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Abstract

Introduction. The expansion of the endoscopic endonasal approach in neurosurgery during
the last three decades recently led the neurosurgical clinical interest to the investigation of
further application of this technique, namely to neurovascular pathologies. Cadaver
dissections studies have represented the milestone in the progressive application of this
technique. Integrating anatomical studies with advanced visualization tools and quantification
methods increases their impact toward clinical application.

Material and methods. The main endoscopic endonasal approaches were performed and
exposure of the vascular intracranial structures was analyzed: the anterior communicating
artery complex was investigated through the transplanum transtuberculum approach; the
transsphenoidal approach to the sellar area was performed for the exposure of the
intracavernous internal carotid artery; the basilar artery was exposed by means of the
endoscopic endonasal transclival approach, and the vertebral arteries through the extended
endonasal approach to the craniovertebral junction. Possible clinical application of each
approach was investigated during anatomical dissections upgraded with imaging and
quantification methods.

Results. The transtuberculum transplanum approach allows for the exposure and control of
the anterior communicating artery complex; the relationship between the proximal anterior
cerebral artery, gyrus rectus, and optic chiasm is the main determinant for the exposure and
control of the vessel. Temporary occlusion of the internal carotid artery with a Fogarty
balloon catheter through the endoscopic transsphenoidal route might be another maneuver
that is useful for obtaining intraoperative control of the vessel. The endoscopic transclival
approach may be considered a minimally invasive route to the basilar apex in the presence of
specific anatomical and pathological features. Comparative analysis of the anatomical
exposure of the vertebro-basilar junction as obtained through transcranial and endoscopic
endonasal approaches may be helpful in unlocking this complex skull base area.

Conclusions. The introduction of the endoscopic endonasal approaches for the treatment of
cerebrovascular pathologies represents the most advanced and innovative step forward of the
skull base endoscopic endonasal surgical technique. The present PhD research activity may
add relevant anatomical and clinical information to the rather sparse literature directly
focused on surgical indication of the endoscopic endonasal approaches to vascular

neurosurgery.



1. The exploit of the endoscopic endonasal approaches

The roots of the endoscopic endonasal approaches derive from a pioneristic
contribution of a Korean neurosurgeon working in Pittsburgh, Hae Dog Jho, who presented
his early experience about transsphenoidal pituitary surgery in July 1996 at the 6™ European
Workshop on Pituitary Adenomas (EWPA) in Berlin. He showed through VHS videotape
the use of the endoscope instead of the operating microscope as visualizing instrument along
the whole endonasal procedure. Encouraged by the visualization provided by endoscopes
during surgery for inflammatory disease of the sphenoid sinus, Jho and colleagues decided to
explore the potential use of endoscopic techniques in pituitary surgery (1-3).

Except for the use of the operating microscope, advocated and popularized by Hardy
at the beginning of the 1980s, the transsphenoidal approach had changed little over the years
since its introduction by Schloffer (1907), Hirsch (1909) and finally Cushing (1910), either
through the sublabial or septal incision. In brief this technique requires a wide elevation of
the mucosa of the floor of the nose and septum, and resection of the osseous septum and
rostrum of the sphenoid sinus to reach the sella turcica. Resection of the pituitary tumor is
then performed under microscope magnification and intraoperative fluoroscopic imaging.
The visualization provided by the operating microscope is limited by the optical properties of
the lens and the light source. With the microscope, illumination and the angle of the visual
field are restricted. Consequently, despite magnification, injuries to the carotid artery and
optic nerves, although uncommon, still represent potential catastrophic complications during
transsphenoidal pituitary surgery. Postoperatively, the patient is afflicted with facial swelling
and often requires nasal packing. Complications such as sinusitis, nasal synechiae, septal
perforation, and numbness of the upper incisors are common (4-7). In 1994, Cooke and Jones
reported the use of the endonasal route to the sella in 48 patients with pituitary lesions, as a
straightforward and quick approach that does not require dissection of nasal mucosa or
removal of septal cartilage. They achieved successful access to the pituitary fossa with no
nasal, septal, dental, or sinus complications (8).

With his contribution, Jho standardized the surgical technique for the transnasal
transsphenoidal endoscopic approach, highlighting its multifold advantages. In terms of
surgical trauma, since the patient does not require sublabial or nasal incision and mucosal

dissection from the nasal septum, potential oro-nasal complication are eliminated; in most



cases postoperative obstructive nasal packing in not necessary and patients can have free
nasal airway. Regarding the optical properties of the endoscope, it provides a panoramic view
of the sphenoid sinus and has a focal length that ranges from 1 mm away from the object to
infinite. In contrast to the limited visualization of the anterior wall of the sella offered by the
microscope, the endoscope provides an exquisite view of the main anatomical landmarks,
which may minimize the chance of catastrophic injury of the carotid artery. Certainly, there is
a learning curve for the surgeon who is not familiar with endoscopic technique. Endoscopic
and microsurgical techniques require different surgical skills. With the procedure performed
through one nostril, the endoscope and surgical instruments need to be carried in parallel to
each other, with the endoscope usually held by the non-dominant hand and the surgical
instruments by the dominant hand. An inexperienced surgeon will encounter frustration when
the two instruments displace each other in the small surgical field. In addition, the monocular
vision of the endoscope does not provide depth perception, which may be initially
disconcerting for the surgeon accustomed to the binocular view provided by the operating
microscope (2,9-10).

The premonitory intuition of Jho and colleagues that in the future the application of
endoscopes in neurosurgery would be expanded by refinements in technology, dedicated
instruments and improved imaging quality proved to be correct. During the last three
decades, endonasal endoscopic surgery has became the method of choice for the treatment of
the pathologies of the sellar region, and also for lesions that originate or extend into the

regions around the sella (11-14).

1.1 “All major progress in human evolution occurred in the field of instrument”-

Buckminster Fuller.

The evolution from the microsurgical transsphenoidal trans-rhino-septal approach to
the “pure” endoscopic endonasal transsphenoidal one developed gradually, concurring with
increasing familiarity with the view of the nasal and sphenoid anatomical structures, and
improvement in video instrumentation and surgical instruments.

The video-instrumentation system may be artificially divided into four main parts: the
generator of the light (light source); the transmission of the light (endoscope and cable); the
image acquisition (camera); the image displayer (video monitor). Concerning the light
source, even though several types are currently available (mainly halogen and xenon), it is

better to use cold xenon light sources, which determine lower heat dispersion with a



subsequent reduced risk of damage to the neurovascular structures. Furthermore, the xenon
light source has a color temperature of 6,000 K, the same as solar light; it is as if we were
using the sun to light the operating field, with a chromatic return similar to reality. The
endoscope employed must be a rigid one, 4 mm in diameter, 18-30 cm in length, and with 0°,
30°, 45° lenses, according to the different steps of the operation. The endoscope must be
introduced into a shaft, connected to a cleaning/irrigation system controlled by a manual or
foot switch. The irrigation system permits the distal lens to be cleaned, thus avoiding
repeated entrances and exits from the nostril. The use of an 18-cm, 0° endoscope is advised
during the nasal and sphenoid steps of the operation, because it is easier to handle. The use of
angled endoscopes (30° and 45°) is advised in the sellar phase of the procedure, to explore
the residual cavity, after lesion removal, or to inspect the suprasellar and parasellar
compartments. The endoscope is connected to a cable, made up of a bundle of optical fibers
that must be handled carefully to avoid twisting them. The camera connected to the
endoscope should be fitted with 3CCD sensors. These sensors are electronic systems, which
transform the real image (photons) into electronic images, visible on the screen. The 3CCD
camera offers significantly enhanced sharpness and contrast of the video images compared
with the mono CCD camera, because each of the sensors processes one of the primary colors
of the image separately. Furthermore, the visual acuity is significantly better using the 3CCD
camera compared with the mono CCD. The 3CCD camera has to be combined with a 2100
monitor, supporting the high resolution of the 3CCD camera. The high-resolution monitor
has a horizontal resolution of >750 lines. Since the resolution of the 3CCD digital camera is
superior to 750 lines, if a monitor with a lower resolution is used, some of the sharpness of
the endoscopic images is lost. Finally, in order to guarantee a suitable file of surgical images,
the use of a digital video recorder system (DV-CAM), which gives superior quality and
lasting images, or a direct acquisition system on hard disk in DV “broadcasting” format or on
DVD-R RW are recommended. Despite the fact that the quality of endoscopic imaging
reached an incredible high-quality standard only 20 years ago, one of the main limitations to
its widespread use in neurosurgery still stems from drawbacks due to handling of the
endoscope, cumbersomeness related to the camera and light cable connections, and
maneuverability inside the skull. Different fiberscopes and rigid endoscopes have been
proposed with smaller diameters and shorter lengths, including the latest videoendoscopes
with the “chip stick” technology. However, the downside of optimizing miniaturization and
weight reduction has always been deterioration of the quality of vision. Unfortunately, in an

era where high definition (HD) quality images are the standard and dominate both the



endoscopic and microsurgical fields, inadequate image quality is no longer tolerable.
According to these strict requirements, above all the need to couple miniaturization and high
image quality, new videoendoscopes equipped with an HD chip were recently developed (15-
19). The endoscope provides a bi-dimensional view and the image as seen on the monitor is
the result of a computer elaboration process; loss of spatial and depth information, however,
can be overcome with developing experience of the surgeon and also because of the
capability of the human brain to elaborate secondary spatial depth cues, e.g., shadows, lights,
and parallax movements. The introduction and evolution of three-dimensional (3D)
technology in endoscopic surgery has been claimed as a viable solution to overcome limits of
two-dimensional vision, although it has not yet become widespread. Current “3D” technology
is not strictly 3D, because it provides a complex recombination of two frames of images
captured from different angles and requires the use of dedicated glasses to fuse these into a
single image. New generation 2D instruments, featuring Ultra-HD (UHD) technology, do not
have these requirements. One claimed advantage of 3D endoscopic surgery is improvement
in “hand-eye” coordination, with a better understanding of tissue characteristics and anatomy.
This is of particular relevance for novice surgeons, because anatomic details and depth
perception gained with 3D endoscopes allow the naive operator to train with faster and better
results. When one performs the initial step of endoscopic endonasal surgery, the benefits of
3D endoscopes are of little significance, because of the narrow space represented by the nasal
fossae. On the other hand, increased depth perception is achieved during the intrasellar and,
mostly, the intradural parts of surgery. Advantages with the use of 3D technology also are
evident in the reconstructive step (20-24).

Concerning the surgical instruments, it must be kept in mind that the endoscopic
endonasal access for the surgical tools through the nostril is narrower than that of the
microsurgical procedure, since working room is given by the nostril and not by the nostril
widened by the nasal speculum. But, on the contrary, the maneuvering angle is much wider,
and not conditioned by the nasal speculum. Moreover, so that the neurosurgeon can work
with both hands, as he is accustomed to doing, the adoption of a table-mounted endoscope
holder is useful, of which many different versions exist, either purely mechanical or
pneumatic. From the time when the instruments used in the microsurgical approach were of a
bayonet shape, due to the requirement of not rendering visible the surgeon’s hands in the
operating field (a conflict between the surgeon’s hands and the lens of the microscope), and
the lens of the microscope being far from the surgical field, with the endoscopic endonasal

technique we switched to straight instruments that slide along the endoscope, whose lens is



now near to the surgical target. Dedicated instruments for the endoscopic approach have been
realized in order to: move easily and safely in the nasal-sinusal, sellar and skull base regions;
provide safe handling and grasping, avoiding the conflict between the surgeon’s hands and
the endoscope; be well balanced and ergonomic; allow easy reaching of every visible zone of
the surgical field, both using 0° and, above all, angled optics. The “ideal” instruments have
not yet been conceived and further development is expected (25-26).

Investigation of materials and tissues used in the endoscopic endonasal approaches
has tremendously contributed to the expansion of clinical application of this technique. The
endoscopic approaches all share the need of a laborious reconstruction phase to prevent the
risk of cerebrospinal fluid leak. With the use of dural substitutes and sealants, together with
autologous graft material and pedicled vascular flap, the rate of post-operative cerebrospinal

fluid leak has decreased to around 5 % (27-31).

1.2 The extended endoscopic endonasal approaches

The following step, with the inspection of the areas involved in the so called extended
approaches, was possible thanks to the huge scientific and surgical activity performed at the
University of Pittsburgh (USA), where the group of neurosurgeons and
otorhinolaryngologists leaded by Amin Kassam offered the key in the next years to develop
new strategies on pathologies, such as craniopharyngiomas, anterior skull base meningiomas
and chordomas, which were not usually considered previously amenable to transsphenoidal
surgery (32-36). Acquaintance with endoscopic endonasal anatomical perspective and
surgical technique allowed to understand in detail and feel confident expanding the skull base
exposure via the endoscopic endonasal perspective beyond the sella, along the whole midline
skull base from the crista galli to the cranio-vertebral junction, and its lateral limits. In
contrast with the standard endoscopic approach, in which the sphenoid sinus provides the
surgical space to gain access to the sellar region, the extended approaches require the creation
of a wider surgical corridor to expose and work in different areas beyond the sella. The
creation of such surgical corridors includes removal of nasal and paranasal structures, i.e.
middle turbinates, posterior portion of the nasal septum, anterior and posterior ethmoid cells,
in order to allow the use of two or three instruments, in addition to the endoscope, through
both nostrils. On the other hand, different routes and trajectories through the paranasal
sinuses are explored, beside the one offered by the sphenoid sinus to the middle skull base

(37-46).



1.3 Endoscopic endonasal transsphenoidal approach

In most case the operation can be done through one nostril. The decision as to which
nostril to use for the surgery is made on the basis of the width of the nasal cavity and the
laterality of the tumor. The nose is decongested using surgical cottonoids moistened with
decongestant solution. During the standard endoscopic transsphenoidal approach to the sella
no nasal structure is usually removed; instead many of them must be recognized in order to
perform a safe anterior sphenoidotomy and reduce complications related to the nasal phase of
the approach. After the introduction of the endoscope inside the nasal cavity, the first visible
structures are the inferior turbinate, on the lateral side, the nasal septum, on the medial aspect,
and the choana inferiorly. Further advancement of the endoscope identifies the middle
turbinate, which is pushed laterally in order to create the passage for the endoscope up to the
sphenoid ostium. This is located behind the tail of the superior turbinate, almost 1,5 cm above
the roof of the choana. Here the posterior portion of the nasal septum is detached from the
sphenoid rostrum, the whole anterior wall of the sphenoidal sinus is enlarged
circumferentially, taking care not to enlarge the sphenoidotomy too much in the infero-lateral
direction, where the spheno-palatine artery and its major branches lie, and the sphenoid sinus
is entered Sphenoid sinus shows variations in size, pneumatization and septa. In the majority
of cases, a large septum separates the sphenoid sinus in two sides and smaller septa divide
each side in multiple smaller cavities. The septa are removed allowing a better inspection of
the posterior wall of the sphenoid sinus. Many landmarks are recognizable: the sellar floor in
the center, the sphenoid planum above and the clival indentation below, the bony
prominences of the internal carotid arteries and of the optic nerves laterally on both sides, and
between them is the opto-carotid recess, molded by the pneumatization of the optic strut of
the anterior clinoid process. The protuberance of the internal carotid artery can be divided
into two segments: the paraclival internal carotid artery, which is lateral to the clival
indentation, and the “shrimp-" or C-shaped parasellar internal carotid artery, which is lateral
to the sella. The anatomical landmarks on the posterior wall of the sphenoid sinus are better
visualized and give a better orientation in well-pneumatized sphenoid sinus. A small fenestra
is opened with a microdrill or a bone curette on the anterior wall of the sella. The dura mater
is opened with a cruciate incision using a sickle blade or angled microscissors. Under direct
endoscopic visualization, the tumor is removed using microsuction and pituitary curettes,

with preservation of the normal pituitary gland tissue. Resection of larger tumors with
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extrasellar extension requires the identification of the arachnoid membrane. With the
insertion of the endoscope into the sella, it is possible to follow the extrasellar extension of
the tumor and to preserve the diaphragm sellae. In contrast, the operating microscope does
not allow direct visualization of the intrasellar tumor. Using the endoscope, the surgeon can

better distinguish between tumor and normal pituitary gland tissue (47-49).

1.4 Endoscopic endonasal transtuberculum transplanum approach

This approach allows for access to the suprasellar region and the sphenoid planum,
through a more anterior trajectory compared with the one used to reach the sellar region. This
route requires a wider opening of the anterior wall of the sphenoidal sinus, which is obtained
by removing the superior (supreme) turbinates and the posterior ethmoid air cells located
laterally to these turbinates. In the course of such maneuvers, particular attention must be
paid to avoid damaging the posterior ethmoidal artery, a branch of the ophthalmic artery that
passes through a thin osseous channel along the roof of the ethmoid. It is also important not
to extend the removal of the nasal septum and the ethmoid too anteriorly, to avoid damaging
the olfactory nerve endings or the cribriform plate of the ethmoid. Once the sphenoid cavity
is completely exposed, all of the septa inside it have to be removed up to their attachment to
the planum or to osseous prominences such as the optic or carotid prominences. This
provides a very wide exposure of the entire sphenoid cavity. Lateral septa often lead directly
to the ipsilateral optico-carotid recess, providing an excellent anatomical guide as well as
some potential for damage to the associated critical structures. Above the sellar floor, the
angle formed by the convergence of the sphenoid planum with the sellar floor is recognized;
from the intracranial view, this corresponds to the tuberculum sellae. As one moves the
endoscope in an anterior direction, the sphenoid planum is visible, laterally delineated by the
protuberances of the optic nerves that diverge toward the apices of the orbits. The opening of
the planum starts with the removal of the tuberculum sellae, extended bilaterally in the
direction of the optico-carotid recesses. The upper half of the sellar floor and the posterior
portion of the planum sphenoidale are removed first, isolating the tuberculum. Once this has
been done, the thinned tuberculum is carefully fractured and dissected from the dura mater,
being careful to avoid entering the superior intercavernous sinus. The removal of the
tuberculum sellae and/or the sphenoid planum is extended in a postero-anterior direction for
1.5 to 2 cm, but not beyond the posterior ethmoidal arteries. The lateral extension of the

opening is limited by the protuberances of the optic nerves. Next, the dura mater above the
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pituitary gland is opened, allowing visualization of the intracranial structures. The chiasm
and the optic nerves are clearly visible. We can consider two endoscopic surgical corridors,
one below the chiasm and one above it. Below the chiasm, the pituitary stalk and gland with
their vascular supply are visible. Passing the scope between the pituitary stalk and the
supraclinoid portion of the internal carotid artery, the ventral surface of the chiasm, the optic
tract, and the proximal portion of the anterior cerebral artery are all visible. After opening the
Liliequist membrane by directing the endoscope over the dorsum sellae, it is possible to reach
the posterior cranial fossa and to expose the upper portion of the brainstem. The basilar artery
apex, posterior cerebral arteries, and superior cerebellar arteries, with the third cranial nerves
between them, are clearly exposed. By angling the endoscope above the chiasm after the
lateral displacement of the medial surfaces of the frontal lobes, the anterior part of the circle

of Willis is visible (50-54).

1.5 Endoscopic endonasal transclival approach

The endoscopic endonasal approach to the clivus represents an increasingly important
surgical corridor for skull base surgery. It provides surgical access to the ventral midline skull
base of the middle and posterior fossa. Access to the clivus is achieved via a more caudal
trajectory than is necessary for access to the sellar region. Along such a trajectory, the vomer
and the inferior wall (floor) of the sphenoidal sinus are found. Depending on its degree of
pneumatization, the sphenoid floor will divide the sphenoid portion of the clivus from the
rhinopharyngeal segment, in variable proportions. Entry into the posterior cranial fossa
through the clivus is most easily gained in patients with a retrosellar-type sphenoidal sinus. In
these cases, the clivus is thinner than in patients with a conchal-type structure. The
preliminary steps of the procedure include the previously described middle turbinectomy on
the side of the approach (usually the right), wide anterior sphenoidotomy with removal of all
septa, and removal of the posterior portion of the nasal septum to allow a binasal approach.
The nasal mucosa is detached from the vomer and along the inferior wall (floor) of the
sphenoidal sinus. The mucosa is dissected laterally until the vidian nerves are identified; this
represents the lateral limits of the surgical corridor. The vomer in completed removed and the
bone of the clivus id drilled. Exposure is limited superiorly by the pituitary gland, laterally by
the paraclival internal carotid artery and inferiorly by the inferior wall of the sphenoid sinus.
The clivus contains the basilar plexus, which is the most extensive series of intercavernous
venous connections across the midline. The superior and inferior petrosal sinuses join the

basilar plexus. The abducent nerve enters the cavernous sinus by passing through the basilar
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sinus close to the paraclival tract of the internal carotid artery; therefore, particular attention
should be paid during bone removal in this already complicated area. The dorsal meningeal
artery, a branch of the meningohypophyseal artery, provides the arterial blood supply to the
dura mater of the clival region, and its course is in proximity to that of the abducent nerve.
Dural opening is performed, with particular attention to the sixth cranial nerve, which passes
just medially to the carotid artery. The basilar artery, its branches and the ventral surface of

the brainstem are visualized (55-58).

1.6 Endoscopic endonasal approach to the cranio-vertebral junction

This approach can be considered the extreme inferior extension of the previously
described endoscopic approach to the clivus. The first steps of the procedure are in fact the
same as for the endoscopic approach to the clivus. The middle turbinectomy, the removal of
the posterior portion of the nasal septum, the wide sphenoidotomy up to the identification of
the vidian nerves and the removal of the vomer and the inferior wall/floor of the sphenoidal
sinus are performed in the same manner as in the extended endoscopic approach to the clivus.
The main difference consists of the complete removal of the vomer, extending inferiorly,
down to the hard palate. This is done to allow the widest exposure of the rhinopharynx and to
avoid any conflict among the instruments during the next surgical steps. The lower third of
the clivus is removed out to the occipital condyles, and the foramen lacerum on both sides is
identified because it represents the lateral limit of the approach. Once a wide surgical corridor
has been created, the mucosa of the rhinopharynx is removed and the atlanto-occipital
membrane, longus capitis and longus colli muscles, and the anterior atlas and axis are
exposed. The anterior arch of the atlas is removed, the dens is exposed, and it is thinned using
the microdrill. The dens is then separated from the apical and alar ligaments, dissected from
the transverse ligament, and finally removed. At this point, a wide surgical corridor allowing
access to the anterior portion of the foramen magnum has been created. After the opening of
the dura mater, all the neurovascular structures running through the anterior part of the
foramen magnum can be visualized. The vertebral arteries can be explored from their
entrance in the vertebral canal up to the vertebral artery. The two branches of the intradural
segment of the ventral artery (the posterior inferior cerebellar artery and the anterior/ventral
spinal artery) are visible as well. The hypoglossal nerve can be identified behind the first tract
of the intradural vertebral artery. This nerve arises along the front of the inferior olive as a
series of rootlets that converge on the dural orifice of the hypoglossal canal. Below the

entrance of the vertebral artery, the dentate ligament and the ventral rootlets of the first and
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second spinal nerves can be visualized in the spinal canal. Passing the endoscope superior
and posterior to the vertebral artery, the lower cranial nerves and the acoustic—facial bundle
(seventh and eighth cranial nerves) are explored along with the anterior inferior cerebellar

artery (58-63).

2. The (r)evolution of anatomy

Laboratory exercise and anatomical dissections are the best ways to achieve both
anatomical knowledge and surgical technique, with a unique haptic confidence and feedback.
In particular, cadaveric anatomical dissections allow exploration of delicate and surgically
forbidden regions, giving the “beginner” the chance to truly visualize and memorize the
complex anatomical structures and their relationships, and the experienced surgeons the
possibility to improve their technical skills (64-69). Anyway, human cadaver models have the
main disadvantage of lack of reproducibility of some physiopathological conditions that rule
surgery. Starting from preparation of the cadaver specimens, maintenance of the real
consistency of brain parenchyma and physiological relationship with neurovascular structure
is extremely difficult, both with freezing and fixation techniques. Many attempts have been
done in the set of anatomical laboratories to reproduce physiological hemodynamic factors.
However, the vast majority of models have focused on performing surgical approaches in the
setting of normal surgical anatomy, without the chance of reproducing neither arterial and
venous bleeding, hemostasis control, nor circulation of cerebrospinal fluid in the
subarachnoid cisterns. The anatomy distorted by a space-occupying lesion and the skills
required for dissecting a tumor from the surrounding neural and vascular structures are other
factors that may limit the application of anatomical training to real surgery (70-74).

With the limitations first exposed, dissection lab experience teaches thinking about
anatomy as the basic method to understand anatomy and as a crossroad to develop anatomic
scientific projects, a source of inspiration of new ideas, since anatomy is not merely
concerned with the description of structures. Rather, it is a science in evolution devoted to
clinical and surgical advances and the beauty of the “art” of anatomy may not be separable
from its application in a surgical milieu (64).

Coming to the endoscopic endonasal approaches, cadaver dissection studies have
represented the milestone in the learning curve toward gaining confidence with a different
and somehow distorted anatomical perspective compared with the one provided by the

transcranial approaches. They allowed us to fix the anatomical landmarks, overcome the
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initially reduced ability for the endoscope maneuverability, improve eye-hand coordination,
and not to lose orientation in the vision offered by the endoscope on the video monitor, with a
different sense of depth compared with that gained with the microscope (32,47,49).

Entrance of a mathematic attitude in the field of cadaver dissection studies added new
fuel to anatomical research, changing the paradigm for the analysis of surgical anatomy itself:
from a static point of view (anatomical dissection to display and measure a given approach)
to a dynamic one (which precise area can be exposed and how far it’s possible to work
within, but, conditio sine qua non, moving the hands properly?) (75-78). As a matter of facts,
the static and dynamic anatomical dichotomy represents a fascinating debate started in the
early nineties within the scientific community, due to the sudden rise of new approaches and
paradigms in skull base surgery. In particular during such period, surgical anatomy was
largely influenced by the concept of minimally invasive surgery: from “remove all the bone
and don’t touch the brain” to “don’t remove the bone and don’t touch the brain either through
a key hole” (79-82). In such complicated debate, it was very important to understand
anatomically not only “what you can see” through a new surgical window but “what you can
do properly” and this was even more important when the endoscope burst on the scene of
skull base surgery in late nineties. The endoscope brought the eye of the surgeon inside the
surgical field but once more, the key point was: “to see and, conditio sine qua non, to work
properly”. At this point the quantitative analysis for ventral endoscopic approaches was then
introduced. The quantitative analysis for endoscopic approaches brings the potential to solve
problems in a systematic way by considering access to a specific anatomical region as a
complex three-dimensional issue that has variables and constraints. In theory, the optimal
surgical exposure is a function of target location, anatomy, and surgical pathways. The
quantitative perspective creates an algorithm within the reconstructed model that solves this
complex problem to optimize visualization and the ability to perform surgical tasks within the
target location (83-86).

While the question of how far it was possible to see through the endonasal endoscopic
route was on the way to be answered, another interrogative needed to be solved. How far it
was safe to work? The experience with endoscopic transsphenoidal anatomy landed
considerable insight to anatomic considerations that would limit or favor the extended
endoscopic transsphenoidal approach. The purpose of anatomical investigation moved
forward: from the meticulous qualitative description of the anatomical structures and their
neurovascular relationship, to a quantitative and comparative analysis of the anatomical

exposure between different routes (87-90).
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In such way, the study of surgical anatomy slightly changed, being upgraded by
modern imaging systems: anatomic knowledge needs to be integrated by complete, detailed
and specific imaging platforms, in order to achieve an overall better understanding for a
successful surgical procedure.

The quantification method used during the present PhD research activity was a
computer-based three-dimensional anatomic model applied to the endoscopic endonasal
anatomical dissections. This method enabled to obtain objective quantitative anatomical raw
data (the overall surface of the removed bone) and thus enabling straight comparison between
different techniques. It is based on virtual exploration and reconstruction of the anatomical
route and exposure by processing predissection and postdissection data in a single three-
dimensional model as a result of a direct overlapped comparison of the pre- and post-
dissection removed bone algorithm. The development of the computer based three-
dimensional model required several tools being interfaced, above all a CT scanner (to
quantify the bone), a picture archiving and communication system (PACS) and a personal
computer workstation with open source digital imaging and communications in medicine
(DICOM) viewer (OsiriX; Osirix Foundation, Geneve, Switzerland), a software for
visualization and management of biomedical data (Amira; Visage Imaging Inc., San Diego,
California, USA). A subsequent advanced quantification method was implemented by the
neuronavigation system (Stealthstation®S7TM System, Medtronic) used during dissections,
in order to identify critical neurovascular structures, to define the area of interest and to
estimate the movement available to the surgeon's hands. This computer simulation
environment naturally fits the requirements of skull base surgery, providing a detailed
depiction of the surgical anatomy in a realistic three-dimensional surgical training rehearsal,
with an excellent spatial perception suitable for training and for education. The application of
the three-dimensional computer-based model to the endoscopic endonasal approach to the
entire skull base allows analyzing, in an objective way, the main features of the surgical
technique in relation to the pertinent anatomy.

Finally, the paramount importance of advanced quantitative studies was the
introduction of two main parameters: the area of exposure, considered as the maximal region
defined on specific deep anatomic landmarks that can be exposed using a definite surgical
approach; the surgical freedom, considered as an estimate of the movement available to the
surgeon’s hands and instruments, represented by a partial spherical area through which
surgical instruments can be inserted to manipulate a deep target. The measurements and the

comparative evaluation obtained can be used preoperatively to guide the tailoring of the
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surgical approach and to develop teaching surgical evidence-based guidelines. Indeed, the
designed method holds the potential to play a relevant role in the design, analysis and testing
of new surgical routes, as well as in the selection of the optimal approach strategy for the

individual pathology of patients (84-85).

3. The application of the extended endoscopic endonasal approaches to vascular

neurosurgery

The expansion of indications for the endoscopic endonasal approaches has raised the
need for a detailed knowledge of the circle of Willis (CW) when exposed through this route.
Familiarity with the endoscopic endonasal anatomy of the carotid and vertebro-basilar arterial
systems is mandatory first of all for the safe removal of skull base lesions and nonetheless for
the safe development of this approach in vascular neurosurgery (35,39,47,51,91). At the state
of the art, anatomical studies focused on the feasibility of the endonasal endoscopic
transsphenoidal approach to expose the CW completely are rather sparse in the literature and
the application of this technique to vascular neurosurgery is still anecdotic. During tumor
dissection inappropriate dealing of CW can result in injuries to a major vessels or perforators,
with unacceptable mortality and morbidity. Orientation with the endonasal transsphenoidal
view of circle of Willis and its branches is a fundamental step in the learning curve of skull
base surgeons that usually should start from anatomical labs. Though there are sporadic
reports of endonasal transsphenoidal clipping of aneurysm of CW, but most of them were
done due to incidental finding of aneurysm during transsphenoidal surgery performed to
address other pathologies. Scheduled aneurysm surgery is not done through this approach due
to difficulty in proximal control of arteries, in retraction of surrounding brain for safe
exposure of aneurysm neck for clip application, severe difficulties in dealing with intra-
operative rupture of the aneurysm, less freedom in handling aneurysm clip and clip
applicators, increased risk of cerebrospinal fluid leakage. To use this approach for aneurysm
surgery routinely the above mentioned problem must be addressed and overcome properly. In
future neurosurgeons may succeed to apply this approach for vascular neurosurgery but for
that tremendous development in instruments and techniques is required (91-97).

The present manuscript resumes this PhD research activity, based on anatomical
investigations integrated with clinical experience. The circle of Willis was exposed through

the main extended endoscopic endonasal approaches and possible clinical applications in the
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field of vascular neurosurgery were considered. The results of the research are presented in
the next paragraphs following a systematic cranio-caudal anatomical order: the anterior
communicating artery complex was investigated through the transtuberculum transplanum
approach; the transsphenoidal approach to the sellar area was performed for the exposure of
the intracavernous internal carotid artery; the basilar artery was exposed by means of the
endoscopic endonasal transclival approach, and the vertebral arteries through the extended

endonasal approach to the craniovertebral junction.

3.1 Endoscopic endonasal control of the paraclival internal carotid artery by Fogarty

balloon catheter inflation: an anatomical study (98)

Improvements in technologies and surgical techniques have led to the expansion of
more advanced endoscopic endonasal approaches, such as the fully endoscopic transnasal
approach to the anterior cranial fossa, clivus, petrous bone, middle cranial fossa, and
infratemporal fossa. With access to the parasellar area and the increased complexity of the
addressed lesions, the danger of damaging major vascular structures raises the requirement
for vascular control. One major drawback of this technique is the small surgical field and the
narrow nasal corridor through which achieving vascular control and repair of main vascular
injuries can be challenging. In 1993, Wascher et al. described a method of temporary petrous
internal carotid artery (ICA) occlusion using a Fogarty balloon embolectomy catheter, which
was placed extra-arterially within the carotid canal for cavernous sinus surgery. The aim of
this anatomical study was to revisit this technique of internal carotid artery proximal control
from the endoscopic endonasal route. The surgical technique, anatomical consideration, and
possible clinical applications are discussed.

To perform this study, 10 fresh human cadaver heads were dissected at the Laboratory
of Surgical Neuroanatomy in the Human Anatomy and Embryology Unit, Faculty of
Medicine, Universitat de Barcelona, Spain. The surgical positioning of the head was
simulated in the dissection laboratory; each head was slightly extended, turned 10° toward
the surgeon, and fixed in a rigid 3-pin Mayfield-Kees device. Endoscopic dissections were
performed using a rigid endoscope that was 4 mm in diameter and 18 cm in length with 0°
and 30° optics (Karl Storz). The endoscope was connected to a light source through a fi-

beroptic cable and to a camera (Endovision Telecam SL, Karl Storz) fitted with 3 charge-
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coupled device sensors. To obtain a suitable file of anatomical images, a digital video-
recorder system was used.

Anatomical dissections were performed following the steps of the endoscopic
endonasal paraseptal approach between the nasal septum and the middle turbinate. The
posterior wall of the sphenoidal sinus was exposed. A bony opening was then created at the
sellar floor, exposing the dura overlying the pituitary gland and thus safely gaining access to
the dural layer. The bony fenestration was enlarged laterally and posteriorly as far as the
paraclival ICA. A 40-cm 3-Fr Fogarty occlusion catheter (Edwards Lifesciences Corp.) was
inserted at the bony opening and directed toward the paraclival carotid artery. The Fogarty
catheter was then pushed downward extra-arterially (between the outer wall of the vessel and
the bony wall of the carotid canal) until it naturally stopped (Fig. 1). The distal end of the
catheter was connected to a 3-way stopcock that was attached to a syringe filled with normal
saline solution. The balloon of the catheter was inflated with the saline solution and the
stopcock was closed, providing a safe temporary occlusion of the paraclival ICA. After
dissection, CT scanning (Fig. 2) and angiography (Fig. 3) were performed in each cadaveric
specimen to confirm the positioning of the Fogarty balloon catheter and ICA occlusion. We
found a volume of 5 ml of saline solution to be optimal for achieving interruption of blood
flow across the paraclival ICA. The described technique was performed during 2 surgical
cases of pituitary macroadenoma with cavernous sinus invasion (Fig. 4A-D).

Neurosurgical management of many vascular and neoplastic lesions necessitates
control of the ICA, e.g., aneurysms of the paraclinoidal region, tumors invading the
cavernous sinus, and skull base tumors. Traditionally, exposing the cervical carotid vessels
and placing temporary clips on the cervical ICA can obtain proximal control of the internal
ICA. However, neck dissection requires a separate incision and presents the distinct
disadvantage of 2 separate operative fields should immediate control of bleeding be
necessary, in addition to esthetic considerations. When proximal control of the arterial blood
supply to the cavernous sinus region is needed, these disadvantages might be overcome by
means of occlusion of the petrous ICA with aneurysm clips or packing material within the
carotid canal. Safe exposure of the petrous ICA requires thorough knowledge of the
anatomical landmarks of the floor of the middle cranial fossa and is not without the potential
for serious complications, such as hearing loss, facial palsy from traction injury to the greater
superficial petrosal nerve, or laceration of the ICA when unroofing the carotid canal. After
the initial exposure, the ICA must be separated from its sheath of periosteum, venous

channels, and sympathetic nerve fibers in order to allow placement of temporary aneurysm
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clips in preparation for grafting or temporary occlusion of the petrous ICA segment. This
extradural approach has been modified by performing a transdural exposure of the petrous
ICA and occluding the ICA temporarily with a Fogarty balloon catheter that is placed extra-
arterially within the proximal carotid canal. This modification is faster and technically
simpler than the complete circumferential dissection of the petrous ICA that is required when
the occlusion is to be provided by the application of temporary aneurysm clips. Endovascular
balloon inflation has also been used to achieve both proximal and distal control of the ICA
during aneurysm surgery and proven to be extremely helpful in interrupting local blood flow.
The advantages of this technique include greater exposure of the aneurysm for permanent
clipping due to the elimination of the need for temporary clips, the improved accuracy of clip
placement, and the reduction of the risk of intramural aneurysm thrombus dislodgment due to
multiple temporary clipping. However, there are several disadvantages to the routine use of
endovascular intraoperative techniques. A dedicated interventional radiologist must stay in
the operating room during surgery. Some degree of radiation exposure for the patient and the
operating room personnel is unavoidable during an intraoperative angiography procedure.
The additional time required for the endovascular setup and intraoperative angiography is
usually around 1 hour. The addition of endovascular adjuncts to aneurysm surgery may be
associated with potential embolic complications.

In this anatomical study, we investigated the feasibility of achieving control of the
ICA through the endoscopic endonasal approach by temporary occlusion with a Fogarty
balloon catheter. In our opinion, using a Fogarty catheter rather than temporary aneurysm
clips is well suited to endoscopic endonasal surgery. The complete circumferential dissection
of the ICA that is required when the occlusion is to be provided by the application of
temporary aneurysm clips may be complicated by the small and deep corridor provided by
the endonasal route. Furthermore, the use of a Fogarty catheter instead of vascular clips
increases the available space to perform surgical maneuvers around the ICA. In this
anatomical study, temporary occlusion of the ICA with a Fogarty balloon catheter was
achieved in all cases through a paraseptal approach, which can be considered a fast, safe, and
minimally invasive procedure. Exposure of the ICA bilaterally in the sellar region can be
achieved with this approach with no need for the removal of the middle turbinate. The
paraclival segment of the ICA is easily recognized and accessed. Occlusion of the ICA is
gained extradurally, thus eliminating the risk of cerebrospinal fluid leakage, which is often
associated with the majority of endoscopic endonasal procedures. If the interruption of blood

flow across the ICA has to be obtained by compression, the Fogarty balloon catheter has to
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be inflated where the vessels are surrounded by rigid structures. Otherwise, the ICA will be
displaced and not occluded, with the risk of damaging other anatomical structures.
Theoretically, the petrous ICA at the foramen lacerum fulfills this anatomical and functional
criterion. We started anatomical dissections with the aim of inflating the Fogarty catheter at
this level, thus compressing the artery against the bone of the posterior wall of the sphenoidal
sinus ventrally, the petroclival junction medially, the dura of the temporal lobe laterally, and
the fibrous lower portion of the foramen lacerum dorsally. During our study, however, we
found that the catheter naturally stops before reaching the petrous ICA along the course of the
paraclival ICA, where it hits the inferior petrosal ligament or any other bony prominence.
The encasement of the paraclival ICA was rigid enough, thus allowing for it to be
compressed and occluded by the Fogarty balloon without needing to reach the foramen
lacerum. The important neurovascular structures at this level are the posterior apex of the
cavernous sinus and the sympathetic fibers traveling from the surface of the carotid to the
abducens nerve before ultimately being distributed to the first trigeminal division. Since
compression is temporal and causes minimal displacement of the ICA, this anatomical
relationship should not represent a contraindication to the technique. Temporary occlusion
with a Fogarty catheter balloon of the paraclival ICA through the endoscopic endonasal
paraseptal approach can be used, should intraoperative rupture of the vessel occur. Operating
around the ICA creates the possibility of its rupture. The endoscopic endonasal approach is
minimally invasive and access to the ICA is minimal. This is especially true in the case of
endoscopic endonasal skull base surgery due to the long narrow surgical corridor and the
difficulty of maintaining endoscopic vision of the injury within a visual field that becomes
quickly obscured. Internal carotid artery injury during endoscopic pituitary surgery is an
infrequent event, with an incidence of 0.5% to 1.1%. However, more extended endoscopic
resections have a higher incidence of ICA rupture at 4% to 9%. We reported 2 surgical cases
of pituitary macroadenoma invading the cavernous sinus that we considered at high risk for
ICA injury. The Fogarty balloon catheter was positioned at the paraclival ICA before tumor
removal was started. In the case of rupture of the artery, this would have given us the chance
to temporally control the surgical field, avoiding indiscriminate nasal packing and vascular
occlusion and perhaps reducing complications and saving the patient’s life. Once the surgical
field is controlled, hemostatic techniques can be implemented under endoscopic visualization
or, if necessary, by resorting to other surgical or endovascular maneuvers. The technique of
ICA temporary occlusion may be a useful option during the removal of highly vascularized

tumors of the suprasellar region, cavernous sinus, and anterior cranial fossa. By occluding the
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artery, blood flow to the tumor can be reduced, thus facilitating its debulking. The application
of endonasal surgery remains controversial for vascular lesions. The technique we described
in this study could simplify achieving proximal control of the ICA in the setting of
endoscopic endonasal surgery for a vascular lesion in the anterior circulation. Given the
limited visualization area, circumferential dissection of the ICA to allow placement of
temporary clips may be complicated, especially in the setting of intraoperative rupture.
Positioning temporary clips further reduces the surgical space, complicating dissection of the
aneurysm and clipping of the neck with preservation of the perforators. Control of the
proximal anterior communicating arteries, which are hidden above the optic nerves and
chiasm, can be risky. A potential bilateral occlusion of the paraclival ICA by compression
with a Fogarty balloon may allow for the control of contralateral blood flow across an
anterior communicating artery aneurysm. Besides the application of the temporary occlusion
of the paraclival ICA with a Fogarty balloon catheter to pure skull base endoscopic endonasal
surgery, this technique might be considered for cases that use endoscope-assisted transcranial
microsurgical approaches. When vascular control of the ICA has to be planned before
starting transcranial surgery, e.g., for paraclinoidal aneurysm surgery, an endoscopic
endonasal paraseptal approach can be performed and the Fogarty catheter left in situ as an
alternative to exposing the cervical carotid vessels or performing endovascular techniques.
The balloon may then be inflated or not, depending on the surgical needs. In our experience,
Fogarty balloon placement into the paraclival ICA canal results in a fast and easy procedure.
The average time for balloon positioning could be estimated to be between 3 and 10 minutes.
A 4-hand technique is required, with 1 surgeon holding the endoscope and the instrument,
and the other inserting the catheter from the contralateral nostril and keeping the surgical
field clean with aspiration. Once the Fogarty catheter appears in the sphenoid cavity, it must
be directed antero-posteriorly, with its distal end leaning on the planum sphenoidale. The
catheter is brought closer to the paraclival ICA and pushed extra-arterially along the artery
with the use of grasping forceps, taking care not to damage the balloon by grasping the
catheter too close to its proximal end. Bone removal at the sellar floor is minimal, just as
much as is required to access the dural plane. Exposing the dura of the sella and then
extending the bone removal laterally toward the paraclival ICA is probably safer than a
straight exposure of the artery by drilling the paraclival bone protuberance. Exposure of the
paraclival ICA is reduced to its identification, with no need for wider visualization of the
artery. The Fogarty balloon is inserted extra-arterially along the paraclival ICA with a

direction parallel to the course of the artery. No specific angulation of the catheter is required
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since it will naturally advance along the ICA, as any other direction is obstructed by the rigid
bony and dural structures that encase the carotid at this level. Once the surgeon feels any
resistance when inserting the Fogarty catheter extra-arterially along the paraclival ICA, the
maneuver should stop. Any attempt to further push the Fogarty catheter could cause rupture
of the balloon against bony edges. Insertion of the balloon for a few millimeters inside the
paraclival ICA canal is enough to obtain the vessel’s compression and occlusion when the
balloon is inflated (Fig. 5). The potential risks and complications of temporary occlusion of
the paraclival ICA are stroke and thrombo-embolism. Neuromonitoring of brain activity, e.g.,
with electroencephalography or evoked potentials, is recommended during surgery. Another
possible complication could be direct damage to the carotid artery by positioning and
inflating the Fogarty balloon. In our study, we did not experience this. Postoperative CT or
MR angiography could allow for the assessment of ICA patency at the same time as the
extension of lesion removal. The presence of the Fogarty catheter inside the small surgical
area provided by the endoscopic endonasal approach to the cavernous sinus region could
represent an impediment during tumor removal. However, in our experience, we were able to
remove the cavernous portion of the pituitary adenomas. Because of its small diameter, the
Fogarty catheter does not obstruct the entrance of any other surgical instruments. It is flexible
and it can be sutured outside the nasal cavity; thus, the Fogarty balloon would not
accidentally exit the paraclival ICA canal during surgical maneuvers.

This anatomical study shows that temporary occlusion of the paraclival ICA with a
Fogarty balloon catheter through the endoscopic endonasal route might be another maneuver
that is useful for obtaining intraoperative control of the vessel, which is an alternative to
complex microsurgical approaches that expose the petrous ICA, temporary clips in the
surgical field, or endovascular techniques. It is a fast, safe, minimally invasive, and
potentially temporary bilateral technique. This study also demonstrates another means by
which the endonasal endoscopic approach can enhance the neurosurgical armamentarium.

Further clinical studies are needed to prove the efficacy of this method.

3.2 Endoscopic endonasal surgery for a mesencephalic cavernoma (99)

The report of the following case of a ventral midline mesencephalon cavernous

malformation approached through the endoscopic endonasal route (Fig.6) deserves
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consideration in that the localization of the cavernous malformation, the clinical presentation
consisting of an isolated third-nerve palsy without other non-ocular signs and the surgical
approach used are rather unusual. Surgery was performed at the Department of Neurosurgery,
Hospital Clinic, University of Barcelona, Spain.

Possible approaches to access cavernomas in this location include: a subfrontal route,
superior to the anterior cerebral artery, Heubner’s artery and optic tract, or through the lamina
terminalis; an approach through the ventricle (transcallosal, subchoroidal, transventricular
approach); or between perforators coming off the M1 segment of the middle cerebral artery.
However, these approaches offer a limited exposure of the ventral midbrain, through a
narrow corridor between the cranial nerves and vascular vital structures, besides requiring a
certain amount of brain manipulation. Bricolo et al. described a safe entry zone into the
anterior midbrain, which allows surgical access through the more medial part of the peduncle,
sparing the motor tract. In the present case, entering the midbrain through this safe entry zone
would still be a relatively indirect route to this cavernoma located medially to the third
nerves, bringing the problem of traversing the third nerve or the necessity of its transposition.
It was decided that, because of the location of the cavernoma surfacing at the midline ventral
midbrain, the endoscopic transnasal transtuberculum transplanum approach could offer the
straightest and safest route to the lesion. Surgeon comfort was also considered in favor of the
endoscopic endonasal skull base technique.

Major issues in favor of surgery were: the pial presentation of the cavernoma
surfacing at the ventral mesencephalon, thus allowing for a purely trans-lesional resection
through a direct anterior approach and avoiding the need of transverse intact neural tissue;
and the neurological status of the patient, which remained substantially stable during the 3
weeks after the acute onset and that the patient considered incompatible with his daily life.

At surgery, once the interpeduncular fossa was entered, moving the endoscope further
in the surgical field allowed for the clear visualization of the basilar artery in the center of the
surgical field, the mammillary bodies superiorly, the cerebral peduncles and the posterior
communicating arteries laterally, and the oculomotor nerves and the posterior cerebral
arteries inferiorly. The hematoma overlying the cavernous malformation was encountered on
the ventral surface of the midbrain. Removing a small portion of normal pituitary gland
increased the working area. Pituitary gland transposition and posterior cliniodectomy could
have been possible adjunct techniques that were considered when surgery was started, if the
surgical corridor was too narrow. However, a standard transplanum transtuberculum

approach allowed for a comfortable exposure of the cavernoma and the surrounding
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neurovascular structures. The pathology itself was creating the space between the
mesencephalon and the basilar artery, the posterior communicating arteries and the
perforators. With the assistance of gentle suction and sharp dissection, the hematoma was
evacuated and the cavernoma removed in a piecemeal fashion, decompressing the brainstem.
Evacuating the hematoma together with fragments of the cavernoma eliminated this virtual
space. Then, the anatomical orientation made it too risky to attempt any other surgical
maneuver and the surgery was stopped without having the chance of deeply inspecting the
surgical cavity, which resulted in a subtotal removal of the cavernoma. The encountered
situation could not probably be overcome with any other approach, but with an en bloc
removal. Postoperatively, the patient’s oculomotor symptoms were entirely solved and no
new neurological or endocrinological deficit appeared.

The unique features of this particular case may provide valuable information to

surgeons choosing to tackle such difficult lesions.

3.3 Quantitative anatomical analysis of the endoscopic assisted lateral supraorbital
approach and endoscopic endonasal transclival approach: two minimally invasive

routes to basilar apex aneurysms.

Basilar apex aneurysms are among the most challenging to treat with microsurgical
clipping. Due to their deep location and intimate relationship with the brainstem, cranial
nerves, and perforating branches, they are associated with a high morbidity rate. Furthermore,
since the endovascular techniques have become a viable alternative of treatment, there has
been a heightened demand for improved patient outcomes after surgery (100-113). For these
reasons, the investigation of alternative microsurgical techniques in treating basilar apex
aneurysms is warranted. Classically, the pterional and subtemporal approaches have been
used to clip aneurysms of the upper basilar trunk, the choice being based first of all on the
relative anatomical conformation of the basilar apex and dorsum sellae (114). The
subtemporal approach described by Drake (115) and further developed in recent decades is
the most frequently used approach for operating on basilar tip (116-119). Retraction of the
temporal lobe is necessary and should be done carefully to minimize the risks of temporal
lobe contusions or injury to the vein of Labbé. For sufficient exposure of the basilar artery
below the basilar quadrifurcation, an incision of the edge of the tentorium may be necessary

(120). The second most frequent approach for upper posterior circulation aneurysms,
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according to the literature, is the frontotemporal approach (121-126). After performing a
frontotemporal craniotomy, it is necessary to dissect the sylvian fissure widely to obtain
enough space for the aneurysm dissection via carotid-oculomotor corridor. It is often
necessary to open the cavernous sinus and to remove the posterior clinoid process (127-134).
Many variants have been proposed to the pterional and sub-temporal approaches in order to
reduce their limits, but increasing the complexity of the approach corresponds to a greater
risk of vascular and neural structures damage (135-136). In the trend of minimize extended
skull base approaches, more attention has been dedicated lately in the literature to the lateral
supraorbital approach (LSO) and the endoscopic endonasal transclival approach (EETA)
(137-148). Each basilar trunk aneurysm requires an individualized surgical strategy that takes
into account its angioarchitecture, its relationship with surrounding bony and neural
structures, surgeon experience and patient’s condition. Improvement in diagnostic imaging
pre-operative planning tools allows for the choice of the safest and less invasive approach
tailored to each patient. In very selected cases the LSO and EETA may represent a valid
surgical option. The aim of this study is to quantitative evaluate the lateral supraorbital
approach and the endoscopic endonasal transclival approach with respect to anatomical
exposure and surgical freedom around the basilar apex. Endoscopy was further evaluated
with regard to its usefulness in assistance in the lateral supraorbital approach. Quantitative
anatomical information may allow a pre-operative assessment of the validity of these surgical
routes to the basilar apex and eases the decision as to which approach best suits each patient.

Twenty formaline-fixed cadaveric heads were used for anatomical dissections.
Cerebral arteries were injected with a colored silicone rubber mix through carotid and
vertebral arteries. Dissections were performed at the Laboratory of Surgical NeuroAnatomy
in the Human Anatomy and Embryology Unit, Faculty of Medicine (Universitat de
Barcelona, Barcelona, Spain).

For each specimen, before dissection, radiological images were obtained in a
multislice helical computed tomography (CT) scanner Siemens® SOMATOM Sensation 64
with axial spiral sections of 0.6 mm thick without X-ray tube inclination factor. Cadaveric
heads were positioned to simulate the surgical position in the operating room in a rigid three-
pin Mayfield-Kees device to allow the use of the neuronavigation systems
(Stealthstation®S7TM System, Medtronic). Neuronavigation data were processed by specific
software for visualization and manipulation of biomedical data (Amira® Visage Imaging
Inc., San Diego) in order to quantify anatomical exposure and surgical freedom around the

anatomical area of interest. During microsurgical dissection, an operative microscope
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(OPMI; Zeiss, Oberkochen, Germany) was used with possible magnification ranging from
4X to 40X. Digital images were obtained during dissections. During endoscopic dissection,
we used a 4-mm-diameter endoscope, measuring 18 cm in length, with 0-degree rod-lenses
(Karl Storz GmbH and Co., Tuttlingen, Germany). The endoscope was connected to a light
source through a fiberoptic cable and to a camera (Endovision Telecam SL; Karl Storz) fitted
with three charge-coupled device sensors. Both video and digital images were obtained
during dissection.

On ten cadaveric heads a right lateral supraorbital approach was performed as
previously described by Hernesniemi at al. The head was rotated 15 degree toward the left
side and a short oblique frontotemporal incision was performed. A small frontal craniotomy
exposing the superior orbital rim and the anterior zygomatic arch was performed. The lateral
sphenoid wing was drilled off; the dura mater was opened and the Sylvian fissure was splitted
from the frontal side. The basilar apex was reached through a corridor between the right optic
nerve and the right internal carotid artery (ICA) by microsurgical dissection in a medio-
lateral direction, until the posterior communicating artery (PcomA) was identified. The
PcomA was followed along the inferior surface of the temporal lobe to its origin from the
posterior cerebral artery. The supraclinoid tract of the ICA was medially withdrawn together
with PcomA, to increase visibility through the oculomotor-carotid corridor (Fig.7A). The
spatula remained rigidly fixed with sufficient strength so as not to damage the supraclinoid
ICA and its perforating arteries. The oculomotor nerve was identified laterally to the ICA and
deeply to posterior cerebral artery in its distal course (P2). The third cranial nerve runs
inferiorly to the tentorial margin where it reaches the posterior clinoid process. Opening of
the arachnoid membrane between the posterior clinoid process and the third cranial nerve
allows for exposure of the Liliequist membrane and basilar apex in the interpeduncular
cistern (Fig.7B). Lateral to the oculomotor nerve, the superior cerebellar artery running on
the tentorial edge with the fourth cranial nerve can be seen (Fig.8). The lateral supraorbital
approach was completed with right posterior clinoidectomy. Finally, the endoscope was
introduced into the surgical field (fig.9).

On ten cadaveric heads an endoscopic endonasal transclival approach was performed,
following the surgical steps that have been already extensively described. Bone removal was
extended from the floor of the sella inferiorly to 2/3 of the clivus (fig.10A). The dura was
opened on the midline and prepontine cistern and vessels inside it were exposed free from
arachnoid (fig.10B). The approach was completed with drilling of the dorsum sellae.

The average extent of exposure of the upper basilar artery complex, i.e. posterior
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cerebral artery (PCA), superior cerebellar artery (SCA) and basilar artery, was measured as
provided by the two approaches. With regard to LSO, measurements were taken before and
after posterior clinoidectomy was performed and after the introduction of the endoscope in
the operative field. With regard to EEA, measurements were taken before and after drilling of
the dorsum sellae. Relevant anatomical structures limiting the maneuverability of surgical
instruments around the basilar apex were identified as targets for the calculation of the
average area of surgical freedom.

Once the interpeduncular cistern was reached through the LSO, the basilar apex was
visualized in all specimens. Limits of anatomical exposure corresponded to: the posterior
clinoid process anteromedially, the anterolateral surface of the midbrain postero-medially,
and the III cranial nerve laterally running along the temporal surface of the cranial base.
Surgical freedom, calculated as 33,2 mm® (£6,8 mm?), was limited by these structures. The
posterior clinoid process occluded anatomical exposure to the basilar artery tip and ipsilateral
posterior cerebral artery for an average length of 11,4 mm (+2,6 mm). In our study, we didn’t
found any upper basilar artery complex higher than dorsum sellae and posterior clinoid.
Indeed, posterior clinoidectomy was performed in all specimens.

Right posterior clinoidectomy increased surgical freedom up to 54,3 mm* (£7,5 mm?),
which was now calculated using the root of the posterior clinoid process as anteromedial
limit. Anatomical exposure expanded inferiorly and controlaterally: basilar trunk became
visible for 4,6 mm (+2,8 mm) caudally from its apex, controlateral PCA was exposed for 6,2
mm (+4,3 mm), while ipsilateral exposure remained unchanged (fig.11A-B).

Endoscopic assistance in the LSO allowed for a wider exposure caudally: the basilar
trunk became visible for 7,4 mm (43,7 mm), superior cerebellar artery (SCA) was exposed
for 9,6 mm (£5,2 mm) ipsilaterally and for 3,9 mm (+2,8 mm) controlaterally. Only with an
endoscope-assisted approach both SCA could be visualized and the exposure became similar
to that reached with an EETA. Even though endoscopic assistance increased the anatomical
exposure provided by the LSO, surgical freedom didn’t change due to its fixed limits given
by anatomical structures that cannot be overcame.

The EETA allowed for exposure of the basilar apex and SCA bilaterally in every
specimen. Limits of anatomical exposure corresponded to the edges of dural opening. By
drilling the 2/3 of clival bone, the basilar trunk was exposed for an average of 8,7 mm (+4,6
mm) and SCAs for 5,8 mm (£3,6 mm) as average between right and left side. Indeed, the
EETA offers the best bilateral caudal exposure around the basilar apex, with a surgical

freedom corresponding to 46,2 mm* (£12,6 mm?). The exposure and control of posterior
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cerebral arteries was limited by dorsum sellae, with minimum exposure of PCAs of 3,1 mm
(£3,2 mm) on average between right and left side. In order to increase the area of
maneuverability and control of PCA, it was necessary to drill the dorsum sellae: thus surgical
freedom resulted 101,3 mm* (+23,6 mm®) and PCAs exposure of 5 mm (£2,7 mm) on
average bilaterally. Exposure of basilar trunk increased for 3,4 mm (+4,1 mm) cranially
(fig.12).

Quantification of anatomic laboratory investigation allowed us to drawn the following
results. The relationship between basilar apex and dorsum sellae together with posterior
clinoids process should guide the choice of best surgical approach in and around the basilar
artery. The LSO provides an insufficient anatomical exposure and surgical freedom in and
around the upper basilar artery complex, being visualized only the basilar apex and ipsilateral
PCA for a short length, unless an high-lying basilar artery is found. Expansion of the LSO
with posterior clinoidectomy increases both measurements. It offered a wider surgical
freedom around the basilar apex togheter with visualization and control of the basilar trunk,
ipsilateral and controlateral PCA. The increased exposure of the top of the basilar artery and
its branches with a posterior clinoidectomy means that this approach is of value for
visualization and control of the upper basilar artery complex when it is not lower than 4,6
mm from the dorsum sellae. Endoscopic assistance was found to be an effective way to
image both the ipsilateral and contralateral aspects of the area around the basilar apex,
downward to the SCAs. In this way, a safe visualization of the basilar artery and its parent
vessels could be achieved. The EETA expanded with drilling of dorsum sellae offers the
widest area of surgical freedom around the basilar apex, with visualization of the whole
basilar artery complex. However, exposure and control of PCAs remained limited. The
increased exposure of the basilar artery with drilling of dorsum sellac means that this
approach is of value for visualization and control of the vessel and its branches when the
basilar apex is not higher than 3,4 mm from the dorsum sellae. Drilling of both posterior
clinoid processes and pituitary transposition could increase anatomical exposure and surgical
freedom with the disadvantage of the invasiveness related to such maneuvers.

Hernesniemi proposed the LSO (137) as an alternative to the standard pterional
approach (121,126). The impetus for this approach, referred to as minimally invasive
approach, has been its minimal interference with the temporalis muscle, sphenoid wing,
cosmetic considerations such as hiding the skin incision in the eyebrow, reduced exposure
and dissection of the sylvian fissure, less risk of oculomotor nerve palsy and of temporal lobe

injury due to retraction. However, a sound neurosurgical approach needs to achieve a careful
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balance between minimizing tissue trauma and maximizing anatomic exposure and safe
operability. Careful understanding of this modified surgical route, of the anatomic areas to
which it offers access, and of the operability associated with it is important for recognizing
the limitations and advantages of the approach. The LSO provides a limited angle of view of
the interpeduncular cistern region owing to a subfrontal trajectory. Posterior clinoidectomy
has been already advocated as a maneuver to overcome this limit, always when basilar apex
is at the level of below the dorsum sellae. In the present study we quantified the increased
anatomical exposure and surgical freedom associated with removal of posterior clinoid
process, identifying 4,6 mm as the lowest position of the upper basilar complex from the
dorsum sellae to safely address BA aneurysms through a LSO. For the first time, we have
also investigated a promising alternative that may aid in this respect: the use of the endoscope
to expand anatomical exposure provided by the LSO after posterior clinoidectomy.
Endoscopic assistance allows for exposure of the whole basilar artery complex without extra
surgical exercise, with visualization of posterior cerebral arteries, superior cerebellar arteries
and basilar trunk. However, based on our resulted, endoscopic assistance still may not fully
address the challenges of maneuvering instrumentation in the limited space. We recommend
that it be used to aid in inspection of the basilar perforators and contralateral vessels arising
from the basilar artery. This can be done with minimal morbidity, imparting an added
measure of safety and efficacy in enabling the assessment of clip placement and the patency
of surrounding vessels.

Recently, the endoscopic endonasal technique has been advocated as a suitable option
to complement the role of traditional microsurgical and endovascular techniques in the care
of patients with very selected vascular intracranial pathologies, such as paraclinoid and
ventral posterior fossa aneurysms that may be challenging due to their inherent characteristics
such as location, accessibility, shape, and configuration (145-148). The main components of
the vertebrobasilar system may be easily exposed through an (EETA). In fact, this approach
is the only one to provide a direct route to these vessels without more extensive open
exposure and some degree of brain retraction. For this reason, the EETA has often been
referred as minimally invasive. In our study, we quantified the anatomical exposure and
surgical freedom in and around the interpeduncular cistern when reached by an endoscopic
endonasal transclival route extended by drilling of dorsum sellae. We identified the safely
cut-off of upper basilar complex distance from the dorsum sellae as 3,4 mm. A higher basilar
apex excludes the feasibility of this approach, remaining the basilar apex and PCAs out of the

view. Extradural or interdural pituitary transposition posterior clinoidectomy would then be
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required and the option of a less complex approach should be considered.

Modern diagnostic imaging offers the advantage of defining accurately anatomic and
pathologic structures and the topographic relationship of these structures down to dimensions
of about 1 mm. These precise diagnostic imaging techniques enable the surgeon to carry out
preoperative surgical planning with the same amount of precision. Surgical treatment of BA
aneurysms requires an individualized strategy that takes into account the aneurysm
configuration, the angioarchitecture, and the patient’s condition. Based on quantitative
information acquired in the anatomical lab and pre-operative imaging studies, the surgeon is
called to tailor the approach on specific feature of the pathology and surrounding anatomical
configuration. Only when this is accomplished a surgical approach should be defined
minimally invasive, independently from the dimension of skin incision, bone removal or
navigation around vital neurovascular structures. Our study may add relevant quantitative
information to the present literature in the knowledge of limits and advantages of the LSO
and EETA, aiding in determining the correct indications for each procedure. Using the
advantageous features of these approaches will help to deliver the treatment that is the most
appropriate for each individual patient, allowing for the decision as to which approach results
minimally invasive for each patient.

The choice of the operative approach generally depends on the size, shape, exact
localization and direction of aneurysm projection of the intracranial aneurysm, the degree of
brain swelling, other patient comorbidities, and surgeon’s experience. Relevant preoperative
radiological characteristics include basilar bifurcation angle, PCA symmetry, presence of a
fetal posterior cerebral artery, and vertical distance from aneurysm neck to dorsum sellae and
posterior clinoid process. A major limit of the present study was the impossibility of
reproducing so many variables in an anatomical lab environment. Still, we focused our
quantitative evaluation of the endoscopic assisted LSO and EETA on the relationship of
upper basilar complex with dorsum sellae, a main factor determining surgical approach. We
provided relevant information to demonstrate the anatomic capacity of these approaches to
the basilar apex, highlighting and quantifying the possibility of safely performing appropriate
surgical maneuvers. Clearly, the ability to carry on this information from a cadaver
environment to a live surgery environment needs to be validated clinically. By adding
relevant quantitative anatomical information, our study may be helpful in determine the best
indication for the endoscopic assisted LSO and EETA in the treatment of basilar apex
aneurisms. Surgeons who perform basilar aneurysm surgery should be aware of these

techniques and their occasional minimal invasive role, intended as the safest surgical
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approach in the presence of specific anatomical and pathological conditions.

3.4 Comparative exposure of the vertebral artery at the cranio-vertebral junction

through transcranial and extended endoscopic endonasal approaches.

Cranio-vertebral junction (CVJ) refers to the complex transition from the skull to the
spine. Its bony structure consists of the occipital bone, atlas (C1), and axis (C2). Muscles,
ligaments and membranes that provide stability and mobility to the craniovertebral junction
support the bony structure of this critical region. Major neurovascular structures are
intimately related to the CVJ] where they transverse membranous and bony orifices. These
include the lower cranial and upper spinal nerves, the caudal brainstem and rostral spinal
cord, the vertebral artery and its branches, and the venous drainages through the jugular vein
and the vertebral plexus.

The transcranial far lateral and the endoscopic endonasal approaches to the antero-
lateral aspect of the brainstem at the craniovertebral junction allow for access to this complex
area of the skull base, both providing exposure and control of the vertebral artery, by two
different, complementary, routes (88, 153-156).

A thorough understanding of three-dimensional (3D) CVJ anatomy and relations with
the vertebral artery and surrounding neural structures is paramount for surgical management
of pathologies in this region. Merging together anatomical information coming from
endoscopic and microsurgical investigations with the reconstruction of 3D computed models
might provide a 360° full and clear understanding of this complex area, more readily
applicable to the operative setting.

The postero-lateral perspective of the CVJ is directed at the condylar part of the
occipital bone, and lateral masses of atlas and axis (fig.13). Through this perspective, the
segment of the vertebral artery extending from the transverse foramen of C2 to its entrance to
the dura is exposed (V3). The artery, after ascending through the transverse process of the
atlas, is located on the medial side of the rectus capitis lateralis muscle. From here it turns
medially behind the lateral mass of the atlas and the atlanto-occipital joint and is pressed into
the groove on the upper surface of the posterior arch of the atlas, where it courses in the floor
of the sub-occipital triangle (fig.14). The triangle is not always easy to identify because of the
thick fascia, which covers the deepest layer of the posterior neck muscles. This fascia and the

underlying fat and the rich paravertebral venous plexus obscure the anatomical relationship
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of these muscles (fig.15). The intradural segment of the vertebral artery (V4) can be divided
in a lateral medullary segment and an anterior medullary segment. The V4 lateral medullary
segment begins at the dural foramen and passes anterior and superior along the lateral
medullary surface to terminate at the pre-olivary sulcus. The posterior inferior cerebellar
artery (PICA) enters this cistern after originating from the fourth segment (V4) of the
vertebral artery intra-durally. In the cerebello-medullary cistern the PICA passes dorsally
between the rootlets of the IX, X and XI cranial nerve and pursues a posterior course around
the medulla (fig.16).

The antero-medial perspective of the CVJ provides exposure of the clival portion of
occipital bone, anterior border of foramen magnum, anterior arch of C1, and the odontoid
process (fig.17). Intradurally, the anterior medullary segment of the vertebral artery (V4) is
exposed. It begins at the pre-olivary sulcus, courses in front of, or between, the hypoglossal
rootlets, and crosses the pyramid to join with the other vertebral artery at or near the ponto-
medullary sulcus to form the basilar artery (fig.18).

Multiple cranial base approaches have been described to manage lesions located in the
lower third of the clivus and the cranio-cervical junction. The lower cranial nerves and the
posterior arterial circulation, mainly the vertebral artery, divide the posterior fossa into
ventro-medial and dorso-lateral compartments. Most trans-cranial approaches to the
posterior fossa are limited ventro-medially by these structures. The extended endoscopic
approach to the CVJ, although proven to be effective and safe for treating median pathology,
is limited in accessing lesions located in the dorso-lateral compartment. Therefore, an
accurate knowledge of the neurovascular structures that divide the posterior fossa is
paramount in selecting the best option for accessing each lesion. A ventral endoscopic
endonasal approach offers a safe and wide exposure of the lower third of the clivus. It is
particularly superior for lesions that expand ventro-medially from the vertebral artery. The
microsurgical far lateral approach is the traditional and most appropriate approach for the
lesions located dorsolateral to the vertebral artery. A combined endoscopic endonasal
approach/ far lateral approach is a strategy that could be indicated in selected cases of
complex lesions affecting ventro-medial compartment and dorso-lateral compartment

simultaneously (153-156).
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Figures

Figure 1. Cadaveric dissection showing the exposure of the sellar dura and left paraclival
internal carotid artery (ICA) through an endoscopic endonasal paraseptal approach. A
Fogarty balloon catheter is approximated to the bony opening and inserted extradurally and
extra-arterially along the paraclival ICA. The catheter is then pushed posteriorly and laterally
toward the foramen lacerum until it naturally stops. F = Fogarty balloon catheter; GF =
grasping forceps; IICAp = left paraclival ICA; PG = pituitary gland; PS = planum

sphenoidale; TS = tuberculum sellae.

Figure 2. CT scan (bone window, axial slices) showing the ICA course from the intrapetrous
to the paraclival segment with a clockwise caudo-cranial progression. At the level of the left
paraclival ICA, the metallic core of the distal end of the Fogarty catheter (left) and the

balloon after inflation (right) are visible (red arrows).
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Figure 3. Anterior (right) and lateral (left) cerebral angiograms of the left ICA. Clockwise,
the images show the interruption of contrast flow when the Fogarty catheter balloon is
inflated at the level of the paraclival ICA, and the progressive passage of contrast as the

balloon is deflated.
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Figure 4. A: Magnetic resonance image showing a right macroadenoma with cavernous sinus
invasion. The patient underwent endoscopic endonasal surgery. B: The paraseptal approach
was performed. The pituitary adenoma and right paraclival ICA were exposed. C: A Fogarty
balloon catheter was inserted extra-arterially and extradurally along the paraclival ICA until
it naturally stopped. D: The catheter was left in situ to be inflated in case of intraoperative

ICA rupture. a = aspirator; d = dissector; F = Fogarty balloon catheter; PitAdenoma =

pituitary adenoma; rICAp = right paraclival ICA.
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Figure 5. A 3D reconstruction of the endoscopic endonasal paraseptal approach was obtained
with Amira (Amira Visage Imaging Inc.), a specific software program for the visualization
and manipulation of biomedical data. A: Bone removal at the sellar floor and the paraclival
ICA protuberance with visualization of the pituitary gland (purple), left paraclival ICA (red),
and Fogarty balloon (blue) catheter (green). B: Localization of the Fogarty balloon catheter
compressing the left ICA. C: The left ICA is compressed and occluded by the Fogarty

balloon.
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Figure 6. T1-weighted post-contrast magnetic resonance image demonstrating a cavernoma
surfacing at the ventromedial mesencephalon (a). Intra-operative images of the extended
endoscopic endonasal transplanum transtuberculum approach to the mesencephalic
cavernoma. The hematoma overlying the cavernous malformation was encountered on the
ventral surface of the midbrain, pushing forward the basilar artery and the perforators,
creating itself the space for surgical maneuvers (b). Once the hematoma was evacuated and
the cavernoma removed, the basilar artery and perforators fell onto the mesencephalic ventral
surface, obliterating the corridor to the surgical cavity and making it too risky for any other
inspection of the cavernoma’s bed (c). Post-operative axial T1-weighted magnetic resonance
imaging demonstrating resection of the lesion with small fragments of the cavernoma in the
surgical cavity (d). CP right cerebral peduncle, MB mammillary bodies, C cavernoma, BA

basilar artery.
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Figure 7. The basilar apex in the interpeduncular cistern was reached via the lateral
supraorbital approach through a corridor between the right oculomotor nerve and the right
internal carotid artery (ICA) by microsurgical dissection in a medio-lateral direction, until the
posterior communicating artery (pcomA) was identified (A). The pcomA was followed along
the inferior surface of the temporal lobe to its origin from the posterior cerebral artery. The
supraclinoid tract of the ICA was medially withdrawn together with PcomA, to increase
visibility through the oculomotor-carotid corridor. After opening of the Lilequist membrane,
the interpeduncolar cistern is reached. In the depth of the field, the pre-communicating
segment of the posterior cerebral artery and the basilar tip can be seen, although the posterior
clinoid process limits anatomical exposure (B). ICA: internal carotid artery; pcp: posterior
clinoid process; pcomA: posterior communicating artery; LM: Lilequist membrane; ChA:

choroidal artery; IIICN: third cranial nerve; BA: basilar apex; PCA: posterior cerebral artery.
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Figure 8. Through a lateral supraorbital approach, lateral to the oculomotor nerve, the right
superior cerebellar artery running along the tentorial edge can be seen. TE: tentorial edge;

SCA: suoperior cerebellar artery; IIICN: third cranial nerve; pcoA: posterior communicating

artery.
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Figure 9. After posterior clinoidectomy, endoscopic assistance allows for a wider anatomical
exposure around the basilar apex: the basilar trunk becomes visible for 7,4 mm (£3,7 mm),
superior cerebellar artery (SCA) is exposed for 9,6 mm (+5,2 mm) ipsilaterally and for 3,9
mm (+2,8 mm) controlaterally; posterior cerebral arteries are exposed for 6,2 mm (+4,3 mm)

controlaterally and for 11,4 mm (£2,6 mm) ipsilaterally.
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Figure 10. The endoscopic endonasal transclival approach is performed by drilling of the

clival bone from the floor of the sella inferiorly to 2/3 of the clivus (A). Then dura is opened

on the midline and prepontine cistern and vessels inside it are exposed free from arachnoid

(B).

Figure 11. Anatomical exposure and surgical freedom around the basilar apex as provided by
the lateral supraorbital approach were measured before (A) and after (B) posterior
clinoidectomy. Posterior clinoidectomy increased surgical freedom up to 54,3 mm’;
anatomical exposure expanded inferiorly and controlaterally: basilar trunk became visible for
4,6 mm (£2,8 mm) caudally from its apex, controlateral posterior cerebral artery was exposed
for 6,2 mm (4,3 mm), while ipsilateral exposure remained unchanged. BA: basilar artery;

rPCA: right posterior cerebral artery; IPCA: left posterior cerebral artery.
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Figure 12. Surgical freedom and anatomical exposure are increased by drilling of dorsum
sellae during an endoscopic endonasal transclival approach. After this maneuver, surgical
freedom measures 101,3mm?*(+23,6 mm?2); posterior cerebral arteries can be exposed for 5
mm (£2,7 mm) on average bilaterally; exposure of basilar trunk increases for 3,4 mm (+4,1

mm) cranially.
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Figure 13. 3D anatomical model of the CV1J as seen from a postero-lateral perspective. Bony
relationships with the main artero-venous structures are shown, i.e. with the vertebral artery,
internal jugular vein and internal carotid artery. The condylar part of the occipital bone and

lateral masses of atlas and axis are enclosed in a red dotted rectangular area.

Figure 14. The segment of the vertebral artery extending from the transverse foramen of C2
to its entrance to the dura is exposed (V3). The artery, after ascending through the transverse
process of the atlas, is located on the medial side of the rectus capitis lateralis muscle. From
here it turns medially behind the lateral mass of the atlas and the atlanto-occipital joint and is
pressed into the groove on the upper surface of the posterior arch of the atlas, where it
courses in the floor of the sub-occipital triangle. EOP: external occipital protuberance; A:

asterion; MP: mastoid process; V3: third segment of the vertebral artery; C1: atlas; C2: axis;
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C3: third cervical vertebra; LM: lateral mass of the atlas; Cln: suboccipital nerve; C2n:

second cervical nerve; C3n: third cervical nerve

Figure 15. The muscles bounding the subo-ccipital triangle are exposed and reconstructed in
a 3D model on the left of the picture. The superior oblique muscle extends between the
superior and inferior nuchal lines to the transverse process of the atlas. The inferior oblique
muscle extends from the spinous process of the axis to the transverse process of the atlas. The
rectus capitis posterior major extends from and below the lateral part of the inferior nuchal
line to the spine of the axis. The triangle deep to these muscles is covered by a layer of dense
fibrofatty tissue. The structures in the triangle are the V3 segment of the vertebral artery on
the posterior arch of the atlas and the first cervical nerve. EOP: external occipital
protuberance; A: asterion; MP: mastoid process; OA: occipital artery; [OM: inferior oblique
muscle: SOM: superior oblique muscle; SCM: sternocleidomastoid muscle; RCPM: rectus

capitis posterior major muscle; RCPm: rectus capitis posterior minor muscle.
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Figure 16. The intra-dural segment of the vertebral artery (V4) exposed through a
postero-lateral approach can be divided in a lateral medullary segment and an anterior
medullary segment. The V4 lateral medullary segment begins at the dural foramen and passes
anterior and superior along the lateral medullary surface to terminate at the pre-olivary sulcus
(A). The posterior inferior cerebellar artery (PICA) enters this cistern after originating from
the fourth segment (V4) of the vertebral artery intra-durally. In the cerebello-medullary
cistern the PICA passes dorsally between the rootlets of the IX, X and XI cranial nerve and
pursue a posterior course around the medulla (B). CH: cerebellar hemisphere; T: tonsil; FM:
posterior border of foramen magnum partially opened; C1: atlas partially removed; PICA:
posterior inferior cerebellar artery; C3: third cervical nerve; C2: second cervical nerve; D:
dura mater opened; DL: dentate ligament; XI: accessory nerve; SC: spinal cord; XII:
hypoglossal nerve; HC: hypoglossal canal; V4lms: lateral medullary segment of the fourth
segment of the vertebral artery; [X-X: glossopharyngeal and vagal nerves.
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Figure 17. The antero-medial perspective of the CVJ is represented by 3D models. The area
of interest after removal of the anterior arch of C1 is limited by a red dotted rectangular area

on the right of the picture.
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Figure 18. The fourth segment of the vertebral artery (V4) in its anterior medullary segment
is visible. This segment begins at the pre-olivary sulcus, courses in front of, or between, the
hypoglossal rootlets, and crosses the pyramid to join with the other vertebral artery at or near
the ponto-medullary sulcus to form the basilar artery. The anterior spinal artery is formed by
the union of the paired anterior ventral spinal arteries near the origin of the basilar artery. The
artery descends through the foramen magnum on the anterior surface of the medulla and the
spinal cord in or near the antero-median fissure. The rootlets forming the hypoglossal nerve,
the glossopharyngeal, and vagal nerve run laterally from the lateral surface of the brainstem
in the cerebello-medullary cistern. VAams: vertebral artery anterior medullary segment;
ASA: anterior spinal artery; MPr: right medullary pyramid; MPI: left medullary pyramid;
AMS: anterior median sulcus; X: vagal nerve; IX: glossopharyngeal nerve; XII: hypoglossal

nerve.




