b) shows MRA with a giant right cavernous ICA aneurysm. (c, d) Shows the angiogram with pan- 
dolichocephalic vessels. (e) Shows complete obliteration following ECIC bypass with RAG & ligation of ICA in neck
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presented to the author in a drowsy state with a 
history of rapidly progressive quadriparesis, 
ataxia, and raised intracranial pressure. The eval-
uation revealed a 4.5  cm, heavily thrombosed, 
and calcified basilar top aneurysm with gross 
hydrocephalus. The child improved significantly 
following a right ventriculoperitoneal shunt. Our 
endovascular colleague suggested the coiling of 
the aneurysm. In view of the complex anatomy 
and morphology, the patient was treated by endo-
vascular route with coils. The child remained 
stable for only 48 h before rapidly deteriorating 
in his sensorium to become comatose with exten-

sor posturing and needed ventilator support. A 
repeat CT scan showed decompressed ventricles. 
The combined mass of the coils and the throm-
bosed giant aneurysm on the brain stem was 
thought to be the cause of the deterioration. The 
child was taken up for microsurgery in an attempt 
to decompress the aneurysm and relieve the mass 
effect. An FTOZ craniotomy, an extradural ante-
rior clinoidectomy, and an intradural posterior 
clinoidectomy were performed. Through a trans-
sylvian approach, the aneurysm was approached. 
The aneurysm was opened, partially decom-
pressed, and with a short period of temporary 

a b

Fig. 15.10 (a) Shows CTA with a giant right cavernous ICA aneurysm. (b) Shows complete obliteration following 
ECIC bypass with RAG & ligation of ICA in neck

c
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Fig. 15.11 (a–c) Show 3D reconstructed images of a giant right supraclinoid aneurysm. D, postop CT bone window 
with the clip. (e, f) Shows a small residue of the aneurysm post clipping
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clipping of the basilar trunk, the aneurysm neck 
was cleared off of thrombus and coils and clipped. 
All the branches and perforators were preserved. 
The patient had a prolonged ICU stay and hospi-
talization but slowly recovered remarkably. At 
the current follow-up, the child is going to school 
and has no disability or deficit other than minimal 
restriction of ocular motility

Illustration 6: Direct Clipping 
(Fig.  15.14) Obliteration of the aneurysm by 
direct microsurgical clipping, the preferred 
method of microsurgery in cerebral aneurysms, is 
often not possible in GIAs. However, it is essen-
tial to explore the possibility as some GIAs may 

be best treated by direct clipping, as was possible 
in the following patient. A 35-year-old man pre-
sented to us with history of recent worsening in 
instability of gait of 5 months’ duration, inability 
to do fine movements of both hands of 3 months 
duration, and unprovoked, inappropriate, and 
uncontrolled spells of laughter of 3 months dura-
tion. On examination, he had left-sided deafness, 
bilateral cerebellar and pyramidal signs, and was 
unable to walk without support. MRI, DSA, and 
CTA revealed a partially thrombosed giant (3 cm) 
basilar top aneurysm with a significant mass 
effect on the brain stem and associated hydro-
cephalus. Patient was operated through a right 
fronto-temporo-orbito-zygomatic (FTOZ) crani-

c d
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Fig. 15.12 (a) shows MRI brain with a giant left carotid-ophthalmic segment aneurysm. (b) Shows 3D reconstructed 
image of DSA. (c, d) Shows postoperative CTA and DSA respectively with obliteration of the aneurysm
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otomy with extradural anterior clinoidectomy 
and intradural drilling of dorsum sellae. A ven-
tricular drain was inserted, and the aneurysm was 
exposed through a transsylvian route. After defin-
ing both the PCAs and dissecting away the perfo-

rators, two curved, large titanium clips secured 
the aneurysm neck. Preoperative ICG dye angi-
ography showed satisfactory, complete occlusion 
of the aneurysm with a good filling of the basilar 
and all its branches. Patient made a slow recovery 

c d
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Fig. 15.13 (a–d) Plain CT, CTA, MRI, and DSA show-
ing a 4.5 cm giant, calcified, partially thrombosed basilar 
top aneurysm. (e) Post-EVT DSA demonstrating success-
ful complete occlusion of the aneurysm by coils. (f, g) 

5-year follow-up post-microsurgery MRI confirming 
occluded aneurysm, decompressed brainstem without any 
ischemia infarct

c d e

a b

Fig. 15.14 (a–c) MRI brain and MRA demonstrating giant heavily thrombosed basilar top aneurysm. (d, e) 
Postoperative CTA and DSA showing complete occlusion of the aneurysm and preservation of all vessels
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and needed ventilator support and external ven-
tricular drain in the postoperative period. At 
3 weeks, the patient was fully conscious, ambula-
tory with support, and had a right third nerve 
paresis with mild left hemiparesis. At 3-month 
follow-up, the patient was independent with 
complete recovery of third nerve and hemipare-
sis. Postoperative DSA, CT, and CT angiography 
demonstrated complete occlusion of aneurysm 
and no evidence of infarct

Illustration 7 (Fig.  15.15): Microsurgical 
Clipping Under Deep Hypothermic 
Circulatory Arrest Deep hypothermic circula-
tory arrest technique has evolved but still results 
in significant mortality and morbidity in a third of 
the patients. Hence, its use is nowadays limited 
for giant and complex posterior circulation aneu-
rysms, particularly the basilar apex that has failed 
or is inappropriate for EVT.  It is very rarely 
employed in author’s practice. The following 
case is an example of such an approach by us. A 
12-year-old boy was referred to us in an altered 

sensorium after SAH.  On admission, his GCS 
was E1M4V1. After initial resuscitation, endotra-
cheal intubation and artificial ventilation, CT 
scan brain, CTA of cerebral vessels, and 3D cere-
bral DSA were performed. The investigations 
demonstrated bilateral frontal hypodensity, 
hydrocephalus, and Fisher grade 4 SAH from a 
giant multilobulated wide-necked basilar top 
aneurysm. The four-terminal branches of the bas-
ilar artery seemed to be arising from the aneu-
rysm. CTA did not reveal the real complex nature 
of the aneurysm that could be correctly inferred 
from the 3D DSA.  Hence, it was planned to 
attempt obliteration of the aneurysm under hypo-
thermic circulatory arrest. After insertion of an 
external ventricular drain, an FTOZ craniotomy, 
extradural anterior clinoidectomy, and intradural 
posterior clinoidectomy were performed. After 
the majority of the dissection at the neck of the 
aneurysm, circulatory arrest was employed. The 
aneurysm was successfully obliterated with a 
combination of fenestrated and angled clips. The 
right PCA could not be saved. The patient had a 

c d e
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Fig. 15.15 (a–c) CTA showing a giant high basilar top 
aneurysm. The exact morphology of the multilobulated 
nature of the aneurysm and the branches incorporated in 

the aneurysm was only understood by DSA and 3D DSA 
and (d, e), not by CTA
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prolonged stay in the ICU but finally successfully 
weaned off the ventilator. He was subsequently 
discharged to a chronic care hospital with percu-
taneous endoscopic gastrostomy feeding.

15.7  Literature Review

In microsurgical management of GIAs, Darsaut 
et  al. reported a 69% rate of good clinical out-
come. Their study also showed that patients 
younger than 50  years old had a better clinical 
outcome as compared with older patients (82% 
versus 65%), but the difference was not signifi-
cant [33]. Ota et al., in their microsurgery series, 
reported a good outcome in 81.8% of patients, 
and complete occlusion rate in 86.8%. Poor out-
comes were secondary to perforating artery 
infarctions and BA aneurysms, with the rate of 
perforating artery infarctions in BA aneurysms 
being 78.6% [34]. According to the ISUIA study, 
the 5-year rupture risk in patients harboring a 
very large or giant anterior circulation aneurysm 
is 15% and 40%, respectively [6]. Based on the 
ISUIA data, the risk of rupture of these aneu-
rysms projected over a lifetime has been calcu-
lated to exceed 87% in a 30 yearold patient and 
71% in a 50 year old patient [35]. Compared with 
this grim natural history, the microsurgical inter-
vention is justified. Good outcomes (mRS ≤ 3) 
were specifically seen in patients with ≤50 years 
of age. In a similar series by Hauck et  al. 92% 
patients ≤50  years of age had a good outcome 
(GOS Score 4 or 5), resulting in 88% complete 
and 4% near complete aneurysm occlusions with 
an overall surgical morbidity and mortality rate at 
8% [36]. In patients older than 70 years, the risk 
of surgery exceeded the lifetime risk of rupture 
[35]. A typical presentation of SAH showed a 
favorable outcome only in 50% of cases. A pre-
operative mRS score ≤  1 was shown to have a 
good outcome in 86% of cases. Sughrue et al., in 
their series, proposed that indirect aneurysm 
occlusion (proximal occlusion, distal occlusion 
or trapping) with or without a bypass has become 
a more acceptable alternative than hypothermic 
cardiac arrest [3]. However, it is also associated 
with its unique complications like bypass graft 

occlusion and aneurysm thrombosis leading to 
thrombotic occlusion of perforators or branch 
arteries in 4 patients (7%) with flawless bypasses 
in their series. However, unlike non-giant aneu-
rysms that can be trapped safely, giant aneurysm 
occlusion is often deliberately kept incomplete 
due to the presence of perforators or branches 
that would otherwise be trapped. Therefore, 
thrombosis initiated by bypass and aneurysm 
occlusion can potentially occlude these same 
arteries, too [3].

As with most types of technology-heavy 
fields, the specialty of endovascular neurosurgery 
has seen a tremendous refinement with the advent 
of detachable balloons and Guglielmi detachable 
coils (GDCs) and to the present use of flow 
diverters and pipeline embolization devices 
(PED) [37]. A brief literature review of the exist-
ing EVT articles is necessary to effectively com-
pare EVT in aneurysms not amenable to EVT to 
the same being microsurgically clipped. Needless 
to say, a judicious approach is taken based on the 
merits of the case, as we have documented earlier 
in our illustrations. However, GIAs owing to their 
complexities and multiple anatomical, patho-
physiological factors pose a challenge in the 
management of these lesions by EVT in terms of 
short-term and long-term results as well as its 
associated periprocedural morbidities and 
complications.

EVT management in wide-necked aneurysms, 
which are typically defined as lesions with necks 
of 4 mm or more wide or with dome/neck ratios 
of less than 2, involves stent-assisted coiling 
(SAC), Balloon-assisted coiling and flow- 
diverting stents (FDs) [38]. There are technical 
problems involved in achieving a complete angi-
ographic occlusion after SAC, as a tight coil mass 
cannot be achieved due to difficulty in maneuver-
ing the coiling microcatheter. In addition, the use 
of dual antiplatelet therapy often inhibits imme-
diate aneurysmal thrombosis [39]. Overall com-
plication rates of SAC are increased over those of 
primary coil embolization because of thrombo-
embolic risks from stent placement and hemor-
rhagic risk from antiplatelet therapy. Shapiro 
et al., in their review, mentioned the overall inci-
dence of complications to be 19% and mortality 
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rate to be 2.1% [40]. The main drawback of SAC 
is its heavy dependence on dual antiplatelet ther-
apy, increased risk of hemorrhagic complica-
tions, and thromboembolic complications 
resulting from medication noncompliance or 
antiplatelet resistance [41–43]. Mocco and col-
leagues reported a procedural mortality rate of 
12% with the use of SAC in ruptured aneurysms 
[44]. Complication rates of SAC are increased 
over those of primary coil embolization because 
of thromboembolic risk from stent placement and 
hemorrhagic risk from antiplatelet therapy [38]. 
In one review, the overall incidence of complica-
tions was reported to be 19% and the mortality 
rate to be 2.1% [40]. Thromboembolic complica-
tions were the primary contributor, responsible 
for approximately 10% of the overall complica-
tion rate and leading to death in 0.6% of cases. 
Hemorrhagic complications were responsible for 
2.2% of overall complications and led to death in 
0.9% of cases [38]. Fernandez et  al. reported a 
series with 51 wide-necked aneurysms 
(necks  >  4  mm) treated with coil embolization 
and achieved complete thrombosis in only 15% 
of cases [45]. Broad neck aneurysms, vessels 
arising from aneurysm base or walls, abnormal 
morphology etc., can result in herniation of coils 
into the parent artery lumen. BAC and SAC are 
associated with the additional risk of parent 
artery ischemia, perforation, distal thromboem-
bolism, and occlusion of adjacent perforators and 
branch arteries by the lattice of the stent [8]. The 
rate of recurrence is also higher in broad neck 
aneurysms because the hemodynamics at the 
inflow zone is more complex. The other reasons 
for failure are incomplete initial obliteration, 
thrombus within the lumen, poor radiographic 
visualization of the aneurysm anatomy and its 
adjacent branches, and tortuosity of the feeding 
vessel, making catheterization difficult [8]. Flow 
diverters are exciting, but it is still early days for 
prime time.

The aneurysms most amenable to endovascu-
lar treatment are also those that are best treated 
by surgical techniques, namely, those with well 
defined, small, narrow necks [45, 46]. Most 
commonly, giant aneurysms have not been favor-
able lesions for endovascular therapy because 

they frequently widen the neck, distort the anat-
omy of parent and branch arteries at the base, 
and induce luminal thrombosis. Occlusion is 
incomplete in a considerable percentage of endo-
vascular treatments leading to recurrent aneu-
rysm, multiple retreatments, occasional 
re-hemorrhages, and neurological deterioration 
from progressive aneurysm enlargement. 
Further, follow-up studies have demonstrated 
refilling and recurrence of aneurysms thought to 
have been completely occluded [45–53]. Ten-
year analysis of saccular aneurysms in the 
Barrow Ruptured Aneurysm Trial (BRAT) 
showed no statistical significance difference in 
poor outcomes (mRS score  >  2) or deaths 
between clipping and coiling on a 10 year fol-
low-up. Of 178 clip-assigned patients with sac-
cular aneurysms, 1 (<1%) was crossed over to 
coiling, and 64 (36%) of the 178 coil-assigned 
patients were crossed over to clipping. 2 of 241 
(0.8%) clipped saccular aneurysms and 23 of 
115 (20%) coiled saccular aneurysms required 
retreatment (p < 0.001). At the 10-year follow-
 up, 93% (50/54) of the clipped aneurysms were 
completely obliterated, compared with only 22% 
(5/23) of the coiled aneurysms (p < 0.001) [54]. 
Linfante et al. in their series of 45 GIA’s man-
aged by EVT had 7% mortality, 11.1% experi-
enced ischemic strokes. Good clinical outcome 
(mRS score ≤ 2) was seen in 86% for anterior 
circulation cases and 55% for posterior circula-
tion cases in their series (statistically significant, 
n = 38; p < 0.05) [2]. When GIAs are treated by 
microsurgical clipping, the mortality rates of 
both ruptured and unruptured GIAs were 
reported at 6–22% [5, 55]. Sluzewski et  al. 
reported good clinical outcomes in 79% of very 
large and giant aneurysms at a median follow-up 
at 50  months, though 41% of aneurysms were 
still incompletely occluded even after repeated 
coiling [56]. A retrospective review that included 
large and GIAs treated with PED or PED + coils, 
and the authors found complete or near complete 
occlusion at the last follow-up in 77% of cases. 
Of the patients, 12% had symptomatic ischemic 
complications and 8% had symptomatic hemor-
rhagic complications, and the overall mortality 
was 6% [57]. Coiling alone as a treatment option 
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for GIAs has poor long-term outcomes because 
GIAs are often incompletely occluded and 
require repeated coiling [53]. Park et al. showed 
PED in combination with coiling had a higher 
neurological morbidity and required a longer 
procedural time versus PED alone [58]. Stent-
assisted coiling and PED have shown to be 
equally effective, with no significant differences 
in complications and angiographic outcomes 
[59]. However, good results were seen in Bender 
et al. in their series of 445 PED procedures, with 
85 large (19%) and 4 giant (1%) aneurysms, 
showed complete occlusion in 72%, 78% and 
87% at 6, 12, and 24 months, respectively. Their 
overall rate of major complications was 3.5% 
and a 1.1% rate of mortality [60]. In a retrospec-
tive analysis by Liang et  al. for giant posterior 
circulation aneurysms, 93.9% resulted in favor-
able clinical outcomes (mRS score, 0–2) with an 
overall mortality rate of 6.1% [61]. Darsaut et al. 
showed that EVT for very large and giant poste-
rior circulation aneurysms was associated with 
poor clinical outcomes and a low complete oblit-
eration rate [33]. This is also supported by a 
recent meta-analysis by Cagnazzo et al. that the 
incidence of treatment-related complications 
with endovascular treatment of very large and 
giant posterior circulation aneurysms was greater 
than that for anterior circulation aneurysms [62]. 
Siddiqui et  al. advised judicious use of flow 
diversion procedures for large or giant vertebro-
basilar aneurysms, owing to the high morbidity 
and mortality rates of 14.3% and 57.1%, respec-
tively [63]. In a meta-analysis of flow diverter 
treatment for posterior circulation aneurysms, 
Wang et al. reported procedure- related mortality 
rate of 15% and significantly higher rates 
amongst patients with giant and basilar artery 
aneurysms [64]. Chalouhi et al. studied 334 large 
and giant aneurysms (80% anterior circulation) 
that were coiled at a single institution, 10% were 
giant aneurysms. Recanalization and retreatment 
rates were 39% and 33%, respectively [65]. 
Recanalization is highest in the setting of wide 
residual aneurysm necks, largely due to coil 
compaction, growing residual aneurysm neck, 
and refilling fundus [66–68].

Amongst all the above lesions, blood blister 
aneurysms (BBAs) deserve a special mention 
as the nuances of management of these treach-
erous lesions are challenging both microsurgi-
cally as well as by EVT.  There is limited 
literature available currently on BBAs in 
regards to microsurgery versus EVT, without 
any current established consensus for the man-
agement of the same. BBAs are challenging 
small, bleb-like and ill- defined neck lesions at 
non-branching sites of the dorsal or anterior 
wall of the ICA, comprising 0.3–1.7% of all 
intracranial aneurysms and 6.6% of all ruptured 
aneurysms [69]. Owing to their fragile and dif-
ficult morphology, these lesions are a challenge 
to manage either surgically or endovascularly. 
A systematic review and meta- analysis by Zhu 
et al. of 15 noncomparative studies with a total 
of 165 target BBAs were studied. Complete 
occlusion rates were 72%, recurrence occurred 
in 13% and rebleed in 3% of patients. Procedure-
related morbidity and mortality were 26% and 
3%, respectively [70]. They concluded that FD 
was safe and effective, but treatment of BBA 
should be considered on a case-by-case basis to 
maximize patient benefits and limit the risk of 
perioperative complications. Shah et al. in their 
experience of microsurgery for BBAs observed 
that surgery provides a superior occlusion rate 
of up to 90% immediately postoperatively and 
superior sustained occlusion at follow- up than 
flow-diverting stents [71]. Kim et  al. reported 
the rate of intraoperative rupture was 16.7%, 
higher than with FDs, however, 69.5% of 
patients had a good clinical outcome (mRS 
score of 0–2) at discharge, and a good long-
term outcome in 80.1%, which is comparable to 
flow- diverting stents. Their study had a com-
plete rate of aneurysm occlusion of 94.4%, and 
regrowth happened in only 1 case (0.28%) [72]. 
Thus concluding microsurgery for BBAs seem 
to have a slight edge over FDs and overlap FDs 
in term of superior occlusion rates and long-
term control with a good postoperative mRS 
score and without the need for subjecting the 
patient to heavy antiplatelets which in itself is a 
reason for morbidity.
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15.8  Conclusion

Treatment of complex aneurysms like GIAs and 
BBAs is challenging. The modalities of treat-
ment, microsurgery, EVT, or combined should be 
individualized, taking into consideration the 
patient and pathological factors and available 
expertise. Although EVT is an attractive option, 
the high incidence of incomplete treatment, 
delayed complications, recurrence, and inade-
quate long-term follow-up data makes microsur-
gery preferable. The overall outcome of clinical 
and radiological results is a bit biased towards 
EVT as the more complex and difficult aneu-
rysms are left for microsurgery. A judicious 
approach is hence recommended for a complex 
aneurysms based on their morphology, patient 
characteristics, departmental technical expertise 
in both microsurgery and EVT to give the patient 
the best outcome in terms of quality of life as 
well as cost affectivity, and the latter is extremely 
important in developing countries. Microsurgery 
thus remains an attractive treatment modality, in 
spite of the recent advances of endovascular 
techniques.
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Abstract

Giant intracranial aneurysms (GIA) are aneu-
rysms >2.5 cm in any size and constitute nearly 
five percent of all aneurysms, with 35% of 
these aneurysms observed in posterior circula-
tion. Surgical management of giant intracranial 
aneurysms aims to prevent rupture, thrombo-
embolic complications and mass effect; thereby 
are the most difficult cerebrovascular lesions to 
operate. The surgeon could use a surgical 
approach, endovascular route or a combination 
of both to manage these aneurysms. Among 
various surgical options, clipping and coiling 
have been preferred option and have been 
extensively studied through meta-analysis and 
reviews providing level 1 evidence. However, 
recent nuances in the management of these 
aneurysms include endovascular flow diverter, 
stent-assisted coiling and surgical bypass with 
or without parent vessel ligation (level 4 evi-
dence). In this chapter, the authors share their 
institutional experience and provide an insight 
into role of surgical bypass and endovascular 
management of complex GIAs.
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16.1  Introduction

The sixties and seventies saw an unprecedented 
advent of surgical management of Giant 
Intracranial Aneurysms (GIA), where numerous 
techniques including usage of techniques like 
temporary bypass, hypothermia, bipolar coagula-
tion, operating microscope and pharmacological 
neuroprotection formed a formidable support 
system, resulting in significant reduction in mor-
tality due to GIAs. However, the giant leap in the 
surgical management of GIAs was with the intro-
duction of Guglielmi Detachable Coils (GDC) in 
1991, which revolutionized neuro-surgical man-
agement of aneurysms especially GIAs. However, 
complete occlusion with only GDC remains 
insufficient in treatment of GIAs with particu-
larly broad necks, thus balloon-assisted GDC 
placement or stent intervention was introduced as 
a remedy. Over the last decade, microsurgical 
occlusion of GIAs is constantly being replaced 
by current endovascular techniques, widely 
regarded as having a lower risk for the patient. It 
is quite unusual in Evidence Based Medicine that 
despite rapid development in endovascular tech-
niques, these techniques have only recently 
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become the standard for securing GIAs. This is 
evident by the fact that clipping and coiling have 
been extensively studied through meta-analysis 
and reviews providing level 1 evidence. However, 
recent nuances in the management of these aneu-
rysms include endovascular flow diverter, stent- 
assisted coiling and surgical bypass with or 
without parent vessel ligation only have level 4 
evidence [1] (Table  16.1), probably because 
fewer studies have been done.

Nevertheless, GIAs are the most challenging 
lesions for both experienced neurosurgeons and 
neuroradiologists. Constantly developing endo-
vascular techniques are regarded as having lower 
risks for patients than open surgery and still seem 
to be unsatisfactory in terms of durability in 
aneurysm occlusion. The balloon-assisted remod-
elling and stent-assisted techniques partially 
solved the problem of neck remnants. After intro-
ducing the pipeline stent in 2011, there was 
reduction in number of patients treated with 
bypass in GIAs. However, complications revealed 
on long-term follow-up of patients treated with 
flow diverter resulted in increased adoption of a 
combination of both microsurgical and endovas-
cular methods and leading to reduced mortality 
and improved functional outcomes, especially in 
patients treated with surgical clipping and those 
undergoing endovascular coiling. For example, a 
recent data from the US Nationwide Inpatient 
Sample reported that inpatient mortality 
decreased from 32.2% in 2002 to 22.2% in 2010, 
while discharge to home increased from 28.5% to 

40.8% [2]. Similar trends have been observed in 
several other countries as well. The reasons for 
improved clinical and functional outcomes are 
likely multifactorial: protocol-driven treatment, 
the availability of advanced invasive monitoring 
and complex procedures to treat SAH-associated 
vasospasm (e.g. angioplasty), experienced vascu-
lar and endovascular surgeons and specialized 
nursing early identification and aggressive man-
agement of potential complications.

16.2  Comparison for Outcome: 
Endovascular Treatment vs. 
Surgical Bypass

16.2.1  Occlusion, Recurrence 
and Re-bleeding

In Unruptured Aneurysms (meta-analysis) [3], 
the rate of long-term complete/near-complete 
occlusion was 71% and 93% after reconstructive 
(coiling/BAC, SAC, flow diversion alone, and 
flow diversion plus coiling) and deconstructive 
treatments (parent artery occlusion), respectively. 
The rate of recanalization was higher after recon-
structive treatment (40%) compared with the 
deconstructive technique (5%). Similarly, the rate 
of retreatment was significantly higher among 
the reconstructive group (32% versus 4%). Early 
and late aneurysm ruptures after reconstructive 
techniques were 5% and 3%, respectively. No 
cases of rupture were described after PAO, 
Table 16.2.

In Ruptured Aneurysms, there were compara-
ble rates of complete/near-complete occlusion 
(72% versus 80% after reconstructive and decon-
structive treatments, respectively). Aneurysm 
recanalization was 47% after reconstructive and 
22% after deconstructive techniques. There was a 
significantly higher rate of retreatment after 
reconstructive compared with deconstructive 
treatments. The rate of early aneurysm rupture 
after coiling was 8%, whereas no cases were 
described after deconstructive treatment, 
Table 16.2.

Coil embolization for large and giant wide- 
necked aneurysms is associated with high rates of 

Table 16.1 Level of evidence in treatment of giant intra-
cranial aneurysm (GIA)

Level of 
evidence

Treatment modality used for giant 
intracranial aneurysm

Level 1 
evidence

Clipping
Coiling

Level 3 
evidence

Stent-assisted coiling

Level 4 
evidence

Flow diversion
Flow diversion with adjunctive coiling
Intrasaccular flow diversion
Parent vessel sacrifice with surgical 
bypass
Parent vessel sacrifice without surgical 
bypass
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recurrence (40%–60%) and rebleeding (1.9%/
year) [8]. Jahromi et  al. reported a complete 
occlusion rate of 36%, stent-assistance in 66%, 
and an average of 2 sessions to treat each aneu-
rysm. Surgical treatment with bypass (Kaplan–
Meier analysis) demonstrated better control rate 
at 30  months of 96%, 93% and 84% for com-
pletely occluded, minimally residual and incom-
pletely occluded giant aneurysms, respectively 
[9], Table 16.2.

16.2.2  Flow Diverter Stent 
in Posterior Circulation Giant 
Aneurysm

The rates of morbidity and mortality after flow- 
diversion treatment were higher among posterior 
circulation (16.5%) compared with anterior cir-
culation (5%–9%) GIAs [10]. In fact, numerous 
studies have consistently associated flow diver-
sion in the posterior circulation with ischaemic 
complications related to perforator infarcts. 
Occlusion rates for posterior circulation aneu-
rysms have been reported separately at approxi-
mately 80%, similar to those reported for anterior 
circulation aneurysms [11]. Infarction may result 
from direct coverage of the perforator ostia by 

the tines of the device, by migration of acute 
thrombus or by neo-intimal growth across the 
ostia [12]. Clinical deterioration of patients with 
brainstem compression from giant, partially 
thrombosed posterior circulation aneurysms 
treated using flow diversion has also been 
reported.

16.2.3  Pressure Symptoms 
due to Cranial Nerve 
Compression

The coil mass could exert pressure on the cranial 
nerves and exacerbate neurological symptoms. 
Meta-analysis comparing clipping with coiling in 
terms of recovery from oculomotor palsy found a 
benefit to clipping for ruptured aneurysms spe-
cifically (88% vs 56%, respectively) [13].

16.2.4  Morbidity and Mortality

Among the endovascular experiences reported in 
39 GIAs, cumulative treatment morbidity 
occurred in 12 patients (32%), and treatment 
mortality occurred in six patients (16%) [9]. 
Sughrue et al. reported a mortality rate of 13%, 

Table 16.2 Outcome comparison between surgical bypass and endovascular treatment [3–7]

Complete 
occlusion (%)

Rehaemorrhage 
(%)

Retreatment 
(%)

Mortality 
(%)

Morbidity 
(%)

Surgical bypass Lawton et al. 
(2002)
Jafar et al. 
(2002)
Sharma et al. 
(2008)
Sughrue 
(2010)
Average

100%
100%
90%
90%
(90–100%)

0%
0%
0%
1%
(0–5%)

0%
0%
0%
1%
(0–3%)

14%
3%
9%
13%
(3–15%)

11%
10%
12%
10%
(10–12%)

Reconstructive 
endovascular treatmenta

Ruptured 
GIA
Unruptured 
GIA

72% 8% 48%
71% 5% 32%

11–22% 15%

Destructive 
endovascular 
treatmentb

Ruptured 
GIA
Unruptured 
GIA

80% 0% 22%
93% 0% 4% 6–9%

9%

aReconstructive endovascular treatment—(coiling/BAC, SAC, flow diversion alone and flow diversion plus coiling)
bDestructive endovascular treatment—Parent artery occlusion
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morbidity in 9%, and favourable outcome in 81% 
[14] of the 140 patients with 141 GIAs. Similarly, 
Sharma et al. reported a mortality rate of 9%, and 
a morbidity rate of 12% for GIAs treated surgi-
cally, with favourable outcomes in 86% of 
patients [6].

16.3  Concepts of Flow Diversion 
and Flow Alteration

Flow Diversion Endovascular flow diverter 
changes the dynamics of intra-aneurysm flow fol-
lowed by aneurysm thrombosis and exclusion 
from circulation. The term “flow diverter” is argu-
ably a misnomer because it is endothelialization 
that eventually sequestrates the aneurysm [15].

Surgical Flow Alteration Flow alteration tech-
nique defined as incomplete parent artery occlu-
sion which eventually causes reduction of 
intra-aneurysmal flow promotes intraluminal 
thrombosis and aneurysm occlusion [16]. Flow 
alteration could be made by a one-sided (proximal 
or distal) occlusion of the parent artery with or 
without bypass. Among several different methods 
for flow alteration, proximal occlusion with bypass 
is relatively well-established [17]. Flow alterations 
were performed when direct clipping, endovascu-
lar embolization or trapping were not possible.

Surgical treatment of GIAs consists of clip-
ping, surgical bypass with ligation and trapping 
with bypass. The most common indications for 
surgical management include: Wide-necked 
aneurysms located at branch points of major ves-
sels, large saccular aneurysms with multiple 
efferent arteries, dolichoectatic aneurysms, large 
aneurysms with mass effect, when there are tech-
nical complications with endovascular treatment. 
Moreover, in patients who cannot tolerate or have 
contraindications to antiplatelet therapy or in the 
setting of a subarachnoid haemorrhage endovas-
cular treatment may not be appropriate [18].

16.4  Surgical Management 
for GIAs

 1. Clipping with reconstruction of vessel wall
 2. Surgical Bypass with proximal ligation
 3. Trapping of aneurysm with surgical bypass

16.4.1  Clipping with Reconstruction 
of Vessel Wall

If critical artery does not origin from fundus of 
aneurysm, then clipping with multiple clips is 
one of the viable options. Giant thrombosed 
aneurysms are usually treated with exploration 
of aneurysm and direct clipping with vessel wall 
reconstruction. Maintaining the adequate diam-
eter of artery is critical and most important 
point. Giant ICA and MCA aneurysms are com-
monest aneurysms to be attempted by this 
approach. Illustrated cases 1 and 2 show multi-
ple clips with reconstruction of vessel wall 
(Figs. 16.1 and 16.2).

16.4.2  Surgical Bypass

Indications of Surgical bypass in GIAs include:

• Giant complex aneurysm
• Absence of a neck (fusiform or saccular- 

fusiform aneurysms)
• Severe atherosclerosis or calcification in the 

neck
• Extensive thrombosis
• Critical branch origin from neck or sac (MCA 

and ACA)
• Symptomatic dissecting aneurysm
• Blister aneurysm (failed endovascular option)
• People with antiplatelet resistance
• Recurrent aneurysm following endovascular 

treatment
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Fig. 16.1 Illustrated Case 1—Giant ICA aneurysm clip-
ping with vessel wall reconstruction. A 48-year-old male 
presented with left side hemicranial headache and retro- 
orbital pain without any focal neurological deficit. MRI 
brain and DSA were suggestive of left supraclinoidal ICA 
wide neck partially thrombosed giant aneurysm with left 
side A1 hypoplastic (a–c). Patient underwent left pteri-
onal craniotomy and clipping of aneurysm with multiple 
clips and vessel wall reconstruction (d, e). Intra-operative 

thrombosed aneurysm noted (f). ICA flow was confirmed 
with fluorescence microscope. Patient recovered well. A 
41-year-old female presented with sudden headache. CT 
brain suggestive of subarachnoid haemorrhage. DSA sug-
gested left ICA paraclinoid giant aneurysm. Patient 
underwent craniotomy and clipping with multiple fenes-
trated clips. Intra-operative ICA flow was confirmed with 
fluorescence microscope. Post-operative patient recov-
ered without any neurological deficit
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16.4.3  Decision Making in Surgical 
Bypass

 1. Cross circulation in DSA: Poor cross circula-
tion needs high flow bypass to obviate need of 
cerebral perfusion. Ipsilateral A1 hypo plastic 
can be addressed with low flow STA-MCA 
bypass with proximal ICA occlusion. 
Contralateral A1 hypo plastic and ipsilateral 
dominant circulation needs high flow bypass 
from ECA to MCA/ICA by saphenous venous 
graft or radial artery graft.

 2. Balloon occlusion test with hypotension chal-
lenge: Even with cross circulation in DSA if 
patient did not tolerate BOT with hypotension 
challenge, it is preferable to do bypass before 
ligation of ICA. Some authors prefer to per-
form a bypass when acute vessel sacrifice is 
needed because false-negative rates of balloon 
occlusion tests are significant [19].

 3. Tables 16.2 and 16.3 summarize selection cri-
teria for high flow vs low flow bypass. Arterial 

versus venous graft in bypass surgery is com-
pared in Table 16.4.

c
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Fig. 16.2 Illustrated Case 2—Giant MCA aneurysm 
clipping with multiple clips. A 50-year-old male presented 
with acute headache, vomiting and left side hemiparesis. 
CT brain showed right Sylvian fissure and temporal acute 
haemorrhage (a). DSA was suggestive of right MCA-M1 
Giant partially thrombosed aneurysm (b). Patient under-

went frontotemporal craniotomy and superior temporal 
gyrus approach with clipping of aneurysm done with mul-
tiple clips. Intra-operative thrombosed aneurysm noted 
(c). Flow in MCA branches was preserved and confirmed 
with fluorescence microscope and Doppler probe (d–f)

Table 16.3 Selection of bypass—high flow vs low flow 
bypass [20–22]

High flow bypass Low flow bypass
Flow rate >50 ml/min <50 ml/min
Indications Proximal large vessel 

sacrifice
Flow replacement
Large area to be 
revascularized

No vessel 
sacrifice
Flow 
augmentation
Small area to be 
revascularized
Brain cannot 
handle high 
flows

Donor 
vessel

Internal maxillary
ECA
ICA
Free arterial 
graft(radial 
≥2.4 mm)
Free venous 
graft(GSV ≥ 3 mm)

STA (superficial 
temporal artery)
MMA (middle 
meningeal 
artery)
OA (occipital 
artery)
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16.4.4  Clinical Tips for Successful 
Surgical Bypass

• Meticulous haemostasis (heparin 
administration)

• Distension of graft to prevent spasm
• Vein graft should not reversed
• Intracranial anastomosis performed first
• Deliver graft without torsion

16.4.5  Illustrated Case Examples 
of Surgical Bypass in GIAs

16.4.5.1  Bypass with Proximal 
Ligation

As illustrated in Cases 3 and 4, giant proximal and 
cavernous ICA aneurysm usually treated with 
proximal ligation of ICA. Need of bypass decided 
by cross circulation and balloon occlusion test dur-
ing cerebral angiogram. If poor cross circulation 
through A1, then bypass is mandatory before 
proximal ligation of ICA (Figs. 16.3 and 16.4).

16.4.5.2  Trapping of Aneurysm 
with Bypass

Surgically accessible giant aneurysm, fusiform 
aneurysm, dissecting aneurysm, cervical ICA 

Table 16.4 Comparison between arterial and venous 
graft for bypass

Arterial graft Venous graft
•  Better suited to high 

pressure flow
•  Short-term patency rates 

are better (98% at 6 W)
•  Length is a limitation
•  No valves
•  Lumen approximates 

that of recipient
•  May not always be 

available (incomplete 
palmar arch)

•  Recipient ≥ 2 mm

•  Larger diameter, 
higher flow rates

•  Lower short-term 
patency rates (93% at 
6 W)

•  Length is not a 
limitation

•  Almost always 
available

•  Valves present
•  Lumen larger than 

recipient
•  Higher procedure 

related complications
•  Children < 12 years
•  Recipient ≥ 2.5 mm
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Fig. 16.3 Illustrated Case 3—ICA bifurcation giant 
aneurysm treated with high flow bypass. A 55-year-old 
female presented with chronic headache, change in behav-
iour and acute onset of left upper limb weakness. MRI 
was suggestive of right ICA bifurcation giant aneurysm 
(a). DSA suggested right ICA bifurcation giant wide-neck 
aneurysm with felling of both ACA from right ICA (b). 
Left ICA injection suggested hypoplastic left A1 (c). 

Patient underwent right ECA to M1 high flow bypass with 
saphenous vein graft [ECA-SVG end to side anastomosis 
(d), SVG-M1 end to side anastomosis (e, f). Patient recov-
ered well. Post-operative CT angiogram shows a patent 
bypass (g). As planned patient underwent second stage 
procedure stenting of right ICA to right A1 to exclude 
aneurysm, but this attempt failed and resulted in a fatal 
rupture of the aneurysm
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giant aneurysm with poor cross circulation are 
managed by surgical bypass followed by trapping 
of aneurysm. During DSA retrograde filling of 
Cavernous ICA aneurysm indicates trapping of 
aneurysm, which may later lead to enlargement 
of aneurysm, illustrated case 5 (Fig. 16.5).

16.5  Endovascular Treatment 
for GIA

Endovascular flow diversion is a paradigm shift 
for aneurysm treatment. While coil embolization 
aims to completely occlude the aneurysm at the 

time of treatment. Flow diversion is an entirely 
endoluminal treatment that requires no device to 
enter the aneurysm itself. Tightly braided flow- 
diverting stents (FDSs) have low porosity and 
provide 30%–35% wall coverage, which directs 
blood flow along the parent artery and away from 
the aneurysm. Aneurysm occlusion occurs in a 
delayed fashion, over several weeks or months, 
as endothelialization occurs, neo-intimal growth 
proceeds across the aneurysm neck and the par-
ent artery remodels around the FDS [18].

The Pipeline Embolization Device was 
approved by the FDA in 2011 and by the 
European Medicines Agency in 2008 for the 
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Fig. 16.4 Illustrated Case 4—Low flow bypass with 
proximal ICA occlusion in Cavernous ICA aneurysm. A 
10-year-old girl presented with chronic headache. On 
evaluation MRI brain revealed left cavernous ICA aneu-
rysm (a). DSA was suggestive of left cavernous ICA giant 
aneurysm feeding from left side (b, c). There was good 

cross circulation during right ICA injection (d). Patient 
underwent left STA-MCA low flow bypass (e). On third 
post-operative day, patient underwent left ICA proximal 
ligation at cervical level. Patient recovered well without 
any complication
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treatment of large or giant, wide-neck intracra-
nial aneurysms of the internal carotid artery from 
the petrous to the superior hypophyseal segments 
[23]. Flow-diverting stent has not yet been 
approved for use in the posterior circulation, 
treatment of aneurysmal subarachnoid haemor-
rhage or in the anterior circulation beyond the 
internal carotid artery superior hypophyseal 
segment.

16.5.1  Complications 
of Endovascular Management 
of GIAs

The Flow Diversion in the Treatment of 
Intracranial Aneurysm Trial (FIAT), conducted 
in Canada, was stopped prematurely because 
patients allocated to flow diversion did not reach 
the primary outcome of angiographic occlusion 

at 3–12 months and were dead or dependent at 
3  months because of procedural complications. 
These complications included device migration, 
arterial rupture, delayed aneurysm rupture, distal 
intraparenchymal haemorrhage and delayed pri-
mary vessel occlusions. Although the popularity 
of flow diversion is increasing, coil embolization 
remains a suitable treatment for many saccular 
aneurysms and future trials are needed to com-
pare directly the safety and efficacy of these two 
modalities [24].

Thromboembolic and Haemorrhagic Risks of 
Flow Diversion Antiplatelet therapy is required 
with flow diversion to prevent thromboembolic 
complications and in-stent stenosis until vessel 
remodelling occurs and epithelial growth covers 
the stent lumen. Thromboembolic or haemor-
rhagic complications occur in 4% of cases of 
flow diversion [6]. Complications usually include 

a b

Fig. 16.5 Illustrated Case 5—Trapping of aneurysm and 
surgical bypass. A 52-year-old female presented with dif-
ficulty in swallowing, slurring of speech and cervical 
bruit. MRI neck and brain revealed cervical ICA giant 

aneurysm (a). DSA was suggestive of right cervical ICA 
giant aneurysm with no cross circulation (b). Patient 
underwent left side high flow bypass with SVG between 
CCA to M1 and trapping of cervical ICA aneurysm
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ischaemic stroke due to device occlusion, throm-
boemboli, ipsilateral intraparenchymal haemor-
rhages or aneurysm rupture. Others have noted 
morbidity and mortality rates between 8% and 
10% [25]. Meta-analysis of distal aneurysms has 
recently suggested reasonably high rates of 
occlusion (70%) with marked complication rates 
(20%) [26].

Delayed Aneurysm Occlusion Flow diversion 
does not result in immediate aneurysm occlusion 
or complete dome protection. Until aneurysm 
thrombosis occurs, the aneurysm remains unse-
cured to an extent, and the risk of rerupture 
remains real because of the need for antiplatelet 
treatment, especially in patients at risk of peri-
procedural bleeding complications.

FDS Migration One of the disadvantages with 
flow diversion is that it is difficult, if not impos-
sible, to retrieve malpositioned stents after 
deployment. A failed or malpositioned FDS can 
obstruct blood flow and be a source of thrombo-
emboli. In some instances, FDS placement may 
paradoxically induce aneurysm growth and mural 
destabilization if thrombus formation occurs at a 
rate faster than it is degraded [27]. In cases of 
FDS failure, open surgery using bypass with or 
without parent artery occlusion is a bailout 
option.

16.5.2  Comparison Between 
Management Strategies 
for Complications and Clinical 
Outcomes

Unruptured Aneurysms A meta-analysis 
suggested that overall endovascular treatment- 

related complications reported in various stud-
ies were 30% and after reconstructive (coiling/
BAC, SAC, flow diversion alone, and flow 
diversion plus coiling) and deconstructive treat-
ments (parent artery occlusion). Similarly, per-
manent complications were higher among the 
reconstructive group (15% versus 8.6%). Most 
complications were related to ischaemic events 
(15% and 11% among reconstructive and 
deconstructive groups, respectively). Worsening 
of mass effect was comparable between recon-
structive and deconstructive treatments (1.7% 
versus 3.5%). Finally, the rate of haemorrhagic 
complications was higher after reconstructive 
techniques (6%) compared with PAO (2%). 
During follow-up, mass effect symptoms were 
improved in about 48% of patients after recon-
structive treatments and in 77% of patients after 
PAO [3].

Ruptured Aneurysms The overall rates of 
complications and permanent complications 
were slightly higher after PAO (38% and 29%) 
compared with coiling (34% and 20%). The inci-
dence of ischaemic events was slightly higher 
after deconstructive compared with reconstruc-
tive treatments (33% versus 18.8%), as was wors-
ening of mass effect (14% versus 7%). 
Haemorrhagic complications were higher after 
coiling compared with PAO (17% versus 9%). 
Improvement of compressive symptoms was 
reported in 24% of reconstructive cases, whereas 
no data were available among the deconstructive 
group.

Illustrated cases 6, 7 and 8 depict complica-
tions like ICA occlusion post flow diverter, 
intracranial bleed after coiling and acute infarct 
post flow diverter, respectively (Figs. 16.6, 16.7 
and 16.8).
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Fig. 16.6 Illustrated Case 6—Post flow diverter ICA 
occlusion. 65 years female presented with chronic head-
ache and retro-orbital pain. DSA was suggestive of left 
supraclinoid GIA (a). Patient underwent flow diverter 

placement (b). Subsequently, patient presented with 
symptoms of TIA and a CT angiogram confirmed com-
plete occlusion of left ICA (c). MRI DWI did not reveal 
infarct perhaps due to good cross circulation (d, e)
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Fig. 16.7 Illustrated Case 7—Post coiling intracranial 
bleed. 49  years female with left cavernous ICA unrup-
tured giant aneurysm underwent coiling (a, b). On the 
second post-operative day, patient complained of drowsi-
ness and headache with right-sided weakness. MRI brain 

suggested left frontal parietal IC bleed (c). The patient 
was managed medically and a follow-up serial CT brain- 
post flow diverter day 5 (d). Patient partially recovered 
from right side weakness
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Fig. 16.8 Illustrated Case 8—Post flow diverter bleed 
and acute infarct. 59  years female with right cavernous 
giant ICA unruptured aneurysm underwent flow diverter 
placement (a, b). On post-operative day 4, patient devel-

oped acute headache and left-sided weakness. MRI brain 
was suggestive of mild SAH and infarct in MCA distribu-
tion (c–e).
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16.6  Conclusion

Anatomical factors like wide neck distort the 
anatomy of parent and branch arteries at the base 
of GIAs making it dangerous to coil and difficult 
to obliterate completely, leading to the advent of 
endovascular treatment including flow diverter. 
Flow diversion may yet offer some meaningful 
treatment options, particularly with basilar trunk 
and some basilar apex aneurysms where surgical 
morbidity rates are particularly high. However, 
level 4 evidence for both flow diversion and 
bypass techniques suggests that neither is supe-
rior, laying emphasis for further studies. 
Therefore, microsurgical aneurysm occlusion 
still appeals to many patients who prefer a single, 
definitive and durable therapy.
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Training Protocols for 
Neuroendovascular Surgery

Vikram Karmarkar, Rakesh Singh, Krishna Shroff, 
and C. Deopujari

Abstract

There is an increasing adoption of neuroendo-
vascular surgery in clinical practice worldwide, 
which represents an important paradigm shift 
in the management of patients with diseases of 
the vasculature of the central nervous system. 
As newer generations of neuroendovascular 
“specialists” are trained, they must practice 
their specialty at a certain basic standard that 
ensures competent care and the ability to pre-
vent and also deal with complications as and 
when they may arise. Therefore, there is an 
increasing need for the adoption of standard-
ized training protocols in the field. Training for 
neuroendovascular procedures is necessary for 
the safe conduct of procedures and to advance 
the field. In this chapter, we shall discuss the 
current needs and protocols, taking certain pro-
totypical training guidelines into account.
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17.1  Introduction

Neuroendovascular surgery (or NES) (also 
called interventional neuroradiology/endovas-
cular neurointervention/neurovascular interven-
tion) is the medical subspecialty that uses 
minimally invasive catheter-based technology 
and radiological imaging combined with clini-
cal and technical expertise to diagnose and treat 
diseases of the vasculature of the central ner-
vous system, including the head, neck, and 
spine. In specific clinical scenarios, endovascu-
lar procedures have augmented the efficacy of, 
and also replaced, open surgical operations. 
There is increasing adoption of neuroendovas-
cular surgery in clinical practice worldwide, 
which represents an important paradigm shift in 
the management of patients with diseases of the 
vasculature of the central nervous system. As 
newer generations of neuroendovascular “spe-
cialists” are trained, they must practice their 
specialty at a certain basic standard that ensures 
competent care and the ability to prevent and 
also deal with complications as and when they 
may arise. Therefore, there is an increasing need 
for the adoption of standardized training proto-
cols in the field.

Vascular pathology and its repercussions on 
the central nervous system may frequently be 
devastating. Hence the physician involved in 
treating these problems needs to focus on pre-
vention, salvage, and augmentation of nervous 
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system function. Training for any skills based 
specialty consists of many interlapping 
processes.

The most basic requirements are cognitive 
skills. In the beginning, the trainee must be famil-
iar and conversant with the unique anatomy, 
physiology, and pathological aspects. In this spe-
cialty, this would entail knowledge of the nervous 
system, its function, its vascular connections and 
the pathologies associated with the vasculature 
which affect the nervous system. An important 
point, in our opinion, is to focus on the neurologi-
cal outcome for prevention, mitigation, salvage, 
or augmentation of function and not just success-
ful radiological outcomes.

Physicians coming to train in this specialty 
typically come from either radiology or a neuro-
surgical and, more recently, from a neurology 
background. In different parts of the world, the 
proportions vary. Hence training must factor for 
this diversity. A trained neuroendovascular spe-
cialist has to be able to work in a team with the 
related specialties of traditional neurosurgery, 
neurology, and neurocritical care specialists.

The basic technical skills needed are similar to 
endovascular techniques used in other systems in 
the body. Neuroendovascular skills may differ 
because of the differences and unique character-
istics in the vasculature of the central nervous 
system. Familiarity with and ease of use of vari-
ous devices, catheters, and embolics, need to be 
introduced and mastered. In this chapter, we shall 
discuss the current needs and protocols, taking 
certain prototypical training guidelines into 
account. Many nations have their guidelines, 
which has overlap. Some systems are discussed 
below.

17.2  Training Protocols

17.2.1  Europe

The European guidelines for training in the field 
of neuroendovascular surgery (interventional 
neuroradiology) have been have been developed 
by a working group of the European Society of 
Neuroradiology (ESNR) and the European 

Society of Minimally Invasive Neurological 
Therapy (ESMINT) on the initiative and under 
the umbrella of the Division of Neuroradiology/
Section of Radiology of the European Union of 
Medical Specialists (UEMS) [1].

17.2.1.1  The Program
The primary goal of the training program, as laid 
down in the guidelines, is to provide the trainee 
with a broad knowledge base, the procedural 
skills and experience, professional judgment, and 
self-criticism required to practice interventional 
neuroradiology safely [1].

National professional licensing bodies, or in 
their absence, a European association/society/
organization (UEMS or European subspecialty 
societies—for example, ESNR, ESMINT or 
boards cooperating with UEMS) provide a gen-
eral program for accrediting teaching institutions. 
This is a voluntary procedure aimed at securing 
high quality and good standards of practice in the 
teaching program [1].

The teaching program must be within a clini-
cal neuroscience institution, or a network of such 
institutions, with all the appropriate related spe-
cialties represented. The patient population at the 
institution must have a diversity of illnesses 
(brain, head and neck, spine) from which broad 
experience in interventional neuroradiology can 
be obtained by the trainees [1].

Training could be limited to a specific area of 
interventional neuroradiology—for example, spi-
nal interventions or endovascular treatment of 
ischemic stroke, including the management of 
complications, provided that the minimum 
annual activity for the specific area (as outlined 
in the section on requirements/criteria for institu-
tions), is fulfilled and site conditions and opera-
tional guidelines are guaranteed by the training 
institution, according to the ESNR/ESMINT/
UEMS guidelines for standards of practice in 
interventional neuroradiology [1].

For training that is limited to specific areas of 
interventional neuroradiology, such as endovas-
cular treatment of ischemic stroke, the require-
ments of existing multi-society global 
recommendations should be applied [1]. 
Recommendations include “Training guidelines 
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for endovascular ischemic stroke intervention: an 
international multi-society consensus document 
[2] and the Standards of practice in acute isch-
emic stroke intervention: international recom-
mendations [3].”

17.2.1.2  Requirements/Criteria 
for Trainees

Trainees must have a valid license to practice 
medicine within their respective countries, which 
must be recognized at the country/countries 
where training in interventional neuroradiology 
is to take place [1].

Before entering interventional neuroradiology 
training, trainees are required to be qualified phy-
sicians in a training program of a medical spe-
cialty or have accomplished training in a 
recognized medical specialty [1].

The education and training needed to become 
a specialist physician with a particular qualifica-
tion in INR consists of [1]

• 12  Months mandatory dedicated training in 
diagnostic neuroradiology.

• 24  Months mandatory dedicated training in 
interventional neuroradiology

• 12  Months recommended clinical training in 
neuroscience.

Depending on previous training, these dura-
tions may be reduced as credit is given for previ-
ous training and clinical skills. Assessment of 
previous training and clinical skills, and evalua-
tion of the remaining training time has been laid 
out to be the responsibility of the director and 
each of the co-directors of the program after thor-
ough and careful assessment of previous training 
and experience [1].

Trainees should keep a trainee portfolio con-
taining details of previous training posts, exami-
nations passed, lists of publications and 
presentations at meetings, courses attended, 
cumulative procedural totals, and copies of 
assessment forms from the different training 
periods [1].

Trainees are to familiarize themselves with 
knowledge pertaining to neuroanatomy (with 
focus on vascular anatomy) and neuroembryol-

ogy (with focus on vascular embryology), spine 
biomechanics, neurobiology including molecular 
genetics, neurophysiology, and biology of pain, 
pathology with a focus on vascular diseases, 
including inflammatory and autoimmune dis-
eases and the natural history of neurovascular 
diseases [1].

Trainees are to be capable of taking a clinical 
history and performing a neurological examina-
tion and to communicate with patients and rela-
tives, fellow residents, other clinicians and 
hospital staff and administration [1].

Trainees must be competent in the selection of 
various treatment options (indications/contrain-
dications) based on knowledge and communica-
tion in a multidisciplinary environment and must 
be capable of carrying out appropriate pre- 
procedural and peri-procedural management 
such as patient preparation before the procedure, 
intraprocedural maintenance of homeostasis and 
organization of follow-up procedures. They must 
also possess adequate knowledge of the relevant 
clinical pharmacology, including drug–drug 
interactions, pre- and post-procedural drug man-
agement, and also neurointensive care [1].

Trainees must also possess adequate knowl-
edge of radiation physics, radiation biology, and 
radiation protection [1].

Trainees must possess adequate knowledge 
of the technical aspects, the proper selection, 
and the interpretation of various neuroradio-
logical studies, including digital subtraction 
angiography, CT, MRI, and ultrasound, includ-
ing the management aspects of various contrast 
materials such as their interactions and compli-
cations [1].

Trainees are expected to know about appro-
priate pre- and post-procedural patient manage-
ment, relevant clinical neuropharmacology, as 
also with the technical aspects of the procedure 
(such as percutaneous access to the vascular sys-
tem, the head and neck compartments, and the 
spine, the use of delivery systems like needles, 
catheters, wires, and rinsing systems, skillful 
management of radiological equipment, post-
procedural management of the puncture site, 
procedure risks and limitations and complication 
management) [1].
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Technical interventional neuroradiology 
expertise to be attained [1].

Percutaneous Treatments
Each trainee should perform 50 spine procedures 
as the first operator, including a case mix of disk 
treatments, epidural spine treatments, nerve 
blocks, facet joint treatments, and vertebral bone 
augmentation treatments.

Neuroendovascular Procedures
• Each trainee should perform 100 digital sub-

traction angiography scans as the first opera-
tor before starting interventional endovascular 
procedures.

• Each trainee should participate in a minimum 
of 150 interventional endovascular proce-
dures, of which in at least in half of the proce-
dures, the trainee is the principal operator. 
The diversity of these procedures should 
include endovascular treatment of aneurysms, 
acute ischemic stroke, extracranial, and intra-
cranial angioplasty/stenting, embolization of 
brain arteriovenous malformation and dural 
arteriovenous fistula, and external carotid 
embolization.

• Each trainee should participate in a minimum 
of 50 cases of revascularization and 50 cases 
of embolization (in either group in at least 
half of the procedures as the principal 
operator).

• If the trainee does not complete the required 
number of procedures during the training 
period, the training should be prolonged 
accordingly.

The guidelines also state that trainees should 
have a firm knowledge of experimental design, 
performance and interpretation of results and 
basic knowledge of medical statistics. They are 
advised to participate in research projects con-
ducted by the faculty or other trainees or to 
undertake projects as principal investigators and 
are encouraged to submit their work for presenta-
tion at national and international meetings. They 
should also understand the ethical aspects of 
research and what constitutes a conflict of inter-
est [1].

Trainees are to keep a personal logbook for 
documentation of their skills and experience 
acquired during training. The logbook should be 
based on the picture archiving and communica-
tion (PACS) system and the radiology informa-
tion system (RIS) of the clinic [1] and should 
state whether the trainee acted under supervision 
or was self-responsible. Trainees will have to 
demonstrate that they have participated in a wide 
spectrum of procedures which should include a 
balance of supervisor-assisted procedures and 
procedures performed personally under supervi-
sion. The logbook is to be produced by them at 
their examinations [1].

Trainees are to undergo evaluation of their 
progress (which includes assessment of the train-
ee’s knowledge, technical skills, attitudes, and 
interpersonal relationships, decision-making 
skills and clinical management skills) at least 
twice a year during their program. This is to be 
conducted by the program director in consulta-
tion with the co-directors and the faculty [4].

17.2.1.3  Requirements/Criteria 
for Institutions

The optimal training program in interventional 
neuroradiology must take place and be organized 
in a single institution or in a network of institu-
tions/departments in which the interventional 
neuroradiology unit is the core and is surrounded 
by clinical and diagnostic neuroscience units, and 
operating in accordance with the “Standards of 
practice in interventional neuroradiology: 
Consensus document from the ESNR/ESMINT/
UEMS.”

To qualify as a training program, the follow-
ing conditions must be fulfilled [1]:

• The director and co-directors must have senior 
appointments in a recognized training institu-
tion that may be affiliated with academic insti-
tutions. Commercial interests cannot be 
involved in the organization and scientific 
content of the training.

• Ideally, the network should be involved in 
active interventional neuroradiology research.

• There should be ready access to general medi-
cal/neuro interventional texts and scientific 

V. Karmarkar et al.



297

journals. Computerized literature search facil-
ities should be available.

• The Interventional neuroradiology core must 
fulfill the following conditions
 – Interventional neuroradiology caseload of a 

minimum of 100 cases/year of endovascular 
interventions and 50 cases/year of percuta-
neous spinal interventions. INR case mix 
should include a diversity of vascular dis-
eases, such as acute ischemic stroke, aneu-
rysms, arteriovenous malformations, dural 
arteriovenous fistula, and spinal vascular 
malformations, in the respective percent-
ages according to their prevalence. If 
accreditation is limited to percutaneous spi-
nal interventions, the minimum caseload is 
50 cases/year. If accreditation is limited to 
endovascular treatment of ischemic stroke, 
the minimum caseload is 50 cases/year.

 – The faculty of the training program must 
include at least two members practicing 
interventional neuroradiology.

 – The proportion of INR trainers to trainees 
must not exceed a 1:1 ratio.

17.2.1.4  Requirements/Criteria 
for Faculty and the Director 
of the Program

As laid down in the guidelines, the director of the 
training program must be an active interventional 
neuroradiologist certified according to the 
national regulations or in their absence by the 
UEMS cooperating European board.

The program director may have a senior aca-
demic appointment or a senior leading position 
as an interventional neuroradiologist in a non- 
profit training institution.

The program director coordinates the network 
that constitutes the training program.

A network co-director should be well experi-
enced and well respected as an interventional 
neuroradiologist or as a medical specialist in 
another appropriate specialty such as radiology, 
neuroradiology, neurosurgery, or neurology.

A director or co-director should participate in 
appropriate continuing medical education/con-
tinuing professional development activities 
according to the national regulations.

It is the responsibility of the program director 
and co-directors for enforcing the training charter 
and for selecting and supervising the trainee and 
faculty members.

The program director is expected to ensure 
that the program meets the required academic 
standard.

The program director should seek or need (if 
available) the national accreditation of the pro-
gram by a national authority or the respective 
national neuroradiological professional.

17.2.2  USA

The guidelines for training in neuroendovascular 
surgery in the USA have been laid down by the 
Joint Section of Cerebrovascular Surgery for the 
American Association of Neurological Surgeons 
and Congress of Neurological Surgeons (JSCVS), 
the Society of NeuroInterventional Surgery 
(SNIS), and the Society of Vascular and 
Interventional Neurology (SVIN), jointly; to 
standardize and optimize the training program 
accreditation and individual certification pro-
cesses for neuroendovascular surgery under the 
aegis of the CAST (Committee for Advanced 
Subspecialty Training) program of the Society of 
Neurological Surgeons (SNS) [5].

17.2.2.1  The Program
Participating societies connected to neuroendo-
vascular surgery, including neurosurgery, neuro-
radiology, and neurology, have also agreed within 
an Accreditation Council for Graduate Medical 
Education (ACGME)–sponsored training curric-
ulum and summary document [6]. Before starting 
a neuroendovascular surgery fellowship, this 
document requires that a trainee must complete 
an ACGME-accredited residency in neurosur-
gery, neurology, or radiology. The document also 
clarifies the need for preliminary training in 
stroke, critical care, and neuroradiology required 
for neurologists and radiologists [5].

The neuroendovascular surgery (NES) train-
ing program must foster a rich educational envi-
ronment that includes frequent interactions 
between open vascular neurosurgery, critical 
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care, stroke neurology, neuroradiology, and state- 
of- the-art neuroimaging. Trainees must have the 
opportunity to participate in research and other 
scholarly activities. Each program must ensure 
that the learning objectives of the program are not 
compromised by excessive reliance on trainees to 
fulfill service obligations [5].

The Neuroendovascular Surgery Advisory 
Committee (NESAC) will operate through the 
CAST infrastructure to advise and assist CAST 
in the development and implementation of guide-
lines for accreditation of training programs and 
certification of individuals. NESAC comprises 
three persons from each of the neuroscience spe-
cialties of neurosurgery, neurology, and neurora-
diology, working in concert with the CAST 
Chairman and Secretary.

17.2.2.2  Requirements/Criteria 
for Trainees

As per the guidelines, neuroendovascular train-
ing shall consist of three different phases [5].

 1. Preliminary Specialty Training
Each trainee should first fulfill requirements 
for their respective specialties.

For neurosurgeons, they must first satisfac-
torily complete an ACGME-approved resi-
dency in neurological surgery and must be 
eligible for certification by the American 
Board of Neurological Surgery (ABNS) and 
must be in good standing in the ABNS.

For neurologists, they must first satisfacto-
rily complete an ACGME-approved residency 
in neurology and must be eligible for certifi-
cation by the American Board of Psychiatry 
and Neurology and must be in good standing 
in the American Board of Psychiatry and 
Neurology. They must also complete an 
ACGME- accredited Vascular/Stroke 
Neurology Fellowship including, or in addi-
tion to, at least 3 months in the neurointensive 
care unit, or completion of and certification by 
a United Council for Neurological Specialties 
or CAST-approved.

Neurocritical Care Fellowship.

For radiologists, they must first satisfacto-
rily complete an ACGME-approved residency 
in diagnostic or interventional radiology and 
must be eligible for certification by the 
American Board of Radiology and must be in 
good standing in the American Board of 
Radiology. They must also satisfactorily com-
plete an ACGME-accredited neuroradiology 
fellowship including, or in addition to, at least 
6  months of clinical service in neurological 
surgery, vascular neurology, or neurocritical 
care program before entering the advanced 
year of neuroendovascular surgery 
fellowship.

As a result of the foregoing training, the 
fellowship candidate should have the 
expected level of competence required to 
enter neuroendovascular surgery. The candi-
date should be knowledgeable about the 
pathophysiology of cerebrovascular disease 
and skilled in the interpretation of neurora-
diological studies. They are also to be well 
versed in the essentials of the intensive care 
unit management of neuroendovascular sur-
gery patients, the complexities of anticoagu-
lation and its reversal algorithms, and the 
manipulations of central and cerebral hemo-
dynamics in patients with cerebral ischemia. 
They are also to be well versed with the spe-
cific management issues in neuroendovascu-
lar surgery patients requiring mechanical 
ventilation, with elevated intracranial pres-
sure requiring clinical or invasive monitoring 
and with other conditions routinely encoun-
tered in an intensive care unit [5].

 2. Pre-Requisite Training
Candidates pursuing neuroendovascular 

surgery training must be technically compe-
tent in catheter access and manipulations 
within the vasculature supplying the brain 
and spinal cord. They are also expected to 
have a working knowledge of radiation biol-
ogy in order to ensure patient and operator 
safety.

The specific details of pre-requisite train-
ing include
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• Performance of at least 200 catheter-based 
diagnostic and interventional cerebral 
angiographic procedures as a primary 
operator.

• Demonstrated competency in catheter 
techniques as validated by the NES 
Fellowship Program Director.

• ABNS Milestones one to four for cerebro-
vascular diseases and NES, completed and 
signed off by both the residency and NES 
fellowship program directors.
All candidates must demonstrate compe-

tency in catheter techniques and must perform 
200 catheter-based diagnostic and interven-
tional cerebral angiographic procedures as a 
primary operator before starting their focused 
NES training year, regardless of their primary 
specialty. In a multi-year neuroendovascular 
surgery fellowship program, this pre-requisite 
may be obtained during the first year for any 
of the specialties [5].

 3. Advanced Neuroendovascular Surgery 
Training

The specific details for all primary special-
ties (neurology, neurosurgery, and neuroradi-
ology) include
• Twelve continuous months of a dedicated 

neuroendovascular surgery fellowship 
experience, during which the fellow per-
forms a broad spectrum of endovascular 
procedures as defined by the core- 
competency requirements, to be performed 
after completion of their preliminary spe-
cialty and subspecialty requirements. For 
neurosurgeons, the 12-month neuroendo-
vascular surgery fellowship may occur 
during residency but not before Post 
Graduate Year 6.

• A minimum of 250 interventional treatment 
procedures should be performed as pri-
mary operators to ensure that the trainee is 
exposed to diverse cerebrovascular dis-
eases and the endovascular procedures 
used in their treatment. As a general guide-
line, those performed should have a core 
experience consisting of:

 – Forty aneurysm treatments, including 
ten presenting with rupture

 – Twenty intracranial embolizations (arte-
riovenous malformation, arteriovenous 
fistula, tumor)

 – Twenty-five intracranial or extracranial 
stent placements (at least five in each 
category and may include stents or flow 
diverters for aneurysms)

 – Thirty acute ischemic stroke treatments
 – Ten intracranial infusions (e.g., vaso-

spasm, chemotherapy, and stroke)
 – Ten extracranial embolizations
 – Five spinal angiograms and 

embolizations

The guidelines state that those candidates who 
are unable to complete the required interventions 
during the 12 months should extend their training 
or seek training at other institutions. The continu-
ity of care must be of sufficient duration, so the 
trainee is familiar with the natural history of each 
disease and the outcome of these treatment pro-
cedures [5].

17.2.2.3  Requirements/Criteria 
for Institutions

The institution where the training program is 
based should have an emergency room, a dedi-
cated neurointensive care unit, ACGME- 
accredited residency programs in neurology and 
radiology, and ACGME, United Council for 
Neurological Specialties, and CAST-accredited 
fellowship programs in stroke and vascular neu-
rology, neurocritical care, and neuroradiology.

There should also be a robust open surgical 
neurovascular program, meeting ACGME 
accreditation requirements at the same institu-
tion, a designated Comprehensive Stroke Center, 
and access to both adult and pediatric patients.

The imaging equipment and procedure rooms 
must be appropriately equipped and available for 
all neuroendovascular procedures. Imaging 
equipment should include biplanar fluoroscopy 
with digital subtraction and roadmap capability 
and rotational 3D imaging. The training program 
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must be hospital based to provide adequate inpa-
tient, outpatient, emergency, and dedicated neu-
rointensive care. Ancillary up-to-date imaging, 
such as MRI and CT with perfusion analysis, and 
ultrasound, are also necessary.

The environment at the institution should be 
education friendly and include frequent interac-
tions between open vascular neurosurgery, criti-
cal care, stroke neurology, neuroradiology, and 
state-of-the-art neuroimaging. Trainees should be 
given the opportunity to participate in research 
and other scholarly activities. Each program must 
ensure that the learning objectives of the program 
are not compromised by excessive reliance on 
trainees to fulfill service obligations. Didactic 
and clinical education must have priority in the 
allotment of fellows’ time and energy [5].

17.2.2.4  Requirements/Criteria 
for Faculty and the Director 
of the Program

A neuroendovascular surgery fellowship must 
have a fellowship program director or co- director 
who:

• Is certified by CAST and the American Board 
of Neurological Surgery (ABNS), American 
Board of Radiology, or the American Board of 
Psychiatry and Neurology.

• Has fulfilled all other respective specialty and 
subspecialty requirements, including 
Maintenance of Certification (MOC).

• Has special expertise in neuroendovascular 
surgery, with his/her practice concentrated in 
this field.

• Is appointed or co-appointed by and respon-
sive to the Chair of the sponsoring ACGME- 
accredited program in neurological surgery, in 
consensus with the chairs of the ACGME pro-
grams in neurology and radiology if these 
 specialties are represented as faculty in the 
CAST neuroendovascular surgery fellowship 
program. [5]

Trainee and faculty evaluations must be per-
formed regularly and reviewed by the sponsoring 
CAST fellowship program director and any other 
appropriate institutional review committee to 
ensure the educational efficacy of the neuroendo-
vascular surgery program.

The program must include at least two faculty 
members with special expertise in neuroendovas-
cular surgery who are board-certified or tracking 
for certification by the ABNS or certified by the 
American Board of Radiology or American 
Board of Psychiatry and Neurology and possess 
all other additional required educational qualifi-
cations as determined by CAST and its 
NESAC.  To ensure adequate teaching, supervi-
sion, trainee evaluation, and their academic prog-
ress, the trainee-to-faculty ratio must be at least 
two full-time neuroendovascular surgery faculty 
for the first graduating trainee completing the 
training program each year. More faculty mem-
bers will need to be recruited to gain additional 
numbers of CAST-approved fellowship spots.

17.2.3  India

In India, the standards of training in neuroendo-
vascular surgery have only recently (2019) been 
set by the National Board of Examinations, New 
Delhi, as a two-year post-doctoral fellowship 
program in Neurovascular intervention.

17.2.3.1  The Program
The objectives of the training program for the 
candidates are that they should [7]

• Understand symptomatology and signs of dis-
eases that are amenable to neurovascular 
intervention.

• Perform basic neurological examination to 
evaluate patients with these disorders.

• Understand the pathophysiology and natural 
history of these disorders
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• Understand the basics of imaging modalities, 
radiation physics and radiation biology and 
integrate information available from imaging 
studies and apply it to their practice.

• Communicate effectively with their patients and 
their relatives, and other doctors and colleagues.

• Know the indications and contraindications of 
the procedures in neuro intervention.

• Be well versed with the clinical and technical 
aspects of the procedures.

• Accurately report diagnostic and follow-up 
Cerebra Digital Subtraction Angiograms as 
well as Neuro Interventional procedures.

• Discuss medical and surgical alternatives to 
the neuro intervention procedures.

• Be competent in the pre- and peri-procedural 
management of patients undergoing neuroin-
terventional procedures.

• Know how to prevent, recognize, and manage 
complications associated with these Neuro 
Interventional procedures.

• Handle neurointensive care management in 
consultation with Neuro-intensivists.

The program is a post-doctoral fellowship 
program (FNB) of 2 years duration.

17.2.3.2  Requirements/Criteria 
for Trainees

Candidates eligible to enter into the training pro-
gram in the country are neurologists, neurosur-
geons, and neuroradiologists. Accordingly, they 
must be in possession of recognized DM/DNB 
Neurology, MCh/DNB Neurosurgery and DM 
Neuroradiology qualifications, respectively. They 
must appear for an entrance examination and must 
qualify as per the rules and norms of the National 
Board of Examinations (NBE), New Delhi.

Candidates are put through the following rota-
tions during their 2-year training period (depend-
ing upon their primary specialty).

Area of posting

Background qualification of 
trainee
Neurora-
diology

Neuro-
surgery Neurology

Neuro imaging NA 1 month 2 weeks
Neurosurgery OT 2 weeks NA 2 weeks
Neurology 2 weeks 2 weeks NA
Neuro ICU 2 weeks NA NA
Other recognized 
Center for training 
in neurovascular 
intervention

1 month 1 month 1 month

At the end of their training period, candidates 
must appear for and pass the exit examination to 
be awarded the FNB Neurovascular intervention 
[7].

17.2.3.3  Requirements/Criteria 
for Institutions

The institution where training in neuro interven-
tion is to be provided should have total beds in 
conformity with existing NBE norms [7].

The institute should have an in-house 
Neurology, Neurosurgery, and Neuroradiology 
set up. The requirement of minimum beds in par-
ent super-specialty departments (Neurology/
Neurosurgery) should be fulfilled [7].

The department should attend the minimum 
required patient load for the program as under 
[7]:

• At least 100 Diagnostic Cerebral and Spinal 
Angiograms per annum.

• At least 50 Therapeutic Neurovascular 
Interventions per  annum, including the 
following:
 – Cerebral Thrombolysis—Arterial and 

Venous
 – Internal Carotid & External Carotid 

Angioplasty and Stenting
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 – Endovascular treatment of brain and spine 
Aneurysm

 – Endovascular treatment of AVM, Dural fis-
tulas and other malformations of brain and 
spine. Balloon test occlusion

 – Pre-Op embolization
 – Inferior Petrous sinus sampling
 – Percutaneous embolization

17.2.3.4  Requirements/Criteria 
for the Program Personnel

The department should have at least two full-time 
consultants. One of them should be a Senior 
Consultant whereas the other consultant may be a 
Junior Consultant, meeting the criteria as out-
lined below:

Senior Consultant: Should have a minimum of 
5 years of exclusive experience in neurovascu-
lar intervention after having qualified MCh/
DNB/DM or equivalent post-doctoral qualifi-
cation in either Neurosurgery or Neurology or 
Neuroradiology; alternatively, a minimum of 
10 years of exclusive experience in neurovas-
cular intervention after having qualified MD/
DNB or equivalent in the specialty of 
Radiodiagnosis. The consultant should have 
supportive documentary evidence for his/her 
exclusive experience in the field of neurovas-
cular intervention.

Junior Consultant: Should have a minimum of 
2 years of exclusive experience in neurovascu-
lar intervention after having qualified MCh/
DNB/DM or equivalent post-doctoral qualifi-
cation in either Neurosurgery or Neurology or 
Neuroradiology; alternatively, a minimum of 
5 years of exclusive experience in neurovascu-
lar intervention after having qualified MD/
DNB or equivalent in the specialty of 
Radiodiagnosis. The consultant should have 
supportive documentary evidence for his/her 
exclusive experience in the field of neurovas-
cular intervention.

Senior Residents: Two senior residents are desir-
able in the department. They must be in pos-
session of a recognized degree qualification in 
the specialty of General Medicine or General 
Surgery or Radiology. The degree should not 
have been awarded more than 60 months ear-

lier than the date of filing the application. 
Those in possession of an MCh/DNB/DM 
degree in Neurosurgery or Neurology or 
Neuroradiology shall be considered as senior 
residents in the department till they become 
eligible to qualify as Junior Consultants, i.e., 
upto 2 years post-MCh/DNB/DM [7].

The Indian system differs in that there is cur-
rently no central body to oversee the processes. 
This is bound to change in the near future as the 
training programs become more streamlined.

17.3  Conclusions

Training for neuroendovascular procedures is 
necessary for the safe conduct of procedures and 
to advance the field.
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