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ABSTRACT

The first endovascular treatment of intracranial aneurysms began with simple coiling
in 1991. Ever since, it has developed significantly, and endovascular treatment is
now the first choice for most intracranial aneurysms. However, some intracranial
aneurysms such as wide-necked, blood-blister-like, fusiform and dissecting
intracranial aneurysms are not suitable for simple coiling. In 2008, intraluminal flow
diversion was introduced for uncoilable saccular intracranial aneurysms of the
internal carotid artery, and since then, the indications of intraluminal flow diversion
have expanded to complex aneurysms like blister-like, dissecting, and fusiform
intracranial aneurysms. In 2010, intrasaccular flow disruption was introduced with
the Woven EndoBridge (WEB) for the treatment of naive wide-necked bifurcation
aneurysms. Several studies have shown the safety and efficacy of flow diverters and
WEB in the treatment of intracranial aneurysms.

In our study the safety and efficacy of the WEB and flow diverters were assessed
in Finnish population. Furthermore, we identified and analysed the factors
influencing radiological outcomes after the contemporary endovascular treatments.
A rate of 90% adequate radiological outcomes can be achieved in the treatment of
naive and recurrent wide-necked intracranial aneurysms with the WEB. No rupture
or re-rupture observed after the WEB treatment. The flow diverters can provide a
high occlusion rate for elective and acutely ruptured intracranial aneurysms.
However, a 45% rate of complications was observed in flow diversion for acutely
ruptured intracranial aneurysms.

The WEB for wide-necked intracranial aneurysms including wide-necked
recurrent intracranial aneurysms appears to be safe and efficient, and is a valuable
alternative when the conventional methods are not amenable. The aneurysm
morphology and size seem to influence the radiological outcomes after the WEB
treatment. Flow diverters provides high occlusion rates. However, the flow diversion
of acutely ruptured intracranial aneurysms carries a high rate of complications. Flow
diversion can be justified as a last-resort option when other endovascular methods
are not suitable for acutely ruptured intracranial aneurysms.

KEYWORDS: Aneurysm, subarachnoid hemorrhage, stroke, endovascular
treatment, the woven endobridge, flow diverter
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TIVISTELMA

Aivovaltimoaneurysma hoidettiin koiliembolisaatiolla onnistuneesti ensimmaéisen
kerran vuonna 1991, ja siitd lédhtien endovaskulaariset tekniikat ovat kehittyneet
merkittivésti. Endovaskulaarinen menetelmi onkin nykydin ensisijainen valinta
useimpien aneurysmien hoitoon. Koska rakkulamaiset, dissekoivat ja fusiformiset
aneurysmat ovat vaikeita hoitaa tavanomaisilla endovaskulaarisilla menetelmilla,
vaikeahoitoisia aneurysmia varten otettiin vuonna 2008 kayttéon flow diverter -
stentit. Niiden alkuperdinen kéyttdaihe oli sisemmén kaulavaltimon jéttianeurysmien
hoito; nyt kayttoaiheet ovat laajentuneet niin rakkulamaisten kuin dissekoivien
aneurysmien hoitoon. Intrasakkulaarinen laite Woven Endobridge (WEB) kehitettiin
vuonna 2010 levedkaulaisten aivovaltimoaneurysmien hoitoon. Useat tutkimukset
ovat osoittaneet sekd flow diverter -stentin sekd WEB:in turvallisuuden ja
tehokkuuden aivoaneurysmien hoidossa.

Tutkimuksessa arvioitiin WEB ja flow diverter -hoidon turvallisuutta ja
tehokkuutta Suomessa. Erityistd huomiota kiinnitettiin tekijoihin, jotka ennustavat
radiologisia tuloksia nykyaikaisen hoidon jélkeen. Tutkimuksella todettiin, etti
WEB-hoidolla voidaan saavuttaa 90%:sti ldahes tdydellinen radiologinen hoitotulos.
WEB-hoidon jilkeen aneurysmien puhkeamista ei havaittu. Flow diverter -hoidolla
saavutetaan 90%:sti tdydellinen tai ldhes tdydellinen radiologinen tulos, mutta
45%:1la potilaista esiintyy jokin flow diverter -hoitoon liittyvd komplikaatio
akuutisti puhjenneiden aneurymien hoidossa.

WEB on tehokas menetelmé sekd uusien ettd uusiutuneiden leveédkaulaisten
aneurysmien hoidossa. Se on kéyttdkelpoinen silloin, kun perinteiset menetelmét
eivit riitd. Aneurysman muoto ja koko vaikuttavat WEB:in hoitotuloksiin. Flow
diverterit mahdollistavat hyvin radiologisen hoitotuloksen akuutisti repeytyneissi
aivoaneurysmissa. Niiden flow diverter -hoitoon liittyy kuitenkin huomattavan
korkea komplikaatioriski, mutta mikédli muu menetelméd ei potilaan akuutisti
puhjenneen aneurysman hoitoon sovellu, sitd voidaan viimeisend hoitomuotona
perustellusti kayttaa.

AVAINSANAT: Aivovaltimopullistuma, aneurysma, lukinkalvonalainen veren-
vuoto, suonensisdinen hoito, woven endobridge, flow diverter
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1 Introduction

The incidence of intracranial aneurysms (IAs) in a population without comorbidities
is 3% (M Vlak et al., 2011). Most [As are incidentally diagnosed and never ruptures
(Thompson et al., 2015). Factors associated with an increased risk of aneurysm
rupture include Black and Hispanic ethnicity, hypertension, current smoking, alcohol
abuse, use of sympathomimetic drugs, and an aneurysm larger than 7 mm (Lall et
al., 2009; Vlak et al., 2012). The prevelance of IAs increases with age, with peak
incidence age being 50-60 years. Furthermore, aneurysmal subarachnoid
haemorrhage (aSAH) is 1.6-times more common in women; this preponderance
begins after the fifth decade of life (N. K. de Rooij et al., 2007). Once an IA ruptures,
blood leaks into the subarachnoid space causing subarachnoid haemorrhage, which
accounts for 5-10% of strokes in the western world (Rincon et al., 2013).
Aneurysmal subarachnoid haemorrhage is a significant cause of morbidity and
mortality throughout the world, reaching the case mortality rate at one year as high
as 50% (Korja et al., 2013). Although the incidence of aSAH varies widely among
populations, likely due to genetic factors, comorbidities, and life habits (i.e.,
smoking), in a systematic review of population-based studies, the global incidence
of aSAH ranges from 2 to 16 per 100,000 (Feigin et al., 2009). Notably, the incidence
of aSAH in Finland during the last two decades has declined, while once it was the
among the highest in the world—a decrease from 10 to 6 per 100,000 (Korja et al.,
2016). The importance of aSAH to public health includes not only the burden of
healthcare costs after aSAH but also survivors’ significant loss of productive life (N.
K. de Rooij et al., 2007). Nearly 25% of patients die before seeking care; for the
remaining individuals, the leading cause of mortality and morbidity is rebleeding
before the aneurysm is repaired (Korja et al., 2013, 2017). Thus, aneurysm repair in
the setting of aSAH is crucial in preventing rebleeding.

Clinical experience and multi-center trials have proven that the treatment of
ruptured IAs is safe and effective (Molyneux et al., 2009; Spetzler et al., 2020). The
literature in the field generally recommends that ruptured [As should be secured from
re-rupture <72 hours (Connolly et al., 2012; Steiner et al., 2013). The treatment for
unruptured IAs, however, is an area of uncertainty, as the evidence regarding the
effectiveness of the routine treatment for unruptured IAs is lacking. Therefore,

12



Introduction

several factors must be considered in selecting of the optimal management of an
unruptured 1A, including the size, location, and other morphological characteristics
of the aneurysm; documented growth on serial imaging; the age of the patient; and a
history of prior aSAH that may predispose a patient to a high risk of haemorrhage
(Etminan et al., 2015; Greving et al., 2014). Treatment options include open surgical
clipping or endovascular aneurysm obliteration; both treatments should be provided
by specialized, experienced practitioners at high-volume centers (Boogaarts et al.,
2014).

Aneurysm clipping was first performed by Dandy Walker in 1938; subsequently,
Yasargil adapted microsurgical techniques to surgical aneurysm clipping (Davies &
Lawton, 2014). Surgical clipping remains a reliable and efficient way to treat [As.
Three decades ago, Guglielmi introduced endovascular coiling (Guglielmi et al.,
1991). Since then, upgraded versions of coils, stents, balloons, flow diverters, as well
as many other new adjunctive intra- and extraluminal devices, have been developed
for the treatment of [As (Henkes & Weber, 2015).

With tremendous support from developments in innovative technologies, along
with the evidence from large clinical trials, endovascular treatment has been the first
choice for most IAs (Molyneux et al., 2015; Wiebers, 2003). In the context of
intraluminal and intrasaccular flow dynamics, flow diverters and intrasaccular flow
disturbers have developed. Thus, the effective treatment of more complex aneurysms
that were once thought to be untreatable by conventional methods can now be treated
by contemporary endovascular treatment.

13



2 Review of the Literature

2.1 Intracranial aneurysms

In a literal sense, an IA is the focal widening or dilatation of intracranial arteries. [As
are classified according to shape, such as saccular and fusiform, or pathogenesis,
such as traumatic or infectious. Saccular aneurysms, which are the most common
type, are berry-like lobular outpouchings of intracranial arteries and are most often
located in bifurcations of the arteries in the circle of Willis (Clarke et al., 2005). In
about 75% of affected patients, aneurysms are solitary lesions, whereas multiple
lesions occur in about 25% of such patients (Rinne et al., 1994). Although there are
some preclinical models and theories regarding how IAs develop, the development
mechanism remains unclear. The majority of [As causes no symptoms and are
detected accidentally, more often owing to the high accessibility of head imaging.
Aneurysms represent a significant health concern, predominantly because of
significant morbidity and mortality associated with rupture and aSAH (Lawton &
Vates, 2017).

211 Epidemiology and risk factors

Researchers have reported the prevalence of IAs within varying ranges, as
prevalence is affected by many factors, such as ethnicity, age, and sex. The
prevalence of unruptured IAs in a population without comorbidities was estimated
to be around 3%, and IAs are more prevalent in women than men (M Vlak et al.,
2011). Although IAs are solitary lesions in most patients, 25% of patients have
multiple [As (Qureshi et al., 1998; Wiebers, 2003). IAs of anterior circulation are
more common than those of posterior circulation (M Vlak et al., 2011; Wiebers,
2003).

IAs are not congenital disorders but develop over the life course; they are
extremely rare in people under 20 years of age (Etminan et al., 2014). Furthermore,
the formation of IAs is incompletely understood. Nevertheless, many researchers
have managed to show association between several factors such as hypertension,
female sex, and cigarette smoking (Inagawa, 2010; Juvela et al., 2001). Cigarette
smoking and hypertension are independent risk factors for [As, with an odds ratio of
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3.0 and 2.9, respectively; combined, they have an odds ratio of 8.3 (Vlak et al., 2013).
[As are more common in females than males, even after adjusting for age and risk
factors (M Vlak et al.,, 2011) Furthermore, people with a first-degree relative
diagnosed with an IA have an increased likelihood of IA (Brown et al., 2008;
Ronkainen et al., 1997). The risk of a saccular IA is also higher in those with some
connective tissue-related genetic disorders. Autosomal dominant polycystic kidney
disease is the most common disease associated with saccular IAs, with a relative risk
of 6.9 (95% confidence interval, 3.5-14). Overall, 5-40% of autosomal dominant
polycystic kidney disease cases also involve 1A, with 10-30% of affected patients
developing multiple IAs (Hitchcock & Gibson, 2017).

21.2 Common intracranial aneurysms

21.21 Saccular intracranial aneurysms

Generally, the TA refers to saccular outpouchings in intracranial arteries, with
saccular [As accounting for 85% of [As. These berry-like IAs are frequently located
at the bifurcation of arteries in the circus of Willis (Clarke et al., 2005). Although
saccular IAs were once thought to be congenital, subsequent studies showed that this
assumption was incorrect (Etminan & Rinkel, 2016). The pathogenesis of [As has
been studied in animal models, as well as in human specimens. It is very likely that
inflammation and hemodynamic stress play pivotal roles in the formation of saccular
IAs (Frosen et al., 2012). The death of medial smooth muscle cells in intracranial
arteries and collagen disruption cause mismatches against hemodynamic stress,
which together with apoptosis and inflammation in the arterial wall plays a key role
in disease progression. In addition to the histological findings, many imaging-based
studies have utilized contrast enhancement in or around the IA wall, highlighting
inflammation in the pathogenesis (Edjlali et al., 2018).

Saccular [As are categorized according to maximal diameter of the dome and
maximum width of the neck. According to maximal diameter, historically saccular
aneurysms are classified as following: small (<10 mm), large (=10 mm), and giant
(>25 mm) (Meyers et al., 2009). The larger a saccular IA is, the higher is the risk of
rupture, in daily practice IAs <5 mm are considered small due to low risk of rupture
(UCAS Japan Investigators et al., 2012). A saccular IA is wide necked if the width
of the neck is >4 mm or dome to neck ratio < 2 (Debrun et al., 1998; Fernandez
Zubillaga et al., 1994).
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21.2.2 Fusiform intracranial aneurysms

The term fusiform reflects the shape of an IA and not its underlying pathology
(Mizutani et al., 1999). The fusiform IA is the less common morphologic type.
Typically, there is circumferential dilatation of a segment of an intracranial artery—
most frequently in the arteries of the vertebrobasilar system (Krings et al., 2011).
The incidence of vertebrobasilar fusiform aneurysms is around 0.7% (Serrone et al.,
2014). The pathology in the vessel wall of a chronic fusiform aneurysm is comprised
of a dilated lumen and thinned wall (Krings et al., 2011). The natural history of
chronic fusiform aneurysms is not well known. Furthermore, symptomatic chronic
fusiform aneurysms are associated with high mortality and morbidity (Serrone et al.,
2014). The risk of aSAH correlates to the size of the chronic fusiform aneurysms
(Serrone et al., 2014). The symptoms are due to mass effect, cranial nerve palsies
and brain stem compression, or ischemic strokes due to partial thrombosis of the IA
(Mangrum et al., 2005; Nakatomi et al., 2020).

Surgical treatment of fusiform aneurysms is not only technically difficult but
also poses a challenge owing to the perforating branches arising from the aneurysm
lumen (Nakatomi et al., 2020). The clinical management for chronic fusiform [As
includes imaging follow-up and symptomatic treatment, as well as surgical or
endovascular treatment, which are associated with a high risk of morbidity and
mortality (Lawton et al., 2016; Nakatomi et al., 2020).

21.2.3 Dissecting intracranial aneurysms

The initial dissection of an intracranial artery may form a non-saccular, fragile
aneurysm bulging out of the artery wall. Unlike saccular 1As, dissecting aneurysms
usually do not occur at sites of bifurcation (Krings et al., 2011). Due to dissection,
blood accumulates between media and adventitia, and the consequent false lumen
can result in the bulging of the adventitia (Hara & Yamamoto, 2000; Krings et al.,
2011). As the risk of re-rupture is as high as 65%, a ruptured dissecting IA requires
hyperacute treatment (Mizutani et al., 1999). Treatment strategies for dissecting [As
are both surgical and endovascular, including the sacrifice of the proximal parent
vessel and the wrapping of the parent artery (Krings et al., 2011). In the acute setting,
flow diverter treatment as a contemporary treatment is feasible when conventional
methods are not applicable (Rabinov et al., 2003).
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213 Uncommon intracranial aneurysms

2.1.31 Infective aneurysms

The term “mycotic aneurysm” was used historically, although the causative agents
of mycotic aneurysms can be fungal as well as bacterial infections. Thus, the
historical term refers to shape of the aneurysm, not to the causative agent (Bergqvist,
2008). The incidence of mycotic [As is only 2—6% of all IAs (Ducruet et al., 2010).
The most common infectious disease associated with mycotic aneurysms is infective
endocarditis, compromising almost 65% of all mycotic aneurysms (Ducruet et al.,
2010). Although bacterial, fungal, and viral infections can cause mycotic aneurysms,
the majority of mycotic [As are caused by S. Aureus and Streptococcus species.
ycotic [As tend to site commonly distal branches of circles of Wills because of the
main underlying pathology, distal embolism (Ducruet et al., 2010).

The pathophysiology of mycotic aneurysms depends on how the causative agent
spreads into the intracranial arteries. A direct invasion from adjacent tissues (e.g.,
cavernous sinus) can cause mycotic aneurysms in the proximal part of the internal
carotid artery (ICA), whereas hematogenous spread in distal branches of intracranial
arteries (Krings et al., 2011). Once the microorganisms reach the cerebral artery wall,
an inflammatory reaction begins, including loss of the internal elastic lamina,
infiltration of polymorphonuclear cells into the media and adventitia, and
proliferation of the intimal cells. The inflammatory reaction in the arterial wall may
eventually lead to either arterial ectasia or arterial wall rupture, forming a
pseudoaneurysm. Morphologically mycotic IAs are like fusiform IAs, however there
are mycotic IAs with extremely small necks, resembling saccular IAs (Krings et al.,
2011).

Owing to their pathophysiology, mycotic aneurysms are more fragile than
saccular [As. The size of a mycotic IA does not predict the rate of rupture; contrary
to saccular IAs, smaller mycotic IAs entail a higher risk of rupture. The most
common symptom of mycotic IAs is SAH (Ducruet et al., 2010). However, some
incidental mycotic IAs can remain unruptured, through the medical management of
underlying disease (e.g., infectious endocarditis), the size of IAs might remain
unchanged, sometimes even regress during the treatment. Intervention depends on
rupture status and can be both surgical and endovascular treatments (Ducruet et al.,
2010). Unruptured mycotic IAs have a 30% mortality rate due to the high mortality
of underlying infectious diseases, while the mortality rate increases up to 80% when
mycotic IAs rupture (Ducruet et al., 2010). Intervention depends on rupture status
and can be both surgical and endovascular treatments (Ducruet et al., 2010).
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21.3.2 Traumatic intracranial aneurysms

Traumatic IAs comprise only 1% of all reported IAs. The etiology of traumatic IAs
includes both blunt and penetrating cranial trauma. Furthermore, traumatic
intracranial aneurysms can be iatrogenic—for example, after transsphenoidal
surgery or sinus surgery (Krings et al., 2008). Different rates of traumatic [As have
been reported after low-velocity (e.g., stub wounds) and high-velocity injuries (e.g.,
missiles), ranging between 0.1% and 8%. In contrast to saccular IAs, traumatic [As
are false or pseudoaneurysms, according to histological structure; in traumatic [As,
all three arterial layers are disrupted (Krings et al., 2011). Traumatic IAs can be
categorized into three types according to location, as follows: (1) skull base
(petrous/cavernous/supraclinoid), (2) subcortical or peripheral, and (3) distal cortical
(associated with skull fracture and subdural hematomas) (Krings et al., 2008). The
traumatic aneurysm of the ICA within the cavernous segment is the type most often
encountered (48%) and is typically associated with basal skull fractures. Anterior
circulation is commonly affected, particularly branches of the anterior cerebral artery
(ACA; its relationship with the falx) and the middle cerebral artery (MCA; its
relationship with pterion) (Krings et al., 2008). Very little is known about the natural
history of traumatic IAs. In a relatively up-to-date study by Bell and colleagues, the
average size of ruptured traumatic IAs was larger than unruptured (8.2 mm vs. 3.1
mm) (Bell, Vo, et al., 2010). The size of traumatic IAs tends to be associated with
rupture. Traumatic [As, unlike saccular 1As, are prone to rupture quickly. In the same
study, the average time from diagnosis to rupture was 15+£10.7 days (range: 4-32
days) (Bell, Vo, et al., 2010).

Surgery has been the mainstay treatment for traumatic IAs, although
endovascular treatments, particularly in skull base injuries, have continued to evolve.
sacrifying the parent artery by surgery or endovascular embolization (balloon, glue,
coil) to stop bleeding is usually adequate. As traumatic [As have no true lumen,
conventional endovascular treatments, such as coiling, should be avoided due to very
high risk of bleeding. However, reconstructive methods such as flow diversion, or
stenting can be used in selected cases (Bell, Ecker, et al., 2010; Bell, Vo, et al., 2010).
The mortality and morbidity of traumatic IAs mainly depends on the primary insult
after the initial injury (Bell, Vo, et al., 2010).

21.3.3 Blister-like intracranial aneurysms

Blister-like [As are comparatively small, <3 mm, and typically occur along the dorsal
wall of the ICA (Ishikawa et al., 1997). Although the original description of blister-
like IAs involved lesions of the dorsal ICA wall (91%), more recent case reports and
small clinical series have described aneurysms with similar characteristics in atypical
locations, such as MCA, ACA, and the basilar artery (Peschillo et al., 2016). This
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type of IA lacks internal elastic lamina and media, making these lesions highly
fragile, thus prone to rupture (Ishikawa et al., 1997). Blister-like [As are difficult to
treat with conventional endovascular methods (i.e., coiling) or surgical clipping,
owing to their shallow and fragile structure (Peschillo et al., 2016). Many surgical
techniques, such bypass and wrapping or scarifying the parent artery, are associated
with a high risk of complications, with perioperative morbidity and mortality at a
rate of 20% and 10%, respectively (Peschillo et al., 2016). In addition to
deconstructive methods, coiling and surgery, reconstructive endovascular methods,
flow diversion and stent-assisted coiling (SAC), have emerged with lower
complication rates and better clinical outcomes than surgery (Peschillo et al., 2016).

21.34 Pediatric intracranial aneurysms

Pediatric IAs accounts for 1-5% of all IAs (Garg et al., 2014). Unlike IAs in adults,
pediatric [As tend to be non-saccular, most commonly fusiform, and large (>10 mm)
(Gross et al., 2015; Koroknay-Pal et al., 2012). The risk factors for IA growth in the
adult population have been extensively studied. However, the pathophysiology of
pediatric IAs is not clearly understood, as children are not exposed to risk factors
associated with aneurysm formation in adults, such as cigarette smoking and
hypertension. One can assume that pediatric intracranial aneurysms are congenital,
but the data from large autopsy series has not proven this theory (Lasjaunias et al.,
2005). Nevertheless, some genetically inherited diseases like polycystic adult-type
kidney and tuberos sclerosis have been reported as underlying diseases in children
with IAs by some authors (Koroknay-Pal et al., 2012; Lasjaunias et al., 2005).
Furthermore, infection and head trauma were pointed to be etiologic factor for
pediatric IAs (Koroknay-Pal et al., 2012). Although the pathology and morphology
of pediatric IAs appear to be different than their adult counterparts, the clinical
presentation of pediatric and adult IAs are the same—aSAH, followed by seizures
and the mass effects of [As (Gross et al., 2015; Koroknay-Pal et al., 2012). Pediatric
patients with aneurysms, much like their adult counterparts, can be managed and
treated both surgically and endovascularly. Surgical options for pediatric IAs include
direct clipping, wrapping, the scarification of a parent artery, and trapping
(Koroknay-Pal et al., 2012). Furthermore, endovascular methods include direct
coiling, as well as balloon, or coil occlusion of the parent artery (Koroknay-Pal et
al., 2012; Lasjaunias et al., 2005). Although the ongoing growth of cerebral arteries
in children is a potential pitfall, there have been some reports on the successful
treatment of pediatric IAs via flow diverter (Barburoglu & Arat, 2017; Navarro et
al., 2015). Follow-up regarding a detected or treated pediatric IA is challenging
because of the high recurrence rate and de novo aneurysm formation. Hence, lifelong
follow-up has been purposed by some authors (Koroknay-Pal et al., 2012).
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2.2 Subarachnoid hemorrhage

Subarachnoid hemorrhage (SAH) is the pathologic condition that exists when blood
enters the subarachnoid space. The most common spontaneous SAH is the aSAH,
accounting for 85% of all spontaneous SAH (Connolly et al., 2012). SAH resulting
from a ruptured IA accounts for 5% of all strokes and carries an exceptionally high
disease-specific burden; half of patients with aSAH are younger than 55 years, one-
third die within the initial days to weeks after the hemorrhage, and most survivors
have long-term disability or cognitive impairment (Nieuwkamp et al., 2009)

2.21 Incidence of aneurysmal subarachnoid hemorrhage

The global incidence of aSAH is estimated to be 9 per 100,000 people; however, it
varies considerably according to age, sex, and geographic region (N. K. de Rooij et
al., 2007). In recent reports, the global incidence of aSAH has appeared to decline,
and in a meta-analysis by Etminan, the global incidence of aSAH was estimated to
be 6 per 100,000, declining by 1.7% per 100,000 each year between 1955 and 2010
(Etminan et al., 2019). The incidence of SAH in Finland was once among the highest
(20%) in the world; however, a recent study has shown that the incidence of aSAH
in Finland has decreased significantly, dropping to 6—10 per 100,000 person-years
(N. K. de Rooij et al., 2007; Korja et al., 2016). As aneurysm formation occurs
gradually and is rare before 20 years of age, the incidence of aSAH is higher in
people between 50 and 60 years of age (Nieuwkamp et al., 2009). With no regard to
regional differences around the world, aSAH incidence is higher in women (Etminan
etal., 2019).

2.3 Factors involved in aneurysm rupture

Several studies have investigated factors associated with aneurysm rupture. Much of
our understanding of rupture risks relies on the data from the International Study of
Unruptured Intracranial Aneurysms (ISUIA). Exactly why an aneurysm ruptures is
still being elucidated, but several patient-specific, aneurysm-specific, and other
factors have been identified.

2.3.1 Patient related factors

Cigarette smoking is single-handedly the most important risk factor for aneurysm
rupture. Studies by Finnish investigators concluded that current smokers are three
times more likely to experience a rupture than non-smokers (Korja et al., 2014).
Furthermore, the important role of current smoking as an independent risk factor was

20



Review of the Literature

further underlined in a pooled analysis of 26 prospective cohort studies on aSAH
risk factors (Feigin et al., 2009).

A family history of aSAH is also considered a risk factor for rupture. A family
history of aSAH in two or more first-degree relatives increases the risk of rupture as
high as 17 times (Broderick et al., 2009). However, in the Nordic twin-cohort study
by Korja et al, it is found that the familial aSAH can be likely due to environmental
factors rather than genetic inheritance (Korja et al., 2010). In the ISUIA study, the
rate of rupture was 10-times higher in patients with prior history of aSAH than
patients without history of aSAH, regardless of the location of the aneurysm
(Murayama et al., 2016).

Increasing age (>60 years) has been identified as a risk factor for rupture.
However, in the literature, the data is controversial on the relationship between
increasing age and rupture. In a meta-analysis of 75 population-based studies,
Etminan et al. found that increasing age is associated with rupture regardless of
geographical factors (Etminan et al., 2019). Interestingly, in the same study,
increasing age was more distinctly correlated with rupture in women aged >55 years
(Etminan et al., 2019). On the contrary, young age at the time of rupture has been
found to be predominant in males (N. K. de Rooij et al., 2007).

Furthermore, the relationship between hypertension and rupture has been
studied. Striking data from a large prospective study, the study from Norway,
showed that the risk of rupture increases gradually along with high systolic and
diastolic blood pressure (hazard ratio: 2.3) (Miiller et al., 2019). A notable result
from a recent study was that high body mass index is associated with poor
neurological outcome after surgically treated good grade aSAH (Rautalin et al.,
2022)

2.3.2 Aneurysm related factors

The size and location of an IA are strongly associated with rupture. In their
historically important study, Wiebers and colleagues clearly demonstrated that 1As
<10 mm are unlikely to rupture (Wiebers, 2003). Years after this study, the ISUIA
study supported this finding showing that aneurysms >5 mm had a hazard ratio of
12.24 compared to 2- or 4-mm IAs (Murayama et al., 2016). The location of an 1A
was an independent factor for rupture, as IAs located at the basilar tip and the
vertebrobasilar and posterior communicating arteries had higher risk of rupture than
their counterparts located on the ophthalmic and cavernous segments of the I[CA
(Murayama et al., 2016). Subsequently, the morphology of an IA is associated with
rupture. The presence of a daughter sac was identified as a significant and
independent risk factor for aneurysm rupture in a large Japanese cohort study
conducted in 2012. In this study, UIAs with a daughter sac had a 1.6-fold increased
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risk of rupture compared to aneurysms that had no daughter sac, irrespective of
aneurysm size or location (UCAS Japan Investigators et al., 2012). Similar results
were reported by the investigators of the ISUA study. In the ISUIA study, [As with
a daughter sac had a hazard ratio of 11 for rupture (Murayama et al., 2016).
Furthermore, in their population-based study, Lindgren found that all sizes of IAs
with irregular morphology are prone to rupture regardless of location and patient-
related factors (Lindgren et al., 2016). In their prospective cohort study, Juvela et al.
showed that with a median follow-up of 14 years, IA growth increases the rupture
rate (Juvela et al., 2001). Aneurysm- and patient-related factors related to rupture are
summarized in Table 1.

Table 1. Factors Associated with Aneurysm Rupture.

Aneurysm Related Factors

Size (>7 mm)

Irregular shape
Posterior circulation
Symptomatic aneurysm

Previous aSAH from other another |A

Patient Related Factors

Smoking

Hypertension

Family history of aSAH
Female sex

Increased age

Alcohol consumption
aSAH, aneurysmal subarachnoid haemorrhage.

According to the results of large prospective studies, several scoring charts regarding
the treatment indication of UIAs have been developed. For instance, the PHASES
(population, hypertension, age, size of aneurysm, earlier aSAH from another
aneurysm, site of aneurysm) score was derived from the meta-analysis of studies on
the natural history of IAs to establish the risk of rupture (Greving et al., 2014) The
ISUIA and Japanese studies included 74% of the patients with aSAH in the PHASES
meta-analysis; however, the generalizability of PHASES is uncertain and limited.
Recently, Juvela et al. proposed a simple scoring chart that relies on the results of
the longest follow-up of the Finnish cohort (Juvela, 2019). In this scoring, the size
and location of the aneurysm as well as the patient’s current smoking status and age
were considered.

22



Review of the Literature

2.4 Symptoms of aneurysmal subarachnoid
hemorrhage

Clinical symptoms of aSAH can be vary from mild headache to death before seeking
care. The most classic symptom of aSAH is headache, which is often described as
the “worst headache of my life” by patients. The onset of headache and how it peaks
are more important than headache severity (Macdonald, 2014). Associated
symptoms or signs include nausea, vomiting, or both; photophobia; neck stiffness;
focal neurologic deficits; seizure; and brief loss of consciousness (Meurer et al.,
2016).

[As and aSAH can manifest along with many other symptoms depending on the
location of the [As. Especially before a rupture, the cranial nerve palsies of CN3,
CN4, and CNG6, as well as hemiparesis and aphasia, from a giant MCA-aneurysm
(Meurer et al., 2016). In a study by Koskela, different ophthalmic palsies were seen
in 9% of 121 consequent SAH patients (Koskela et al., 2015).

Several clinical grading systems have been introduced to predict outcomes at
admission, including the World Federation of Neurosurgical Societies (WFNS) and
Hunt and Hess (H&H) grading. The level of consciousness at admission, as
measured by the Glasgow Coma Scale, is the most useful outcome predictor.

2.5 Diagnosis of subarachnoid hemorrhage and
intracranial aneurysms

The first-line diagnostic imaging method for SAH is non-enhanced head computed
thomography (NECT). In a multicenter prospective study investigating NECT in
patients with headache typical of SAH, the sensitivity of NECT was found to be
100% if the imaging was done within 6 hours of symptom onset (Perry et al., 2011).
Furthermore, in a systematic review by Edlow, the sensitivity of NECT was found
to be 93% (CI 95%, 66-98%) (Edlow & Wyer, 2000). As with the progression of
time, the sensitivity of NECT in the diagnosis of SAH decreases to 50% if NECT is
done after 5 days of symptom onset.

Patients with aSAH in whom the diagnosis was initially missed had an
unadjusted odds ratio of 3.4 of death at 3 months and of 4.7 at 12 months compared
to those with similar clinical illness who were correctly diagnosed (Kowalski et al.,
2004). Thus, if the probability of SAH is high in a NECT-negative patient, the next
diagnostic method is the lumbar puncture (LP), which is 100% sensitive in the
diagnosis of SAH. Several parameters can be evaluated regarding cerebrospinal fluid
(CSF), such as visual investigation, red blood cell count, and spectrometry. In
patients with sudden headache with a negative NECT but a positive LP, almost half
had ruptured IAs (Horstman et al., 2012). However, LP also comes with risks, such
as post-puncture headache and persistent CSF leak (Duits et al., 2016).
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Once an SAH is detected by NECT, assuming that blood is typically spread in
the subarachnoid space and basal cisterns, the next step is detecting the cause of the
SAH. Multi-detector computed tomography angiography (MCTA) is a rapid, non-
invasive, and cost-effective method to detect IAs. The reported sensitivity and
specificity are around 98% and 100%, respectively, in revealing 1As (Agid et al.,
2006). Apart from great accessibility, other advantages of MCTA are lower radiation
exposure and lower costs compared to digital subtraction angiography (DSA)
(Westerlaan et al., 2011). Several factors affecting sensitivity of MCTA for detecting
IAs. For instance, aneurysm size and location are well-known factors affecting the
diagnostic sensitivity of MCTA. In a meta-analysis by White, MCTA was shown to
be more sensitive in detecting aneurysms larger than 3 mm (White et al., 2000).
Another pitfall of MCTA in detecting [As is the location of aneurysms. Regardless
of any technological improvement to MCTA, detecting [As close to the central skull
base remains problematic due to the bony structures and complex vascular anatomy.
In a meta-analysis of MCTA in the diagnosis of IAs, a double-reading is
recommended for each negative MCTA; thus, the false negative rate can be reduced
as low as 1% (Westerlaan et al., 2011).

The role of magnetic resonance imaging (MRI) is well established in many
clinics as a follow-up method. However, in an acute aSAH setting, MRI is not a
preferred imaging method in the diagnosis of ruptured intracranial aneurysms. This
is mostly due to availability and patient-related factors such as altered mental status.
In a study by Pierot et al., only half of the patients were eligible for MRI because of
clinical status at admission (Pierot et al., 2013). In clinically eligible cases, three-
dimensional time-of-flight magnetic resonance angiography (TOF-MRA) has high
diagnostic value (>95% sensitivity, >95 specificity) (Chen et al., 2012). However,
the size of the aneurysm and interobserver agreement were reported to be factors
affecting the accuracy of TOF-MRA (Jéger et al., 2000).

Digital subtraction angiography (DSA) with three-dimensional rotation
angiography is the gold standard in the detection of [As. Because it is an invasive
procedure, DSA comes with certain risks, such as neurologic deficits and groin and
intraabdominal hemorrhage. The overall complication rate reported in large series is
approximately 1.5%, and the rate of permanent neurologic deficit is 0.5% (Willinsky
et al., 2003)(Dawkins et al., 2007). Certain procedure-related factors—e.g., duration
of fluoroscopy and experience of the operator—are associated with complications.
Dion et al. reported a significant increase in complication rates of DSA with
fluoroscopy time >60 minutes (Dion et al., 1987). Patients older than 55 years and
with vascular diseases are at risk of complications in DSA procedures (Willinsky et
al., 2003). An estimated 15% of aSAH includes a negative initial DSA. Most DSA-
negative spontaneous SAHs have a perimesencephalic pattern with no vascular
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malformation. However, a causative IA has been found in 5% of patients with a
repeat DSA on the seventh day after SAH (Delgado Almandoz et al., 2012).

2.6 Complications of aneurysmal subarachnoid
hemorrhage

Rebleeding is the major cause of disability and mortality after aSAH (Juvela, 1989;
Stienen et al., 2018). The incidence of rebleeding is high within the first 2 hours after
aSAH (Ohkuma et al., 2001). Furthermore, over one-third of rebleeds occur within
the first 3 hours, and almost half occur within 6 hours after aSAH (Tanno et al.,
2007). Factors associated with early rebleeding <6 hours are high H&H grade (4-5),
aneurysm size >10 mm, the presence of posterior circulation aneurysms, the presence
of intracerebral or intraventricular hematoma, and high systolic blood pressure
(Solanki et al., 2016; Tang et al., 2014). European and North American guidelines
on the management of aneurysmal subarachnoid hemorrhage recommend
tranexamic acid and blood pressure control (systolic blood pressure <160 mmHg) as
a medical management and early intervention <72 hours to prevent rebleeding
(Connolly et al., 2012; Steiner et al., 2013).

After the treatment of a ruptured IA, the most important cause of neurologic
morbidity is delayed cerebral ischemia (DCI) due to cerebral vasospasm (Jabbarli et
al., 2015). The angiographic incidence of vasospasm in patients with aSAH is as high
as 70%, however DCI is seen approximately 30% of patients between 4™ and 14"
post-ictal days (Vergouwen et al., 2010). DCI and cerebral vasospasm are
preventable causes of neurologic disability after aSAH; therefore, the diagnosis and
management of these entities are crucial (Sadan et al., 2021). The underlying
pathophysiology of DCI and angiographic vasospasm is complex and isn’t
completely understood. A cascade of reactions initiated by ictus includes vasospasm
of large vessels, microthrombus formation in pial vessels and inflammatory reactions
probably leads to perfusion mismatch and at the end ischemia (Foreman, 2016). The
diagnosis of DCI relies on both clinical examination and imaging studies. The gold
standard for detecting vasospasm is DSA, however it does not provide information
on perfusion. CTA, CT-perfusion, and MRI are useful to identify potential ischemic
areas of brain (Connolly et al., 2012; K. Li et al., 2019) Nimodipine, an oral Ca-
channel blocker, is shown to improve neurological outcomes, not vasospasm, and is
recommended to all patients with aSAH as prophylactic treatment (Connolly et al.,
2012; Pickard et al., 1989). For last decades the Triple-H therapy (hypertension,
hypervolemia, and hemodilution) has been the mainstay in the management of DCI
(Sen et al., 2003), even though no randomized trials proved the benefit of triple-H
therapy. Controversially, Gathier et al. recently showed that triple-H therapy can
even lead to unfavorable neurological outcomes (Gathier et al., 2018). Developing
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technology in neurointerventional radiology has given rise to treat cerebral
vasospasm refractory to medical treatment. Intra-arterial balloon angioplasty,
angioplasty with self-retrievable stents and intra-arterial infusion of vasodilators
alone and combined to IA vasodilators for refractory vasospasm have been studied
and found to be equal to medical treatment in terms of safety and neurological
outcomes (Bhogal et al., 2017; Jestaedt et al., 2008; K. Li et al., 2019; Venkatraman
etal., 2018).

The incidence of acute hydrocephalus after aSAH depends on whether the patient
has symptomatic or radiological hydrocephalus. Thus, the reported incidence of
hydrocephalus ranges between 9% and 67% (Black, 1986). The external ventricular
drain (EVD) is the most common treatment of acute hydrocephalus, though in
selected cases, a lumbar drain can be used (Connolly et al., 2012). Almost 20% of
patients have shunt-dependent hydrocephalus after aSAH (Adams et al., 2016).
Several factors have been found to be associated with shunt dependency, such as
increased age, high Fisher grade, poor H&H grade, posterior circulation IAs,
hydrocephalus at admission, and nosocomial meningitis (Rincon et al., 2010; Zaidi
et al., 2015). Neither open surgical nor endovascular treatment is associated with
chronic hydrocephalus (Zaidi et al., 2015).

Seizures or seizure-like episodes after aSAH are relatively common. The
incidence is estimated to be almost one-third of patients with aSAH (Connolly et al.,
2012); however, the incidence of in-hospital seizures is significantly lower, between
2% and 8% (Butzkueven et al., 2000) (Raper et al., 2013). Thus, most cases likely
include seizure or seizure-like symptoms before the patient reaches a hospital. On
the other hand, 20% of patients with high-grade aSAH (H&H grade 4-5) experience
seizures (Claassen et al., 2004). Diagnosis is difficult, because whether the
continuous EEG monitoring should be ordered for all patients or a subset of patients
is unclear (Steiner et al., 2013). In retrospective analyses, factors predicting early
seizures have been identified. The location of the aneurysm (middle cerebral artery),
presence of intracerebral hemorrhage, rebleeding, and high H&H grade (IV-V) are
linked to early seizures (Connolly et al., 2012; Raper et al., 2013). In the treatment
of acutely ruptured intracranial aneurysms, patients who have undergone
endovascular coiling have lower risk of seizure than patients who have undergone
clipping (Hart et al., 2011); however, the risk seems to be equal in the treatment of
unruptured IAs (Hoh et al., 2011). There is controversy and a lack of evidence in
terms of the use of prophylactic antiepileptic drugs (Connolly et al., 2012; Steiner et
al., 2013). Furthermore, the prophylactic use of antiepileptic drugs has also been
related to unfavorable outcomes (Smith et al., 2021).

Raised intracranial pressure is associated with patients with poor-grade (H&H
grade 4-5) aSAH. The management of raised intracranial pressure is tier based, and
there is no consensus on guidelines. Most neurosurgical centers adapt a protocol
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from traumatic brain injury guidelines for the management of raised intracranial
pressure. The management of raised intracranial pressure includes placing an EVD,
removing sizeable cranial clots (i.e., subdural hematoma, intracerebral hemorrhage),
sufficient sedation, maintenance of normal body temperature, assisted ventilation,
and hypertonic saline or mannitol boluses. The role of decompressive
hemicraniectomy for raised refractory intracranial pressure is controversial, and
there is a lack of evidence of its benefits. In a meta-analysis, the rate of poor patient
outcomes in those who had undergone decompressive hemicraniectomy after aSAH
was 62%, and the death rate was 28% (Alotaibi et al., 2017). The effect of
decompressive hemicraniectomy on functional outcomes after aSAH remains
unknown. Further randomized control trials are needed to clarify the true effect of
decompressive hemicraniectomy for patients with aSAH.

Apart from neurologic complications of aSAH, there are several non-
neurological complications affecting outcomes. Common cardiologic complications
of aSAH include cardiac troponin abnormalities, arrythmias, and cardiac dysfunction
(Lee et al., 2006; van der Bilt et al., 2009). Although theories regarding the
neurogenic stress cardiomyopathy and cardiogenic complications of aSAH have not
been proven, it is thought that sympathetic stimulation induces catecholamine release
in the myocardium, which could lead to several cascades and result in myocardial
dysfunction (Lee et al., 2006). Several studies have been done on cardiologic
complications after aSAH. In a meta-analysis by Van der Bilt, the cardiac
complications of aSAH were found to be related to a high risk of delayed cerebral
ischemia (DCI), poor outcomes, and death (van der Bilt et al., 2009). Venous
thromboembolism, including deep vein thrombosis and pulmonary embolism, are
common in critically ill patients. The incidence of venous thromboembolism in
neurosurgical patients is between 0% and 30% (Raslan et al., 2010). The typical
presentation of deep vein thromboembolism can be seen in only one-third of cases.
In a study by Ray et al., patients with aSAH had daily follow-up with duplex doppler
ultrasound for detecting venous thromboembolism, and the incidence of deep venous
thromboembolism was 18% (Ray et al., 2009). Venous thromboembolism seems to
peak within the first two weeks after aSAH (Liang et al., 2015). The current
guidelines recommend prophylactic treatment, after securing ruptured IAs, for
venous thromboembolism for patients with aSAH (Steiner et al., 2013). Patients who
have had an aSAH are prone to several other medical complications. Of these,
common medical complications associated with worse outcomes after aSAH are
electrolyte disturbances including cerebral salt-wasting syndrome, central fever, and
hyperglycemia (Frontera et al., 2006; Rahman & Friedman, 2009; Wartenberg et al.,
2006). The medical management of patients with aSAH goes far beyond the surgical
and endovascular treatment of IAs. It has been shown that better outcomes after
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aSAH can be achieved with a dedicated neurocritical care unit (O. Samuels et al.,
2011). Common complications of aSAH is summarized in table 2.

Table 2. Common Complications of Aneurysmal Subarachnoid Hemorrhage.

Neurologic Complications Medical Complications

Rebleeding Pneumonia

Delayed cerebral ischemia Pulmonary embolism

Hydrocephalus Adult type respiratory distress syndrome
Seizures Cardiac arrythmias

Intracerebral hemorrhage Myocardial infarction

Direct effect of aSAH Gastrointestinal bleeding

Other infections (wound infections etc.)
Hyperglycemia
Hyponatremia
Diabetes insipidus
aSAH, aneurysmal subarachnoid haemorrhage.

2.7 Neurological outcome after aneurysmal
subarachnoid hemorrhage

Many survivors after aSAH are in their most productive years and have major
responsibilities with respect to work and family. Multiple outcome scales have been
developed to assess functional outcomes after various brain injuries, such as the
Glasgow Outcome Score (GOS), modified Rankin Scale (mRS), Short Form 36,
mini-mental state examination (MMSE), Montreal Cognitive Assessment, and
Barthel Index. No scale has been developed specifically for aSAH. Several studies
have aimed to facilitate decision-making for treating physicians; in these studies,
factors predicting outcomes after aSAH were analysed. The most important factor
determining outcomes after aSAH is the neurological condition at admission, which
can be assessed using the WFNS grading scale (Jaja et al., 2013; Mocco et al., 2006;
van Donkelaar et al., 2019). Furthermore, high age, severe clot burden of aSAH, and
aneurysm size are predictive factors of clinical outcomes (van Donkelaar et al.,
2019). In International Subarachnoid Hemorrhage Aneurysm Trial (ISAT) ISAT, the
neurological outcomes of patients treated endovascularly were found to be better;
however, in the Barrow Ruptured Aneurysm Trial (BRAT), after one year, there was
no statistically significant difference found between microsurgical clipping and
endovascular treatment (Molyneux et al., 2005; Spetzler et al., 2020).

Cognitive impairments are most frequent within the first three months after
aSAH. However, studies have demonstrated that residual cognitive impairments can

28



Review of the Literature

persist as long as 75 months after aSAH, perhaps longer (Benke et al., 2005). Verbal,
visual, short-term, and long-term memory have all been investigated after aSAH.
Older age, fewer years of education, poorer neurological grade on admission,
ruptured aneurysms in the anterior circulation, and thick subarachnoid blood in the
anterior interhemispheric fissure and sylvian fissures have been shown to be
associated with poorer performance on tests of verbal and visual memory (Kreiter et
al., 2002). In addition to impairments in both visual and verbal memory, a range of
3-76% of patients suffer from impairments in executive function, encompassing
higher-level cognitive abilities like planning, inhibition, problem-solving, attention,
and decision-making. Language function involves both comprehension and
expression both orally and literally. It is estimated that the prevalence of language
impairments is seen in up to 70% of patients depending on patient- and aneurysm-
related factors, such as age, education level, and aneurysms in anterior circulation.
The good news is that language impairment starts to resolve 3 months after aSAH
and continues to improve until 18 months (Al-Khindi et al., 2010). The components
of functional outcomes for which the assessment tools have been developed include
activities of daily living, instrumental activities, and the ability to return to one’s
previous occupation. One of the most important components of real-world
functioning is the ability to return to one’s previous occupation. Most studies
estimate that among patients who were employed before aSAH, up to 40% are unable
to return to their previous occupation (Vilkki et al., 2004). Activities of daily living
(ADLs) are those one performs for self-care. Examples of ADLs include feeding,
grooming, dressing, bathing, and toileting. ADL impairments are not as prevalent in
comparison to some cognitive impairments; studies indicate that deficits in ADLs
are present in 4% to 12% of patients who have experienced aSAH (Noble et al.,
2008). Instrumental activities of daily living (IADLs), which include managing
financing and shopping, are more complex than ADLs and are more frequently
impaired with an estimated prevalence of 44-93% (Al-Khindi et al., 2010).
Cognitive and functional outcomes are also influenced and complicated by mood,
anxiety, sleep, fatigue, and method of neurosurgical treatment (e.g., clipping or
coiling) (Hadjivassiliou et al., 2001).

Over the last 20 years, clinical outcomes have improved, along with decreasing
mortality after aSAH, due to better diagnostic tools and neurointensive care
utilization (Dhandapani et al., 2018; Lovelock et al., 2010; O. B. Samuels et al.,
2021). However, aSAH remain challenging due to controversial results from studies
the management and decision-making for poor-grade (H&H 4-5) (Inamasu et al.,
2016; Ojha et al., 2020).
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Table 3. Modified Rankin Scale Score.

0 No symptoms

1 No significant disability despite symptoms; able to carry out all usual duties and activities

2 Slight disability; unable to carry out all previous activities, but able to look after own affairs
without assistance

3 Moderate disability; requiring some help, but able to walk without assistance

4 Moderately severe disability; unable to walk without assistance and unable to attend to own
bodily needs without assistance

5 Severe disability; bedridden, incontinent and requiring constant nursing care and attention
6 Dead

2.8 Treatment of intracranial aneurysms

The main goals of both endovascular and surgical treatment for any given IA are
reducing the risk of IA rupture or rebleeding and maintaining patients’ neurologic
condition. The decision to treat an unruptured A is more complicated than that to
treat a ruptured IA because of controversial data and lack of evidence. The benefits
of treating an unruptured IA should be weighted carefully by an experienced
neurovascular team, keeping in mind that most [As never rupture. Many other
variables related to patients and aneurysms have profound effects on the decision.
A ruptured intracranial aneurysm should be treated within 72 hours after the
diagnosis of SAH because the mortality of rebleeding is as high as 90% (Connolly
et al., 2012; Korja et al., 2017; Steiner et al., 2013) the surgical or endovascular
treatment of ruptured [As is well established. Understandings the natural history of
unruptured IAs come from large clinical trials, including the ISUIA. According to
results of the ISUIA, regardless of criticism by experts, most unruptured intracranial
aneurysms occurring in patients with no previous history of aSAH can be managed
conservatively (“Unruptured Intracranial Aneurysms — Risk of Rupture and Risks
of Surgical Intervention,” 1998). The cumulative risk of rupture for aneurysms <10
mm for patients with no history of aSAH was 0.05% per year (“Unruptured
Intracranial Aneurysms — Risk of Rupture and Risks of Surgical Intervention,”
1998). However, in prospective studies done in Finnish and Japanese populations,
the risk of rupture for aneurysms <7 mm should not be ignored (Korja et al., 2014;
“The Natural Course of Unruptured Cerebral Aneurysms in a Japanese Cohort,”
2012). In the second part of the ISUIA study, the annual rupture rate of aneurysms
<7 mm was 0% for anterior circulation and 2.5% for posterior circulation aneurysms.
Apart from the size of an unruptured IA, certain factors were found to be associated
with rupture, such as posterior circulation location, female sex, smoking history, and
multiple 1As (Korja et al., 2014; “The Natural Course of Unruptured Cerebral
Aneurysms in a Japanese Cohort,” 2012; Wiebers, 2003). Some scoring systems—
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i.e., PHASES and UIATS—based on patient- and aneurysm-related factors
anticipating rupture were introduced to help clinicians in their decision-making
(Etminan et al., 2015; Greving et al., 2014).

2.8.1 The microsurgical clipping

The first clipping of an IA was reported by Walter Dandy in 1938 (Dandy, EW.
Intracranial Aneurysm of the Internal Carotid Artery Cured by Operation. Ann Surg
1938; 107: 654-659, n.d.), and clipping remains the gold standard after
developments in microsurgery and operating microscopes. In the modern era, the
neurovascular surgeon opens the skull (craniotomy) and dissects the arachnoid under
an operating microscope to expose an IA. Once the [A is exposed, a titanium clip is
placed across the neck of the IA while preserving the parent artery (Lawton & Vates,
2017). Immediate radiological outcomes after microsurgical clipping can be assessed
via indocyanine green video angiography during operation (ICG-VA) (Riva et al.,
2018). The following approaches to intracranial aneurysms are common: pterional
craniotomy, orbitozygomatic craniotomy, and far-lateral craniotomy (Davies &
Lawton, 2014).

During the last two decades, the microsurgical clipping of unruptured
intracranial aneurysms has declined due to the results of large multicenter trials,
along with huge technologic developments in endovascular treatment. The surgical
treatment of unruptured intracranial aneurysms provides high survival rates (Britz et
al., 2004). The mortality and morbidity attributed to surgery for unruptured [As in a
meta-analysis including studies between 1966 and 1996 were found to be 2.6% and
10.9%, respectively, whereas in a meta-analysis including studies between 1990 and
2011, mortality and morbidity were found to be 1.7% and 6.7%, respectively. In
contrast to these meta-analyses, surprisingly high—almost 15% at 1 year—
morbidity and mortality rates attributed to surgery were reported in the ISUIA 1
study (“Unruptured Intracranial Aneurysms — Risk of Rupture and Risks of Surgical
Intervention,” 1998). In the subsequent study, ISUIA 2, by the same investigators,
the in-hospital mortality rate was 1.8%, and adverse outcomes were seen in 8.9% of
patients (Wiebers, 2003). When looking deeper into the results of large meta-
analyses, ISUIA 1 and ISUIA 2, several patient- and aneurysm related factors were
associated with morbidity and mortality attributed to surgery for unruptured [As. The
risk significantly increased in patients >50 years, increasing substantially over 60
years of age (Wiebers, 2003). Other factors predicting morbidity and mortality
include IA size, location in posterior circulation, and the presence of symptomatic
IAs (Raaymakers et al., 1998; Wiebers, 2003).

Our understanding of outcomes after this microsurgery comes from the BRAT
and ISAT studies. Microsurgery was the only treatment for ruptured IAs before the
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introduction of coiling in 1991. The only existing large multicenter randomized trial
on the treatment of ruptured IAs is the ISAT. Although, the BRAT was a single-
center study, BRAT and ISAT provide data for decision-making on the current
treatment of ruptured [As. In these two randomized trials assessing the safety and
effectivity of coiling and clipping, microsurgical clipping results much lower re-
treatment rate; 3.9% and 4.5% in the ISAT and BRAT, respectively (Campi et al.,
2007; Spetzler et al., 2020). In addition to low re-treatment rates, in the BRAT trial,
the complete obliteration rate in the aneurysms treated with clipping was 93% at 10
years (Spetzler et al., 2020). The risk of rebleeding from the target aneurysm after
microsurgical clipping was studied in both trials, and in the BRAT, there was no
rebleeding (0/175) at 10 years; in the ISAT, rebleeding occurred in 13 cases
(Molyneux et al., 2009; Spetzler et al., 2020).

In conclusion, microsurgery provides significantly low rebleeding rates, along
with a high occlusion rate. The pure morbidity and mortality attributed to the
microsurgery for ruptured IAs is a difficult aspect to investigate because of the high
mortality and morbidity rates in aSAH. The results of the 10-year follow-up in the
ISAT showed that dependency and death were found to be associated with the
microsurgery (Molyneux et al., 2015). In contrast, the microsurgery wasn’t found to
be associated with neurological dependency or death at 10-year follow-up in BRAT
(Spetzler et al., 2020). The experience of a neurovascular surgeon and the volume
load of the tertiary center are associated with a low rate of surgical complications
(Lawton & Vates, 2017; Steiner et al., 2013). Furthermore, certain factors were
found to be associated with functional independence after microsurgery for ruptured
IAs. Particularly, large (>10 mm) and giant aneurysms (>25 mm), aneurysms with
an atherosclerotic neck, and aneurysms at the anterior communicating artery or
basilar bifurcation are more frequently associated with surgical complications.

A subtype of aSAH for which surgery can be considered as a sole option is aSAH
with intracerebral hematoma (ICH). ICH due to the rupture of IAs occurs in 10—-38%
of cases with aSAH (Darkwah Oppong et al., 2018). There is data in favor of the
surgical evacuation of ICH and aneurysm clipping from a randomized trial
(Heiskanen et al., 1988); however, the evidence is still weak. Furthermore, the
overall mortality of patients with ICH from a ruptured IA, regardless of ICH
evacuation, has been reported at 39-42% (Bohnstedt et al., 2013; Talamonti et al.,
2016). Considering the median mortality rate of SAH, between 40% and 44%, the
benefit of clot evacuation and clipping in the same session may be doubtful.
Outcome-predicting factors, such as a high grade of SAH at admission, a large
volume of ICH, and high age, were found (Darkwah Oppong et al., 2018; Giiresir et
al., 2008) However, the subtype of patients who can benefit from ICH evacuation
and clipping in the same session is unclear, and controlled trials are needed.
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Microsurgical clipping is mainly suitable for saccular intracranial aneurysms
(Lawton & Vates, 2017). The surgical treatment options for giant and fusiform IAs
are bypass and Hunterian ligation (Nakatomi et al., 2020; Sughrue et al., 2011). A
detailed discussion of these surgical approaches is beyond the scope of this thesis.
Although surgical therapy has developed significantly along with better peri- and
post-operative care, these surgical treatments still carry a high risk of morbidity and
mortality. In a nationwide analysis of bypass surgery for IAs, the overall morbidity
and mortality were found to be 56.3% and 7.3%, respectively (Winkler et al., 2019).
The high risk of bypass, apart from the inherent risks of aneurysm surgery, is due to
several other factors related to fusiform and giant aneurysms, such as merciless
anatomy, wide necks, atherosclerotic degeneration, and perforators (Sughrue et al.,
2011).

2.8.2 The conventional endovascular treatment

2.8.2.1 The simple coiling

It has been 30 years since Guglielmi introduced detachable coils as an alternative
treatment option for IAs. In this treatment, a microcatheter is advanced into the
aneurysm, and the aneurysm is occluded with soft titanium detachable coils
(Guglielmi et al., 1991). In his paper, in which he also reported the method, 15
patients successfully were treated for IAs; eight of these aneurysms were ruptured,
with no treatment-related mortality and no permanent neurological deficits
(Guglielmi et al., 1991). Since then, the coil embolization of IAs has been in
continuous evaluation and development, providing the potential to treat [As that
were once thought be untreatable. After endovascular treatment was proven to be
safe and efficient in international multicenter trials, coil embolization has surpassed
microsurgery in the western world (Lin et al., 2018). IAs with narrow necks in any
given location could be suitable for coil embolization.

Several papers, including meta-analyses and multicenter randomized clinical
trials, have reported on the safety and efficacy of coil embolization over the last two
decades. Coil embolization for unruptured [As has proven to be safe with low
mortality and morbidity related to the treatment. In a nation-wide study in United
States study, Brinjiki et al. showed a mortality rate of 0.9% and morbidity rate of
4.9%; furthermore, coiled patients had an in-hospital mortality rate of 0.6% (Brinjikji
et al., 2011). Two recent meta-analyses regarding the safety of simple coiling have
reported similar risk of mortality—0.2—-0.8% (Krag et al., 2021; O’Neill et al., 2017).
The most common complication of coil embolization is thromboembolism. The
reported rate of incidence was between 3% and 10%; the rate of incidence for
permanent neurological deficits was 1.7-5% (Park et al., 2008). Other complications
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of coil embolization are cerebral vasospasm, iatrogenic SAH, and groin hemorrhage
(Eskridge et al., 1998). A significant debate between neurovascular surgeons and
neurointerventionists is regarding aneurysm recurrence after coil embolization and
the risk of aneurysm rupture. It is estimated that almost 20% of aneurysms treated
with coiling involve recurrence (Ferns et al., 2009). Unruptured aneurysms treated
with simple coiling seem to rupture extremely seldomly. Pierot et al. showed a
rupture rate of 0% for unruptured [As after coil embolization in their study (Pierot,
Barbe, et al., 2020). Additionally, a nation-wide study in South Korea by Kim et al.,
which included 14,634 unruptured IAs treated with coiling in South Korea, found a
cumulative rupture rate of 0.9% at 7 years after treatment (Y. D. Kim et al., 2018).
Regarding neurological outcomes after coil embolization, in a recent meta-analysis,
the outcomes of patients having undergone coiling were found to be better than those
for microsurgical clipping in all follow-up periods and all randomized and non-
randomized studies (Falk Delgado et al., 2017). The size of the neck was found to
correlate with angiographic outcomes after simple coiling, and [As with narrow neck
(<4 mm or dome-to-neck ratio >2) were most suitable for simple coiling in terms of
adequate radiological outcomes (Debrun et al., 1998; Fernandez Zubillaga et al.,
1994). Apart from the size of the neck and the packing density at the initial treatment,
aneurysms >10 mm and partial thrombosis of aneurysm have been found to correlate
with inadequate radiological outcomes (Ferns et al., 2009; Sluzewski et al., 2004;
Vallee et al., 2003). Platinum coils have gone through technological development
since 1991. Although though Ferns et al. did not report differences between types of
coils used in embolization in terms of radiological outcome (Ferns et al., 2009), a
recent study on hydrocoils, Heat Trial, reported that the adequate occlusion was
better with hydrocoils than bare platinum coils in coil embolization for small- and
medium-sized aneurysms (Bendok et al., 2020).

In the BRAT and ISAT, coil embolization of ruptured IAs were studied in details
(Molyneux et al., 2009; Spetzler et al., 2020). Coil embolization for ruptured As
provides good neurological outcomes and low mortality after aSAH according to the
results of the ISAT (Molyneux et al., 2009). The proportion of retreated [As after
coil embolization at one year was 17.4% (191/1096) in ISAT and 20% (23/115) in
the BRAT, as noted by the authors (Campi et al., 2007; Spetzler et al., 2020). The
median duration from the initial treatment to retreatment in the ISAT was 13.7
months; on the other hand, in the BRAT, most of the retreatments were done within
the first year after the initial coil embolization (Campi et al., 2007; Spetzler et al.,
2020). Factors associated with retreatment after initial coil embolization were found
to be younger age, large lumen, and low packing density at initial coiling in the ISAT
(Campi et al., 2007). Rebleeding after the coil embolization for ruptured IAs is a
major concern for treating physicians. The possible causes for rebleeding are coil
packing and aneurysm growth. Rates of rebleeding were 3.0% during the first year,
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and 0.3% between the second and sixth years; no rebleeding occurred after 6 years
in the ISAT study (Molyneux et al., 2005, 2009).

2.8.2.2  The balloon- and stent-assisted coiling

Although most IAs are amenable for simple coiling without adjunctive techniques,
coil embolization of certain aneurysms, particularly large and wide-necked, is not
feasible. Moret et al. reported 56 cases treated with balloon-assisted coiling—or what
they called the “remodeling technique” in 1997 (Moret et al., 1997). In balloon-
assisted coiling, an inflatable and non-detachable balloon is placed across the
aneurysm neck to optimize coil placement and provide dense packing (Moret et al.,
1997). The advantage of balloon-assisted coiling over simple coiling is better initial
and long-term radiological outcomes. In a meta-analysis, adequate occlusion was
seen in 90% of 1As treated with balloon remodeling (Shapiro et al., 2008). High
adequate occlusion rates, over 90%, were seen in the prospective multicenter
ATENA and CLARITY studies (Pierot et al., 2010, 2011). Of major concern
regarding balloon remodeling are the complication rates of thromboembolic events
along with intraoperative rupture (Pierot et al., 2012). Although IAs treated with
balloon remodeling are anatomically challenging, the complication rates are like
those of simple coiling. In the CLARITY and ATENA studies, balloon-assisted
coiling was found to be as safe as simple coiling (Pierot et al., 2009, 2011)
Intracranial self-extendable stents were invented at the beginning of the 2000s
have become popular given that stent-assisted coil embolization is a feasible
treatment for unruptured IAs with a wide-neck, and provide high adequate occlusion
rates with an acceptable complication rate. The shortcoming of simple coiling—high
recurrence rates—is not a common issue after SAC. The possible mechanisms
behind low recurrence rates with SAC alteration in flow dynamics, increase packing
attenuation, and favor thrombosis; these mechanisms may also provide scaffolding
for endothelial growth (Peluso et al., 2008; Phatouros et al., 2000). The reports from
several case series have shown a recurrence rate of 5-12% after SAC (Chalouhi et
al., 2013; J. Kim et al., 2021; Shapiro et al., 2012). The reported rate of adequate
occlusion after SAC for IAs is almost 90%, which can be as high as 80% after the
simple coil embolization. IAs larger >10 mm are prone to recanalize after SAC
(Chalouhi et al., 2013; Consoli et al., 2016). Complications related to SAC do not
differ from simple coiling. However, a major concern with SAC is the necessity of
dual-antiplatelet therapy, which can make patients prone to hemorrhagic
complications, especially in the setting of aSAH. In a meta-analysis by Shapiro et
al., the overall complication rate of SAC was found to be 19% (Chalouhi et al., 2013;
Shapiro et al., 2012). However, in a recent meta-analysis, the overall complication
rate was found to be 12%, which was significantly lower than the rate reported by
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Shapiro et al (Phan et al., 2016). This difference in overall complication rates may
be due to the development of stent technology and better understandings of
management for dual-antiplatelet therapy. The study by Shapiro et al. included an
analysis of studies published at the beginning of the SAC era. In later studies,
thromboembolic and hemorrhagic complications occurred in 4.5% and 4% of
patients, respectively (Feng et al., 2016; Phan et al., 2016). The mortality rate of SAC
has been reported. In a meta-analysis by Feng et al., the mortality rate after SAC was
1.4% (n=31/2241) (Phan et al., 2016). Mortality related to SAC has been associated
with the type of stent used; higher mortality rates were seen for balloon-expendable
stents than for self-expendable stents (Piotin et al., 2010). Furthermore, patients with
large aneurysms >10 mm have a higher risk of mortality in SAC (Phan et al., 2016).

SAC for acutely ruptured IAs is controversial due to higher overall,
thromboembolic, and hemorrhagic intracranial complications compared to simple
coiling. This is mainly due to the prothrombotic state of aSAH and dual-antiplatelet
therapy (DAPT). The overall complication rate of SAC for acutely ruptured IAs has
been reported as 21% (Bsat et al., 2020; Téhtinen et al., 2009). Intraprocedural
rupture and acute re-rupture rates have been reported at 3.9% and 2.5%, respectively
(Bsat et al., 2020). Some hemorrhagic complications of dual-antiplatelet treatment
can be avoided. For instance, an external ventricular drain should be placed before
SAC (Kung et al., 2011). Another widely used method to avoid complications
associated with SAC is staged treatment, as follows: coil first to secure and, reduce
the risk of re-rupture, and future stent it (Yang et al., 2015). The reported
intraprocedural rupture and re-rupture rates in SAC were 3.9% and 2.5%,
respectively (Bsat et al., 2020). Further analysis by Chalouhi et al. and Yang et al.
have demonstrated that older age (>65 years), ruptured ancurysm, H&H grade IV—
V, and female sex were independent risk factors for unfavorable clinical outcomes
when treating wide-necked aneurysms with SAC (Chalouhi et al., 2013; Yang et al.,
2015). Although the hemorrhagic and overall complication rates—8% and 12%,
respectively—were higher for SAC for acutely ruptured IAs, the good clinical
outcomes (MRS<2) of patients treated with SAC for acutely ruptured IAs were found
to be between 51% and 71% (Bsat et al., 2020; Chalouhi et al., 2013; Téhtinen et al.,
2009).

Table 4. Factors Associated with Inadequate Radiological Outcome After Coil Embolization.

Initial Coil Density <40%
Large Aneurysms >10 mm
Wide-Necked 24 mm
Aneurysm location
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2.8.3 The contemporary endovascular treatment

2.8.3.1 Intraluminal flow diversion

Dissecting, blister-like, and fusiform aneurysms have challenging anatomy and
pathology for conventional endovascular methods like simple coiling, SAC, or
balloon-assisted coiling. Flow diverters (FDs) are mesh stents that are implanted into
cerebral arteries at the site of aneurysms. The name “flow diverter” refers to the
effect they cause in flow metrics, reducing the flow into and out of [As. The ability
of flow diverters to reduce flow lies behind its different structure than self-expanding
closed-cell intracranial stents used in SAC. Furthermore, unlike conventional
intracranial stents, flow-diverter stents are designed to have low radial opening force
to facilitate navigability in torturous vessels. A braided metallic design makes
possible greater metal coverage and decreased porosity for most FDs (Dmytriw et
al., 2019). To understand how flow diverters function, there are a couple terms that
must be understood—porosity and pore density. Porosity and pore density effect
device permeability, and therefore the efficacy of device treatment. Porosity is the
percentage ratio of metal-free surface to total surface area. Pore density is the number
of pores per unit surface area. The pore structure of a flow diverter primarily effects
flow alterations. The optimal porosity of 70% can be sufficient to treat IAs with FDs
(Zhang et al., 2019). Even though the efficacy of an FD depends on the porosity, it
is also understood that more refined conclusions should be provided with patient-
specific geometries and a fully resolved FD model (Y. H. Kim et al., 2010). The
pipeline embolization device (PED, Medtronic, Dublin, Ireland), commonly known
as a pipeline or PED, was the first flow diverter approved by the European Medicines
Agency (EMA) and Food Drug Administration (FDA) in 2008 and 2011,
respectively (Maragkos et al., 2020). In 2018, the Surpass Streamline Flow Diverter
(Stryker, Kalamazoo, Michigan) received FDA approval. In the European market,
there are several more flow diverter devices commercially available, such as the
flow-redirection endoluminal device (FRED; Microvention, Aliso Viejo,
California), SILK (Balt Extrusion, Montmorency, France), Derivo (Acandis,
Pforzheim, Germany), and p64 (Phenox, Bochum, Germany).
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Figure 1. The structural difference between a self-expanding intracranial stent (A) and a flow
diverter stent.

Although flow diverters have been on the market for slightly over a decade, their
role in the treatment of unruptured [As is well established. Starting with the treatment
of para-clinoid aneurysms, a wide range of unruptured IAs, such as [As located in
the posterior and distal anterior, as well as bifurcations, are amenable for flow-
diverter treatment. Several studies, retrospective as well as prospective
observational, have been published on the safety and efficacy of flow diverters. Flow
diverters provide a 90% rate of occlusion, with acceptable complication rates
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(Brinjikji et al., 2013; Chancellor et al., 2020). Some studies have shown the
occlusion of IAs after flow-diverter treatment to be gradual. In a multicenter
prospective trial, large and giant aneurysms treated with a PED showed progressive
occlusion, and the proportion of occluded [As increased over time, from 86.8% at 12
months to 95.2% at 5 years (Becske, Brinjikji, et al., 2017; Becske, Potts, et al.,
2017). Complications related to flow diverter treatment can be classified as
thrombogenic, and hemorrhagic. In a recent meta-analysis including studies
published up to 2016, the overall complication rate of flow-diverter treatment for
unruptured [As was found to be 14.6%. In these meta-analyses, the morbidity and
mortality rates for unruptured IAs were not reported separately. On the other hand,
in a previous meta-analysis, including studies published up to 2012, the morbidity
and mortality related to flow-diverter treatment for unruptured IAs were 5% and 4%,
respectively (Brinjikji et al., 2013). Furthermore, in a recent paper investigating the
safety of the new generation Pipeline Flex-Shield, the overall and major
complications—symptomatic ischemic and hemorrhagic stroke—were reported at
10.1% and 1.8%, respectively, along with an 0.8% mortality rate within 30 days.
(Bhatia et al., 2019). When we look at the results of the studies conducted earlier,
the difference in rates of complications attributed to flow-diverter treatment could
be explained by the learning curve of treating physicians, as well as the development
of technology. The presence of aSAH after flow-diverter treatment is of major
concern to treating physicians. The rate of aSAH after flow-diverter treatment for
unruptured IAs was found to be 4% including early (<30 days) and late (>30 days)
(Brinjikji et al., 2013). In a prospective multicenter study investigating a new-
generation flow diverter, no aSAH bleeding occurred after the treatment (Martinez-
Galdamez et al., 2017). The occlusion of a jailed perforate artery is a specific
complication related to flow-diverter treatment, occurring in about 3—5% of cases
and more common in posterior rather than anterior circulation (Brinjikji et al., 2013;
Chancellor et al., 2020). Other complications include stent occlusion or in-stent
stenosis after flow-diverter treatment, which has been reported at between 10% and
27%, with most being asymptomatic and occurring in small vessels <2.5 mm
(Martinez-Galdamez et al., 2015; Zhou et al., 2017). The size of an IA (>10 mm)
significantly correlates with major complications (death, hemorrhagic and ischemic
stroke) after FD treatment (Bhatia et al., 2019; Brinjikji et al., 2013).

The use of flow diverters for acutely ruptured IAs in the setting of aSAH is
controversial due to lack of evidence and high complication rates. Furthermore,
inconsistent results have been reported on favourable neurological outcomes,
ranging between 27% and 72% (Maus et al., 2018; Rouchaud et al., 2015; ten Brinck
et al., 2020). In a recent meta-analysis and prospective observational study, the
overall complication rate was reported at 31% and 45%, respectively (ten Brinck et
al., 2020; Zhou et al., 2017) The risks of the treatment are more evident for ruptured
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IAs in posterior circulation and when a higher number of FDs are used (Cagnazzo et
al., 2018). The necessity of DAPT in the setting of aSAH likely increases the risk of
complications in flow-diverter treatment. In a study by Manning et al., the new-
generation PED with shield technology was tested using only Aspirin. Although the
cohort was small (n=12), the overall morbidity and mortality rates were both 14%
(Manning et al., 2019). The aim of treatment for ruptured IAs is to reduce the
rebleeding rate. In the literature, rebleeding rates have been reported between 2%
and 5% (Cagnazzo et al.,, 2018; Rouchaud et al., 2015). Although the rate of
morbidity and mortality are significantly higher with flow-diverter treatment than
simple coiling, flow diverters provide significantly high rates, over 90%, of
occlusion for ruptured [As (Cagnazzo et al., 2018; Rouchaud et al., 2015; ten Brinck
et al., 2020).
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Figure 2. Simplified schematic of the therapeutic mechanism of flow diversion treatment for
aneurysms. (1) An aneurysm is (ll) treated by implantation of a flow diverter, which
reduces flow activity within the aneurysm and (lll) promotes clot formation within the
aneurysm over hours to days; concurrently, a new arterial lining, called neointima, starts
growing over the device. (IV) Over weeks to months, the vessel remodels itself by
resorbing the aneurysm along with completion of neointimal coverage of the device.

In 2008, the FDA approved the PED for the treatment of large or giant intracranial
aneurysms from the petrous segment of the internal carotid artery to the hypophysial
segment. Since then, the indications, both on- and off-label, of flow diverters has
expanded. Several studies have been published on the use of flow diverters for small
aneurysms, bifurcation aneurysms, and recurrent aneurysms (Limbucci et al., 2020).
In a meta-analysis including over 500 distal aneurysms, a procedure success rate of
96% and an acceptable rate of morbidity and mortality were reported (Yan et al.,
2018). The topic of recurrent aneurysms after coiling was specifically evaluated in
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some retrospective series. Overall, the complete occlusion rate ranged from 60.7%
to 100%, and the cumulative complete/near-complete rate ranged from 82.1% to
100%, confirming the efficacy of flow diverters in previously coiled aneurysms
(Dornbos et al., 2017; Kiihn et al., 2017). The endovascular treatment of wide-
necked bifurcation aneurysms with assisted or unassisted coiling can be challenging,
whereas flow-diverter placement in bifurcation may be technically easier. However,
there is an unneglectable risk of ischemic stroke due to the jailing of the covered
branches. As Cagnazzo et al. showed in their studies, including 12 studies evaluating
244 aneurysms, the complete/near-complete occlusion was found in 78.7% of
patients and was less common in bifurcation than prebifurcation. However, the
treatment of the middle cerebral artery carries a 21% rate of complications—with a
10.3% risk of permanent deficits (Cagnazzo et al,, 2017). PREMIER was a
prospective, single-arm multicenter US study evaluating the use of PED in the
treatment of unruptured small aneurysms (Hanel et al., 2020). Most of the unruptured
aneurysms treated in the PREMIER trial were <7 mm. Complete aneurysm occlusion
was achieved in 81.9% of subjects at one year. The combined major stroke and death
rate was 2.1% (Hanel et al., 2020). With these promising results in terms of safety
and efficacy, the continually evolving flow-diverter treatment has become a
cornerstone in many types of IAs that were once difficult to treat or untreatable.
Increased periprocedural safety and the steady expansion of treatment targets now
include small, recurrent, and even bifurcation aneurysms.

Regardless of the many advantages in terms of mechanical aspects, high metal
surface still poses a risk for early and late thromboembolic complications. Low
thrombogenic flow diverters like the p64 (Phenox) and Pipeline flex with Shield
technology (Medtronic) are available in the market. The data on low-thrombogenic
flow diverters for which dual-antiplatelet therapy is claimed to be not necessary are
limited, mostly consisting of small case series. Therefore, large, preferably
progressive, studies are necessary to change current practices (Lobsien et al., 2021;
Manning et al., 2019). The future of flow diverters, based on preliminary studies,
could even be bioabsorbable and aneurysm specific (Ding et al., 2021; Jamshidi et
al., 2020). Future technological maturation, including surface modifications and a
lower profile will likely extend treatment boundaries, on-label and otherwise, with a
consequent need for high-quality clinical data to rigorously evaluate expanded use.

2.8.3.2 Intrasaccular flow disruption

Since the Guglielmi detachable coiling system was introduced, with help from
developing technology, endovascular treatment has become amenable for most IAs.
Effective treatment with simple coiling is not always possible, especially for
complex aneurysms. Flow diverters are definitive treatment choices for side-wall
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aneurysms and their indication for bifurcation aneurysms is off-label. Bifurcation
aneurysms compromise almost 80% of [As (Backes et al., 2014). The idea behind
intrasaccular flow disruption is like that seen in the sac of an IA after flow-diverter
treatment. Structurally, intrasaccular flow disruptors are constructed as braided wire
mesh in different shapes. The device is deployed in the sack of an IA. Over time,
endothelial growth at the neck of an IA causes complete occlusion. These devices
are optimal for wide-necked bifurcation aneurysms. These devices do not require
antithrombotic medication since they are placed in the sack of an IA. Several
intrasaccular devices have been developed, including the Woven EndoBridge
(WEB) device (Microvention, Aliso Viejo, California, USA), Luna Aneurysm
Embolization System (LUNA AES; Medtronic, Irvine, California, USA), Medina
Embolic Device (MED; Medtronic), and Contour Neurovascular System (Cerus
Endovascular, Fremont, California, USA). Only the WEB has been approved by
European and North American authorities and studied in terms of safety and efficacy.

The WEB was developed to treat wide-necked bifurcation aneurysms. The
structure of the WEB consists of self-expandable and retrievable nitinol braided
mesh. The WEB has been available since 2011 and recently received FDA approval
for wide-neck bifurcation aneurysms. The WEB has developed progressively since
its introduction. The first-generation WEB-DL (dual layer) has been replaced with
the WEB-SL (single layer) and WEB-SLS (single layer sphere). The new-generation
WEB devices have advantages in terms of easy trackability and control over previous
generations. Therefore, the smallest aneurysm amenable to WEB treatment must be
at least 3 mm wide and 3.5-4 mm tall to accommodate this device. The largest
available WEB is the 11 SLS, which is 11 mm x 9.6 mm and can be used to treat
aneurysms measuring 9—10 mm in width and 9.5-10.5 mm in height. The lower
profile WEB 17 system is currently available in Europe and Australia. The WEB 17
SL system is available in diameters ranging from 3 x 2 mm to 7 x 5 mm. The WEB
17 SLS (Single-Layer Sphere) system is available in diameters of 4-7 mm. Thus, the
17 SLS system can be used to treat smaller aneurysms. In addition, since the devices
themselves are more flexible and are delivered through the lower profile VIA-17
microcatheter, aneurysm access and WEB device deployment are often considerably
easier. The hemodynamic effects of the WEB have not been widely studied.
However, in a recent study by Golitz et al., they found that the WEB significantly
altered—almost as significantly as a flow diverter—the intra-aneurysmal flow,
causing disruption more outflow than inflow (Golitz et al., 2020).

The WEB intervention does not significantly differ from any endovascular
intervention for intracranial aneurysms. The WEB intervention is done via triaxial
femoral or radial access. After 3-D rotation angiography is captured, the next step is
sizing, which is the most crucial part of WEB interventions. Treating physicians
should measure the aneurysm to determine the diameter, height, and neck width of
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the aneurysm in at least two orthogonal projections. The WEB device is delivered
through a VIA microcatheter according to the manufacturer’s guidelines.

The WEB device has been studied more profoundly, by a far margin, than other
intrasaccular devices in several prospective and good clinical-practice studies. The
WEB has been found to be effective in providing sufficient rates of adequate
occlusion for challenging IAs. In the cumulative results of three European studies, a
total of 153 aneurysms were included. Pierot et al. reported radiological outcomes at
one year as follows: complete occlusion in 52.9%, neck remnant in 26.1%, and
aneurysm remnant in 20.9%. Therefore, the adequate occlusion rate at one year was
78%, which was in line with the results of the WEB-IT (84.6%) study (Arthur et al.,
2019; Pierot et al., 2018). Furthermore, the rates of adequate occlusion were 81%
and 83.6% at two years and three years, respectively (Pierot et al., 2021; Pierot,
Moret, et al., 2020). Even though almost half of the patient’s loss to follow-up at
three years, the proportion of adequately occluded IAs slightly increased. Pierot et
al. concluded that aneurysm occlusion after WEB treatment is stable (Pierot et al.,
2021). In addition to efficacy, the morbidity and mortality associated with the WEB
has shown to be comparable to or almost as low as those of simple coiling. In the
cumulative population of the three European Good Clinical Practice studies, the
mortality at one month was 0.0%, with morbidity of 3.0% at one year (Pierot et al.,
2018). Similar results regarding the safety of the WEB—a one-month mortality of
0.0% and morbidity of 0.7—were reported in the WEB-IT study (Fiorella et al.,
2017). In a recent meta-analysis including 949 patients, cumulative morbidity was
2.8% and mortality was 0.9% (S. van Rooij et al., 2020). The most common
complication of WEB treatment is thromboembolic events, with a rate of 0.7% for
major stroke and 5% for minor stroke (Fiorella et al., 2017; Pierot et al., 2015). In
several series including unruptured IAs, no rupture was observed after the WEB
treatment. However, the rate of intraoperative rupture was 6% for both ruptured and
unruptured IAs (Asnafi et al., 2016). In the largest series to date investigating 153
aneurysms treated with WEB, no spontaneous rupture occurred during the three-year
study period (Pierot et al., 2018, 2021; Pierot, Moret, et al., 2020). WEB shape
modification, a >5% decrease in height of the WEB post-treatment, was first
described by Cognard et al. (Cognard & Januel, 2015). WEB shape modification was
thought to be associated with inadequate radiological outcomes. Caroff et al.,
investigating outcomes of 63 IAs treated with WEB, found that web shape
modification was more common in long-term follow-up (mean: 15.5 months);
however, no statistically significant association was found between inadequate
outcomes and web shape modification (Caroff et al., 2021).
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Figure 3. WEB-SL device. A, The barrel-shaped WEB-SL. B, The spheric WEB-SLS.

The re-treatment rate after initial WEB treatment is about 11% (Essibayi et al., 2021;
Pierot et al., 2021); considering the complexity of [As and the learning curve, this
rate is comparable to other conventional methods like simple coiling or SAC (Pierot
et al., 2021). The treatment methods for recurrence after WEB treatment are flow
diverting, SAC, and clipping (Pierot et al., 2019). The biggest advantage of the WEB
is that antiplatelet therapy is not necessary since the WEB is an intrasaccular device.
That said, in the treatment of ruptured wide-necked intracranial aneurysms, treating
physicians have an alternative to SAC (Goyal et al., 2020). The results regarding
protection from rebleeding after WEB treatment are promising. In the CLARYS
analysis, investigating only ruptured [As treated with the WEB, at one-month follow-
up, the rate of rebleeding was 0.0% (Spelle et al., 2021). In a recent meta-analysis,
Essibayi et al. reported a 1.1% rate of late rebleeding (Essibayi et al., 2021). A 13%
rate of the perioperative complication rare was reported for ruptured [As. Aneurysm-
and patient-related factors predicting adequate occlusion after WEB treatment have
been reported. Regular shape, thrombosis in aneurysm sack, and the height (>9 mm)
and weight (>10mm) of an [A are aneurysm-related factors predicting radiological
outcomes (Cagnazzo et al., 2019; Kabbasch, Goertz, Siebert, Herzberg, Borggrefe,
Dorn, et al., 2019). No patient-related factors were predictive for aneurysm occlusion
after WEB treatment (Cagnazzo et al., 2019). In addition to ruptured and unruptured
IAs, the WEB device has been used in the treatment of recurrent IAs. In these studies,
the adequate occlusion rate was between 64% and 73%, with no mortality and an
11% rate of complications (Gawlitza et al., 2018; Kabbasch, Goertz, Siebert,
Herzberg, Borggrefe, Krischek, Dorn, et al., 2019; S. van Rooij et al., 2019)..

The LUNA AES is a self-expanding, mechanically detachable ovoid
intrasaccular flow-disruption device. It is made from a double layer of 72 nitinol 25-
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um wire mesh (total of 144 wires) secured at both the proximal and distal ends. In a
prospective study, the safety and efficacy of LUNA AES were assessed. Most of
these aneurysms were unruptured and showed an adequate occlusion rate of 79%.
Interestingly, there were no periprocedural complications directly attributed to the
LUNA device. The rates of thromboembolic events (3.6%) were comparable to those
seen in WEB studies. Furthermore, none of the LUNA AES-treated aneurysms re-
bled during the 36-month follow-up period (Piotin et al., 2018).

The Contour (CERUS Endovascular, Fremont, USA) is constructed from nitinol
micro-braided mesh available in a range of sizes applicable to both small- and
medium-sized aneurysms (Bhogal et al., 2019). The device’s effects consist of a
combination of flow diversion at the neck by reconstructing the bifurcation and flow
disruption within the aneurysm, avoiding manipulation of the fragile dome (Bhogal
et al., 2019). A small series of 11 patients treated with the Contour device showed
complete occlusion rates of 55.6% after one year, with all patients showing adequate
occlusion rates (Akhunbay-Fudge et al., 2020). In other case series including only
three patients, no major morbidity or mortality were reported; additionally, two [As
were completely occluded (Bhogal et al., 2021). Initial results are promising,
although larger case numbers and longer follow-ups are necessary to draw further
conclusions on the utility and risk profile of this new device.

Intrasaccular flow diversion continues to evolve at a rapid pace. Newer devices
and advances in technology will hopefully allow for safer and more robust aneurysm
occlusion. Although early results from the Contour and LUNA AES are promising,
longer term studies are required. Long-term follow-up data at two, three, and five
years are available for the WEB. The WEB device is an important tool for the
treatment of wide-necked bifurcation [As, particularly in patients for whom surgical
clipping carries high risks and in patients with contraindications to antiplatelet
therapies.

2.9 The follow-up of intracranial aneurysms

There are no international guidelines for the management of incidental I[As.
However, follow-up imaging is recommended to patients for whom surgical or
endovascular treatment could be suitable if their [A grows significantly (Thompson
et al., 2015). Such imaging follow-up is typically accomplished with either CTA or
MRA, performed annually at first and then at more protracted intervals if the
aneurysm has remained stable for a long period; however, an optimal follow-up
strategy has not yet been defined (Thompson et al., 2015). Imaging follow-up for an
incidental IA at Turku University Hospital includes a routine MRA at one year after
initial diagnosis and thereafter more seldomly with either MRA or CTA until five
years after the initial imaging for patients <65 years.

45



Kemal Alpay

Post-treatment surveillance imaging of intracranial aneurysms is determined by
modality, local standard of care, and provider experience. No guidelines for follow-
up imaging after treatment of intracranial aneurysms currently exist. The imaging
studies commonly used to monitor aneurysms are CTA, MRA, and DSA. Over the
last two decades, non-invasive angiographic imaging modalities, such as CTA and
MRA, have greatly improved the detection and evaluation of cerebral aneurysms.
DSA is a gold standard imaging modality for post-treatment follow-up; however, it
is invasive and expensive. Shortcomings of the non-invasive imaging modalities are
the presence of artefacts due to aneurysm clips, coils, and stents, including flow
diverters and intrasaccular devices. The rationale behind post-treatment surveillance
is detecting and evaluating recurrence, enlargement of remnants, and a de novo
aneurysms.

Historically, the microsurgical clipping of intracranial aneurysms was thought to
be extremely durable with low recurrence rates. Typically, the follow-up of a
clipped-aneurysm starts in the operation room with indocyanine green video
angiography (ICG-VA), in which an intravenous bolus of indocyanine green is given
and then detected using a near-infrared filter on the operating microscope. This is as
a useful tool in microsurgical clipping. Despite adequate intraoperative occlusion,
the rate of aneurysm recurrence after clipping might be higher, as high as 10%, than
commonly thought, depending on duration of follow-up and imaging modality
(Thornton et al., 2000). Furthermore, “dog ear,” the remnants can enlarge in as many
as 25% of cases, while broad-based residuals enlarge in as much as 75% of cases.
Therefore, follow-up imaging for clipped aneurysms should be conducted to rule out
significant recurrence for aneurysms that have a known residual and to evaluate for
de novo aneurysms, irrespective of how well the index aneurysm was clipped. In
most instances, CTA is sufficient; however, for patients in whom retreatment may
be considered, DSA is often the preferred modality.

The high recurrence rate, as high as 20%, after endovascular treatments gives
rise to an obvious need for post-treatment follow-up. The imaging modality and the
frequency and duration of the follow-up depend on the endovascular treatment
modality as well as institutional guidelines. In a large multicenter study, Ferns et al.
showed that 22 of 400 patients with 440 aneurysms, within 10 years of time 11
simply coiled (2.5%) recurred, 9 of which had previously ruptured (Ferns et al.,
2009, 2011). DSA is the imaging modality of choice for the short-term (6—12 months
after initial treatment) follow-up of endovascularly treated aneurysms. MRA of
varying techniques has become routine in the late follow-up of intracranial
aneurysms. TOF-MRA is sufficient resolution for most aneurysms treated with
simple coiling or WEB to detect most clinically meaningful recurrences that would
have been otherwise seen on DSA with a sensitivity and specificity over 90%
(Crobeddu et al., 2013; Timsit et al., 2016). The contrast-enhanced MRA, while only
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slightly better in terms of sensitivity and specificity relative to the TOF-MRA for
coiling cases, is much better for detecting recurrent aneurysms when laser-cut stents
or flow diverters are used (Ahmed et al., 2019; Xiang et al., 2021). At our institution,
for aneurysms treated endovascularly, we typically perform follow-up DSA at six
months after treatment. If the endovascularly treated aneurysm is completely or near-
completely occluded at the six-month follow-up visit, we perform a follow-up MRA
at two years after treatment. Depending on patient-related factors, such as age and
comorbidities, the overall duration of imaging follow-up is five years after
endovascular treatment. For aneurysms treated with microsurgery, a follow-up with
DSA or CTA at three to six months, depending on intraoperative ICG-VA and
surgeons’ preferences, is performed. Most of the clipped aneurysms do not receive
follow-up visits after three to six months.

2.10  The assessment of radiological outcomes

Several scales have been proposed for reporting the radiological outcomes of
intracranial aneurysms after any given treatment. Angiographic outcomes of
conventional aneurysm coiling are generally reported using the three-point scale by
Roy and Raymond, where aneurysms are designated as complete occlusion, residual
neck, or residual aneurysm (Roy et al., 2001). Although the Raymond—Roy occlusion
classification (RR) is most often used, Mascitelli et al. have proposed a modified RR,
because [As reported as having a RR3 outcome do not necessarily occlude over time.
In the Modified RR, Mascitelli et al. categorized RR3 to RR3a (contrast filing within
coils) and RR3b (contrast filing between coils and aneurysm wall). Of these, according
to their suggestion and observation, RR3a are more likely to occlude over time,
whereas RR3b may tend to grove and rupture (Mascitelli et al., 2015). After the new
endovascular devices for IAs were introduced and used, RR was not applicable for [As
treated with flow diverters. The O’Kelly—Moratta classification was proposed to assess
radiological outcomes of 1As treated with flow diverters (O’Kelly et al., 2010). In this
classification, each IA is assigned a grade according to the initial degree of filling (A,
B, C, D) and the degree of stasis (1, 2, 3) observed through the angiographic phases
(arterial, capillary, venous). Although Caroff et al. proposed a new occlusion
classification for [As treated with WEBs (Caroff et al., 2015), the three point-scale
classification (RR) is used in several studies reporting radiological outcomes after the
advent of the WEB (Arthur et al., 2019; Pierot et al., 2015).
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Figure 4. Raymond Roy Classification for assessment of aneurysm occlusion after endovascular
treatment. Class |, complete occlusion; Class Il residual neck; Class lll, aneurysm
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Figure 5. O’Kelly Marotta angiographic grading scale for assessment of aneurysms treated with
flow-diverting stents. Intracranial aneurysms are assigned grades on the basis of the
amount of contrast filling of the lumen (filling grades, A, B, C, D) and how long contrast
persists in the lumen with respect to angiographic phase (stasis grades 1, 2, 3).
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Aims

To evaluate feasibility and safety of the Woven EndoBridge as a
contemporary alternative treatment for conventional endovascular methods in
the treatment of the wide-necked recurrent intracranial aneurysms.

To evaluate safety and short-term radiological outcomes of patients treated
with the new generation Surpass Evolve Flow Diverter.

To evaluate complications, clinical, and radiological outcomes of patients
treated with flow diverters for acutely ruptured intracranial aneurysms.

To evaluate short- and mid-term radiological and clinical outcomes of patients
treated with the Woven EndoBridge. Furthermore, to find out patient, and
aneurysm related factors influencing radiological outcomes.
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4 Materials and Methods

4.1 Study design and patients

The study I and II were conducted in collaboration with Helsinki University Hospital
() and Edinburg University Hospital (II). The study III was a multi-center
nationwide, and all Finnish University Hospitals (Turku University Hospital,
Helsinki University Hospital, Tampere University Hospital, Oulu University
Hospital and Kuopio University Hospital) participated to this study. The study IV
was single centre (Turku University Hospital).

411 The treatment of recurrent intracranial aneurysms with
the Woven EndoBridge (l)

The study consists of patients (n = 22) treated with WEB for their wide-necked (neck
>4 mm or dome-to-neck ratio <2) recurrent [As (n = 23) between 2014 and 2020.
The study cohort included both ruptured and unruptured [As. The data regarding to
patients, aneurysms and treatments were collected from digital in-hospital database.
All treatment options including SAC, simple coiling and flow diversion for the
recurrent [As were discussed by multidisciplinary teams. It is considered as an
advantage that WEB treatment doesn’t require DAPT.

4.1.2 The flow diversion with the new Surpass Evolve (II)

26 patients with 27 TAs were treated with the new Surpass Evolve flow diverter
between May 2019 and June 2020 for their ruptured or unruptured at Turku
University and Helsinki University Hospital. The flow diverter treatment was chosen
in respect to morphology (blister-like, dissecting, or fusiform) and location
(sidewall) of IAs. The decisions on the treatment were taken by multidisciplinary
team. The data were collected retrospectively from both hospitals’ aneurysm

registry.
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4.1.3 The treatment of acutely ruptured intracranial
aneurysms with flow diverters (lll)

In this nationwide retrospective study, the data were collected from in-hospital
aneurysm registry. All patients treated with FDs for their acutely ruptured IAs
between January 2012 and December 2019 included in the study. The cohort
included 110 patients. Decisions on FD treatment were made at the discretion of the
participating centers. The FD treatment was chosen as a last resort option by
multidisciplinary team.

414 The Woven Endobridge for naive intracranial
aneurysms (V)

The study is a retrospective observational on consecutive patients who underwent
the WEB procedure. The patients treated with the WEB for their recurrent IAs and
patients without follow-up imaging were excluded. The WEB was chosen over other
treatments such as simple coiling, SAC or microsurgery based on location and size
of IAs along with the width of the neck. Furthermore, the WEB treatment doesn’t
necessarily need the DAPT after the treatment.

4.2 Endovascular treatment

4.21 The WEB treatment (1, 1V)

All endovascular procedures were performed under general anesthesia thru a femoral
or radial access. The appropriate WEB size was selected according to the IA width
and height as measured on two-dimensional, particularly for recurrent [As, and three-
dimensional DSA images for naive IAs. Implant sizes were chosen to be oversized
according to the manufacturer’s guidelines. The WEB was delivered through the
dedicated VIA microcatheter. The use of additional devices was left to the
neurointerventionalist’s discretion. An intracranial self-expandible braided stent was
implanted if WEB protrusion occurred, and adjunctive coiling performed to provide
adequate occlusion of the recurrent IA. If adjunctive devices were used, the WEB
was used to seal the aneurysm neck off from the parent vessel in all cases. All
interventions were performed after systemic administration of heparin with doses
targeting to double the activated clothing time (ACT) from the baseline. Patients
treated at Edinburgh for recurrent IAs were loaded with Aspirin and Clopidogrel
prior to embolization in case of a bail-out stent or SAC (Study I). However, post-
operatively DAPT was discontinued. If a stent is applied during treatment (Study I,
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IV), after a loading dose of Aspirin and Clopidogrel, DAPT is typically maintained
for a month, onwards Aspirin 100 mg per day for three to six months.

Smallest
Aneurysm Height (mm)

9.5-10.4 SL 11x9

8.5-9.4 SL10x8 SL11x8

7.5-8.4 SL11x7

6.5-7.4 SL11x6

5.5-6.4

4.5-5.4

3.5-4.4 SL4x3

2.5-3.4 SL3x2 SL3.5x2 SL4x2

2.0-2.6 2.7-3.1 3.2-3.6 3.7-4.1 4.2-46 4.7-5.5 5.6-6.5 6.6-7.4 7.5-8.3 8.4-9.2 9.3-10.0
Average aneurysm width (mm) 3

Figure 6. WEB-SLS (single later sphere) sizing chart.

4.2.2 The Surpass Evolve flow diverter treatment (1)

Procedures were performed under general anesthesia via triaxial femoral or radial
access under a bi-plane angiography unit. Parent artery measurements were obtained
with the utmost precision by using 3D reconstructions and 2D working projections.
The Surpass Evolve Flow Diverter were delivered thru an 0.027" microcatheter
which was placed distal to the aneurysm. Adjunctive coils were placed according to
operator preference. Correct FD wall apposition was confirmed with Dyna-CT. All
patients received heparin during the interventions to double the ACT from the
baseline. For elective cases Aspirin 100 mg per day and Clopidogrel 75 mg /
Ticagrelor 10 mg per day were started 5 to 7 days prior to the flow diverter treatment.
DAPT for patients presenting with aSAH from acutely ruptured IAs was Aspirin
500 mg i.v and Ticagrelor 30 mg through a nasogastric feeding tube. The platelet
inhibition was tested with VerifyNow® (Accumetrics, San Diego, CA) and
Multiplate-platelet adenosine diphosphate (MPADP) in all cases.

4.2.3 The flow diverter treatment of acutely ruptured
intracranial aneurysms (l11)

All patients were treated under general anesthesia via a transfemoral arterial
approach, using a biplane angiography suite. Following arterial access, intravenous
heparin was administered in most of the patients to maintain ACT between 250 and
300 seconds. After standard angiographic projection, an intra-arterial 3D rotational
angiogram was performed in all patients to determine the optimal working position
with 3D reconstructions. A triaxial system was used in all cases to maximize support
during forward loading of the system and to optimize flow diverter stent opening and
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apposition. The following FDs were used in the study: Pipeline embolization device
(PED; Medtronic, Minneapolis, MN), PEDs with shield technology (Medtronic,
Minneapolis, MN), Surpass Streamline (Stryker Neurovascular, Fremont, CA),
FRED (MicroVention, Tustin, CA), FRED JR (MicroVention, Tustin, CA), Derivo
(Acandis, Pforzheim, Germany), Surpass Evolve (Stryker Neurovascular,
Kalamazoo, MI), and SILK (Balt, Montmorency, France). Abciximab was the most
used periprocedural antiaggregant with a bolus and infusion for 24 hours. All centers
tested platelet function with Multiplate® (Roche Diagnostic, Mannheim, Germany)
or VerifyNow® (Accumetrics, San Diego, CA) test. Multiplate-platelet adenosine
diphosphate (MPADP) <30U and 60-200 P2Y12 reaction-units (PRU) were
considered a sufficient response. The most used antiplatelet treatment was Aspirin
100 mg and Prasugrel 5 or 10 mg. Prasugrel or clopidogrel was continued for at least
3 to 6 months unless there was a life-threatening hemorrhage. A dose of 100 mg of
aspirin per day was continued for at least 6 to 12 months. According to protocol
regarding to antithrombotic medicine of one center, post-procedural low molecular
weight heparin was used as a second antithrombotic medicine in addition to aspirin
100 mg. At most of the centers, the duration of DAPT was decided based on the first
imaging follow-up.

4.3 Clinical and radiological assessments

4.3.1 The treatment of recurrent intracranial aneurysms with
the Woven Endobridge (1)

The diameters including the neck size, width, height of recurrent IAs were determined
using preoperative 3-D rotational angiography whereas preoperative thrombosis
determined with MRA or CTA. The data related to pre-and postoperative functional
outcomes of patients were collected from electronic patient files and reported as mRS.
The duration of follow-up and intervals, both clinical and radiological, were dependent
on each institution’s protocols. DSA and/or MRA were used to assess radiological
outcome which were reported according to Raymond and Roy Occlusion Criteria
(RR). RR 1 and 2 were considered as adequate outcome whereas RR 3 was inadequate,
thus as aneurysm recanalization. Any discrepancy related to radiological outcome
were solved by a senior neurointerventionist. Immediate clinical outcomes as well as
any symptomatic complications —ischemic, hemorrhagic, and other types—of
patients were assessed pre- and post-operatively.

53



Kemal Alpay

4.3.2 The flow diversion with the new Surpass Evolve (1)

The morphology and diameters of the [As were determined with preoperative 3D-
rotational angiography. All patients were observed for any adverse events after the
procedure. All patients underwent post-operative DSA according to the institutional
protocols. The patency of parent artery, in-stent-stenosis as well as position of the
FD stent were assessed from post-operative DSAs after three to six months. All
patients were scheduled for a clinical follow-up between 3 to 6 months after the
intervention. Aneurysm occlusions were assessed and reported according to the
OKM scale.

4.3.3 The treatment of acutely ruptured intracranial
aneurysms with flow diverters (lllI)

The preoperative clinical status of the patients at the admission was reported
according to WFNS Scale. The Fisher scores were obtained from NECTs at
admission to the hospitals. The morphology and diameters of the aneurysms were
determined from 3D-rotation angiography. Post-operative CT and MRA were used
to detect the treatment related complications. Any post-operative ischemic and
hemorrhagic events were considered as treatment related complications. The
duration and intervals of imaging follow-up varied somewhat among the
participating centers. The last available clinical outcomes were reported as mRS
score, whereas the radiological outcomes of the IAs were reported according to
OKM scale.

4.3.4 The Woven EndovBridge for naive intracranial
aneurysms (V)

The data regarding to patients such as smoking, hypertension was obtained from
electronic patient files. Baseline aneurysm characteristics were evaluated using DSA
with 3D-rotational angiography datasets. Aneurysm width, height, and neck width
were determined for all aneurysms. The dome-to-neck (D/N) ratio, aspect ratio, and
width-to-height (W/H) ratio were calculated. The size of the aneurysm was defined
as the maximum diameter of the aneurysm. The aneurysm shape was determined
using volume-rendered images of 3D rotational angiography datasets. Thrombosis
in the aneurysm sack were determined from preoperative MRA or CTA. The imaging
modality for follow-ups (6- and 24 months) was mostly MRA. Anatomic and
angiographic results were independently evaluated by neuroradiologists not directly
involved in patient treatment. A senior interventional neuroradiologist solved
discrepancies. Aneurysm occlusions were assessed according to RR Occlusion
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Classification. RR 1 and 2 were considered as adequate outcome whereas RR 3 was
inadequate.

4.4 Statistical analysis

All the studies have been carried out in co-operation with a data scientist, and the
statistical analyses have been carried out using the SPSS (IBM inc, New York, USA)
software. In general, P values <0.05 have been the criteria for statistical significance
using 95% confidence intervals. Categorical variables were presented as percentages
and numbers whereas continuous variables are presented as mean or median with
SD or range in all studies. In study IV, categorical variables were assessed with a
chi-square test, whereas normally distributed continuous variables with a t-test and
non-parametric variables with a Wilcoxon rank sum test. Normality of the data was
assessed using Kolmogrov-Smirnov test and visual inspection. Univariate logistic
regression was used to assess the predictive value of the factors in predicting
favorable angiographic outcome and re-treatment both 6-month and again at 24-
month follow-ups. Predictive factors with a p-value below 0.1 were then used in a
multivariate logistic regression model. Multicollinearity between these factors was
assessed and of the factors that had a correlation coefficient above 0.8, the one with
the lower p-value was included in the final multivariate logistic regression analysis.
All statistical analyses were performed with SAS version 9.4 (SAS Institute Inc,
Cary, North Carolina, United States of America).

4.5 Ethical aspects

Local institutional review boards waived the need for formal consent for this
retrospective registry study. The following study permissions were approved by the
local institutional review boards: Turku University Hospital (T011/014/18),
Tampere University Hospital (R16619), Kuopio University Hospital (166/2016),
Oulu University Hospital (215/2018) and Helsinki University Hospital
(HUS/125/2018). For the study I, The Academic and Clinical Central Office for
Research and Development (ACCORD) for the University of Edinburgh and NHS
Lothian approved data sharing.
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5 Results

5.1 The treatment of recurrent intracranial
aneurysms with the Woven Endobridge (1)

5.1.1 Patient, aneurysm, and intervention characteristics

Twenty-two patients (68% females, median age: 53 years) with twenty-three
recurrent [As were treated with the WEB. Seventy-eight percent of the [As (n=18)
had ruptured previously. All recurrent [As were wide-necked (median width: 5 mm).
20 recurrent IAs was in anterior circulation and most common location was MCA.
17 TAs had been initially treated with simple coiling, 3 with WEB and 3 with
microsurgical clipping. The median duration from the initial treatment to the
treatment of recurrency was four years (range: 2-23 years). The intervention only
with WEB was feasible in 87% of cases (n=20). However, adjunctive devices (coils
or stents) were used in three recurrent (13%) 1As.

Table 5. The characteristics of recurrent aneurysms (Study I).

Location Initial treatment Size of recurrence
1 Basilar tip Clipping 15x19 mm
2 MCA/MCA Coiling / Coiling 9%x11 mm / 10x9 mm
3 MCA Clipping 5x5 mm
4 MCA Coiling 9x10 mm
5 MCA Coiling 3.5x3 mm
6 MCA Coiling 8x12 mm
7 MCA WEB 10x8 mm
8 MCA Coiling 4x4 mm
9 ACom Clipping 4x2 mm
10 ACom WEB 4x4 mm
11 MCA WEB 4.5x6 mm
12 PCom Coiling 5.7x3.1 mm
13 Basilar tip Coiling 5.9x4.3 mm
14 Acom Coiling 7.2x5.3 mm
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Location Initial treatment Size of recurrence
15 Acom Coiling 8.1x4.3 mm
16 Pericallosal Coiling 2.4x4.9 mm
17 MCA Coiling 3.8x3.5 mm
18 Acom Coiling 5.5x3.8 mm
19 Basilar tip Coiling 5.3x4.4 mm
20 Pericallosal Coiling 4.9x3.8 mm
21 Acom Coiling 4.4x2.5mm
22 Acom Coiling 3.1x3.2mm

Acom, anterior communicating artery; Pcom, posterior communicating artery; MCA, middle cerebral
artery

51.2 Radiological Outcomes

The radiological follow-up data with the median duration of 24 months, were
available for all cases. Twenty recurrent (87%) [As showed adequate occlusion (RR
I or II) at the last follow-up after the WEB treatment. Of these aneurysms, the
radiological outcome of 12 recurrent [As (52%) was RR class I, and eight recurrent
IAs (35%) were RR class II. Recanalization (RR III) seen in three recurrent [As. All
recanalized IAs had partially thrombosed sack before the retreatment with WEB.
Worsening from the adequate occlusion to inadequate occlusion hasn’t been
observed during follow-up.

5.1.3 Complications and Clinical Outcomes

A late (14 days after the intervention) intracranial hemorrhagic event occurred. Due
to this, the functional outcome of the patient worsened from mRS score 1 to mRS
score 2. No other post-operative change was detected in functional outcomes of
patients. No bleeding or rebleeding of [As or treatment related adverse effects were
observed.

5.2 Flow diversion with the new Surpass Evolve (ll)

521 Patient, aneurysm, and intervention characteristics

The study involved 29 patients (72% females) with the mean age of 55.5 years. Both
unruptured (n=24) and ruptured (n=6) [As were treated with the Surpass Evolve FD.
The morphology of aneurysms was saccular (n=28) and fusiform (n=2). Most of the
aneurysms were small <10 mm (n=20) and located in ICA (n=22). The deployment
of FD was successful in all patients. In two cases, several flow diverters were used
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in the treatment. In two cases coils were used to secure or initiate the thrombosis. No
cases needed balloon angioplasty after the deployment of the FD.

522 Radiological outcomes

A total of 26 patients with 27 [As were available for radiological follow-up. The
DSA were performed to all cases as an initial follow-up imaging. A total of 21 [As
showed complete (OKM-D) or near complete (OKM-C) occlusion in the follow-up
imaging. Mild (<50%) in-stent stenosis with tapering in distal end was seen in two
cases.

5.2.3 Complications and clinical outcomes

Two patients presenting with acutely ruptured IAs died due to complications of
aSAH. No intraoperative rupture of the IA occurred. An unruptured large 1A located
in ICA ruptured on the sixth day after flow diverter treatment without ancillary coils.
Because of this event, the patient died. The rest of the elective cases showed no
changes in neurological status.

5.3 The treatment of acutely ruptured intracranial
aneurysms with flow diverters (lll)

5.3.1 Patient, aneurysm, and intervention characteristics

One-hundred-ten patients (58% female) harboring 110 acutely ruptured IAs with a
mean diameter of 4.8 mm (range: 2-25) were treated with FDs in the setting of aSAH.
The mean age of patients was 55.7 years (range: 12-82). The most [As were in
anterior circulation (70%). The most common morphology of I1As was blister-like
(n=47). PED with shield technology (Medtronic, Minneapolis, MN) was the most
preferred flow diverter (n=62, 48%). Sixteen percent of aneurysms (n=18) were
treated with multiple FDs, and in 5% of aneurysms (n=5) coils were used to secure
the occlusion.

5.3.2 Radiological outcomes

The radiological data with a mean duration follow-up of 11 months from the last
imaging follow-up were available from 80% (n=88). Of these, radiological outcomes
of 55 patients were assessed with DSA, and remaining 33 patients were assessed
either MRA or CTA. The complete (OKM-D) or near complete occlusion (OKM-C)
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were observed in 90% of the IAs (n=79) whereas only one IA showed total filling
after the treatment.

Figure 7. A NECT image of 62 years old female show diffuse aSAH (A). DSA and 3D-rotational
image show a 6x7 mm ruptured a fusisoform aneurysm in the left vertebral artery (B, C).
Aneurysm treated with a PED 4x20 mm. DSA and 3-D rotational image show complete
occlusion of the IA and remodelling of the artery at 6 month-follow-up (D, E, F).

5.3.3 Complications and clinical outcomes

No intraoperative rupture occurred. However, 3% (n=3) of rebleeding rate was
observed. Of these, two rebleeding occurred within 14 days after the FD treatment.
None of the rebled aneurysms had adjunctive coiling in the initial treatment. A total
of 45% of patients (n=49) had treatment related complications. The rate of
hemorrhagic intracranial complications was 40% (n=44) whereas ischemic
intracranial complications were detected in a total of 29% patients (n=32). Among
the patients with ischemic and hemorrhagic complications, unfavorable outcome
(mRS 3-6) was seen in 40% (n=20).

The follow-up data (mean: 8 months, range: 1-60 months) were available for
93% of patients (n=102). 73 percent of patients (n=74) had favorable (mRS 0-2)
outcome. The overall mortality and treatment related mortality rates were 18%
(n=18) and 5% (n=5), respectively
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Table 6. Intracranial complications after the flow diverter treatment (Study III).

Re-bleeding 3 (3%)
In-stent thrombosis 9 (8%)
Post-op ICH 19 (17%)
ICH due to an EVD placement 9 (8%)
ICH due to re-bleeding 3 (3%)
ICH due to a mechanical complication 1(1%)
New idiopatic post-operative ICH 3 (3%)
Expansion of pre-operative ICH 4 (4%)
Post-op ICH 19 (17%)
Post-op IVH 25 (23%)
Ischemic stroke 32 (29%)

ICH, intracerebral haemorrhage, EVD, external ventricular drain; IVH, intraventricular
haemorrhage.

5.4 The Woven EndoBridge for naive intracranial
aneurysms (V)

541 Patient, aneurysm, and intervention characteristics

The data were available from 91 patients (62% female), with the mean age of 58.8
years, and 62 patients (58% female) with the mean age of 57.7 years, for 6-month
and 24-month analysis, respectively. Twenty-eight patients were treated in the
setting of acute aSAH. Three aneurysms (4.7%) were partially thrombosed. WEB-
SL was used in all cases (n = 91). Ancillary devices were used in 6 patients (6.5%);
in three case coils, in three cases stents. The deployment of WEB device was
successful in all cases. Depending on degree of WEB protrusion into a parent artery,
Aspirin (100 mg/day) was started immediately and continued for up to six weeks. In
cases which a braided intracranial stent was deployed, DAPT was initiated
immediately with a bolus dose (Aspirin 500 mg and Prasugrel 30 or 60 mg) and
continued (Aspirin 100 mg/day and Prasugrel 5-10 mg) for six months.
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Table 7. Characteristics of the naive aneurysms treated with WEB (Study V).

6-month follow-up 24-month follow-up
No. of aneurysms 91 62
Location of Aneurysm
ICA 9 (10%) 6 (10%)
MCA 39 (43%) 26 (42%)
Acom 13 (14%) 5 (8%)
Basilar Tip 21 (23%) 17 (27%)
ACA 5(5) 4 (6%)
Vertebrobasilar 5 (5%) 4 (6%)
Mean maximal diameter 7.942.8 8.0+2.9
Mean width 6.312.2 6.442.2
Mean height 6.8+2.7 6.9+2.6
Mean width of neck 4.6%1.3 4.7+1.3
Multi-lobular 23(25%) 16 (26%)
Partially thrombosed 3 (3%) 2 (3%)
Acutely ruptured 28(31%) 14 (23%)
Bifurcation 83(91%) 56 (90%)
Wide-necked 74(81%) 53 (85%)

ICA, internal carotid artery; MCA, middle cerebral artery; Acom, anterior communicating artery.

54.2 Radiological outcomes

At six-month follow-up complete aneurysm occlusion was achieved in 56 cases
(62%), neck remnants in 25 (27%) and aneurysm remnants in 10 (11%). Hence,
adequate occlusion was obtained in 89%. Similarly, at 24-month follow-up complete
occlusion in 42 cases (68%), neck remnants in 14 (23%) and aneurysm remnants in
6 (9%), hence, adequate occlusion was 91%. The radiological outcomes of three
aneurysms (5%) declined from adequate to inadequate between six- and 24-month
follow-ups. Thirteen aneurysms (14%) were re-treated during the study period.

61



Kemal Alpay

Figure 8. DSA and 3D-rotational image shows an unruptured irregular shaped MCA aneurysm (A,
B). An intraoperative DSA image shows immediate adequate occlusion (C). TOF-MRA
shows complete occlusion at 6month follow-up.

54.3 Factors affecting radiological outcome

None of the patient related factors such, as age or smoking status, was not associated
with the radiological outcome. Neither ruptured aneurysm status, nor aneurysm
location were not significantly associated with aneurysm occlusion. The width of the
neck wasn’t predictive for radiological outcomes. The height, width, and irregular
shape of an IA were found to be predicting factors for adequate occlusion after the
WEB treatment. Factors influencing radiological outcomes after the WEB treatment
are summarized in table 7.
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Table 8. Factors influencing radiological outcomes after the WEB treatment (Study V).

Results

6 months 24 months

p-value p-value
Height of aneurysm >.05 .02
Width of aneurysm >.05 .002
Aspect-ratio >.05 .03
Dome-to-neck ratio >.05 .04
Maximum diameter >.05 .001
Acutely ruptured >.05 >.05
Wide-necked >.05 >.05
Lobular shaped .01 .03

544 Complications and clinical outcome

Neither intraoperative nor aSAH after the WEB treatment was not occurred.
Treatment related morbidity was 4% (n=4), and mortality (consequences of an
ipsilateral malign MCA territory infarct) was 1% (n=1). A favorable outcome (mRS
< 2) was achieved by 62 of 63 elective patients (99%). One patient died due to
unrelated event (cancer) during the study period.
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6.1 The treatment of recurrent intracranial
aneurysms with the Woven EndoBridge (1)

In our study including 23 IAs, we observed a better rate of adequate occlusion than
in previous studies, as well as a lower recanalization rate. Twenty recurrent [As
(87%) showed adequate occlusion at the last follow-up, and three IAs (13%) showed
recanalization. The adequate occlusion rate in our series can be considered
satisfactory, especially with respect to the complexity of recurrent [As. There are a
few reports on the safety and efficacy of the WEB for recurrent [As. The studies
overall harbor 41 recurrent IAs (Gawlitza et al., 2018; Kabbasch, Goertz, Siebert,
Herzberg, Borggrefe, Krischek, Dorn, et al., 2019; S. van Rooij et al., 2019). In the
sum of the previous studies, the adequate occlusion rate of recurrent [As treated with
WEB was 71% (n=29), and the recanalization rate was 29% (n=12) (Gawlitza et al.,
2018; Kabbasch, Goertz, Siebert, Herzberg, Borggrefe, Krischek, Dorn, et al., 2019;
S. B. T. van Rooijj et al., 2019). An intracranial hemorrhage two weeks after the
treatment occurred in our study. No other treatment-related morbidity or mortality
was observed in our study. The rate of adverse effects in our study was in line with
other previous studies (Gawlitza et al., 2018; Kabbasch, Goertz, Siebert, Herzberg,
Borggrefe, Krischek, Dorn, et al., 2019; S. van Rooij et al., 2019).

The microsurgery, simple coiling, as well as stent- and balloon-assisted coiling
are conventional retreatment, whereas intraluminal flow diversion and intrasaccular
flow disruption are contemporary retreatment methods. The simple coiling of
recurrent aneurysms carries reasonable risk (1-3%) of permanent neurologic
deficits; however, the failure rate—that is recanalization—cannot be neglected
(Henkes et al., 2006). SAC can provide more durable radiologic outcomes for
recurrent [As, but the risk for unfavorable outcomes is reported to be as high as 10%.
(Téhtinen et al., 2013). The indications of flow diversion have been expanded,
including the treatment of aneurysm recanalization. Overall, the complete occlusion
rate ranged from 60.7% to 100%, and the cumulative complete/near-complete rate
ranged from 82.1% to 100%, confirming the efficacy of FD in previously coiled
aneurysms (Chalouhi et al., 2014; Kiihn et al., 2017). In contrast, The results of FD
treatment for recurrence of previously stented aneurysms are not encouraging, with
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occlusion rates ranging from 38% to 65% (Bender et al., 2018; Daou et al., 2016).
Overall, FDs are feasible for both naive and recurrent sidewall IAs but not for IAs
located in bifurcations. Caroff et al. reported 43% of ischemic and 21% of procedure-
related complications in FD treatment for MCA bifurcation aneurysms (Caroff et al.,
2016). Apart from the challenges due to coil packing in the neck of recurrent [As for
clipping, microsurgery carries a 12% risk of poor outcome (Romani et al., 2011;
Veznedaroglu et al., 2004).

The underlying reason for recanalization after WEB treatment in our study is
likely thrombus in aneurysm sacks. All recurrent [As (n=3) with partially
thrombosed sack recanalized after the re-treatment with WEB. Kabbasch et al. found
that thrombus in the aneurysm sack predicts recanalization after WEB treatment
(Kabbasch, Goertz, Siebert, Herzberg, Borggrefe, Dorn, et al., 2019). Along with
thrombosis in the aneurysm sack, other reasons for recanalization after retreatment
can be growth of an IA and coil packing into the dome (Henkes et al., 2006).

6.2 Flow diversion with the new Surpass Evolve
flow diverter (II)

FDs are robust devices for the treatment of 1As. Their safety and efficacy have been
demonstrated in large and giant anterior circulation aneurysms, sidewall aneurysms
of <12 mm, distal lesions, and selected ruptured aneurysms (Limbucci et al., 2020).
The first-generation Surpass Streamline was the second FD that was approved for
clinical use by the FDA after the SCENT trial (Meyers et al., 2019). The Surpass
Evolve (SE) represents the next generation of the Surpass FD. SE has a lower profile
while maintaining an important flow-diverting effect (Sadasivan & Fiorella, 2020).
There are a few studies regarding the technical nuances and safety of the Surpass
Evolve in the literature.

In our study, technical success was achieved in all cases (n=27), consistent with
previous studies (Maus et al., 2021; Orru et al., 2020). As a preference of the
operators, only one case received adjunctive coiling during the initial treatment.
Although comparing the rates of adjunctive coiling between our study and previous
reports is not appropriate because of the different morphology of the aneurysms and
preferences of operators, overall, 19 of 69 IAs received adjunctive coiling in
previous studies (Maus et al., 2021; Orru et al., 2020). The proper wall apposition,
which predicts radiological outcomes, is crucial in FD treatments. Orru et al. reported
a 28% rate of post-deployment angioplasty due to suboptimal wall apposition;
however, in our study, no patient required angioplasty (Orru et al., 2020). Similarly,
Maus et al. reported a very low rate (2%) of angioplasty after the deployment of SEs.
As Orru et al. underlined in their study, the high rates probably reflect authors’
extremely low threshold for performing angioplasty whenever suspecting
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incomplete FD apposition on Dyna-CT, given the demonstrated role of
malapposition in delayed aneurysm healing. Severe or complete in-stent stenosis can
cause devastating neurologic symptoms after FD treatment. In our study, a 7% rate
of mild stenosis was observed, and no severe or complete in-stent stenosis was
observed at six months. On the contrary, Maus et al. reported one severe stenosis due
to the tapering of SE, three mild stenosis, three complete occlusions of the parent
artery in their series harboring 46 1A (Maus et al., 2021). The complete occlusion of
the parent artery due to intimal hyperplasia after an FD treatment raises concern
about the importance of testing platelet inhibition. In both studies, ours, and that by
Maus et al, all patients were tested for platelet inhibition. In our study, aSAH
occurred in one elective patient on the sixth day after treatment of a large aneurysm.
The rate of aSAH after treatment with SE was 2% in the SCENT trial. In previous
studies, no rupture of the target [As occurred (Maus et al., 2021; Orru et al., 2020).

Flow diversion can be considered a curative treatment for IAs, as reported
occlusion rates are between 90% and 95% (Brinjikji et al., 2013; Chancellor et al.,
2020; Y.-L. Li et al., 2021). The rate of complete and near-complete occlusion of
IAs treated with SEs in our study was in line with the previous report by Maus et al.
(85% vs. 86%) (Maus et al., 2021). In direct comparison to the initial SE experience
of previous studies, overall, our results are in conjunction with previous reports. One
major thromboembolic event and one rupture of the target aneurysm were observed
in the study by Orru et al. and in our study, respectively. However, it is worth
mentioning again that the cohorts were too small and heterogeneous to allow for a
distinct comparison between the two studies.

6.3 The treatment of acutely ruptured intracranial
aneurysms with flow diverters (lll)

The proportion of favorable functional (mRS >2) outcomes at last follow-up in our
study was 73%, which was better than the results of a multicenter study by Ten
Brinck (ten Brinck et al., 2020). A 93% rate of complete and near-complete
occlusion were seen in IAs in our study, which was consistent with a recent study
(ten Brinck et al., 2020).

Flow-diversion treatment has opened a new chapter in the treatment of
intracranial aneurysms and is well established for unruptured 1As. The main reason
for the early treatment of ruptured IAs is to prevent the catastrophic consequences
of early rebleeding. FD treatment results in only partial immediate aneurysm
occlusion, with delayed flow diversion leading to complete or nearly complete
aneurysm occlusion over a period of months (Zhang et al., 2019). Although
aneurysm occlusion after FD treatment occurs over time, the rate of rebleeding
ranges between 2% to 5% (Cagnazzo et al., 2018; Madaelil et al., 2017). In our
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study, rebleeding occured in 3% of cases (n=3). Certain factors like the larger size
of an IA and peri-operative anticoagulation are proposed to be associated with
rebleeding (Cagnazzo et al., 2017; Manning et al., 2019; ten Brinck et al., 2020).
Like Manning et.al reported, all cases with rebleeding were received low-molecular-
weight-heparin in our study. We may conclude that the use of low-molecular-weight-
heparin peri-operatively may be associated with rebleeding.

The treatment-related complications were seen in a total of 49 (45%) patients in
our study. Contrary to the occlusion and rebleeding rates, the rates of overall
complications ranged widely in the literature. Ten Brinck et al. reported a 45% rate
of overall complications, whereas the overall complication rate was 8% in the study
by Cohen et al. (Cohen et al., 2021; ten Brinck et al., 2020). The lack of precise
guidelines leads to significant variations in anticoagulation and antiplatelet regimens
and testing. Clopidogrel is the most-used antiplatelet medication in association with
Aspirin. However, the proportion of non-responders to clopidogrel cannot be
neglected. To decrease the rate of ischemic complications and in-stent thrombosis,
it is essential to achieve sufficient platelet inhibition, which is confirmed with
platelet function tests. However, the use of platelet function tests in reported studies
varied somehow (Cohen et al., 2021; ten Brinck et al., 2020).

In our study, post-operative ICH were seen in 19 patients. Among these patients
in almost half of them ICH occurred either revision or placement of an EVD. The
need for DAPT in FD treatment for acutely ruptured IAs presents management
challenges for patients. However, hemorrhagic complications can be further
minimized with a low threshold for EVD insertion before the intervention, and thus
before the administration of DAPT (Kung et al., 2011). Ischemic changes (both
symptomatic and asymptomatic) were seen in 29% of patients (n=31). In a meta-
analysis of 20 studies, the rate of ischemic complications was 8% (Cagnazzo et al.,
2018). The noticeable differences in complication rates between our results and those
in the literature, compared to small case series and meta-analyses, can be attributed
to various factors. Furthermore, we requested that participating centers report both
clinically silent and important complications during the total duration of follow-up
instead of only peri-procedural complications. Additionally, in our series, we
considered all reported ischemic strokes, except those attributed to DCI, as
intervention related. Finally, it is highly likely that the “best case scenario” patients
were selected for the included reports and then the meta-analyses. When comparing
the complication rate associated with the use of FDs against other endovascular or
surgical modalities for the treatment of ruptured aneurysms, it is essential to keep in
mind that FDs are usually considered for the treatment of challenging aneurysms,
where other modalities are deemed too risky or unfeasible.
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6.4 The Woven EndoBridge for naive intracranial
aneurysms (V)

Endovascular treatment has developed substantially since Guglielmi introduced
detachable coils in 1991. Studies have shown that the effective treatment of more
complex aneurysms with coils alone is often not technically possible. This has led to
the use of balloon remodelling and SAC techniques, which have allowed for the
treatment of wide-necked and complex aneurysms, and have provided better
occlusion and lower recurrence rates (Henkes & Weber, 2015). Balloon remodeling
and SAC can provide better radiological outcomes for wide-necked and complex [As
(Consoli et al., 2016) However, the necessity of using DAPT include the
shortcomings of SAC, which can be linked to hemorrhagic complications. In a
propensity score analysis by Kabbasch et al, SAC showed a higher overall
complication rate than WEB treatment (21% vs. 12%) (Kabbasch, Goertz, Siebert,
Herzberg, Borggrefe, Krischek, Stavrinou, et al., 2019).

The WEB has been a game-changer for not only unruptured but also ruptured
wide-neck [As. In our study, the WEB has yielded 89% (n=81) and 91% (n=56)
adequate radiological outcomes at 6 and 24 months, respectively. The results of our
study in terms of treatment complications and radiological outcomes at 6 and 24
months were consistent with previous studies, with no rupture or re-rupture during
the follow-up period. The rate of adequate occlusion (RR 1-2) after the WEB was
between 80% and 84% in WEB-CAST and WEB-IT studies at one year (Arthur et
al., 2019; Pierot et al., 2015). Considering that the morphology of aneurysms
typically treated with the WEB device is more complex than that of aneurysms
treated by regular coiling, these occlusion rates appear promising. The low morbidity
and mortality (4% and 1%, respectively) rates in our study were also consistent with
previous studies (2-3%, 0%, respectively) (Arthur et al., 2019; Pierot et al., 2015).

In our study, we analysed several aneurysms- and patient-related factors that
might affect radiological outcomes. Youssef et al. found an association between
smoking and aneurysm recurrence after WEB treatment (Youssef et al., 2021).
However, we were not able to confirm statistically any patient-related factors
affecting radiological outcomes. This may be due to small size of cohort and low
proportion of unfavorable radiological outcomes. Based on the results of our study,
the treatment of large (>11 mm) and partially thrombosed aneurysms by WEB were
associated with unfavorable occlusion rates. Furthermore, lobular shaped IAs are
prone to inadequate occlusion after WEB treatment based on the results of our study.
The higher and the larger an IA is, the less probable adequate occlusion is, as found
in our analysis of 24-month follow-up radiological outcomes. In our study, there was
no significant difference between ruptured and unruptured [As in terms of occlusion
rates. These findings were in accordance with previous studies (Cagnazzo et al.,
2019; Kabbasch, Goertz, Siebert, Herzberg, Borggrefe, Dorn, et al., 2019). Contrary
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to the study by Cagnazzo et al., we were not able to find an association between
inadequate occlusion and the width of the neck or adjunctive coiling (Cagnazzo et
al., 2019; Kabbasch, Goertz, Siebert, Herzberg, Borggrefe, Dorn, et al., 2019).

6.5 Study limitations and strengths

The major limitations of our study are its retrospective, single-arm design, and the
lack of comparison groups. Due to the retrospective design of our study, some data
on clinical and radiological follow-ups is missing, despite searching the nation-wide
electronic patient file database (KANTA). Inconsistent use of antithrombotic
medications for the WEB interventions, and unstructured management of
antithrombotic medications peri- and post-operatively in FD treatment might have
affected the complication rates. Furthermore, small size of cohorts (Studies I, II, and
IV) may affect low rates of complications. Without routine post-operative MRI
screening, it is impossible to know the rate of silent ischemic changes. Although
most of the radiological follow-up data was based on the MRI studies, which were
assessed by an independent neuroradiologist, the data from the DSA imaging was
self-assessed.

Finally, the strength of this study is that it represents “real world experience.”
Furthermore, the results of this study provide valuable insights into the contemporary
endovascular treatment of aneurysms, and thus can help treating physicians in
decision-making in daily practice

6.6 Future perspectives

The endovascular era has revolutionized the treatment of intracranial aneurysms.
Intraluminal flow diversion is already considered a curative treatment for most
challenging aneurysms. However, high metal coverage requires patients to remain
life-long antiplatelet medications which are associated with ischemic and
hemorrhagic complications. Bioabsorbable individualized flow diverters, on which
there are a few experimental studies, will possibly replace current flow-diverter
stents. The advantage of bioabsorbable stents over current flow-diverter stents is that
anti-platelet medications could be temporary, not life-long. The research on
intraluminal devices in the future will probably focus on low-thrombogenic and
bioabsorbable flow-diverters. Furthermore, there will probably be some clinical
trials on the single anti-platelet therapy for the intraluminal flow diversion.
Intrasaccular flow disruption, given the procedure’s technically straightforward and
efficient nature, is developing, and there will very likely be a progressive expansion
of indications for intrasaccular flow disruption therapies to the extent that they will
ultimately replace standard coiling in an increasing number of cases. The long-term
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radiological results of the WEB will be studied in next couple of years. In the future,
endovascular treatment will be more individualized, there could even be aneurysm
and patent-specific devices. Development of existing intrasaccular as well as new
intrasaccular devices will be the hot topic of the future endovascular research.
Hopefully, such newer devices and advances in technology will allow for safer and
more robust aneurysm occlusion.
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Conclusions

The endovascular treatment of wide-necked recurrent intracranial aneurysms
with the Woven EndoBridge is feasible. The WEB provides adequate
occlusion with a low rate of complications with respect to complexity of
recurrent intracranial aneurysms. The occlusion appears to be stable after the
WEB treatment.

The new generation Surpass Evolve flow diverter is promising device with
high technical success and good safety profile. The short-term occlusion rate
is promising.

The flow diverter treatment for acutely ruptured intracranial aneurysms yields
high occlusion rate but is associated with a high overall complication rate.

The treatment of naive wide-necked intracranial aneurysms with the Woven
EndoBridge is not only safe, but also efficient comparing to conventional
endovascular therapies. The high level of stability in aneurysm occlusion
between 6- and 24-months follow-up is promising. Radiological outcomes
may relate to the size and morphology of the aneurysm.
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