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Preface

With the advancement of neuroimaging diagnostics and basic science research,
numerous treatment options are now available in neurosurgery, and the choice of the
most appropriate patient-tailored strategy becomes more difficult. This is especially
true for cerebral aneurysms, a field of neurosurgery that experiences continuous

and profound changes both in terms of approach and prognosis. For example, we are
now dealing with an increasing number of patients who survive after an aneurysm’
rupture and treatment, and with these patients comes the challenge of recurrent
aneurysms and their implications. This book provides insight into new and emerging
technologies and information that are pushing the boundaries and defining the
landscape of cerebral aneurysm treatment.

Chapters 1-4 present some of the latest advancements, from the pathophysiology of
early subarachnoid hemorrhage to the implementation of artificial intelligence into
clinical practice. Chapters 5-7 discuss operative surgical management of a cerebral
aneurysm, both on the first approach and during challenging recurrent surgery,
highlighting the intraoperative tools that can help maximize patient safety.

This book is a valuable resource for experienced professionals as well as those
approaching this topic for the first time.

Alba Scerrati and Giorgio Mantovani
Department of Neurosurgery,
University of Ferrara

Ferrara, Italy
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Chapter1

A New Paradigm: How to Study

the Exact Location of a Paraclinoid
Aneurysm and the Cavernous Sinus
in the Preoperative Stage through
Imaging

Sérgio Tadeu Fernandes, Hugo Leonardo Doria-Netto
and Edson Bernaldino Neto

Abstract

Intracranial aneurysms (IAs) found in the subarachnoid compartment of the
internal carotid artery are at risk of rupturing and producing hemorrhage into this
space, producing all the known serious pathological manifestations of subarachnoid
hemorrhage. On the other hand, those who are exclusively in the intracavernous seg-
ment have this negligible risk. It is in this context that a peculiar class of As fits, the
paraclinoid aneurysms, which are characterized by their complex anatomical rela-
tionships with the optic apparatus, anterior clinoid process, the first supraclinoidal
arterial branches of the carotid artery, the oculomotor nerve and the segment mainly
said clinoid, which is delimited by the proximal and distal dural rings. It is of crucial
importance, and challenging, to determine the location of paraclinoid aneurysms
and their exact relationship with the cavernous sinus, given the need to establish an
adequate line of treatment for each case. Through preoperative studies of 3 t Magnetic
Resonance, comparison with 3D bio models and microsurgical exploration, it was
possible to accurately demarcate these anatomical relationships. Therefore, today it is
possible to establish the accurate location of the paraclinoid aneurysm in relation to
the cavernous sinus by means of MR images and to carry out an adequate, effective,
and safe operative planning.

Keywords: paraclinoid, aneurysm, cavernous sinus, oculomotor, microsurgical
anatomy
1. Introduction

Usually, arteries in the human body have 3 layers of tissue called, from the vascular
lumen to the outermost layer, the intima, media, and adventitia, respectively. The

intima is composed of an endothelial tissue layer, which has direct contact with
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intraluminal blood, and a subendothelial layer, formed by connective tissue. The
internal elastic lamina, a layer of elastic fibers, separates the tunica intima from the
tunica media. The media is basically formed by concentrically organized smooth mus-
cle fibers and collagen fibers, in which type III collagen predominates. The external
elastic lamina separates the tunica media and adventitia, typical in arteries through-
out the body but absent in intracranial arteries. Finally, the adventitia is mainly
formed by a complex network interspersed with type I collagen, elastin, fibroblasts,
nerves, and vasa vasorum. Therefore, the wall of the cerebral arteries has a different
structure from other extracranial arteries, with a scarce adventitia and a low propor-
tion of elastic fibers. Furthermore, they are immersed in the cerebrospinal fluid of the
subarachnoid space instead of the surrounding connective tissue [1, 2].

In normal arteries, myointimal hyperplasia is an adaptive physiological reaction
to hemodynamic stress or to a mechanism of vascular injury, resulting from a change
in the phenotype of smooth muscle cells in the tunica media, which promote their
migration and proliferation, outlining the lesion endothelium [3]. Once the molecu-
lar mechanisms become unable to compensate for the myointimal injury, cellular and
humoral inflammatory responses are triggered (mainly responsible for aneurysm
formation) [4-6], and responses mediated by inflammatory cytokines, such as
tumor necrosis factor (TNF).), interleukin-p (IL-1f) and matrix metalloproteinases
(MMPs), which promote macrophage influx and continuous degradation of collagen
and elastin fibers [6-9]. IA is, therefore, an encephalic vascular lesion character-
ized by an abnormal dilation of the blood vessels of the brain, affecting, in general,
about 5% of the population [7, 10-13], resulting from a molecular and hemodynamic
imbalance, the which would explain its formation in arterial junctions and bifurca-
tions, where an excess of hemodynamic stress is exerted on the vessel wall, followed,
then, by a local inflammatory process that leads to disruption of the internal elastic
lamina [14-17].

Once the IA ruptures, blood leaks into the subarachnoid space, the natural space
between the arachnoid mater and the pia mater, producing spontaneous subarachnoid
hemorrhage (SAH). It is an entity with high mortality, reaching 50% of affected
individuals, and considerable morbidity among survivors. It is noteworthy the fact
that approximately 30% of subarachnoid hemorrhages resulting from intracranial
aneurysm rupture occur during sleep. This denotes a multifactorial pathophysiologi-
cal nature fundamentally related to inflammation and not exclusively hemodynamic,
since in this period hemodynamic stress tends to be less intense than during the day.
In the natural history of IA there are known modifiable and non-modifiable risk
factors for rupture. As an example of the former, we can mention smoking and high
blood pressure. Non-modifiable factors include advanced age, genetic profile, and
family history of SAH, growth of the aneurysmal sac, among others [7, 13].

Bouthillier and van Loveren’s classification (Figure 1), separates the internal
carotid artery into segments according to its branches and anatomical relationships
with adjacent structures. This makes it possible to classify carotid saccular ais accord-
ing to these segments and their respective vessels. Thus, IA’s can be in the cavernous,
clinoid, ophthalmic and/or posterior communicating segments of the carotid artery
and are primarily related to an arterial branch of the carotid artery or to an anatomi-
cal structure of interest.

As for the paraclinoid IAs, specifically, since 1968 with the work of Drake et al.
[18], anatomical patterns are studied to try to classify them. However, until today
we find confounding factors that add difficulty in understanding these classifica-
tions. Much of this stems from the fact that the existing nomenclature of aneurysms
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Figure 1.

Anatomical structuve of the internal cavotid artery (ICA). Segments: petrous (C2), lacerus (C3), cavernous (C4),
clinoid (Cs), ophthalmic (C6), proximal and distal dural vings, I1I cranial nerve and cavernous sinus. By the
classification of Bouthhillier and van Loveren. On the left, schematic drawing and on the right, a piece obtained
through anatomical dissection (adapted from Boutillier and Van Loveren left and right anatomical dissection by
Hugo Doria, MD PhD).

arising from the clinoid and ophthalmic segments of the ICA is contradictory, mainly
for anatomical reasons [19, 20]. First: the ophthalmic artery can arise both from

the clinoid segment (C5) and from the ophthalmic segment (C6) [21] of the ICA

as previously exposed [12, 19]. Second: aneurysms in this region do not necessarily
arise in relation to a named arterial branch [19, 20]. Third: aneurysms in this area can
be intradural, extradural or transitional and sometimes it is impossible to make this
determination using radiographic investigations currently available [20]. Fourth: the
recognition of the carotid cavum as an entity further complicated the issue, as cavum
aneurysms are located below the plane of the distal dural ring (DDR), but are intra-
dural [20, 22, 23]. In a summarized and practical way, the proposed classifications
try to establish some standard for the surgical technique, always in search of the basic
principles of the management of cerebral aneurysms, regardless of their location
(establishing proximal and distal vascular control; adequate exposure of the neck and
complete obliteration of the aneurysm with maintenance of cerebral blood flow distal
to the aneurysm) [23].

Paraclinoid aneurysms are lesions that originate in the cavernous, clinoid, or
ophthalmic segments of the ICA, defined by Bouthillier as segments C4, C5 and C6,
respectively (Figure 2).

These are aneurysms that may arise proximally to the proximal dural ring (PDR),
between the dural rings or distally to the DDR, between the distal dural ring and the
posterior communicating artery and may be intra or extracavernous. Extracavernous
paraclinoid aneurysms present a risk of SAH and usually require treatment, while
unequivocally intracavernous aneurysms are located completely below the proximal
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Figure 2.

A - Angiography with digital subtraction in the AP showing a large multi-lobulated paraclinoid aneurysm with
a medial conformation. B — Micvosurgical image of the same aneurysm after anterior intradural clinoidectomy.
1 - Optic Nerve, 2 — Aneurysm, 3 — Left Carotid Artery, black arrow — emergence of the ophthalmic artery
(angiography and microsurgical photography kindly provided by Sergio Tadeu Fernandes, MD PhD).

dural ring, rarely coursing with SAH and present lower morbidity than aneurysms
originating from the intradural space [24].

Approximately 33-59% of paraclinoid IAs are associated with the ophthalmic
artery; 27-47% are associated with the superior hypophyseal artery and between
14% and 20% are not associated with any arterial branch. Paraclinoid IAs comprise
between 1.4% to 9.1% of all ruptured aneurysms [25].

They are considered uncommon, accounting for approximately 5% of [As,
reaching up to 14% of IAs, in some studies, with an increased prevalence in women
[26-28]. These aneurysms affect the ICA between the cavernous segment and the
origin of the posterior communicating artery.

As for the diagnosis, the available methods are classified as invasive and non-
invasive. The invasive method is digital subtraction angiography (DSA) performed
in a hemodynamic suite through selective arterial catheterization of the intracranial
vascular tree, which allows, in addition to the structural study, the analysis of hemo-
dynamic behavior in real time. Despite being invasive and with intrinsic risks, this
method is still consolidated as the gold standard for this purpose [29, 30]. On the
other hand, non-invasive methods include the use of images processed by computer
graphics and three-dimensional reconstructions obtained by Computed Tomography
(CT-Angio) or Magnetic Resonance (MR-Angio) devices that are increasingly sensi-
tive and specific, often used not only as screening, but replacing DSA in selected cases
with the additional benefit of contributing, not only with the visualization of the
target pathology, but its relationships with adjacent structures, such as the anterior
clinoid process [31, 32].

However, despite all the technological advances and modern imaging techniques
validated so far, both by invasive and non-invasive methods, paraclinoid aneurysms
still represent a separate challenge. In view of the difficulty in determining whether
the aneurysm studied is located exclusively in the cavernous compartment of the
carotid artery, or whether it has a relationship, even if partial, with the subarachnoid
space. The practical significance of such information is that each type of aneurysm
requires a different surgical strategy. Aneurysms identified as being completely intra-
dural may not require anterior clinoidectomy. On the other hand, transitional aneu-
rysms may require a wide opening of the dural rings and adequate management of the
roof of the cavernous sinus. Still, those located completely in the intracavernous space
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rarely require any kind of approach. Until then, it was only possible to determine this
exact relationship through microsurgical exploration.

Many strategies have emerged with the purpose of resolving this dilemma. The
proposal to use the origin of the ophthalmic artery as a marker for the intradural ICA,
making a distinction between the intra and extradural segments, had some relevance,
but it was soon found that this anatomical marker had low accuracy, since the origin
of the artery Ophthalmic is extradural, that is, proximal to the distal dural ring, in
2-16% of cases [11, 12, 19, 23, 33-35]. There was a proposal to use the base of the
ACP in lateral radiographs, serving as a more reliable marker than the origin of the
OphA in angiograms, which also proved to be of low accuracy because, for example,
carotid cavum aneurysms can be observed below the level of the ACP and, even so,
they are inside the intradural space. Subsequently, Oikawa et al. [36] proposed that
the use of the anterior clinoid process (ACP) in lateral projection radiographs should
be replaced by the sellar tubercle in the same projection, when evaluating aneurysms
on the medial side of the dural ring, as this is more proximal than the lateral one
[36]. Kim et al. stated that they were not aware of any combination of radiographic
exams that allowed the reliable identification of the distal dural ring, reaffirming
that “surgical exploration is the only solution in these cases” [19]. In 2001, Murayama
et al. proposed the use of 3D CTA as an indirect method for identifying the distal
dural ring, noting that in 84.8% of the evaluated images it was possible to identify a
concave impression on the anterior curve of the ICA and suggested that this concavity
coincides with the location of the distal dural ring, because of ring fixation to the ICA
[37]. Gonzalezet al. postulated that, if the optic pillar could be reliably identified
with high-resolution CTA, it could represent an anatomical landmark for evaluating
aneurysms in this critical region [24]. Hashimoto et al. applied the same methodology
for analysis of the optical pillar, through CTA images, comparing images and intra-
operative findings and stated that the optical pillar is the most useful landmark for
operative planning of aneurysms in this region [38].

With the purpose of changing the indirect reference of the dural rings previ-
ously studied by previous methods, magnetic resonance imaging (MRI) begins to be
used for direct visualization of the distal dural ring and the limits of the cavernous
sinus in relation to paraclinoid aneurysms. However, the method initially ran into
difficulties such as low spatial resolution and the need to improve signal acquisition
powers. Thines et al. proposed the improvement of the resolution in 3 Tesla weighted
in T2, demonstrating in thin and contiguous sections, the dural folds of the roof of
the cavernous sinus and the distal dural ring, however, they were not compared with
surgical findings or post-mortem dissections [39, 40]. In 2019, Obusez et al. evaluated
the use of MR imaging of the vessel wall (“VW-MR”) to determine the exact location
of unruptured paraclinoid aneurysms in relation to DDR but, once again, the study
ran into low statistical power and there was no comparison with surgery or necropsy
study to verify the findings [41]. Therefore, until now, there is no knowledge of accu-
racy studies for the diagnostic tests of paraclinoid aneurysms and their relationship
with the cavernous sinus. The studies found are series of cases that did not determine
sensitivity, specificity, predictive values, and likelihood ratios [24, 37-40, 42-46].

Therefore, the preoperative identification of the distal dural ring and the actual
definition of the limits of the roof of the cavernous sinus in relation to paraclinoid
aneurysms remains an unresolved problem. This dilemma stimulated the studies of
the authors of this chapter to develop more adequate preoperative evaluation proto-
cols and proposed the adequate formatting of 3-tesla MRI studies with sensitivity and
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specificity sufficiently capable of determining the exact location of these Al in rela-
tion to the cavernous sinus, the which allows an effective diagnosis and enables a more
adequate, safe, and efficient surgical planning. Next, we will describe the formulation
of these protocols of great interest for neuroradiological and neurosurgical practice.

2. Original studies that define the precise anatomical relationship between
the intradural and intracavernous compartments applied to the context
of paraclinoid aneurysms

2.1 Method based on 3t MR images compared with 3D models, anatomy in
cadaveric and microsurgical specimen

This method documented the correlation between the oculomotor nerve and the
internal carotid artery, assuming their intersection, visualized in a 3 T magnetic reso-
nance study and confirmed from printed three-dimensional biomodels and micro-
surgery, as a new anatomical-radiological paradigm that marks the upper limit of the
cavernous segment of the internal carotid artery, distinguishing paraclinoid intracra-
nial aneurysms. This is a retrospective study carried out in four stages: anatomical,
radiological, 3D printing stage and surgical stage. The internal carotid arteries were
dissected in their clinoid topography of 10 cadaveric specimens, totaling 20 cerebral
hemispheres. Magnetic resonance images and 3D biomodels of 42 aneurysms from 34
patients were analyzed [47].

Magnetic resonance imaging and MRI angiography were performed in a 3 Tesla
(3T) (Siemens-Skyra Evolve, Erlangen, Germany) and GE (GE Health care, HDXT,
Milwaukee, USA) machine using a 32- and 8-channel dedicated skull coil, with the
objective of identifying the course of the III nerve when crossing laterally with the
ICA, inferring at this point the presence of the carotid-oculomotor membrane and
correlating this point to the paraclinoid aneurysm under study (Figure 3).

High-resolution images were acquired, following the established protocol, in 2D
Coronal T2 Fast Spin Echo (FSE) sequences with thin sections, intracranial arterial
magnetic AngioMRI in the 3D TOF technique with and without gadolinium, for
vascular analysis. The detailed protocol of imaging studies can be found in [47].

The following structures were analyzed: Identification of the internal
carotid artery ICA, identification of the oculomotor nerve in all its extension.
Identification of anatomical repairs - Anterior Clinoidal Process (ACP), Ophthalmic
Artery (OphA), Optic Nerve (ON), Optical Strut (OS), Diaphragm Sellae (DS);
Identification of the paraclinoid aneurysm in the patient under study and the rela-
tionships of its neck and dome with the III cranial nerve. The intersection between
the internal carotid artery (ICA) and the III nerve was identified on CORONAL T2 /
CORONAL FIESTA / volumetric T1 with intravenous contrast and post-gadolinium
AXIAL 3D TOF sequences.

According to their relationship with the III nerve, paraclinoid aneurysms were
classified as follows: Superior to the superior border of the III nerve, whose neck and
dome are located distal to the intersection ICA X ON, in an extracavernous location;
at the level of the superior border of the Il nerve or in a transitional location (with a
part of the aneurysmal neck or dome located superiorly and another part inferiorly
to the superior border of the ON in its intersection with the ICA); and inferior to
the upper border of the oculomotor nerve, in an intracavernous location, when the
aneurysm neck and the dome are located below the ICA x III nerve intersection.
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Figure 3.

(Ag) Bilateral identification of NO on 3 T MRI in T2, coronal sections. In this section, both ONs are contained in
the interpeduncular cistern between the posterior cevebral artery, supeviorly, and the superior cerebellar artery,
inferiorly. We used this cut to begin following ON on its path from the midbrain to the cavernous sinus, in view
of the ease with which ON could be identified without a doubt. (B) Location of ON (yellow arrows) and ICA
(ved arrows) left and right, on 3 T MRI T2 sequence covonal thin slices. Emphasis on the cevebrospinal fluid
cistern adjacent to the ON, halo of hypersignal provided by the cevebrospinal fluid, circumcising the ON in the
imminence of its entry into the posterior roof of the cavernous sinus, in the topography of the ON triangle. (C)
Location of ON (yellow arrow), ICA (ved arrow) and left AI (orange arrow) on 3 T MRI in T2 sequence, axial
view. Again, emphasis on the halo provided by the cerebrospinal fluid civcumcising the ON, a cistern adjacent to
the ON, exactly on the verge of its entry into the posterior voof of the cavernous sinus, within the ON triangle. We
used this cistern as a marker to identify cranial nerve I in its path from posterior to anterior, in its transition
from the cisternal portion (posterior) to the intracavernous portion (anterior). (D) Identification of ON (yellow
arrow) at its intersection with the parvaclinoid ICA (ved arrow) in the cavernous sinus. The ACP (blue arrow)
can be seen just above the NO. The dashed line connecting the upper border of the ON, laterally, to the ICA,
medially, is used for evaluation and classification of the Al under study, classified as superior or extracavernous in
this image — the entire neck of the aneurysm is found above the upper border of the ON. Caption: ICA — internal
carotid artery, NO — oculomotor nerve, ACP — anterior clinoid process, OphA — ophthalmic artery, ON - optic
nerve, OS — optic strut, DS — diaphragm sellae, IA — intracranial aneurysm, CSF — cevebrospinal fluid (images
kindly provided by Dr. Hugo Doria, MD PhD [47]).

To obtain the 3D model, it was necessary to compile Computed Tomography (CT)
and 3-tesla Magnetic Resonance images and computational processing for conver-
sion into STL format (STereoLithography — Stereolithography or triangular pattern
language - 3D file of the region of interest). These data were downloaded to the 3D
printer, which deposited the chosen material layer by layer, thus forming the desired
object on a scale of 140% of the original size for a better visualization of the struc-
tures (Figure 4).

Of the 34 patients participating in the study, with a total of 42 intracranial aneu-
rysms, 20 patients, totaling 23 aneurysms, underwent intracranial vascular microsur-
gery for clipping the paraclinoid aneurysm. In the comparative analysis between the
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Figure 4.

3Dghiomodel made from radiological images of patients, showing the structures: ICA — internal carotid artery,
printed in red; 1A — intracranial aneurysm, printed in black; NO — oculomotor nerve, printed in yellow; bone at
the base of the skull, printed in white. In A: evidence of IA classified as extracavernous or greater than the upper
limit of the ON at its intersection with the ICA. In B: evidence of IA classified as intracavernous or inferior to
the upper limit of the ON at its intersection with the ICA. In transparvent acrylic, the supports for supporting the
anatomical structures in their exact anatomical positions after three-dimensional printing were printed (images
kindly provided by Dr. Hugo Doria, MD PhD [47]).

radiological study and the 3D model of these 42 cases, 40 (95.23%) were considered
compatible and of these, 36 (90%) obtained total compatibility in the 3 (neurora-
diologist 1/ neuroradiologist 2 / 3D biomodel) evaluations and classifications and 4
(10%) obtained compatibility between 2 of the 3 evaluators (neuroradiologist 1 or
neuroradiologist 2 compatible with the 3D biomodel), and the three-dimensional
biomodel is the parameter of success in view of its total accuracy and anatomical-
radiological reliability (Figure 5).

The results together indicate that, in the impossibility of directly identifying the
ADP, the identification of the upper limit of the III cranial nerve immediately lateral to
the ICA, in all its diameter, and the distance between the III cranial nerve and the ICA
can be considered a landmark for delimitation of the roof of the cavernous sinus dis-
tinguishing intracavernous ICA and extracavernous ICA since the measurements were
close both in the 20 brain hemispheres dissected in 10 anatomical specimens (average
distance of 1.19 mm - ranging from 0.6 mm to 1.7 mm) and in the 34 patients studied
radiologically (average distance of 1.09 mm - ranging from 0.4 mm to 2.6 mm).

Of the 42 aneurysms studied, twenty-three (54.76%) underwent intracranial
vascular microsurgical treatment by clipping, which confirmed the classification
of the aneurysm as extracavernous, corroborating the findings in the anatomical
specimens and in the radiological analyzes and printed 3D biomodel and indicated
that the distance between the III cranial nerve and the ICA can be a landmark for
delimiting the ceiling of the cavernous sinus, distinguishing intracavernous ICA and
extracavernous ICA.

In summary, in cadaveric specimens, totaling 20 cavernous sinuses studied, we
identified that the upper limit of the cavernous sinus is determined by the carotid-
oculomotor membrane (COMM), which closely correlates to the intersection between
the internal carotid artery and the oculomotor nerve, crossing it, transversely across
its entire diameter.

Corroborating the anatomical step, we identified the intersection between the
oculomotor nerve and the internal carotid artery in 3 Tesla brain magnetic resonance
images of 42 aneurysms. The intersection between the oculomotor nerve and the
internal carotid artery was established as a new anatomical-radiological landmark for
paraclinoid aneurysms in terms of the carotid segment in which they are contained,
intra or extracavernous; The 3D biomodel confirmed the radiological precision for the
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Figure 5.

Comparison between the classification of paraclinoidal aneurysms by the two neuroradiologists, in a blind and
independent manner, and the classification by the printed three-dimensional biomodel. The radiologists, blindly
and independently, classified the aneurysms according to their velationship between the aneurysmal neck and

the intersection between the ON and the ICA, as superior, transitional, or inferior to the superior limit of the

III cranial nerve, while the author of the work classified the aneurysms based on the processing of CT, MR and
Angio RM 3 Tesla images and analysis of the three-dimensional biomodel from the 3D printing (Modification and
Publication authorized by Dr. Hugo Doria, MD PhD [47]).

exact location of the paraclinoid aneurysms, showing high compatibility for the loca-
tion of the analyzed paraclinoid aneurysms. The surgical procedure performed in 23
aneurysms confirmed this legend and allows formulating a new paradigm for classify-
ing paraclinoid aneurysms, between: extracavernous or superior, intracavernous, or
inferior, or transitional in the preoperative stage, thus avoiding surgical exploration
and its associated risks.

2.2 Method based on 3t MR images compared with microsurgical anatomy

This is a cross-sectional clinical study of diagnostic accuracy that analyzed a pro-
spective cohort of 20 patients totaling 25 paraclinoid aneurysms in a single hospital
center in Sdo Paulo in the period between 2014 and 2018 [48].

The patients underwent Cerebral Angiography with Digital Subtraction, which
characterized the sample with 10 cavernous and 15 non-cavernous aneurysms, as
shown in the table below (Table1).

The same sample of patients underwent a 3-tesla MRI study with the specific
protocol detailed in [48]. The following structures were analyzed: distal dural
ring (DDA); proximal dural ring (PDR); Anterior Clinoid Process (ACP), ICA,
Ophthalmic Artery (OphA), Optic Nerve (ON), Optic Strut (OS), Diaphragm Sellae
(DS); identification of the paraclinoid aneurysm and the relationships of its neck and
dome with adjacent structures. DDR has been identified as the reflection of the dura
mater surrounding the ICA as it leaves the roof of the cavernous sinus. It is contained
in a curved dural plane that projects inferomedially between the median crest of the
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Localization

Variable General (25) Cavernous (10) Not Cavernous (15) P Value
Age (average + DP) 51,4 £11,5 48,5+ 13,8 53,3+97 0,313
Feminine Gender 24 (96) 10 (100) 14 (93,3) 1000
Size (median e quartiles) 5,0 (4,0 -5,5) 5,0 (3,0 -5,3) 5,0 (4,0-6,0) 0,511
Guidance 0,322
Superior 7 (28,0) 2 (20,0) 5(33,3)

Medial 15 (60,0) 7(70,0) 8(53,3)

Lateral 2 (8,0) 0 (0,0) 2(13,3)

Inferior 1 (4,0) 1(10,0) 0(0,0)

Data presented as n (%) unless specified. DP (standard deviation)

Table1.
Characterization of the sample according to age and gender of patients and size and location of aneurysms,
according to Kristh et al [20].

Figure 6.

3—%MRI in T2-weighted turbo-spin sequence in the covonal plane (anterior to posterior, from “A”to “T”,
respectively) according to the protocol of the present study, demonstrating the anatomo-radiological markers of

the paraclinoid region. Note that the optic strut (OS) is identified on MRI as the shade in green and a paraclinoid
aneurysm on the right is considered transitional — note in “T”, blue arrow, how the most posterior portion of the
aneurysm projects into the subarachnoid space. ACP and OS, green; ON, golden; ICA, anterior loop of the internal
carotid artery — “C” to “H”, red; ICA, cavernous internal carotid artery, horigontal segment — “T”; Aneurysm — “E”
to “T”, ved arrow (adapted and published with permission of Sergio Tadeu Fernandes, MD PhD).

superior surface of the PDA and the diaphragm sellae [39, 40, 42, 49-51]. The DDR
also extends infero-posteriorly between the floor of the optic canal and the posterior
part of the roof of the cavernous sinus as illustrated in Figures 6 and 7.
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Figure7.

Re%noved markers from the previous figure to exercise the identification of structures of interest. Pavaclinoid
aneurysm on the right is considered transitional — note on “I”, blue arrow, how the most posterior portion of the
aneurysm projects into the subarachnoid space — aneurysm — “E” to “T”, red arrow (adapted and published with
permission of Sergio Tadeu Fernandes, MD PhD).

Classification Surgery Total
Cavernous Not Cavernous
MRI Cavernous 9 (36,0) 2(8,0) 11 (44,4)
Not Cavernous 1(4,0) 13 (52,0) 14 (56,0)
Total 10 (40) 15 (60) 25 (100)

Data presented as n (% of total). Kappa: 0.754, p < 0.001. MRI: magnetic resonance imaging

Table 2.
Agreement analysis between MRI and surgery.

After analysis by the neuroradiologist, the following results were obtained: 11
(44.4%) were classified as intracavernous, 1 (4%) as transitional and 13 (52%) as
intradural. Finally, the patients underwent microsurgical treatment of Al clipping. Of
the 25 aneurysms analyzed during the microsurgical procedure and exploration of the
paraclinoid region, 10 (40%) were classified as intracavernous, 2 (8%) as transitional
and 13 (52%) as intradural. The comparative analysis of these data can be seen in
Table 2.

Data processing showed that the accuracy of magnetic resonance imaging in terms
of the intracavernous or intradural location of the aneurysm, with the intraoperative
finding as the gold standard and the characteristic “presence of disease” or “positive
test” for non-cavernous aneurysm, found sensitivity of 86.7% (95% CI, 59.5-98.3),
specificity of 90.0 (95% CI, 55.5-99.8), positive and negative likelihood ratios of
8.7 (CI 95%, 1.3-56.2) and 0.15 (95% CI, 0.04-0.6), respectively, and positive and
negative predictive values of 92.9 (95% CI, 66.1-99.8) and 81.8 (95% CI, 48.2-97.7),
respectively. The inter-observer agreement by Cohen’s Kappa method was almost
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perfect (k = 0.901; p < 0.001; 95% CI, 0.71-1.00) between MRI and surgical proce-
dure findings. The diagnostic test in individuals with no history of SAH had a sensi-
tivity of 92.3% and specificity of 100%. In this circumstance, the 100% specificity
demonstrates the superiority of MRI when the aneurysm is intracavernous, that is, it
is a method free of false negatives and can be considered the gold standard in ruling
out the presence of disease (transitional or intradural aneurysm).

Transferring the issue to daily practice, it can be stated that, when considering
the preoperative MRI result in the decision-making process for conservative treat-
ment of paraclinoid aneurysms with no history of SAH, it is likely that all aneurysms
considered cavernous, fact they are. The practical significance of these findings is
that absolutely all patients eligible for preventive treatment of SAH (transitional or
intradural aneurysms) will be so diagnosed and, eventually, only 1 in 10 of treated
cases would not need treatment (cavernous aneurysms — false negatives).

3. Conclusion

MRI acquisition protocols demonstrated here are able to accurately define
aneurysms in the paraclinoid region in terms of their location in relation to the
cavernous sinus and, therefore, provides more appropriate and reliable recommenda-
tions for the management of paraclinoid aneurysms smaller than 10 mm regarding
conservative or interventional (coiling or clipping) treatment options.
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Hemorrhage and Early Brain
Injury: A New Pathophysiological
Perspective
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Abstract

Non-traumatic subarachnoid hemorrhage is a devastating neurological emergency,
the main cause of which is aneurysmal rupture. The treatment of the aneurysm,
whether microsurgical or endovascular, is essential for the recovery of these
patients, however, a series of pathophysiological events in the days following the
bleeding cause great damage to the brain tissue. For many years efforts have been
focused on the prevention and treatment of cerebral vasospasm, which is believed to
be the cause of late cerebral ischemia. However, new pathophysiological perspectives
point to a series of events that begin immediately after bleeding, known as early brain
injury, mainly involving brain microvascular dysfunction, cortical spreading depolar-
izations and neuroinflammation, which we discuss below.

Keywords: subarachnoid hemorrhage, early brain injury, microvascular dysfunction,
cortical spreading depolarizations, neuroinflammation

1. Introduction

Non-traumatic subarachnoid hemorrhage is a devastating neurological emergency,
resulting from the rupture of cerebral aneurysms in most cases. It accounts for about
5-7% of strokes each year, with high morbidity and mortality [1]. Approximately
10% of patients die before receiving medical care [2]. This occurs due to a metabolic
collapse caused by the sudden and sustained increase in intracranial pressure (ICP),
reducing cerebral perfusion and causing global cerebral ischemia. For those who
do receive medical care, about 25% die in the first 24 to 72 hours, with the level of
consciousness, hemorrhage volume and neurological deficits on admission being
determinants for the prognosis. In this time window, a series of pathophysiological
events are known as early brain injury (EBI) [3], including neuroinflammation,
microvascular dysfunction and cortical spreading depolarizations (SD), which recent
studies point out as main events related to worse prognosis in aneurysmal subarach-
noid hemorrhage (SAH). Survivors of this period are still subject to secondary brain
injuries resulting from vasospasm of medium and large caliber intracranial arteries,
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in up to 70% of patients, and even delayed cerebral ischemia (DCI), in 30% of cases
[1]. Typically, vasospasm has its highest incidence between the third and fourteenth
day after the ictus, occurring due to the imbalance between vasodilator and vasocon-
strictor factors in the subarachnoid space, including an increase in the concentration
of bilirubin oxidation products, formed from hemoglobin [4]. New focal neurological
deficits or a two-point drop on the Glasgow Coma Scale (GCS), within an hour, in
turn characterizes DCI [5].

For many years, it was believed that the worst neurocognitive outcomes of SAH
occurred as a result of distal hypoperfusion caused by vasospasm of the cere-
bral arteries, therefore, efforts were focused on the treatment of this entity [6].
Although not yet fully elucidated, the pathogenesis of vasospasm is correlated with
high concentrations of Endothelin-1 (ET-1) in the cerebrospinal fluid (CSF). This
peptide, made up of 21 amino acids, synthesized by the endothelium, has a potent
vasoconstrictor action, also present in other non-neurological pathologies, such as
infectious diseases, pulmonary arterial hypertension and neoplasms. In the brain,
ET-1 activates ET-5 receptors, leading to increased cellular calcium influx into
smooth muscle, resulting in vasoconstriction [7]. Clazosentan, a highly selective
ET-A receptor antagonist has studied as a treatment for vasospasm and DCI. A
double-blind, randomized, phase 2 study of 413 patients showed a reduction in
the incidence of angiographic vasospasm from 66% in the placebo group to 23%
in the control group (65% risk reduction - 95% CI, P < 0.0001) [8], however, the
benefit in morbidity and mortality related to vasospasm, evaluating the functional
outcome in patients was not confirmed by the subsequent phase 3 study [9]. These
results served as a turning point in the field of post-SAH brain injuries, highlight-
ing the importance of researching other pathophysiological mechanisms [10].
From then on, a series of studies were concerned with investigating the mecha-
nisms in the early stage of the disease, with great advances in EBI, which is the
focus of the study in this chapter.

2. EBI mechanisms

Brain damage in SAH begins immediately after bleeding. A sudden increase in ICP,
caused by intracranial bleeding, causes a reduction in cerebral perfusion and impair-
ment of brain hemodynamics, impairing the mechanisms of self-regulation of brain
blood flow, which results in ischemia of the brain tissue, triggering a series of events
called “ischemic cascade” [11]. During oxygen and glucose deprivation, there isa
reduction in the production of adenosine triphosphate (ATP) and consequent reduc-
tion in the activity of Na*/K'-ATPase, with loss of cellular ionic homeostasis, with an
increase in the concentration of intracellular Na* and cytotoxic edema. The exit of
K" from neurons and the entry of Na" into the cytoplasm cause cell depolarization.
Depolarized neurons are unable to restore their action potentials and die within min-
utes as a result of energy collapse and a cycle of loss of ionic homeostasis, cytotoxic
edema, proteolysis and disintegration of cell membranes [12]. In addition, anaerobic
metabolism in areas of greater energy susceptibility generates tissue acidosis, with
breakdown of the blood-brain barrier (BBB) and dilation of pre-capillary arterioles,
generating vasogenic edema, increased brain volume and ICP, reduced brain perfu-
sion pressure and encephalic hemodynamic collapse.

Concomitantly to this, after bleeding, platelets activated, leading to platelet aggre-
gation and formation of microthrombosis in the microcirculation (which may contain
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Clinical symptoms and signs
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Figure 1.
Complex pathophysiological mechanisms that contribute to EBI after SAH. Reprinted from Rass et al., current
neurology and neuroscience, 2019 [11].

red blood cells and white blood cells in their composition). This causes increased
cerebrovascular resistance and perfusion impairment. The reduction in cerebral flow
generates blood stasis and the propagation of intravascular microthrombosis, per-
petuating the process of tissue ischemia [13].

In addition to perfusion impairment, “non-ischemic” mechanisms are related to
EBI, such as energy/mitochondrial dysfunction caused by SD and, finally, a complex
and wide range of reactions caused by microglial activation, culminating in neu-
rinflammation (Figure 1) [11].

2.1 Microvascular dysfunction

The brain is a high compliance organ, and it is estimated that cerebral vascular
resistance is largely regulated by precapillary arterioles, with a central role in the
control of brain hemodynamics. Angiographic vasospasm, observed in up to 70%
of patients with SAH, refers to a reduction in the caliber of large vessels, not being
correlated in the same proportion to brain tissue ischemia, since the incidence of
DCl is observed in half of patients with vasospasm angiographic and occurs even in
patients without vasospasm [14]. Such evidence suggests the increasing participation
of microvascular dysfunction in brain damage.

At this moment, the only drug that has shown to be beneficial in reducing DCI
has been the calcium channel blocker nimodipine. It has no significant effect on
vasospasm; however, it inhibits vasoconstriction at the level of precapillary arterioles,
suggesting that targeting microvascular dysfunction can improve results in SAH [15].
Some experimental studies with animal models of SAH have investigated microvas-
cular reactivity with direct observation of vessels iz vivo, as well as the behavior of
pial arterioles against vasoactive agents, including adenosine, acetylcholine, carbon
dioxide and nitric oxide (NO). In rodents, great damage to microvascular reactivity
was observed in the face of these interventions [16, 17].
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Another aspect of the microvasculature dysfunction involved in the pathogenesis
of cerebral ischemia in SAH is microthrombosis. It is commonly found throughout
the brain after SAH, with a greater presence in areas of arteriolar constriction [18] in
a pattern called “string of pearls.” The main findings of the study by Friedrich et al.,
with a model of SAH in rodents, are that more than 70% of the arterioles derived
from the middle cerebral artery (MCA) presented “string of pearls” constrictions in
the first 3 hours after SAH and that these constrictions persisted for at least 3 days
after the hemorrhage, suggesting that the vessels become spastic. The arteriolar
diameter was reduced by up to 50% and the more constricted the arterioles were, the
more often the vessel lumen was occluded by microthrombosis (30% of all spastic
vessels). Small reductions in arteriolar diameter can significantly reduce blood flow
with increasing cerebral vascular resistance (Poiseuille’s law) and microthrombosis
can completely disrupt microperfusion, explaining the severe early and cerebral
perfusion pressure-independent reduction in cerebral blood flow after SAH [17].

In addition to the mechanical impairment of obstructing blood flow, activation
of the coagulation cascade and neuroinflammation are closely linked to each other
through a process known as thromboinflammation. A sequence of events that include
endothelial adhesion, platelet activation and inflammation, culminate in micro-
thrombosis, ischemia, vasogenic edema and EBI [19]. Platelets amplify the inflam-
matory cascade. Once activated, platelets display P-selectin and release cytokines
that promote leukocyte adhesion and transmigration at sites of platelet deposition.
Neutrophils also release factors that promote platelet activation. Activated platelets
and inflammatory cells contribute to endothelial rupture, perpetuating the cycle of
microthrombosis and inflammation, even far from the site of aneurysm rupture [20].
A study involving 127 patients evaluated platelet activation through the maximum
amplitude of thromboelastography (TEG) and inflammation through serum levels of
C-reactive protein (CRP) and percentage of neutrophils in venous blood, collected
at 024, 24-48 and 48-72 hours after aneurysm rupture. They found that patients
with high-grade SAH (by Hunt-Hess, NIHSS and GCS scales) had significant eleva-
tions in platelet activation and inflammation compared to patients with less severely
affected SAH (Hunt-Hess 1-3). Furthermore, there was a “dose-response” effect with
incremental increase in platelet activation and inflammation as the Hunt-Hess grade
and EBI worsened. Even after controlling for other factors, platelet activation was
independently associated with EBI [20].

SAH also generates an imbalance of vasoactive substances, both endogenous
vasoconstrictors, such as ET-1, and vasodilators, such as NO [21]. Activated leuko-
cytes in the CSF of patients with SAH synthesize and release ET-1, causing arterial
vasoconstriction. As mentioned above, clazosentan, a selective endothelin ET-,
receptor antagonist was able to reduce angiographic vasospasm [9]. The benefits of
this intervention, although uncertain so far with the publication of CONSCIUS-2, are
still extensively studied, and another phase 3 study (REACT) is underway, which is
intended to assess its efficacy and safety [22]. Japan is the first country where its use
approved for the prevention of vasospasm, cerebral infarction related to vasospasm
and symptoms of cerebral ischemia after SAH [23].

On the other hand, NO is capable of inducing cyclic guanosine monophosphate
(cGMP) mediated vasodilation, in addition to being involved in the post-SAH
inflammatory response. In vascular endothelial cells, in the presence of oxygen, the
nitrogenous guanidino terminal of L-arginine produces the gaseous free radical, NO
and L-citrulline in a process catalyzed by the enzyme nitric oxide synthase (NOS).
NO crosses the space of the endothelium to the vascular smooth muscle and directly
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stimulates the soluble guanylate cyclase enzyme and the consequent formation

of intracellular cGMP, resulting in the relaxation of vascular smooth muscle cells.
Constant levels of NO keep the arteriolar diameter under normal conditions and pre-
vent platelet and leukocyte activation [24, 25]. In the brain, NO production is mainly
provided by neural NOS (nNOS) and endothelial NOS (eNOS). In systemic inflam-
matory processes its synthesis is mediated by inducible NOS (iNOS). Immediately
after bleeding, different mechanisms result in reduced NO bioavailability, such as
reduced synthesis, uncoupling of eNOS, endothelial damage, increase in NOS inhibi-
tors (dimethylarginine) and NO sequestration by reactive oxygen species [24]. In the
inflammatory response, the upregulation of iNOS by microglia and astrocytes can
generate increased levels of NO, inflammation and cytotoxicity by distant microvas-
cular uncoupling. This supports the hypothesis that NO can regulate both microvas-
cular function and neuroinflammation [21].

Attempts to restore NO production balance have been effective in experimental
models. Drugs such as L-arginine and S-nitrosoglutathione have shown efficacy in
improving outcome after SAH in animal models, but have been associated with drops
in systemic blood pressure. However, inhaled NO has limited effects on systemic
blood pressure and has been shown, in rodents, to reduce the number and severity
of microvascular constrictions with subsequent reduction in mortality and improve-
ment in outcomes. In patients with SAH, NO donors, including sodium nitroprusside
and transdermal nitroglycerin, have been used. Some studies have shown promise,
however, they are underpowered and side effects of systemic hypotension, headache
and rebound hypertension limit routine use [26].

Other therapeutic strategies sought to modulate NO production by interfering with
microvascular relaxation in other ways. Phosphodiesterase V (PDE-V) is a regulator
that inhibits vascular smooth muscle cell relaxation and subsequent vasodilation.
PDE-V inhibition using sildenafil has shown promising results in experimental SAH
[27]. Another medication with similar action, the phosphodiesterase III (PDE-III)
inhibitor milrinone, showed some effectiveness in reducing vasospasm, with a reduc-
tion in the need for endovascular angioplasty and improved results [28]. In addition
to PDE inhibitors, magnesium sulfate has shown promise in experimental SAH, with
reduction of infarct areas, reversal of vasospasm and improvement of cerebral perfu-
sion based on its ability to promote relaxation of vascular smooth muscle cells [29].

2.2 Cortical spreading depolarizations (SD)

SD was discovered in animals by the Brazilian neurophysiologist Aristides Ledo.
He suggested that SD is involved in both migraine aura and cerebral ischemia in
humans [30]. The latter was recently confirmed by the Cooperative Studies on Brain
Injury Depolarizations (COSBID) [31]. SD is characterized by a massive depolariza-
tion of all types of nerve cells and spreads through the cortex by contiguity with the
surrounding brain tissue and is the pathophysiological component of EBI in SAH
[32, 33]. SD is present in several diseases, such as migraine with aura, subdural hema-
toma, intraparenchymal hemorrhage, traumatic brain injury (TBI) and SAH, witha
wide spectrum of clinical symptoms, which may or may not generate secondary brain
injury, due to the influx of intracellular water and cytotoxic edema [32].

Studies in animal models show that SD is triggered when a sufficiently strong
stimulus simultaneously depolarizes a critical minimum volume of brain tissue. The
depolarizing stimulus overloads extracellular K* clearance mechanisms, causing extra-
cellular K" to exceed a critical threshold concentration. These thresholds may vary in
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different species and brain regions, depending on neuronal and excitatory synaptic
density, age and other factors. The inciting event causes a sudden drop in membrane
resistance through the opening of ion channels. As a result, intracellular and extracel-
lular ions move along their transmembrane concentration gradients. The massive
efflux of K* increases the extracellular concentration. To ensure transmembrane ionic
balance, excess K" is reciprocated by cellular influx of Na* and CI”~ which pulls water,
causing cell swelling [32]. Depolarization also triggers Ca** influx and a more than
10-fold drop in extracellular concentration, which, along with Na* and water influx,
leads to the release of many neurotransmitters and neuromodulators within depolar-
ized tissue. Extracellular concentrations of glutamate, aspartate, glycine, gamma-
aminobutyric acid (GABA) and taurine increase during SD. The massive increase of
these substances is capable of depolarizing neighboring cells and is the critical factor
for the contiguous propagation of the depolarizing wave [33]. Elevated extracellular
levels of glutamate, a strongly depolarizing excitatory amino acid, further fuel DS
and facilitate its propagation by activating N-methyl D-aspartate (NMDA) receptors
[34, 35]. In healthy brain tissue, this ionic redistribution is self-limiting. A number

of mechanisms, including Na* -K*-ATPase, intracellular Ca** buffering and vascular
clearance, help restore homeostasis within minutes. In humans without acute injury,
the brain hemodynamic response results only in cerebral hyperemia. However, since
these processes are highly dependent on glucose and oxygen, that is, high cerebral
metabolic rate [35], in the scenario of acute brain injury, as in SAH, areas that are more
susceptible evolve with greater tissue damage and ischemia [36].

The gold standard for SD detection is intracranial electrocorticography (ECoG),
with records captured through implanted subdural electrodes [37]. The development
of less invasive methods would help expand the number of centers capable of detecting
SD. When intracranial ECoG is recorded simultaneously with scalp electroencephalo-
gram (EEG), correlations were found between the two modalities. However, it has not
yet been possible to detect SDs with good enough reliability with scalp EEG alone [37].

There is a high association between SD, tissue damage and functional outcomes in
SAH. Currently, one of the most discussed therapies has been the use of the NMDA recep-
tor antagonist ketamine [38]. Small retrospective studies support its use in SAH, however,
there are no randomized clinical trials that provide robust evidence of its benefit. An
interesting retrospective cohort study of 66 SAH patients strongly suggests that its use
is beneficial. Thirty-three of 66 patients received ketamine during electrocorticographic
neuromonitoring of SD in neurointensive therapy. The decision to administer ketamine
depended on the need for deeper sedation, therefore, patients receiving ketamine were
expected to have a worse clinical outcome. However, in patients who received ketamine,

a significant decrease in the incidence of SD was seen when the infusion was started
(p < 0.001). Even if functional outcomes are not evaluated, such work provides the basis
for the production of a randomized multicenter study for this intervention [39].

Another promising therapeutic option is the PDE-III inhibitor cilostazol. The
proposed mechanism of this medication is to reduce SD, due to better neurovascular
coupling and improved cerebral blood flow (CBF). A randomized trial involving 50
patients with SAH on ECoG monitoring found a significant reduction in SD with
cilostazol [40]. Such a study also provides support for larger studies.

2.3 Neuroinflammation

Neuroinflammation plays an important role in cell damage after aneurysmal
rupture. Several inflammatory mediators, for example, interleukin-1f (IL-1p),
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Thge breakdown of red blood cells causes the release of heme, hemin and methemoglobin. Through intevactions
with TRL4 in microglia, HMGBAa is incveased. This increase leads to downstream activation of NF-kB and the
release of pro-inflammatory cytokines. Reprinted from Luck-Wold et al., International Journal of Molecular
Sciences, 2016 [41].

interleukin-6 (IL-6) and tumor necrosis factor a (TNFa) are released in both serum
and CSF in the first hours after SAH. The products of erythrocyte degradation in
the subarachnoid space lead to the accumulation of hemoglobin and its products,
which activate the toll-like receptor 4 (TLR4), initiating the inflammatory cascade
(Figure 2) [41]. At that moment, one of the most important immune cells of the
central nervous system (CNS) is activated: the microglia. They play a fundamental
role in the pathophysiological process of EBI, as precursors of neuroinflammation.
Activated microglia promote the process of endothelial adhesion, recruiting inflam-
matory cells to the subarachnoid space (neutrophils and macrophages), leading to
BBB injury, apoptosis and neuronal edema, in addition to the production of inflam-
matory cytokines [42]. In SAH, TLR4 expressed by microglia is activated by ligands
such as high-mobility group box protein 1 (HMGB1), heme and methemoglobin
and mediates a series of intracellular pathways involving nuclear factor-xB (NF-kB)
activation. After stimulation by these molecules, microglia initiate the production of
pro-inflammatory cytokines, such as TNF-a, interleukins IL-1f, IL-6, interleukin-8
(IL-8) and interleukin-12 (IL-12), that result in tissue necrosis [43].

IL-1, in particular, increases BBB permeability, glial-mediated neurotoxicity and
promotes ischemic changes after SAH in preclinical models [44]. IL-6, on the other
hand, has a strong correlation with worse outcomes in SAH. One study was able
to correlate elevated serum levels of IL-6 with measures of baseline parameters of
brain injury, that is, cerebral edema scores based on imaging studies (Computerized
Tomography) and the patient’s respective Hunt and Hess grade [45]. In another
study, there was also a correlation between higher serum levels of IL-6 in the CSF in
cases with grade 4 bleeding vs. 3 by Fisher and in patients with World Federation of
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Neurological Societies (WFNS) grade 5 SAH, suggesting that the role of IL-6 signaling
in the early inflammatory response is a sensitive biomarker of early brain injury. In
addition, high levels of IL-6 for more than 72 hours after the injury are correlated with
worse outcomes [11]. Published in 2015, an interesting study based on neuromonitor-
ing with cerebral microdialysis identified higher concentrations of IL-6 in the brain
compared to systemic concentrations, corroborating the hypothesis of cerebral com-
partmentalization. In it, there was still an association of high levels of IL-6 with GCS,
metabolic disorder and cerebral perfusion pressure (CPP) lower than 70 mmhg [46].

Other substances involved in the neuroinflammation process are matrix metal-
loproteinases (MMPs), especially MMP-9. The loss of BBB integrity is related to the
upregulation of these proteinases in aHSA and is related to the pathophysiology of EBI
[41]. In animal models with rats, increased expression was associated with apoptosis of
hippocampal neurons [47]. Increased expression and subsequent activation of MMP-9
may occur in response to reactive oxygen species and pro-inflammatory cytokines
such as TNF-a and interleukin-17 (IL-17). The source of MMP-9 in SAH is not well
described, but evidence obtained from ischemia-reperfusion models indicates that
neutrophils may be the main source of MMP-9 acting on the BBB [48]. MMP-9 can also
drive neuroinflammation through activation of pro-inflammatory signals and clot-
ting factors, triggering a positive feedback loop that promotes thromboinflammation
and neurotoxicity [49]. The increase of MMP-9 in the CSF by cerebral microdialysis
techniques correlates with the extent of EBI, vasospasm and DCI [46].

Faced with this pathophysiological hypothesis, drugs with cerebral anti-inflam-
matory action were studied to improve the outcome of SAH in the acute phase. A
study carried out at the University of Zurich, involving 138 patients, showed that the
use of non-steroidal anti-inflammatory drugs (NSAIDs) (acetaminophen, dipyrone,
diclofenac and ibuprofen) independently reduced serum levels of IL-6 and CRP,
as well as obtained better functional outcomes [50]. Another drug studied in this
context was heparin. Despite its anticoagulant effect, this polysaccharide from the
glycosaminoglycan family has a pleiotropic effect, showing broad anti-inflammatory

Medication Mechanism Potential benefit

Clazosentan Selective antagonist of Endothelin receptors Vasospasm reduction

Nitric oxide Relaxation of endothelial smooth muscle cells Vasodilation

(NO) via cGMP

Sildenafil PDE-V inhibitor Vasodilation

Cilostazol PDE-III inhibitor Neurovascular coupling

Milrinone PDE-III inhibitor Vasodilation

Magnesium Blocks intracellular calcium influx and Vasodilation, neuroprotection and

Sulfate improves blood rheological function increased cerebral blood flow

Ketamine Blocking NMDA receptors Reduction of propagation of excitatory

stimuli

NSAIDs Reduction of circulating levels of IL 6 and Decreased brain inflammatory
CRP response

Heparin Anti-inflammatory and immunomodulatory Decreased brain inflammatory
activity response

Table 1.

Summariges the main study medications and potential beneficial effects in the treatment of EBL
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and immunomodulatory activity, even at doses that do not cause anticoagulation. An
animal study showed that low-dose heparin is able to attenuate neuroinflammation in
SAH [51]. Table 1 summarizes the main drugs studied for the treatment of EBI.

3. Conclusion

The pathophysiological knowledge of SAH is of fundamental importance to
promote paradigm shifts and new therapeutic proposals for this devastating disease.
In the last 20 years, the paradigm that ischemic lesions secondary to aneurysmal
rupture started only after the third day fell apart with the emergence of the new
concept of EBI. A pathology with enormous morbidity and mortality for years, with
great financial and social impact, requires new therapeutic weapons. Clazosentan,
ketamine, cilostazol, non-steroidal anti-inflammatory drugs and heparin have shown
to be possible options, but they require larger studies to consolidate their applications.
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Acronyms

ATP adenosine triphosphate

BBB blood-brain barrier

CBF cerebral blood flow

cGMP cyclic guanosine monophosphate
CNS central nervous system

CPP cerebral perfusion pressure

CPR C-reactive protein

CSF Cerebrospinal fluid

DCI delayed cerebral ischemia

EBI early brain injury

ECoG electrocorticography

EEG electroencephalogram

eNOS endothelial NOS

ET1 endothelin-1

GABA gamma-aminobutyric acid

GCS Glasgow coma scale

HMGB1 high-mobility group box protein 1
ICP intracranial pressure

IL-1p interleukin-1p
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Abstract

The use of artificial intelligence (AI) has potential benefits in the management of
intracranial aneurysms. Early detection of intracranial aneurysms is critical due to
their high risk of complications such as rupture, vasospasm, and ischemia with highly
impact on morbidity and mortality. The main findings suggest that Al can improve
the accuracy of aneurysm detection, rupture risk prediction, and assist neurointer-
vention in planning and performing procedures. This chapter discusses the potential
for Al to improve patient care by enabling earlier diagnosis and timely treatment,
reducing medical errors, costs, morbidity, and mortality. However, further validation
of Al-based applications is necessary in a real-world clinical setting.

Keywords: intracranial aneurysm, artificial intelligence, machine learning, rupture
risk assessment, computer-assisted diagnosis

1. Introduction

The detection and management of unruptured intracranial aneurysms (IAs) is
a significant public health concern, affecting an estimated 3-7% of the population
[1, 2]. Advances in neuroimaging, such as magnetic resonance angiography (MRA),
computed tomographic angiography (CTA), and digital subtraction angiography
(DSA), have increased the detection of incidental aneurysms [3, 4]. However, physi-
cians’ manual measurements of aneurysm morphology on 2D/3D projections have
limitations of subjectivity and inconsistency, leading to interobserver variations [1].

To enhance aneurysm management, it is crucial to strive for greater accuracy and
efficacy throughout all stages. Researchers have dedicated significant effort toward
identifying risk factors and developing prediction models related to aneurysm initia-
tion, growth, rupture, and intervention assessment [1, 5]. Several scoring systems
have been developed and validated, such as PHASES [6] for predicting rupture risk
and ELAPSS [7] for predicting growth risk. Additionally, the UIATS [6] score has
been developed to balance risks and benefits directly. However, these scoring systems
focus mainly on predicting rupture events rather than providing a comprehensive
range of objective predictive analytics that may be useful for shared decision-making.
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The concept of artificial intelligence (AI) was first introduced by J. McCarthy in
the 1950s and involves the development of algorithms that can replicate human cogni-
tive functions, including problem-solving, reasoning, and learning [7]. In essence,
itis the ability of a machine to imitate intelligent human behavior and solve complex
tasks using a single algorithm or brain [8]. Al includes various subsets, such as
computer vision, image processing, artificial neural networks (ANN), convolutional
neural networks (CNN), machine learning (ML), and deep learning (DL) [9].

In recent years, Al has become increasingly popular in the medical field, with
applications in screening, diagnosis, and risk analysis across various specialties. In
the field of neuroscience, Al is used for diverse purposes, such as clinical prediction
modeling in intramedullary spinal tumor surgery [10], as well as in the study of
neuro-oncology [11], epilepsy [12], Alzheimer’s disease [13, 14], schizophrenia [14],
and other neurological disorders [15].

Al can identify potential diagnoses, select appropriate treatments based on
medical records and imaging data, and make independent decisions based on train-
ing data. This technology, which relies on past experiences, has shown promising
results in improving patient care by enabling earlier diagnosis and timely treatment,
reducing medical errors, costs, morbidity, and mortality [16, 17]. In the 2000s, Al was
introduced into the management of intracranial aneurysms, providing an automated
morphological 3-D characterization as an alternative to assess the risk of rupture and
to determine the most appropriate management without delay [18]. Subsequently,
the implementation of artificial intelligence methods allowed for automated morpho-
logical calculation, rupture risk stratification, and outcome prediction in aneurysm
assessment, demonstrating excellent performance (Figure1) [7].

The goal of using Al in intracranial aneurysm management is to enhance and
improve patient health care. However, not all Al studies have been validated in a real
clinical setting. In a recent study by Alwalid et al. [5], the clinical feasibility of the
most popular Al applications in intracranial aneurysms was evaluated. The study

Output

Input Hidden layers Output
layers layers a.

Outcome

Figure 1.

Schematic representation of the use of DL-based algorithms in intracranial aneurysm management. The main
applications include a. detection of intracranial aneurysms, b. assessing the visk of rupture, and c. predicting
prognosis and risk of recurrence.
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demonstrated that Al-based applications, particularly aneurysm detection, can
potentially improve radiologists’ clinical performance and shorten interpretation
time. However, further validation is necessary in a real-world clinical setting [1, 5].

This chapter will discuss AI's main applications in managing intracranial aneu-
rysms and its limitations and potential for future development.

2. Intracranial aneurysm detection

Artificial intelligence has become a significant focus in neurology for the detection
of intracranial aneurysms. Early detection of aneurysms is critical due to their high
risk of rupture, morbidity, and mortality. Computer-assisted diagnosis (CAD) is an
Al-based technology that has emerged as a valuable tool for aneurysm detection based
on imaging features. There are two types of CAD algorithms: conventional-style and
deep learning-based models [19].

CAD systems have proven to be useful tools for faster, more accurate, objective,
and consistent diagnoses of intracranial aneurysms by reducing intra and interob-
server variability. Conventional-style CAD systems utilize quantitative analysis of
predetermined imaging characteristics to detect aneurysms automatically [10]. The
first CAD system developed for aneurysms using this method was created by Arimura
etal. [20], which showed high sensitivity but could not detect small or fusiform aneu-
rysms. Additionally, digital subtraction angiography (DSA) as an outside reference
standard did not verify the aneurysms in the study.

Yang et al. [21] developed a fully automated algorithm for aneurysm detection
that overcomes some of the limitations of conventional-style CAD systems. Their
algorithm utilizes two complementary techniques: automatic intracranial artery
segmentation and detecting points of interest from the segmented vessels, verified
by DSA. This system demonstrated high sensitivity, especially for small aneurysms,
and outperformed human detection in some cases. However, conventional-style CAD
systems have a high false positive rate and low sensitivity, which limits their reliability
and widespread adoption in clinical practice [19].

DL-based models for intracranial aneurysm detection have shown significant
improvements in sensitivity and specificity compared to conventional-style CAD
systems. These models can detect aneurysms of various shapes and sizes and can
differentiate them from normal vessels and other intracranial structures with
high accuracy. Furthermore, DL-based CAD systems can segment and quantify
aneurysms, providing valuable information for treatment planning. DL models
for aneurysm detection can be trained on a large dataset of radiological images,
allowing for the identification of subtle imaging features that may be missed by
human observers. For example, DL models can identify aneurysms in regions of the
brain that are difficult to visualize or differentiate small aneurysms from normal
vasculature [22, 23].

DL-based CAD systems have shown promising results in intracranial aneurysm
detection. In 2018, Hua et al. developed a DL-based system that achieved a sensitiv-
ity of 96.4% and a specificity of 91.1% for aneurysm detection on MRA images. In
another study, Zhang et al. developed a DL-based system that achieved a sensitivity of
92.3% and a specificity of 95.2% for aneurysm detection on CTA images [24]. These
DL-based CAD systems have the potential to improve the accuracy and efficiency of
aneurysm detection greatly. These models can be classified according to whether they
have been developed for MRA, CTA, or DSA. REF.
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2.1 MRA-based models

In recent years, several DL-based computer-assisted diagnosis (CAD) algorithms
that use deep learning and magnetic resonance angiography (MRA) have emerged.
One such algorithm, called DeepMedic, was developed by Sichtermann et al. [25] for
automated detection of intracranial aneurysms using 3D time-of-flight MRA. The
algorithm achieved a sensitivity rate of 90%, with higher sensitivity rates of 96%
and 100% for aneurysms measuring between 3 and 7 mm and >7 mm, respectively.
However, the algorithm showed poor specificity due to the limited sample size. The
study also compared the performance of two clinicians in detecting aneurysms with
and without augmentation from the DeepMedic algorithm, revealing improved
sensitivity when the human reader was combined with the algorithm [19, 25].

Stember et al. [26] machined a convolutional neural network (CNN) algorithm
for detecting intracranial aneurysms (IA) on both time-of-flight MRA and contrast-
enhanced MRA. Their algorithm achieved a high sensitivity rate of 98.8%, but during
the learning process, it only incorporated two-dimensional maximum intensity
projection (MIP) images, resulting in false positives due to vascular curvatures that
mimic aneurysms. In another study, Ueda et al. [27] developed an 18-layer CNN algo-
rithm that utilized imaging data from multiple MRI units from various institutions.
The algorithm achieved a sensitivity rate of 91-93% for aneurysms that are smaller
than 5 mm. However, due to the heterogeneous internal signals of large aneurysms
that are greater than 5 mm, the sensitivity rate was not satisfactory for this type of
aneurysm [28]. Algorithms that use deep learning and magnetic resonance angiogra-
phy (MRA) have shown promising results for the automated detection of intracranial
aneurysms.

2.2 CTA-based models

Compared to MRA-based models, fewer studies have proposed Al algorithms for
detecting intracranial aneurysms on CT angiography. In 2019, Park and colleagues
introduced a DL-based CAD system called HeadXNet, which was applied to CTA
images and outperformed clinicians in aneurysm detection [29]. Another study by
Yang et al. [30] proposed an 18-layer CNN DL algorithm on CTA, which had a high
sensitivity of 97.5% but a high false positive rate. Nevertheless, this algorithm helped
improve the detection rate of IAs smaller than 3 mm, which are often missed by
humans.

The DeepMedic algorithm developed by Sichtermann and colleagues in 2019 has
also been applied to CTA images for aneurysmal subarachnoid hemorrhage, with a
sensitivity of 87% and false positives of 0.42 for aneurysms larger than 30 mm and a
sensitivity of 96% and a false positive of 0.14 for aneurysms larger than 100 mm [19].

2.3 DSA-based models

Several Al models have been developed to automatically detect intracranial
aneurysms on 2D and 3D-DSA. In 2020, Jin and colleagues [31] developed a U-shaped
deep neural network for aneurysmal detection and segmentation on 2D-DSA, which
showed a high lesion-level sensitivity and low false-positive rate, making it a useful
clinical tool for prompt diagnosis with less risk of errors. Duan and colleagues in 2019
[32] developed the regional average grayscale suppression (RAGS) algorithm for dual-
input 2D DSA images, achieving a sensitivity of 100%, but with 11 false positives per
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case. However, combining dual-input images with the RAGS algorithm reduced false
positives to 1.8 per case [19].

In summary, computer-aided detection of intracranial aneurysms using deep
learning and medical imaging techniques has shown promising results for improv-
ing diagnostic accuracy and reducing false negatives. MRA-based models have been
extensively studied and have demonstrated high sensitivity rates but poor specificity.
CTA-based models have shown comparable sensitivity rates to MRA-based models,
with fewer studies reported in the literature. DSA-based models have also shown
high sensitivity rates, with low false positives, but require more invasive imaging
procedures [19].

However, the performance of these algorithms can be affected by various factors,
such as the quality and quantity of training data, machine learning approach, and
image processing techniques. Further research is necessary to optimize these algo-
rithms and develop reliable and efficient tools for detecting and diagnosing intracra-
nial aneurysms [5].

3. Treatment outcomes

Aneurysms can be treated using surgical or endovascular techniques. However,
there is still a risk of stroke or death, ranging from 3 to 10%, even with proper
treatment [33].

Size, location, and morphology must be considered to determine the best treat-
ment for an aneurysm [5]. For aneurysms located in distal segments or at the middle
cerebral artery trifurcation, surgical therapy may be preferred. On the other hand,
endovascular treatment has shown better results for proximal intracranial carotid and
posterior circulation aneurysms. In some cases, very large or complex aneurysms may
require a combination of endovascular and surgical techniques [34].

The use of artificial intelligence (AI) has enabled the determination of the most
suitable intervention therapy based on patient characteristics and aneurysm features.
Through the analysis of large datasets, Al models can assist in the decision-making
process. Moreover, incorporating objective data on aneurysm flow and morphologi-
cal characteristics can further enhance the process, improving occlusion rates and
potentially reducing the risk of recanalization [35].

3.1 Surgery

The application of artificial intelligence (AI) in neurosurgery has generated con-
siderable interest in recent years, mainly due to the large amounts of data produced
by modern diagnostic methods that require quantitative analysis. In conjunction with
advancements in microsurgical techniques, the use of surgical management involv-
ing the placement of a clip across the neck of a cerebral aneurysm has proven to be
an effective and safe procedure for patients with unruptured cerebral aneurysms or
subarachnoid hemorrhage (SAH) [36].

Certain factors could influence prognosis, and studies have indicated that patients
treated at specialized neurosurgical centers with high volumes of cerebral aneurysm
procedures tend to experience better outcomes than those treated at lower-volume
centers. Numerous studies have shown that machine learning (ML) can be utilized
in surgical procedures, including presurgical planning, intraoperative guidance, and
outcome prediction [34, 36, 37].
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Staartjes and colleagues used various ML models, including support vector
machines, decision trees, random forests, generalized linear models, generalized
additive models, and stochastic gradient boosting machines, to achieve a peak accu-
racy of 91% during internal validation of the gradient boosting machine [8].

Neurosurgeons can incorporate Al and ML into their daily clinical practices and
use these models for intraoperative and postoperative care, thereby creating superior
medical care and research tools and techniques [38].

3.2 Endovascular therapy

The techniques used for endovascular therapy for cerebral aneurysms have
evolved, with coil systems being introduced in the early 1990s [39], and newer tech-
niques, including stent-assisted coiling, balloon-assisted coiling, flow diverters (FD),
disruptors, and new embolic materials, such as liquids, showing promising results
[33]. However, complications can occur, such as intraprocedural aneurysm rupture
and thromboembolism, which are more frequent in the setting of SAH compared to
unruptured aneurysms [40].

Flow diverters have emerged as an alternative to coil embolization for treating
wide-neck and challenging aneurysm morphologies, but 25% of FD-treated intracra-
nial aneurysms still fail to reach complete occlusion even after six months, increasing
the risk of rupture and thromboembolic complications. Factors such as aneurysm
ostium size, pre- and post-treatment inflow rates, shear rate, and averaged velocity
are analyzed to assess the effectiveness of FD treatment [40].

For coil embolization, recanalization has been shown to correlate with aneurysm
morphometrics such as size, neck-to-dome ratio, and neck size, which have been used
to gauge coil treatment outcomes [41]. On the other hand, the FD treatment of IAs
does not correlate to these morphological features; instead, hemodynamic metrics are
analyzed [42].

Mut et al. [43] found that specific hemodynamic metrics, such as pre-and post-
treatment inflow rates, shear rate, and aneurysm velocity, significantly differed
between occluded and non-occluded intracranial aneurysms following six months of
FD treatment.

Paliwal et al. used computational image analysis to extract information on mor-
phology, hemodynamics, and FD-device characteristics from FD-treated aneurysms
[44]. They used this data to train machine learning algorithms to predict 6-month
clinical outcomes after FD treatment, finding that a neural network performed best
(AUC = 0.967) and that the G-SVM with NN was able to predict occlusion outcomes
with 90% accuracy.

Guedon et al. [45] utilized ElasticNet penalized logistic regression for developing a
predictive score consisting of aneurysm diameter, treatment indication, parent artery
diameter ratio, neck ratio, side-branch artery, and sex to forecast aneurysm occlusion
following FD treatment at a follow-up of six months or longer, achieving an accuracy
of 86%.

Endovascular therapy for cerebral aneurysms has undergone significant
advancements over the years, with newer techniques, such as flow diverters show-
ing promising results for treating challenging aneurysm morphologies. However,
complications can still arise, and effective treatment outcome assessment requires
considering various factors such as hemodynamic metrics and morphological
features.
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4. Prediction of aneurysm complications

The cornerstone of prediction modeling in aneurysm is to predict rupture, and
statistical models such as logistic regression have been widely used for this purpose
[35]. However, recent studies have demonstrated that machine learning (ML) models
perform better than traditional statistical methods because they can process massive
amounts of data and model nonlinear relationships [46].

Hemodynamics is considered the most valuable parameter in exploring intracra-
nial aneurysm behavior. Promising Al tools, such as computational fluid dynamics,
have been developed to assess hemodynamics [47]. Morphological features, including
size and shape, have shown great potential in identifying aneurysms at risk of rup-
ture, while geometric features that describe the 3D characteristics of the aneurysm
can be automated to evaluate aneurysm formation, growth, and risk of rupture.
Integrating clinical, morphological, and hemodynamic parameters can improve
rupture prediction, but limited clinical use is still observed due to complexity, cost,
and expertise requirements [5].

Several studies have used ML methods to predict complications arising from
aneurysm rupture, such as vasospasm, delayed cerebral ischemia, and infarction [48].
Dumon et al. [49] developed an ANN prediction model that had a higher predictive
value (AUC of 0.960) for symptomatic cerebral vasospasm than two multiple logistic
regression models (AUC = 0.933 and 0.897). In another study, ML methods such as
SVM, random forest, and multilayer perceptron outperformed logistic regression
models in predicting delayed cerebral ischemia.

Tanioka et al. [47] used random forests to develop early prediction models for
delayed cerebral ischemia, angiographic vasospasm, and cerebral infarction using
clinical variables and matricellular proteins. The proteins osteopontin, periostin, and
galectin-3 had prediction accuracies of 95.1%, 78.1%, and 3.8%, respectively. These
studies demonstrate that ML methods have shown excellent performance in predict-
ing complications that arise from aneurysm rupture.

Another application is the use of clinical data and CT perfusion from hospital
admissions to predict outcomes of aneurysmal SAH. A random forest model was
trained to predict dichotomized mRS (<2 and >2), and the accuracy was 84.4% in the
training folds and 70.9% in the validation folds. However, it cannot be introduced into
clinical practice because of small population size [50].

5. Limitations and challenges of Al on intracranial aneurysm

The use of artificial intelligence in the analysis of intracranial aneurysms has been
expanding rapidly. While numerous algorithms and techniques have been developed
for managing these aneurysms, certain challenges and limitations must be addressed.

Kim and colleagues [51] suggested certain standards to assess the clinical
effectiveness of Al algorithms. These include obtaining external validation, con-
ducting a diagnostic cohort study, involving multiple institutions, and performing
prospective studies. However, most of the studies on Al in managing intracranial
aneurysms lack external validation and are retrospectively designed, which can lead
to selection bias and variability. To achieve reliable results, it is necessary to conduct
prospective studies and externally validate the available algorithms for their clinical
feasibility [5].
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DL-based algorithms have exhibited positive outcomes, along with other Al
techniques. However, the time taken to train them and their cost-effectiveness are still
questionable. The intricate structure of neural network algorithms poses a challenge
known as the “black box” problem, where the process of data processing within the
layers is not completely understood. This leads to skepticism regarding the results
generated from a “black box” [19].

In addition, these systems may introduce new kinds of errors, particularly auto-
mation bias, which is defined as the inclination to use automated cues as a substitute
for vigilant information-seeking and processing [52]. Automation bias has been high-
lighted as one of the potential drawbacks and ethical issues of Al-based applications.
It reflects the dependence of the user on the machine, ignoring the contradictory
information that may exist without automation, leading to decreased self-confidence
and loss of human input [5].

Nowadays, a legal consensus is lacking regarding Al regulations, and no clear
guidelines are available regarding the independent mathematical interrogation and
validation of outputs generated by Al systems [52].

6. Future perspectives

AT has promising potential in the management of intracranial aneurysms in the
future, including prescreening triage systems for emergency medicine physicians to
prioritize high-risk patients, automated detection and intelligent outcome prediction,
prediction of treatment strategies during follow-up, automated detection of recur-
rence after treatment, and prediction of rupture risk [1].

For an Al tool to effectively manage aneurysms, it must accurately identify
true-positive cases with high confidence. This level of reliability can only be achieved
through a significant number of annotated imaging studies, which are necessary
before the tool can be widely implemented in real-world scenarios [53].

7. Conclusions

In conclusion, the use of artificial intelligence in managing intracranial aneu-
rysms offers higher accuracy and efficacy than manual measurements and can
potentially augment the clinical performance of radiologists and shorten interpreta-
tion time. While some studies need to be validated in a clinical setting, Al-based
applications should be viewed as a tool to assist and not replace human decision-
making in health care. Although implementing new technology may initially be
costly, the long-term cost-effectiveness of Al can potentially reduce the cost of
unnecessary diagnostic testing. Further studies are required to explore other Al
applications in intracranial aneurysms and to validate the findings in a real-world
clinical setting.
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Chapter 4

Clinical Application of Transcranial
Doppler in Cerebrovascular
Diseases

Michelle P. Lin

Abstract

Transcranial doppler (TCD) ultrasonography is a diagnostic technology for
ascertaining numerous physiologic and pathologic phenomena by monitoring the
direction and velocity of blood flow in intracranial vasculature. It is a noninvasive,
point-of-care diagnostic tool that provides continuous and reproducible bedside
data without the use of radiation or contrast agents. In this chapter, we will review
principles TCD ultrasonography, and review clinical utility of TCD in aneurysmal
subarachnoid hemorrhage (aSAH) and stroke as relate TCD monitoring. We will also
review the advances in the clinical application of TCD in cerebrovascular diseases
including robotic assisted TCD devices in PFO detection as well as clinical trials using
TCD for early detection of large-vessel occlusive ischemic stroke.

Keywords: transcranial doppler, aneurysmal subarachnoid hemorrhage, ischemic
stroke, aneurysm, treatment

1. Introduction

Transcranial doppler (TCD) is a non-invasive ultrasound technique that allows for
the assessment of cerebral blood flow velocity in real-time without the use of iodine
radiation commonly used in neurocritical care. It is an important bedside tool in the
evaluation of cerebrovascular diseases including aneurysmal subarachnoid hemor-
rhage (aSAH) and ischemic stroke. In this chapter, we will review the principles of
transcranial doppler, and the clinical application of TCD in aSAH for monitoring
vasospasm and microemboli detection in large-vessel vasculopathy. We will also
review the advances in the clinical application of TCD in cerebrovascular diseases
robotic assisted TCD devices in PFO detection as well as clinical trials using TCD for
early detection of large-vessel occlusive ischemic stroke.

2. Transcranial Doppler principles

The Doppler effect is the shift in frequency emitted by a source moving in relation
to an observer as perceived by the observer. The shift is to higher frequencies when
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the distance between the source and the observer decreases and to lower frequencies
when the distance increases. In TCD, the source is a red blood cell reflecting an echo,
and the observer is the ultrasound probe.

TCD instruments are generally calibrated to measure blood flow velocity when
blood is moving either directly toward the ultrasound probe (0°) or directly away
from it (180°). This principle is important because if insonation is at an angle other
than 0° or 180°, only a fraction of the true velocity is measured. Certain areas on
and around the skull (windows of insonation) help the operator achieve insonation
directly in line with blood flow and avoid signal attenuation from the skull and other
tissue. Figure 1 shows TCD acoustic windows. The arteries that are examined at those
windows are as follows:

* Transtemporal window: MCA, anterior cerebral artery (ACA), terminal portion
of the internal carotid artery (ICA), and posterior cerebral artery (PCA).

* Transorbital (ophthalmic) window: ophthalmic artery and ICA at the siphon level.
* Submandibular window: distal portion of the extracranial ICA.

* Transforaminal (occipital) window: basilar artery (BA) and vertebral artery
(VA).

Temporal window is commonly accessed as it provides optimal visualization of
MCA, which is frequently involved artery in stroke. Temporal window is an areas of
the skull that is located just above the zygomatic arch, approximately 1 cm posterior
to the midpoint of a line connecting the lateral canthus of the eye to the auditory

Transorbital
Approach

¢ l_,}‘

~ 40 Transtemporal

<2/ Approach

-
Submandibular
Approach

Posterior
Approach
(Foramen Magnum
or Suboccipital)

Figure 1.
TCD acoustic windows.
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meatus. The ultrasound probe is positioned on the temporal bone and angled to
obtain a transcranial view of the MCA. This allows for detection of emboli, stenosis,
and changes in blood flow velocity that may indicate cerebral ischemia or Vasospasm.

An understanding of cerebral hemodynamics, including relevant anatomy,
physiology, and pathophysiology, is critical for the accurate acquisition and inter-
pretation of intracranial Doppler data. To this end, it is important to understand the
typical vascular distributions and the manifold factors that can affect cerebral blood
flow. The cerebral vasculature has autoregulatory mechanisms that compensate for
changes in cardiac output and blood viscosity, thereby maintaining relatively con-
stant cerebral blood flow (and cerebral blood flow velocity as measured with TCD).
Nevertheless, extreme changes in hemostasis will affect cerebral blood flow. For
example, in larger arteries, atherosclerotic plaques cause arterial stenosis alters blood
flow velocity. In smaller arteries, various precipitants (e.g., arterial carbon dioxide,
intracranial pressure, and mean arterial pressure) alter the flow, and the upstream
effects can be inferred from TCD.

3. TCD in aneurysmal subarachnoid hemorrhage

Aneurysmal subarachnoid hemorrhage is a life-threatening condition that can
result in significant morbidity and mortality. Vasospasm and delayed cerebral
ischemia (DCI) are common complication of aSAH; they contribute to substantial
morbidity and mortality after aSAH [1]. TCD can detect vasospasm by measuring
changes in cerebral blood flow velocity with daily monitoring. A study found that
TCD had high sensitivity and specificity in detecting vasospasm in aSAH patients [2].
DCl is another common complication of aSAH that can lead to poor outcomes. DCI
is thought to be caused by vasospasm from endothelial dysfunction and microthrom-
bosis [3, 4]. TCD can detect changes in cerebral blood flow velocity and microemboli
associated with DCI to determine the appropriate timing of intervention such as
intraarterial or oral calcium channel blockers to treat vasospasm in aSAH [5].

TCD measures blood flow velocity in all vessels in the circle-of-Willis, but espe-
cially for the MCA. Trends in the baseline TCD mean flow velocity (MFV) over time
in patients with SAH are recommended for screening for vasospasm. MFV is most
sensitive and specific for angiographic vasospasm in the MCA, whereas it is less sensi-
tive and specific for the first segments of the ACA and PCA.

The Lindegaard ratio (or the hemispheric ratio) is the ratio of the MCA flow
velocity to the ipsilateral ICA flow velocity. The ratio is often used in conjunction
with MCA MFV and accounts for hemodynamic augmentation from a hyperdynamic
state (e.g., from pressors or an endogenous hypersympathetic state). A Lindegaard
ratio less than 3 suggests a hyperdynamic state with potential relative vasospasm
as defined according to the MCA MFV (MCA MFV >120 cm/s indicates mild vaso-
spasm; >150 cm/s, moderate; and >200 cm/s, severe). A Lindegaard ratio greater than
3 typically correlates with angiographic vasospasm seen on computed tomographic
angiography (CTA) (>180 cm/s with perfusion impairment); a ratio greater than 6
indicates a high-grade angiographic spasm that may warrant an endovascular neuro-
surgery consultation.

With established normative data, TCD can be used to compare extracranial and
intracranial flow velocities to help localize an intracranial stenosis as distinguished
from a hyperdynamic state that is increasing the blood flow velocity (Lindegaard
ratio = MCA flow velocity/distal extracranial ICA flow velocity; Soustiel ratio = BA
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flow velocity/distal extracranial VA flow velocity). Velocity trends are checked in each
vessel daily and correlated with symptoms or radiographic spasm as a noninvasive
means of investigating the “spasm window.” Velocities usually increase in the first

3 days after bleeding and decrease at 9-14 days. All these provide daily monitoring of
cerebral and systemic hemodynamics to guide optimal aSAH treatments.

While TCD is non-invasive, bedside procedure without need for contrast or radia-
tion, it has several limitations. First, it is operator-dependent and often limited from
craniotomy wound. Second, TCD correlates well with angiographic vasospasm but
not necessarily with symptomatic vasospasm (i.e., clinical deficits). Many confound-
ers are related to the systemic illness associated with aneurysmal SAH: increased ICP,
hemodynamic instability, changes in PaCO, or hematocrit, and collateralization.
Despite these limitations, combining with other multimodal neuromonitoring for
vasospasm and DCI, TCD adds tremendous value to the management of aneurysmal
subarachnoid hemorrhage.

4. TCD in stroke for emboli detection

Stroke is a major cause of morbidity and mortality worldwide. Early detection and
treatment are crucial for improving outcomes in stroke patients. TCD has been used
as a diagnostic tool to evaluate cerebral blood flow changes or microembolic in stroke
patients to guide treatments. TCD can detect the presence of distal emboli from
proximal intracranial or extracranial arterial stenosis or occlusions, and it can also
monitor changes in cerebral blood flow velocity and wave form patterns during and
after thrombolytic therapy for response and prognosticate outcomes.

In cervical carotid stenosis, several studies have shown that TCD can detect
embolic signals in the middle cerebral artery, which is the most commonly affected
site in carotid artery disease [6, 7]. Markus et al. found that asymptomatic cere-
bral emboli signals, high-intensity transient signals (HITS), were present in 58%
of patients with symptomatic carotid artery disease and in 37% of patients with
asymptomatic disease [6]. Same group also demonstrated asymptomatic cerebral
emboli detection over 1 h in 200 patients with >50% symptomatic carotid stenosis
was associated with 4.67-fold increased risk of recurrent ipsilateral ischemic events in
adjusted cox regression model [7]. TCD is also utilized in predicting risk of stroke in
patients with high-risk plaque features such as intraplaque hemorrhage. Sitzer et al.
reported that plaque ulceration and lumen thrombus are the main sources of cerebral
microemboli in high-grade internal carotid artery stenosis [8]. TCD can be used
during carotid endarterectomy to detect emboli in real-time and guide the surgeon to
take appropriate measures to prevent embolic events. Spencer et al. demonstrated that
TCD could detect middle cerebral artery emboli during carotid endarterectomy, with
a sensitivity of 92% and a specificity of 100% [9]. Therefore, TCD is a useful tool in
the detection of cerebral emboli in carotid stenosis, which can help guide decision for
intervention and surgical approach to minimize risk of stroke.

5. TCD for cerebrovascular reactivity

Cerebrovascular reserve (CVR) is the ability of brain to autoregulate cerebral
blood flow in response to physiologic changes such as arterial occlusion as in stroke.
Impaired CV in patients with steno-occlusive disease is associated with increased
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risk of stroke [10-12]. CVR quantified change in cerebral blood flow in response to
vasodilatory stimuli such as carbon dioxide (CO2). Several multiple modalities for
measuring CVR, including Blood Oxygen Level Dependent (BOLD) or arterial spin
labeling (ASL) MR imaging with CO2 challenge, CT perfusion with acetazolamide.
Among these noninvasive modalities, TCD is the most commonly used modality
for assessing CVR and guiding decisions for revascularization. A systematic review
involving 754 patients with asympatomic severe carotid stenosis and impaired CVR
on TCD had 3.69 fold increased risk of ipsilateral ischemic stroke (HR 3.69, 95% CI
2.01-6.77,P < 0.001) [11].

CVR measured by TCD appears to be a useful tool for predicting outcomes after
revascularization in patients with carotid stenosis or ICAD. However, due to the
dynamic and time-variant nature of CVR, the influence of aging (normal or patho-
logic aging), exposure to common vasoactive agents such as caffefine or medications,
and diurnal variation on CVR in relationship to cerebrovascular diseases is not yet
well understood.

A recent study involving 185 healthy adults between the age of 21 and 80 years,
who underwent TCD and multimodal MRI, revealed that blood flow velocity
decreases with age while the caliber of large vessels remains similar among age
groups. These findings suggest that age-related decreases in CBFV and impaired CVR
likely reflect small vessel diseases [13]. Another study further demonstrated that the
speed of CVR of MCA response to induced vasodilation with CO, slowed with age
[14]. Further research is needed to gain a deeper understanding of the implications
of CVR on treatment decisions and to determine optimal threshold values for CVR
across all age groups, enabling informed therapeutic decisions.

6. TCD for PFO detection

Right to left shunt from patent foramen ovale (PFO) is a common anatomical
variation in which there is an opening between the right and left atria, and it can
be a potential risk factor for cryptogenic stroke [15]. Several randomized clinical
trials support closure of PFO in patients between age 16 and 60 years who suffer
from cryptogenic stroke from paradoxical embolism through PFO. TCD can detect
microbubbles that cross from the right to the left atrium during a Valsalva maneuver,
indicating the presence of a PFO. A meta-analysis by Mojadidi et al. showed that TCD
has a sensitivity of 97% and a specificity of 93% for the detection of PFO compared
to transesophageal echocardiography, which is the gold standard imaging modality
for PFO detection [16]. However, TCD is less invasive and less expensive than TEE,
making it an attractive alternative for PFO detection in certain patient populations.
In addition, TCD can be performed at the bedside, allowing for real-time evaluation
of PFO during a Valsalva maneuver, which can provide valuable information about
the hemodynamic significance of the PFO in stroke pathogenesis. Overall, TCD is a
reliable and cost-effective tool for the detection of PFO in patients with cryptogenic
stroke.

While TCD is very sensitivity and specific for the detection of PFO, it relies heav-
ily on the operator’ technical skills and availability of trained technicians. Recently, a
robotic-assistant TCD (ra-TCD) system with artificial intelligence (AI)-enhanced sig-
nal detection algorithms has been tested in clinical research to mitigate the variability
in TCD acquisition. The BUBL study is a multicenter, prospective trial comparing
raTCD to TTE for PFO detection (NCT04604015) [17]. The study found that raTCD
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detecting all and large RLS at approximately three times the rate of TTE (primary
outcome, any RLS: raTCD 64% vs. TTE 20% [absolute difference 43.4% (95% CI
34.3-52.5%), p < 0.001]) [18]. Ongoing studies are testing whether these results are
generalizable in routine practice.

7. Conclusion

TCD is a non-invasive ultrasound technique that allows for the assessment of
cerebral blood flow velocity in real-time. It has emerged as an important diagnostic
tool in the evaluation of cerebrovascular diseases such as aSAH and ischemic stroke.
TCD can detect cerebral blood flow changes that can help guide clinical manage-
ment and improve patient outcomes. TCD has been used to diagnose and monitor
changes in cerebral blood flow velocity in stroke patients, and to detect vasospasm
and DCI in aSAH patients. TCD can also guide treatment decisions in these patients.
Further research is needed to determine the full extent of the utility of TCD in these
conditions.

Goals
* Review the principles of transcranial Doppler (TCD) ultrasonography.

* Review the clinical utility of TCD in monitoring vasospasm after aneurysmal
subarachnoid hemorrhage.

* Review the clinical utility of TCD in ischemic stroke including microemboli and
PFO detections, and cerebrovascular reactivity quantification.
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Keyhole Microsurgery for Cerebral
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Abstract

The choice of an effective and safe surgical approach is an important and largely
outcome-determining step in the microsurgical treatment of cerebral aneurysms.
Transcranial approach to aneurysm should provide proximal and distal control,
visualization of the aneurysm and surrounding structures, freedom to work with
microinstruments, optimal and close view of the surgical field with the necessary
ergonomics and the possibility of comfortable work for the neurosurgeon. In addi-
tion, the approach should provide a low risk of associated complications, good
cosmetic outcomes and patient satisfaction. Today, a neurosurgeon has a sufficient
number of approaches to cerebral aneurysms. Minimally invasive approaches are the
reduced model of traditional approaches and each of these approaches has a specific
surgical corridor that cannot be changed during microsurgical manipulations, unless
through the transition to an extended craniotomy.

Keywords: keyhole, cerebral aneurysms, supraorbital approach, transorbital approach,
microsurgery

1. Introduction

The rapid development of minimally invasive neurosurgery is associated with
the wide availability and distribution of highly informative neuroimaging technolo-
gies. Neurosurgeons often face the problem of choosing the most optimal treatment
method in search of minimizing surgical aggression. For several decades, in the surgi-
cal treatment of aneurysms, pterional craniotomy has been the traditional approach
for most aneurysms of the anterior parts of the cerebral arterial circle and the upper
parts of the basilar artery [1]. However, upon critical analysis, it becomes clear that
the “collateral damage” of tissues during craniotomy is not related to the immediate
goal of the surgical intervention. These negative consequences affect the immediate
and long-term recovery of patients and prolonged hospitalization, which leads to
long-term disability and, accordingly, economic costs.

The popularization of the concept of “keyhole” surgery is associated with the pos-
sibility of accurate preoperative planning, improvement of microneurosurgical tech-
niques, intraoperative control in the form of fluorescein angiography, video endoscopic
assistance and neurophysiological monitoring, which allows focusing on the accuracy,
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efficiency, and safety of surgical intervention. It is important that minimally invasive
approaches make it possible to minimize iatrogenic trauma by creating an individual
surgical corridor. The principle of “individual” access to cerebral aneurysms is reduced
to the use of several minimally invasive approaches depending on the specific neuro-
imaging pattern in comparison with the previously used algorithm and the choice of
pterional craniotomy for all aneurysms of the anterior cerebral arterial circle [2-7].

The modern concept of microsurgical treatment of cerebral aneurysms involves the
choice of an individual approach. The main goal of individualization is to create the
shortest efficient route to the target with minimal collateral damage, ensuring the safety
of the intervention. Individualized minimally invasive approach in the microsurgical
treatment of cerebral aneurysms improves surgical and clinical outcomes, reduces the
time of surgery, length of stay in the hospital, and the cost of treatment and provides
excellent cosmetic results [4, 6, 7].

The three keyhole approaches are discussed below: eyebrow supraorbital, minip-
terional and transorbitals.

2. Types of keyhole approaches

Minimally invasive approaches are reduced models of traditional craniotomies:
pterional, supraorbital, orbitozygomatic, etc. (Figure1).

2.1 Eyebrow supraorbital approach (ESA)

Supraorbital craniotomy with a skin incision through the eyebrow is an anterolat-
eral surgical route that provides access to the aneurysms of the anterior circulation
and the upper basilar artery [5, 6, 8-10]. Main indications for ESA:

* Anterior circulation aneurysms

* Internal carotid artery (ICA)

Figure 1.
Types of minimally invasive approaches. 1 - minipterional, 2 - eyebrow supraorbital, 3 - eyebrow transorbital.
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Figure 2.

Intraoperative photograph. Schematic representation of the main anatomical landmarks of ESA. Bone borders
are marked in black. The skin incision is marked in green. Arrows: white - supraorbital nerve and artery, black -
branches of the facial nerve, yellow - superficial temporal artery.

* Anterior cerebral artery (ACA) A1-A2 segments
* Anterior communicating artery (Acom)

» Middle cerebral artery (MCA) M1 segment-M2 segments (if M1 segment is not
more than 20 mm)

Anatomical landmarks assessed for EAS:
* supraorbital notch,

* superior margin of the orbit,

* and superior temporal line,

* the topography of the frontal sinuses is preliminarily assessed based on neuroim-
aging data (Figure 2).

2.2 Surgical technique

The patient was placed in the operating room as for pterional craniotomy (Figure 3).
Head rotation is carried out depending on the location of the aneurysm:

* 15° for ipsilateral Sylvian fissure, MCA aneurysms

*20-30° for ICA

* 40-60° for Acom aneurysms
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Figure 3.
Position of the patient on the operating table. The head is fixed in a Mayfield clamyp, rotated to the contralateral
side.

The zygomatic process is the highest point. This head position provides gravita-
tional retraction of the frontal lobe away from the anterior cranial fossa to facilitate a
subfrontal approach. The final position of both the head end and the entire operating
table was determined intraoperatively after craniotomy and durotomy and can be
changed by rotating the surgical table for better visualization.

2.3 Skin incision and soft tissue dissection

Primarily marked the skin above the eyebrow. The eyebrow was not shaved. For
protection of the cornea and sclera, an aseptic ophthalmic gel was placed subconjunc-
tivally. Before the start of the operation, the supraorbital notch was palpated, since it
serves as the medial border of the skin incision.

The skin incision was made along the eyebrow, from the level of the supraorbital
notch and further within the eyebrow, sometimes extending a few millimetres
laterally beyond the hairline (Figure 4). The incision planning line is not linear, but
somewhat curved (follows the line of the eyebrow) and runs in the mediolateral
direction in relation to the hair follicles to avoid postoperative alopecia.

Figure 4.
Intraoperative photography. A - Marked skin incision along the eyebrow in ESA. B - the avea of the planned
incision is infiltrated with an anaesthetic with a vasoconstrictor (optional).
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Initially, only the skin was incised. Next, layer-by-layer dissection of fat tissue and
the frontalis muscle was performed. The supraorbital nerve and artery, the frontal
branch of the facial nerve, and the superficial temporal artery were preserved.

The frontal muscle is cut parallel to the skin incision by monopolar coagulation
and then the supraorbital region is skeletonized. The area of bone skeletonization
must be at least 3 cm in diameter. The frontal muscle itself was stitched and retracted
to the orbit.

After dissection of the frontalis muscle, additional skeletonization of the soft
tissues was performed with a raspator, then the frontalis muscle was sutured and
retracted to the orbit. Skin tensioners in the amount of three pieces were installed
on the upper edge of the wound. The burr hole was placed with a high-speed drill
(5 mm) at a key point just below the temporal line above the level of the base of the
anterior cranial fossa. The direction of the craniotomy handle is important. To visual-
ize the dura mater, it is necessary to resect with a burr parallel to the anterior cranial
fossa, and not towards the orbit. After applying a single burr hole, dissection of the
dura within the trefination and careful dissection along the periphery is necessary.
To visualize the base of the anterior cranial fossa, as a rule, the inner plate of the bone
was resected from the burr hole with a bur or pistol cutters.

The main task in craniotomy is to cut out a bone flap of the required size (at least
2-2.5 cm) with a minimum bone rim, preserve the dura mater, exclude penetration into
the frontal sinus and damage to the supraorbital nerve. The first cut was made parallel
to the upper edge of the orbit in the medial direction. The second cut was made upward
and in a C-shape towards the medial point of the first cut (Figures 5 and 6).

If the examination reveals large frontal sinuses, it is necessary to plan osteotomy,
avoiding penetration into the latter by lateralizing the approach or choosing an
alternative craniotomy. Even though wide sinuses are not a contraindication, but
they can increase the risk of cerebrospinal fluid (CSF) rhinorrhea and infectious
complications. In some cases, the use of neuronavigation helps to avoid frontal
sinus damage (Figure 7).

In the case of penetration into the frontal sinus, the tactics depend on the amount
of penetration. With a small penetration without damaging the mucous membrane,
it is sufficient to coat this area with wax. If the sinus mucosa is damaged, the latter is
removed and coagulated, tamponated with muscle or fatty tissue with vancomycin,

Figure 5.
Stages of planning the ESA. A - the sequence of cuts in ESA, B - the arrow shows the direction of the cut in the
supraorbital region.
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Figure 6.

A - incision along the eyebrow, B, C - dissection of soft tissues, transection of the frontalis muscle, D -
identification of the supraovbital nerve (arrow), E - burr hole in the key point, FG - view after osteotomy, H
- resection of the supraorbital margin with a diamond bury, I — final view after durotomy.

Figure7.
The use of neuronavigation to assess the topography of the frontal sinus. A, B — 3D model shows the topography of
the frontal sinuses, C - through a microscope, the boundaries of the frontal sinuses are visualized.

and then closed with a periosteal flap. Hermetic closure of the dura mater is extremely
important for the prevention of complications.

The bone flap is placed in place and fixed with miniplates (Figure 8).

The temporal fascia and muscle were sutured to the periosteum. The subcutaneous
tissue and skin were sutured in layers using 4-0 or 5-0 Prolene. Postoperative drain-
age was not used.
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Figure 8.
Clinical example of bone flap fixation. A — intraoperative view after fixation with craniofixes, B — postoperative

CT scan with veconstruction.

2.4 Postoperative management

The early postoperative period includes the management of the patient in the
conditions of the neurocritical care unit, usually within 12-24 hours after the interven-
tion. The patient and staff are warned about the possibility of developing periorbital

Figure 9.

Clzgm'ml case. A — CT Angio — AcomA aneurysm, B — marking of the eyebrow incision, C — intraoperative view
after opening the dura matey, D — intraoperative view after dissection of the ACA-AcomA complex, A1— A2
segments of the ACA, A2 — A2 segment of the ACA, arrow marks the aneurysm neck, E — temporary clipping of A1
segments of the ACA from both sides, F — clipping of the aneurysm neck, G — view before suturing the dura mater,
H — postoperative CT angiography, I — craniography with reconstruction, J-view patient one month after surgery.
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oedema, which we observed in all patients. For the purpose of prevention, it is neces-
sary to use ice locally within 1 hour after the operation. Periorbital oedema may persist
during the first 2-5 days after the intervention and lead to transient brow ptosis.

We present clinical observations of the use of ESA in different locations of
aneurysms.

Clinical example of Acom aneurysm clipping (Figure 9).

Man 54 years old. Debut of the disease with a sudden severe headache. Suffering
from hypertension, with a rise in blood pressure up to 200/100 mmHg. CT scan of
the brain revealed no data for subarachnoid haemorrhage (SAH). CT angiography
revealed a saccular aneurysm in the upper PSA region. In the neurological status there
are headache, nausea, and severe meningeal syndrome. No focal neurological disor-
ders were identified (Figure 9).

Clinical example of Pcom aneurysm clipping (Figure 10).

A 75-year-old woman. Onset of the disease with a severe headache, mainly in the
occipital region, vomiting. In the neurological status, headache and severe meningeal
syndrome. No focal signs.

Figure 10.

Clzgnical example A — CT scan, SAH is visualized in the right Sylvian fissure, B, C — ICA aneurysm at the orifice
of the Pcom, D — positioning of the patient with head rotation, E — intraoperative view, the ICA is visualized

(1) and blood clots in carotid cistern, E — intraoperative view, arrow shows terminal membrane of the third
ventricle and optic nerve (ON), G — dissection of the Sylvian fissure, H — intradural vesection of the anterior
clinoid process, I — stage of aneurysm clipping, | — intraoperative angiography with indocyanine green, K — view
before closure of the DM, L, M — CT angiography and craniography with veconstruction, N — view of the patient
4 weeks after the operation.
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3. Minipterional approach

Minipterional approach (MPA) is a limited model of pterional approach, the cen-
tre of which is the Sylvian fissure [11-13]. Therefore, the main indications for MPA
are patients with MCA and ICA aneurysms. MPA can be an alternative to minimally
invasive anterolateral approaches for patients with large frontal sinuses.

3.1 Anatomical access landmarks

Pterion is one of the key landmarks of the MPA and the area of the burr hole
placement (Figure 11). It is localized in the region of the temporal fossa and is a point
at the junction of the parietal bone, the squamous part of the temporal bone, the
greater wing of the sphenoid bone and the frontal bone. These bones in the region
of the pterion are connected with a sphenoparietal, coronary and squamous suture.
Immediately below the pterion, the anterior Sylvian point is located. This landmark
is the most common for entry and further dissection of the Sylvian fissure, since the
cistern of the Sylvian fissure is usually dilated in this area.

3.2 Surgical technique

The patient is positioned like for pterional approach. An arcuate incision of the
skin and soft tissues of 4-5 cm was performed within the scalp. In the temporal
region, the incision was started 1-1.5 cm above the zygomatic process and anteriorly
from the superficial temporal artery and continued anteriorly to the projection of the
superior temporal line (Figure 12).

The incision of the superficial fascia and temporalis muscle was carried out in a
C-shaped manner with the base towards the pterion. After subperiosteal dissection,
the temporalis muscle was brought together using hook tensioners. This allows the
pterion area to be completely exposed. The burr hole was placed upwards from the

Figure 11.

Intraoperative photography. Schematic representation of the main anatomical landmarks of MPA. Bone borders
are mavrked in black. Skin incision marked in green. Arvows: white - supraorbital nerve and artery, ved - branches
of the frontal branch of the facial nerve, blue - superficial temporal artery.
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Figure 12.
Intraoperative photography. A, B - Skin incision marked for MPA.

fronto-zygomatic suture immediately below the superior temporal line. A 2-3 cm cra-
niotomy includes the lateral portions of the sphenoid bone, part of the frontal bone
below the superior temporal line, and a minimal portion of the temporal bone. As in
the case of classical pterional approach, the crest of the sphenoid bone was resected
with cutters and a bur until the meningoorbital artery was visualized in the superior
orbital fissure (Figure 13).

The durotomy was performed with a semi-oval incision with the base towards the
pterion. After opening the dura mater, the Sylvian fissure was visualized in the centre
of the wound, which indicates the correct location of the craniotomy. The intradural
stage of surgery was performed under microscopic magnification using traditional
microneurosurgical techniques.

After clipping of the aneurysm and verification of its complete exclusion, hemo-
stasis was performed. The dura mater was sutured hermetically. In order to prevent
pneumocephalus, the subdural space was irrigated with saline until a distinct brain
pulsation appeared and air was forced out. The bone flap was fixed with craniofixes or
miniplates. The temporal fascia/muscle, subcutaneous tissue, and skin were sutured
in layers (Figure 14).

Subcutaneous drainage was not performed due to the small size of craniotomy.
Postoperative management is identical to the management of patients after ESA.

Clinical example of MCA aneurysm clipping (Figure 15).

Figure 13.

Intraoperative photos, MPA on the right. A — intraoperative view, skin-aponeurotic flap and temporal muscle are
reduced anteriorly, B — burr hole is placed in the area of the pterion, C — bone flap is sawn out, D — view after
craniotomy.
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Figure 14.
Intraoperative photographs. A - the bone flap is put in place and fixed, B,C - sutures on the temporal muscle and
skin, D,E,F - CT and craniography.

Figure 15.

A - marking of the planned incision, B - CT angiography - saccular aneurysm Mzi of the segment of the MCA
on the left, C - intraoperative view after minipterional craniotomy and opening of the dura, the centre of
craniotomy over the Sylvian fissure, D - saccular aneurysm M1 of the segment of the MCA, E - clipping of the
aneurysm, F — intraoperative angiography with indocyanine green, aneurysm is excluded from the cerebral
circulation, MCA branches are visualized, G — craniography and CT after surgery, H — view of the patient a
week after surgery.

A 62-year-old woman with unruptured MCA aneurysm.

Clinical example of ophthalmic aneurysm clipping (Figure 16).
A 30-year-old woman with unruptured ophthalmic artery aneurysm.
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Figure 16.

A - marking of the planned incision, B - CT angiography - carotid-ophthalmic aneurysm is visualized on the
right, C - intraoperative view after MPA and opening of the dura, the Sylvian fissure is marked with an arrow, D
- intradural vesection of the ACP with a 2-mm diamond burr E — aneurysm lateral to the optic nerve, F —clipping
of the aneurysm, G — postoperative CT, H — view of the patient 2 weeks after surgery.

4. Transorbital approaches

Transorbital approaches, due to the inclusion of the upper wall of the orbit in the
bone flap, increase the free space for working with microinstruments, significantly
reduce the distance to the target of surgery, and reduce brain retraction. This made it
possible to expand indications in aneurysm surgery, for example, to use this approach
for large and giant aneurysms, small unruptured basilar aneurysms. The main modi-
fications of transorbital approaches include:

Figure 17.
Various types of skin incisions for transorbital craniotomy. A - eyebrow (blue), B - transpalpebral (red).

72



Keyhole Microsurgery for Cerebral Aneurysms
DOI: http://dx.doi.org/10.5772/intechopen.110396

1. Eyebrow transorbital approach (ETA)
2. Transpalpebral transorbital approach (TPTA)

Despite different types of skin incisions, the stage of osteotomy is identical, but
the functional and cosmetic outcomes are significantly different (Figure 17).

4.1 Eyebrow transorbital approach

The skin incision was made along the eyebrow in accordance with the described
guidelines for ESA. The planning of transorbital approach is identical to ESA and
requires a thorough assessment of the topography of the frontal sinuses [14, 15]. With
a high risk of penetration of the frontal sinus, the choice of lateralization of the bone
window or the choice of a traditional approach will be correct.

Indications for ETA:

* Aneurysms of the anterior circulation: ICA, Acom, Al segment of ACA, MCA of
M1-M2 segments, excluding distal ones.

* Small unruptured upper basilar artery aneurysm

* Anatomical access landmarks are shown in Figure 18.
4.1.1 Surgical technique
Patient positioning and head rotation are identical to those for pterional cra-

niotomy and depends on aneurysm location. For all transorbital approaches, a
temporary tarsorrhaphy was necessarily performed with preliminary placement

Figure 18.

Intraoperative photo. Schematic representation of the main anatomical landmarks of access. Bone borders are
marked in black. The skin incision is marked in green. Branches of the superficial temporal artery are marked in
red. Arvows: white - supraorbital nerve and artery, blue - frontal branch of the facial nerve.
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Figure 19.
Intraoperative view, A, B — soft tissue incision along the eyebrow, C — subperiosteal dissection of the supraorbital
region of the frontal bone, the edge of the orbit and the zygomatic process of the frontal bone.

of an antiseptic gel subconjunctivally. A skin incision was made directly along the
eyebrow, starting from the level of the pupillary line and continuing laterally within
the eyebrow, sometimes extending several millimetres laterally. The supraorbital
nerve and artery, the frontal branch of the facial nerve, and the superficial temporal
artery are always preserved. The initial stage of incision and dissection of the frontalis
muscle is identical to that in ESA, however, after transection of the frontalis muscle,
careful skeletonization of the upper edge of the orbit was performed from the level of
the supraorbital foramen to the fronto-zygomatic suture. Dissection of the contents
of the orbit lateral to the fronto-zygomatic suture should be avoided due to the risk of
damage to the lateral canthal ligament and impaired movement of the upper eyelid
with the formation of a temporary or permanent diastasis when the eyelids is closed.
During dissection, special attention was paid to the preservation of the periosteum
and periorbital tissue. The temporal muscle was separated from its place of attach-
ment at the level of the superior temporal line and brought down with a retractor
towards the temporal fossa (Figure 19).

A single burr hole was made downward from the temporal line immediately
above the level of the base of the anterior cranial fossa, at the key point. The trans-
orbital approach included the roof of the orbit, a portion of the frontal bone, and
approximately 1-1.5 cm of the zygomatic bone. A single bone flap was sawn out
using a craniotome and a high-speed burr. The diameter of the bone window is
approximately 25-30 mm. The first cut was made from the burr hole upwards in the
supraorbital region, describing a C-shaped bend towards the upper wall of the orbit.
From the side of the orbit, the contents of which are protected with a spatula, a cut
was also made using a craniotome towards the line of the previous cut. In the area of
the zygomatic process, sawing towards the key point can be carried out both with a
craniotome and with an oscillating saw, using the protection of the contents of the
orbit with a spatula. The roof of the orbit was broken using a chisel. After osteotomy,
sharp edges were resected in the area of the upper wall of the orbit with a bur and
wire cutters (Figure 20).

If necessary, extradural resection of the sphenoid bone and anterior clinoid
process performed the degree of bony resection depends on the location and size of
the aneurysm. All manipulations were performed through minimal craniotomy. Upon
completion of the necessary resection of the bone structures, the dura mater was
opened with a semi-oval incision with the base towards the orbit. Then, the surgical
technique is dictated by the location and size of the aneurysm.
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Figure 20.

Plfnning and stages of ETA. A — the sequence of cuts (the arrow indicates the key hole from which the upper wall
of the orbit is broken with a chisel), B — the burr hole is placed at the key point and the bone is cut away from

the supraorbital hole towards the key point, C — view of the bone flap, D — performed transorbital access, frontal
sinus opened.

Figure 21.
Intraoperative view. A - The bone flap is put in place and fixed with miniplates. B— CT craniography after
minitransorbital craniotomy.

Classical microsurgical technique is used. Wound closure is standard and has been
described above (Figure 21).

4.2 Transpalpebral transorbital approach

The transpalpebral approach, or access through the upper eyelid, is borrowed
from ophthalmic and plastic surgery. Transpalpebral approach has been used in
neurosurgical practice since 2008 and includes an incision along the natural crease of
the upper eyelid followed by a minimal fronto-orbital craniotomy [16-18]. In fact, the
TPTA trajectory is identical to the ESA and ETA and provides access to the anterior
cranial fossa, the parasellar space.

The indications for TPTA are identical to those for ETA.

4.2.1 Anatomical access landmarks
Knowledge of anatomy is an indispensable condition for ensuring the effec-

tiveness and safety of surgical intervention. Anatomical landmarks are similar to
ETA (Figure 22).
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Figure 22.

Intraoperative view. Schematic representation of the main anatomical landmarks of access. Bone borders are
marked in black. Arrows: white - supraorbital nerve and artery, grey - circular muscle of the eye, black - lateral
cantal ligament, red - temporalis muscle with branches of the frontal branch of the facial nerve.

4.2.2 Surgical technique

The eyebrow and eyelid area are prepped with antiseptic solutions, an ophthalmic
gel was applied subconjunctivally. Next, a temporary tarsorrhaphy was performed
with a 5-0 thread. The planned incision area was infiltrated with an anaesthetic
solution and a vasoconstrictor. The incision was made along the natural fold of the
upper eyelid from the level of the supraorbital opening 3.5-4 cm long. If necessary,
the incision can be extended laterally by several millimetres exclusively within the
fold. The incision should start at least 10 mm above the upper edge of the eyelid
and at least 5-6 mm above the projection of the lateral canthal ligament. Thus, the
incision is planned below the supraorbital and frontotemporal branches of the facial
nerve, which makes it possible to exclude negative cosmetic consequences associated
with nerve damage. Initially, the incision was made through the skin and the orbicular
muscle of the eye while maintaining the orbital septum. Damage to the orbicularis
muscle must be minimized as the blood supply to the eyelid passes through the
orbicularis muscle. A single musculoskeletal flap was formed, which ensures adequate
healing. Dissection by the sharp way was carried out mainly in the upper and lateral
direction. At this stage, the upper and lateral edges of the orbit were palpated for
control. Next, a subperiosteal dissection of the supraorbital region, the upper lateral
edge of the orbit, and the zygomatic process of the frontal bone was performed with
visualization of the fronto-zygomatic suture. During dissection, special attention
was paid to the preservation of the periosteum and periorbital tissue. The temporalis
muscle was dissected by monopolar coagulation from the place of its attachment at
the level of the superior temporal line. Limitation of muscle dissection, its dissection
and devascularization eliminates the formation of a depression in this area.

A minimal orbitofrontal craniotomy included the roof of the orbit, a portion
of the frontal bone, and approximately 1-1.5 cm of the frontal process of the
zygomatic bone. A single bone flap was sawn out using a craniotome and a high-
speed burr. The diameter of the bone defect was no more than 25-30 mm. After
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Figure 23.

Infmopemtive view, A — soft tissue incision along the natural crease of the upper eyelid, B — mobilization of the
upper wall of the orbit, C — dissection of a part of the temporal muscle over the area of application of the burr
hole, D — burr hole is applied at a key point, E — propyl in the area of the frontal process of the zygomatic bones,
above the fronto-zygomatic suture. E — cut in the region of the upper wall of the orbit, medial to the supraorbital
notch, G — using a chisel, the upper wall of the orbit is broken, H — view after craniotomy, I — the dura mater is
opened with the base to the orbit.

craniotomy, the roof of the orbit was broken using a chisel. If necessary, extradural
resection of the anterior clinoid process and decompression of the optic nerve canal
were performed from this access. When opening the frontal sinus, the defect was
closed according to the previously described principles. The dura mater was opened
with a semi-oval incision with the base towards the orbit. Additionally, tension
sutures were placed on the edges of the dura mater to increase the viewing angle and
epidural hemostasis (Figure 23).

At the end of the intervention, the bone flap was fixed with miniplates. The wound
was sutured in three layers: muscle, subcutaneous tissue and skin. The temporalis
muscle can be fixed to miniplates or to holes formed in the area of the upper lateral wall
of the orbit. The orbicular muscle of the eye was sutured with a 4-0 absorbable suture.
An intradermal suture was applied using a 5-0 or 6-0 suture. Postoperative drainage
was not used.

Clinical example of ophthalmic aneurysm clipping through ETA (Figure 24).
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Figure 24.

Clzgrz‘l.'ml example of clipping of multiple ETA aneurysms. A —CT angiography, B- intraoperative view, position of the
patient on the table, incision marking; C — view after opening the dura mater; D — intraoperative view after dissection
and clipping of the ICA bifurcation aneurysm; ICA, E — dissection of the aneurysm (An) of the MCA bifurcation
with visualization of the M1 and M2 branches of the MCA, G — view after clipping of the aneurysm, H — view of the
patient 1 month after surgery, I, ] — postoperative CT craniography with veconstruction, CT angiography.

Figure 25.

Clinical example. A — CT angiography, basilar avtery aneurysm, B — Intraoperative view of planning a skin
incision along the natural fold of the upper eyelid on the right, C — intraoperative view through the retrocarotid
space: 1—ICA, 2 — aneurysm, 3 — PCA P1 segment, D — view through the vetrocarotid space: 1 - optic nerve, 2 -
ICA, 3 - Aneurysm, 4 — posterior cevebral artery (PCA), P1 segment on the left, E - view through the endoscope
0% 1- PCA, 2 - Pechevon artery, C - clivus, 3n - oculomotor nerve, A - aneurysm, E — view through the o°
endoscope. After clipping: 1 - PCA, 2 — superior cerebellar artery, 3 - Pecheron artery, P - pons, G - control of CT
angiography - a clip is visualized. H - during bone reconstruction, the volume of the craniotomy is visualized, I - is
the view of the patient after 2 months.
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A 58-year-old woman with multiple unruptured aneurysm: ICA terminus and
MCA artery aneurysms.

Clinical example of basilar bifurcation aneurysm clipping through TPTA (Figure 25).

A 53-year-old woman unruptured basilar bifurcation artery aneurysm.

5. Conclusion

In summary, it should be noted that the surgical approach is an important stage
of the entire intervention, which can determine the outcomes of patients. Today,
highly informative neuroimaging, coupled with modern neurosurgical microscopes,
endoscopy and microinstrumentation, substantiate a completely different approach to
the surgical treatment of cerebral aneurysms, an approach that is based on individual
anatomy: facial, bone, and vascular. An approach that provides a choice between a
traditional approach, a minimally invasive approach, or the use of the endovascular
intervention. The main task of a neurosurgeon is the correct choice of treatment
method depending on the individual neuroimaging pattern and the patient’s condition.
The main goal of individualization is to create the shortest efficient route to the target
with minimal collateral damage, ensuring the safety of the intervention. Sufficient
experience in microsurgical aneurysm clipping and proper selection of patients allows
us to use different minimally invasive approaches safely and effectively.
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Chapter 6

Clipping Strategies and
Intraoperative Tools to Detect
Aneurysm Obliteration and
Cerebral Vessel Patency

Pasquale Anania and Pietvo Fiaschi

Abstract

Cerebral aneurysms are common cerebrovascular diseases most frequently
manifest with vascular rupture and subsequent subarachnoid hemorrhage.
Microsurgical clipping is considered the best long-term treatment, despite of the
increase of endovascular interventional treatments in the latest years. Vascular
control is a pivotal concept for aneurysms surgery, which provides the application of
temporary clip in case of rupture, whereas the application of permanent clip requires
the perfect knowledge of aneurysm anatomy. Several techniques to obtain the oblitera-
tion of the aneurysm while preserving the parent vessels and its branches have been
described. Micro-Doppler ultrasonography (MUSG), indocyanine green video angi-
ography (ICG-VA), and electrophysiological neuromonitoring (IONM) are all useful
intraoperative tools, which can improve the safety of surgical procedures and achieve
the goal of aneurysm obliteration with parent vessel and perforating preservation.

Keywords: cerebral aneurysm, clipping techniques, indocyanine, micro-doppler,
neuromonitoring

1. Introduction

Cerebral aneurysms are common cerebrovascular diseases with an incidence rate
ranging between 2% and 6% [1, 2]. Aneurysm rupture is the most frequent presenta-
tion of intracranial aneurysm, causing intracranial hemorrhage, usually subarachnoid
hemorrhage (SAH) [3, 4]. The incidence rate of SAH is about 6 to 8 cases per 100,000
in the western population, with about 10,000-20,000 cases per year [3]. SAH-
associated mortality is 50% at 30 days, and only up to 30% of patients can return to
normal life after SAH [3]. In the latest years, endovascular interventional treatments
of intracranial aneurysms have increased rapidly, but microsurgical clipping is still
considered the best long-term treatment for this disease [5-10].

Temporary blockage of the feeding artery of the aneurysm, associated with simple
or multiple applications of clips along the neck, are techniques that can allow the
dissection and remodeling of the neck with obliteration of the aneurysm [11, 12].
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However, all these techniques are associated with the risk of parent vessel stenosis
and perforating artery damage, leading to brain ischemic damage and neurological
defect [1]. The morbidity related to ischemic complications of the surgery of cere-
bral aneurysms is up to 7.6% [13, 14]. Therefore, the goal of surgical treatment is an
optimal obliteration of the aneurysms without residual, while preserving the parent
vessels and their branches [5].

Micro-Doppler ultrasonography (MUSG), indocyanine green video angiog-
raphy (ICG-VA), and electrophysiological neuromonitoring (IONM) are useful
intraoperative tools that are used to improve the safety of surgical procedures
and achieve the goal of aneurysm obliteration with parent vessel and perforating
preservation [1, 5, 11].

The aim of this chapter is to describe the strategies for surgical treatment of
cerebral aneurysms and the tools to detect the correct aneurysm obliteration and the
patency of the parent vessel and its branches. These techniques allow for improving
the safety of surgical procedures, while reducing the risk of aneurysm remnants
and avoiding irreversible damage to the brain tissue with consequent neurological
derangement.

2. Techniques of clipping

Despite the technical skills and expertise of the surgeon revest a pivotal role,
aneurysms surgery is often associated with a high risk of intraoperative rupture
because of the fragility of the aneurysm and surgical manipulation. For this reason,
vascular control is a pivotal concept that the neurosurgeon must respect during
aneurysms surgery. Vascular control means the exposition of the afferent and
efferent arteries, which move blood to the aneurysm in anterograde and retrograde
direction, respectively. Vascular control is mandatory to allow the application of
temporary clip on the afferent artery and eventually on efferent arteries in case of
difficult aneurysm dissection or intraoperative rupture. Permanent clipping means
the application of a definitive clip on the neck of the aneurysm to arrest the blood
flow into the dome [12].

2.1 Temporary clipping

Temporary clipping is the application of the clip to the vessels that move the blood
flow into the aneurysm. Thus, temporary clipping is usually referred to the apposition
of the temporary clip on the afferent vessels in order to stop the anterograde blood
flow. However, since the blood could flow into the aneurysm retrogradely through
the efferent vessels, it could be needed the application of temporary clip on these
vessels in case of persisting bleeding [12, 15]. Therefore, proximal control is referred
to the exposition of the afferent vessels, distal control of the efferent vessels [12]. The
application of temporary clip is useful in case of complex aneurysm, to facilitate the
dissection without risk of bleeding. Moreover, arresting the flow, temporary clipping
led the aneurysm to soften, allowing an easier dissection for the visualization of the
parent vessels [16].

Temporary clipping is also a savage maneuver in case of aneurysm rupture
because it stops the blood flow into the aneurysm, facilitating the dissection of
the parent vessels and the neck, allowing the application of the permanent
clip [15, 17].
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Aneurysms with a single afferent vessel, or with multiple afferent and efferent
vessels, could be classified. For this reason, different vessels should be exposed during
the surgery considering aneurysm location:

» Middle cerebral artery (MCA) aneurysm:

o Proximal control: sphenoidal segment of MCA (tract M1)
o Distal control: post-bifurcation segments (tract M2-M3)

* Anterior communicating artery (ACoA) aneurysm:

o Proximal control: precommunicating segment of anterior cerebral artery (tract
A1) of both sides

o Distal control: postcommunicating segments of anterior cerebral artery (tract
A2) of both sides

* Pericallosal artery (PCaA) aneurysm:

o Proximal control: precallosal (tract A3) or supracallosal (tract A4) segments of
anterior cerebral artery, in relation to aneurysm location

o Distal control: supracallosal (tract A4) or postcallosal (tract A5) segments of
anterior cerebral artery, in relation to aneurysm location

* Posterior communicating artery (PCoA) aneurysm:

o Proximal control: ophthalmic segments (tract C6) of internal carotid artery
(ICA). Ophthalmic segments begins from the distal dural ring and end at the
origin of PCoA.

o Distal control: communicating segments (tract C7) of ICA, PCoA.
Communicating segments begins from the origin of PCoA and ends at ICA
bifurcation.

* Ophthalmic artery (OphA) aneurysm:

o Proximal control: clinoidal segments (tract C5, which is the tract between the
proximal and the distal dural ring) and ophthalmic segments (tract C6) of
ICA, exposed through anterior clinoidectomy.

o Distal control: supraclinoidal segments (tract C6-ophtalmic and
C7-communicating) of ICA, OphA and PCoA.

* Basilar artery (BA) aneurysm:

o Proximal control: basilar artery (BA)
o Distal control: precommunicating segment (tract P1) of posterior cerebral
artery (PCA), superior cerebellar artery (SCA)

* Posterior Inferior Cerebellar Artery (PICA) aneurysm:

o Proximal control: vertebral artery (VA), anterior medullary segment (trac pl),
lateral medullary segments (tract p2), tonsillomedullary segment (tract p3), or
telovelotonsillar segments (tract p4) of PICA, in relation to aneurysm location
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o Distal control: anterior medullary segment (trac pl), lateral medullary segments
(tract p2), tonsillomedullary segment (tract p3), or telovelotonsillar segments
(tract p4) of PICA, in relation to aneurysm location

2.2 Permanent clipping

The application of a permanent clip requires the perfect knowledge of aneurysm
anatomy, which should follow the Rothon rules [18]:

* Rule 1: aneurysms develop at sites where the parent artery branches off, which
may be the origin of a side branch or a bifurcation

* Rule 2: aneurysm develops at hemodynamically stressful turns or curves in the
artery’s outer wall

* Rule 3: aneurysm points in the direction that blood would have flowed if the
aneurysm site’s curve had not been presented

* Rule 4: aneurysm is connected to a set of perforating arteries that (must be
preserved)

Different clipping techniques have been described: simple clipping and multiple
clipping.

Simple clipping refers to using a single clip for aneurysms with narrow neck
and uncomplicated anatomy. It requires the use of the optimal clip in relation to
neck conformation and size, considering that the application of the clip pressing
the neck will increase its length and that the final part of the blade should cross the
neck [12].

Multiple clipping is a technique that allows the application of more than one clip
to close the neck of the aneurysm in sequential steps, and it is usually adopted to treat
aneurysms with complex anatomy, including intersecting clips, stacked clips, and
overlapping clips [12]. Intersecting clipping technique describes the application of the
second clip angled into the first clip and intersecting it, thus allowing the remodeling
of the aneurysm with a bleb that otherwise would be impossible to exclude with a
simple clipping (Figure 1A) [19, 20].

Stacked clipping consists of the application of clips in the same direction and
parallel to each other, in which usually the first one closes the aneurism, and the other
ones closes the remnant of the neck beneath to the first clip (understacked). In case of
application of the first clip on the neck, if another clip is necessary over the first one
to complete the closure, this is defined overstacked (Figure 1B) [12, 20, 21].

Overlapping clipping describes the application of a second fenestrated clip over a
first straight clip encircling it, in order to close a distal remnant beneath the initial clip
(Figure 1C) [12, 20].

Tandem clipping is the technique described by Drake, which consists of the
application of a first straight fenestrated clip to close the distal aneurysm (encir-
cling in the fenestration a parent vessel), and a second clip to close the fenestration
(Figure 1D) [12, 20, 21].
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A. Intersecting B. Stacked clipping
clipping

C. Overlapping D. Tandem clipping
clipping

Figure 1.
The figure depicts the most common techniques for permanent clipping of cerebral aneurysms.

3. Intraoperative strategies to detect aneurysm obliteration and parent
vessels patency

3.1 Micro-Doppler ultrasonography (MUSG)

Doppler ultrasonography was first employed to assess cerebral hemodynamics in
extracranial arteries. This method was further refined for the transcranial examina-
tion of brain vessels [22]. Technological advancements allowed the reduction of the
ultrasound probe’s size by raising the ultrasonic frequency. Microprobes for the direct
examination of small brain vessels were created as a result of further research [23-25].

Before and after the aneurysm clipping, blood flow velocities in the aneurysm
sac and the nearby arteries could be measured using intraoperative microvascular
Doppler ultrasonography (MUSG). The probe with a 1 mm-diameter pulsed wave
mode is used to make the Doppler measurements. In addition, a suction cannula could
be used to insert the Doppler probe, thus allowing precise positioning and stability.
With an insonation angle of 30 to 60 degrees, the probe is used to examine all exposed
arteries close to the aneurysm as well as the aneurysmal sac [26].

MUSG was first described by Lanborde et al. for intraoperative monitoring of
large cerebral aneurysms [27]. MUSG has the ability to identify the orientation
and hemodynamics of the parent arteries, as well as the vortex flow or thrombus
within the aneurysm sac, prior to the positioning of clip. Particularly in large and
challenging aneurysm surgery, MUSG monitoring could determine if the aneurysm
sac is entirely clipped and whether parent or perforating arteries are stenosed or
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accidentally clipped. MUSG can detect all vessels in the Wills circle and its branches,
including those with a diameter of less than 1 mm, because of the availability of a
high-frequency micro-probe [28].

Bailes et al. [28] investigated the use of MUSG in aneurysm surgery, observing a
capability to detect occlusion or stenosis of parent vessels in 31% of cases after clip
positioning, and therefore allowing immediate adjusting.

Stendel et al. [26] MUSG discovered a meaningful stenosis of an adjacent artery
caused by clip location in 17 out of 90 (18.9%) aneurysms. In addition, 11 out of 90
(12.2%) patients evaluated with Doppler ultrasound showed a predominantly unoc-
cluded aneurysm. In 26 out of 90 (28.8%) patients, the aneurysm clip was reposi-
tioned based on the MDUG findings.

In conclusion, the complete closure of cerebral aneurysms and the patency of
parent arteries, arterial branches, and main perforators could be documented by
intraoperative MUSG, which is safe, rapid, efficient, dependable, and economical
tool. In many situations, this method can be utilized safely in addition to other tools
to monitor surgical aneurysms, reducing the risk of postoperative cerebral stroke. The
limitations of MUSG include its vulnerability to changes in detecting angle and depth,
fluid surrounding vessels, and tractor, as well as its inability to detect the aneurysm’s
back or minute remnant of its neck.

3.2 Indocyanine green video angiography (ICG-VA)

In 1956, the United States Food and Drug Administration (FDA) approved the
use of indocyanine green (ICG) dye, a near-infrared (NIR) fluorescent tricarbocya-9
dye, to assess liver and cardiocirculatory functions. Ophthalmic angiography received
additional FDA approval in 1975. ICG dye has an absorption and emission peak (805
and 835 nm, respectively) within the “optical window” of tissue, where endogenous
chromophores have minimal absorption. After intravenous administration, ICG
primarily binds to globulins (1 lipo-proteins) within 1 to 2 seconds. There is typical
vascular permeability, and the dye is still intravascular. The liver is the only organ in
the body that can excrete the indocyanine green dye, which has a plasma half-life of 3
to 4 minutes. ICG dye should be administered for video angiography (VA) at a dose of
0.2 to 0.5 mg/kg, with a daily maximum dose of 5 mg/kg.

The use of intraoperative NIR VA was first described by Raabe et al. in 2003, where
ICG dye was used for intraoperative observation of vascular flow [29]. A light source
that has a wavelength covering a portion of the ICG absorption band illuminates the
operating field from the microscope (range 700-850 nm, maximum 805 nm). A bolus
of the ICG dye is administered via peripheral vein (the standard 25-mg dose dis-
solved in 5 ml of water), and a nonintensified video camera captures the fluorescence
(spectral range 780-950 nm, maximum 835 nm). To exclusively collect ICG-induced
fluorescence, ambient and excitation light are blocked using an optical filter. As a
result, real-time viewing of venous, capillary, and artery angiographic pictures is
possible [30].

Some authors compared intraoperative and postoperative findings on the patency
of the parent, branching, and perforating arteries and the clip occlusion of the
aneurysm as indicated by ICG-VA, with the standard digital subtractive (DS) angi-
ography. They observed that in 90% of cases, the results of ICG-VA matched those of
intra and postoperative DS angiography. In 7.3% of patients, the ICG method failed
to detect a modest but hemodynamically insignificant stenosis that was visible on
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DS angiography. In three cases, the ICG approach failed to pick up angiographically
significant findings. In two of the cases, the missed findings had no clinical or surgical
repercussions; in the third, a 4-mm residual neck may necessitate additional surgery.
In 9% of cases, indocyanine green VA gave the surgeon useful information about clip
repair [30].

In 90% of instances, the results of ICG-VA matched those of intra- and post-
operative DS angiography. In 7.3% of patients, the ICG method failed to detect
a modest but hemodynamically insignificant stenosis that was visible on DS
angiography. In three cases (one hemodynamically important stenosis and two
residual aneurysm necks [2.7% of cases]), the ICG approach failed to pick up
angiographically significant findings. In two of the cases, the missed findings had
no clinical or surgical repercussions; in the third, a 4-mm residual neck may neces-
sitate additional surgery. A substantial amount of information was provided to the
surgeon using indocyanine green VA. The authors concluded that ICG-VA using a
microscope is easy to perform and gives real-time data on the aneurysm sac and the
patency of all diameters of arteries.

Many others studied compared the safety and efficacy of ICG-VA with DS angiog-
raphy [1, 5, 13, 14, 17, 19, 20, 31, 32].

Ozgiray et al. [5] described that in 93.5% of aneurysms ICG-VA accurately deter-
mined vascular patency and aneurysm obliteration; only in 3.6% of cases ICG-VA
showed no flow after clipping whereas puncturing the aneurysm’s dome indicated
residual flow, in 0.9% it demonstrated sustained flow within the aneurysm in one
whereas MUSG and puncture of the dome did not, and in 0.9% it failed to show
residual neck.

Della Puppa et al. [13] analyzed the role of ICG-VA added to the other techniques,
observing that ICG-VA was useful for detecting parent vessels occlusion or residual
aneurysm in 8.3% of cases. Moreover, only one false negative remnant neck was
noted, with a negative predictive value of 98.8%, and ICG-VA was more sensitive to
reveal remnant primarily in atherosclerotic aneurysms (P < 0.05).

In conclusion, ICG-VA represents the best tool to directly observe parent vessels
patency and aneurysm obliteration. The surgical microscope’s integration and its abil-
ity to show perforating arteries with submillimeter widths are two of its distinctive
advantages. Its utility during aneurysm surgery is supported by its ease use, rapidity,
and high level of accuracy for identifying partially clipped aneurysms and acciden-
tally occluded vessels. Moreover, the ICG-VA has the potential to be more broadly
accessible than intraoperative DS angiography.

3.3 Electrophysiological monitoring

Electroencephalography (EEG), motor evoked potentials (MEPs), somatosensory
evoked potentials (SSEPs), visual evoked potentials (VEPs), and auditory evoked
potentials are few of the intraoperative neuromonitoring (IONM) techniques avail-
able for cerebrovascular surgery. The overall objective of each modality is to improve
the patient’s functional outcome by detecting changes in brain activity that can
indicate possible neurological compromise. Each modality has its own unique appli-
cations [33, 34]. Electrophysiological monitoring is useful to observe potential early
ischemia during temporary clipping or after permanent clipping, allowing to remove
of the temporary clip to restore the flow, or to explore the parent and perforating ves-
sels after permanent clip detecting a possible erroneous clipping [15, 35].
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Usually, the motor pathway is monitored by stimulating the motor area using
electrodes inserted in C1-C2 (C3-C4) through a train of 4 to 5 stimuli with the
intensity of 250 to 500 Hz. The somatosensory pathway is monitored by stimulat-
ing contralateral medianus nerve at the wrist for the upper limb SSEPs, and the
contralateral tibial nerve at the medial malleolus for the lower limb SSEPs. General
anesthesia could affect the results of IONM; thus, total intravenous anesthesia is
recommended, possibly avoiding the use of neuromuscular blockers unless abso-
lutely necessary [13, 36].

Knowing the N20 peak’s amplitude in relation to the evoked parietal response is
crucial. N20 peak amplitude was decreased by more than 50% when compared to
its absolute values, indicating a decrease in rCBF values of around 12-16 mL/100 g/
min. This is comparable to cerebral ischemia that may be reversible, however, chronic
maintenance of alow rCBF may result in cerebral infarct [37, 38].

Penchet et al. observed a significant reduction of SSEP (more than 50%) in 25.9%
of the patients, of which 6.9% with postoperative ischemic stroke and partial or no
recovery, 19% with complete recovery, and only two postoperative ischemic strokes.
The authors concluded that changes in SSEP had a strong correlation with postopera-
tive stroke incidence [34].

Staarmann et al. [36] described IONM alterations in 15 cases out of 133 clipped
aneurysms, including 12 transient changes without new postoperative deficits and
3 permanent changes with new postoperative deficits. Transcranial motor evoked
potentials and somatosensory evoked potentials predicted 2 and 1 of the postoperative
deficits, respectively. Moreover, they observed only 1.1% incidence of IONM altera-
tions and permanent neurological deficits associated with temporary clipping [36].

Della Puppa et al. [13] observed a reduction of evoked potential in 11 patients
during temporary or permanent clipping, 10 in accordance with MEPs, and 1 in
accordance with SSEP. All these IONM normalized after temporary clip removal or
permanent clip repositioning. MEP was significantly correlated with proximal located
aneurysm (ACoA, ICA, M1).

In conclusion, multimodal IONM is very sensitive and specific for identifying new
deficits. The early detection of potential reversible ischemia allows maneuvers such
as temporary clipping removal or the identification of another component (such as
releasing brain retraction or reposition of permanent clip) to lower the likelihood of
postoperative complications.

4. Future perspectives

ICG-VA represents the most dominant innovation of the latest years for the surgi-
cal treatment of brain aneurysms. Future technological advances should potentially
allow to facilitate three-dimensional (3D) orientation, optimize clip placement, and
manage the proximal and distal control [39].

One of the first considerations that it could be done about future advances in
vascular neurosurgery is that brain aneurysm surgery represents a specific technical
challenge for young neurosurgeons, due to the huge increase in endovascular technol-
ogy in the latest years. Since endovascular treatments continue to develop, a similar
focus on technological innovation in open surgical repair should be implemented, for
patients to continue to benefit from whichever treatment option is most effective for
their aneurysm. Thus, training in this subspeciality of neurosurgery represents an
increasing challenge in the modern era and a specific field that applies to increased
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learning opportunities [40]. High-fidelity surgical simulators may provide a partial
answer by enabling surgeons to gain expertise. In fact, preoperative simulation
tailored to the patient who will be operated, as well as 3D models, could be detri-
mental to compensate for the lack of opportunities to learn vascular surgery, leading
young neurosurgeons to an easier improvement of technical skills, thus facilitating 3D
orientation and optimizing the management of surgical procedures [41].

Another issue to be considered regarding future advances is the identification
of technologies that would improve clip application (e.g., advances in applicators,
advances in clips) and intraoperative visualization (e.g., endoscopes and intraopera-
tive imaging). Endoscopes are not usually included in the aneurysm surgical work-
flow, but they could improve the visualization of aneurysm “blind spot™, facilitating
aneurysm management and 3D orientation [39].

Hybrid operating theaters, which include intraoperative CT scans and intraopera-
tive angiography, are not very diffused. Still, they should be identified as potential
future advances to optimize clip application and 3D orientation, increasing the safety
of aneurysm obliteration and neck reconstruction, reducing surgical morbidity
despite of the reduced surgical cases compared to the past.

In conclusion, the majority of future advances in vascular neurosurgery should be
targeted to optimize clip application and improve 3D visualization and orientation,
for example, increasing the use of endoscopic-assisted surgery, implementing the
development of surgical simulators, and investing in the growth of hybrid opened-
endovascular technique thanks to hybrid operating theaters [39].

5. Conclusions

Microsurgical obliteration of cerebral aneurysms represents the best long-term
treatment for this pathology. Despite high surgical expertise, aneurysm surgery is often
associated with an increased risk of intraoperative rupture. For this reason, vascular
control is pivotal and should be aimed at by the neurosurgeon during aneurysm
surgery. The application of single or multiple definitive clips on the neck of the aneu-
rysm can be achieved with different techniques in order to arrest the blood flow into
the dome [12]. Intraoperative use of ICG-VA, MUSG, and IONM can effectively reduce
brain tissue ischemia ad morbidity after clipping intracranial aneurysm, thus improv-
ing the surgical outcome. Microsurgical clipping with the use of a multimodal monitor-
ing method led to a high incidence of aneurysm exclusion with little morbidity [13].
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Acronyms and abbreviations

SAH subarachnoid hemorrhage

MUSG Micro-Doppler ultrasonography
ICG-VA indocyanine green video angiography
IONM electrophysiological neuromonitoring
MCA Middle cerebral artery aneurysm
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ACoA Anterior communicating artery
PCaA Pericallosal artery

PCoA Posterior communicating artery
OphA Ophthalmic artery

BA basilar artery

PICA Posterior Inferior Cerebellar Artery
ICA internal carotid artery

FDA Food and Drug Administration
ICG indocyanine green

NIR near-infrared

VA video angiography

DS digital subtractive

EEG Electroencephalography

MEPs motor evoked potentials

SSEPs somatosensory evoked potentials
VEPs visual evoked potentials

CBF cerebral blood flow

3D three-dimensional
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Chapter7

Perspective Chapter: Role of Direct
Surgery for Recurrent Aneurysms
after Endovascular Treatment

Tsuyoshi Izumo

Abstract

Treatment strategies for cerebral aneurysms have changed dramatically in recent
years with advances in endovascular therapy. Advances in devices, endovascular
surgeons’ skills, and diagnostic modalities have improved the results of endovascular
treatment, making it a safer and more reliable treatment option. On the other hand,
we are encountering an increasing number of cases of postoperative recurrence.
Direct surgery has a specific role in treating these recurrent cases, and it has become
essential to establish a decision-making method and surgical technique for treating
these cases. In this chapter, I will discuss the treatment options for recurrent cerebral
aneurysms after endovascular treatment and the practical application of direct
clipping and bypass surgery.

Keywords: cerebral aneurysms, direct surgery, endovascular treatment, recurrence,
neurosurgery

1. Introduction

Direct surgery for recurrent cerebral aneurysms after endovascular treatment is
complicated, and great care must be taken in determining its indications. In addition,
the actual procedure often requires technical ingenuity. In this chapter, we will discuss
in detail the role of direct surgery for this aneurysm and its surgical innovations.

2. History of treatment for intracranial aneurysms

The history of craniotomy clipping for cerebral aneurysms is long. Dandy WE
reported clipping surgery using a V-shaped malleable clip in 1937 [1]. Many papers
have been published since 1959 when Mount LA et al. reported a procedure using
the highly operable Selverstone clamp [2]. Since then, craniotomy clipping results
have improved with the advent of the latest cerebral aneurysm clips and surgeon skill
improvements. Many neurosurgeons have accepted this as a highly reliable long-term
procedure with a low recurrence rate for unruptured and ruptured cerebral aneu-
rysms [3-5]. The most significant advantage of this treatment is that it immediately
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removes the cerebral aneurysm from the general circulatory system, leading to a very
low probability of rupture or rerupture. On the other hand, it is necessarily a rela-
tively invasive procedure because it involves skin and muscle incisions, craniotomy,
and subdural brain manipulation, making it a burdensome procedure for patients
with medical complications and the elderly. Minimally invasive surgical techniques
centered on key hole surgery have been developed to solve this problem, and patient
satisfaction has improved, and it has also been reported to reduce the frequency of
cerebral vasospasm in subarachnoid hemorrhage cases and to improve treatment
prognosis [6-9].

Endovascular treatment as a counterpart to cranial clipping as a treatment
for cerebral aneurysms was reported as early as 1832. It was intended to occlude
the aneurysm by wire insertion or electrothrombosis. Still, it was not used to
occlude intracranial arteries. The most significant disadvantages of endovascular
treatment are its high rate of complications such as distal embolism, high mortal-
ity rate, and the long time required for occlusion [10]. Subsequently, treatment
of large and giant cavernous sinus internal carotid artery aneurysms using a
detachable balloon was reported by Serbienko and colleagues. Since then, many
good treatment results have been reported with improvements and performance
enhancements by Romadanov, Debrun, Hieshima, and Taki [11-14]. Conversely,
they are challenging to apply to intradural cerebral aneurysms and new devices
have been awaited.

Endovascular treatment of cerebral aneurysms has made great strides since the
introduction of the Guglielmi Detachable Coil (GDC) in 1991 [15]. Compared to
conventional devices, this is an electrically detachable platinum coil, easy to oper-
ate, and incredibly soft, making it less invasive to the aneurysm wall, enabling
safer and more reliable endovascular treatment of intracranial aneurysms. The
GDC received FDA approval in 1995. Since then, the GDC has become a widely
used treatment for cerebral aneurysms. The International Subarachnoid Aneurysm
Trial (ISAT), a randomized controlled trial of coil embolization versus surgical
clipping for ruptured cerebral arterial aneurysms, was published in 2002 [16].

The results showed that in patients in whom endovascular coiling and neurosurgi-
cal clipping were the treatment of choice for ruptured intracranial aneurysms,

the 1-year disability-free survival rate was significantly better with endovascular
coiling. The long-term risk of rebleeding from treated aneurysms was also lower
for both treatment modalities but was suggested to be slightly more frequent with
endovascular coiling [16]. Since the publication of this report, coil embolization has
become a more aggressive option for ruptured and unruptured cerebral aneurysms,
especially in Europe and the United States. Furthermore, the Barrow Ruptured
Aneurysm Trial (BRAT), which compared coil embolization and surgical clipping
to treat ruptured cerebral aneurysms, confirmed that the treatment prognoses for
both procedures were comparable [17, 18]. In a report from Australia covering cases
from 2008 to 2018 based on the Australian National Hospital Morbidity database,
endovascular treatment for cerebral aneurysms accounted for 58.4% of all cases
[19]. Furthermore, the Nationwide Inpatient Sample database from 2002 to 2012
reported that in a total of 23,053 patients with unruptured cerebral aneurysms,

coil embolization was the procedure of choice in approximately 73% of cases [20].
Opportunities for endovascular treatment options for cerebral aneurysms, coupled
with advances in the technology of the devices and surgeons, will continue to
increase in proportion.
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3. The aneurysmal recurrence rate after endovascular coil embolization
has improved but is still high

While endovascular treatment is a minimally invasive treatment for cerebral aneu-
rysms, the biggest problem is that, unlike craniotomy clipping, which is a treatment
that can completely exclude cerebral aneurysms from the circulatory system, itis a
method of filling coils with aneurysms while they are still in the circulatory system,
which inevitably results in a relatively high postoperative recurrence rate. According
to the ISAT results, the cerebral aneurysm recurrence rate after endovascular treat-
ment is reported to be 17.4% [16]. The BRAT results also reported a 15.6% cerebral
aneurysm recurrence rate after 1 year of endovascular treatment [21]. According to
reports on so-called real-world data from other than these randomized controlled
trials, the recurrence rate is 20-30% [22, 23]. But recent reports indicate that the rate
of cerebral aneurysm recurrence after endovascular treatment is trending downward,
from 10% to the 5% range [24, 25]. This is primarily due to new technological inno-
vations such as stent-assisted coil embolization. On the other hand, as mentioned
above, the number of cerebral aneurysms treated endovascularly is increasing. As the
population grows, it is clear that the number of aneurysms requiring retreatment will
inevitably increase, no matter how low the recurrence rate becomes.

4. The rupture rate of recurrent aneurysms after endovascular coil
embolization is low. What are the characteristics of the recurrence with
a high risk of rupture?

The rupture rate of recurrent aneurysms after endovascular coil embolization is
low. A systematic review by Arnaout OM et al. reported the risk of recurrent cerebral
aneurysms after initial coil embolization of 2.3 to 8.3% or 0.8% per year [22]. A study
by the CARAT Investigators of 1010 patients (299 after coil embolization) reported
that the rate of delayed rebleeding from the recurrent aneurysm after coil emboli-
zation was 0.11% per year [26]. As these indicate, the risk of rupture of recurrent
cerebral aneurysms after initial coil embolization is low. Thus, these are relatively
stable lesions, and not all are indications of retreatment.

On the other hand, we have experienced cases of death or serious illness due to the
rupture of these recurrent cerebral aneurysms, and we would like to call for caution.

We present a case of our own experience (Figure 1). The patient was a 63-year-old
woman with a subarachnoid hemorrhage due to a ruptured basilar bifurcation aneurysm
and underwent coil embolization at another hospital 3 years earlier. She was discharged
home with a modified Rankin Scale score (mRS) of 0. During outpatient follow-up,
arecurrence of the aneurysm, which had been treated for 3 years, was found, and the
patient was referred to our outpatient clinic. Her neurological imaging study showed
marked re-enlargement of the aneurysm due to coil compaction (Figure 1a and b),
and we were considering coil embolization for retreatment of the aneurysm. However,

1 week after the visit, she suddenly developed a loss of consciousness and was brought
into our emergency department. When she came to our hospital, she was in a coma with
bilateral dilated pupils, and a head CT scan showed marked intraventricular hemorrhage
and acute hydrocephalus (Figure 1c). She underwent emergency ventricular drainage,
but the neurological findings did not improve even after the operation, and she died and
was discharged from the hospital the day after arrival.
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Figure 1.

( a)g— (c), (a): Lateral view of a plain X-ray image of the head: The coil mass is divided into two pieces due to
coil compaction. (b): Magnectin resonance imaging (MRI) coronal section of the head shows the recurrent
partially thrombosed basilar bifurcation aneurysm. (c): A head computed tomography (CT) scan shows marked
intraventricular hemorrhage and ventricular dilatation.

As this case demonstrates, clinicians must be fully aware of the possibility of
recurrent cerebral aneurysms that can rupture and cause death or serious clinical
consequences. So what are the characteristics of recurrent cerebral aneurysms are
most likely to lead to rupture?

What are the characteristics of recurrent cerebral aneurysms after endovascular
treatment with a high risk of bleeding?

1.1t has been reported that progressive growing aneurysms are at high risk for
hemorrhage [27].

2.The rebleeding rate of cerebral aneurysms with recurrent filling is reported to be
7.9% over 5 years [28].

3.Recurrent aneurysms with fundal migration of coil loops mean a dynamic in-
flammatory process is involved, and a high bleeding rate has been reported [29].

4. A high rebleeding rate of 17.6% has been reported when the occlusion rate after
coil embolization is less than 70% [26]. In such recurrent cerebral aneurysms
after coil embolization, as described above, the risk of severe subarachnoid hem-
orrhage due to bleeding is considered high. Thus, aggressive treatment should be
recommended in these cases.

5. Role of direct surgery for recurrent aneurysms after endovascular coil
embolization

The treatment selection for recurrent cerebral aneurysms after endovascular
treatment should be based on an individualization policy. However, the difficulty of
direct surgery is high in these aneurysms because of coil mass extrusion, thrombus
formation in the aneurysms, adhesion to vital cranial nerves and branches due to
inflammatory changes in the aneurysm wall, thickening of the aneurysm wall, and
coil loop scarring to the parent artery. On the other hand, endovascular treatment is
often relatively easy to retreat. Therefore, endovascular retreatment is the first choice
to treat recurrent cerebral aneurysms after endovascular treatment safely.

Is endovascular treatment the optimal retreatment strategy for all patients with
recurrent cerebral aneurysms after endovascular treatment? The recurrence rate of
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cerebral aneurysms after initial endovascular treatment has been reported to range
from 4.7 to 17.4% [30-32]. On the other hand, the re-recurrence rate of endovascular
retreated recurrent aneurysms has been reported to have a high cerebral aneurysm
recurrence rate ranging from 44.1 to 48.8% [32-34]. Therefore, if endovascular
retreatment is chosen for all post-endovascular recurrent cerebral aneurysms, the
reoccurrence rate will inevitably be high, and multiple retreatments may sometimes
be required. Although endovascular retreatment is a relatively safe and easy treatment
for recurrent cerebral aneurysms after initial endovascular treatment, we should be
careful not to choose this treatment method too easily.

It has been reported that the recurrence rate of endovascular treatment of recurrent
cerebral aneurysms after initial endovascular treatment varies greatly depending on the
mechanisms of recurrence (Figure 2). When endovascular treatment was selected for
recurrent cerebral aneurysms after initial endovascular treatment, the multiple re-coiling
rates for patients with recurrence by the coil compaction mechanism was 21.3%. The
multiple re-coiling rates for patients with recurrence by the regrowth mechanism were
extremely high at 85.7% [29]. Therefore, choosing direct surgery for recurrent cerebral
aneurysms with a regrowth mechanism is crucial to minimize the multiple recurrences.

In addition, the flow diverter is now available as a new option for treating recurrent
cerebral aneurysms after initial coil embolization. In a study comparing the pipeline
embolization device (PED: 18 patients) and coil embolization for recurrent aneurysms
after initial coil embolization, the complication rate was similar for PED and coil embo-
lization, and the recurrence rate was significantly lower for PED than for coil emboliza-
tion (p < 0.037) [35]. Moreover, in a study of flow diverter treatment (17 patients) for

9.9
2.9

(a)-(d): Schema of the mechanisms of the recurvence. (a): Complete obliteration of the aneurysm. (b): Coil
compaction. (c): Aneurysm vegrowth. (d): Fundal migration.
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recurrent aneurysms after initial coil embolization with the stent, all patients had good
outcomes (mRS 0-2), 16 patients had complete aneurysm occlusion, and one patient
tended aneurysm regrowth [36]. Thus, the flow diverter, a novel treatment method, is
currently a promising treatment option for recurrent cerebral aneurysms after initial coil
embolization. Future case series and long-term follow-up studies are warranted.

In deciding the optimal treatment for patients with recurrent cerebral aneurysms
after initial coil embolization, it is critical to consider the presence or absence of sys-
temic complications comprehensively, the site of the aneurysms, and the mechanism
of aneurysm recurrence in each case to determine the optimal treatment strategy.

6. Tips of direct surgery for recurrent aneurysms after endovascular coil
embolization

When choosing open clipping of a recurrent cerebral aneurysm after initial coil
embolization, it is critical to confirm by preoperative cerebral angiography that there
is sufficient space between the neck and the coil mass to allow for clip application.
(Figure 3a and b) Toyota et al. reported that a remnant neck height of the aneurysm
more significant than 2 mm is a prerequisite for surgery if the coil mass within the aneu-
rysm is not removed [37]. Also, Waldron et al. reported that open cerebral aneurysm
clipping without removing the coil mass in the aneurysm is unsuitable when the coil
width and compaction height ratio exceeds 2.5 and a wedge angle greater than 90 degrees
[38]. Confirming these findings by preoperative cerebral angiography is essential.

Perioperative stroke complications have been reported to be higher in patients
undergoing intraoperative coil mass extraction [23]. Coil extraction was performed
in 3/111 patients (2.7%), all of whom suffered a postoperative stroke [39]. The effects
of coil embolization of cerebral aneurysms on the vital structure of the aneurysm,
mother vessel, branches, and cranial nerves have been attributed to inflammatory and
degenerative change mechanisms. A coil mass within the aneurysm causes inflamma-
tion and degeneration, resulting in extrusion of the coil mass outside the aneurysm,
invasion of the surrounding vital structure, inflammatory adhesions, protrusion of
the coil loop into the mother vessel, and scarring of the vessel wall. Surgical coil mass
extraction in this condition is likely to cause steno-occlusion of the parent artery and
damage to the vital structure. These can lead to postoperative stroke and neurological

Figure 3.

(c:j,I and (b): Schema of the morphological parameters of vecurvent aneurysms after endovascular coil
embolization. (a): The gray two-direction arrow indicates a coil width (C), and the black two-divection arrow
indicates either a compaction height (H) or a remnant neck width (RNH). (b): The angle shown in the figure
indicates a wedge angle. Aneurysms with RNH greater than 2 mm or a C/H vatio gveater than 2.5 with a wedge
angle greater than 90 degrees are unsuitable for direct clipping surgery without coil removal.
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(a)

Figure 4.

a (upper) and b (lower): Schema of the neck clipping of the recurrence. (a): When a single aneurysm clip is
applied to the aneurysm neck, atherosclerotic or inflammatory wall thickening (small black arrow) and coil loop
inside (small white arrows) often prevent complete closure of the neck (thick white arrow). (b): The tandem
clipping method, in which a fenestrated aneurysm clip is applied to the far side aneurysm neck, skipping the near
side aneurysm neck, and an additional clip is used to close the near side aneurysm neck, is extremely useful in the
above situation, as it provides complete closure of the neck.

sequelae. Therefore, in the case of open clipping of recurrent cerebral aneurysms after
initial coil embolization, coil mass extraction should be avoided as much as possible to
ensure a safe procedure with a low rate of surgical complications.

Even in cases where preoperative imaging has shown sufficient space for clip appli-
cation in the recurrent cerebral aneurysm, intraoperative findings may indicate that
the room is smaller than expected during surgery. This phenomenon may be due to
thrombus formation caused by coil mass in the aneurysm or thickening of the aneurysm
wall due to inflammatory changes. In addition, a coil loop in the neck of the aneurysm
may prevent complete occlusion of the neck when a single clip is applied (Figure 4a).
The tandem clipping method has been reported to help deal with incomplete occlusion
of cerebral clips due to stiff neck aneurysm walls and coil loops (Figure 4b) [40]. In
this technique, a fenestrated aneurysm clip is applied to the far side aneurysm neck,
skipping the near side aneurysm neck, and an additional clip is used to close the near
side aneurysm neck. This technique is beneficial in narrow aneurysm neck spaces, stiff
aneurysm neck walls, and the presence of coil loops in the neck, as complete occlusion of
the aneurysm neck can be achieved without coil mass extraction. On the other hand, for
large or giant cerebral aneurysms that recur after initial coil embolization and are at high
risk for open aneurysm clipping, mother vessel occlusion with intracranial or extracra-
nial bypass may be helpful [38, 40]. By this surgical strategy, direct manipulation of the
aneurysm is no longer necessary, and it can be a safe treatment for recurrent cerebral
aneurysms after coil embolization of deep locations like the upper basilar artery system
or when there is already a high mass effect on the vital structures.

7. 1llustrative case presentations

Case 1: A 65-year-old woman presented with Hunt and Kosnik grade 1, Fisher
group 3 subarachnoid hemorrhage. Her digital subtraction angiography (DSA)
revealed a right internal carotid artery-posterior communicating (IC-Pcom) artery
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aneurysm. She underwent coil embolization. The aneurysm was completely obliter-
ated. Her postoperative course was uneventful, and she was discharged home without
a neurological deficit. Six months after initial treatment, follow-up DSA showed the
remarkable recurrence of the aneurysm with coil compaction (Figure 5a). Thus, she
underwent additional clipping surgery for the recurrent IC-Pcom aneurysm.

Intraoperative findings (Video 1 https://1drv.ms/f/s! AnNEbOcDd-
ygmSdOw3kIA3vy_9kf?e=pgxewl): Coil mass inside the aneurysm dome were seen
through not only the wall of the dome but also through the wall of the neck. First, we
applied a straight-type titanium clip, but the tip slipped toward the Pcom, so we removed
this clip. Then, we applied a fenestrated Elgiloy clip in partial occlusion of the far side
aneurysm neck. Indocyanine-green video angiography (ICG-VA) showed patency of ICA,
Pcom, and anterior choroidal artery and nonfilling of the aneurysm. We added a straight
Elgiloy clip in parallel fashion to secure the complete obliteration of the aneurysm.

Postoperative CT showed no complication and complete obliteration of the
aneurysm (Figure 5b and c¢). Her postoperative course was uneventful, and she was
discharged home without a neurological deficit.

Case 2: A 63-year-old woman presented with Hunt and Kosnik grade 2, Fisher
group 3 subarachnoid hemorrhage. Her DSA revealed a right IC-Pcom artery aneu-
rysm. She underwent coil embolization. The aneurysm was completely obliterated.
Her postoperative course was uneventful, and she was discharged home without a
neurological deficit. Forty-one months after initial treatment, follow-up DSA showed
the remarkable recurrence of the aneurysm with fundal migration (Figure 6a). Thus,
she underwent additional clipping surgery for the recurrent IC-Pcom aneurysm.

Intraoperative findings (Video 2 https://1drv.ms/f/s!AnNEbOcDd-
ygmSdOw3kIA3vy_9kf?e=FQyE2p): Coil mass inside the aneurysm dome were seen
through the dome’ wall. And fundal migrated coil loops compressed the right oculo-
motor nerve. We applied a straight-type titanium clip to the neck of the aneurysm and
supposed this to be complete obliteration. We incised the dome with microscissors
to release the oculomotor nerve from compression by the coil loops. Major bleeding
was seen from the incised aneurysm dome. To stop bleeding, we applied a temporary
clip to the proximal ICA. The bleeding was controlled completely. Then we applied an
additional fenestrated clip and removed the temporary clip.

Postoperative CT showed a thin epidural hematoma and complete aneurysm
obliteration (Figure 6b and c). Her postoperative course was uneventful, and she was
discharged home without a neurological deficit.

Figure 5.

a-c: The imaging studies of illustrative case 1. (a): Follow-up DSA (lateral view of right ICGA) 6 months after
initial coil embolization showed remarkable recurrence of the treated IC-Pcom aneurysm (white arrow). (b)
and (c): Postoperative plain CT and CT angiography showed no complication and complete obliteration of the
aneurysm.
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(a)

Figure 6.

a-c the imaging studies of illustrative case 2. (a) Follow-up DSA (lateral view of right ICGA) 41 months after
initial coil embolization showed remarkable recurvence of the treated IC-Pcom aneurysm (white arrow). (b) and (c)
postoperative plain CT and CT angiography showed thin epidural hematoma and complete aneurysm oblitevation.

Case 3: A 43-year-old man presented with Hunt and Kosnik grade 3, Fisher group
3 subarachnoid hemorrhage. His DSA revealed a left IC-Pcom artery aneurysm. He
underwent coil embolization. The aneurysm was completely obliterated. His postop-
erative course was uneventful, and he was discharged home without a neurological
deficit. Eighteen months after initial treatment, follow-up DSA showed the remark-
able recurrence of the aneurysm with regrowth, and he underwent additional stent-
assisted coil embolization for the aneurysm. However, 30 months after the second
treatment, follow-up MRI and DSA revealed the recurrence as a partially thrombosed

3
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Figure 7.

a-f% The preoperative (a-c) and postoperative (d-f) imaging studies of illustrative case 3. (a) Silent MRA

30 months after the second treatment. (b) T1-weighted MRI. (c) 3D rotational angiography. The imaging studies
showed recurrent partially thrombosed giant left IC-Pcom aneurysm (white arrow). (d) Postoperative diffusion-
weighted MRI. (e) and (f): Postoperative DSA anterior-posterior and lateral view. The imaging studies showed

no ischemic complication and complete aneurysm oblitevation with preservation of normal arteries.
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giant aneurysm (Figure 7a—c). Thus, he underwent additional clipping surgery for
the recurrent IC-Pcom aneurysm.

Intraoperative findings (Video 3 https://1drv.ms/v/slAnNEbOcDd-
ygmSsspZ6yOvo4Mlel?e=hleeOe): The stent was inserted in the left proximal intracranial
ICA, but proximal control at this site was confirmed feasible. Left Pcom origin was
observed at the proximal neck of the aneurysm. Coil mass inside the aneurysm dome and
stent strut were seen through the wall of the dome and ICA. The left anterior choroidal
artery and perforators from Pcom firmly adhered to the dome of the aneurysm. The
adhesion was detached with sharp dissection. While performing temporary occlusion in
the proximal intracranial ICA, first, we applied a fenestrated titanium clip in partial occlu-
sion of the far side aneurysm neck. ICG-VA revealed the residual flow into the aneurysm
through the near side of the neck of the aneurysm. We added a straight titanium clip in
a parallel fashion to secure the complete obliteration of the aneurysm. ICG-VA showed
complete obliteration of the aneurysm and preservation of the parent artery and branches.

Postoperative imaging studies showed complete aneurysm obliteration without
complication (Figure 7d-f). His postoperative course was uneventful, and he was
discharged home without a neurological deficit.

8. Conclusions

The role of craniotomy in treating recurrent cerebral aneurysms after initial coil
embolization has been discussed in detail. The optimal treatment strategy for this
lesion should be decided based on the location of the aneurysm, the mechanism of
recurrence, the presence or absence of systemic complications, and the performance
status of the individual patient. In the case of recurrence by aneurysmal regrowth
mechanisms, the choice of direct surgery leads to a low recurrence rate. In direct
surgery, clipping without coil mass extraction is safer. The tandem clipping method is
a beneficial technique that can achieve complete occlusion of these aneurysms.
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Edited by Alba Scervati and Giorgio Mantovani

As diagnostic and functional neuroimaging advances, the choice of the best patient-
tailored treatment for cerebral aneurysm becomes far more difficult. New technologies
that can help identify the most suitable therapy include machine learning algorithms
to process big data, robotic applications for interventional procedures, and dynamic
vascular flow models. Different biological and epidemiological parameters have been
delineated as prognostic factors that add a fundamental piece of information to the
decision of whether to proceed with surgery, endovascular treatment, or a combination
of both. With technical improvement and prolonged patient life expectancy, recurrent
cerebral aneurysm is becoming more common. To deal with the complex issue of
aneurysm re-intervention, a clear definition of the clinical and radiological outcomes
is essential. This book provides a comprehensive overview of the currently emerging
innovations in the treatment of cerebral aneurysms, from their pre-operative holistic
assessment to long-term follow-up, focusing on the opportunities provided by the
newest technologies.
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