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Preface

The surgical management of skull base tumors presents one of the most formidable challenges
in neurosurgery and head and neck surgery. The anatomical complexity of these regions with critical
neurovascular structures demands a detailed understanding of regional anatomy, sophisticated
surgical techniques and skills, and an interdisciplinary approach to minimize the potential morbidity.

This reprint has been written with the help of recognized experts in skull base surgery, and
it provides a comprehensive resource for novice and experienced surgeons who seek to enhance
their surgical skills in skull base surgery. The goal is to bridge the gap between foundational
anatomical knowledge and advanced surgical strategies, providing readers with insights into the
latest advancements and techniques.

Throughout this reprint, the reader will find detailed descriptions of various skull base
tumors, the anatomical basis, and surgical planning, supported by high-quality illustrations and
intraoperative images and videos in selected cases. These include open microneurosurgical
procedures and nuances of minimally invasive techniques with the evolution of endoscopic
approaches that have revolutionized the management of many skull base pathologies.

We hope that this reprint will inspire a deeper appreciation for the art and science of skull base
surgery, motivate the young generations of surgeons for additional learning and research, and become
an invaluable reference for surgeons at every stage of their careers.

Overall, the ultimate goal is to contribute to the maintenance of the meticulous delivery of
microneurosurgical and endoscopic skull base surgery techniques with compassionate care for

patients suffering from these complex pathologies.

Miguel Lopez-Gonzalez
Editor
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The field of skull base surgery is unique; it involves the adequate and coordinated mul-
tidisciplinary interaction of multiple specialties, such as otorhinolaryngology, maxillofacial
surgery, ophthalmology, neuro-anesthesiology, oncology, radiation oncology, neurophysiol-
ogy, and neurosurgery. Young residents and fellows interested in this field need to learn
and master the surgical skills required to tackle lesions located deep in the skull base with
minimal morbidity.

The need to go back to the basics and learn and re-review human anatomy and
classic skull base surgery approaches developed by the giants in our field cannot be
overemphasized. The initial wave of skull base surgery started with approaches in sellar
region developed by Schloffer in 1907 and subsequently modified by Hirsch and Cushing
using the sublabial approach, and then followed by Dott, Guiot and Hardy, popularizing
the transsphenoidal approach. The second wave in skull base surgery from 1980s was
invigorated by the modern giants in skull base surgery, such as Yasargil, Hakuba, Al-Mefty,
Dolenc, Spetzler, Kawase, Fukushima, Shekar, House, and Fisch, among others [1]. The
third leap represents the endoscopic endonasal era that started in the 1990s, with the
landmark paper by Jho and Carrau [2]. More knowledge has been accumulated, and now,
skull base surgeons are able to access any skull base region either using a conventional
lateral skull base approach, or endoscopic expanded endonasal techniques.

The trend of using minimal invasive approaches in skull base surgery is applauded,
although it is critical to maintain a balanced judgement regarding when to use minimal
invasive options versus the conventional skull base approaches. Current skull base sur-
geons need to have a good understanding of the reach of each of the approaches, profound
anatomical knowledge developing via laboratory dissections, and surgical training. They
also need to make an unbiased judgment on the appropriate procedure for each patient,
with careful mental preparation and rehearsal to respond to all the possible intraoperative
scenarios. The in-depth preoperative analysis of all the images (computed tomography,
magnetic resonance, cerebral angiogram, etc.), as well as a consensus discussion with the
other referred specialists when appropriate can provide an adequate and safe surgical
plan. A perfectly orchestrated teamwork with surgeon leadership is mandatory. Closed
and respectful communication with the entire surgical team before surgery is necessary
to achieve the common goal of a successful operation. It is crucial to be versatile and
provide exactly what each patient requires. There are new tools that can be utilized for
preoperative planning and education, such as virtual, augmented, or mixed reality. When
available, it is important to integrate these tools, although we need to keep in mind that
the success of surgery comes with the adequate execution of the microneurosurgical skills,
since technology, at this point, cannot perform the crucial delicate steps required for these
formidable approaches.

In this Special Issue: “Advances in Skull Base Tumor Surgery: The Practical Pearls”,
we integrate the experience of experts in the field, describing their techniques and pearls of
wisdom to improve all the areas of skull base surgery from endoscopic endonasal to lateral
skull base approaches, including videos for vestibular schwannoma and craniopharyn-
gioma resection, as well as using the sphenoid ridge approach on pediatric patients. Among
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others, Liu and colleagues [3] present an elegant and detailed microsurgical anatomy review
and surgical examples of jugular foramen tumors, ranging from using basic retrosigmoid
approaches to combined retro and infralabyrinthine transjugular transcondylar high cervi-
cal approaches. Mukherjee and colleagues [4] present the reach of endonasal endoscopic
skull base surgery for pathologies in the sellar—suprasellar area, orbital apex, and anterior
cranial base in detail and transpterygoid approaches, with a thorough description of their
practical pearls.

Overall, all the included articles encompass all the areas of skull base surgery. I
recommend adding them with the surgical approach examples to the armamentarium of
different modalities of treatment for skull base surgeons to deal with complex lesions in
daily practice.
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Abstract: Background: The cavernous sinus (CS) is a highly vulnerable anatomical space, mainly
due to the neurovascular structures that it contains; therefore, a detailed knowledge of its anatomy
is mandatory for surgical unlocking. In this study, we compared the anatomy of this region from
different endoscopic and microsurgical operative corridors, further focusing on the corresponding
anatomic landmarks encountered along these routes. Furthermore, we tried to define the safe entry
zones to this venous space from these three different operative corridors, and to provide indications
regarding the optimal approach according to the lesion’s location. Methods: Five embalmed and
injected adult cadaveric specimens (10 sides) separately underwent dissection and exposure of the CS
via superior eyelid endoscopic transorbital (SETOA), extended endoscopic endonasal transsphenoidal-
transethmoidal (EEEA), and microsurgical transcranial fronto-temporo-orbito-zygomatic (FTOZ)
approaches. The anatomical landmarks and the content of this venous space were described and
compared from these surgical perspectives. Results: The oculomotor triangle can be clearly exposed
only by the FTOZ approach. Unlike EEEA, for the exposure of the clinoid triangle content, the
anterior clinoid process removal is required for FTOZ and SETOA. The supra- and infratrochlear
as well as the anteromedial and anterolateral triangles can be exposed by all three corridors. The
most recently introduced SETOA allowed for the exposure of the entire lateral wall of the CS without
entering its neurovascular structures and part of the posterior wall; furthermore, thanks to its
anteroposterior trajectory, it allowed for the disclosure of the posterior ascending segment of the
cavernous ICA with the related sympathetic plexus through the Mullan’s triangle, in a minimally
invasive fashion. Through the anterolateral triangle, the transorbital corridor allowed us to expose
the lateral 180 degrees of the Vidian nerve and artery in the homonymous canal, the anterolateral
aspect of the lacerum segment of the ICA at the transition zone from the petrous horizontal to the
ascending posterior cavernous segment, surrounded by the carotid sympathetic plexus, and the
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medial Meckel’s cave. Conclusions: Different regions of the cavernous sinus are better exposed by
different surgical corridors. The relationship of the tumor with cranial nerves in the lateral wall
guides the selection of the approach to cavernous sinus lesions. The transorbital endoscopic approach
can be considered to be a safe and minimally invasive complementary surgical corridor to the well-
established transcranial and endoscopic endonasal routes for the exposure of selected lesions of
the cavernous sinus. Nevertheless, peer knowledge of the anatomy and a surgical learning curve
are required.

Keywords: cavernous sinus triangles; endoscopic transorbital; extended endoscopic endonasal;
fronto-temporo-orbito-zygomatic; middle fossa

1. Introduction

The cavernous sinus (CS) is a vulnerable venous space located deep in the center of the
base of the skull, and it includes vital and highly functional neurovascular structures—e.g.,
the internal carotid artery (ICA) and its branches; the III, IV, and VI cranial nerves; and
the ophthalmic division of the trigeminal nerve. Therefore the detailed knowledge of its
anatomy is mandatory to avoid potentially life-threating iatrogenic injuries.

As already happened in the past with the advent of the endoscopic endonasal ap-
proaches (mainly addressed to the pathologies of the midline skull base through a ventral
median corridor), most recently the endoscopic transorbital route has opened a new win-
dow, but mainly for the paramedian and lateral aspects of the anterior and middle cranial
fossae up to the petrous apex [1,2].

Since the first pioneering work of Parkinson [3], which describes the surgical approach to
a carotid-cavernous fistula, several anatomical studies [4-10] and surgical series [11-14], have
provided a detailed description of this dural envelope and its safe entry zones from different
routes, both transcranial [3,15-17] and endonasal [16-20], and most recently endoscopic
transorbital [21-23], each of them with related pro and cons.

Nevertheless, a single approach is not sufficient to expose the entire CS and simultane-
ously to have the proximal and distal control of the cavernous ICA, which is necessary for
a safe surgery.

Tumoral, congenital, infectious/inflammatory/granulomatous, and vascular patholo-
gies [24], of any size and morphology, pattern of growth, and diffusion, can involve one
or more compartments of the cavernous sinus and have different relationships with the
structures lying within it. In this scenario, when a surgical treatment is indicated, it is
mandatory for a neurosurgeon to be confident with more than one surgical route to ensure
the availability of different working angles through the various triangles to maximize the
tumor resection and to minimize the risk of injury to the cranial nerves and ICA, ultimately
choosing the best tailored option.

The aim of the current study was to provide an anatomical description from a superior
eyelid transorbital endoscopic (SETOA) perspective of the cavernous sinus and its relation-
ship with the main neurovascular structures; furthermore, we attempted to highlight the
main differences and similarities of the exposed area and its landmarks as seen from the
endoscopic endonasal and transcranial routes (Figure 1). Finally, we tried to define the safe
entry zones to this venous space from these three different operative corridors (Table 1)
and provide indications regarding the optimal approach according to the lesion’s location.
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Figure 1. Exposure of the right-side cavernous sinus from different surgical perspectives: (a) Fronto-
temporo-orbito-zygomatic (FTOZ) approach: head specimen secured in three-pin Mayfield skull
clamp, 45 degrees rotated and hyperextended so that the malar eminence was the highest point at
the horizon line. (b) Superior eyelid endoscopic transorbital approach (SETOA): head specimen in
neutral supine position, 10 degrees flexed and 10 degrees rotated to the contralateral side of the
operator. (c¢) Extended endoscopic endonasal transsphenoidal transethmoidal approach (EEEA):
head specimen in neutral supine position, 10 degrees flexed and slightly rotated to the side of the
operator. (GG: Gasserian ganglion; TL: temporal lobe; FR: foramen rotundum; FO: foramen ovale;
vn: Vidian nerve; cICA: cavernous internal carotid artery; pICA: petrous internal carotid artery;
LacICA: lacerum internal carotid artery; clICA: clinoidal internal carotid artery; os: optic strut; SOF:
superior orbital fissure; PG: pituitary gland; CLIV: clivus; red lines: anterolateral triangle; yellow
lines: anteromedial triangle; orange lines: infratrochlear triangle; green lines: supratrochlear triangle;

blue lines: clinoidal triangle).
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2. Materials and Methods

Anatomical dissections were performed at the Laboratory of Skull Base and Micro-
neurosurgery of the Weill Cornell Neurosurgical Innovations and Training Center, New
York, USA. Five adult cadaveric specimens (10 sides), embalmed and injected with red
and blue latex for the arteriosus and venous blood vessels, respectively, were dissected.
The fronto-temporo-orbito-zygomatic (FTOZ) approach was performed under microscopic
visualization (OPMI, Zeiss, Oberkochen, Germany), whereas the extended endoscopic
endonasal transsphenoidal-transethmoidal (EEEA) was performed with a rigid endoscope
of 4 mm diameter, 18 cm in length, with 0° and 30° rod lenses as optical devices (Karl
Storz, Tuttlingen, Germany); finally, the SETOA, after the initial step under macroscopic
visualization, proceeded under endoscopic visualization. The endoscope was connected to
a light source (300 W Xenon, Karl Storz) through a fiber-optic cable and to an HD camera
(Endovision Telecam SL; Karl Storz).

We adopted the intracranial classification systems (C1-C7) proposed by Bouthillier
et al. [25] and by Labib et al. [26] for the description of the anatomical course of the ICA
during FTOZ/SETOA and EEEA, respectively, and the well-known division in triangles of
the cavernous sinus [15] was used as a reference to depict the areas of exposure.

2.1. Fronto-Temporo-Orbito-Zygomatic (FTOZ) Approach

The surgical procedure started with a curvilinear skin incision extended from 1 cm
anterior to the tragus and below the zygomatic arch, to the contralateral mid-pupillary line,
and was followed by a subgaleal interfascial dissection [27] and a retrograde subperiosteal
detachment of the temporalis muscle [28]. At this point, a two-piece orbitozygomatic
craniotomy according to Zabramski’s [29] technique was performed, followed by the cutting
of the meningo-orbital band [30] and the extradural anterior clinoidectomy [31]. Finally, the
surgical procedure was completed with the interperiosteal-dural dissection of the lateral
wall of the CS and the middle cranial fossa, and with pericavernous maneuvers [32] to
expand the optic—carotid and carotid-oculomotor windows.

2.2. Superior Eyelid Transorbital Endoscopic Approach (SETOA)

An SETOA to the petrous apex was performed as previously reported in the litera-
ture [33]. As previously reported in the pertinent literature [34], the orbital retraction was
set at <10 mm.

A skin incision was placed in a superior eyelid wrinkle; hence, once the orbicularis
oculi muscle was identified, the dissection was carried out in depth up to the superior
orbital rim and extended laterally up to the frontozygomatic suture (FZS). After cutting
the periosteum where it became continuous with the periorbita, the dissection continued,
with endoscopic assistance, in a subperiosteum/periorbital plane within the orbit until the
lateral margin of the inferior and superior orbital fissures. At this point, once the zygomatic
body and the intraorbital part of the greater sphenoid wing (including the sagittal crest [35])
were drilled until the exposure of the temporal pole dura mater, an interperiosteal-dural
dissection via the meningo-orbital band (MOB) [21] was performed to unlock the lateral
wall of the CS up to the Gasserian ganglion (GG). After cutting the middle meningeal
artery (MMA), the temporal pole was elevated in an extradural fashion and, once the mid-
subtemporal ridge and the trigeminal lateral loop were identified [36], the anterolateral
triangle of middle fossa was opened [37]. Finally, an extradural anterior clinoidectomy [38]
completed the surgical procedure.

2.3. Extended Endoscopic Endonasal Transsphenoidal Transethmoidal Approach (EEEA)

An extended endoscopic endonasal transsphenoidal transethmoidal approach was
performed as previously reported in the literature [20,39]. In contrast to the standard
endoscopic endonasal transsphenoidal approach, to obtain a wider exposition of the CS, the
sphenoidotomy was extended more laterally and the posterior ethmoidal cells were opened.
Furthermore, to expand the operative corridor, the uncinate process was removed and the
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bulla ethmoidalis was opened, allowing us to reach and remove the anterior ethmoid cells.
The removal of the posterior ethmoid cells and the anterior wall of the sphenoid sinus
allowed us to expose the lateral wall of the sphenoid sinus with a direct trajectory, and once
it was removed, the CS came into view.

3. Results

The differences and likenesses of the various regions of the CS and the related anatom-
ical landmarks were analyzed to make a descriptive comparison from transcranial, endo-
scopic endonasal, and endoscopic transorbital perspectives.

3.1. Clinoid Triangle (Dolenc’s Triangle)
3.1.1. FTOZ Perspective

This area is bounded by the inferior margin of the optic nerve superiorly, the superior
margin of the oculomotor nerve inferiorly, and by the segment of the anterior petroclinoid
dural fold between the entry point of the II and III cranial nerves. It includes the anterior
clinoid process, which covers the clinoidal segment of the ICA (C5 segment [25]) between
the proximal and distal dural rings. It is necessary to remove the anterior clinoidal process
to expose its content (Figure 2a,b).

Figure 2. Right-side clinoidal (Dolenc’s) triangle: FTOZ perspective (a) before and (b) after anterior
clinoidal process removal. SETOA perspective (c) before and (d) after anterior clinoidal process
removal. (e) EEEA perspective with preserved anterior clinoidal process. The boundaries of this
triangles are represented by the inferior margin of the optic nerve superiorly, the superior margin of
the oculomotor nerve inferiorly, and by the segment of the anterior petroclinoid dural fold between
the entry point of the II and III cranial nerves (PO: periorbit; ACP: anterior clinoid process; TL:
temporal lobe; MOB: meningo-orbital band; FL: frontal lobe; cI-ICA: clinoidal internal carotid artery;
dr: distal ring; pr: proximal ring; SOF: superior orbital fissure; os: optic strut; ps-ICA: parasellar
internal carotid artery; pc-ICA: paraclinoid internal carotid artery; PG: pituitary gland).

3.1.2. SETOA Perspective

The clinoid triangle is completely exposed through transorbital route and, after the
anterior clinoidectomy, its content is also evident.

The removal of the anterior clinoid process (ACP) reveals a pyramidal dural pocket
bounded by the dura on the superior surface of the lesser sphenoid wing (LSW) laterally,
the dura on the superior surface of the LSW and attached to the lateral edge of the planum
sphenoidale superiorly, the falciform ligament covering the proximal segment of the optic
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nerve (ON) after its unroofing medially, and finally, the optic nerve dural sheath and the
anterior part of the distal dural ring of the ICA inferiorly.

The ON is observed along its posteromedial course toward the optic chiasm. The
clinoidal segment of the ICA (C5 segment [25]) between the lower and upper dural rings
is observed in the central part of the triangle, with the ophthalmic artery running infer-
omedially to the ON. Finally, the optic—carotid membrane and space are also evident
(Figure 2¢,d).

3.1.3. EEEA Perspective

This area is bounded by the optic nerve above and the oculomotor nerve below the
optic strut. The base of this triangle is represented by the distal part of the parasellar
and paraclinoid segments of the ICA [26]. The content of this triangle is the optic strut or
optic—carotid recess (Figure 2e).

3.2. Oculomotor Triangle (Hakuba's Triangle)
3.2.1. FTOZ Perspective

This triangle forms the posterior part of the roof of the cavernous sinus. Its boundaries
are the interclinoid dural fold medially and the anterior and posterior petroclinoid dural
folds laterally and posteriorly, respectively.

3.2.2. SETOA Perspective
This area, even after anterior clinoidectomy, is scarcely recognizable from this surgical corridor.

3.2.3. EEEA Perspective
This triangle is also not identifiable after gentle medial displacement of the ICA.

3.3. Supratrochlear Triangle (Paramedian)
3.3.1. FTOZ Perspective

This area is bounded by the inferior border of the oculomotor nerve superiorly, the
superior border of the trochlear nerve inferiorly, and the segment of the dura of the roof of
the cavernous sinus between the entry points of these two nerves. Its content is represented
by the horizontal cavernous ICA (Figure 3a).

Figure 3. Right-side supra- and infratrochlear triangles: (a) FTOZ, (b) SETOA, and (c) EEEA per-
spectives. The boundaries of the supratrochlear are represented by the inferior border of the III c.n.
superiorly, the superior border of the IV c.n. inferiorly, and the segment of the dura of the roof of the
cavernous sinus between the entry points of these two nerves; regarding the infratrochlear triangle, it
is delimited superiorly by the lower margin of the trochlear nerve, inferiorly by the upper margin of
V1, and posteriorly by the line connecting the point where the trochlear nerve enters the roof of the
cavernous sinus and the point where the trigeminal nerve enters the Meckel’s cave (GG: Gasserian
ganglion; cICA: cavernous internal carotid artery; TL: temporal lobe, ps-ICA: parasellar internal
carotid artery).
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3.3.2. SETOA Perspective

This triangle and its boundaries are completely exposed via the transorbital corridor just
after interperiosteal-dural dissection of the lateral wall of the CS. This is a very narrow space that
medially hides the horizontal segment of the cavernous ICA (C4 segment [25]) (Figure 3b).

3.3.3. EEEA Perspective

Only the apex of this triangle, where the III and IV cranial nerves converge toward
the SOF, can be exposed, and the medial displacement of the ICA and/or the lateral
displacement of the cranial nerves is required (Figure 3c).

3.4. Infratrochlear Triangle (Parkinson’s triangle)
3.4.1. FTOZ Perspective

This triangle is delimited superiorly by the lower margin of the trochlear nerve,
inferiorly by the upper margin of V1, and posteriorly by the line connecting the point where
the trochlear nerve enters the roof of cavernous sinus and the point where the trigeminal
nerve enters the Meckel’s cave. This region hosts the posterior bend of the cavernous ICA
(C4 segment [25]) with its branches (meningohypophyseal trunk) (Figure 3a).

3.4.2. SETOA Perspective

This region and its content are completely exposed via the transorbital route; just after
interperiosteal-dural dissection of the lateral wall of the CS, the anterolateral aspect of the
superior half of the ascending segment of the cavernous ICA is evident. Furthermore, after
a gentle downward retraction of the proximal part of V1, it is possible to identify the sixth
cranial neve exiting from the Dorello’s canal under the Gruber’s ligament and coursing
anteriorly in the lateral wall of the CS medially to V1. After a gentle upward displacement
of the trochlear nerve, it is possible to expose the meningohypophyseal trunk (MHT) that
arises from the posterior bend of cavernous ICA (C4 segment [25]) (Figure 3b).

3.4.3. EEEA Perspective

Only the anterior narrow space of this triangle and its content, represented by the
inferolateral trunk of the cavernous ICA, are evident, because of the abducens nerve that
covers the ophthalmic division of the trigeminal nerve, and because of the parasellar
ICA [26] that obstructs access to the posterior compartment (Figure 3c).

3.5. Anteromedial Triangle (Mullan’s Triangle)
3.5.1. FTOZ Perspective

This region is delimited superiorly by the lower margin of V1, inferiorly by the upper
margin of V2, and anteriorly by the line connecting the point where the ophthalmic nerve
enters the superior orbital fissure and the point where the maxillary nerve enters the
foramen rotundum (Figure 4a). The removal of the outer bony shell of this triangle leads
into the sphenoid sinus.

3.5.2. SETOA Perspective

This region comes immediately into the endoscopic view after interperiosteal-dural
dissection of the lateral wall of the CS, and it is the largest safe entry zone to the CS.
Unlike the transcranial frontotemporal point of view, where no segments of the ICA
are visible in this area, the SETOA allows for the in-depth disclosure, at the apex of
this triangle, where V1 and V2 converge, of the inferior half of the posterior ascending
segment of the cavernous ICA (C4 segment [25]), surrounded by sympathetic fibers of the
carotid plexus, passing medially to the petro-lingual ligament to reach the cavernous sinus
(Figure 4b). In this triangle, the VI cranial nerve courses almost horizontally, medially to
V1 and laterally to the ICA, towards the SOF, and it can be visualized after gentle upward
retraction of V1 (Figure 4c). One fundamental landmark that guides surgical dissection of
the anteromedial triangle, avoiding entering the CS space, is the foramen rotundum, which

10
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is encountered after resection of the sagittal crest that discloses V2 inferiorly and outside
the CS. Surgical dissection must be performed between the two trigeminal branches at the
level of the superior edge of V2, dissecting the perineurium covering the two nerves in an
anteroposterior direction to free the two branches, and mobilizing the ophthalmic nerve
superiorly to expand the space between them and gain access to the posteroinferior portion
of the CS.

Figure 4. Right-side anteromedial (Mullan’s) triangle: (a) FTOZ, (b,c) SETOA, and (d) EEEA per-
spectives. This region is delimited superiorly by the lower margin of V1, inferiorly by the upper
margin of V2, and anteriorly by the line connecting the point where the ophthalmic nerve enters
the superior orbital fissure and the point where the maxillary nerve enters the foramen rotundum
(FR: foramen rotundum; SOF: superior orbital fissure; cICA: cavernous internal carotid artery; TL:
temporal lobe; GG: Gasserian ganglion; vn: Vidian nerve; ps-ICA: parasellar internal carotid artery;
pc-ICA: paraclival internal carotid artery).

3.5.3. EEEA Perspective

This area and its content, represented by venous structures, are completely exposed
after bone removal from the lateral wall of the sphenoid sinus, with V1 partially hidden
by the sixth cranial nerve. The apex of this triangle, where V1 and V2 converge, can
be disclosed after medial displacement of the paraclival and parasellar segments of the
ICA [26] (Figure 4d).

3.6. Anterolateral Triangle
3.6.1. FTOZ Perspective

This area is bounded by the lower border of V2 superiorly, the upper border of V3
inferiorly, and the line that connects the foramina rotundum and ovale. The drilling of its
medial wall exposes the sphenoid sinus (Figure 5a).

11
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Figure 5. Right-side anterolateral triangle: (a) FTOZ, (b) SETOA, and (c) EEEA perspectives. This
area is bounded by the lower border of V2 superiorly, the upper border of V3, inferiorly, and the line
that connects the foramina rotundum and ovale (red dotted lines: quadrangular space; FO: foramen
ovale; FR: foramen rotundum; GG: Gasserian ganglion; CLIV: clivus; Lac ICA: lacerum internal
carotid artery; vn: Vidian nerve; FL: foramen lacerum; MC: Meckel’s cave; cICA: cavernous internal
carotid artery; ps-ICA: parasellar internal carotid artery).

3.6.2. SETOA Perspective

The opening of this triangle allows for the disclosure of the Vidian nerve and artery
in the homonymous canal along their course up to the anterolateral edge of the foramen
lacerum, where the posterior opening of the canal is filled with cartilaginous tissue that
blends into the more medjially positioned cartilage filling the foramen lacerum. The lacerum
segment of the ICA, at its transition zone from the horizontal petrous segment to the
ascending cavernous segment, located medially to the petrolingual ligament, along with
the related carotid sympathetic plexus, can be also exposed (Figure 5b). As recently already
described by our group [37], it is possible to appreciate a space limited by the inferior
border of V2 superiorly, the superior border of V3 posteriorly, the line crossing the most
anterior limit of exposure of the Vidian nerve and joining the foramen rotundum and
the point where the greater wing joints the body of the sphenoid bone anteriorly, and
the line between this last point and the foramen ovale posteriorly (red dotted line). This
area includes two windows divided by the course of the Vidian nerve until where it
blends into the cartilaginous tissue of the FL under the trigeminal nerve, and which unfold
different corridors:

(@) A wider superior window (“supravidian”) that discloses two corridors in relationship
to the lacerum segments of the ICA: a “medial supravidian corridor” leading to the
lower clivus, and a “lateral supravidian corridor” leading, after gentle lateralization
of the Gasserian ganglion, to the medial aspect of the Meckel’s cave and the terminal
portion of the horizontal petrous ICA (pICA).

(b) A narrow inferior window (“infravidian”) that includes the inferior portion of the
foramen lacerum distally, and the sphenoid sinus proximally.

3.6.3. EEEA Perspective

Whereas V2 is disclosed from the origin up to the foramen rotundum, V3 is recog-
nizable only in its course from the origin at the Gasserian ganglion up to the entrance the
foramen ovale (Figure 5c).

4. Discussion
4.1. Anatomical Considerations

The oculomotor triangle can be clearly exposed and expanded by opening the optic—
carotid and carotid—oculomotor windows only through the transcranial approach, whereas it is
scarcely identifiable from SETOA and EEEA in normal conditions; however, Nunes et al. [40].
have described an endoscopic endonasal transoculomotor triangle approach for adenomas
invading the parapeduncolar space in which the lesion created the corridor.

To expose the clinoidal triangle and its content, anterior clinoidectomy is necessary
for both SETOA and FTOZ. Unlike the transcranial route, extradural clinoidectomy via

12
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the transorbital route does not have anatomical landmarks, and the limits of the ACP base
drive the drilling [38]. Unlike the transcranial and transorbital approaches, during EEEA
the ICA comes into the view in front of the ACP, just after exposing the posterior wall of
the sphenoid sinus. We consider the access to this area to be safe from all three operative
corridors (“low risk”, green traffic light—Table 1).

The transorbital corridor provides the same exposure of the supra- and infratrochlear
triangles’ contents as the transcranial route, but with a different working angle, and pro-
vides a better control on the anterior aspect of the posterior ascending segment of the
cavernous ICA. The EEEA allows for the exposure of just the apex of the supratrochlear
triangle, but the medial displacement of the ICA and/or the lateral displacement of cranial
nerves are required; concerning the Parkinson’s triangle, the horizontal cavernous ICA and
the VI nerve partially obstruct its exposure. We consider the access to both of these triangles
to be relatively safe from all three corridors (“mid risk”, yellow traffic light—Table 1),
taking into the account the superficial course of the ICA and MHT in this region from each
of the different perspectives.

The anteromedial triangle is the largest window opened on the CS from SETOA.
Unlike the transcranial route, through this route, the endoscopic transorbital route allows
for the exposure of the anterior aspect of the inferior half of the posterior ascending segment
of the cavernous ICA, surrounded by sympathetic fibers of the carotid plexus; additionally,
the VI cranial nerve, along its almost horizontal course (medially to V1 and laterally to
the ICA, towards the SOF), can be visualized after gentle upward retraction of V1. We
consider the access to this area from EEEA and FTOZ to be safe (“low risk”, green traffic
light—Table 1), whereas one should be more careful when using the transorbital corridor
(“mid risk”, yellow traffic light—Table 1) due to the proximity of the inferior border of the
horizontal segment of the cavernous ICA, partially hidden by V2 and the inferior segment
of the posterior ascending cavernous ICA deep in the triangle.

The opening of the anterolateral triangle through SETOA [37] reveals a space that can
be divided into a wider superior window (“supravidian”) and a narrow inferior window
(“infravidian”). The supravidian window allows direct access to the lacerum segment of
the ICA and the related carotid sympathetic plexus; furthermore, this space reveals two
different corridors: the medial supravidian corridor leading to the lower clivus, and the lateral
supravidian corridor leading to the Meckel’s cave and the terminal portion of the horizontal
petrous ICA, medial and lateral to the lacerum ICA, respectively. We consider the access to
this area to be safe from all three (FTOZ, SETOA, and EEEA) surgical routes (“low risk”,
green traffic light—Table 1) (Figure 6).

4.2. Surgical Nuances

Among the more or less recent classifications of the compartments of the CS [4,41,42],
in agreement with that provided by Harris et al. [4], we considered three main venous
spaces in relation with the course of the cavernous ICA: posterosuperior, anteroinferior,
and medial compartments.

The FTOZ route allows access to the CS through its roof and lateral wall using the
clinoidal/oculomotor and the supra/infratrochlear triangles, respectively [43].

The clinoidal triangle represents the lower floor of the anterior portion of the roof of the
cavernous sinus, and it is commonly used to approach paraclinoid or carotid—ophthalmic
aneurysms; its exposure requires the intra- or extradural removal of the ACP, and care
must be taken regarding the clinoidal ICA and the unroofing of the optic canal during this
maneuver. The exposure of this area continues with the opening of the optic sheath and
the distal dural ring. The oculomotor triangle represents the posterior part of the roof of
the cavernous sinus, and it is usually used as corridor to access basilar tip aneurysms and
tumors inside the cavernous sinus; its exposure requires the opening of the oculomotor
cistern, the incision of the carotid—oculomotor membrane, and the incision of the dura of
the triangle; care must be taken to identify the MHT.
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Figure 6. (a) Graphic showing the fronto-temporo-orbito-zygomatic (FTOZ), endoscopic transorbital
(SETOA) and endoscopic endonasal (EEEA) approaches to the cavernous sinus; CS: cavernous sinus;
vn: Vidian nerve; GG: Gasserian ganglion; blue = cavernous sinus; yellow: cranial nerves; red:
ICA. (b) Graphic of the cavernous sinus and its exposure areas from the three approaches through
the different triangles: yellow space: this area can be exposed only through FTOZ (oculomotor
triangle); green space: these areas can be separately exposed only through FTOZ and SETOA (supra-
and infratrochlear triangles, anterolateral triangle laterally to the Vidian nerve, and posteromedial
and posterolateral triangles of the middle fossa, i.e., Glassock’s and Kawase’s triangles); purple
space: these areas can be separately exposed through FTOZ, SETOA, and EEEA (clinoid, supra- and
infratrochlear, and anteromedial and anterolateral triangles).

The simultaneous opening of these two triangles allows for the management of lesions
involving the lateral, posterosuperior, and medial compartments of the CS.

The FTOZ allows access to the posterosuperior and anteroinferior compartments of
the CS, as well as through its lateral wall by opening the supra- and/or infratrochlear
triangles, just after the peeling of the middle fossa; care is recommended to identify the VI
c.n. exiting the Dorello’s canal in the Parkinson’s triangle.

The EEEA allows access to the posterosuperior and anterior compartments of the CS
through its medial (sellar) and anterior (sphenoidal) walls thanks to medial-to-lateral [44]
and anterior-to-posterior trajectories [41], respectively. To access the posterior compartment,
the opening of the sellar dura and the cutting of the inferior hypophyseal artery are required;
access to the anteroinferior compartment is facilitated by using a transpterygoid approach.

The exposure area of the lateral wall of the CS via EEEA is greatly influenced by the
ICA’s position: because of its localization inside the CS, the ICA comes into the endoscopic
view before the lateral wall of the CS, representing an obstacle for the visualization of the
posterior content of the CS’s lateral wall—mainly the supra- and infratrochlear triangles.
Conversely, the anterior part of the clinoidal triangle, the entire anteromedial triangle, and
the upper part of the anterolateral triangle are exposed and provide potential pathways
from this route to the middle cranial fossa.

As this route is mainly indicated for midline skull-base pathologies, its main risks
and drawbacks in approaching the CS are related to the lateral extension, i.e., pituitary
adenomas with CS invasion, and include the injury of the ICA and the cranial nerves, CSF
leakage, and limited resection rates.

The interperiosteal-dural dissection from anterior to posterior via the MOB [21] during
SETOA provides a shorter and direct route, and it follows a natural sagittal plane, allowing
for the exposure of the entire lateral wall of the CS without violating its neurovascular
compartment, and with an optimal angle of attack [21]. The MOB represents the key
landmark for identifying the CS via SETOA. If from one side the extradural endoscopic
transsphenoidal and transethmoidal approaches offer direct access to the anterior portion
of the cavernous sinus, from the other side the lateral and posterior walls instead represent
a challenge from this route [20,45,46].
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The transorbital approach respects the principles of the modern, minimally invasive
skull-base techniques: flattening the skull base and using the extradural space to approach
the target lesion, reducing the brain retraction [47]. Nevertheless, a mandatory consid-
eration must be kept in mind when exposing the CS: the width of the surgical corridor.
This route, while providing a wide visualization, uses a narrow (and single if compared to
EEEA) surgical corridor, limited by orbital rims superiorly, laterally, and inferiorly, and by
the vulnerable orbital content medially, which imposes limitations on the surgical freedom
and working angles; therefore, it is mainly suitable for small lesions involving the CS at its
posterosuperior and anteroinferior lateral compartments, through the supra/infratrochlear
and anteromedial/anterolateral triangles, respectively [45]. Peri- and postoperative compli-
cations related to the intraoperative orbital content retraction may be avoided with careful
management of the globe through the use of a corneal protector, placing the malleable
ribbon retractor tangentially against the globe, while constantly monitoring the pupillary
diameter during the procedure and removing the instruments from the surgical field every
20-30 min to minimize the pressure on the globe [34].

The relationship of lesion and cranial nerves in the lateral wall, the anatomical course
of the ICA, and the displacement of the ICA by the pathology guide the choice of the
approach [45]: lesions that displace the cranial nerves laterally are more suitable for EEEA;
lesions that displace the cranial nerves medially are more suitable for FTOZ and SETOA.

The most serious and potentially life-threatening complication is represented by
the iatrogenic injury of the ICA, the incidence of which ranges from 3% to 8% [48] in
conventional open approaches and is less than 1% during EEEA [49]; no data are reported
about the transorbital route for the recent adoption of this technique in the neurosurgical
field; therefore, unnecessary exposure of the ICA must be avoided.

4.3. Limitations of This Study

Pure anatomical studies have the common limitation related to cadaveric specimens:
the property of cadaveric tissue considerably differs from real anatomy, e.g., variability in
size and pneumatization of the sphenoid sinus; the trajectory of the internal carotid artery
and cranial nerves; bony protuberances of the skull base. However, the main anatomical
relationships between the cavernous sinus and its neurovascular structures are valid and
reliable, albeit there is a lack of quantitative analysis.

5. Conclusions

The three operative corridors investigated provide three different points of view of the
same anatomical region; each of them has its pros and cons; some areas of the cavernous
sinus are better exposed from different approaches.

In this scenario, the transorbital endoscopic approach can be considered to be a safe,
complementary route to the well-established transcranial and endoscopic endonasal ones
for exploring the cavernous sinus. Nevertheless, as with any new technique, it requires a
learning curve, and further clinical series are expected to validate these findings.
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Abbreviations

SETOA  Superior eyelid transorbital endoscopic approach
EEEA Extended endoscopic endonasal approach

ICA Internal carotid artery

GG Gasserian ganglion

MOB Meningo-orbital band

MMA Middle meningeal artery

CS Cavernous sinus
FL Foramen lacerum
PL Petrolingual ligament
vn Vidian nerve
pICA Petrous internal carotid artery
FTOZ Fronto-t’emporo-orbito-zygomatic
MC Meckel’s cave
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Abstract: The sphenoid ridge approach (SRA) was initially described as a surgical technique for
treating vascular pathologies near the Sylvian fissure. However, limited studies have systematically
explored the use of skull base techniques in pediatric patients. This study investigated an extended
variation in the sphenoid ridge approach (E-SRA), which systematically removed the pterion, orbital
walls (roof and lateral wall), greater sphenoid wing, and anterior clinoid process to access the base
of the skull. Objective: This report aimed to evaluate the advantages of the extradural removal
of the orbital roof, pterion, sphenoid wing, and anterior clinoid process as a complement to the
sphenoid ridge approach in pediatric patients. Patients and Methods: We enrolled 36 patients with
suspected neoplastic diseases in different regions. The E-SRA was performed to treat the patients.
Patients were included based on the a priori objective of a biopsy or a total gross resection. The
surgical time required to complete the approach, associated bleeding, and any complications were
documented. Results: Our results demonstrated that the proposed a priori surgical goal, biopsy,
or resection were successfully achieved in all cases. In addition, using the E-SRA technique was
associated with a shorter operative time, minimal bleeding, and a lower incidence of complications.
The most frequently encountered complications were related to dural closure. Conclusions: The
extended sphenoid ridge approach represents a safe and effective option for managing intracranial
tumors in pediatrics.

Keywords: skull base surgery; pediatric neurosurgery; craniopharyngioma; optic glioma; germinoma;
Ewing’s sarcoma

1. Introduction

In modern neurosurgery, minimally invasive skull base techniques are the cornerstone
for treating lesions at the base of the skull [1].

The pterional approach is the gold standard technique for treating several patholo-
gies of the skull base [2-9]. This approach offers the opportunity to treat lesions of the
anterior and middle fossa and of the union of the medium and upper third of the clivus.
A combination with other surgical techniques, such as the orbitozigomatic approach, al-
lows for the treatment of neoplastic lesions that occupy large and complex skull base
compartments [2,10-13].

Traditionally, minimally invasive techniques consider a careful dissection of the tem-
poral fossa’s soft tissues to avoid the inherent risk of injury from handling brain tissue and
cranial nerves. However, even in the most experienced hands, these valuable techniques
require a relatively longer surgical time. In addition, they will be associated with non-
negligible blood loss, pain, postoperative complications, and a longer recovery, in addition
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to the esthetic and functional sequelae that can occur—a loss of hair on the suture line on
the skin, a higher frequency of defects in the skin surface of the temporal region secondary
to the atrophy of the temporalis muscle, and temporomandibular joint dysfunction.

The sphenoid ridge approach (SRA) is a minimally invasive technique commonly
used to treat pathologies near the Sylvian fissure [14]. It has been demonstrated to be safe
and effective in treating aneurysms of the bifurcation of the internal carotid and middle
cerebral arteries. Some isolated reports have suggested that an extended variation in this
approach, involving the removal of the orbital roof, pterion, sphenoid wing, and anterior
clinoid process, along with an extradural anterior clinoidectomy, can further expand the
surgical field and provide access to the most profound areas of the skull base [15-24].

Pediatric patients lack formal descriptions of minimally invasive techniques for treat-
ing neoplastic lesions in their supraorbital, sellar, suprasellar, and parasellar regions. Hence,
this report aims to describe the benefits of the E-SRA for managing skull base tumors in
pediatric patients.

Therefore, in this study, we propose a comprehensive extended approach to the sphenoid
ridge (E-SRA), which includes a centered craniotomy at the pterion, in addition to the removal
of the orbital walls (roof and lateral wall), greater sphenoid wing, and anterior clinoid process.
This extended technique aims to reach the most profound areas of the skull base.

2. Patients and Methods

From 1 March 2015 to 30 June 2020, a total of 115 patients with presumptive diagnoses
of neoplastic lesions located in their supraorbital, sellar, suprasellar, and parasellar regions
were identified from the Department of Neurosurgery at the National Institute of Pediatrics
of Mexico. Among these patients, 36 were selected to undergo a biopsy or gross total
resection by E-SRA. The biopsy cases were considered a priori when a suspicion of a visual
pathway glioma and germ cell tumors did not show conclusive tumor markers in the
preoperative evaluation. The E-SRA procedure was followed based on a collegiate decision
made by the Neurosurgery Department. In addition, informed consent from the patients’
parents for the surgical procedure was obtained. The Ethics and Research Committee of
the National Institute of Pediatrics evaluated and approved this study.

The criteria for selecting patients for the E-SRA procedure were as follows: (1) no
history of prior surgery involving the pterion region; (2) radiological evidence of neoplastic
lesions with a solid component volume of less than 50 cm3; and (3) patients with neoplastic
lesions suggestive of an optic pathway glioma. Patients who did not meet the criteria for
the E-SRA were treated using conventional craniotomy and skull base surgery techniques.

E-SRA Technique: The SRA approach was performed as previously described [1]. A
skin incision was made approximately 4 to 5 cm below the hairline and behind the external
border of the eye, centered at the estimated location of the pterion. After the dissection of
the skin and subcutaneous tissue, the superficial fascia and temporal muscle fibers were
dissected along the skin incision. Next, a subperiosteal dissection was performed to expose
the pterional region. A single burr hole was then made behind the pterion, followed by
a small craniotomy (3 x 3 cm) around the visible landmarks of the sphenoid ridge. The
hemostasis of the middle meningeal artery and dural vessels was achieved using a bipolar
electrode after removing the bone flap. Once the pterion was removed, a triangular bone
structure, defined by specific orbital points, became visible. The anterosuperior point,
located at the upper and anterior angles, represented the union of the frontal bone and
the internal table of the orbital roof. The posteromedial point, positioned at the medial
and inferior angles, corresponded to the junction of the greater wing of the sphenoid bone
and the base of the anterior clinoid process, projecting into the deep outer boundary of
the superior orbital fissure. Finally, the posteroinferior point, found at the posterior and
inferior angles, denoted the union of the internal table of the temporal bone and the wing
of the sphenoid bone. The outer edge of the superior orbital fissure was delineated, and the
meningo-orbital fold and meningo-orbital artery were dissected and coagulated to access
the body and apex of the clinoid. The anterior clinoid process was drilled out and the
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5cm

5cm

5cm

optic strut was released at the lateral wall of the optic canal. At this stage, a dissection
of the pretemporal dura allowed for an expanded surgical field of view, avoiding the use
of brain retractors. Following the contour of the craniotomy edge, a dural opening was
made, leaving a 5 mm free margin. After the tumor resection, the dura was sutured using a
water seal technique with a 4-0 nylon suture. Sometimes, the use of a dural sealant reduces
the risk of cerebrospinal fluid leakage. Next, the bone flap was repositioned and secured
with non-absorbable sutures or mini plates. Finally, the temporal fascia and muscle were
repaired using a 2-0 absorbable suture and the skin was closed with a 4-0 nylon suture.
Subgaleal drainages were not utilized in our case (Figure 1 and Video S1).

EXTENDED-SPHENOID RIDGE APPROACH

. Burr-hole
. Craniotomy
Bone drilling.

(O Orbital points

1. Anterosuperior
2. Posteromedial
3. Posterolateral

@ Sphenoid wing and orbital roof.

Anterior clinoid process

CT Scan
Preoperative Postoperative 3D reconstruction

Figure 1. Surgical technique description of extended sphenoid ridge approach in pediatric patients.

The surgical objective was determined a priori based on the surgical plan established
during the Department of Neurosurgery’s session. The patients were categorized into two
groups: those undergoing a biopsy and those undergoing an extensive resection surgery.
Extensive resection surgery was considered when a neoplastic remanent accounted for less
than 5% of the volume.

The evaluation of the surgical procedure included the length of the skin incision and
the extension of the craniotomy, the time required to perform the E-SRA, and the associated
bleeding. The complications were analyzed by reviewing all the clinical records until the
patient was discharged from the institution and over a 24-month follow-up period. The
statistical analysis presented the results as mean (&) standard deviation and ranges (lower
and higher) for the quantitative variables and frequencies (%) for the qualitative variables.
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3. Results

Patients and the Extended Sphenoid Ridge Approach Technique. We included 36 patients
with a mean age of 7.8 & 3 years; 17 male and 19 female patients were enrolled. The mean
length of the skin incision was 4.2 £ 0.8 cm (3.4-5 cm) and that for the craniotomy area
measured was 3.1 & 0.5 cm? (2.6-3.6 cm?). The average time taken to perform the E-SRA was
36 £ 6 min (3042 min) and the quantified bleeding during the procedure was 20 £+ 5 mL
(1525 mL). Brain retractors were not utilized in any of the cases and a dynamic retraction
using cotton patties, bipolar forceps, and suction devices was preferred (Table 1).

Table 1. Demographic characteristics of patients treated with the extended-Sphenoid Ridge Approach.

Patient Characteristics.

Age (Years) 78+3
Gender (Male/Female) 17/19
Extended-Sphenoid ridge approach.
Skin incision (cm) 42 +0.8
Craniotomy area (cm?) 31+£05
Bleeding (mL) 20+£5
Complications
CSF Leakage 2.7%
Subgaleal hematoma 5.5%
Vascular injury related to the approach 0%
Re-intervention 0%

Histopathological diagnosis and surgical outcome.

Diagnosis Volume (cm?) Resection
Craniopharyngioma 50 4 12 Total 81% (n =18)
(n=22) Subtotal 19% (n = 4)
Germinal tumor Total 33% (n =2)
(n=6) Hx12 Biopsy 66% (n =4)
Visual pathway glioma (n = 4) 22 £12 Biopsy 100% (n = 4)
Pltmta(;yj‘;)enoma 18412 Total 100% (1 = 3)
Ewmf‘?’ns_sf)rcoma 12 Total 100% (1 = 1)

Surgical objective. In all the patients, the objective of the surgery was accomplished:
either a biopsy (22%) or a surgical excision (78%). A biopsy was performed in eight cases,
when the intraoperative histopathological diagnoses were an optic pathway glioma (n = 4)
or germinoma (n = 4). In 28 patients, an extensive surgical resection was performed (78%).
It was considered total in 28 cases (86%) and subtotal (>90% volume) in 4 cases (14%) due
to the invasion of diencephalic structures.

Histopathological diagnosis. The most common histopathological diagnosis was
adamantinomatous craniopharyngioma (n = 22), followed, in order of frequency, by germi-
nal tumors (n = 6), visual pathway gliomas (1 = 4), pituitary adenoma (n = 3), and, in one
case, orbital Ewing’s sarcoma (1 = 1).

Complications. Vascular injury. No vascular injuries related to the approach were
observed—specifically, injuries to the internal carotid artery during the anterior clinoidec-
tomy. In one case, there was a vascular injury at the origin of the contralateral posterior
communicating artery during the dissection of the tumor capsule. It was controlled by
applying an aneurysm clip (Video S2). One patient with Ewing’s sarcoma presented a
cerebrospinal fluid leak related to the infiltration of the dura mater above the orbital roof;
two patients (5.5%) developed subgaleal hematomas in their temporal regions. No patient
required further surgery to treat complications. Other than removing the orbital roof and
lateral wall, we did not observe pulsatile exophthalmos. Despite the superior orbital fissure
dissection, we did not observe clinical manifestations regarding cranial nerve paresis.

22



Brain Sci. 2023, 13, 888

4. Discussion

The pterional approach, which was first described in the late 1970s, has become widely
used for treating supratentorial neurosurgical diseases. It is considered to be the primary
surgical corridor for accessing the skull base. In this study, we found that the extended
sphenoid ridge approach (E-SRA) provided a safe and effective method for accessing
neoplastic lesions in the skull bases of pediatric patients.

By removing the orbital roof and lateral wall, the E-SRA technique allows for tran-
scranial access to extraconal lesions, including those with an ethmoidal extension. This
expanded access enables surgeons to reach tumors in challenging locations (Figure 2).

Figure 2. A 6-year-old boy was treated with orbital Ewing’s sarcoma suspicion. (A) Pre-operative
MRI shows an extraconal lesion extended medially until ethmoidal cells. (B) Post-operative MRI
confirms the removal of tumoral tissue.

The E-SRA approach offers several advantages, including a shorter operative time,
minimal bleeding, and a lower rate of complications. These benefits contribute to its
improved surgical outcomes and patient recovery. However, it is essential to note that
complications related to dural closure were the most frequently observed in our study.

Traditionally, various approaches, such as the supraorbital, subfrontal, pterional, and
orbitozygomatic approaches, reach lesions in the sellar, suprasellar, and parasellar regions.
However, these techniques pose specific risks to pediatric patients, including a longer
surgical time, an increased bleeding volume, extensive soft tissue dissection, potential facial
nerve injury, and a risk of temporomandibular dysfunction (Figure 3).

In this study, the extended sphenoid ridge approach (E-SRA) provided comparable
exposure with other skull base approaches, while minimizing the need for extensive soft
tissue dissection (Figure 4).
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Pterional
Approach.

Orbitozigomatic
Approach.

Extended-Sphenoid Ridge
Approach.

Figure 3. A graphic comparison of skin incision, craniotomy area, and orbital extension shows
the benefits of the extended sphenoid ridge approach. (Modified models obtained from Atlas de
Anatomia Humana Ver 2023.04.011. VISIBLE BODY®Argosy Publishing © 2007-2023).

Figure 4. A 12-year-old girl admitted with diabetes insipidus and a growth delay. (A) Pre-operative
MRI shows a sellar mass with extension to the infundibular stalk. (B) Postoperative MRI shows a
gross-total resection.

The E-SRA technique allows for access to various structures in the skull base. The sub-
frontal corridor provides access to the olfactory nerves, optic nerves, inter-optic space, chiasm,
lamina terminalis, A1 segment of the anterior cerebral artery, and anterior communicating
artery. Dissecting Liliquist’s membrane allows for access to the interpeduncular cistern, poste-
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rior cerebral arteries, superior cerebellar arteries, basilar tip, and trunk. Figures 5 and 6 and
Video S2.

Figure 5. A 10-year-old girl with a history of headaches, visual disturbances, and panhypopituitarism.
(A) Pre-operative MRI shows a mixed lesion with cystic and solid components. (B) A post-operative
CT scan demonstrates the removal of tumoral tissue from sellar, parasellar, and suprasellar compart-
ments. The histopathological analysis confirms the clinical suspicion of craniopharyngioma.

MRI - Gd PET-CT 18-FDG MRI - Spectroscopy 3D CT scan Skin incision

Figure 6. An 8-year-old girl with suspected optic pathway glioma was admitted. An E-SRA was
performed and a sample biopsy was taken. The transoperative pathology study reported a germinal
tumor. The image on the right shows the length of the skin incision behind the hair implantation.

Understanding the complex dural arrangement in the pterional region is crucial.
Our observations indicate that the meningo-orbital dural fold plays a critical role as a
crossroad between the superior orbital fissure, pretemporal dura, and lateral wall of the
cavernous sinus. A blunt dissection initiated at the meningo-orbital fold allows for a
confident dissection of the dural sheath of the superior orbital fissure and the base and
lateral aspects of the anterior clinoid process. In addition, removing the anterior clinoid
process tip reveals the dural transition between the pretemporal dura and the lateral wall
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of the cavernous sinus in an anteromedial direction. These dural folds are relevant, as their
early identification and dissection create a wide corridor to the cavernous sinus and its
delicate contents. Thus, an adequate dissection of the meningo-orbital fold plays a crucial
role in creating a wide corridor to access the orbital fissure, pretemporal dura, and lateral
wall of the cavernous sinus (Video S1).

Vascular damage, such as cavernous sinus or carotid artery injuries, was not observed
during the E-SRA procedure. In one case, a vascular clip was applied at the origin of the con-
tralateral posterior communicating artery during the craniopharyngioma’s capsule dissection.

When the approach to the sphenoid ridge was described, there was significant criticism
regarding fixing complications related to vascular incidents. However, the video shows that
it was possible to address this complication by placing an aneurysm clip at the origin of the
posterior communicating artery. Clinically, the patient did not experience any functional
decline, and subsequent imaging evaluations identified circulation in the affected vessel
(Video S2).

While transnasal endoscopic techniques help to treat tumors near the sphenoid sinus,
their application in pediatric patients is limited and has specific challenges due to the poor
pneumatization of the sphenoid sinus and an increased risk of vascular accidents. However,
neuronavigation platforms can aid in directing a safe sphenoid bone removal to reach the
sellar floor.

In conclusion, the extended sphenoid ridge approach is a safe and viable surgical
option for treating intracranial tumors in pediatrics. This procedure should be consid-
ered among the available neurosurgical techniques, and our study provides a systematic
description of skull base techniques for pediatric patients.
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Abstract: Given the complex and multifaceted nature of resecting giant tumors in the anterior,
middle, and, to a lesser extent, the posterior fossa, we present two example strategies for navigating
the intricacies of such tumors. The foundational premise of these two approaches is based on a
two-stage method that aims to improve the visualization and excision of the tumor. In the first
case, we utilized a combined endoscopic endonasal approach and a staged modified pterional,
pretemporal, with extradural clinoidectomy, and transcavernous approach to successfully remove
a giant pituitary adenoma. In the second case, we performed a modified right-sided pterional
approach with pretemporal access and extradural clinoidectomy. This was followed by a transcortical,
transventricular approach to excise a giant anterior clinoid meningioma. These cases demonstrate the
importance of performing staged operations to address the challenges posed by these giant tumors.

Keywords: meningioma; pituitary adenoma; endonasal endoscopic transsphenoidal approach;
anterior clinoidectomy; transcavernous

1. Introduction

Surgical excision of giant tumors in the anterior, middle, and partially in posterior
fossa presents unique challenges due to the extension of the lesions in the sagittal, coronal,
and axial planes. The extension of the lesions varies, and the surgical approach is tailored
accordingly based on the size of the tumor. Several strategies have evolved for excising
giant tumors in this environment. These multiple strategies include pterional craniotomy,
modified pterional craniotomy, the cranio-orbitozygomatic approach, middle fossa cran-
iotomy through anterior transpetrosal and posterior transpetrosal approaches, as well as
endoscopic endonasal and expanded approaches [1-4]. Furthermore, depending on the
characteristics of the tumor, a combination of these approaches may be used to ensure a
thorough resection of the tumor. Giant pituitary adenomas and anterior clinoid menin-
giomas are two types of tumors that often require complex surgical strategies for complete
resection due to their unique anatomical characteristics and potential complications [5-8].

Pituitary adenomas are intracranial tumors that account for 5-14% of surgically re-
sected lesions [5]. Common symptoms of these tumors include bitemporal hemianopsia,
headaches, and endocrine dysfunction [6]. Pituitary adenomas are graded according to
the extent of invasion of local anatomical structures. Grade I represents pituitary adeno-
mas that are limited to the sellar region. Grade II represents invasion into the cavernous
sinus. Grade III is characterized by the elevation of the dura of the superior wall of the
cavernous sinus. Supradiaphragmatic—subarachnoid extensions are characteristic of Grade
IV pituitary adenomas [9]. Pituitary adenomas can exhibit invasive extensions that follows
anatomic pathways through or around dura of the sellar region, creating diverse tumor
morphology [10,11]. The structural diversity of these tumors, combined with the intricate
anatomical structures present in the anterior, middle, and posterior fossa, often makes
the removal of giant pituitary adenomas a complex task [12]. The removal of pituitary
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adenomas may be associated with postoperative complications such as cerebrospinal fluid
(CSF) leak, diabetes insipidus, additional pituitary dysfunction, visual deterioration, and
hydrocephalus [13], while a subtotal resection can be associated with pituitary apoplexy
in up to 5.65% of cases [14]. Mitigation of these symptoms has been attempted through
the use of several different surgical strategies with the intent of reducing the morbidity of
this operation. The microscopic transsphenoidal approach has historically been associated
with lower morbidity compared to transcranial strategies. However, with the development
of endoscope-assisted microneurosurgery, surgical risks have been further reduced. As a
result, the use of the endoscopic endonasal transsphenoidal (EET) approach has flourished
in recent decades [15].

Contemporary methods of EET surgery involve the resection of the middle turbinate,
with or without dissection of a nasoseptal flap, resection of the posterior septum, and
exposure of the sphenoid ostium [16,17]. Often, the initial stage is completed by the
otorhinolaryngology surgery team, and the subsequent steps are completed in collaboration
with the neurosurgery team [18]. The sphenoid ostium is opened by removing the anterior
wall of the sphenoid sinus, which allows access to the sella turcica [19]. Further extension
may be necessary, and the choice of approach (transplanum, transclival, pterygomaxillary,
or transorbital) will depend on the morphology of the pituitary adenoma to ensure proper
visualization of the tumor and infundibular region.

Meningiomas originate from arachnoid cells and are classified into three WHO grades
based on their histopathology [20,21]. Of significance, Grade I meningiomas have an
increased likelihood of developing at the skull base [22]. The symptoms associated with
meningiomas are often non-specific (headache, seizure, cognitive change, vertigo, ataxia),
but may involve cranial nerve deficits dependent upon tumor morphological distribution.
When it comes to skull base tumors, cranial nerve deficits are more likely to occur [7,23].
Furthermore, anterior clinoid meningiomas are known to have the propensity to present
with visual impairments and exophthalmos [24]. Due to their slow growth rate and
tendency to present later in life, small meningiomas (less than 3 cm) are often left untreated
and followed with serial imaging. However, larger meningiomas, particularly those causing
symptoms, are typically surgically resected and treated with stereotactic radiation, based
on the WHO grading scale [8].

Similar to pituitary adenomas, giant anterior clinoid meningiomas present unique
challenges for complete resection. A significant challenge arises from the tumor’s tendency
to compress the neurovascular structures associated with the anterior clinoid process [25].
The extent of tumor invasion also plays a significant role in the challenges associated with
completely excising giant anterior clinoid meningiomas. The Al-Mefty classification system
is based on the microanatomy of the tumor and is divided into three groups. Group I
clinoid meningiomas extend over the inferior aspect of the anterior clinoid process and
encircle the internal carotid artery; group II clinoid meningiomas are derived from the
superior portion of the anterior clinoid process and are covered by arachnoid; group III
clinoid meningiomas are derived from the optic foramen [26]. The typical method used for
resecting giant anterior clinoid meningiomas consists of a pterional transsylvian approach,
although alternative methods including orbitocranial or cranioorbitozygomatic approaches
combining both intra- and extradural techniques have been proposed for giant anterior
clinoid meningiomas [27-29]. However, the utilization of these techniques varies and is
primarily dependent on the unique characteristics of the tumor and the neurosurgeon’s
level of expertise.

2. Results
2.1. Case 1

A 65-year-old female presented with encephalopathy secondary to a suprasellar mass
with symptoms of chronic bitemporal hemianopsia, which had worsened over the course
of three years. Prior to admission, she experienced a sudden deficit and could only perceive
light and movement. Due to a deterioration in vision, urgent surgical intervention was rec-
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ommended. A CT scan with contrast and navigation sequences revealed a heterogeneously
enhancing mass measuring 6 x 2.4 x 6 cm that originated from the sella and extended
inferiorly into the sphenoid sinus and anterior fossa. Additionally, there was a superior
extension into the left corona radiata, clivus, and left middle fossa. The mass also encased
the left internal carotid artery and extended to the bilateral cavernous sinus and also to
the left crural, ambiens, and cerebellopontine cistern. A 3 mm rightward midline shift in
the left lateral ventricle was noted due to mass effects, as shown in Figures 1 and 2. Given
the recent visual decline, preoperative MRI was unable to be obtained and the patient was
taken urgently for surgery.

Figure 1. Case 1 giant pituitary adenoma prior to stage 1 resection. CT with contrast shows extension
from anterior cranial fossa anteriorly at planum sphenoidale, evident middle fossa involvement, left

cavernous sinus and cerebellopontine angle.

Figure 2. Case 1 giant pituitary adenoma sagittal MRI scan wo contrast.
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A staged procedure was planned due to the tumor’s lateral extension. Stress doses
of steroids were given perioperatively and tapered to a maintenance dose. The patient
continued with levothyroxine supplementation. The patient was taken to the operating
room for stage 1 endoscopic endonasal tumor resection with the goal of resecting the
intrasellar and suprasellar compartments of the tumor to alleviate pressure of the optic
apparatus (Figure 3). The sellar component of the tumor was removed using skull base ring
curettes, a side-cutting aspirator, and an ultrasonic aspirator. In the superior regions of the
sellar component, patties were used to retract the arachnoid tissue, allowing for debulking
of the tumor around the cavernous carotid arteries using endoscopic and microsurgical
techniques. The midline segment of the tumor was removed, except the segments in the
middle and posterior fossa due to the angle of approach, as shown in Figure 3.

Figure 3. Poststage 1 resection CT. There are postsurgical changes related to the transsphenoidal
approach debulking/partial resection of a large sellar/suprasellar mass with fat packing at the sellar
floor. A large, residual, multilobulated, heterogeneously enhancing, partially cystic/partially solid
mass measures 4.4 x 3.7 x 4.3 cm. The mass extends superiorly from the sella, exerting a mass effect
superiorly and displacing the left basal ganglia/thalamus and laterally displacing the left temporal
lobe/temporal horn. The mass is again seen within the left cavernous sinus. The residual mass
extends posteriorly into the left cerebellopontine angle and perimesencephalic cistern, involves the
left Meckel’s cave, and exerts mass effect on the left side of midbrain. The residual mass also extends
to the left orbital apex, with apparent encasement of the intracranial portion of the left optic nerve
and poor delineation of the optic chiasm.

The patient was brought back into the operating room for stage 2 a week later, which
involved a left-sided modified pterional transcavernous and transsylvian approach to
remove the tumor from the middle and posterior fossa. The procedure required careful
dissection around the left supraclinoid carotid, left middle cerebral artery, left posterior
communicant artery, bilateral posterior cerebral arteries, and basilar apex. The oculomotor
nerve was fully decompressed from a cavernous sinus tumor, and a small segment of
fibrous tumor was left attached to the left cavernous carotid artery. The surgical site
was closed using a dura substitute, surgical glue, and fat harvested from the abdomen.
Postsurgical imaging of subtotal resection is shown in Figures 4 and 5, and an illustrated
summary of the staged approach is presented in Figure 6. At the 6-month follow up, the
patient maintained light and movement perception, and the postoperative left oculomotor
palsy had improved 6 months after surgery. No further deficits were encountered.
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Figure 4. There is demonstration of postsurgical changes after a two-staged operation for subtotal
resection of a giant pituitary macroadenoma.

Figure 5. Poststage 2 resection. MRI. Postsurgical changes related to staged transphenoidal approach
and subsequent left-sided transcranial skull base approach subtotal resection of a giant invasive
pituitary macroadenoma, with fat grafting and fluid/hemorrhage within the surgical bed, with
associated mass effect on the left side of the brainstem. Small residual tumor centered in the left
cavernous sinus/Meckel’s cave with partial encasement of the left internal carotid artery.
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Midline Incision Craniotomy

Figure 6. Giant pituitary adenoma two-staged approach illustration.

2.2. Case 2

A 74-year-old male presented with cognitive decline over several months, as well
as memory and visual deficits, accompanied by a significant decline in balance. Imaging
revealed a large extra-axial mass, measuring 4.3 x 6.3 cm, located at the right anterior
clinoid process. The mass showed significant suprasellar and cavernous sinus extensions
into the bilateral anterior fossa, middle fossa, and partially within the posterior fossa in
retroclinoid space, overall resulting in significant compression of the optic chiasm apparatus
and brainstem. There was significant vasogenic edema and obstructive hydrocephalus.
This is illustrated in Figure 7.

Figure 7. Preoperative axial (left) and coronal (right) MRI with contrast demonstrating a large, het-
erogeneously enhancing mass centered on the right anterior clinoid with cavernous sinus, suprasellar,
middle fossa, anterior fossa, and intraventricular extension. It measures approximately 4.3 x 6.3 cm.
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The patient was brought into the operating room, and it was planned to resect the
tumor in two stages during the same operation if it showed hard consistency on the first
approach. During craniotomy stage one, a modified right-sided pterional, transzygomatic,
and pretemporal approach was utilized, which included extradural clinoidectomy and
optic canal decompression. This was followed by transsylvian dissection. The dissection
was continued to the superior aspect of the cavernous sinus, allowing visualization of
the anterior cerebral arteries and optic nerves. The optic canal was decompressed, and
dissection was continued toward the internal carotid arteries and middle fossa, from which
a portion of the tumor was resected. The tumor was then meticulously separated from
the right internal carotid artery, the right middle cerebral artery, the lateral lenticulostriate
branches, the bilateral anterior cerebral arteries (Al and A2 segments), the right anterior
choroidal artery, and the right posterior communicant artery. Then, the approach continued
with tumor devascularization, which was achieved by capsule electrocoagulation and by
placing aneurysm clips on two main arteries that supplied the tumor. Neurophysiology
monitoring was used to provide standard assistance during the procedure and confirm
stable somatosensory evoked potentials and electroencephalography during temporary
clipping of the vasculature.

As the entire tumor showed a hard consistency, the superior aspect of the lesion was
inaccessible through this approach. Therefore, stage two was initiated with a separate right
frontal craniotomy using the same incision. A transfrontal, transcortical, and transventric-
ular microsurgical approach was performed on the right side. The giant anterior clinoid
meningioma tumor was visualized through this approach and successfully debulked, ex-
posing the anterior cerebral arteries, right internal carotid artery, and middle cerebral artery.
The two large arterial tumor feeders with the temporary clips were then electrocoagulated
and permanent titanium clips applied. After the tumor was sufficiently removed, fat
was harvested from the abdomen and placed in the pterional area. Additionally, a right
frontal external ventricular drain was left in place under direct visualization. Postoperative
imaging is illustrated in Figure 8, while a summary of the staged approach is shown in
Figure 9. External ventricular drain was removed on postoperative day 5. At 6 months
after surgery, there was significant improvement in ambulation and cognition without
additional neurological deficits.

Figure 8. Postoperative axial (left) and coronal (right) MRI with contrast. Postsurgical changes related
to right modified pterional, pretemporal approach and staged right frontal transcortical transventric-
ular approach for resection of a large meningioma centered in the right anterior clinoid region.
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Stage 1

Stage 2

Midline Incision Craniotomy

Figure 9. Giant anterior clinoid meningioma staging.

Pathologic examination of the tumor also confirmed a low-grade meningioma. The
Ki67 indices were low, with mild focal elevation. E-cadherin, BAP-1, and PR stains were
positive and GFAP stains indicated glial tissue along edges without any indication of
brain invasion.

3. Discussion
3.1. Giant Pituitary Macroadenoma Surgery

In 1992, Jankowski et al. [30] described the first successful endonasal endoscopic
resection of a pituitary adenoma in three patients. This represented a major transition from
the previously popular method of microscopic transsphenoidal resection via a sublabial or
endonasal approach. The endoscopic endonasal approach has been associated with signifi-
cant improvements in morbidity and mortality associated with the removal of pituitary
adenomas [31].

The advancements in the resection of pituitary adenoma using EET resection have
been well documented [32,33]. EET surgery has been reported to achieve resection rates
greater than 80% in tumors with a volume of 18 cm?, as well as gross total resection rates up
to 44% [34]. Postoperatively, there was a significant improvement in visual function (82%)
and pituitary function (20-72%) in those who presented with pituitary dysfunction [33-35].
McLaughlin et al. concluded that the use of endoscopy allowed for the removal of adenomas
in an additional 36% of patients, thanks to improved visualization. Furthermore, the use of
endoscopy was accentuated in patients presenting with tumors larger than 2 cm, permitting
the removal of 54% of pituitary adenomas [32].

However, significant complications have been reported with this procedure. As many
as 37% of patients have experienced complications, which include sinusitis (13.7%), CSF
leak (9.6-11.4%), and SIADH (4.1%), as well as headache, epistaxis, meningitis, and hy-
drocephalus in a minority of patients [33,35]. Additional clinical reports have detailed
complications of diabetes insipidus at rates as high as 25-45.5%, with a minority experienc-
ing ischemic stroke [34,35].

It is relevant to mention that the endoscopic endonasal approach, with an expanded
transtubercular approach, can still be associated with a lower degree of resection when
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the tumor has a significant lateral extension, harder consistency, or cavernous sinus
extension [36], and an open transcranial approach has a significant role in its surgical
treatment [37].

3.2. Surgical Pearls

Giant pituitary macroadenomas present a significant challenge due to their extension
into various anatomical compartments. In our example case, the tumor was extended into
three different anatomical compartments of the skull base involving the neurovascular
structures. A meticulous review of all available images is necessary to plan the different
steps of the operation. After obtaining appropriate medical clearance and ensuring stability,
surgery should be performed promptly. With a significant visual deficit, the initial planned
step was to debulk the tumor mass inferiorly through an endoscopic endonasal approach
with a transplanum sphenoidale extension to alleviate ventral compression of the optic
chiasm. A combination of microsurgical and endoscopic tumor dissection techniques was
required. Usually, as in this case, the capsule of a pituitary adenoma is harder in consistency,
requiring careful dissection from the anterior cerebral arteries, and it is of utmost impor-
tance to maintain the anatomical landmarks respecting the trajectory of the optic apparatus.
Hypervascularity is a common feature of tumors with a hard consistency. To address this, a
combination of different endonasal bipolar electrocoagulators may be necessary, including
long and fine-tipped regular bipolar ones. The significant lateral, superior, and posterior
extension of the tumor was the deciding factor for a staged operation, where a modified
pterional, extradural anterior clinoidectomy, transcavernous, and transsylvian approach
allowed access to all of these compartments. After opening the intradural space, an impor-
tant goal is to establish a plan for resecting a giant tumor in sectors: (a) there were multiple
critical anatomical landmarks for the anterior sector of the tumor including optic nerves
and chiasm, anterior cerebral arteries, and anterior communicant artery region complex;
(b) the central sector with suprasellar and intercarotid space, dealing with bilateral inter-
nal carotid arteries, left posterior communicant and choroidal arteries identifying normal
vasculature from feeding tumor vessels; (c) posterior sector with tumor extension to in-
terpeduncular fossa and left cerebellopontine angle cistern, dealing with bilateral posterior
cerebral arteries (P1 segments), basilar apex, and thalamo-perforating vessels. If a tumor
segment exhibits tight adhesions to neurovascular structures, making it difficult to identify
a clear cleavage plane, we recommend avoiding the risk of neurovascular injury, requiring
leaving some tumoral tissue in place. As part of our routine, we always keep aneurysm
clips, clip appliers, and cerebral bypass instruments available in the operating room in
case they are needed. During the dissection of the lateral wall of the cavernous sinus, it is
important to identify the normal trajectory of the nerves, especially the oculomotor and
trochlear nerves, before accessing either the roof or lateral wall of the cavernous sinus. The
oculomotor nerve is highly sensitive to manipulation and requires adequate release from
the oculomotor cistern and lateral wall of the cavernous sinus after peeling off the dura
from the middle fossa. A temporary oculomotor deficit often improves within weeks or
months after surgery. This possibility should be thoroughly discussed with patients and
their families prior to the operation. The consistency and vascularity of the tumor within
the cavernous sinus will determine the extent of resection required. Postoperative care in
the intensive care unit, along with an adequate protocol for managing diabetes insipidus
and individualized hormone replacement, is essential.

3.3. Giant Anterior Clinoid Meningioma Surgery

There is significant debate regarding the most effective strategy for removing giant
anterior clinoid meningiomas, mainly due to the unique challenges discussed earlier in
resecting these tumors [38—-42]. Two popular techniques involve either a vascular or skull
base perspective. The vascular strategy of tumor debulking involves dissecting the sylvian
fissure to trace the middle cerebral artery to the internal carotid artery while removing
the tumor and its associated perforating arterial supply [43]. However, this school of
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thought is commonly criticized due to the strain placed on the sylvian fissure [26]. The
alternative solution to this issue involves performing a pretemporal dissection and an
anterior clinoidectomy to expand the operating field while minimizing brain retraction
at the sylvian fissure [44]. This technique is associated with several advantages, such as
early optic nerve decompression, early identification of the internal carotid artery, and
associated devascularization of the meningioma [44]. This is associated with a decreased
rate of complications. The occurrence of postoperative vascular complications has been
reported in 2% of cases; cranial nerve deficits occurred in 5.5% of patients; and the overall
patient mortality rate was 1.2% [45].

Further modifications to the anterior clinoidectomy have been reported. This includes
extradural, intradural, and hybrid approaches to this technique. However, the merits of
each of these subtechniques are still debated [45]. The use of preoperative embolization
has been reported, but it is also problematic. External carotid artery branches are safer to
embolize, with limited opportunities for branches arising directly from the internal carotid
artery. One clinical trial found a complication rate of 12% associated with this practice,
which seemed to provide little benefit to the quality of patient postsurgical recovery [46].
Additional methods are still under exploration. One such method is the Dolenc approach,
which involves an extradural clinoidectomy and transdural debulking of the tumor. A
study reported that 67% of patients had better vision outcome [38,39]. The gross total
resection rate was 30.4%, and partial resections were achieved in 34.8% of surgeries [38,41].

When considered as a complete entity, giant anterior clinoid meningiomas had a gross
total resection rate of 64.2% [45], while 25% of cases resulted in subtotal resections [41].
The reported operative mortality was 6.7%, and recurrence was observed in 11.8% of
cases [40]. According to Nanda et al., four out of thirty-six patients who underwent
surgery for clinoidal meningiomas experienced recurrence, with a median duration of
89 months, and one patient required repeat surgery [41]. Furthermore, it is worth noting
that gross total resections of group I giant anterior clinoid meningiomas were limited to
only 11.8% due to the anatomical difficulties associated with this type of tumor [45]. The
minimally invasive options such as the endoscopic endonasal transtubercular approach or
endoscopic-assisted supraorbital key-hole approach are ideal for midline lesions such as
tuberculum sella meningiomas [46], although those options have a limited role in anterior
clinoid meningioma and even less so in a giant tumor given its anatomical skull base
implications [42,47].

3.4. Surgical Pearls

Meningiomas located on the anterior clinoid process may vary in size. A comprehen-
sive surgical extension involving the anterior, middle, posterior fossa, and intraventricular
areas requires a detailed analysis of preoperative imaging for effective planning. This
case example involved a lesion larger than 6 cm originating from the right anterior clinoid
process with a significant suprasellar and lateral cavernous sinus extension into the bilateral
anterior fossa, middle fossa, and a segment of the posterior fossa, with significant compres-
sion of the optic chiasm and brainstem. A preoperative angiogram is routinely obtained for
meningiomas located in this area to assess the possibility of embolizing branches from the
external carotid artery. This is because branches of the internal carotid artery pose a higher
risk for ischemic complications. The angiogram is obtained to define the blood supply
to the tumor, regardless of whether it is possible to embolize it or not. This can provide
information on the degree of displacement of the normal vasculature, collateralization, the
presence of posterior communicant arteries, and cross-flow through anterior communicant
arteries. All of these factors, combined with preoperative magnetic resonance imaging
and computer tomography, can help define the surgical strategy. Additional tools, such as
neuronavigation and neuromonitoring with techniques including somatosensory evoked
potentials, brainstem auditory evoked responses, and electroencephalography, are always
helpful. Given the location of the tumor, vascular proximal control measures need to be
planned, either cervical carotid with prep of the cervical area, petrous carotid through
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the middle fossa, or clinoid carotid. Occasionally, there is the need to perform temporary
clipping of some feeding tumor vessels, and neuromonitoring provides feedback on physio-
logical stability during these episodes. The type of craniotomy, such as pterional, modified
pterional, orbitocranial, or cranio-orbito-zygomatic, can be selected based on the patient’s
unique anatomy. Ideally, transzygomatic or cranio-orbito-zygomatic approaches can be
used for tumors with significant superior extension, as in the case example presented.
In addition, techniques such as pretemporal dissection and extradural clinoidectomy are
recommended to partially devascularize and remove the origin of the tumor with early
optic canal decompression, which can subsequently be released intradurally after opening
the falciform ligament. After meticulous extradural dissection and careful attention to
hemostasis, the initial intradural approach aims to explore the anatomical distortion caused
by the tumor and to identify normal anatomy. This involves searching for optic nerves,
oculomotor nerves, internal carotid arteries, and anterior and middle cerebral arteries. This
tumor was wrapped around the right internal carotid artery and right middle cerebral
artery. The goal was to divide it into sectors, starting with the lateral component in the
middle fossa and around the middle cerebral artery. Central debulking was performed
using high microsurgical magnification and an ultrasonic aspirator. Releasing a tumor from
vascular structures such as the middle cerebral artery and towards the carotid bifurcation
can be performed using constant micro-Doppler and neuronavigation to map the vascular
trajectory. Once an arterial trunk is found, it can be followed proximally to remove the
majority of the tumor. In cases where a tumor is calcified around the supraclinoid carotid
artery or middle cerebral artery, it may be necessary to leave a cuff of the tumor to avoid
causing unnecessary injury. Through the middle fossa approach, the sector adjacent to
the crural and ambiens cisterns can be carefully resected while dissecting the posterior
communicant artery and perforating vessels. If a tumor extends significantly in the infe-
rior direction to the cerebellopontine angle, an anterior petrosectomy may be necessary.
However, it was not required in this case. The anterior segment of the tumor is gradually
dissected, following the ipsilateral and contralateral A1l segments of the anterior cerebral
artery. After performing devascularization, central and superior debulking of the mass
was continued, although given the hard consistency of the tumor and its capsule, it was
decided to perform a staged frontal craniotomy. This procedure was conducted through a
small right frontal coronal craniotomy, with a small transcortical approach used to reach
the right lateral ventricle. Central debulking was then performed, followed by medial
dissection of the capsule through the arachnoid plane from the anterior cerebral artery
A2 and A3 segments and lateral dissection from the superior trunk of the middle cerebral
artery. Finally, the dissection was carefully performed from the superior aspects of optic
nerves and chiasm.

4. Conclusions

Giant tumors located in the skull base pose significant challenges due to their size,
location, and proximity to critical neurovascular structures. Despite these challenges,
current advances in surgical techniques and new technology have made it possible to
safely remove giant skull base tumors. Neurosurgeons may employ a combination of
open and minimally invasive approaches, such as endoscopic techniques, microvascular
dissection, and microanastomosis, if necessary. The success of skull base surgery for giant
tumors depends on several factors, including the tumor’s location and size, the patient’s
overall health, the appropriate selection of treatment, and the expertise of the surgical
team. Surgery for these patients is preferably performed at highly specialized centers
with a multidisciplinary approach in order to provide a higher chance of success and
long-term survival.
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Abstract: Advances in technology, instrumentation, and reconstruction have paved the way for
extended endoscopic approaches to skull base tumors. In the sagittal plane, the endonasal approach
may safely access pathologies from the frontal sinus to the craniocervical junction in the sagittal plane,
the petrous apex in the coronal plane, and extend posteriorly to the clivus and posterior cranial fossa.
This review article describes these modular extended endoscopic approaches, along with crucial
anatomic considerations, illustrative cases, and practical operative pearls.

Keywords: endoscopic skull base surgery; transsphenoidal; transplanum; transtuberculum,; transorbital;
sellar; suprasellar; clivus; transpterygoid

1. Introduction

An understanding of nasal and paranasal sinus anatomy is of paramount importance
for both neurosurgeons and otolaryngologists in the endonasal approach to skull base
pathologies. Endoscopic endonasal approaches were traditionally confined to paranasal
sinus operations and pituitary adenomas [1]; however, with significant advances in tech-
nology, instrumentation, reconstruction, and the development of novel corridors over the
past decade, the endonasal approach to the skull base is now able to safely access patholo-
gies from the frontal sinus to the craniocervical junction in the sagittal plane, the petrous
apex in the coronal plane, and posteriorly to the clivus and posterior cranial fossa [1-5].
Congenital lesions include nasal glial heterotopia, seromucinous hamartomas, encephalo-
cele, inflammatory pseudotumor, sinonasal papilloma, polyps, and pituitary adenomas.
Inflammatory lesions in this region include allergic fungal sinusitis rhinoscleroma, granulo-
matosis with polyangiitis, and eosinophilic granuloma and myospherulosis. Malignancy
of this lesion most commonly affects the maxillary sinus, followed by the nasal cavity,
nasopharynx, and ethmoid sinuses. These include epithelial-derived neoplasms such as
squamous cell carcinoma, with poorly differentiated carcinoma likely arising from inverted
papillomas; sinonasal undifferentiated carcinoma (SNUC), for which induction treatment is
the mainstay of initial treatment; SMARCB1-deficient sinonasal carcinoma; nasopharyngeal
carcinoma; HPV-related carcinoma; and salivary/non-salivary type adenocarcinomas. Mes-
enchymal benign tumors include glomangiopericytoma, pyogenic granuloma, myxoma,
and nasopharyngeal angiofibroma—with rich blood supply commonly from the maxillary
artery. Malignant mesenchymal tumors are far less frequent, including rhabdomyosarcoma,
fibrosarcoma, synovial sarcoma, hemangioendothelioma, angiosarcoma, chordoma (arising
from the embryological notochord), and chondrosarcoma (arising from the petroclival
synchondroses). Neuroectodermal tumors comprise olfactory neuroblastoma (from the ol-
factory neuroepithelium), olfactory carcinoma, and Ewing family tumors. Neuroendocrine
tumors, melanoma, lymphoproliferative disorders, metastatic disease, and ameloblastoma
(of enamel origin) may also affect the skull base with decreasing frequency [4,5].
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Endoscopic endonasal approaches may be ideally suited for ventral skull base lesions,
with the ability to visualize critical anterior neurovascular structures without brain re-
traction and with reduced overall surgical morbidity [2]. This review article outlines the
anatomic considerations and technical nuances of the endoscopic endonasal approach to the
sellar, suprasellar, medial orbital apex, anterior cranial base, and transpterygoid corridors.

2. Materials and Methods

A thorough review of the literature was utilized to include all clinical and anatomic,
endoscopic, and endonasal skull base approaches performed in the anterior, middle, or
posterior fossa using CINAHL, PubMed, Web of Science from 1980 to 2023 in addition to
the review of references in eligible articles. Studies included those describing the extended
transfrontal, transplanum, transtuberculum, transcribiform, transsphenoidal, transclival,
transpterygoid, and transorbital approaches for skull base tumors. Critical anatomic
considerations and technical limitations are described based on a review of the literature
and the authors” own experience. Illustrative cases were included for each approach
as appropriate.

3. Results and Discussion
3.1. Sellar/Suprasellar
3.1.1. Anatomic Considerations

In the endonasal corridor, the Agger Nasi cells are encountered relatively early during
operative dissection. Latin for ‘nasal mound’, these are the anterior-most ethmoidal air cells,
located anterior to the frontal recess of the frontal sinus [6,7]. The turbinates are laterally
situated osseous shelves which function to regulate airflow and humidification, and if
removed excessively can lead to Empty nose syndrome—characterized by a paradoxical
feeling of nasal obstruction [8]. The inferior turbinate originates from the maxillary and
palatine bone, delineating the inferior meatus which drains the nasolacrimal duct. The mid-
dle turbinate, of the ethmoid bone, demarcates the middle meatus and attaches superiorly
to the cribiform plate and laterally to the lamina paprycea at the basal lamella, separating
anterior and posterior ethmoidal air cells. The superior turbinate, also of the ethmoid bone,
delineates the superior meatus just anteroinferior to the sphenoethmnoidal recess [6-9].
The various lamellae attach laterally to the lamina paprycea, forming the medial orbital
wall. From anterior to posterior, these include lamella of the uncinate process, lamella of
the ethmoid bulla (the largest air cell of the ethmoid sinus), lamella of the middle turbinate
(basal lamella), lamella of the superior turbinate, and finally the sphenoid sinus [10]. The
osteomeatal complex allows for airflow and mucociliary drainage of the paranasal sinuses,
providing drainage of the frontal sinus, anterior ethmoidal air cells, maxillary sinus, and
middle meatus. It is composed of the maxillary ostium, infundibulum, ethmoid bulla,
uncinate process, and hiatus semilunaris [9-11]. As a critical component of the osteomeatal
complex, the uncinate process forms the anterior-inferior border of the hiatus semilunaris,
which drains the frontal recess, maxillary sinus, and anterior ethmoidal air cells. Located
between the superior turbinate and sphenoid sinus, the sphenoethmoidal recess drains
the posterior ethmoidal air cells and sphenoid sinus [10-13]. The sphenoid ostium may be
found medial to the superior turbinate and approximately 1.5 cm superior to the choana,
which demarcates the nasopharynx [14,15].

Kiesselbach’s plexus supplies blood to the anterior nasal septum, receiving contri-
butions from the superior labial anterior ethmoidal, greater palatine, and sphenopalatine
arteries. The sphenopalatine artery is the main contributor to the blood supply of the
nose. As a terminal branch of the internal maxillary artery, the artery originates along the
lateral rostrum of the sphenoid sinus, exiting the sphenopalatine foramen. Notably, the
posterior septal artery, branching from the sphenopalatine artery, is located horizontally in
the sphenoethmoidal recess between the sphenoid ostium and choana to supply the septal
mucosa and floor [16].
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A detailed understanding of the osseous anatomy based on preoperative imaging is
critical. As an important point, laterally projecting intersinus septation of the sphenoid
sinus is directed toward one of the internal carotid arteries in 85% of cases [17]. Based on
its ossification pattern, the sphenoid sinus may be described as conchal, presellar, sellar,
or postsellar. One must also be mindful of the presence of sphenoethmoidal air cells,
as Onodi Cells, located superolateral to the sphenoid sinus, may be in close proximity
to the optic nerve [14,15]. The lateral opticocarotid recesses (LOCR) become important
landmarks for identification of the optic nerve and anterior cavernous genu of the internal
carotid artery, and these landmarks corresponds to the optic strut of the anterior clinoid.
As such, a pneumatized anterior clinoid may be appreciated in the endonasal view by
a deeper, more distinct LOCR [11,14]. The medial opticocarotid recess (MOCR), usually
located approximately 5.6 mm medial to LOCR and just superior to the middle clinoid
process, is the medial junction of the paraclinoid internal carotid artery (ICA) and optic
nerve [15]. Careful preoperative planning should be undertaken to identify the presence
of a carotid ring at the middle clinoid process prior to attempted removal. Anterior and
superior to the tuberculum sellae, the sphenoid limbus may be visualized as an anteriorly
projecting groove, serving as the anterior boundary of the chiasmatic sulcus and a landmark
to identify the location of the optic chiasm [11,14,15,18].

The diaphragma sellae, a two-layer continuation of dural folds from the roof of the
cavernous sinus, forms an incomplete roof over the pituitary gland with a central defect
allowing for passage of the infundibulum [19]. The pituitary gland has a rich blood supply
from the superior hypophyseal, inferior hypophyseal, and McConnell capsular arteries of
the internal carotid arteries. Further contributors include the infundibular (from posterior
communicating artery) and prechiasmatic (from the ophthalmic artery) arteries. As an
important distinction, pituitary transposition frequently involves identification and careful
sacrifice of the inferior hypophyseal arteries, which may be safely done; by contrast, the
superior hyphophyseal arteries should be preserved whenever possible, as they supply
the anterior pituitary gland, optic chiasm, and proximal optic nerves. The medial wall
of the cavernous sinus is comprised of a single dural layer, separate from the pituitary
capsule, with several parasellar ligaments that anchor the medial wall [20]. These include
the caroticoclinoid ligament, superior parasellar ligament, inferior parasellar ligament, and
posterior parasellar ligament [21].

Arising from the diaphragma sellae anteriorly, the Liliequist membrane consists of
two sheets separating the suprasellar/chiasmatic cistern from the interpeduncular cistern
attached to the mamillary bodies, and the interpeduncular cistern from the prepontine
cistern at the junction of the midbrain and pons. The chiasmatic cistern, situated between
the sella and hypothalamus, contains the proximal Sylvian veins, optic chiasm, anterior
communicating artery complex, and infundibulum [18-20].

3.1.2. Ilustrative Case

The present case is a 38-year-old female who presented with irregular menses and
menorrhea. Lab work demonstrated a mild elevation in serum prolactin (54) consistent
with mild stalk effect, along with normal adrenal, growth hormone, and thyroid axis
labs. Imaging demonstrated a complex sellar lesion (Figure 1). The patient was started
on cabergoline with improvement of her amenorrhea. Her visual fields examination
was consistent with bitemporal, left worse than right, hemianopsia, and she agreed to
proceeding with surgical resection for diagnosis and decompression of her optic apparatus.

The patient was placed supine with Mayfield cranial fixation. Both nares were de-
congested with two epinephrine-soaked pledgets bilaterally. Once there was adequate
vasoconstriction, the inferior and middle turbinates were outfractured bilaterally. An inci-
sion was made at the caudal edge of the septum. A Cottle elevator was used to identify the
submucoperichondrial plane from which mucosa was elevated from the posterior septum.
A caudal strut was demarcated at the posterior aspect of the dissection with an incision and
crossover cut developed with a Cottle elevator. The deviated portion of the septum was
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resected and removed. On the right, the superior turbinate was visualized, and its inferior
one-third was resected. The sphenoid ostium was identified and cannulated. With visual-
ization into the sphenoid sinus, a superior nasoseptal rescue flap incision was made with
monopolar cautery and the mucosa was reflected inferiorly off the nasal septum, sphenoid
rostrum, and arch of the choanae to protect the posterior septal artery pedicle. A posterior
septectomy was then completed. Using the natural os bilaterally, the sphenoidotomies were
enlarged and the entire face of the sphenoid was removed, visualizing the entire sphenoid
sinus, sella, tuberculum, planum, and LOCRs.

Figure 1. Preoperative imaging of a 38-year-old patient with bitemporal hemianopsia and a sellar
lesion consistent with Rathke’s cleft cyst. (A) Coronal T1 post-contrast MRI. (B) Sagittal T1 post-
contrast MRI. (C) Coronal T2 MRI.

The sella was then thinned using a combination of high-speed drilling with a diamond
drill bit, with the thinned shell of sellar bone subsequently peeled away from the dura
using Kerrison rongeurs. The dura was opened low in the sella in an inverted horizontal
and linear fashion. Fibrinous, caseous yellow debris was immediately encountered and
sent for frozen and permanent pathological specimen—all consistent with Rathke’s cleft
cyst. Resection was performed with bimanual suctions sweeping laterally on the floor of
the sella and moving upwards until the entire cyst was decompressed. The diaphragma
was noted to descend following decompression, and no cerebrospinal fluid (CSF) leak
was encountered. Following hemostasis, gelfoam was placed in the nasal corridor to help
ensure the mucosa would remain moist during the peri-operative period, but the opening
to the cyst was purposefully left unobstructed to help minimize risk of cyst recurrence.
The patient was discharged home two days later without endocrine dysfunction, with a
postoperative MRI demonstrating excellent decompression (Figure 2), and with recovery to
full visual fields by her 2-month postoperative follow-up ophthalmology visit.

Figure 2. Postoperative imaging consistent with gross total resection of Rathke’s cleft cyst.
(A) Coronal T1 post-contrast MRI. (B) Sagittal T1 post-contrast MRI.
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3.1.3. Practical Pearls

e An understanding of the osseous anatomy of the nasal corridor, paranasal sinuses,
septum, intersinus septations, and relevant vascular structures are of paramount
importance in the approach to sellar lesions.

e A pedicled nasoseptal rescue flap may be useful to obtain during the approach to the
sellar lesions, particularly in cases of possible CSF leak, and should take into account
the horizontal orientation of the posterior septal branch of the sphenopalatine artery.

e  Dural opening of Rathke’s cleft cysts, one should begin anteriorly and inferiorly to
minimize the risk of inadvertent CSF leak and iatrogenic injury to the pituitary gland.

e  One must be mindful of diaphragm downward migration and identification during
cyst resection to avoid a CSF leak.

3.1.4. Illustrative Case

This is the case of a 57-year-old female who presented with 2 months of worsening
vision loss in bitemporal fields, left worse than right, with imaging demonstrating a large
cystic sellar and suprasellar lesion extending to the third ventricle (Figure 3). Admission
labs were notable for mild central hypothyroidism. Given the large size of the suprasellar
lesion with mass effect on the optic apparatus and vision symptom, the decision was made
to proceed with surgical resection.

Figure 3. Preoperative imaging of a 56-year-old patient with an enhancing, partially calcified sel-
lar and suprasellar lesion consistent with craniopharyngioma. (A) Coronal T1 post-contrast MRI.
(B) Sagittal T1 post-contrast MRI. (C) Coronal T2-weighted MRI. (D) Sagittal thin cut CTA head
demonstrating partial peripheral calcification.

Given the proximity of the lesion to the third ventricle, a high-flow CSF leak was
anticipated, and a lumbar drain was therefore placed at the beginning of the case. Following
lumbar drain placement, the patient was placed supine with Mayfield cranial fixation. The
abdomen and lateral thigh were prepped for possible fat and fascia lata grafts, respectively.
Both nares were decongested with two epinephrine-soaked pledgets bilaterally. Once
there was adequate vasoconstriction, the inferior and middle turbinates were outfractured
bilaterally. The superior turbinate was visualized on the right and its inferior third was
resected. The sphenoid os was identified and a broad, right sided, pedicled nasoseptal
flap was created with an anterior incision, parallel to the inferior border of the middle
turbinate, transitioning superiorly along the dorsum and posteriorly to the caudal strut.
Subsequently, an inferior incision was made along the vomer to the nasal floor, at the
junction of the hard and soft palate, to the inferior meatus. This incision was extended to
join the superior incision at the caudal strut, and the flap was raised in a circumferential
fashion, with care to preserve the vascularized pedicle. Using the posteroinferior border of
the uncinate process, the maxillary ostium was identified and a maxillary antrostomy was
performed, alongside a total ethmoidectomy. A septoplasty was completed, a rescue flap
incision was made on the left side, and a modest posterior septectomy was performed. An
intersinus septation was identified coursing to the left ICA, and this septation was carefully
drilled down. The bone over the sella and tuberculum sellae was carefully removed, the
superior intercavernous sinus was coagulated and cut, and the dura was opened in a linear
horizontal fashion at the level of the sphenoid limbus. Following sharp dissection through
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a soft, grey capsule located in the suprasellar cistern, gelatinous, yellow, proteinaceous
material was immediately encountered and was debulked using teardrop suctures. Frozen
pathological assessment of this tissue was compatible with calcified craniopharyngioma.
The resection was continued superiorly into the third ventricle with removal of the posterior
capsule of the tumor. The cerebral aqueduct into the fourth ventricle and bilateral foramen
of Monroe were visualized. Once fenestrated into the ventricle, the remaining capsular
portions of residual tumor were carefully resected eccentric to the right and left of the
midline along the bilateral thalami. The eccentric portion of tumor to the left was noted to
extend superiorly and inferiorly around the optic apparatus, incorporating a portion of the
infundibulum, and these aspects of tumor were carefully dissected and resected, taking
particular care not to manipulate the optic apparatus itself. By the end of resection, the
optic nerves, superior hypophyseal arteries, and infundibulum were visualized without
injury and free of tumor.

Following hemostasis, a multilayer closure, including a dural substitute inlay, dural
substitute onlay, and an onlay nasoseptal flap, was created at the operative site (Figure 4).
The lumbar drain was kept open to drain postoperatively at a rate of 10 cc per hour; the
drain was clamped on postoperative day three, and it was removed on postoperative
day. She was slowly mobilized after her drain was clamped, and she was discharged
home without complication on postoperative day six. Final pathology was confirmed
to be adamantinomatous craniopharyngioma, and postoperative imaging demonstrated
gross total resection (Figure 5). At her 6-month postoperative ophthalmology follow-up
appointment, she was noted to have significant improvement in visual fields compared to
her preoperative state, with no pituitary insufficiency on endocrine follow up.

Figure 4. Intraoperative imaging of craniopharyngioma resection. (A) Sellar exposure. (B) Tumor
resection. (C) Sellar onlay reconstruction. (D) Nasoseptal flap reconstruction.

Figure 5. Postoperative imaging consistent with gross total resection of craniopharyngioma.
(A) Coronal T1 post-contrast MRI. (B) Sagittal T1 post-contrast MRI.
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3.1.5. Practical Pearls

e Placement of a lumbar drain is advised at the start of surgery, or preoperatively,
in cases where a high-flow CSF leak is anticipated, in order to reduce immediate
postoperative intracerebral pressure (ICP) and offload excessive pressure on the skull
base graft.

e  Upfront harvest of a nasal septal flap may be useful for skull base reconstruction in
cases of anticipated high flow CSF leak.

e  The sphenoid limbus serves as an important landmark for the location of the optic
nerves, bridging medial to the optic canal and forming the anterior border of the
prechiasmatic sulcus.

e  When approaching lesions within the suprasellar region, one should be mindful of the
location of the optic apparatus (i.e., pre-fixed /post-fixed chiasm) as well as relevant
neurovascular structures in the chiasmatic, lamina terminalis, interpeduncular, and
prepontine cisterns.

e Craniopharyngiomas may be fenestrated into a natural CSF space, such as the basal
cisterns and third ventricle, to reduce long-term cystic reaccumulation/recurrence.

3.2. Orbital Apex
3.2.1. Anatomic Considerations

The optic nerve is approximately 5 cm in length and comprised of four segments:
intraocular (1 mm), intraorbital (2.5-3 c¢m), intracanalicular, and prechiasmatic [22,23].
As an extension of the central nervous system, the optic nerve is surround by all three
meningeal layers (dura, arachnoid, and pia mater) with an outer periosteal layer, the
periorbita, which is continuous with the intracranial periosteal dura [22]. The average
length of the bony orbit is 4 cm from base to orbital apex, separated by approximately
2.5 cm between the medial orbital wall from one side to the other. Lesions of the orbit are
best characterized as intraconal/extraconal, relative to the muscular cone formed by the
extraocular muscles, and intradural/extradural, relative to the periorbita, with orbital fat
located in both the intraconal and extraconal spaces [24].

The bony orbit forms a pyramid comprising seven bones: frontal, ethmoid, lacrimal,
sphenoid, zygomatic, palatine, and maxillary. The lamina paprycea of the ethmoid bone
forms most of the medial orbital wall, articulating inferiorly with the orbital process of the
palatine bone and maxilla, superiorly with the orbital plate of the frontal bone, posteriorly
with the body of the sphenoid, and anteriorly with the lacrimal bone. The medial orbital
rim is formed largely by the frontal process of the maxilla. The orbital roof is formed by a
combination of the orbital plates of the frontal bone and the lesser wing of the sphenoid,
which contain bony defects in both plates to form the anterior and posterior ethmoidal
canals when joined. These canals demarcate the bulbar, retrobulbar, and apical segments
of the orbit. The lateral orbital wall is formed by the greater wings of the sphenoid and
the orbital surface of the zygomatic bone. The orbital floor is formed by the orbital process
of the palatine bone and the orbital process of the maxillary bone. The lacrimal fossa
is bordered anteriorly by the lacrimal crest of the maxillary bone and posteriorly by the
lacrimal crest of the lacrimal bone, joining to form the lacrimomaxillary suture. Situated
at the anteromedial and inferior portion of the orbit, the lacrimomaxillary suture serves
as the site of insertion of the common canaliculus into the lacrimal sac via the valve of
Rosenmuller to prevent reflux from the sac [24-28].

Blood supply to the orbit is primary through the ophthalmic artery, which passes su-
peromedially over the intraorbital optic nerve, with several branches including the lacrimal,
supraorbital, anterior ethmoidal, posterior ethmoidal, internal palpebral, supratrochlear,
dorsal nasal, central retinal, anterior ciliary, posterior ciliary (long and short), central reti-
nal, supraorbital, medial palpebral, and muscular arteries. The primary venous drainage
pathway of the orbit is through the superior ophthalmic vein, draining further into the
cavernous sinus, with minor tributaries to the angular and facial veins [29].
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At the orbital apex, thickening of the periorbita helps to form the annulus of Zinn—a
tendinous attachment for the rectus muscles, levator palpebrae superioris, and superior
oblique muscles. The annulus contains the optic canal (with optic nerve and ophthalmic
artery), the nasociliary nerve (V1), abducens nerve, and both superior and inferior divisions
of the oculomotor nerve. The superior orbital fissure, separated from the optic canal by the
optic strut, is an important landmark separating the intracranial cavernous sinus from the
orbit [26-28].

The endoscopic endonasal approach allows for access to the medial orbit in the entire
retrobulbar space through the annulus of Zinn and apex, limited medially the ophthalmic
artery and optic nerve. In this approach, two working triangular corridors, superior and
inferior, are separated by the medial rectus muscle to the superior oblique and inferior rectus
muscles, respectively. The ophthalmic artery and optic nerve may be readily visualized
and are the lateral limit of this approach. In the superior corridor, the retro-bulbar medial
branches of the ophthalmic artery (i.e., anterior ethmoidal, posterior ethmoidal, central
retinal artery) may be readily visualized; these structures are not easily accessible from
the inferior corridor [30,31]. Superior and inferior oculomotor innervation is often on the
ventral and medial surface of the extraocular muscles, and they are relatively well protected
during gentle retraction in this approach. The superior division of the oculomotor nerve
innervates the superior rectus and medial rectus muscles, with the inferior oblique and
inferior rectus muscles innervated by the inferior division of the nerve. The trochlear nerve
innervates the superior oblique muscle, passing extraconal from lateral to medial outside
the annulus of Zinn, and then coursing superiorly above the superior rectus and levator
palpebrae superioris muscles prior to reaching its point of innervation [25-29]. Medial
decompression of the orbital apex in proximity to the annulus, therefore, should proceed
with caution, in order to identify and preserve the trochlear nerve.

3.2.2. Ilustrative Case

This is the case of a 62-year-old male with a past medical history of diffusely metastatic
pancreatic neuroendocrine tumor, who presented with new onset left eye proptosis over
1 week and acute blindness in the left eye over 1 day. Imaging demonstrated a left intraconal
lesion concerning for metastatic disease with optic nerve compression (Figure 6).

Figure 6. Preoperative imaging of a 62-year-old male with known metastatic neuroendocrine tumor
presenting with left eye proptosis and a left intraconal medial orbital apex lesion with optic nerve
compression. (A) Axial CT without contrast. (B) Axial T2-weighted MRI. (C) Axial T1 post-contrast
MRI. (D) Coronal T1-post-contrast MRI.

Given the acuity of his vision loss and optic nerve compression, the patient was taken
urgently to the operating room for endoscopic endonasal decompression of the medial orbit
and pathologic diagnosis. His mean arterial pressure (MAP) was kept above 80 mm Hg
and he was started on methylprednisolone for compressive optic neuropathy. The nose was
decongested with epinephrine-soaked pledgets unilaterally, and the inferior and middle
turbinate were fractured bilaterally. The left middle turbinate was gently medialized and the
middle meatus was packed with epinephrine-soaked pledgets to ensure vasoconstriction.
The uncinate process was identified and reflected anteriorly, with removal of the uncinate
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process revealing the maxillary ostium. A wide maxillary antrostomy was performed,
followed by removal of the ethmoid bullae. The basal lamella separating anterior and
posterior ethmoidal air cells was opened flush against the skull base and sphenoid, which
was broadly opened to expose the orbital apex (Figure 7).

Figure 7. Intraoperative imaging demonstrating endoscopic endonasal transorbital approach.
(A) Lamina paprycea is thinned and removed, exposing medial periorbita. (B) Periorbita is sharply
incised with a sickle knife. (C) Tumor is exposed and debulked with suction and bipolar cautery.

The mucosa over the lamina paprycea was dissected and the lamina was fractured
away from the orbit from anterior to posterior. The orbital strut was downfractured to
reveal part of the orbital floor. The periorbita was opened parallel to the medial rectus, and
the tumor was encountered between the medial rectus and inferior rectus muscles. The
necrotic tumor was debulked and suctioned with decompression of the optic apparatus.
Following tumor resection, there was noted mild herniation of orbital fat with an immediate
decrease in left eye proptosis. No packing was used. Postoperative imaging demonstrated
medial decompression of the optic nerve and orbital apex with no compression of the optic
apparatus (Figure 8). He was discharged home two days after surgery with subjective
improvement in left eye vision.

Figure 8. Postoperative imaging demonstrating complete resect of a left intraconal metastatic lesion
and endoscopic endonasal optic nerve decompression. (A) Coronal T1 post-contrast MRI. (B) Axial
T2-weighted MRI. (C) Axial T1 post-contrast MRI.

3.2.3. Practical Pearls

e  The goals of surgical resection for metastatic lesions to the orbit are to obtain decom-
pression of the optic apparatus and to obtain a diagnosis.

e  The periorbita should be opened parallel to the medial rectus muscle to minimize
inadvertent injury.

e In the medial endonasal approach, the two corridors include between the superior
oblique and medial rectus muscles, as well as between the medial rectus and the
inferior rectus muscles.
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3.3. Anterior Cranial Base
3.3.1. Anatomic Considerations

The ethmoid bone comprises the anterior two-thirds of the anterior cranial fossa, with
the planum sphenoidale forming the posterior third. The crista galli separates the olfactory
nerves in the cribiform plate and serves as an important point of attachment for the falx
cerebri. Underneath the cribiform plate, the ethmoidal labyrinth is separated from the
anterior cranial fossa by fovea ethmoidalis from the orbital process of the frontal bone,
which attaches to the vertical lateral lamella [32-34]. The depth of the olfactory fossa
formed by the lateral lamella may be described by the Keros classification, where Type 1 is
a depth of 1-3 mm, Type 2 is 4-7 mm, and Type 3 is 8-16 mm; an increased incidence of
postoperative adverse events occur with higher Keros grades [35].

The anterior ethmoidal foramen, located posterior to the frontal recess, contains
the anterior ethmoidal artery, anterior ethmoidal nerve, and anterior ethmoidal vein.
Similarly, the posterior ethmoidal foramen contains the posterior ethmoidal artery, posterior
ethmoidal nerve, and posterior ethmoidal vein. The anterior and posterior ethmoidal nerves
are extraconal branches of the nasociliary nerve of V1 (ophthalmic division of the trigeminal
nerve). The anterior ethmoidal artery courses between the superior oblique and medial
rectus muscles, giving a nasal branch and meningeal branch to the anterior falcine artery
as well as supplying the medial and inferior dura of the anterior fossa. The posterior
ethmoidal artery supplies the dura of the planum, anterior clinoid process, and chiasmatic
sulcus. The anterior ethmoidal artery is approximately 24 mm from the anterior lacrimal
crest and 12 mm from the posterior ethmoidal artery, which is approximately 6 mm from
the optic canal [32,33]. Ligation and sectioning of the anterior and posterior ethmoidal
arteries should be done close to midline to avoid inadvertent artery retraction into the orbit
and subsequent development of a retro-orbital hematoma [31-34].

The attachment of the uncinate process superiorly has direct implications for frontal
sinus drainage. As such, when the uncinate process attaches medial to the middle turbinate,
it functions as the medial wall of the frontal recess and directs drainage of the sinus to the
middle meatus via the ethmoid infundibulum. When the uncinate process is attached more
laterally at the lamina paprycea, it functions as the lateral wall of the frontal recess and
drains directly into the middle meatus. In such cases, the ethmoid infundibulum forms a
blind recess, termed the recessus terminalis [36,37].

Following completion of a Draf III frontal sinusotomy inclusive of removal of the
cribiform plate and dural opening, one is able to identify the gyrus rectus located medial
and adjacent to the olfactory sulcus, with the orbital frontal gyri located laterally. The
blood supply to this region is via the A2 anterior cerebral artery (ACA) branches, including
primarily the fronto-polar and fronto-orbital branches [32-34].

3.3.2. Illustrative Case

This is the case of a 44-year-old female with a past medical history of non-Hodgkins
lymphoma, who presented with 4 months of left sided facial pain and left sided headaches
with nasal congestion. On imaging, she was found to have an enhancing lesion in the left
ethmoid sinus with extension to the nasal cavity, lamina paprycea, and anterior fossa floor
(Figure 9). Endoscopic biopsy was consistent with squamous cell carcinoma, and PET/CT
demonstrated hyperactive lymph nodes in the left neck and right inguinal region. Core
biopsy of the hyperactive lymph nodes were negative for malignancy.

Given an anticipated CSF leak, a lumbar drain was placed at the beginning of the
case. The nose was decongested with epinephrine-soaked pledgets bilaterally. The entire
left sinonasal airway was noted to be filled with tumor on initial endoscopy, therefore the
right middle turbinate was resected upfront for increased access. A maxillary antrostomy;,
total ethmoidectomy, and sphenoidotomy were performed on the right side. Given likely
tumor involvement of the nasal septum, a nasal septal flap was designed on the right
side, incorporating the pedicle of the posterior septal artery and floor of the nasal cavity.
Transitioning to the left side, the tumor was debulked circumferentially with meticulous
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inspection of the borders for any obvious signs of invasion. The tumor was dissected from
the orbit without issue and with normal appearing mucosa underlying the lesion. A Draf
III frontal sinusotomy was performed, including removal of the frontal sinus floor between
the orbits, anterosuperior nasal septum, frontal beak, and frontal intersinus septum. A
total ethmoidectomy was performed with coagulation and sectioning of the anterior and
posterior ethmoidal arteries close to midline. The cribiform plate was removed with
cuts laterally on the right and left ethmoid roof, anteriorly at the frontal sinusotomy, and
posteriorly at the planum sphenoidale. The dura of the anterior fossa was sharply opened
at the periphery of the anterior fossa defect, and the olfactory bulbs were resected and
sent for pathology alongside the dural specimen. Following circumferential removal of the
tumor, a large dural substitute inlay and onlay were placed on the anterior fossa defect. The
nasal septal flap was rotated from the nasopharynx and bolstered with packing material.
Doyle splints were placed on the residual nasal septum (Figure 10). Postoperatively, her
lumbar drain was opened to drain 5-10 cc every hour for 48 h prior to being clamped and
eventually removed. Postoperative MRI demonstrated gross total resection (Figure 11). She
was discharged home in good clinical condition and completed adjuvant chemoradiation
consisting of 67 cGy of intensity-modulated radiation therapy (IMRT) to the resection bed
atop weekly cisplatin.

Figure 9. Preoperative imaging of a 44-year-old female with biopsy-proven squamous cell carcinoma
of the left ethmoid, including invasion into the skull base and left lamina paprycea. (A) Axial T1
post-contrast MRI. (B) Coronal T1 post-contrast MRI. (C) Sagittal T1 post-contrast MRI. (D) Axial
T2-weighted MRI

Figure 10. Intraoperative endoscopic endonasal anterior fossa approach. (A) Frontal sinusotomy
with coagulation of the anterior and posterior ethmoidal arteries. (B) Draf III completed with opening
of the dura over gyrus rectus and tumor removal. (C) Nasoseptal flap reconstruction.

Figure 11. Postoperative imaging demonstrating gross total resection of a sinonasal squamous cell car-
cinoma. (A) Axial T2 high-resolution constructive interference steady state (CISS) T2-weighted MRI.
(B) Axial T1 post-contrast MRI. (C) Coronal T1 post-contrast MRI. (D) Sagittal T1 post-contrast MRI.

52



Brain Sci. 2024, 14, 207

3.3.3. Practical Pearls

e  Anterior and posterior ethmoidal arteries should be ligated and cut close to midline in
order to avoid retraction of these vessels into the orbit.
The inlay dural substitute should be oversized as part of the multi-layered closure.
Reconstruction with a nasoseptal flap should take into account sites of involved
disease, which cannot be used in the flap.

3.4. Transpterygoid
3.4.1. Anatomic Considerations

The transpterygoid approach allows for more lateral access than the traditional mid-
line endoscopic endonasal approach, which is limited laterally by the anterior genu of the
ICA. This expanded approach allows for access to pathologies in the lateral recess of the
sphenoid sinus, petrous apex, infratemporal fossa, middle fossa floor, and posterior fossa
(Table 1). In the endoscopic endonasal approach, a maxillary antrostomy and removal of the
medial posterior wall of the maxillary sinus exposes the pterygopalatine fossa [38-40]. The
pterygopalatine fossa is a crucial skull base structure, particularly in cases of malignancy,
with communications to the nasal cavity through the sphenopalatine foramen, infratem-
poral fossa through the pterygomaxillary fissure, orbit through the inferior orbital fissure,
Meckel’s cave through the foramen rotundum, lacerum segment of the ICA through the
vidian canal, nasopharynx through the palatovaginal canal, and palate through the greater
and lesser palatine canals. Formed by the palatine bone, pterygoid plates, and maxilla, this
fossa additionally contains pterygopalatine fat surrounding the ganglion, the infraorbital
branch of the maxillary artery, the infraorbital nerve from the maxillary nerve (V2) traveling
towards the infraorbital foramen, and emissary veins with several tributaries [41-43].

The sphenopalatine artery traverses medially into the nasal cavity via the sphenopala-
tine foramen, formed by the orbital and sphenoid processes of the palatine bone; this artery
must be cauterized and cut via the transpterygoid approach, precluding a vascularized
nasoseptal flap on the ipsilateral side. The pterygopalatine ganglion is posteriorly tethered
by the vidian nerve, which may be sectioned if needed (resulting in decreased lacrimation)
to lateralize the ganglion and its contents. Lateral displacement of the ganglion may also
put the palatine nerves on stretch, resulting in numbness of the palate. In cases where the
vidian nerve is intended to be preserved, drilling of the medial pterygoid plate should
remain below the border of the vidian canal and bony removal from the pterygoid wedge
should be performed between foramen rotundum (superolaterally) and the vidian canal
(inferomedially), which may be readily identified by following the maxillary and vidian
nerves posteriorly, respectively [42-44].

Access to the masticator space requires detaching the pterygoid muscles from the
pterygoid plates, with access to the post-styloid parapharyngeal space of the infratemporal
fossa requiring complete resection of the plates. The lateral pterygoid muscle may be
laterally detached to identify foramen ovale and V3, which descends adjacent the lateral
pterygoid plate. The approach to Meckel’s cave requires drilling of the pterygoid wedge
and lateral pterygoid plate, following the infraorbital nerve posteriorly to the maxillary
nerve to skeletonize foramen rotundum [45,46]. The ‘quadrangular space’, bordered by the
maxillary nerve laterally and the vertical petrous ICA medially, may be opened to expose
Meckel’s cave [47]. The approach to the petrous apex requires identification of the clivus
below the sphenoid floor, with dissection of pharyngobasilar fascia and overlying soft
tissue medial to the Eustachan tube. Careful skeletonization of the vidian nerve leads to
the lacerum segment of the ICA, a critical landmark in this region, and subsequent access
to pathologies of the petrous apex. The petrous corridor can be laterally limited by the
Eustachian tube, and the associated torus tubarus may be resected in cases of malignancy
to increase lateral exposure. An alternative approach described to reach laterally along the
petrous apex toward the internal acoustic canal (IAC) is the contralateral transmaxillary
approach (CTM), which does not require Eustachian tube manipulation or dissection of the
ICA [48].

53



Brain Sci. 2024, 14, 207

Table 1. Landmark studies in the modular approach to endonasal skull base tumor surgery.

Authors Approach Study Inclusion Outcomes
Progression-free survival was significantly
Meta-analysis including eleven studies higher in patients who underwent gross-total
Fong et al. [49] Sellar comprised of 3941 patients undergoing resection compared to subtotal resection.
& ' expanded endoscopic endonasal resection for Postoperative radiotherapy was associated with
pituitary tumors were evaluated. improved progression-free survival in patients
with residual disease.
% artlc'les comprising 554 pediatric patients No significant difference in primary tumor
undergoing endoscopic endonasal resection for . . .
. - etiology with rates of CSF leak postoperatively
suprasellar pathologies were included. Most N . . . .
Lee et al. [50] Suprasellar S (8.6% overall), including craniopharyngiomas
common pathologies included o 7 ;
. . , (10.6%), adenomas (6.5%), and Rathke’s cleft
craniopharyngiomas, adenomas, and Rathke’s cysts (7.2%)
cleft cysts. y ek
Exclusively intraconal and extraconal
pathologies included 51% and 30.6% of the
cohort, respectively. Tumor etiology was most
39 studies comprising 71 patients who commonly cavernous hemangioma (45.1%), with
Dubal et al. [51] Orbital Apex underwent endoscopic endonasal resection of 76.2% of complications as transient and no

Nicolai et al. [52]

Hanna et al. [53]

Battaglia et al. [46]

Anterior Fossa

Transpterygoid

orbital apex pathologies were included.

Exclusive EEA for anterior fossa sinonasal
malignancies was performed in 134 patients with
the remaining 50 undergoing a cranioendosopic

combined approach. Malignancies included

adenocarcinoma, squamous cell carcinoma,
olfactory neuroblastoma, mucosal melanoma,
and adenoid cystic carcinoma.

120 patients were included with
esthesioneuroblastoma, sarcoma,
adenocarcinoma, melanoma, and squamous cell
carcinoma. 93 select patients underwent
exclusively expanded EEA and 27 underwent
cranioendoscopic approach with combined
open craniotomy.

37 consecutive patients with who underwent
transmaxillary transpterygoid approach for skull
base tumor resection of the nasopharynx, middle
fossa, or infratemporal fossa were included.
Primary pathologies included juvenile
nasopharyngeal angiofibroma, trigeminal
schwannoma, cavernous hemangioma, adenoid
cystic carcinoma, mucoepidermoid carcinoma,
squamous cell carcinoma, adenocarcinoma,
chondrosarcoma, and undifferentiated
nasopharyngeal carcinoma.

difference in rates of complication between
intraconal or extraconal pathologies. There was
only a 4.2% rate of recurrence in the
pooled cohort.

5-year disease-specific survival was 91.4% and
58.8% for EEA and CEA groups, respectively.

No significant differences between combined nor
exclusive EEA groups, with 5- and 10-year
survival rates of 87% and 80%, respectively.

One patient suffered internal carotid artery
injury, and eight patients received adjuvant
treatment. At most recent follow-up (30 months
for malignant tumors and 60 months for benign
tumors) all patients had stable disease without
recurrence. Two patients of the cohort had stable
intracranial disease, including one with a
meningioma and one with adenoid
cystic carcinoma.

3.4.2. Mlustrative Case

This is the case of a 43-year-old male with a past medical history of left petrous
apex cholesterol granuloma that was discovered after diagnostic workup for self-resolved
diplopia, atop longstanding tinnitus and chronic sinusitis. Imaging demonstrated a
3.7 x 1.5 x 2.5 cm lesion of the left petrous apex with expansile high T1 and heteroge-
neous mixed T2 signal intensity in the left clival and petrous apex lesion, consistent with
cholesterol granuloma (Figure 12).

The nose was decongested with epinephrine-soaked pledgets bilaterally, the inferior
and middle turbinates were out-fractured bilaterally, and the left middle turbinate was
resected to improve visualization. A wide sphenoidotomy was then performed, a left-
sided rescue mucosal flap was created, and a right-sided vascularized nasoseptal flap
was created. A modestly sized posterior septectomy was performed, and the rostrum
was isolated and partially resected. A generous maxillary antrostomy was created on
the left side in anticipation of possible extension of the lesion lateral to the left paraclival
carotid artery.
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Figure 12. Preoperative imaging of a 43-year-old male with a left petroclival cholesterol granuloma.
(A) Axial T2 high-resolution constructive interference steady state (CISS) T2-weighted MRI. (B) Axial
T1 post-contrast MRI. (C) Coronal T1 post-contrast MRI. (D) Coronal CTA with contrast.

The mucosa was stripped from the clival recess and the intersinus septation was
drilled between the well-pneumatized clival carotid protuberances. The clivus was opened
medial to the left clival carotid artery to immediately encounter the cholesterol granuloma,
which was sharply opened. The contents of the lesion were fully removed. The mucope-
riosteum overlying the petrous internal carotid artery was similarly decompressed and
visualized. The nasoseptal flap was laid into the resection cavity in an effort to allow for
marsupialization of the cavity, and gelfoam was placed around this site in an attempt to
minimize postoperative nasal crusting (Figure 13). Postoperative imaging demonstrated
decompression of the granuloma (Figure 14) and the patient was discharged home in good
condition on postoperative day two.

Figure 13. Intraoperative imaging of modified Denker’s maxillary antrostomy and transpterygoid
approach to petrous apex cholesterol granuloma. (A) Back wall of the maxillary sinus is opened
to access the pterygopalatine fossa. (B) Transpterygoid approach with suction resection of the
granuloma. (C) Nasoseptal flap reconstruction.

Figure 14. Postoperative imaging demonstrating decompression of a petrous apex cholesterol granu-
loma. (A) Axial T2 high-resolution constructive interference steady state (CISS) T2-weighted MRI. (B)
Axial T1 post-contrast MRI. (C) Coronal T1 post-contrast MRI.

3.4.3. Practical Pearls

e  Sacrifice of the sphenopalatine artery in the transpterygoid approach precludes an
ipsilateral nasoseptal flap.
e  Skeletonization of the maxillary nerve leads to the ‘quadrangular space” and Meckel’s cave.
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o  Skeletonization of the vidian nerve leads to the lacerum segment of the ICA.
e  The contralateral transmaxillary approach may be a useful back up option for lateral
petrous pathologies approaching the IAC.
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Abstract: The role of the endoscopic transplanum-transtuberculum approach (ETTA) in the treatment
of pituitary adenomas/PitNETs (PAs) is sparsely analyzed in the literature, and its use is still debated
in the current practice. The aim of this study was to report our experience with this approach. Our
institutional registry was retrospectively reviewed, and patients who underwent ETTA for a PA
from 1998 to 2022 were included. Fifty-seven cases were enrolled over a time span of 25 years,
corresponding to 2.4% of our entire PA caseload. Radical resection was achieved in 57.9% of cases,
with re-do surgery (p = 0.033) and vessel encasement/engulfment (p < 0.001) as predictors of partial
resection. CSF leak incidence stood at 8.8%, with higher BMI (p = 0.038) as its only significant predictor.
Partial or full improvement of the visual field deficits was achieved in 73.5% of cases. No surgical
mortality was observed. According to our results, ETTA for the treatment of PAs is characterized by a
satisfactory surgical outcome but with greater morbidity than the conventional endoscopic approach.
Therefore, it should be reserved for the few selected cases otherwise unsuitable for the endoscopic
trans-sphenoidal route, representing a valid alternative and an effective complementary route for the
transcranial approach for these challenging PAs.

Keywords: pituitary adenoma; PitNET; extended; transplanum; transtuberculum; endoscopic

endonasal; outcome; complications

1. Introduction

The introduction of the extended trans-sphenoidal transplanum/transtuberculum
approach dates back to 1987, when Weiss demonstrated that this anterior expansion of the
microsurgical trans-sphenoidal route would allow the surgeon to also approach suprasellar
tumors, such as craniopharyngiomas, meningiomas or large pituitary adenomas/PitNET
(PA) [1]. However, the lack of a panoramic vision and the restricted field granted by

Copyright: © 2023 by the authors.
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microscopical magnification prevented a widespread diffusion and impaired the popularity
of this specific approach for decades [2-8].

Nevertheless, the introduction of the endoscope in trans-sphenoidal surgery has
largely improved the intra-operative visualization of this approach, giving a panoramic and,
at the same time, very detailed exposure of the nasal and skull base structures, overcoming
the drawbacks associated with microscopic vision [9]. The endoscopic endonasal extended
transplanum/transtuberculum approach (ETTA) has proved to be a valuable workhorse
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for the resection of suprasellar neoplasms (for instance, tuberculum sellae or planum
meningiomas, suprasellar craniopharyngiomas—even with third ventricle involvement—
suprasellar epidermoid/dermoid cysts or hypothalamic gliomas with a debulking or
bioptic aim), which would otherwise require a transcranial approach, since they are not
approachable through the standard endoscopic endonasal route [10-15].

A further rare and under-considered indication for an ETTA is represented by those
cases of PA with an uncommon complex morphology, such as a major suprasellar or
sub-frontal expansion, not manageable through a standard trans-sphenoidal approach
and therefore requiring a transcranial or a combined transcranial-trans-sphenoidal ap-
proach [16-21]. Although the effectiveness of ETTA for these rare PAs has already been
proposed in a few clinical series, most of them were not selectively focused on a PA
population or were mainly aimed to describe the reconstruction technique [22-28].

The goal of this study was to analyze our surgical series of PAs operated through
an ETTA in our center. The primary objective was the assessment of the extent of tumor
resection (EOR) and the normalization rate of bio-chemical hypersecretion in functioning
adenomas, identifying the factors predicting the EOR. The secondary aims were the de-
termination of the complication rate of this approach, with particular attention to the risk
of post-operative CSF leak, whose predictive factors were analyzed, and the visual and
endocrinological outcomes of these patients.

2. Materials and Methods
2.1. Study Design, Settings and Inclusion Criteria

Our prospectively collected database of all consecutive patients treated surgically
in our institution (Programma Neurochirurgia Ipofisi—Pituitary Unit of IRCCS Istituto
delle Scienze Neurologiche di Bologna, Italy) between 1998 and September 2022 was
retrospectively reviewed to consider all the PAs treated through the ETTA. The inclusion
criteria consisted of (1) histologically confirmed diagnosis of functioning or non-functioning
PA; (2) adoption of an ETTA; (3) minimum follow-up of 6 months; (4) availability of all
clinical and radiological pre- and post-operative features. Tumors primarily involving the
cavernous sinus or the clival region, therefore treated with different extended endoscopic
approaches, or those lacking complete data were excluded from the study.

Ethics committee approval and informed consent were waived for this study because
of its retrospective observational design.

2.2. Patient Management and Surgical Nuances

The management of every single patient referred to our institution is discussed at
a multi-disciplinary skull base board comprising neurosurgeons, rhinologists, neuroen-
docrinologists, neuroradiologists and neuropathologists, with specific expertise in skull
base diseases.

Following our management protocol, each patient underwent an endocrinological
evaluation to determine the pre-operative pituitary functional status. In case of clinical
suspicion of hormonal hypersecretion, specific stimulation/inhibition tests were performed.
All patients also underwent ophthalmological assessment with visual acuity and visual
field function determination. Clinical history was collected pre-operatively with specific
attention given to previous medical, surgical or radiation treatments for the PA. Each
patient performed a pre-operative contrast-enhanced MRI and a CT scan for the evaluation
of nasal and paranasal sinuses’ anatomy. Based on the pre-operative MRI, each case was
classified according to Barazi et al. to assess the morphological indication for an ETTA
instead of conventional EEA (Table 1).

Our surgical technique for ETTA has been extensively reported in previous reports,
both for PAs and for other neoplasms [10,19,21,29]. In brief, the patient lies in a semi-
sitted position under general anesthesia and orotracheal intubation. A lumbar drain is
not routinely positioned. For normally pneumatized sphenoidal sinuses, we avoid the
opening of the ethmoid, limiting the approach to a large anterior sphenoidectomy with
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extensive drilling of the floor of the sphenoidal sinus in order to completely expose its
posterior wall up the planum sphenoidalis. Conversely, in case of presence of Onodi
cells or other paranasal sinuses’ variants, a posterior ethmoidectomy is also performed
to achieve the satisfactory exposure of the sellar bulge and tuberculum/planum notch.
After bone removal and dura incision, tumor resection is performed with the standard
bimanual microsurgical technique, starting with central debulking, possibly with ultrasonic
aspiration (Sonopet®, Stryker Corporation, Kalamazoo, MI, USA; CUSA® NXT or CUSA®
Clarity, Integra LifeSciences, Princeton, NJ, USA) for tumors with increased consistency,
followed by its dissection from the neurovascular structures. Our paradigm of the skull
base reconstruction technique experienced a substantial shift throughout the time span
concerned, moving from a multi-layer reconstruction with fascia lata, fat, possibly bone or
cartilage, and a graft of mucoperiosteum to a similar technique but using a dural substitute
(Biodesign®, Cook Medical LLC, Bloomington, IN, USA) instead of fascia lata, fat, possibly
bone or cartilage, covered by a naso-septal pedicled flap.

All histopathological diagnoses were retrospectively reviewed by a boarded neu-
ropathologist (S.A.) according to the 2022 5th edition of WHO Classification of Tumors of
Endocrine Organs [30]. ENT evaluation to assess the healing and remucosalization of the
nasal cavity was performed one month after the procedure and as required subsequently.
Bio-humoral assays, ophthalmological and neurological examinations, and post-contrast
MRI were repeated 3 months after surgery and then annually.

Tumor resection was defined as radical in case of no tumor remnant at MRI at 3 months
or non-radical in case a remnant tumor was detected. Clinical outcomes were evaluated
based on follow-up examinations as normalized /improved, unchanged or worsened.
Recurrence or tumor progression were evaluated at follow-up, as well as any following
adjuvant treatment.

Table 1. Morphological classification of the PAs suitable for the ETTA approach, adapted from Barazi
etal. [21].

Ectopic peduncular or supradiaphragmatic peri-infundibular PAs, including
ectopic microadenomas of the pituitary stalk or purely supradiaphragmatic
Type 1 macroadenomas (mostly remnant or recurrence after previous partial surgeries).
These tumors are not suitable for an EEA because they have no sellar
infradiaphragmatic component.

PAs with sub-frontal extension, including macroadenomas with a supra- or
infradiaphragmatic sub-frontal extension. These tumors are not fully resectable

Type2 with an EEA because of their sub-frontal component, which extends anteriorly
with an unfavorable angle and direction for the trans-sphenoidal approach.
PAs presenting with a major extrasellar component, including macroadenomas
with suprasellar supradiaphragmatic component exceeding the sellar volume
Type 3 (i.e., air balloon PAs) unlikely to be delivered through the sella with an EEA, and

macroadenomas with both a large intrasellar infradiaphragmatic part and a large
suprasellar supradiaphragmatic portion connected through a narrow isthmus
(i.e., snowman PAs), which impairs their resection through an EEA.

2.3. Data Sources and Variables Included

Clinical, neuroradiological and surgical data, derived from the previously described pre-
and post-operative examinations, were prospectively included in a digital anonymized archive.

The primary endpoint of the study was represented by the EOR rate, and the secondary
endpoint consisted of the determination of the complication rate and patient endocrino-
logical and visual outcomes. The following parameters were retrospectively collected
and compared according to the study endpoints: (1) age; (2) BML; (3) previous surgical or
radiation treatments; (4) patient referral symptom leading to diagnosis; (5) pre-operative
pituitary functional status; (6) pre-operative visual function; (7) tumor maximal diameters
(measured in anteroposterior, laterolateral and craniocaudal extensions); (8) lesion volume;
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(8) maximal cranial extension of the lesion and morphology (up to suprasellar cistern, third
ventricle or foramina of Monro); (9) tumor consistency; (10) vessel encasement/engulfment;
(11) subarachnoid invasion; (12) type of surgical approach; (13) tumor morphology ac-
cording to Barazi et al. (Table 1) [21]; (14) skull base reconstruction technique. The rate
of CSF leak was also compared between the first and second half of this patient series to
assess the impact of surgeon experience and of the introduction of the naso-septal flap for
this complication.

Continuous variables are outlined as mean (+standard deviation). The qualitative
radiological parameters were independently evaluated by three blinded researchers (A.C.,
M.Z., AR.), and a discussion took place in case of disagreement. For the continuous data
collected, the mean among the three measurements was calculated and considered for
statistical purposes.

2.4. Statistical Analysis

Statistical univariate analysis was performed with IBM SPSS Statistics Version 29.0.0.0
(IBM Corp. Released 2022. IBM SPSS Statistics for Mac. Armonk, NY, USA: IBM Corp.).

Normal distribution was analyzed with the Shapiro-Wilk test. According to their
normal or non-normal distribution, continuous variables (age, BMI, volume, maximal
diameter) were compared using Student’s {-test or the Mann—Whitney U-test. Similarly,
all the other categorical variables were cataloged in contingency tables according to the
analyzed outcomes and compared with a chi-squared test. Parameters with significant
correlation with study outcomes based on univariate analysis were further compared with
a multi-variate logistic regression.

The p-value was assumed to be statistically significant at <0.05.

3. Results

In the time span included, a total of 2351 endoscopic adenomectomies were performed
at our institution. After extensive review and application of the inclusion and exclusion
criteria, 57 (2.4% of our case series) procedures were included in this study. Thirty-five
(61.4%) patients were male, and the mean age was 54.1 & 13.5 years.

Twenty-six (45.6%) patients were naive for previous surgical or radiation treatments,
while, as reported in Table 2, among the thirty-one patients already operated, one of them
also underwent external-beam radiotherapy. The most common symptoms leading to
diagnosis were visual deficits (32, 56.1%), followed by endocrinological disturbances (15,
26.3%). Of note, in six (10.5%) cases, the tumor was an incidental finding.

Table 2. Pre-operative demographic, clinical and radiological features of the included cohort. EEA:
extended endoscopic endonasal approach; EA: endoscopic endonasal approach; TCA: transcranial
approach; DI: diabetes insipidus.

N, % or SD

Male 35,614
Sex

Female 22,38.6

Age 54.1+13.5

BMI 27.8+54
Naive 26,45.6
Previous treatment Previous surgery 30, 52.6

Previous surgery and radiotherapy 1,18
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Table 2. Cont.

N, % or SD
EEA 20, 64.5
Previous surgical procedure EA + TCA 2,6.5
TCA 5,16.1
Microsurgical trans-sphenoidal 4,129
Cognitive decline 3,53
. o . . Endocrinological hyperproduction 15,26.3
First clinical manifestation
Visual disturbances 32,56.1
Incidental 6,10.5
Headache 1,1.8
PRL 5,8.8
Endocrinological hypersecretion at ACTH 4,7
admission GH 4/ 7
TSH 1,1.8
No 43,754
Anterior partial hypopituitarism 1,1.8
Anterior panhypopituitarism 14, 24.6
Endocrinological impairment at admission DI 0,0
Anterior partial hypopituitarism
1,1.8
and DI
Panhypopituitarism and DI 1,18
No 40,70.2
Yes 6,10.5
Visual acuity impairment at admission
No 51,89.5
Yes 34,59.6
Visual field impairment at admission
No 23,404
Volume, cm3 13.8 +16.8
Maximal diameter, mm 303 £12.8
Foramina of Monro 11,19.3
Cranial extension Third ventricle 22,38.6
Suprasellar cistern 24,421
Type 1 16, 28.1
Morphology according to Barazi et al. [21] Type 2 7 123
Type 3 34,59.6

Most PAs were non-functioning (43, 75.4%), and the remaining PAs included five PRL-
secreting adenomas, four ACTH-secreting adenomas, four GH-secreting adenomas and one
TSH-secreting adenoma. Pre-operative endocrinological hypopituitarism was observed in
17 cases (29.8%) and DI in 2 cases (3.5%). Pre-operative visual acuity deficits were present
in 6 cases (10.5%) and field deficits in 34 cases (59.6%). The mean maximal tumor diameter
was 30.3 + 12.8 mm, and the mean tumor volume was 11.3 cm® + 16.8. Their cranial
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extension reached the suprasellar cistern in 24 cases (42.1%), third ventricle in 22 cases
(38.6%) and foramina of Monro in 11 cases (19.3%). According to Barazi et al., they can be
classified as type 1 in 16 cases (28.1%), as type 2 in 7 cases (12.3%) and as type 3 in 34 cases
(59.7%). Intra-operatively, 12 tumors (21.1%) were firm; vascular encasement/engulfment
was observed in 9 cases (15.8%) and subarachnoid infiltration in 37 cases (64.9%) (Table 3).
In 22 cases (38.6%), closure was performed with fascia lata, fat, possibly bone or cartilage,
and mucoperiosteal graft. In 32 cases (56.1%), closure was performed with Biodesign, fat,
possibly bone or cartilage, and a naso-septal flap.

Table 3. Intra-operative surgical findings and features of the included cohort.

N, %

Soft 45,78.9
Consistency

Firm 12,21.1

Yes 9,15.8

Vessel encasement/engulfment
No 48,84.2
Yes 37,649
Subarachnoid invasion
No 20, 35.1
ETTA 55,96.5
Type of surgical approach

ETTA + TCA (one step) 2,35
Closure with fascia lata, fat, possibly bone and Yes 22,386
cartilage, and mucoperiosteal graft No 35, 61.4
Closure with Biodesign, fat, possibly bone and Yes 32,56.1
cartilage, and naso-septal flap No 25 438

Radical resection was achieved in 33 cases (57.9%), and hypersecretion was resolved
in 9 cases (64.3%) (Table 4). All cases of functioning PAs not in remission after surgery
only underwent a specific medical therapy, and in four cases, also irradiation (either with
conventional radiotherapy, radiosurgery or adrotherapy), bringing the hypersecretion
under control in all cases at follow-up. The complications consisted of one case (1.8%)
of post-operative epistaxis, one case (1.8%) of meningitis requiring antibiotic treatment,
two cases (3.5%) of silent lacunal ischemia of the head of caudate nucleus or the temporal
pole revealed by post-operative imaging, two (3.5%) cases of transient third cranial nerve
palsy (resolved at discharge), one case (1.8%) of transient diabetes insipidus (DI) resolved
at discharge, six (10.5%) cases of surgical field hematomas treated conservatively in three
cases and requiring surgical treatment in the other three (two through an EEA and one
through a TCA). Among those, one patient (1.7.%) experienced hydrocephalus, requiring
ventricular-peritoneal shunt. One patient (1.7%) with severe cardiovascular comorbidities
developed a multiple-organ disfunction syndrome not related to surgical complications
and passed away in ICU one month after the procedure. No cases of mortality due to
surgical complications were reported.
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Table 4. Surgical outcome, hypersecretion resolution and complications observed in the included
cohort.

N, %
EOR Radical 33,57.9
Non-radical 24,421
PRL 3,60
. . . ACTH 4,100
Hypersecretion post-operative normalization
GH 1,25
TSH 1,100
Residual hypersecretion 5,35.7
CSF leak 5,8.8
Epistaxis 1,1.8
Meningiti 1,1.8
Complications eningts
Asymptomatic brain ischemia 2,35
Transient third cranial nerve palsy 2,35
Transient DI 1,18
Hematoma 6,10.5
Hydrocephalus requiring VPS 1,18

Visual acuity and field deficits resolved or improved, respectively, in 2 (33.3%) and
25 (73.5%) cases, while post-operative visual acuity or field worsening was demonstrated
in 2 cases each (Table 5). Conversely, a worsening of the anterior pituitary function was
observed in 17 (29.8%) cases, and 15 (26.3%) patients developed a DI

Table 5. Endocrinological and visual clinical outcomes of the included cohort.

Normalized/Improved Unchanged Worsened

N, % N, % N, %
Intact 0,0 22,55 18, 45
Anterior partial hypopituitarism 0,0 0,0 1,100
Endocrinological disturbances Anterior panhypopituitarism 0,0 10,714 4,28.6
DI 0,0 0,0 0,0
Anterior partial hypopituitarism and DI 0,0 1,100 0,0
Panhypopituitarism and DI 0,0 0,0 1, 100
Intact 0,0 49, 86 2,4
Visual acuity deficits
Present 2,33.3 4,66.7 0,0
Intact 0,0 23,100 0,0
Visual field deficits
Present 25,73.5 7,20.6 2,59

At follow-up (mean 42.5 £ 30.7 months), three cases (5.2%) presented a recurrence
after GTR, and they were treated, respectively, with radiosurgery in one case, transcranial
resection in another case and further endoscopic endonasal resection in the latter case.
Progression of a remnant tumor was reported in six (10.5%) cases, which was treated with
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irradiation in five cases (two with conventional radiotherapy and three with radiosurgery)
and further standard endoscopic endonasal resection in one case. Alongside the aforemen-
tioned patient who died from cardiovascular comorbidities in the ICU, another one died
from unrelated causes during follow-up. All the other patients included (96.5%) were alive
at follow-up.

Statistical Analysis

According to the univariate analysis, a partial EOR correlates with previous surgeries
(p = 0.033) and the presence of vessel encasement/engulfment (p < 0.001).

As reported in Table 6, higher BMI was the only parameter reported to be significantly
correlated with post-operative CSF leak after ETTA (p = 0.038). CSF leak incidence was
not reported to be significantly correlated with the skull base reconstruction technique
(p = 0.647 and p = 0.618) or to exhibit differences (p = 0.669) between the first half of the
patients treated with the ETTA approach (7.14%) and the second half (10.34%).

Table 6. Univariate analysis showing correlations between the parameters included and study
outcomes (p values).

New-Onset

Parameter BOR  CsPLes  Aneror  NewOner ViswlAaity
Impairment Outcome
BMI * 0.177 0.038 0.307 0.314 0.089 0.220
Age$S 0.615 0.331 0.235 0.659 0.366 0.467
Sex 0.885 0.647 0.034 0.269 0.780 0.695
Volume * 0.482 0.593 0.092 0.048 0.027 0.827
Maximal diameter § 0.188 0.301 0.128 0.006 0.017 0.387
Remnant/recurrence 0.033 0.362 0.049 0.057 0.523 0.024
Consistency 0.972 0.719 0.067 0.534 0.781 0.061
Vessel encasement <0.001 0.591 0.802 0.030 0.213 0.116
Subarachnoid invasion 0.174 0.332 0.558 0.040 0.924 0.904
TCA 0.091 0.655 0.525 0.016 0.064 0.177
Third ventricle extension 0.116 0.385 0.206 0.423 0.645 0.373
Morphology according to 0.906 0.622 0.178 0.328 0.104 0.428
Barazi et al. [21]
Closure with fascia lata - 0.647 - - - -
Closure with naso-septal flap - 0.618 - - - -

*: Mann-Whitney U-test. 5: Student’s t-test.

Post-operative anterior hypopituitarism correlates with male sex (p = 0.034) and pre-
vious surgeries (p = 0.049). Conversely, the development of post-operative DI correlates
with higher tumor volume (p = 0.048) and maximal diameter (p = 0.006), vessel encase-
ment/engulfment (p = 0.030), subarachnoid invasion (p = 0.040) and inclusion of the
simultaneous transcranial approach (p = 0.016).

An unsatisfactory visual acuity outcome, with post-operative worsening or absence of
any improvement in pre-operative deficits, correlates with higher tumor volume (p = 0.027)
and maximal diameter (p = 0.017). Similarly, an unsatisfactory visual field outcome is
reported to be linked to previous surgeries (p = 0.024).

The multi-variate analysis performed by means of a logistic regression did not disclose
any significant correlation.
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4. Discussion

In our study, we demonstrated on a large series of 57 patients with PAs operated
through an ETTA that this approach can both represent a valid alternative and an effective
complementary route for the TCA, with a radical resection rate of 57.9% (33 cases) and
hypersecretion resolution in 64.3% of cases (9 out of 14). Indeed, the ETTA has proved not
only to allow the surgeon to manage through a trans-sphenoidal route those adenomas not
approachable with a standard EEA and otherwise requiring a TCA (for example, because
of their purely supradiaphragmatic location or due to atypical irregular morphology); it
was also proved that the ETTA can be combined with a TCA, as reported in two cases in
our series, for those asymmetrical tumors whose lateral extension would represent a limit
for the ETTA. This is, to our knowledge, the largest surgical case series focusing on ETTA,
which includes and compares all the different types of PAs suitable for the approach and
discusses their indications.

4.1. Classification, Surgical Indications and EOR

The indications for an ETTA for PAs have been controversial in clinical practice and in
the dedicated literature, and few studies have specifically considered this topic [16,17,20,21].
While well established in clinical practice for complex anterior skull base neoplasms, the
ETTA conflicts with some fundamental principles of pituitary surgery, such as avoidance
of diaphragm violation, with the consequent intra-operative CSF leak, and selective tumor
resection, with the sparing of the gland and stalk structures to preserve the endocrinological
function. Moreover, in the vast majority of cases, PAs—also including large or giant
tumors—arise inside the sella from the pituitary gland, and they usually extend toward
the suprasellar space in a caudocranial direction, displacing the diaphragm upwards.
Therefore, after central debulking of the intrasellar part, the dome progressively descends
in a downward direction, increasing its likelihood of being delivered through a conventional
endoscopic endonasal approach without any need for a supradiaphragmatic extension.
It has been hypothesized that less than 10% of PAs have an unsuitable morphology for a
conventional EEA, thus requiring an alternative route, such as the TCA [31,32]. In 2013,
Barazi et al. proposed that for these rare and selected cases unsuitable for a standard EEA,
the ETTA could be considered as an alternative to the TCA, combining the advantages of the
trans-sphenoidal corridor with the possibility to resect supradiaphragmatic PAs (Figure 1).
Our series confirms that only few cases require this extended approach, accounting for 2.4%
in our series of 2351 endoscopic endonasal adenomectomies, which should be considered
exclusively for those cases with peculiar features, which makes them unapproachable with
an EEA, which remains the first choice for PAs. In particular, based on the tumor location
and morphology, these authors identify three possible types of PAs potentially suitable for
the ETTA.

Ectopic peduncular or supradiaphragmatic peri-stalk PAs (Type 1, Table 1, Figure 2)
are uncommon occurrences, as represented in our series (16, 28.1%), mostly including 5
(31.3%) ectopic secreting microadenomas of the pituitary stalk and 11 (68.7%) remnants or
recurrences after previous partial surgeries of purely supradiaphragmatic macroadenomas.
These tumors are not suitable for a conventional EEA because of the lack of any sellar
infradiaphragmatic component, thus requiring a complete supradiaphragmatic corridor.
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Figure 1. Illustrative flow chart of our general decisional algorithm for PA surgical management.
Each approach should be tailored to the clinical-radiological features and intra-operative findings of
the individual case. CS: cavernous sinus; EEA: standard endoscopic endonasal approach; EPS: eth-
moidopterygosphenoidal approach [33]; ETTA: endoscopic endonasal transplanum-transtuberculum
approach; TCA: transcranial approach.

Figure 2. Illustrative case of a Type 1 sec. Barazi PA suitable for ETTA. (A-C) Midsagittal
(A), coronal (B) and axial (C) pre-operative contrast-enhanced T1-weighted MR images of a 35-year-
old female complaining of visual field disturbances, with a clinically manifest bitemporal hemianopsia.
Imaging and laboratory exams reported a non-functioning supradiaphragmatic macroadenoma along
the pituitary stalk, slightly compressing the optic chiasm. She underwent ETTA, which achieved
radical resection with an unremarkable clinical course and a resolution of pre-operative symptomatol-
ogy. (D-F) Midsagittal (D), coronal (E) and axial (F) post-operative contrast-enhanced T1-weighted
MR images.

PAs with sub-frontal extension (Type 2, Table 1, Figure 3) are rare tumors (7, 12.3%)
with a supra- or infradiaphragmatic sub-frontal extension, which extends rostrally up
or beyond the tuberculum sellae, which prevents this portion from descending into the
intrasellar cavity during tumor resection and which would require an unfavorable approach
direction for a conventional EEA.

Finally, the most common indication for an ETTA was represented in our series by
PAs presenting with a major extrasellar component (34, 59.6%) (Type 3, Table 1, Figure 4),
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such as macroadenomas with a suprasellar supradiaphragmatic component exceeding
the sellar volume (i.e., air balloon PAs) unlikely to be delivered through the sella with
an EEA, and macroadenomas with both a large intrasellar infradiaphragmatic part and a
large suprasellar supradiaphragmatic portion connected through a narrow isthmus (i.e.,
snowman PAs), which impairs their resection through an EEA.

In some cases, a firm consistency may prevent the dome of the tumor from descending
into the surgical cavity, and we primarily prefer to avoid extending the approach to these
cases, instead using angled instruments and scopes to entirely remove the tumor. However,
we noted that an increased consistency was reported in a significant number of PAs (21.1%),
confirming that these tumors represent a challenge for the pituitary surgeon.

Figure 3. Illustrative case of a Type 2 sec. Barazi PA suitable for ETTA. (A-C) Midsagittal (A),
coronal (B) and axial (C) pre-operative contrast-enhanced T1-weighted MR images of a 63-year-old
male patient previously treated with a standard endoscopic endonasal approach for a non-functioning
pituitary macroadenoma. Years later, a linearly progressing supradiaphragmatic recurrence with
sub-frontal extension was observed. He underwent ETTA, which achieved near-radical resection (a
small remnant was revealed with post-operative imaging posteriorly) with an unremarkable clinical
course. (D-F) Midsagittal (D), coronal (E) and axial (F) post-operative contrast-enhanced T1-weighted
MR images.

The flexibility of the approach, developed as an extension of the standard endoscopic
endonasal route, also provides an opportunity for intra-operative conversion if required by
the neoplasm features and surgical findings. Although in many cases, an ETTA is planned
from the very beginning of the procedure (purely supradiaphragmatic neoplasms, major
suprasellar extension), in other cases, where the standard endoscopic endonasal approach
fails to achieve a satisfactory result (i.e., firm consistency of the neoplasm, non-descending
diaphragm leading to suprasellar remnants), it can be intra-operatively extended to the
ETTA to gain access to the supradiaphragmatic space. It is therefore our standard practice
to preserve the septal mucosa during the first steps of every PA resection procedure, in case
the harvesting of the naso-septal flap would later be unexpectedly necessary.
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Figure 4. Illustrative case of a Type 3 sec. Barazi PA suitable for ETTA. (A-C) Midsagittal (A),
coronal (B) and axial (C) pre-operative contrast-enhanced T1-weighted MR images of a 40-year-old
male patient complaining of cognitive decline and urinary incontinence. Imaging and laboratory
exams reported a non-functioning macroadenoma with a significant suprasellar portion, obliterating
the third ventricle and causing hydrocephalus (Type 3). Visual examination revealed bitemporal
hemianopsia. He underwent ETTA, which achieved near-radical resection (a small remnant was
revealed with post-operative imaging near the left cavernous sinus). The patient experienced severe
panhypopituitarism and diabetes insipidus, which required persistent complete substitution therapy;
conversely, a complete resolution of pre-operative visual field deficit, as well as cognitive and urinary
symptomatology was observed. (D-F) Coronal (D,E) and axial (F) post-operative contrast-enhanced
T1-weighted MR images.

Radical resection was achieved in 57.9% of cases, in line with previous reports [17].
This result should be outlined in the context of a highly complex case series, encompassing
very large lesions with atypical morphology, vessel encasement and a significant number
of secondary treatments. Indeed, comparing these results with those reported for the TCA
series, we can observe a comparable degree of resection [32,34-36]. In our study, surgery
for remnants and recurrences was observed to be a predictor of PR (p = 0.033), probably
due to the presence of adherences and scarring from previous approaches, precluding
optimal and safe surgical maneuvers [37]. Moreover, a close vessel relationship was also a
factor precluding GTR (p < 0.001), considering that surgical dissection around major cranial
vessels is extremely challenging, even for experienced hands [38]. It is also conceivable
that advanced intra-operative imaging tools, such as intra-operative MRI, although never
used in our surgical series, could help the surgeon increase the EOR by means of locating
small remnants in the surgical cavity not detected by the surgeon’s eye, as reported in the
literature [39,40]. Conversely, this could lengthen the duration of the procedure.

Although the ETTA represents an excellent extracranial approach for the suprasellar
space, avoiding any brain retraction or vasculo-nervous manipulation, it poses an intrinsic
drawback for the more lateral tumor extension than the carotid and the optic nerve planes.
In these cases, the TCA could be proposed as a complementary approach to the ETTA
(Figure 5) [41]. The lateral growing pattern of the neoplasm usually provides a “natural”
surgical corridor for the TCA, while the ETTA helps the surgeon resect and debulk the
median and paramedian part of the lesion, addressing the deepest intra- and suprasellar
portion abutting the chiasm or the third ventricle from the ventral corridor, allowing for the
achievement of a greater EOR and reducing the risk of recurrence [42]. However, it should

70



Brain Sci. 2023, 13, 1121

be remarked that in our series, we noted that the combination of an ETTA with a TCA would
add significant morbidity, namely increasing the risk of post-operative DI (p = 0.018) [43].
Therefore, the choice of a combined TCA-ETTA approach should be balanced in an optimal
risk-benefit assessment.

Figure 5. Illustrative case of a large PA suitable for combined ETTA-TCA. (A-C) Parasagittal (A),
coronal (B) and axial (C) pre-operative contrast-enhanced T1-weighted MR images of a 55-year-old
male patient complaining of visual disturbances, with a clinically manifest bitemporal hemianopsia
and left eye visual impairment consistent with second left cranial nerve involvement. Imaging
and laboratory exams reported a non-functioning macroadenoma with a significant left lateral
extension, invading and obliterating the ipsilateral basal cisterns. He underwent ETTA with a left
TCA in the same surgical session, which achieved near-radical resection. Two millimetric remnants
were revealed with post-operative imaging at the level of left cavernous sinus and interpeduncular
cistern. The patient experienced a clinically silent left temporal pole ischemia, severe post-operative
panhypopituitarism and diabetes insipidus, which required persistent complete substitution therapy;
conversely, a complete resolution of pre-operative visual acuity and field deficits was observed.
(D-F) Parasagittal (D), coronal (E) and axial (F) post-operative contrast-enhanced T1-weighted
MR images.

4.2. Surgical Complications

The incidence of post-operative CSF leak in our case series was 8.7% (five cases). All
of them underwent a prompt endoscopic endonasal revision, and none of them developed
meningitis. These results are in line with those reported by Khan et al., who assessed
a pooled CSF leak incidence of 9% in a recent systematic review of extended endonasal
approaches [44]. Indubitably, this rate is higher than those reported for conventional EEA,
and this represents the main disadvantage of this approach. Throughout the years, the
developing surgical experience and skills and the introduction of innovative repair tech-
niques for large osteo-dural defects, such as the naso-septal flap, have led to an evolution
in our techniques for skull base reconstruction. In our series, we observed no significant
difference in CSF leak rates when comparing patients who underwent reconstruction with
different techniques, as well as between the first and the second half of the case series. The
only predictor of CSF leak was represented by higher BMI, which was also recognized as a
negative prognostic factor in other series of endoscopic endonasal skull base cases [45-47].
Moreover, a careful management of post-operative nasal care, with periodic saline irrigation
and ENT evaluations, allows the patients to preserve an acceptable quality of life during
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the uncomfortable phase of crusting and nasal remucosalization, quantified over three
months [21,48,49].

Other complications were represented by the following incidences of 1.8% of post-
operative epistaxis, 1.8% of meningitis requiring antibiotic treatment, 3.5% of asymp-
tomatic brain ischemia, 3.5% of transient third cranial nerve palsy and 10.5% of surgical
field hematomas, which required surgical treatment in 50% of cases. Analyzing the non-
negligible incidence of surgical field hematomas, the remnant tumor apoplexy could be
hypothesized as a strong risk factor for this occurrence. Unexpectedly, in only three cases
(out of a total of six experiencing post-operative hemorrhages) was a non-radical resection
performed. It is our opinion that, despite tumor remnant apoplexy being a crucial issue
very well known to pituitary surgeons, the suprasellar, subarachnoid extension of our
approach could slightly increase per se the risk factor for post-operative bleeding, unavoid-
ably manipulating small capillaries and branches of hypophyseal arteries, which could
bleed in a large emptied post-operative surgical cavity. Conversely, a resection as extensive
as permitted, respecting vascular anatomy, should be the primary concern for the pituitary
surgeon to also decrease the occurrence of swelling and bleeding of the remnant (especially
in those cases, where a gross total resection is not amenable), whose risk, although reducible,
could never be zero. The incidence of these complications represents a consequence of the
expansion of the surgical approach into the supradiaphragmatic space. Comparing our
complication rates with other ETTA series, we observe a similar incidence [21,50,51], and it
is important to remark that they are in line with the overall complication rates of the TCA
approaches, confirming that, although the ETTA has a higher complication rate compared
to the EAA, it is not more unfavorable than the TCA [32].

4.3. Clinical Outcome

The most significant advantage of the ETTA is represented by the favorable clinical
outcome. Full or partial regression of pre-operative visual acuity and field symptoms was
observed in, respectively, 33.3% and 73.5% of cases. As reported by many authors, early
decompression of the optic structures and vessel-preserving dissection enabled by the ETTA
are the key features determining such positive results, which are significantly superior to
the TCA for sellar and suprasellar pathologies [50,52,53]. Similarly, our endocrinological
outcome, with 26.3% of new-onset DI and 29.8% of anterior pituitary function worsening,
seems not to be inferior to the TCA [54].

In the context of an optimal multi-disciplinary management, the individuation of
the predictors of visual and endocrinological post-operative impairment is crucial. In our
cohort, the major predictors of post-operative DI were the volume (p = 0.048), maximal
diameter (p = 0.006), vessel encasement (p = 0.030), subarachnoid invasion (p = 0.040)
and inclusion of the TCA (p = 0.016). Neurohypophysis and pituitary stalk are delicate
structures, which are strongly affected when performing the ETTA. If in smaller lesions,
namely Type 1 and 2, the stalk can be visualized, dissected and preserved early, in larger
invasive lesions, it is displaced, and it can be inadvertently harmed after surgical maneuvers
and dissection [55]. Similarly, lesions with vessel encasement and subarachnoid invasion
require prolonged surgical maneuvering, increasing the risk of meningo-hypophysial
artery damage with consequent pituitary function deficits. Similarly, the neurovascular
manipulation and dissection unavoidable in transcranial approaches represents a negative
prognostic predictor of post-operative DI development. The predictors of unsatisfactory
visual outcomes were larger lesion volume (p = 0.027), diameter (p = 0.017) and re-do
surgery (p = 0.024) for comparable reasons with the involvement of optic nerves, chiasm
and tracts.

4.4. Strengths and Limitations

The main strength of this study is that all the patients were treated and managed in the
same referral center by a highly specialized multi-disciplinary team according to the same
established surgical core principles (with expected improvements and implementations

72



Brain Sci. 2023, 13,1121

References

throughout the years), with adequate homogeneity. Moreover, despite its observational
retrospective design, no patients were excluded from the study for lacking essential data.
Conversely, the cohort size (even in a large referral center for pituitary neoplasms) precludes
us from performing an effective advanced statistical analysis, such as a multi-variate
analysis, limiting the generalizability of our findings, especially in a heterogenous cohort.
Moreover, a thorough analysis of the post-operative endocrinological management of
hypersecreting adenomas, progression-free survival for remnants and adjuvant treatments
is beyond the scope of this paper.

5. Conclusions

In our study, we observed and highlighted in a large cohort that the ETTA can also
play a significant role in PAs surgery, and it should be part of the pituitary surgeons’
armamentarium. Indeed, it has both an alternative and complementary role with the TCA,
expanding the indications of the endoscopic trans-sphenoidal approach to complex PAs
unsuitable for the EEA, and it can also be combined with a TCA for tumors with significant
lateral extension. Without the ETTA, the only surgical option for the management of
those PAs would have been the transcranial route—either standalone or combined with a
standard endoscopic endonasal approach—with major invasivity.

However, it should be considered that the ETTA presents a higher rate of complications—
particularly the post-operative CSF leak—than the standard EEA, suggesting that it should
be reserved for the few selected cases with strict indications. For these tumors, such
morbidity is balanced by the advantages afforded by the EEA, with a favorable patient
outcome and with particularly satisfactory visual and endocrinological results.

The identification of pre-operative factors predicting complications and unsuccessful
outcomes (mainly re-do surgeries for recurrences, larger lesions, higher BMI, subarachnoid
invasion and strict vessel relationship) is crucial for providing an accurate patient-tailored
treatment and an optimal post-operative management. Further, multi-centric studies are
warranted for a better characterization of those features.
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Abstract: Craniopharyngiomas (CPs) are Rathke’s cleft-derived benign tumors originating most
commonly in the dorsum sellae and representing 2% of intracranial neoplasms. CPs represent one of
the more complex intracranial tumors due to their invasive nature, encasing neurovascular structures
of the sellar and parasellar regions, making its resection a major challenge for the neurosurgeon with
important postoperative morbidity. Nowadays, an endoscopic endonasal approach (EEA) provides
an “easier” way for CPs resection allowing a direct route to the tumor with direct visualization of
the surrounding structures, diminishing inadvertent injuries, and providing a better outcome for the
patient. In this article, we include a comprehensive description of the EEA technique and nuances in
CPs resection, including three illustrated clinical cases.

Keywords: craniopharyngioma; endoscopic; infundibulum

1. Introduction

Craniopharyngiomas (CPs) are benign intracranial extra-axial tumors (OMS grade I) that
originate from remnants of the Rathke’s cleft, representing 2% of all intracranial neoplasms,
with an estimated incidence of 0.17 to 0.2 and prevalence of 4.78 per 100,000 [1].

Surgical management of CPs is challenging because of the vicinity to critical neurovascu-
lar structures, demanding a thorough understanding of the anatomy of the suprasellar region.
The extension of the tumor in relation to the optic chiasm, pituitary gland and stalk, hypotha-
lamus, carotid artery, and anterior cerebral artery complex is essential for surgical planning.
Surgical options include transcranial and endonasal endoscopic approaches (EEA) [2].

EEA provides a direct route to the sellar region, with improved midline exposure
without retraction of brain parenchyma and neurovascular structures, obtaining a better
visualization. This approach is ideal for lesions without significant lateral growth and
retrosellar CPs with suprasellar third ventricular extension [34].

The aim of this study is to familiarize young neurosurgeons with the anatomy of
the sellar and suprasellar region, as well as the advantages of EEA in the resection of
craniopharyngiomas. This remains paramount as endoscopic resection techniques have
become an accessible option for all neurosurgeons, making it necessary to master dissection
techniques to preserve critical neurovascular structures when facing CPs.

2. Materials and Methods

A comprehensive description of the surgical EEA in CPs is deeply analyzed by sum-
marizing the technique and detailing a step-by-step approach based on the senior author’s
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experience in our hospital. For its comprehensive description, the technique was divided into
nasal, sphenoidal, sellar, and closure phases. Three illustrative clinical cases are included.

3. Results
3.1. Endoscopic Endonasal Approach

In the operative room, the patient is positioned supine with the head tilted 15 degrees
away from the surgeon so the nasal fossae are facing the endoscope’s trajectory. The trunk
is elevated 20 to 30 degrees in order to aid venous return. The patient’s head is in neutral
position when our target is the sellar region, and extended 10 to 30 degrees or flexed 20 to
40 degrees when the target is located in the anterior fossa or the clival region, respectively.
Perioperative steroids (100 mg hydrocortisone) are administered, as well as a single dose of
broad-spectrum antibiotics. Topical nasal decongestant is employed in order to reduce nasal
bleeding. It is important to consider preparing the abdominal wall and outer thigh in an
antiseptic manner since abdominal fat and fascial graft may be used for reconstruction [5,6].

The EEA is divided into four phases: nasal, sphenoidal, sellar/parasellar, and closure.

3.1.1. Nasal Phase

A 0-degree endoscope is introduced into one nostril to identify the relevant anatomy
(superior, middle, and inferior turbinates laterally, nasal septum medially, and the choana
posteroinferiorly) [7]. The superior and middle turbinates are landmarks to identify the
sphenoid ostium and both turbinates are coagulated and lateralized with blunt dissection,
avoiding mucosal injury. The sphenoid ostium is identified 1.5 cm above the choana. A
nasoseptal flap is harvested, as described elsewhere [8], if needed. The flap can be harvested
at the beginning of the procedure, or after tumor resection in case of cerebrospinal fluid (CSF)
leak, and should be tucked into the choana for protection during the operation [9]. The next
step is to expose the sphenoidal rostrum, removing the mucosa in order to detach the nasal
septum and vomer with a dissector. About 1.0 to 1.5 cm of the posterior nasal septum is
removed for simultaneous access to the sphenoid sinus through both nasal nostrils.

3.1.2. Sphenoidal Phase

The anterior wall of the sphenoid sinus is enlarged circumferentially, preserving the
sphenopalatine artery which is located inferolaterally [2]. The sphenoid rostrum is removed
using Kerrison rongeurs and high-speed drills. It is imperative to know the anatomy of the
sphenoid sinus and its variants: “sellar”, “pre-sellar”, and “conchal” types (Figure). Pre-sellar
and conchal variantes are not absolute contraindications to perform an EEA and, in these
cases, the bone is removed through careful drilling and employing neuronavigation. Mucosa
within the sphenoid sinus is removed to reduce the risk of postoperative mucocele [10]. There
are septations inside the sphenoid sinus that must be removed carefully, being aware that 20%

of septations lead to a cavernous carotid protuberance [7].

3.1.3. Sellar Phase

A 4 mm diamond burr is preferred to make an initial opening of the pituitary fossa, as
the sellar floor can be thin and partially dehiscent because of chronic remodeling by a large
intrasellar mass. The durotomy is usually carried out with a sickle or retractable knife in a
cruciate fashion, starting in the middle sector and extending it with angled microscissors in
a cruciform fashion. After the dura is opened and hemostasis is achieved, exploration of the
intrasellar mass depends on the nature of the pathologic process. For a large mass, as CPs,
with a cystic and solid component, resection begins in the inferior and lateral portions of the
tumor to allow the superior aspect to descend into the surgical field at last. If the superior
portion is delivered first, diaphragmatic descent will obscure the operative field. If the
tumor has a suprasellar component, the diaphragm can be sharply dissected and incised.
Most CPs are soft in consistency and the resection is usually performed with a variety of
microdissectors, ringed curettes, and suction cannulas. On the other hand, if the tumor
has a harder consistency, it can be removed with the aid of an ultrasonic aspirator. After
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tumor removal, exploration of the surgical field with the 0-degree or 30-degree endoscope
is mandatory to look for any residual tumor [11].

3.1.4. Closure

In case of a CSF leak, there are two well-described techniques: the gasket seal and
the multilayered technique. The gasket seal method consists in placing a piece of allograft
dural substitute over the bony defect so that its dimensions exceed that of the defect by
at least 1 cm circumferentially. A rigid implant cut to fit the opening is then placed over
the dural substitute and counter-sunk within the bony defect [12,13]. The multilayered
reconstruction consists of placing layers in apposition to one another, the first being an
inlay dural substitute, followed by an onlay fascia lata graft, thereby potentially obviating
the need for a rigid buttress [13]. The nasoseptal flap is placed over the preferred method so
that the flap is in direct contact with the surrounding bony skull base and is subsequently
held in place with fibrin glue. In cases with no evident CSF leak, a free mucosal graft from
the middle turbinate or nasal floor can be placed alone over the surgical cavity and held in
place with absorbable nasal packing [14].

3.2. Representative Clinical Cases
3.2.1. Case 1

A 24-year-old man with a previous history of incomplete transcranial resection of
a CP was admitted to the emergency department with a 3-month history of progressive
visual loss, nausea, and vomiting. Neurological examination revealed a Glasgow Coma
Scale of 14, pupils of 4 mm with poor light response, and no motor or peripheral sensory
deficits. Endocrinological examination was relevant only for central hypothyroidism. An
MRI was performed (Figure 1), revealing a T1 hypointense and T2 hyperintense large
sellar and suprasellar cystic, lobulated lesion, with significant upward displacement of
the third ventricular floor. An EEA was performed on this patient, using the technique
described previously (Figure 2 and Video S1). Following a dural opening, the cyst wall
was punctured, releasing a motor-oil-like liquid content. After cyst drainage, meticulous
debulking of the solid component of the tumor with ringed curettes was performed. Finally,
the sellar floor was reconstructed in a multilayered fashion. Postoperative CT showed no
evident residual tumor. Postoperatively, the patient developed transient diabetes insipidus
(DI), which was satisfactorily managed with oral desmopressin, and he was discharged
from the hospital on the fifth postoperative day.

3.2.2. Case 2

A 34-year-old woman with complaints of headache and bilateral loss of visual acuity
in the last year, presented to our emergency department due to acute onset of gait dis-
turbance and sleepiness. Upon arrival, an urgent CT scan was performed, revealing an
isodense mass in the sellar and suprasellar region with calcifications, conditioning obstruc-
tive hydrocephalus. An emergent ventriculoperitoneal shunt was placed. Endocrinological
testing revealed low levels of thyroid-stimulating hormone, cortisol, and free thyroxine, so
hormonal replacement therapy was initiated before surgical treatment was deemed safe.
Brain MRI revealed a hypo and hyper-intense lesion on T1 and T2-weighted MRI, respec-
tively, compatible with a cystic lesion located in the sellar region and extending upward
into the third ventricle with brainstem displacement (Figure 3). The patient underwent
resection of the lesion by an endoscopic extended transplanum-transtuberculum approach
as shown in Figure 4 and Video S2. The patient developed DI postoperatively and received
subcutaneous desmopressin. No cerebrospinal fluid leakage was observed postoperatively.
A vision assessment 6 months postoperatively showed no changes in visual acuity.
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Figure 1. Axial (A) and coronal (B) T2-weighted MRI demonstrates a sellar lesion with suprasellar
extension composed predominantly of a T2 hyperintense cystic component. Image (A) also shows
dilatation of the left temporal horn of the lateral ventricle and postsurgical changes in both frontal
lobules. In Image (B) the cystic and lobulated features of the lesion are seen. (C): Sagittal T1 weighted
MRI image shows a hypointense cystic sellar lesion with upward displacement of the third ventricle.

Sphenoidal Stage ¢ Dural opening

Tumor resection

Dural substitute Inlay

Hemostasis <l Mutilayered reconstruction

Figure 2. Intraoperative images. (A) Drilling the sphenoidal rostrum. (B) Dural opening in cruciform
fashion using no. 11 blade. (C) Dissection of the tumor borders away from the dura mater using a
fine microdissector. (D) Tumor resection begins from the inferior and lateral components in order
to avoid the superior component of the tumor that obstructs the surgeon’s view. (E) Hemostasis.

(F) Multilayered reconstruction.
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Figure 3. Axial (A), sagittal (B), and coronal (C) T1-post contrast MRI images show a mixed cystic-
solid mass with a solid sellar, heterogeneously enhancing component, associated with a massive
suprasellar and parasellar cystic, peripherally enhancing component extending upward into the third
ventricle and displacing backwardly the brainstem. Axial, non-contrast CT (D) shows a hypodense
sellar mass associated with massive peripheral calcifications.

3.2.3. Case 3

A 19-year-old man was referred to our hospital for endocrinological evaluation due to
delayed pubertal development. Hormonal tests were performed revealing low testosterone,
thyroxine, and cortisol levels. The patient reported a 2-month history of asthenia, polyuria,
polydipsia, and blurred vision. Neurological examination was relevant for decreased bilat-
eral visual acuity and bitemporal hemianopsia. Brain MRI revealed a sellar and suprasellar
hypointense lesion on T1W, mixed iso and hyperintense lesion on T2W and FLAIR, and
heterogeneous enhancement on postcontrast sequence, suggestive of a cystic lesion with
a solid sellar component (Figure 5). The patient underwent transsphenoidal endoscopic
resection of the lesion wranssellarsellar approach as shown in Figure 6 and Video S3. After
opening the cyst wall, the solid component of the lesion was drained, which had a greenish
and muddy appearance, but was otherwise easily aspirable. The solid intratumoral content
was removed using ringed curettes and suction, followed by capsule mobilization and
sharp extracapsular dissection employing pituitary rongeurs and microscissors. Finally, a
multilayered reconstruction of the sellar floor was performed. The patient had an unevent-
ful postoperative course and, during the follow-up appointment, he reported significant
vision improvement. Histopathologic evaluation reported an adamantinomatous CP and
the patient was referred to radiosurgery for adjuvant treatment.
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21

Transtubercullum approach

Dural opening Dissection of tumor borders

Multilayer reconstruction
Foscia inlay, gelfoam, fot tissve, fascia onlay, nasoseptal flop, ibrin glue

Figure 4. Intraoperative images. (A) Drilling of the sellar floor using a diamond drill. (B) In this case
it was necessary to remove the tuberculum sellae because of the tumor size, using a diamond drill
and rongeurs. (C) Dural opening in a cruciform manner. (D) Dissection of tumor borders away from
the durl (E) Tumor resection. (F) Multilayer reconstruction (In-lay fascia, gelfoam, fat tissue, On-lay
fascia, nasoseptal flap, and fibrin glue).

Figure 5. Sagittal T2-weighted MRI image (A) shows a large sellar and suprasellar mass with compo-
nents of different signal characteristics. An isointense component relative to brain parenchyma is
located predominantly in the sellar region, which is associated with an hyperintense cystic component
in its superior aspect. Axial (B) and coronal (C) T1-post contrast MRI image reveals a sellar and
suprasellar mass, with areas of peripheral and central enhancement. In image (C), a constriction of
the mass at the level of the diaphragma sellae is seen.
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Figure 6. Intraoperative images. (A) Drilling of the sellar floor with a diamond drill. (B) Dural
opening in a cruciform manner using a no. 11 blade. (C). Dissection of the tumor borders away from
the dura, and, in this case, the cystic component was opened and suctioned. (D) Tumor resection of the
lateral and superior parts until identification of the arachnoid layer Ip. (E) Hemostasis. (F) Multilayer
reconstruction (fat tissue inside the sella, in-lay fascia lata, bone (gasket technique), on-lay fascia lata,
and fibrin glue).

4. Discussion

CPs represent quite challenging lesions that require multidisciplinary management.
What has been theorized and later proven to be the advantage of the extended endonasal
endoscopic approach (EEEA) for resection of CPs is that gross total resection (GTR) is more
achievable with this technique, having ranges of up to 70% in some series [3,15,16]. One of
the key factors to determine whether an EEEA is feasible is preoperative evaluation of the
lesion, with many details to pay attention to. However, many authors have consistently
described the most important characteristics as the position of the optic chiasm (OC),
the pituitary stalk (PS), and the invasion of the lateral compartments [2,17,18]. Many
classifications have been suggested for surgical approach decisions, being one of the most
iconic the one proposed by Kassam and the Pittsburgh group in 2008, dividing these lesions
into four categories, according to the relation to pituitary stalk and naming grade IV the
lesions that are exclusively in the third ventricle [17]. These grade IV lesions have been
suggested to be better reached through transcranial approaches. Although some authors
are exploring the capability of doing it purely endonasal in a safe manner, this remains one
of the limitations of an EEEA for the treatment of purely intraventricular CPs [17]. Recent
publications affirm that retrochiasmatic CPs with extension to the third ventricle can be
successful reached via EEA; however, as we previously mentioned, this statement should be
taken carefully. From this perspective, the European Association of Neurosurgical Societies
still recommends the transcranial approach for intraventricular CPs [19-21].

One of the key considerations for surgeons in their learning curve is to divide the
invasion of the tumor into infra and supra diaphragmatic compartments. Originally, only
tumors in the infradiaphragmatic compartment were removed with the EEA but, as more
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experience was obtained, the supradiaphragmatic lesions started to be treated this way [22].
Doing a thorough analysis of the preoperative MRI is key to making the most optimal
decision for the approach.

Understanding each stage during the endonasal approach is essential for the young
neurosurgeon. The nasal stage is usually performed by an ENT surgeon in most centers,
although the anatomical knowledge and technique mastering is a great ability to achieve as
a neurosurgeon. CSF leak is one of the most prevalent complications of these approaches
and, historically, the use of nasoseptal flap (NSF) had proven to reduce CSF leak rates in all
kinds of endonasal approaches [8,23].

For lesions extending to the suprasellar compartment, we must try to harvest an NSF
from the beginning of the nasal step. This NSF is usually harvested from the side which will
undergo less manipulation depending on the lateral invasion of the tumor. As we mentioned,
the NSF is a crucial step in the prevention of CSF leak and meningitis hence for its correct
realization technique must be well understood and dominated by the surgeon [23,24].

During the sphenoidal phase, widening the opening on the sphenoid rostrum is an
advisable behavior with the goal to attain freedom of movement in the field with the tools.
This will strongly depend on the sinus pneumatization but should not be a limitation to
accomplishing a sufficient opening and a comfortable setup. Anatomical knowledge plays
a crucial role and landmark identification will consist the main goal of the sinus stage in
which the visualization of the sella turcica, tuberculum sellae, planum sphenoidale, and
other landmarks, gives the surgeon the confidence and safety needed to continue with
the approach [25]. Some less pneumatized sinuses will offer a harder challenge for less
experienced surgeons. In these cases, neuronavigation may come as a very useful tool.

In the sellar stage, opening the sella turcica is usually done with a high-speed drill to thin
the bone and after making a small opening, the use of angled dissectors may constitute a safe
way to continue with the already thinned bone removal. Approaching the lateral limits of
the boney opening, rongeurs are usually used taking special care to remove these portions
with small bites avoiding the use of excessive force, further drilling may be used to thin the
bone and see through the structures behind these lateral portions of the bone removal. The
visualization of the anterior compartment of the cavernous sinus should be the goal permitting
early coagulation but this can be tailored for each specific tumor invasion [3].

The goal is to find a safe and direct route to the tumor. Usually, the tumor is not
adherent in its whole circumference and classical CPs show most adherent parts in the
hypothalamus, which is to be expected when taking into consideration the origin of the
lesion. Even when preoperative hypothalamic disfunction exists by tumor compression,
this part of the lesion should be always evaluated with direct sight of the adherences,
and should be dissected when possible, either bluntly or preferably sharply, since sharp
dissection needs the least amount of traction to bring the lesion into the field. Sometimes,
it is preferable to leave a small tumor capsule cuff when none of these techniques can be
performed in a safe manner. This point can be debatable as some authors prefer to reach
GTR if any preoperative sign of hypothalamic involvement exists [26].

Retracting or manipulating the tumor is thought to be a risky maneuver but it is
nonetheless unavoidable in some instances, when this situation is presented, it is advisable
to never pull the tumor without pushing the tissue you are trying to separate it from. This
creates a pivot point that is usually in the field and on sight, rather than a blind spot that
can be an important structure (i.e., carotid or hypothalamus). We usually call this maneuver
traction—countertraction.

It has been proposed in the literature a useful classification for endoscopic endonasal
surgery according to the degree of technical complexity, taking into account two main
factors: the affected compartment (for example, pituitary fossa or cavernous sinus) and
the pathology in question, as shown in Table 1 [27,28]. As can be seen, although cran-
iopharyngiomas are classified in grade II of technical complexity when they are limited
to the pituitary fossa, their invasive nature could classify them in a higher grade when
they extend to the interpeduncular cistern. This classification must be known and used
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by young neurosurgeons in the planning of resection of these complex tumors, permitting
them to visualize the anatomical corridors and associated structures compromised by the
tumor and prepare the necessary endoscopic equipment for the procedure.

Table 1. CSF. Cerebrospinal fluid, ACo. Anterior communicating artery.

Modified Level of Complexity in Endoscopic Endonasal Surgery

Level Compartment Pathology
CSF leak
I Extradural Chordoma
Carcinoma
I Pituitary fossa CPltu?tary adengma
raniopharyngioma
Meningioma
I Anterior skull base floor Esthesioneuroblastoma
Fibrous displasia
Orbit
v Pterygo-pallatine fossa Trigeminal Schwannoma
Maxillary sinus
Cisterns Craniopharyngioma
\% Interpeduncular fossa Chordoma
Clivus Pituitary adenoma
Pituitary adenoma
VI Cavernous sinus Hemangioblastoma
Meningioma
Paraclinoid aneurysm
viI Vascular A(?o aneurysm
Basilar aneurysm
Vertebral aneurysm
Cavernoma
VIII Intrinsic Metastasis
Glioma

Accordingly, young neurosurgeons must keep in mind that these approaches require a
steep learning curve, which may be associated with an increase in complication rates as the
surgeon obtains experience. Therefore, to minimize surgical morbidity, it is highly advised
to acquire surgical experience and technical competency from less complex pathologies in a
step-by-step fashion before proceeding to the most technically demanding ones [27,28]. As
previously noted, the technical complexity and degree of expertise needed for endoscopic
resection of craniopharyngiomas are highly variable depending on the tumor location, ex-
tension, and relationships with neurovascular structures [3,16,20]. Consequently, we have
found it useful to divide the endoscopic endonasal approaches for craniopharyngiomas into
different categories of progressive technical complexity and expertise required, as initially
proposed by Baldauf et al. [3] and subsequently modified in the present article Table 2.

A suggested strategy is to first acquire experience with intrasellar and intra-suprasellar
lesions before moving to more complex procedures such as suprasellar craniopharyngiomas
(Category C), often requiring an extended approach, intradural tumor dissection and
exposure of neurovascular structures. Additionally, the importance of laboratory training
with anatomical models and cadaveric dissections cannot be over-emphasized, as well as
assisting /observing experienced surgeons before attempting these procedures. Finally, it
is essential for young neurosurgeons to recognize their limitations and to not hesitate in
performing a transcranial approach when the case complexity is beyond their endoscopic
capabilities [27,28].
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Table 2. Modified from Baldauf et al. [3]. References [16,17,20,22,27-30].

Categories of Technical Complexity and Surgical Expertise of Endoscopic

Endonasal Approaches for Craniopharyngiomas

Category

Tumor Location/

. Technical Nuances
Extension

A

E Arising or extending into the third ventricle

Intra-suprasellar/infradiaphragmatic

Anatomic relationships similar to that of pituitary adenomas. The

Intrasellar/infradiaphragmatic sellar floor is enlarged providing enough space for resection and,

thus, facilitating the approach.
Neurovascular structures in the suprasellar side of the tumor
protected by the diaphragm.
Sulfficient space between pituitary gland and the optic chiasm for
tumor resection.
An extended endoscopic endonasal approach is required.
Size of the sella is often normal or reduced, resulting in a

Suprasellar/preinfundibular narrower approach due to closeness of the
or transinfundibular two intracavernous carotids.

Arteries of the circle of Willis are often displaced by the
suprasellar mass.
Requires a more posterior approach.
Stretch relationship with important neurovascular structures such

Suprasellar/retroinfundibular as the mammillary bodies and basilar apex.

Requires a pituitary transposition, increasing the technical
complexity of the approach.
Risk of injury to the hypothalamus, brainstem, and other
important neurovascular structures.
Increased risk for CSF fistula due to communication of the
ventricular cavity with the sphenoid sinus.

5. Conclusions

CPs continue to be a high-complexity intracranial pathology despite advances in
neurosurgery, nevertheless as EEAs evolve this technique offers greater advantages over
the conventional transcranial approaches, allowing a better visualization of the tumor and
its relationships with neurovascular structures surrounding it, thus contributing to achieve
a GTR whenever possible. A comprehensive knowledge of this technique and its nuances,
in conjunction with intensive laboratory training, is fundamental for young neurosurgeons
who aim to perform these approaches. Finally, it should be noted that these approaches
require a long learning curve, hence, the acquisition of surgical skills and experience from
less complex cases is imperative before moving to the most challenging ones, and should
be recognized that some cases may be better managed transcranially if the surgeon feels
more comfortable and experienced with this approach.
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Abstract: Postoperative cerebral venous sinus thrombosis (CVST) is a rare complication of the
retrosigmoid approach. To address the lack of literature, we performed a retrospective analysis.
The thromboses were divided into those demonstrating radiological (rCVST) and clinical (cCVST)
features, the latter diagnosed during hospitalization. We identified the former by a lack of contrast in
the sigmoid (SS) or transverse sinuses (TS), and evaluated the closest distance from the craniotomy
to quantify sinus exposure. We included 130 patients (males: 52, females: 78) with a median age of
46.0. They had rCVST in 46.9% of cases, most often in the TS (65.6%), and cCVST in 3.1% of cases.
Distances to the sinuses were not different regarding the presence of cCVST (p = 0.32 and p = 0.72).
The distance to the SS was not different regarding rCVST (p = 0.13). However, lower exposure of
the TS correlated with a lower incidence of rCVST (p = 0.009). When surgery was performed on the
side of the dominant sinuses, rCVSTs were more frequent (p = 0.042). None of the other examined
factors were related to rCVST or cCVST. Surgery on the side of the dominant sinus, and the exposing
of them, seems to be related with rCVST. Further prospective studies are needed to identify the risk
factors and determine the best management.

Keywords: dural; sinus; thrombosis; craniotomy; cerebellopontine; tumor

1. Introduction

The retrosigmoid approach (RSA) is one of the most common neurosurgical ap-
proaches to the posterolateral skull base [1-3]. It provides exposure of the cerebellopontine
angle region (CPA) and its surroundings, from Meckel’s cave to the jugular foramen [4-6].
Postoperative cerebral venous sinus thrombosis (CVST) is a rare but known complication
following RSA [7].

There is a paucity of literature regarding CVSTs. Postoperative CVSTs have a wide
range of presentation, from asymptomatic to death, and management is difficult. Treatment
is inferred from a spontaneously occurring CVST, after which aggressive anticoagulation is
immediately initiated [8]. Such management in the early postoperative period may increase
the risk of an intracranial hemorrhage. Further, it is unclear whether any treatment should
be started in asymptomatic thrombosis.

To address the above, we performed radiological and clinical analyses to report
our experience with CVSTs after RSA. We started with categorizing the CVSTs. In the
radiological part of the study, we looked for the radiologic features of CVSTs and evaluated
the extent of the bony opening in relation to the sinuses. In the clinical part, we looked for
the risk factors for, and clinical manifestations of, CVSTs (cCVSTs).
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The aim of our study was to assess the frequency of radiologic features of CVSTs
and cCVSTS. We assessed the relationships between clinical symptoms and the radiologic
features of CVSTs. We looked for CVST risk factors, with particular emphasis on evaluating
the relevance of transverse and sigmoid sinus exposures during bony openings.

2. Materials and Methods
2.1. Study Design

We designed this study as a retrospective, single-center evaluation of radiological and
clinical data. Radiological data consisted of contrast-enhanced computed tomographic
head scans performed routinely after elective RSAs, usually between postoperative days 3
and 7. Clinical data incorporated medical charts from RSA hospitalization.

We included adults undergoing elective RSAs, from 2016 to 2021, for which postopera-
tive CT and medical charts were available. We could not reconstruct and evaluate studies
prior to 2016 because of their insufficient quality. A CVST prior to surgery was an exclusion
criterion. Patients were identified by reviewing all operative reports in our institution
during the study period.

2.2. CVST Classification

CVSTs were divided into those demonstrating radiological features of CVSTs (rCVSTs,
recognized retrospectively, as described in detail below) and cCVSTs, for which a clinical
diagnosis of CVST had been established during hospitalization.

2.3. Radiological Analysis

CT studies were reviewed by two teams, consisting of two neurosurgeons (attending
and resident) and two medical students, all of whom were previously instructed by the
attending neuroradiologist. We performed evaluations with GE software on radiological
stations with diagnostic monitors. CT scans were evaluated for features of rCVST in
the sigmoid sinus, transverse sinus, and their junction (each treated as a separate entity)
on the ipsilateral side to the RSA. Recognizing rCVSTs required the visualization of a
lack of contrast in the sinuses in postoperative CT scans. We considered intraluminal
thrombi that partially or completely filled the sinuses as rCVST. Arachnoid (Pacchionian)
granulations [9,10] were distinguished from rCVSTs by their distinctive, regular shape, in
contrast to rCVSTs, which are irregular and often larger. We analyzed CT scans without
any previous knowledge of the medical history of a patient or radiological report. We then
reviewed the radiological reports of patients with rCVSTs, if these included descriptions
of sinus thromboses. In addition, we evaluated the closest distance from the edge of the
craniotomy to the sinuses on postoperative CT scans. It was measured and presented so
that a positive value expressed the closest distance between the edge of the craniotomy and
the sinus, whereas a negative value represented the magnitude of overlap of the craniotomy
with the sinus (Figure 1). We performed such measurements for sigmoid and transverse
sinus using axial and coronal scans, respectively. These continuous measurements were
subsequently translated into qualitative evaluations of sinus exposure (which corresponded
to all nonnegative measurements) and non-exposure of the sinus.

Furthermore, we evaluated the dominant side of the transverse-sigmoid sinuses,
presence of intraparenchymal hematoma, and other cerebral sinus thrombosis (e.g., superior
sagittal sinus).

2.4. Clinical Analysis

We reviewed the medical charts of analyzed patients to evaluate perioperative-, tumor-,
procedure- and patient-related factors. Other venous thromboses (deep venous thrombosis,
pulmonary embolism, etc.) were not studied.
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Figure 1. Illustrative radiological axial (a,b) and coronal (c,d) contrast enhanced postoperative
computed tomography scans with measurements. Sigmoid and transverse sinuses are exposed in
(a,c), while unexposed in (b,d), respectively.

2.5. Statistical Analysis

We used the means of two measurements for continuous variables (e.g., distance to
the sinus). In case of any disagreement over qualitative variables (e.g., the presence of a
rCVST), a final decision was made after discussion with a senior neuroradiologist. We
additionally tried to find a threshold for the distance from the craniotomy to the sinus
(Figure 1) in which the risk of CVST rises significantly. We examined the association
between qualitative variables using the chi-squared test or Fisher’s exact test. The Kendall
rank correlation coefficient was used to examine the relationship between ordinal and
qualitative variables. Between-group differences in quantitative variables were examined
using an independent samples t-test, Welch's t-test, or Mann—Whitney U test, depending
on whether the assumptions were met. ROC analysis was performed using the “MaxSpSe”
method in the R package ‘OptimalCutpoints’ (R packages retrieved from MRAN snapshot
1 January 2022) [11,12].

3. Results
3.1. Patient Demographics

We included 130 patients (males: 52, females: 78) with a median age of 46.0
(Supplementary Table S1). Table 1 presents the radiological analysis and Table 2 presents
the clinical analysis.
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Table 1. Radiological analysis. CVST—cerebral venous sinus thrombosis, N/A—not applicable.

Data Measurement p-Value

Distance to the sigmoid sinus (mm)
median (range) —1.75 (—10.55, 7.45) N/A
1st, 3rd quartile —5.23,0.95

Exposure of the sigmoid sinus
exposed 79 (60.77%) 0.01
hidden 51 (39.23%)

Distance to the transverse sinus (mm)
median (range) —6.60 (—23.15,9.2) N/A
1st, 3rd quartile —10.13, —2.76

Exposure of the transverse sinus
exposed 108 (83.1%) <0.0001
hidden 22 (16.9%)

Radiologic features of CVST
present 61 (46.9%) 0.48
none 69 (53.1%)

Transverse sinus thrombosis
present 40 (30.8%) 0.01
absent 21 (16.2%)

Sigmoid sinus thrombosis
present 37 (28.5%) 0.1
absent 24 (18.5%)

Junctions of sinuses thrombosis
present 32 (24.6%) 0.7
absent 29 (22.3%)

Intraparenchymal hemorrhage
present 2 (1.5%) <0.0001
absent 128 (98.5%)

Sinus dominance
right 94 (72.3%)
left 32 (24.6%) <0.0001
none 4 (3.1%)

Table 2. Clinical results of analysis. CVST—cerebral venous sinus thrombosis.

Data Measurement

Clinical diagnosis of CVST

present 4 (3.1%)

absent 126 (96.9%)
Intraoperative injuries of the sinuses

present 6 (4.6%)

absent 124 (95.4%)
Clinical risk factors

Overweight/obesity 23 (17.7%)

Oncologic past medical history 10 (7.7%)

Deep venous thrombosis 2 (1.5%)

Chronic venous insufficiency 3(2.3%)

Other 14 (10.8%)
Length of stay (days)

median (range) 11 (8-48)

1st, 3rd quartile 10, 14

Postoperative headaches refractory to regular
medical treatment

present 12 (9.2%)

absent 115 (88.5%)

not applicable/patient unconscious 1 (0.8%)

no data 2 (1.5%)
Exposure of the transverse sinus

exposed 108 (83.1%)

hidden 22 (16.9%)
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3.2. Radiological and Clinical Results

We recognized rCVSTs in 46.9% (61/130) of the study population, and most often in
the transverse sinus.

3.3. Patients with cCVST

In our study group (n = 130) there were 4 cases of cCVSTs (Supplementary Table S2).

One of the four patients with a cCVST died: a 41-year-old female was discharged
home after RSA in a good condition. She was readmitted in a critical condition two days
after discharge with a superior sagittal sinus thrombosis. She underwent unsuccessful
endovascular treatment before dying in the intensive care unit. Of note, we did not
recognize rCVST in the transverse or sigmoid sinus in this patient in our retrospective
radiological analysis.

The second patient, a 46-year-old female, reported headaches on postoperative day
six, before suddenly deteriorating neurologically. Her CT scan revealed a CVST with an in-
traparenchymal hematoma in the temporal lobe; she underwent an emergency craniotomy
with hematoma removal and temporal lobe resection. Immediately after the surgery, she
started improving and was discharged home, able to walk unassisted.

A 66-year-old male was diagnosed with a small intraparenchymal hemorrhage in
the basal part of the temporal lobe, in his routine contrast-enhanced CT scan. A CVST
diagnosis was confirmed using MRI, and this was followed by medical treatment. The
patient was subsequently transferred to the neurology department for rehabilitation.

The fourth patient, a 42-year-old female, presented with aphasia on postoperative day two.
After confirming a CVST with MRI, she was treated medically, then her symptoms resolved.

Half (2/4) of patients with cCVST had documented postoperative headaches refractory
to regular medical treatment. However, severe postoperative headaches developed 9.2%
of the whole study group (12/130). A comparison of patients with and without rCVST
revealed no significant difference in postoperative headache frequencies (6/61, 9.8% and
6/69, 8.7%, respectively).

In our retrospective radiologic studies, we identified 3 rCVSTs in 4 cases of cCVSTs.
The remaining patient had superior sagittal sinus thrombosis, but no rCVST in their
transverse/sigmoid sinus—which was defined as a rCVST in our study.

3.4. Radiological and Clinical Analysis

For the whole study population, median distances to the sigmoid and transverse
sinuses were —1.75 mm and —6.60 mm, respectively; 60.77% of the sigmoid sinuses and
83.1% of the transverse sinuses were at least partially exposed. The right-sided sinuses
were dominant in 72.3% of the cases.

Distances to the sigmoid and transverse sinuses were not significantly different be-
tween patients with and without cCVST (p = 0.340 and p =0.707, respectively, Student’s
t-test). The distance to the sigmoid sinus was not significantly different in the group with
rCVST in comparison to the group without rCVST (p = 0.125, Mann—Whitney U test).
However, reduced exposure of the transverse sinus correlated with reduced frequency of
rCVST (p = 0.028, Student’s t-test).

When we analyzed the distance to the sigmoid sinus and rCVST in the sigmoid
sinus only, there was a significant difference: a rCVST in the sigmoid sinus was related to
significantly larger exposure of the sigmoid sinus (p = 0.04, Mann—-Whitney U test).

A similar analysis for the transverse sinus did not reveal such a correlation (p = 0.209,
Welch’s test). A receiver operating characteristic curve analysis for the discrimination
threshold for rCVST presence revealed that exposing a transverse sinus by over 6.55 mm
increases the risk of rCVST (sensitivity 39%, specificity 41%, positive predictive value 37%,
negative predictive value 43%, area under curve 0.367 (95% confidence interval = 0.269;
0.464), Figure 2).
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ROC Curve. Criterion: MaxSpSe
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Figure 2. A receiver operating characteristic (ROC) curve analysis shows that exposing a transverse
sinus by over 6.55 mm increases the risk of radiologic features of cerebral venous sinus thrombosis
(rCVST). ROC curve is shown in blue color, reference line is shown in grey, an optimal cut-point
according to the MaxSpSe method is shown in black dashed lines.

We compared the exposing of each of the sinuses in a qualitative manner (exposed
versus not exposed), and it correlated neither with rCVST nor cCVST (both p =1, Fisher’s
exact test for exposing sigmoid and transverse sinus and cCVST; and p = 0.16 X2 test
and p = 0.35, Fisher’s exact test for exposing sigmoid and transverse sinus and rCVST).
Similarly, exposing both sinuses did not correlate with rCVST or cCVST (p = 0.460 and
p = 0.1, Fisher’s exact test, respectively).

The side of sinus dominance did not correlate with cCVST or rCVST. However, when
the surgery was on the side of the dominant sinus, a rCVST occurred more frequently
(p = 0.042, x? test). We did not find such a correlation for cCVST (p = 0.631, Fisher’s
exact test).

None of the remaining examined factors correlated with cCVST or rCVST, except for
an oncologic past medical history being more frequent among the cCVST group (p = 0.03,
Fisher’s exact test). In binary analyses, the presence of any risk factor (compared to none)
did not correlate with cCVST (p = 0.609, Fisher’s exact test), nor with rCVST (p = 0.486,
x2 test). In addition, when the number of risk factors was treated as an ordinal variable,
there was no correlation with cCVST (p = 0.233, Kendall rank correlation coefficient) or
with rCVST (p = 0.437, Kendall rank correlation coefficient).

Intraoperative injuries of the sinuses did not correlate with rCVST or cCVST (p = 0.705,
Fisher’s exact test; p = 1, Fisher’s exact test, respectively). Analysis of the radiological and
clinical risk factors is summarized in Table 3.
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Table 3. Selected analyzed radiological and clinical factors and their correlation with any type of

radiological features of cerebral venous sinus thrombosis (rCVST).

Analyzed Factor Value rCVST Present rCVST Absent p-Value
male 19 (37.3%) 32 (62.7%)
Sex female 42 (53.2%) 37 (46.8%) 0.076
median (range) 48 (22-76) 43 (20-82)
Age (years) 1st, 3rd quartile 40,58 33,57 0.774
. right 26 (40.6%) 38 (59.4%)
Side loft 35 (53.0%) 31 (47.0%) 0.157
. . median (range) 31 (12-50) 32 (9-57)
Tumor maximal size (mm) 1st, 3rd quartile 24,39 2 38 0.810
3 median (range) 11 (0.26-41.89) 11.73 (0.18-59.9)
Tumor volume (cm”) 1st, 3rd quartile 3.78, 18.25 3.94,18.38 0493
. . S - median (range) —2.67 (—9.4-6.2) —1.6 (—10.6-7.5)
Distance to the sigmoid sinus (quantitative) 1st, 3rd quartile —56,0 —475,1.95 0.04
. JU s exposed 41 (51.9%) 38 (48.1%)
Exposure of the sigmoid sinus (qualitative) hidden 20 (39.2%) 31 (60.8%) 1
. . I median (range) —7.3(—-21.5-9.2) —4.9(—23.15-7.8)
Distance to the transverse sinus (quantitative) 1st, 3rd quartile 114, -5.15 795,25 0.028
. - exposed 53 (49.1%) 55 (50.9%)
Exposure of the transverse sinus (qualitative) hidden 8 (36.4%) 14 (63.6%) 1
. o both exposed 38 (52.1%) 35 (47.9%)
Exposure of both sinuses (qualitative) one exposed or none 23 (40.4%) 34 (59.6%) 0.46
one or two sinuses o o
Exposure of at least one sinus (qualitative) exposed 56 (49.1%) 58 (50.9%) 0.180
none exposed 5 (31.3%) 11 (68.8%)
right 42 (44.7%) 52 (55.3%)
Sinus dominance left 18 (56.3%) 14 (43.8%) 0.46
none 1 (25%) 3 (75%)
. ) present 12 (52.2%) 11 (47.8%)
Overweight/obesity absent 49 (45.8%) 58 (54.2%) 0.578
. . . present 6 (60%) 4 (40%)
Oncologic past medical history absent 55 (45.8%) 65 (54.2%) 0.514
. present 1 (50%) 1 (50%)
Deep venous thrombosis absent 60 (49.6%) 68 (53.1%) 1
. . - present 2 (66.7%) 1 (33.3%)
Chronic venous insufficiency “bsent 59 (46.5%) 68 (53.5%) 0.600
. . present 7 (50%) 7 (50%)
Other clinical risk factors absent 54 (46.6%) 62 (53.4%) 0.807
present 6 (50%) 6 (50%)
Postoperative headaches refractory to regular absent 53 (46.1%) 62 53.9%) 0.546
medical treatment not applicable/patient o :
- 1 (100%) 0
unconscious
no data 1 (50%) 1 (50%)
. . . yes 21 (36.8%) 36 (63.2%)
Surgery on the side of dominant sinus o 40 (54.8%) 33 (45.2%) 0.042
e . yes 4 (57.1%) 3 (42.9%)
Intraoperative injuries of the sinus o 57 (46.3%) 66 (53.7%) 0.705

4. Discussion

In this study, we retrospectively analyzed CVST after RSA. To our great surprise, an
rCVST occurred after nearly every second (46.9%) surgery. Yet only a small portion of these
cases (4.9%) bore clinical significance. Except for the occurrence, there is a handful of other
topics arising from the results that will be explored below.
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4.1. Mechanisms and Risk Factors

Possible risk factors of CVST after RSA have already been discussed in the literature [13,14],
which can be divided into patient- and surgery-related. Patients at an increased risk of CVST
(e.g., with the factor V Leiden mutation) should be identified prior to surgery. Outside of
medical conditions, Gerges et al., in an anatomic study, found that acute petrous angle and
shorter IAC to sinus distance were associated with CVST [15]. CVST prevention is yet to be
explored, but clinicians might consider perioperative IV fluids and early anticoagulation
postoperatively. In our series, only oncological past medical history correlated with cCVST,
but this may be a statistical error caused by a small sample size, given the statistical test’s
low power.

We should also recognize surgery-related risk factors for CVST, and tailor our surgical
approaches to avoid them. Intraoperative maneuvers that are speculated to increase the
risk of CVST include direct and indirect sinus injuries, along with the migration of bone
wax used on emissary veins [13]. Interestingly, an intraoperative injury of the sinus in our
material was not associated with any type of CVST, as reported by Apra et al. [16]. The
importance of the surgical position for RSA is yet to be evaluated; we routinely choose a
supine position with the head turned and fixed in a skull clamp.

In our institution, the craniotomy technique is focused on minimal (ideally no) expo-
sure of the sigmoid and transverse sinuses. For this, we evaluate preoperative CT scans,
use anatomical landmarks, and place the initial burr hole just below the expected junction
of the sinuses [1]. As a rule, we do not use neuronavigation for RSA [17].

In case of a sinus injury, our strategy is tailored to the extent of bleeding. Just expos-
ing the sinus, even partially, is followed by keeping it moist and applying a layer of an
absorbable hemostat (e.g., Surigcel®) on the surface or just the patties. Minor bleedings are
dealt with similarly. More serious bleedings are most often successfully stopped with a
fibrin sealant patch (e.g., TachoSil®). A direct sinus injury is sutured.

When designing our study, we conjectured that exposing sinuses—even partially—
may cause CVSTs. To some degree, this has been confirmed, but this requires analysis with
a larger sample size in a prospective manner. Apra et al. found that exposure of the sinus
was a risk factor for rCVST [16]. It is worth mentioning that all patients with cCVST had at
least the transverse sinus exposed.

Noteworthily, we found that rCVSTs occurred more frequently when the surgery was
performed on the dominant sinus side. Our findings differ from the results of Guazzo et al.,
who discovered an association between CVSTs and surgery on the side of non-dominant
sinus. However, they evaluated only the translabyrinthine approach, which may make
direct comparisons inappropriate [18].

4.2. Diagnosis and Presentation

A CVST diagnosis is hard to establish, particularly when symptoms are mild. Headaches
associated with CVST are unspecific, and their absence cannot rule out CVST [19]. Impor-
tantly, patients might have neurologic deficits—or headaches—after retrosigmoid cran-
iotomy, even without CVST. On the other hand, it may be possible that some postoperative
neurological deteriorations are in fact caused by CVSTs that are undiagnosed. Still, most
CVSTs are clinically silent. The reason for wide spectrum of CVST clinical presentation may
be attributed—to some degree—to different venous drainage patterns [20]. The relevant
collateral circulations consist of torcular Herophili, contralateral transverse and sigmoid
sinuses, the occipital sinus, the vein of Labbe, and the superficial middle cerebral vein. Most
studies report CT venography or MR venography as a study of choice for CVSTs [21-23].

It is a tenet in our institution that diagnosing a CVST is primarily clinical. We are
watchful for alarming headaches in the postoperative period that do not respond to the
usual painkillers. In such cases, a contrast enhanced thin-sliced CT scan is an auxiliary
diagnostic tool. Yet, the most burning question remains: should only the presence of
radiological features of CVST necessitate aggressive pharmacologic treatment?
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4.3. Medical Treatment

Prospective studies suggest conservative management [14,18]. Guazzo et al. sug-
gested no anticoagulation in incidental rCVSTs [18]. Benjamin et al. chose observation
in 23 out of 24 asymptomatic patients with rCVST (the remaining patient was hydrated
with IV fluids) [14]. Interestingly, both these studies reported increased CSF leak rates in
patients with rCVST, as did Shew et al. in a retrospective cohort study [24]. Orlev et al.
reported that most cases resolve without anticoagulation treatment [25]. Kow et al. sug-
gested anticoagulation treatment for symptomatic cases, or those in which rCVST occurs
on the dominant sinus side [26]. On the other hand, Moore et al. radically recommended
6 months of anticoagulants in patients with CVST [13]. We suggest aggressive pharmaco-
logic treatment—enoxaparin, mannitol, dexamethasone, IV fluids—only in symptomatic
cases. This is because there were no readmissions or any other complications for asymp-
tomatic rCVST cases (which constituted the majority of rCVST sample: 95.1%, 58/61). That
said, we believe that asymptomatic rCVST patients should be instructed before discharge
about possible cCVST.

4.4. Interventional Treatment

Outside of medical treatment, certain cases may require intervention. A large intracere-
bral hemorrhage may be removed surgically, as described herein. Similarly, endovascular
venous thrombectomies have been reported, as unsuccessfully attempted in our fatal
cCVST case. The first successful endovascular treatment of CVST after translabyrinthine
vestibular schwannoma resection was reported by Manzoor et al. in 2016 [27]. Since then,
endovascular treatment of postoperative CVST has not been described in the literature.

4.5. Comparison with Other Studies

Supplementary Table S3 presents case series and case reports describing postoperative
CVSTs. Prospective and retrospective studies vary markedly in the presented incidence
rates—the former report rates in the range of 32.4% to 38.9% (median 35.7%), while the
latter report rates in the range of 0.8% to 22.4% (median 9.1%). Our results are comparable
with prospective studies, which may be attributed to the meticulous radiological analysis
we performed. Nevertheless, the incidence in clinical practice remains to be evaluated,
bearing in mind a broad category of posterior fossa tumors and a narrower category of
cerebellopontine angle tumors and specifically vestibular schwannomas. Some authors
suggested increased CVST rate after meningioma surgery.

We found that less than 5% of rCVSTs were symptomatic, which is similar to the
results of Shew et al., who reported 1 symptomatic patient out of 22 (4.5%) in a study with
a similar design to ours [24].

4.6. Pediatric Population

This paper focuses exclusively on adult patients. Noteworthily, there is a lack of
studies describing CVST in a pediatric population after skull base surgery. Teping et al.
described a 7.1% rate of intraoperative sinus bleeding after posterior fossa surgery in the
semisitting position in the pediatric population [28]. Petrov et al. reported sinus exposure
and injury as potential risk factors for CVST; however, their study included any type of
cranial surgery [29].

4.7. Approach Selection in CPA Surgery

Currently available reports suggest higher frequencies of CVST after a translabyrinthine
approach when compared to using the RSA [13], possibly due to the wide exposure of the
sigmoid sinus necessary during such an approach. This remains to be objectively evaluated,
and hopefully will be in future prospective studies. It may become an additional factor to
consider in choosing the best surgical approach to a given CPA pathology.
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4.8. Rare Case Reports

A CVST distant to the operative field is a rare event, described in the literature on a

case-report basis. There are few case reports in the literature, and one case in our series
ended in death [27,30-32].

4.9. Limitations and Future Studies

Though this study has a larger sample size than similar studies (Supplementary Table
53), this is still a limiting factor along with its retrospective nature. This may be a reason
why, in our study, there were no significant differences in headache occurrences among
patients with and without rCVST. This may also be a cause of lack of correlation between
the sinus exposure and cCVST. That said, oncologic past medical history was found more
frequently among cCVST patients with significance. Finally, we measured only the width
of the exposure of each of the sinuses. Additional measurements of the length (or, ideally,
the area of surface) of the exposure would improve theoretical accuracy. Unfortunately, in
practice, these were impossible to perform reliably. Future prospective studies are needed to
evaluate CVST incidence and management, and, in particular, the necessity of prophylactic
treatment of asymptomatic patients with rCVST.

5. Conclusions

Although it rarely becomes symptomatic, rCVST is a common, underreported conse-
quence of RSA. Surgery on the side of the dominant sinus seems to be related to rCVST.
Exposing the sinuses during craniotomy may contribute to rCVST, but it requires more
analysis. Otherwise, we did not find any other risk factors associated with either cCVST or
rCVST, in particular intraoperative sinus injury. Further, prospective studies are needed to
identify risk factors.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci13071039/s1, Supplementary Table S1: Surgical and postop-
erative characteristics of 130 patients included in the study; Supplementary Table S2: Characteristics
of patients diagnosed with clinical cerebral venous sinus thrombosis; Supplementary Table S3: Litera-
ture review on the cerebral venous sinus thrombosis after cerebellopontine angle surgery [33-36];
Supplementary Figure S1: Radiologic images of patients diagnosed with clinical cerebral venous
sinus thrombosis.
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Abstract: Among patients with clinical hemifacial spasm (HFS), imaging exams aim to identify the
neurovascular conflict (NVC) location. It has been proven that the identification in the preoperative
exam increases the rate of surgical success. Despite the description of specific magnetic resonance
image (MRI) acquisitions, the site of neurovascular compression is not always visualized. The
authors describe a new MRI finding that helps in the diagnosis of HFS, and evaluate the sensitivity,
specificity, and interobserver correlation of the described sign. A cross-sectional study including
cases of hemifacial spasm treated surgically from 1 August 2011 to 31 July 2021 was performed. The
MRIs of the cases were independently evaluated by two experienced neuroradiologists, who were
blinded regarding the side of the symptom. The neuroradiologists were assigned to evaluate the
MRIs in two separate moments. Primarily, they evaluated whether there was a neurovascular conflict
based on the standard technique. Following this initial analysis, the neuroradiologists received a
file with the description of the novel sign, named Prevedello Sign (PS). In a second moment, the
same neuroradiologists were asked to identify the presence of the PS and, if it was present, to report
on which side. A total of 35 patients were included, mostly females (65.7%) with a mean age of
59.02 (+0.48). Since the 35 cases were independently evaluated by two neuroradiologists, a total of
70 reports were included in the analysis. The PS was present in 66 patients (sensitivity of 94.2%,
specificity of 91.4% and positive predictive value of 90.9%). When both analyses were performed in
parallel (standard plus PS), the sensitivity increased to 99.2%. Based on the findings of this study,
the authors conclude that PS is helpful in determining the neurovascular conflict location in patients
with HFS. Its presence, combined with the standard evaluation, increases the sensitivity of the MRI
to over 99%, without increasing risks of harm to patients or resulting in additional costs.

Keywords: hemifacial spasm; diagnosis; facial nerve disorders; facial nerve disease; magnetic
resonance imaging

1. Introduction

Hemifacial spasm is characterized by unilateral involuntary spasms of the facial
musculature [1] with an annual incidence of 1/100,000 [2] and a prevalence ranging from
9.8 to 11 cases per 100,000 [2,3].

Neurovascular conflict is the main cause of HFS. Identification and evaluation of the
NVC via preoperative imaging are critical to guide surgical procedure and technique [4].
The main goal of the preoperative image exam is to identify the point at which the facial
nerve is being compressed by a vascular structure. If this NVC is identified preoperatively,
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surgical treatment has a higher chance of success due to the surgeon’s more comprehensive
understanding of the anatomy surrounding the NVC that must be navigated through to
release the nerve.

The aim of MRI investigation is to identify the facial nerve and to search for any
vascular attachment or compression. The combination of high-resolution 3D T2-weighted
imaging with 3D time-of-flight angiography and 3D T1-weighted gadolinium-enhanced
sequences is considered the standard for the investigation of primary NVC [5-8]. However,
MRI exploration has limitations. The nature of the conflicting vessel(s) is sometimes difficult
to assess, particularly if the area explored by thin sections does not capture the vessel or
nerve’s origin. Other reasons described that diminish the efficacy of the MRI are very small
caliber of the involved vessel, patients with “small posterior fossa”, or crowded cisternal
contents [8]. Therefore, the description of a new image pattern to diagnose the NVC among
patients with HFS is valid and helpful to increase the sensibility and accuracy of MRI as
the ideal image exam to achieve preoperative diagnoses in these patients.

The authors conducted a study in order to describe a new MRI finding for the diag-
nosis of HFS and to evaluate its sensitivity, specificity, prevalence ratio, and interobserver
identification correlation.

2. Materials and Methods
2.1. Definition

When the trajectory of the vessel is evaluated in the coronal view, it may be possible
to visualize the vessel forming a loop superior and medial (towards the exit of the facial
nerve) (Figure 1). When the MRI is visualized in the axial view, at the highest level of the
loop in the coronal section, the proximity of the vascular structures to the pons may be seen
in the axial view as if the artery was located inside of the brainstem, surrounded by the
pons parenchyma (Figure 2).

The Prevedello Sign is the identification of an arterial loop enfolded by the pons near
the exit of the facial nerve, in the brainstem. This finding is best visualized in TIWI with
contrast and in FIESTA acquisitions of MRI sequences (Figure 3).

2.2. Study Design

The study was conducted at the Department of Neurosurgery, Skull Base section, at
the Ohio State University and approved by the Ethics Review Board under the number
2022E0740.

The authors conducted a cross-sectional study evaluating all cases of hemifacial spasm
treated surgically from 1 August 2011 to 31 July 2021. A retrospective chart review of the
surgical records of the hospital’s database was performed in order to identify all patients
diagnosed with hemifacial spasm and had been treated surgically.

Two experienced neuroradiologists evaluated all cases independently. They were
aware that the patients were clinically diagnosed with HFS, but they were blinded from
knowing the symptomatic side. They evaluated each case two different times. Primarily,
they were asked to analyze the MRI in order to evaluate whether there was a neurovascular
conflict based on the gold standard technique which consists of identifying the facial nerve
and accurately evaluating its entire path from the pontomedullary transition to the internal
acoustic canal and to search for any vascular attachment or compression. Once they had
finished this initial analysis, the neuroradiologists received a file with the description of the
PS. In a second instance, the same neuroradiologists were asked to reassess the same MRI
list, looking to identify the presence of this novel sign and to determine on which side it
was present.

Once the authors received the reports from both neuroradiologists, we analyzed the
accuracy of the diagnosis based on the standard evaluation (percentage of diagnosis in the
symptomatic sign) and also the presence of the PS and its accuracy (to calculate sensibility).
The authors utilized the contralateral side (asymptomatic side) as the control to calculate
the specificity.
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Figure 1. The axial view gives the false impression that the artery is located inside the pons (A).
However, the coronal view clearly demonstrates that the vessel does not enter the brainstem (B). The
yellow arrows point to the local of the NVC.

2.3. Image Study

The MRI examinations were performed on a 3 T MR scanner. The MRIs were per-
formed using our cranial nerve protocol, which were sagittal, and axial T2-heavily weighted
images (T2WI) in thin-sliced acquisitions; axial, sagittal, and coronal T1 weighted images
(T1WI) with contrast of the whole brain and also a thin-slice sequence of the posterior fossa;
and axial fluid-attenuated inversion recovery (FLAIR) and diffusion-weighted imaging
(DWI) sequences.
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Figure 2. Six examples of the PS identified (inside the red circles) in TIWI with gadolinium axial
images.

Figure 3. Axial view of MRI in TIWI with gadolinium and FIESTA sequences demonstrating the
presence of the Prevedello sign (an arterial loop attached to the pons near the exit of the facial nerve),
highlighted by the red circles.

The image sequences were obtained in 0.3 to 0.4 mm slice thickness and a multiplanar
oblique reconstructions were obtained in axial, sagittal, and coronal views, following the
course of the facial nerve.

2.4. Variables

The variables analyzed included radiological, clinical, and demographic-related vari-
ables. The radiological related variables included the presence of the NVC according to the
standard criteria established in the medical literature, the presence or absence of the PS,
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and the side on which it was identified. The clinical variables analyzed included the side
of the symptom and the vessel responsible for the NVC. The possible arteries involved in
the NVC were the vertebral artery (VA), posterior inferior cerebellar artery (PICA), and
anterior inferior cerebellar artery (AICA). When the compression involved more than one
artery, all of the arteries were described as contributing to the NVC (i.e., AICA and VA,
PICA, and AICA). The demographic data evaluated was the age and gender of the patients.

2.5. Patient Eligibility

Patients admitted at The Ohio State University Wexner Medical Center between 1 Au-
gust 2011 and 31 July 2021, who were diagnosed with HFS and submitted to microsurgical
neurovascular decompression were included.

2.6. Statistical Analysis

Data were collected using Microsoft Excel 2019 software. Statistical analysis was
performed using the Statistical Package for the Social Sciences (IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY, USA: IBM Corp.). Numerical variables parametricity
were tested and parametric distributed variables were presented as mean and standard
deviation. Categorical variables were presented in absolute numbers and proportion. The
sensitivity, specificity, and Cohen’s Kappa Index were calculated for the analyses based on
the results of the standard evaluation and the presence of the PS.

The prevalence ratio of the PS was calculated according to the formula: percentage of
PS in the symptomatic sign divided by the percentage of PS in the asymptomatic sign.

Parallel combined sensitivity was calculated using the following formula: sensitivity of
standard method + sensitivity of PS — [sensitivity of standard method x sensitivity of PS].

Parallel combined specificity was calculated according to the formula: specificity of
standard method x specificity of PS.

3. Results

During the study period, a total of 35 patients were surgically treated for HES. The
majority of patients were females (65.7%) with a mean age of 59.02 (+0.48). According to
the symptoms, the right side was involved in 13 cases (37.14%) and the left side in 22 cases
(62.85%). There were no cases of bilateral hemifacial spasm in this sample (Table 1).

Table 1. Epidemiological and clinical results.

Age 59.02 (+0.48) *
Gender
Female 23 (65.7%) °
Male 12 (34.2%) °
Symptomatic side
Right 13 (37.14%) °
Left 22 (62.85%) °©
Artery involved
PICA 11 (31.42%) °©
AICA 8 (22.85%) °©
VA 4 (11.42%) °
AICA + PICA 6 (17.14%) °
PICA + VA 5(14.28%) °

* Mean (+standard deviation), © Absolute number (percentage).

The intraoperative vascular compression was identified in all cases, but in one case the
vessel was not specified. The PICA was solely responsible for the NVC in 11 cases (31.42%),
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combined PICA and AICA arteries were responsible for NVC in 6 cases (17.14%), solely
AICA in 8 cases (22.85%), combined PICA and VA in 5 cases (14.28%), and the VA alone
was responsible for 4 cases (11.42%) of NVC in this sample.

Since two different neuroradiologists evaluated the 35 cases searching for the presence
of neurovascular compression on both sides, a total of 140 evaluations were performed.

Since all patients presented symptoms unilaterally and both neuroradiologists inde-
pendently evaluated each case but they were blinded from the symptomatic side, they were
forced to evaluate both sides in every patient; this totaled 140 reports that were included in
the analysis (35 cases x 2 sides evaluated x 2 neuroradiologists).

Based on MRI analysis using the standard technique, 66 neurovascular compressions
were identified on the symptomatic side (sensitivity of 94.2%, specificity of 97.1%, PPV of
97.05% and NPV of 94.4%). The PS was present in 66 analyses (sensitivity of 94.2%) and
among the 70 analyses of the asymptomatic side, 64 did not have the PS (specificity 91.4%).
Among the patients in whom the PS was present, 90.9% of the time it was identified on the
symptomatic side (PPV 90.9%) (Table 2). The calculated prevalence ratio was 1.41.

Table 2. Test analysis results.

Sensitivity Specificity PPV NPV Cohen Kappa Index
Standard MRI 94.2% 97.1% 97.05% 94.4% 0.714
evaluation
Prevedello sign 94.2% 91.4% 90.9% 0.82
Tests in parallel 99.2% 88.7%

PPV: positive predictive value, NPV: negative predictive value.

When both analyses were performed in parallel (standard plus PV), the sensitivity
increased to 99.2%.

The correlation Cohen Kappa index was performed for both analyses, demonstrating
an index of 0.714 for the gold standard evaluation and 0.542 for the Prevedello sign.

4. Discussion

Primary HFS is triggered by neurovascular conflict (NVC), whereas secondary HFS
comprises all other causes that may compress the facial nerve, such as posterior fossa
tumors, arteriovenous malformation, Paget’s disease, and Chiari malformation [7].

The facial nerve exits the brain stem as a single entity forming the cisternal segment
extending towards the internal acoustic meatus with a mean length of 17.93 mm (range,
14.8-20.9 mm) [9]. Along its path, the facial nerve runs close to vascular structures. If these
structures are in contact with the nerve, an NVC may occur. According to the literature,
the AICA is the most common vessel causing NVC (corresponding for 43% of the cases),
followed by the PICA (31%) and VA (23%) [3,10]. In our series, the PICA was the most
frequently involved artery solely responsible for NVC and was involved in additional
instances in conjunction with the AICA or the VA. The AICA alone and the VA alone were
responsible for one third of the cases.

In the majority of cases, the location of the neurovascular compression is in the first
few millimeters from the brainstem. The facial nerve emerges in the brainstem surface
from the pontomedullary sulcus at the upper edge of the supraolivary fossette and strongly
adheres to the surface of the pons for 8-10 mm before separating from the brainstem [10].
Once separated from the brainstem, the first 1.9 to 2.86mm of the facial nerve is a segment
characterized by the transition of cells responsible for myelination of the nerve (from
oligodendrocytes to the Schwann cells) [3,11], and is anatomically known as root exit/entry
zone of cranial nerve [12]. Histologically, this specific area of the nerve is defined as
Obersteiner-Redlich transition zone (TZ). Since this zone lacks an epineurium, the nerve
is protected by an arachnoid membrane only, which makes it vulnerable to mechanical
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compression caused by vessel’s pulsation [13]. Pressure applied in this region may trigger
action potentials from the demyelinated segment of the nerve, leading to symptoms [14].

Regular MRI sequences are essential in determining secondary causes of HFS [7,15]. Post-
contrast T1 sequences (to evaluate cerebellopontine angle solid tumors), T2-weighted
sequence (to evaluate intra-axial lesions in the brainstem, i.e.: demyelinating disease), and
diffusion-weighted imaging (to evaluate for the presence of cystic disease, i.e., differentiat-
ing epidermoid cysts from arachnoid) are useful for the differential diagnosis.

In the context of primary NVC, since it mainly occurs at the REZ, this segment
should be carefully explored [8]. Image slice thickness should optimally be between 0.3 to
0.4mm [7,16], especially in the arterial phase [17,18].

Multiplanar oblique reconstructions should be obtained following the course of the
facial nerve. A variety of high-resolution 3D heavily T2WI sequences are currently avail-
able, depending on the manufacturer, and may be helpful during investigation. These se-
quences include constructive interference in steady-state (CISS), steady-state-free precession
(SSFP), T2WI-driven equilibrium radio frequency reset pulse (DRIVE), three-dimensional
fast imaging employing steady-state acquisition (FIESTA), and sampling perfection with
application-optimized contrasts by using different flip angle evolutions (SPACE) [7,19].
Additionally, 3D T2WI sequences provide “cisterno-graphic” images of cranial nerves and
vessels surrounded by cerebrospinal fluid, with high spatial resolution [7,16].

Despite the various imaging modalities described above, in some patients the NVC
is not visualized. According to this sample analysis, 6 patients out of a 100 will not
have the diagnosis of the NVC using the standard MRI method. This scenario puts the
neurosurgeon in a challenging situation, since not indicating surgical intervention will
prolong the patient’s symptomatology and increase their morbidity when it could be
resolved surgically (this would represent an error type 1/alpha, due to the limitation
of the diagnosis method). On the other hand, indicating surgery without preoperative
visualization of an NVC on image exams increases the risk of surgery misindication or
surgical failure.

An interesting paper published by Ahmad et al. [20], investigated the relationship
between practice setting of radiologist interpreting MRI scans and reported detection of
NVC in patients with trigeminal neuralgia (TN), whose neurovascular compression was
confirmed intraoperatively. According to their results, blinded academic neuroradiologists
are more likely to detect neurovascular compression when compared with community
radiologists. Although this paper included only TN cases, the physiopathology, investiga-
tive methods, and treatment of TN are similar to HFS; therefore, we can assume that the
variability reported in papers related to TN may also occur in the evaluation of HFS [21,22].

The advent of a second independent method to determine the NVC is helpful to
increase the diagnosis rate. Even though the PS used independently had a lower sensitivity
and specificity when compared to the standard criteria, the use of both diagnostic methods
in conjunction increased the sensitivity to 99%.

This new MRI criteria is helpful for the diagnosis of NVC in patients with HFS, not
in terms of being a substitute of the standard pattern, but as a complementary diagnostic
method.

This paper has several limitations that should be highlighted. The sample size of
this study was determined by the number of patients meeting the inclusion criteria rather
than based on sample size calculation. The sample size of 35 patients may influence the
sensitivity of the MRI evaluation, and a higher number of patients would better approxi-
mate the epidemiologic values calculated in this study. A single center study may bias the
evaluation of the MRI and also the agreement between the neuroradiologists (even though
they evaluated the cases independently, the proximity and weekly radiological discussion
of skull base cases may interfere in the evaluation). The patients were not submitted to a 3D
time-of-flight magnetic resonance angiography, which was recently described as having the
better diagnostic performance for detecting NVC in patients with trigeminal neuralgia or
HSF [23]. On the other hand, the interpretation of the exams by neuroradiologists focused
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on skull base pathologies may overestimate the sensitivity of the standard MRI evaluation.
The moderate correlation index for the PS may be due to the low familiarity of the neurora-
diologists with this sign, but also may represent variable interpretation of the sign. Finally,
the purpose of the study was to describe a new MRI finding for HFS and to analyze its
frequency patterns. The MRI images were retrospectively assessed; therefore, the presence
of the PS was not used as a criterion for surgery indication in the cases included in this
sample. However, it is important to emphasize that the senior author has been using this
sign as an easy method of corroboration with the patient’s symptomatology, which is the
most important factor to indicate surgery. In addition, the study’s design (cross-section) is
not ideal for evaluating outcomes. To determine if the presence of the PS helps to achieve a
better surgical result, it is necessary to perform a longitudinal study (either prospective or
retrospective, which are cohort and case-control, respectively).

Despite the limitations discussed above, the main strength of this paper is to describe
an MRI sign that is helpful in the diagnosis of NVC for HFS in cases where the standard
diagnosis is doubtful or not visualized. Additionally, the evaluation of the PS is performed
with regular MRI protocols and does not require any additional or different image acquisi-
tions (it does not increase the cost of the exam, extra gadolinium infusion is not necessary,
and it does not present any increased risk for the patients). The only additional work
required to evaluate the presence of the PS is a supplementary examination of the TIWI
and FIESTA axial acquisitions by the radiologists to evaluate for the presence of the PS.

5. Conclusions

The PS is helpful in determining the neurovascular conflict point for diagnosis in
patients with HFS. The presence of this sign, combined with the standard evaluation,
increases the sensitivity of the MRI to over 99%, without increasing risk of harm to patients
or resulting in additional costs.
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Abstract: (1) Background: Incomplete excision of vestibular schwannomas (VSs) is sometimes
preferable for facial nerve preservation. On the other hand, subtotal resection may be associated with
higher tumor recurrence. We evaluated the correlation between intra-operative assessment of residual
tumor and early and follow-up imaging. (2) Methods: The charts of all patients undergoing primary
surgery for sporadic vestibular schwannoma during the study period were retrospectively reviewed.
Data regarding surgeons’ assessments of the extent of resection, and the residual size of the tumor
on post-operative day (POD) one and follow-up MRI were extracted. (3) Results: Of 109 vestibular
schwannomas meeting inclusion criteria, gross-total resection (GTR) was achieved in eighty-four, near-
total (NTR) and sub-total resection (STR) in twenty-two and three patients, respectively. On follow
up imaging, volumetric analysis revealed that of twenty-two NTRs, eight were radiographic GTR
and nine were radiographic STR (mean volume ratio 11.9%), while five remained NTR (mean volume
ratio 1.8%). Of the three STRs, two were radiographic GTR while one remained STR. Therefore,
of eighteen patients with available later follow up MRIs, radiographic classification of the degree
of resection changed in six. (4) Conclusions: An early MRI (POD#1) establishes a baseline for the
residual tumor that may be more accurate than the surgeon’s intraoperative assessment and may
provide a beneficial point of comparison for long-term surveillance.

Keywords: vestibular schwannoma; magnetic resonance imaging; residual tumor; gross total resection;
near-total resection; subtotal resection

1. Introduction

Vestibular schwannoma is a slow growing benign neoplasm of the eighth cranial nerve,
commonly referred to as acoustic neuroma. The tumors are rare (1:100,000 incidence) but
are the most common tumor of the temporal bone. VS usually presents with hearing loss;
less common presenting symptoms include vestibulopathy, facial numbness, headache, or
other neurologic signs and symptoms.

Recent decades have been witness to significant changes in the management of vestibu-
lar schwannomas. Improvements in understanding the natural history of vestibular schwan-
nomas and enhancements in magnetic resonance imaging (MRI) techniques along with
favorable long-term outcomes of radiosurgery have transformed the vestibular schwan-
noma treatment algorithms [1-4]. While gross-total resection remains the goal in vestibular
schwannoma surgery, incomplete resections have gained popularity where preservation of
the integrity of the facial nerve and other structures is otherwise in jeopardy [5].

When incomplete resection is performed, the estimated residual size and shape is
used as a baseline for long-term follow-up. The residual tumor is usually observed with
serial MRIs for regrowth, which may necessitate treatment by radiosurgery or revision
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microsurgery. Surgeons’ assessment of a near- or sub-total resection may not be consistent
with how much tumor is actually left behind. This intra-operative assessment can be
inaccurate as demonstrated in a previous published study [6] in which the authors found no
correlation between intra-operative assessment of a near-total resection and post-operative
MRI findings. Furthermore, post-surgical changes will occur at the surgical bed over time,
which may impede the differentiation of residual tumor from scar tissue. This can become
especially problematic if the residual tumor noted on the delayed post-operative MRI
is much larger than anticipated. In this situation, it would be challenging to determine
whether a small residual tumor underwent significant growth, or a larger residual tumor
was left at the initial surgery.

While practices among vestibular schwannoma surgeons vary, at our institution, an
MRI is obtained on post-operative day one in all patients undergoing vestibular schwan-
noma resection. In this study, we aimed to assess the correlation between the intra-operative
assessment of a residual tumor and early post-operative MRI findings by reviewing the data
from our cohort of vestibular schwannomas. Furthermore, we compared the immediate
and follow-up post-operative images to evaluate for changes in tumor shape and size with
time. The results from this study can provide a better understanding of the differences
between intra-operative assessment of residual size and post-operative MRI findings.

2. Materials and Methods

This study was approved by our local Institutional Review Board (IRB# SV-018-21).
Upon approval, a retrospective chart review was performed on patients who underwent
surgery for vestibular schwannomas between October 2017 and October 2019 at our tertiary
referral center. Patients with neurofibromatosis type 1, revision cases, and those without
available pre- or post-operative MRIs were excluded. Data regarding patient demographics,
surgical approach, extent of resection (EOR), and intra-operative assessment of residual
size were extracted from the charts. Intra-operative degree of resection was reported as
gross-total resection (GTR), near-total resection (NTR), or sub-total resection (STR). A GTR
was determined when the surgeon was confident of complete tumor removal. NTR was
determined when only a thin layer of the tumor capsule was left on the facial nerve or other
structures, and this was estimated to be less than 5% of the original tumor volume. Other
cases were considered STR. A surgical endoscope was routinely used in cases where the
lateral border of the tumor could not be directly visualized (e.g., in the case of the tumor
extending laterally to the transverse crest when approaching via the middle fossa).

Patients’ pre- and post-operative MRIs were obtained and analyzed. Our institution’s
protocol is to obtain an MRI of the brain with and without contrast, including fat suppres-
sion, on post-operative day one. This post-operative MRI was used to evaluate for the
presence of any radiographic residual tumor and then compared to the patient’s last avail-
able follow up MRI. Horos DICOM image analysis software (v 3.3.5, www.horosproject.org,
accessed on 1 October 2019) was used to compute the volume of the pre-operative tu-
mor and those of any residual tumors if present. Volumetric analysis was performed on
post-contrast, T1 weighted images. The presence of a residual tumor was confirmed by
comparing these images to pre-contrast T1 and fluid-attenuated inversion recovery (FLAIR)
as well as other available sequences to rule out hemorrhage or edema. The perimeter
method was used to calculate the volumes [7]. The perimeters of tumor or residual tumor
were outlined on consecutive images and then the volume of the region of interest (ROI)
was calculated using the built-in function from the software.

Using this volumetric analysis, the degree of resection was defined as radiographic
GTR (undetectable residual), radiographic NTR (residual < 5% of the pre-operative tumor
volume), or radiographic STR (residual > 5% of pre-operative tumor volume). The correla-
tion between the radiographic and intra-operative assessments of the degree of resection
were then compared. The shapes of the residual tumors were further analyzed and classi-
fied as linear or nodular. Statistical analysis was performed using SPSS 1.0 (IBM, Armonk,
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NY, USA). Nonparametric tests were used given the skewed distribution of samples. A
p value of 0.05 was considered as the threshold of statistical significance.

3. Results

A total of two hundred and three patients undergoing surgery for VSs during the
study period were identified, excluding patients with neurofibromatosis type II, revision
cases, and those with unavailable MRI images. A total of 109 cases of primary vestibular
schwannoma surgeries were analyzed. The mean age was 52.7 years (range 19-79) and
35.8% were males.

3.1. Surgeon’s Asssessment vs. Immediate and Follow Up MRI
3.1.1. Surgical Approach and Surgeon’s Assessment of EOR

The surgical approach was translabyrinthine in sixty-nine (63.3%), middle fossa in
thirty (27.5%), retrosigmoid in nine (8.3%), and transotic in one (0.9%). Based on the
intra-operative assessments by the senior neurosurgeon, GTR was achieved in eighty-four
(77.1%) while a residual was left behind in twenty-five cases (22.9%), consisting of twenty-
two NTRs (20.2%) and three STRs (2.8%). The main reason for leaving a residual was severe
adherence to the facial nerve in all cases. The intra-operative estimate of residual size
varied from 1 to 10 mm.

3.1.2. Immediate Post-Operative MRI Evaluation of EOR

The average pre-operative volume was 3.23 cm? (range 0.02-24.97 cm3). The tumors
that underwent GTR had a significantly smaller volume (mean 1.93 cm?, median 0.55 cm?)
than those with a residual (mean 7.26 cm®, median 4.05 cm?, p < 0.001). This difference
was not statistically significant between tumors that underwent NTR and STR (p = 0.9). As
detailed in Table 1, MRI confirmed no residual tumor in all cases when the neurosurgeon’s
assessment was GTR intra-operatively. Lack of a residual tumor was further confirmed
during follow-up MRIs obtained at around 3 and/or 12 months post-operatively.

Table 1. Surgical resection based on intra-operative versus radiographic assessment.

Intra-Operative Assessment Immediate Post-Operative MRI
Gross-Total Near-Total Sub-Total Total
Gross-total 84 (100%) 0 (0%) 0 (0%) 84
Near-total 8 (36%) 5 (23%) 9 (41%) 22
Sub-total 2 (67%) 0 (0%) 1 (33%) 3
Total 94 5 10

Volumetric analysis of residual tumors on the immediate post-operative MRI revealed
that of twenty-two near-total cases, eight were radiographic GTR and nine were radio-
graphic STR (mean volume ratio 11.9%), while five remained radiographic NTR (mean
volume ratio 1.8%). Of the three sub-total cases, two were radiographic GTR while one re-
mained radiographic STR. Of cases with a radiographic residual, seven had linear and eight
had nodular residuals. Figure 1 demonstrate examples of these pre- and post-operative tu-
mor images. Overall, radiographic assessment changed the degree of resection in nineteen
cases (17.4% of all cases and 76% of cases with a residual).

A sub-analysis was performed on the pre-operative volumes of the tumors for which
residual size was underestimated intra-operatively. These tumors had undergone NTR but
were recategorized as radiographic STR based on the immediate post-operative MRI. The
mean volume of these tumors was 8.93 cm® (median 7.30 cm®) compared to a mean volume
of 5.27 cm? (median 2.89 cm?) in tumors that were considered as radiographic NTRs and
GTRs. This difference, however, did not reach statistical significance (p = 0.27).
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Figure 1. Pre-operative MRI (top panel) shows right sided vestibular schwannoma that was resected
(bottom panel) using a translabyrinthine approach. While this was assessed as a near-total resection,
post-operative volumetric analysis classified the residual as subtotal resection (7.9% of original
tumor volume).

3.1.3. Follow-Up MRI Evaluation of EOR

All patients had follow-up imaging. Follow-up post-operative MRI (ranging 3 to
22 months) was available for eighteen patients with residual tumors (sixteen NTRs and
two STRs). Lack of a residual tumor was confirmed via follow-up MRIs obtained around
3 and/or 12 months post-operatively on all patients in whom the intra-operative assessment
was consistent with gross-total resection. As seen in Table 2, the resection assessment
changed in six cases in between the immediate and delayed MRIs. In two cases, while a
residual was seen on the immediate MRI, the delayed MRI was assessed as radiographic
GTR. In two cases, while no residuals were seen on the immediate MR, the delayed MRIs
revealed residual tumors (both radiographic NTR; Figure 2). In the other two cases the
assessment changed from radiographic STR to NTR.

Table 2. Comparison of the residual volume ratios between immediate and delayed post-operative MRL

Age/Sex In::;ggre::;itv ¢ Residual Volume Ratio Chang;sigei{sanci(ﬁraphic
Immediate MRI Delayed MRI
1 29F NTR R-NTR R-NTR No
2 55 F NTR R-STR R-GTR Yes
3 35F NTR R-NTR R-NTR No
4 53 F NTR R-NTR R-GTR Yes
5 62 F NTR R-NTR R-NTR No
6 58 F NTR R-GTR R-NTR Yes
7 61F NTR R-STR R-STR No
8 57 F NTR R-GTR R-GTR No
9 50 M NTR R-GTR R-GTR No
10 65 M NTR R-GTR R-NTR Yes
11 40F NTR R-NTR R-NTR No
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Table 2. Cont.

Age/Sex In::;gs;f::tv ¢ Residual Volume Ratio Chang;::elslsa;dli(;gtraphic
Immediate MRI Delayed MRI
12 68 F NTR R-STR R-STR No
13 52F NTR R-STR R-NTR Yes
14 25F NTR R-STR R-NTR Yes
15 54 F NTR R-GTR R-GTR No
16 54 F NTR R-GTR R-GTR No
17 71M STR R-STR R-STR No
18 54 M STR R-GTR R-GTR No

R-GTR: Radiographic GTR.

Figure 2. Post-operative MRIs at day 1 (top), 3 months (middle), and 15 months (bottom) after
NTR of a right sided vestibular schwannoma. The intra-operative residual estimate was 1 mm. The
immediate MRI was a radiographic GTR, but the delayed MRIs were radiographic NTR with stable
appearance of the area of enhancement.

4. Discussion

The present study revealed a disparity between the intra-operative assessment of
tumor residual size and post-operative radiographic assessments in some cases. When the
surgeon was confident in removing the entire tumor, post-operative MRI confirmed GTR.
However, when a residual was left behind, the degree of resection was recategorized in
76% of the cases after the post-operative MRI was reviewed. These findings are consistent
with a previous study that evaluated residual tumors on post-operative MRIs in fifty
vestibular schwannomas including fifteen NTRs and eight STRs. About 73% of the NTRs
were actually noted to be radiographic STR, while all STRs were also radiographic STR [6].
By comparison, the percentage of NTRs being recategorized as radiographic STRs in the
present study was lower (nine cases, 41%). In these nine cases where the residual tumor
was underestimated, the pre-operative tumor volume was, on average, smaller. Although
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no statistical significance was reached due to the relatively small sample size, this difference
can be clinically significant and suggests that in smaller tumors intra-operative estimation
of the residual volume relative to the original tumor may be more difficult.

Surgeons’ intra-operative assessment is mainly subjective and limited by the location
of the residual tumor and extent of the surgical field. The definitions of NTR and STR
can also vary between institutions. In our practice, a resection is considered near-total if
(a) only a thin, linear layer of the tumor capsule is left on the facial nerve (or other structures),
and (b) this residual tumor is estimated to be less than 5% of the original tumor volume.
While the 5% volume ratio as the threshold to differentiate between NTR and STR has
been used in the literature [6,8], other definitions have also been described. One method
considers a resection near-total if the residual tumor is less than 25 mm? and 2 mm thick
along the facial nerve or brain stem [9,10]. Another method considers residuals less than
5 x 5 x 2mm as NTR [11]. As seen in these examples, the definitions for NTR are variable
and no consensus exists yet.

Our data show that an immediate post-operative MRI can be helpful in establishing
the shape and size of the residual and provides a better estimate of the degree of resection
than the surgeon’s estimation. In the literature, there is no consensus regarding the timing
of the first MRI after vestibular schwannoma resection. A 2005 survey of the American
Neurotology Society (ANS) and North American Skull Base Society members revealed that
2.3% of neurotologists and 23.4% of neurosurgeons obtained an MRI on post-operative day
one, whereas 21.6% of neurotologists and 61.7% of neurosurgeons obtained the first MRI
within a year [12]. A more recent survey of the ANS members revealed similarly variable
practices in MRI surveillance. Of the survey responders, the first post-operative MRI was
obtained by 18.6% during the immediate post-operative inpatient stay, 23.3% at 3 months,
16.3% at 6 months, and the rest at one year or longer. The completeness of resection was
found to affect 73.8% of the responders’ decision about the timing of the first MRI. Among
these surgeons, 25.8% indicated that they would obtain the first imaging study earlier than
their usual one-year MRI if the excision was incomplete [13].

While the timing and interval of the first post-operative MRI varies between surgeons
and institutions, an early MRI during the post-operative inpatient stay could provide
additional information to the surgeon. This immediate MRI is obtained on day one after
the surgery at our institution. On the MRIs obtained months after the surgery, it may be
difficult to differentiate scar tissue from a growing residual tumor [11,14]. An MRI obtained
on post-operative day one does not include these nonspecific enhancements. The patient in
Figure 2 (#6 in Table 2) had an extremely small residual about 1 mm and the immediate
MRI confirmed the lack of a large residual tumor. While the later MRIs showed a larger
area of enhancement than anticipated, comparison with the immediate post-operative
MRI resulted in more confidence in the degree of resection and differentiation from later
non-specific enhancements due to dural inflammation and/or connective tissue formation.
As seen in Figure 2, the noted area of enhancement did not change in size from 3 to
15 months post-operatively. Although some studies have shown that these nonspecific
enhancements can disappear with time, they may persist in other cases and continue to
enhance after 5 years or longer [15,16]. This persistent enhancement can in turn result in
a need for prolonged MRI surveillance. The recent survey of the ANS members revealed
that a higher percentage of surgeons would follow linear enhancements for longer than
5 years and 14.3% would never stop ordering surveillance MRIs [13]. In this context, an
early post-operative MRI could allow surgeons to evaluate the degree of resection and
the presence of a residual tumor more accurately, and prior to any scar tissue formation.
We believe that most of the changes between POD#1 and three months are attributable
to enhancement seen with scarring. Hence, we anticipate that the three-month MRI may
actually overestimate the extent of the residual tumor. In addition, the thickness of the
obtained images can potentially result in missing small or thin residuals and a radiographic
GTR should not obviate the need for continued surveillance in cases with a known residual.
Furthermore, the current study was limited by its sample size and future studies will need
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to follow a larger cohort and compare the long-term appearances of residual tumors to
those in the immediate post-operative MRIs.

5. Conclusions

Preservation of the facial nerve integrity may necessitate leaving a small residual
vestibular schwannoma that is then followed by serial MRIs. Intra-operative assessment of
the residual size may be inaccurate given its subjective nature. In our series, post-operative
MRI changed the assessment of the degree of resection in 76% of the cases where a residual
tumor was left behind. While there is no consensus on the timing of the first post-operative
MRI among institutions, an early post-operative MRI establishes a baseline for the residual
tumor prior to scar formation and could provide a critical point of comparison for long-term
surveillance.
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Abstract: The surgical management of vestibular schwannomas should be based on their presentation,
neuro-imaging findings, surgeons’ expertise, and logistics. Multi-stage surgery can be beneficial for
large-sized lesions with acute presentations. Herein, we highlighted the indications for two cases
managed initially through the retrosigmoid and, subsequently, translabyrinthine approaches. The
first case presented with acute balance and gait issues and a long history of hearing loss and blurred
vision. Neuroimaging findings revealed a cerebellopontine angle lesion, resembling a vestibular
schwannoma, with significant brainstem compression and hydrocephalus. Due to the rapidly
deteriorating clinical status and large-sized tumor, we first proceeded with urgent decompression
via a retrosigmoid approach, followed by gross total resection via a translabyrinthine approach
two weeks later. The second case presented with gradually worsening dizziness and hemifacial
numbness accompanied by acute onset severe headaches and hearing loss. Neuroimaging findings
showed a large cerebellopontine angle lesion suggestive of a vestibular schwannoma with acute
intratumoral hemorrhage. Given the acute clinical deterioration and large size of the tumor, we
performed urgent decompression with a retrosigmoid approach followed by gross total resection
through a translabyrinthine approach a week later. Post-surgery, both patients showed excellent
recovery. When managing acutely presented large-sized vestibular schwannomas, immediate surgical
decompression is vital to avoid permanent neurological deficits.

Keywords: facial nerve; nervus intermedius; retrosigmoid approach; staged surgery; translabyrinthine
approach; vestibular schwannoma

1. Introduction

Vestibular schwannomas (VSs) account for 90-95% of tumors found in the cerebello-
pontine angle (CPA). Depending on their size and location, these tumors present with a
range of symptoms. These can be as mild as mild headaches, tinnitus, vertigo, disequi-
librium, and mild unilateral hearing loss, whereas large VSs might present with severe
symptoms of other cranial nerves (mainly trigeminal, facial, and lower cranial nerves),
intentional tremor, gait ataxia, and hydrocephalus. Furthermore, sizeable tumors can
occasionally bleed internally, resulting in sudden onset hearing loss, new or exacerbated
symptoms of cranial nerves, CPA syndrome, and even sudden alterations in mental sta-
tus [1].

The treatment of VSs should be individualized for every patient. Depending on the
patient’s specifics, observation, surgery, radiosurgery, or a combination of these can be
chosen. Elderly asymptomatic patients with tumors confined to the internal auditory canal
(IAC) are best suited for observation. Regardless of tumor size, surgery aiming for complete
tumor removal offers a cure while preserving the facial nerve functionality. For those who
have residual tumors or with small- to medium-size tumors who cannot tolerate surgery,
radiosurgery is a viable option.
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For the surgical management of VSs, three main approaches can be utilized: the
retrosigmoid, the translabyrinthine, and the middle fossa approach, or sometimes com-
binations or variations of these [1-5]. Besides these most widely used approaches, there
are other combinations and variations that could be utilized in some selected cases, but
with limited indications [6-9]. Factors such as the size and extension of the tumor and the
patient’s hearing status play crucial roles in the choice of surgical approach.

Regardless of the selected surgical approach, surgical treatment of large VSs (>3
cm) presents significant challenges. Surgical treatment of large VSs is often associated
with higher morbidity, increased complications, and less favorable facial nerve outcomes
compared to smaller VSs [10-12]. For the surgical treatment of large VSs, two-stage surgery
was introduced to enhance the outcomes, and several two-stage surgical series have been
published [10-16].

In this report, we present two large VS cases in which both initially underwent
emergency surgery using the retrosigmoid approach, followed by an elective secondary
procedure for gross total removal through the translabyrinthine approach. However, the
rationale for the staging varied between the two cases. We highlight these cases to illustrate
the criteria for employing multi-stage surgeries to manage large VSs.

2. Results
2.1. Case 1

A 52-year-old man presented with a progressive decline in his left ear hearing and
blurry vision over the past 18 months. In addition, he recently began to experience balance
and gait problems which had notably worsened in the past few weeks. Following an
episode of dizziness that resulted in a fall and subsequent emergency room admission, a
CT scan of the head revealed a large lesion in the left CPA. His initial audiogram showed
sensorineural hearing loss in the left ear, accompanied by a total lack of word recognition.

The patient immediately had a cranial MRI that displayed a sizeable (4 cm x 3.5 cm
x 3.3 cm) left CPA lesion, consistent with a vestibular schwannoma (Figure 1). The
lesion caused marked compression on the brainstem and fourth ventricle, resulting in
hydrocephalus.

Figure 1. Case 1, preoperative neuroimaging. (a) Axial T1-weighted postcontrast, (b) axial T2-
weighted, (c) coronal T1-weighted postcontrast, and (d) axial T2-weighted MRI scans show a large
CPA lesion suggesting a vestibular schwannoma along with hydrocephalus.

Considering the large size of the tumor, the significant compression it caused on
the brainstem and fourth ventricle, the accompanying hydrocephalus, and the rapidly
deteriorating balance and gait problems, we decided to urgently commence with initial
decompression through a retrosigmoid approach. We had also planned for an elective
second stage to achieve gross total resection using a translabyrinthine approach (Supple-
mentary Video).

Before the initial surgery, a ventriculostomy catheter was inserted in the left frontal re-
gion.

With the patient positioned supine, we slightly rotated the head to the right and used
neuronavigation to mark the locations of the sigmoid and transverse sinuses. We then
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made a postauricular C-shape skin incision and lifted a myocutaneous flap. Subsequently,
a retrosigmoid craniotomy was carried out using a single burr hole, located just below the
junction of the sigmoid and transverse sinus.

The dura was opened in a C-shaped fashion, followed by the draining of cerebrospinal
fluid from the lateral cerebellomedullary cistern to relax the cerebellum. As the arachnoid
dissection progressed, the tumor came into view. Once we confirmed the facial nerve-free
tumor regions with a facial nerve stimulator, the tumor capsule was incised. Central tumor
debulking commenced with the use of an ultrasonic aspirator and piecemeal resection using
microsurgical techniques. As we proceeded with alternating debulking and dissection,
cranial nerves IX and X, the basilar artery, and the origin of the anterior inferior cerebellar
artery (AICA) were visualized and carefully detached from the tumor. After sufficient
tumor debulking, the pressure on the neurovascular structures was relieved, hemostasis
was achieved, and the wound was closed in standard fashion.

The patient woke up with House-Brackmann grade I facial nerve function. The
histopathological diagnosis was confirmed as a WHO grade I schwannoma. An early post-
operative MRI revealed partial resection of the tumor and decompression of the brainstem
and surrounding structures, along with regressed hydrocephalus (Figure 2).

Figure 2. Case 1 post-stage 1 neuroimaging findings. (a) Axial T1-weighted postcontrast, (b) axial
T2-weighted, (c) coronal T1-weighted postcontrast, and (d) sagittal T1-weighted MRI scans show
partial resection with decompression of the brainstem and surrounding structures along with re-
gressed hydrocephalus.

Two weeks afterward, we initiated the second stage of the surgery, the translabyrinthine
approach, to achieve gross total resection. The patient was positioned supine, and the pre-
vious wound was reopened. Bony exposure, labyrinthectomy, and 270-degree IAC drilling
were performed. Afterward, the IAC dura was incised and the intracanalicular part of the
tumor was exposed. By employing facial nerve stimulation, the intracanalicular part of the
facial nerve was mapped out and carefully detached from the tumor. We then proceeded
with presigmoid dural opening, which revealed the tumor and prior resection cavity. At
the upper boundary of the tumor, the trigeminal nerve was identified and detached from
the tumor. At the lower boundary of the tumor, the vestibulocochlear nerve and the lower
cranial nerves were discerned and separated from the tumor. We then delineated the
tumor-brainstem border, and the facial nerve root exit zone was detected and confirmed
with a nerve simulator. Further piecemeal tumor resection allowed us to find the brainstem
origin of the vestibulocochlear nerve in the pontomedullary sulcus.

Once the facial nerve was entirely separated from the tumor, the rest of the tumor was
removed en bloc, and hemostasis was achieved. Following that, we removed the incus and
packed the eustachian tube with previously harvested stripes of temporalis fascia to avoid
postoperative cerebrospinal fluid (CSF) leak. The post-resection cavity was then packed
using abdominal fat grafts that had been previously harvested.

As part of our standard neuromonitoring protocol, we continuously monitor and
record the compound muscle action potential (CMAP) of the orbicularis oculi and orbic-
ularis oris muscles. In addition, throughout surgery, we use a facial nerve stimulator
with a minimum stimulation threshold (MST) of 0.05-0.1 mA for the identification and
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verification of the facial nerve, for assessing the proximity to the nerve, for monitoring the
nerve integrity, and for predicting the postoperative facial nerve outcome. In the majority
of the VS cases, the facial nerve could be detached from the tumor by employing gentle
traction-counter traction, along with microvascular sharp dissection techniques.

The patient woke up with House-Brackmann grade 2 facial nerve function without
any new neurological deficits. The patient’s postoperative recovery was uneventful and
he eventually had normal facial nerve function at the 3-month follow-up. A postoperative
MRI confirmed a gross total resection (Figure 3).

Figure 3. Case 1 post-stage 2 neuroimaging findings. (a) Axial T1-weighted postcontrast, (b) ax-
ial T2 fat suppressed, (c) coronal T1-weighted, and (d) axial T2-weighted MRI scans show gross
total resection with decompression of the brainstem and surrounding structures along with
decreased hydrocephalus.

2.2. Case 2

The second case is a 48-year-old man who had presented with dizziness and numbness
on the left side of his face for the past six weeks. These symptoms had been escalating, and
were accompanied by a severe, newly developed headache. An MRI scan revealed a large
cystic left cerebellopontine angle lesion (4.1 cm x 2.5 cm X 2.8 cm), suggestive of a VS,
along with signs of recent hemorrhage within the lesion (Figure 4). An initial audiogram
revealed moderate to severe sensorineural hearing loss, with no serviceable hearing on the
left side.

Figure 4. Case 2 preoperative neuroimaging. (a) Axial Tl-weighted postcontrast, (b) axial T2-
weighted, (c) coronal T1-weighted postcontrast, and (d) coronal T2 FLAIR MRI scans show a large
cystic CPA lesion, suggesting a vestibular schwannoma along with recent intratumoral hemorrhage.

Given the recent intratumoral hemorrhage and significant tumor size, which resulted
in acute increased compression of the surrounding neurovascular structures, we decided to
proceed with a two-stage approach. Initially, we performed emergency decompression via
the retrosigmoid approach, followed by an elective translabyrinthine approach for a gross
total resection (Supplementary Video). Once the patient was positioned supine and the
head was slightly rotated, a standard C-shape skin incision, myofascial flap elevation, and
craniotomy for a retrosigmoid approach were performed. The tense posterior fossa dura
was cautiously incised. The cerebellum was notably swollen because of the heightened
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pressure in the posterior fossa caused by the tumor and recent intratumoral hemorrhage.
We then navigated the lateral cerebellomedullary cistern and drained the CSF to relax the
posterior fossa, which facilitated the exposure of the tumor.

Once we verified the area was clear of the facial nerve using nerve stimulation, we
incised the tumor capsule. We then accessed the hemorrhagic cavity and removed its
content. After sufficient tumor debulking, hemostasis was achieved, and the surgical
wound was closed in layers.

The patient woke up with House-Brackmann grade I facial nerve function. Histopatho-
logical analysis identified it as a WHO grade I schwannoma. An early postoperative MRI
displayed a decompressed brainstem and extent of resection (Figure 5).

Figure 5. Case 2 post-stage 1 neuroimaging findings. (a) Axial T1-weighted postcontrast, (b) axial
T2-weighted, (c) coronal T1-weighted postcontrast, and (d) coronal T2-weighted MRI scans show
partial resection with decompression of the brainstem and surrounding structures, with evacuation
of the cystic and hemorrhagic portion of the lesion.

A week afterward, we initiated the second planned stage to achieve gross total removal
through a translabyrinthine approach. The second stage began with the placement of a
lumbar drain and obtaining a fat graft from the abdomen. As detailed in the previous case,
opening of the previous wound, bony exposure, labyrinthectomy, 270-degree IAC drilling,
and intracanalicular tumor removal were performed. We then proceeded with an incision
of the presigmoid dura. Once the presigmoid dura opened, the tumor came into view.
Then, extending the arachnoid dissection around the tumor, we exposed and released the
trigeminal nerve in the upper part of the tumor.

Upon confirming the facial nerve-free zone, the tumor capsule was incised, and
piecemeal removal was commenced. Notably, the remaining tumor was less vascular than
in the initial stage. On the lateral part of the surgical field, cranial nerves VII and VIII became
visible. The facial nerve was identified with nerve stimulation and the vestibulocochlear
nerve was cut. As we proceeded with the tumor removal, the nervus intermedius came
into view. Every attempt should be made to preserve the nervus intermedius when it is
encountered during surgery.

We then turned our attention to the IAC portion of the tumor. We traced the facial
nerve in the IAC and meticulously detached it from the tumor, employing sharp and
semi-sharp microsurgical dissection techniques. Subsequently, all the remaining arachnoid
adhesions were cleared, and the rest of the tumor was removed en bloc. At the final stage
of surgery, the facial nerve was stimulated at 0.05 milliampere in the brainstem zone as
well as along its entire length. We then proceeded with wound closure.

Postoperative examinations revealed House-Brackmann grade 1 facial nerve function
and an early postoperative MRI confirmed the gross total resection of the tumor (Figure 6).
The patient remained tumor-free with normal facial nerve function at the 1-year follow-up.
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Figure 6. Case 2 post-stage 2 neuroimaging findings. (a) Axial T1-weighted postcontrast, (b) axial
T2-weighted, (c) axial FIESTA, and (d) coronal T1-weighted postcontrast MRI scans show gross total
resection with decompression of the brainstem and surrounding structures.

3. Discussion

The first successful complete removal of a VS was carried out by Balance in 1894
and reported in 1907 [14,17]. Later, in 1913, pioneer neurosurgeons, Horsley of London,
v. Eiselsberg of Vienna and Krause of Berlin presented their VS surgical outcomes at the
International Congress of Medicine in London. They reported mortality rates of 67%, 77%
and 84%, respectively. Given the challenging nature of the cases, surgical interventions
were commonly performed in two stages, notably by v. Eiselsberg and Horsley [14].

In 1917, Cushing introduced his revolutionary technique of partial removal through
the intracapsular enucleation method, which remarkably reduced the mortality rates first to
35%, and later further to 11% [18]. In 1925, Dandy shared his expertise on 23 VSs, which he
had performed since 1915. He incorporated the finger technique to achieve gross complete
removal after the intracapsular enucleation [14]. With the advent of the microsurgery era,
new microsurgical approaches were introduced by House (translabyrinthine approach),
Kurze and Doyle (subtemporal transpetrosal approach), and Rand and Kurze (suboccipital
transmeatal approach) [19-21]. Since the early days of microsurgery, numerous case series
have been published in the literature [4,22-32].

The introduction of intraoperative electromyography for monitoring the facial nerve,
along with new techniques, has not entirely resolved the complexities of preserving facial
nerve functionality, especially in cases with large tumors. Even with a success rate of
86-92% in preserving the anatomical continuity of the facial nerve, there are instances
where patients experience facial nerve disfunctions after surgery, even when their nerves
are anatomically preserved [10,28,33-36]. Tumors larger than 3 cm often have less favorable
outcomes, while those 2 cm or less have better outcomes [10,25,33]. Samii et al. reported a
100% gross total removal rate, with a 44% rate of good facial nerve outcome in cases larger
than 3.9 cm in size [28]. In addition, a recent study by Gazia and colleagues revealed an
association between tumor size, MST, CMAP, and facial function in the short and long term,
which aids in improving predictions of facial performance [37].

When dealing with large and complex VSs, it is essential to consider staged surgeries
preoperatively. Besides the tumor size, various other factors can complicate the surgical
approaches to VSs. These include variations in vascular and bony anatomy (thrombosed
or missing sigmoid sinus, elevated jugular bulb, anteriorly positioned sigmoid sinus,
and a contracted or small mastoid bone), existence of cystic components, and brainstem
compression, along with hydrocephalus, intratumoral hemorrhage, prior treatments (either
surgical or stereotactic radiation), the tumor’s vascularity, and the patient’s pre-existing
comorbidities [1,12,13].

In the literature, studies have shown that for selective large VSs, staged surgeries
improve facial nerve outcomes, reduce morbidity, and have a higher likelihood of achieving
gross total removal [10-13,15,16]. One potential rationale for achieving better outcomes
with staged surgeries might be that the most delicate dissections can be performed sep-
arately, minimizing the impact of surgeon fatigue. Often, detaching the tumor from the
facial nerve in the IAC and brainstem, the most important part of the surgery, takes place
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towards the end of the surgery. Although multi-stage surgery may not be scheduled in
advance, it should be considered intraoperatively if a surgeon experiences fatigue during
the most crucial parts of the surgery. This might be the safest and most efficient solution
for the selected cases.

In prior published series, two-stage surgeries were predominantly performed for the
treatment of large vestibular schwannomas. Given that these patients exhibited severe hear-
ing loss preoperatively, hearing preservation was not the primary goal in these surgeries.
In these same series, a lower or no additional incidence of morbidity and mortality was
associated with staged surgery for the resection of large vestibular schwannomas [10,12,15].
Abe et al. reported a postoperative increase in hearing loss for both of their presented cases
where the tumors originated from vestibular nerves [13].

Tinnitus is one of the most common initial symptoms of VSs along with hearing loss,
occurring in 60-80% of VS patients [1]. In some of those patients, tinnitus could worsen
and significantly influence a patient’s quality of life [38—41]. In the published two-stage
surgeries for vestibular schwannomas series, no postoperative tinnitus was reported, as
seen in our cases.

During the surgical resection of large tumors, it is not always possible to determine
the origin of the tumor. As illustrated in our video, sometimes even the identification of
the vestibular nerve branches and cochlear nerve is not feasible. Therefore, during our
surgeries, we cut the vestibulocochlear nerve to achieve gross total resection. In cases
where the cochlear nerve can be preserved, cochlear implantation should be considered in
the same sittings [42-45].

Indications and Timing Interval for the Staged Surgeries

As of now, there remains a lack of consensus on the indications and the timing between
the two stages in the management of VSs [10,15].

Raslan et al. made staging decisions intraoperatively based on facial nerve anatomical
condition and stimulation, tumor adherence, as well as the conditions of the brainstem
and cerebellum. They determined the time interval based on facial nerve outcome after
the first stage. For those with a House-Brackmann grade I and II, the second stage was
scheduled between two and four weeks after the first stage, while the remainder waited
for six months, aiming to maximize their recovery in the interim [15]. In contrast, Comey
et al. chose to perform second stage surgery once postoperative imaging studies verified
the residual tumor’s decompression away from the pons. Their time interval between the
stages ranged widely from 0.5 to 32 weeks, averaging 4.5 weeks [10]. On the other hand,
Abe et al. recommended determining the timing of the second stage based on verifying
decreases in vascularity for cases with hypervascularity [13].

Ideally, the second stage surgery should be conducted prior to the formation of arach-
noid adhesions or tumor revascularization [31]. To prevent such adhesions, a thin gelatin
sponge layer can be used during the initial surgery’s closure [46]. In our experience, the
second stage should not be delayed more than 2-3 weeks at maximum to avoid arachnoid
adhesion. As documented in various studies, the remaining tumor often exhibits decreased
vascularity and less adherence, which allows for a relatively easier dissection in the second
stage surgery [10,13,14]. This was observed in our second case as well.

In theory, multi-stage surgeries could bring additional operative risks related to
multiple anesthesia administration, potential surgical site infections, and issues with wound
recovery. However, in both the published series and our series, there were no evident
complications due to the aforementioned reasons.

Lastly, rapidly gathering neuro-otology and neurosurgery teams might not be viable
in some emergency cases. In such scenarios, a multi-stage approach must be strongly
considered to minimize the risk of permanent neurological deficits and ensure the best
patient care.

In summary, the literature suggests that a two-stage surgical approach for large
VSs offers numerous advantages. In selected cases, this enhances facial nerve outcomes,
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reduces patient morbidity, and increases the likelihood of complete tumor removal. With
a two-stage approach, surgeons can tackle intricate dissections with more focus, thereby
minimizing mistakes from extended operations. Moreover, in urgent scenarios, like those
we have experienced where rapid setup and team assembly were challenging, the two-stage
approach ensures that patients receive the best care without compromising the intricacy of
the procedures or the necessary preparations.

4. Conclusions

In summary, even in cases with large VSs, a single-stage gross total removal is feasible
if the tumor has well-defined arachnoid borders and appropriate consistency. Immediate
surgical decompression should be performed for selected large and acutely presented VSs
to achieve gross total removal with little or no additional morbidity.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/brainscil3111548/s1, Video S1: Two-stage Surgical Manage-
ment for Acutely Presented Large Vestibular Schwannomas: Report of Two Cases with Operative
Video Demonstrations.

Author Contributions: M.K.B.; completed surgical procedures, conceptualization, review and editing.
U.E,; review and editing. B.O.; writing—original draft preparation, review and editing. A.K.; writing—
original draft preparation, review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical approval is not required for retrospective case report
studies without identifiable information in accordance with the University of Wisconsin—Madison
Institutional Review Board guidelines.

Informed Consent Statement: Patient consent is not required for retrospective case report studies
without identifiable information in accordance with University of Wisconsin—Madison Institutional
Review Board guidelines.

Data Availability Statement: Not Applicable.

Acknowledgments: We thank Steven L. Goodman, Distinguished Editor, for his contributions to the
editing of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Baskaya, M.K; Pyle, G.M.; Roche, ].P. Vestibular Schwannoma Surgery: A Video Guide; Springer: Berlin/Heidelberg, Germany, 2019.

2. Chamoun, R.; MacDonald, J.; Shelton, C.; Couldwell, W.T. Surgical approaches for resection of vestibular schwannomas:
Translabyrinthine, retrosigmoid, and middle fossa approaches. Neurosurg. Focus 2012, 33, E9. [CrossRef] [PubMed]

3. Nickele, C.M.; Akture, E.; Gubbels, S.P.; Baskaya, M.K. A stepwise illustration of the translabyrinthine approach to a large cystic
vestibular schwannoma. Neurosurg. Focus 2012, 33, 5. [CrossRef] [PubMed]

4. Ocak, PE.; Dogan, I; Ocak, U.; Dinc, C.; Baskaya, M.K. Facial nerve outcome and extent of resection in cystic versus solid
vestibular schwannomas in radiosurgery era. Neurosurg. Focus 2018, 44, 8. [CrossRef]

5. Sayyahmelli, S.; Roche, J.; Baskaya, M.K. Microsurgical Gross Total Resection of a Large Residual /Recurrent Vestibular Schwan-
noma via Translabyrinthine Approach. J. Neurol. Surg. Part B 2018, 79, S387-S388. [CrossRef]

6. Marchioni, D.; Carney, M.; Rubini, A.; Nogueira, J.F.; Masotto, B.; Alicandri-Ciufelli, M.; Presutti, L. The Fully Endoscopic
Acoustic Neuroma Surgery. Otolaryngol. Clin. N. Am. 2016, 49, 1227-1236. [CrossRef]

7.  Molinari, G.; Calvaruso, F.; Presutti, L.; Marchioni, D.; Alicandri-Ciufelli, M.; Friso, F.; Fernandez, 1.].; Francoli, P.; Di Maro, F.
Vestibular schwannoma removal through expanded transcanal transpromontorial approach: A multicentric experience. Eur. Arch.
Oto-Rhino-Laryn. 2023, 280, 2165-2172. [CrossRef]

8.  Bi, YK, Ni, Y],; Gao, D.D.; Zhu, Q.W.; Zhou, Q.Y; Tang, J.J.; Liu, J.; Shi, F; Li, H.C,; Yin, J.; et al. Endoscope-Assisted Retrosigmoid
Approach for Vestibular Schwannomas With Intracanalicular Extensions: Facial Nerve Outcomes. Front. Oncol. 2022, 11, 774462.
[CrossRef]

9.  Presutti, L.; Magnaguagno, F.; Pavesi, G.; Cunsolo, E.; Pinna, G.; Alicandri-Ciufelli, M.; Marchioni, D.; Prontera, A.; Gioacchini,
FM. Combined endoscopic-microscopic approach for vestibular schwannoma removal: Outcomes in a cohort of 81 patients. Acta
Otorhinolaryngol. Ital. 2014, 34, 427-433.

125



Brain Sci. 2023, 13, 1548

10.

11.

12.
13.

14.
15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Comey, C.H,; Jannetta, PJ.; Sheptak, PE.; Jho, H.D.; Burkhart, L.E. Staged Removal of Acoustic Tumors—Techniques and Lessons
Learned from a Series of 83 Patients. Neurosurgery 1995, 37, 915-920. [CrossRef]

Kim, E.; Nam, S.-I. Staging in vestibular schwannoma surgery: A modified technique. J. Korean Neurosurg. Soc. 2008, 43, 57-60.
[CrossRef]

Patni, A.H.; Kartush, ].M. Staged resection of large acoustic neuromas. Otolaryngol. Head Neck Surg. 2005, 132, 11-19. [CrossRef]
Abe, T.; Izumiyama, H.; Imaizumi, Y.; Kobayashi, S.; Shimazu, M.; Sasaki, K.; Matsumoto, K.; Kushima, M. Staged resection of
large hypervascular vestibular schwannomas in young adults. Skull Base-Interdiscip. Appr. 2001, 11, 199-206. [CrossRef]

Dandy, W.E. An operation for the total removal of cerebellopontine (acoustic) tumors. Surg Gynecol Obs. 1925, 41, 129-148.
Raslan, A.M,; Liu, ]. K.; McMenomey, S.O.; Delashaw, J.B., Jr. Staged resection of large vestibular schwannomas. J. Neurosurg.
2012, 116, 1126-1133. [CrossRef] [PubMed]

Sheptak, P.E.; Jannetta, P.J. The two-stage excision of huge acoustic neurinomas. ]. Neurosurg. 1979, 51, 37-41. [CrossRef]
[PubMed]

Ballance, C.A. Some Points in the Surgery of the Brain and Its Membranes; Macmillan: London, UK, 1907.

Cushing, H. Tumors of the Nervus Acusticus and the Syndrome of the Cerebellopontile Angle; WB Saunders: Philadelphia, PA, USA,
1917.

House, W.E. Surgical exposure of the internal auditory canal and its contents through the middle, cranial fossa. Laryngoscope 1961,
71,1363-1385. [PubMed]

Kurze, T.; Doyle, ]J.B. Extradural Intracranial (Middle Fossa) Approach to Internal Auditory Canal. J. Neurosurg. 1962, 19,
1033-1037. [CrossRef]

Rand, R.; Kurze, T. Micro-neurosurgical resection of acoustic tumors by a transmeatal posterior fossa approach. Bull. Los Angeles
Neurol. Soc. 1965, 30, 17-20.

Arts, H.A,; Telian, S.A.; El-Kashlan, H.; Thompson, B.G. Hearing preservation and facial nerve outcomes in vestibular schwan-
noma surgery: Results using the middle cranial fossa approach. Otol. Neurotol. 2006, 27, 234-241. [CrossRef]

Brackmann, D.E.; Cullen, R.D.; Fisher, L.M. Facial nerve function after translabyrinthine vestibular schwannoma surgery.
Otolaryngol. Head Neck Surg. 2007, 136, 773-777. [CrossRef]

Irving, R.M.; Jackler, R.K,; Pitts, L.H. Hearing preservation in patients undergoing vestibular schwannoma surgery: Comparison
of middle fossa and retrosigmoid approaches. J. Neurosurg. 1998, 88, 840-845. [CrossRef]

Lanman, T.H.; Brackmann, D.E.; Hitselberger, W.E.; Subin, B. Report of 190 consecutive cases of large acoustic tumors (vestibular
schwannoma) removed via the translabyrinthine approach. J. Neurosurg. 1999, 90, 617-623. [CrossRef]

Noudel, R.; Gomis, P; Duntze, J.; Marnet, D.; Bazin, A.; Roche, PH. Hearing preservation and facial nerve function after
microsurgery for intracanalicular vestibular schwannomas: Comparison of middle fossa and restrosigmoid approaches. Acta
Neurochir. 2009, 151, 935-945. [CrossRef]

Samii, M.; Gerganov, V.; Samii, A. Improved preservation of hearing and facial nerve function in vestibular schwannoma surgery
via the retrosigmoid approach in a series of 200 patients. J. Neurosurg. 2006, 105, 527-535. [CrossRef]

Samii, M.; Gerganov, V.M.; Samii, A. Functional outcome after complete surgical removal of giant vestibular schwannomas
Clinical article. J. Neurosurg. 2010, 112, 860-867. [CrossRef] [PubMed]

Yamakami, I.; Uchino, Y.; Kobayashi, E.; Yamaura, A.; Oka, N. Removal of large acoustic neurinomas (vestibular schwannomas)
by the retrosigmoid approach with no mortality and minimal morbidity. J. Neurol. Neurosurg. Psychiatry 2004, 75, 453-458.
[CrossRef] [PubMed]

Yasargil, M. Microneurosurgery, Volume IVB: Microneurosurgery of CNS Tumors; Georg Thieme Verlag: Stuttgart, Germany, 1996.
Yasargil, M.; Smith, R.; Gasser, J. Microsurgical Approach to Acoustic Neurinomas. Adv. Technol. Stand. Neurosurg. 1977, 4, 93-129.
Yasargil, M.G. Microsurgery Applied to Neurosurgery; Georg Thieme: Stuttgart, Germany, 1969.

Kaylie, D.M,; Gilbert, E.; Horgan, M.A.; Delashaw, J.B.; McMenomey, S.O. Acoustic neuroma surgery outcomes. Otol. Neurotol.
2001, 22, 686-689. [CrossRef]

Godefroy, W.P,; van der Mey, A.G.L.; de Bruine, ET.; Hoekstra, E.R.; Malessy, M.].A. Surgery for Large Vestibular Schwannoma:
Residual Tumor and Outcome. Otol. Neurotol. 2009, 30, 629-634. [CrossRef]

Silva, J.; Cerejo, A.; Duarte, F.; Silveira, F.; Vaz, R. Surgical Removal of Giant Acoustic Neuromas. World Neurosurg. 2012, 77,
731-735. [CrossRef]

Sughrue, M.E,; Yang, I.; Rutkowski, M.].; Aranda, D.; Parsa, A.T. Preservation of facial nerve function after resection of vestibular
schwannoma. Br. |. Neurosurg. 2010, 24, 666—671. [CrossRef] [PubMed]

Gazia, F,; Callejo, A.; Perez-Grau, M.; Lareo, S.; Prades, ].; Roca-Ribas, F.; Amilibia, E. Pre- and intra-operative prognostic factors
of facial nerve function in cerebellopontine angle surgery. Eur. Arch. Oto-Rhino-Laryn. 2022, 280, 1055-1062. [CrossRef] [PubMed]
Andersson, G.; Kinnefors, A.; Ekvall, L.; RaskAndersen, H. Tinnitus and translabyrinthine acoustic neuroma surgery. Audiol.
Neuro-Otol. 1997, 2, 403—409. [CrossRef] [PubMed]

Fahy, C.; Nikolopoulos, T.P.; O'Donoghue, G.M. Acoustic neuroma surgery and tinnitus. Eur. Arch. Oto-Rhino-Laryn. 2002, 259,
299-301. [CrossRef]

Kojima, T.; Oishi, N.; Nishiyama, T.; Ogawa, K. Severity of Tinnitus Distress Negatively Impacts Quality of Life in Patients With
Vestibular Schwannoma and Mimics Primary Tinnitus. Front. Neurol. 2019, 10, 389. [CrossRef]

126



Brain Sci. 2023, 13, 1548

41.

42.

43.

44,

45.

46.

West, N.; Bunne, M.; Sass, H.; Caye-Thomasen, P. Cochlear Implantation for Patients with a Vestibular Schwannoma: Effect on
Tinnitus Handicap. J. Int. Adv. Otol. 2022, 18, 382-387. [CrossRef] [PubMed]

Conway, RM.; Tu, N.C; Sioshansi, P.C.; Porps, S.L.; Schutt, C.A.; Hong, R.S.; Jacob, J.T.; Babu, S.C. Early Outcomes of
Simultaneous Translabyrinthine Resection and Cochlear Implantation. Laryngoscope 2021, 131, E2312-E2317. [CrossRef]

Salem, N.; Galal, A.; Piras, G.; Sykopetrites, V.; Di Rubbo, V.; Talaat, M.; Sobhy, O.; Sanna, M. Management of Vestibular
Schwannoma with Normal Hearing. Audiol. Neuro-Otol. 2023, 28, 12-21. [CrossRef]

Sorrentino, F.; Tealdo, G.; Cazzador, D.; Favaretto, N.; Brotto, D.; Montino, S.; Caserta, E.; Bovo, R.; Denaro, L.; Baro, V.; et al.
Cochlear implant in vestibular schwannomas: Long-term outcomes and critical analysis of indications. Eur. Arch. Oto-Rhino-Laryn.
2022, 279, 4709-4718. [CrossRef]

Wick, C.C.; Butler, M.].; Yeager, L.H.; Kallogjeri, D.; Durakovic, N.; McJunkin, J.L.; Shew, M.A.; Herzog, J.A.; Buchman, C.A.
Cochlear Implant Outcomes Following Vestibular Schwannoma Resection: Systematic Review. Otol. Neurotol. 2020, 41, 1190-1197.
[CrossRef]

Gonzalez-Lopez, P.; Harput, M.V,; Tiire, H.; Atalay, B.; Tiire, U. Efficacy of placing a thin layer of gelatin sponge over the subdural
space during dural closure in preventing meningo-cerebral adhesion. World Neurosurg. 2015, 83, 93-101. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

127



&Y brain
sciences

Review

Jugular Foramen Tumors: Surgical Strategies and
Representative Cases

Andrea L. Castillo 1**, Ali Tayebi Meybodi 12

check for
updates

Citation: Castillo, A.L.; Meybodi,
A.T; Liu, ] K. Jugular Foramen
Tumors: Surgical Strategies and
Representative Cases. Brain Sci. 2024,
14,182. https:/ /doi.org/10.3390/
brainsci14020182

Academic Editor: Miguel

Lopez-Gonzalez

Received: 10 December 2023
Revised: 7 February 2024
Accepted: 15 February 2024
Published: 17 February 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and James K. Liu 2-3*

Department of Neurological Surgery, New Jersey Medical School, Newark, NJ 07103, USA;
at1085@njms.rutgers.edu

Department of Neurosurgery, Cooperman Barnabas Medical Center, RW] Barnabas Health,
Livingston, NJ 07039, USA

Skull Base Institute of New Jersey, Neurosurgeons of New Jersey, Livingston, NJ 07039, USA
*  Correspondence: alem91@gmail.com (A.L.C.); jliu@neurosurgerynj.com (J.K.L.)

Abstract: (1) Background: Jugular foramen tumors are complex lesions due to their relationship with
critical neurovascular structures within the skull base. It is necessary to have a deep knowledge
of the anatomy of the jugular foramen and its surroundings to understand each type of tumor
growth pattern and how it is related to the surrounding neurovascular structures. This scope aims
to provide a guide with the primary surgical approaches to the jugular foramen and familiarize
the neurosurgeons with the anatomy of the region. (2) Methods and (3) Results: A comprehensive
description of the surgical approaches to jugular foramen tumors is summarized and representative
cases for each tumor type is showcased. (4) Conclusions: Each case should be carefully assessed
to find the most suitable approach for the patient, allowing the surgeon to remove the tumor with
minimal neurovascular damage. The combined transmastoid retro- and infralabyrinthine transjugular
transcondylar transtubercular high cervical approach can be performed in a stepwise fashion for the
resection of complex jugular foramen tumors.

Keywords: jugular; tumor; foramen; paraglanglioma; combined

1. Introduction

Tumors found in the jugular foramen are complex to approach due to the intricate
surrounding neurovascular anatomy of the craniocervical junction [1]. Paragangliomas are
the most frequently found tumors in the jugular foramen, with schwannomas following
closely behind. Other less common tumors found in this area include meningiomas,
chordomas, chondrosarcomas, and plasmacytomas. Metastases and malignant tumors
that originate in nearby anatomical structures like the nasopharynx, parotid, and temporal
bone can also spread to the jugular foramen during later stages [1]. Lastly, endolymphatic
sac tumors can potentially extend to the jugular foramen and originate from the posterior
medial region of the petrous bone [1,2].

The jugular foramen is a hiatus between the temporal and occipital bones [3]. The
petrous portion of the temporal bone forms its anterolateral margin, and the occipital bone’s
condylar part forms its posteromedial margin [4]. The jugular foramen is at the crossroads
of the caudal cranial nerves and the sigmoid and inferior petrosal sinuses with the otic
capsule and lower brainstem in close proximity. The internal carotid artery is related to
it anteromedially. These anatomic relationships pose a genuine challenge from a surgical
perspective [3,5-7].

It is crucial to have a deep knowledge of the anatomy of the jugular foramen and its
surroundings to comprehend each tumor growth pattern and its relation to the neurovas-
cular structures surrounding them. These essential tools will allow the neurosurgeon to
develop the appropriate surgical techniques to remove these tumors safely and effectively.
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This work aims to provide a guide with the primary surgical approaches to the jugular
foramen and familiarize neurosurgeons with the anatomy of the region. Although there
are a variety of surgical approaches, it is paramount to individualize each case and tailor
the approach for the patient to provide the appropriate necessary exposure to remove the
most amount of tumor with the least amount of neurovascular morbidity.

2. Materials and Methods

A comprehensive description of the surgical approaches for jugular foramen tumors is
summarized and detailed. Representative cases for different types of tumors were selected
based on the senior author’s experience to describe the combined transmastoid retro- and
infralabyrinthine high cervical approach used in large jugular foramen tumors. Operative
pearls, proper selection approach, and avoidance of complications are also discussed.

3. Results

The jugular foramen can be approached through several pathways depending on the
tumor’s configuration. Each case must be carefully assessed before selecting the adequate
approach. Frequently, subtle nuances distinguish each approach from others, adding
complexity for proper understanding. To simplify this, we can divide the approaches based
on anterolateral and posterolateral perspectives [8]. The anterolateral approaches include
the dissection of the structures located in front and lateral to the sigmoid sinus and jugular
foramen, and the posterolateral approaches are accessed via the dissection of structures
behind and lateral to the sigmoid sinus and jugular foramen [8]. Every approach has its
advantages and disadvantages, and their specific indications for each type of tumor are
shown in Table 1. Also, a combined approach can be used, maximizing the advantages
from both anterolateral and posterolateral corridors [9].

Table 1. Surgical approaches classification for jugular foramen tumors.

Anterolateral Posterolateral Combined

Combined transmastoid retro-

. and infralabyrinthin
Postauricular transtemporal Y ¢

Retrosigmoid approach transjugular transcondylar
approach trans tubercular high cervical
approach
Far-Lateral approach
Preauricular Subtemporal -Transcondylar approach
infratemporal approach -Supracondylar approach

-Paracondylar approach

3.1. Posterolateral Approaches
3.1.1. Retrosigmoid Approach

This approach is the workhorse for posterior fossa lesions. It is the most common
and well-known approach for jugular foramen tumors in neurosurgery. It is indicated
predominantly for intradural tumors with little or no extension to the extradural compart-
ment [10]. A C-shaped retroauricular skin incision is created, posterior and parallel to
the outline of the pinna, followed by a lateral suboccipital craniotomy exposing the dura
inferior and posterior to the transverse and sigmoid sinuses [3]. The dura is also opened
in a C or U shape manner. The cerebellum is gently displaced medially away from the
posterior petrous surface of the temporal bone to expose the lateral aspect of the brainstem
and intracranial segments of the cranial nerves exiting through the internal acoustic meatus
and jugular foramen [3,8] Figure 1A.
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Figure 1. (A). Retrosigmoid C-shaped retroauricular skin incision posterior and parallel to the
outline of the pinna (B). Combined approach right-sided C-shaped retro-auricular incision. The
incision is started approximately 2 to 3 cm posterior to the upper border of the ear. It continues
posteroinferiorly into the neck over the anterior border of the sternocleidomastoid muscle and under
the mandibular ang]le.

Even though it is a straightforward approach, this is unsuitable for large tumors that
go out the jugular foramen’s extracranial compartment [11]. A suprajugular extension of
the retrosigmoid approach was described by Matsushima et al. in 2014. The area inferior to
the internal acoustic meatus, medial to the endolymphatic depression, and the surrounding
superior half of the glossopharyngeal dural fold is drilled to access the suprajugular aspect
of the jugular foramen. This approach is suitable for tumors extending into the jugular
foramen’s upper part and above the jugular bulb [12].

3.1.2. Far-Lateral Approach

The far-lateral approach is a more inferior extension of the retrosigmoid approach
and involves extending further laterally from the lateral suboccipital approach [13,14]. It
provides a better access to the foramen magnum and craniocervical junction, extending
the corridor inferior and lateral to the lower cranial nerves [15]. Its primary indication is
tumors that extend to the foramen magnum anteriorly or laterally to the lower brainstem
at the craniocervical junction [13,14]. The jugular foramen is exposed posteriorly [3]. The
skin can be incised using a retro auricular C-shaped incision, or by a classic hockey stick
incision beginning from the mastoid tip; the line runs posteriorly to the inion and finally
ends inferiorly to the spinous process of C2. The muscles attached to the occipital bone
are detached en bloc and reflected inferiorly. A retrosigmoid suboccipital craniotomy
that unroofs the foramen magnum and C1 hemilaminectomy is performed. It has three
variations depending on which area is desired for access: the jugular foramen, the lower
clivus, and the premedullary area [8,15,16]. Some lesions located along the anterolateral
margin of the foramen magnum might only need a basic far-lateral approach without
drilling the condyle (retrocondylar). Nevertheless, the far-lateral approach can provide a
route through which the transcondylar, supracondylar, and paracondylar extensions can
be completed with a further increase in the working space along the anterior border of
the foramen magnum, jugular tubercle area, and posterior margin of the jugular foramen,
respectively [15-18].

The degree of drilling the occipital condyle will depend on the access area needed.

The transcondylar approach is performed by drilling the posterior condyle, which
gradually expands the working space to the anterior brainstem and petroclival area [19,20].
The percentage of condyle to be removed can vary from only the posterior one third with no
instability of the craniovertebral junction to as far as the posterior half, which will require
fixation of the craniovertebral junction due to instability of the atlanto-occipital joint [21,22].
The complete trans-condylar approach during which the posterior two thirds of the condyle
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is removed will have the hypoglossal canal as the anterior limit and can provide a dramatic
increase in petroclival exposure, especially if the jugular tuberculum is also removed [13,20].
This approach is generally used to reach the premedullary area [13,23].

The supracondylar extension is the approach used to reach the jugular tubercle. It
involves drilling the occipital bone above and behind the occipital condyle by completely
preserving the occipital condyle and including the drilling of the condylar fossa. The
condylar fossa contains the posterior condylar canal below, and drilling it results in a defect
in the posterior part of the jugular tubercle [8,13,16].

Lesions affecting the posterior section of the jugular foramen may be approached using
the paracondylar extension. These can include paragangliomas of the jugular foramen and
dumbbell schwannomas of the lower cranial nerves. The approach is tailored towards the
jugular process of the occipital bone, which is located lateral to the occipital condyle and is
the site of attachment of the rectus capitis lateralis muscle. It involves the skeletonization
and opening of the hypoglossal canal, partial drilling of the lateral portion of the occipital
condyle, and the mastoid tip [8,13,16,17].

The preservation of the occipital condyle and the C-1 lateral mass, as well as the
attachments of the alar and transverse ligaments to the anterior one third of the occipital
condyle and the anterior one third of the C-1 lateral mass, are among the key variables
that are responsible for maintaining the stability of the occipitocervical junction [15,17].
An occipital-cervical fusion operation is required when the integrity of these structures
has been impaired, whether through a complete trans-condylar approach, a transplacental
approach, or tumor destruction of these areas. Fusion is usually performed as a second-
stage operation and when there is no sign of cerebrospinal fluid leakage [15,17,20].

3.2. Anterolateral Approaches
3.2.1. Postauricular Transtemporal Approach

This approach can provide excellent exposure to the jugular foramen and lateral skull
base. It is accessed from a lateral approach through the mastoid and the neck (mastoid-
neck approach) [8]. A post-auricular C-shaped skin incision provides exposure for a
mastoidectomy and neck dissection. The external auditory canal can be either preserved
or transected with blind sac closure, depending on the anterior extension of the tumor [3].
The mastoidectomy primarily involves the infralabyrinthine region with exposure of the
sigmoid sinus, jugular bulb, and mastoid segment of the facial nerve. Hearing does not
have to be sacrificed, and it can be preserved by maintaining the footplate of the stapes.
Nevertheless, to fully expose the lateral half of the jugular foramen, the mastoid portion
of the facial nerve is mobilized anteriorly (which can cause facial nerve palsy), the styloid
process must be resected, and detachment of the rectus capitis lateralis muscle from the
jugular process of the occipital bone is performed [8,24,25]. The middle and posterior cranial
fossa dura in front (Trautman’s triangle) and behind the sigmoid sinus are exposed [26].

3.2.2. Preauricular Subtemporal Infratemporal Approach

This approach exposes the jugular foramen anteriorly, and it may be suitable for
selected tumors that extend along the petrous portion of the internal carotid artery, through
the eustachian tube, or the cancellous portion of the petrous apex [3]. A preauricular skin
incision is performed extending across the zygomatic process of the temporal bone into
the cervical region. A fronto-temporal craniotomy with or without the superior and lateral
orbital rim removal is performed. The middle cranial fossa floor is removed from lateral
to medial until the carotid canal is reached. Both the eustachian tube and tensor tympani
muscle are removed. Removal of the styloid process allows anterior mobilization of the
internal carotid artery and access to the clival region. The drilling of Kawase’s triangle
allows resection of the petrous apex and provides a corridor to the posterior fossa [8,25,27].

In 1978, Fisch described three types of tumor classification and infratemporal fossa
approaches to the lateral skull base. Type A tumors are jugulotympanic paragangliomas.
Type B tumors are jugular paragangliomas with no destruction of the bone, and type C
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tumors are jugular paragangliomas with the destruction of the infralabyrinthine compart-
ment of the temporal bone. The Type A approach allows access to the temporal bone in
its infralabyrinthine component and is suitable for jugular foramen tumors. The external
auditory canal is transected at the bone-cartilage junction [28,29]. However, this approach
is often combined with a lateral approach to access tumors with more anterior extension
(Type B or C Fisch’s classification of paraganglioma tumors), requiring two-staged surgeries
with a bigger chance of auditory loss and facial nerve damage [29].

3.3. Combined Approach
Combined Transmastoid Retro- and Infralabyrinthine Transjugular Transcondylar
Transtubercular Transcervical Approach

From an anterolateral perspective, we can use a combined approach to reach total expo-
sure of the jugular foramen in a single-stage surgery. This approach allows radical resection
of tumors around the jugular foramen, the lower clivus, and the high cervical region. It
combines the transmastoid, retro- and infra-labyrinthine transcondylar transtubercular and
transcervical approaches. Multidirectional angles of attack and working corridors can be
performed, including suprajugular, transjugular, and infrajugular exposures, maximizing
the advantages of the abovementioned approaches. Both intracranial and extracranial
tumors can be removed in a one-stage procedure. Blind sac closure of the external ear
canal can be performed selectively as indicated (tumor extension into middle ear), and
permanent facial nerve re-routing and mandibular translocation are generally unnecessary,
minimizing postoperative complications. Nevertheless, these maneuvers can be performed
selectively based on the indicated pathology. Furthermore, access to the lower clivus is
facilitated by anterior translocation of the vertical portion of the internal carotid artery and
inferior translocation of the lower cranial nerves, if needed [9,30].

This complex approach to entirely expose the jugular foramen can be simplified
stepwise: 1. Postauricular C-shaped infratemporal incision; 2. Retrolabyrinthine mastoidec-
tomy; 3. High cervical exposure; 4. Skeletonization and anterior translocation of the facial
nerve; 5. Lateral suboccipital craniotomy and transcondylar transtubercular exposure;
6. Exposure of the internal jugular vein, jugular bulb, and sigmoid sinus; 7. Intradural
exposure (for tumors with intracranial extension) [9,30] Figure 1B-3.

The patient is positioned supine with the head turned contralaterally. A retroauricular
curvilinear C-shaped skin incision 2 to 3 cm posterior to the upper border of the ear is
performed (Figure 1B). It continues posteroinferiorly into the neck crossing the anterior
boundary of the sternocleidomastoid muscle and reaching underneath the mandibular
angle. Prior to mastoidectomy, the entire body and tip of the mastoid, the spine of Henle,
the posterior end of the root of the zygoma, the supramastoid crest, and the asterion must
be exposed [9,30].

From that point, we skeletonize the semicircular canals, fallopian canal, sigmoid sinus,
and jugular bulb (Figure 2A). The extracranial sections of the lower cranial nerves, the
internal carotid artery, and the internal jugular vein are identified using a high cervical
exposure (Figure 2B). After dividing the subcutaneous tissue and platysma muscle, the
posterior angle of the mandible and the anterior boundary of the sternocleidomastoid
muscle are identified by blunt dissection. Later, the facial nerve in the fallopian canal is
totally skeletonized with a diamond burr from the genu to the stylomastoid foramen. The
fallopian bridge technique involves leaving the facial nerve invested in its protective bone
shell to avoid facial nerve damage. The mastoid tip is then removed with a high-speed drill
to decompress the facial nerve from the stylomastoid foramen [9,30].

Exposure of the deeply seated suboccipital triangle provides a crucial anatomical land-
mark for this portion of the approach. It is important to open it by separating the superior
and inferior oblique muscle insertions from the transverse process of C1 and reflecting
them medially. The dorsal ramus of the C1 nerve root and the V3 horizontal portion of
the vertebral artery can be found in this triangle. A lateral suboccipital craniectomy is
then performed. Extradural reduction in the occipital condyle and jugular tubercle are the
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critical maneuvers of this step (Figure 3A,B). Removal of the posterior and medial one third
of the occipital condyle is generally enough to increase the surgical corridor to the ventral
foramen magnum [9,30].

A) (B)

Figure 2. (A) Lateral view of the combined transmastoid retro- and infralabyrinthine transjugular
transcondylar transtubercular high cervical approach, reflecting the posterior fossa dura. The JB
passing through the jugular foramen. The IJV descends along the ICA with the lower cranial nerves.
The vertebral artery ascends through the transverse process of C1 and usually passes behind the
atlantal condyle. (B) Extracranial transcervical perspective of the glossopharyngeal, vagus, accessory,
and hypoglossal nerves. The IX and XII nerve pass anteriorly along the lateral surface of the ICA.
The XI nerve descends posteriorly across the lateral surface of the IJV. The vagus descends inferiorly
within the carotid sheath. AC., atlantal Condyle. C1., atlas. ECA., external carotid artery. HC., hypoglossal
canal. ICA., internal carotid artery. IJV., internal jugular vein. JB., jugular bulb. JT., jugular tubercule OC.,
occipital condyle. PFD., posterior fossa dura. SS., sigmoid sinus. VA., vertebral artery. VIL., facial nerve. XI.,
accessory nerve. IX., glossopharyngeal nerve. X., vagus nerve. XI1., hypoglossal nerve.

(B)

Figure 3. (A). Intradural and extradural views of the lower cranial nerves passing through the

jugular foramen. The glossopharyngeal, vagus, and accessory nerves arise from the medulla in the
postolivary sulcus and pierce the dural roof of the jugular foramen to pass through it. The IX nerve
enters the jugular foramen through the glossopharyngeal meatus, and the X and XI nerves through
the vagus meatus. The PICA arises from the posterior or lateral surfaces of the VA. The XII exits
through the hypoglossal canal above the OC. (B) Final view of the combined approach with high
cervical exposure. From the intradural perspective, the lower cranial nerves leaving the medulla and
enter the jugular foramen. Hypoglossal nerve exits through the hypoglossal canal. Vertebral artery
below the OC. Sigmoid sinus empties into the jugular foramen after coursing down the sigmoid
sulcus, crossing the occipitomastoid suture at the site of the jugular bulb. From the jugular bulb, the
flow is directed downward into the IJV. AC., atlantal condyle ICA., internal carotid artery., IJV., internal
jugular vein. JB., jugular bulb. JT., jugular tubercule. OC., occipital condyle., PICA., postero-inferior cerebellar
artery. SS., sigmoid sinus. VA., vertebral artery. VII., facial nerve. IX., glossopharyngeal nerve. X., vagus
nerve. XI., accessory nerve. XII., hypoglossal nerve.
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The tumor mass is generally palpable within the venous structures after entire expo-
sure of the sigmoid sinus, jugular bulb, and internal jugular vein. We can then coagulate all
of the tumor’s arterial feeders and ligate the internal jugular vein slightly inferior to the
tumor bulk. A suture ligature is used to occlude the sigmoid sinus immediately above the
tumor. Alternatively, an endoluminal occlusion using gelfoam packing can also be used to
avoid any durotomies (for entirely extradural tumors). This involves incising the lateral
wall of the sigmoid sinus and inserting gelfoam pledgets proximally into the sigmoid
sinus. Care is taken to avoid occluding the transverse sigmoid junction where the vein
of Labbe enters. Control of back bleeding from the inferior petrosal sinus is controlled
by injecting a flowable hemostatic matrix (Surgiflo, Ethicon, Inc., Bridgewater, NJ, USA)
distally towards the jugular bulb. The lateral wall of the internal jugular vein is incised
and the intraluminal tumor within the IJV, jugular bulb and sigmoid sinus is removed.
If needed, for intradural pathology, the posterior fossa dura including the retrosigmoid,
transsigmoid, and/or presigmoid dural incision, can be made to access the intradural
portion of the tumor [9,30].

3.4. Representative Cases

The selection for the approach for jugular foramen tumors must be tailored case by
case, considering the tumor’s configuration, the patient’s neurological status, and the
neurosurgeon’s experience. Here, we present four cases in which the combined approach
can be used to treat large complex jugular foramen tumors.

Case 1:

A 69-year-old female patient presented to our institution with progressive headaches,
dysphagia, dysphonia, hearing loss, and severe gait ataxia from a left jugular foramen para-
ganglioma invading the jugular bulb and internal jugular vein with intradural compression
of the brainstem (Figure 4A,B). After preoperative tumor embolization, the tumor was
resected via a combined transmastoid infralabyrinthine transjugular transcervical approach.
The internal jugular vein was ligated, and the sigmoid sinus was occluded endoluminally.
The jugular bulb and vein were opened to remove the intraluminal invasion by the tumor.
The intradural tumor was then removed to decompress the brainstem. Postoperatively,
the patient remained at her neurological baseline with no new cranial nerve deficits. Se-
vere gait ataxia improved. Postoperative MRI showed gross total resection of the tumor
(Figure 4C,D).

Figure 4. Pre-op and Post-op MRI demonstrating a left jugular paraganglioma (glomus jugulare).
(A,B) The images show a large jugular paraganglioma that invaded into the cervical IJV and had
significant extension intradurally into the cerebellopontine angle with compression of the brainstem.
(C,D) The images show gross total resection of the tumor by the combined transmastoid retro- and
infralabyrinthine transjugular transcondylar transtubercular high cervical approach.
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Case 2:

A 24-year-old female patient presented with progressive headaches, dysphagia, and
right-sided weakness from a left jugular foramen meningioma invading the jugular bulb
and internal jugular vein with compression of the brainstem (Figure 5A,B). The tumor was
resected via a combined transmastoid infralabyrinthine transjugular transcervical approach.
In this case, blind sac closure was unnecessary since the tumor had no extension into the
middle ear. The retrosigmoid corridor was opened to remove the intradural portion of the
tumor. Then, the internal jugular vein was ligated, and the sigmoid sinus was occluded
endoluminally (Figure 6A-D). The jugular bulb and vein were opened to remove the
intraluminal invasion by the tumor. Postoperatively, the patient was neurologically intact
with no cranial nerve deficits. Postoperative MRI showed gross total resection of the tumor
(Figure 5C,D).

Figure 5. Pre-operative and post-operative MRI views of a left jugular foramen meningioma invading
the internal jugular vein. (A,B) The images show T1 gadolinium- enhanced images of a homogenous
mass in the jugular foramen with intradural extension. (C,D) The images show gross total resection
of the tumor by the combined transmastoid retro- and infralabyrinthine transjugular transcondylar
trans tubercular high cervical approach.

i

Figure 6. (A) Left-sided exposure of jugular foramen via extended anterolateral infralabyrinthine

transjugular approach for resection of jugular foramen meningioma. (B) After tying off the IJV
and endoluminal occlusion of the sigmoid sinus, the lateral wall of the sigmoid sinus, jugular
bulb and internal jugular vein are excised to expose the intraluminal tumor in the jugular bulb.
(C,D) Retrosigmoid exposure of the intradural portion of the tumor at the jugular fossa. The tumor is
carefully dissected from the lower cranial nerves. ICA., internal carotid artery. IJV., internal jugular
vein. PFD., posterior fossa dura. SS., sigmoid sinus. T., tumor.
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Case 3:

A 51-year-old male presented with progressive dysphagia and significant weight loss
with 9th through 12th cranial nerve palsies. MRI demonstrated a giant craniocervical
junction chordoma with jugular foramen invasion, extension into the right parapharyn-
geal space and intradural cervicomedullary junction, and near-complete erosion of the
right occipital condyle (Figure 7A-C). The tumor was resected via a right combined infral-
abyrinthine transjugular transclival transcervical approach. The internal jugular vein was
ligated, and the sigmoid sinus was occluded endoluminally with gelfoam. The jugular
bulb was opened to reveal intrabulbar chordoma. A gross total tumor resection in all the
invaded spaces was achieved, and the pre-clival dura was resected (Figure 7D,F). Multi-
layered reconstruction with an alloderm graft and fat graft was performed. A second-stage
occipital cervical fusion was performed because of the craniocervical instability caused by
tumor invasion into the right occipital condyle. Postoperatively, the patient remained at his
preoperative neurological baseline without any new neurological deficits.

Figure 7. Pre-op and Post-op MRI views of an extensive cranio-cervical chordoma invading the
jugular foramen, cerebello-medullary cistern and parapharyngeal space. (A-C) The images show a
T2 MRI signal with a large lobulated mass centered on the right parapharyngeal space with intradural
and extradural extension. The tumor is compressing the anterior pons and the airway deviated to the
left side. (D—F) The images show a gross total resection of the tumor using the combined transmastoid
retro- and infralabyrinthine transjugular transcondylar transtubercular high cervical approach.

Case 4:

A 34-year-old female presented with left-sided hearing loss, left vocal cord paralysis,
and severe gait ataxia from a left dumbbell jugular foramen schwannoma involving the
cerebellopontine angle (Figure 8A,B). A gross total resection was achieved via a combined
infralabyrinthine, trans-sigmoid transjugular approach (Figure 8C,D). Postoperatively, the
patient improved gait function and incurred no new cranial nerve deficits.
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Figure 8. Pre-op and post-op MRI views of a jugular foramen schwannoma. (A,B) The images show a
gadolinium enhanced T1 weighted MR images with a well- circumscribed dumbbell shaped Schwan-
noma invading the jugular foramen. (C,D) The images show gross total resection of the tumor using
a combined transmastoid retro- and infralabyrinthine transjugular transcondylar transtubercular
high cervical approach.

4. Discussion

The approach selection for jugular foramen tumors can vary significantly according
to the lesion’s type, size, and configuration. Also, experience and extensive knowledge
of the region’s anatomy are critical for achieving optimal clinical results. We aim to
have a philosophy of maximal safe resection, avoiding neurovascular injury, and optimal
preservation of functioning cranial nerves. A more aggressive approach can be considered
in cases with pre-existing irreversible cranial nerve palsies [31].

The posterolateral approaches, especially the retrosigmoid approach, are indicated for
tumors predominantly intradural with little or no extension to the extradural compartment.
The anterolateral approaches can provide an excellent pathway when the tumor is extending
to the infratemporal ICA or when the middle fossa approach is needed for tumors extending
to the petrous apex.

The combined transmastoid retro- and infralabyrinthine transjugular transcondylar
transtubercular transcervical approach described above with a high cervical C-shaped
retroauricular incision allows a single-staged radical resection of large complex jugular
foramen tumors. This approach has the advantage of delivering a total exposure of the
jugular foramen through various attack angles. Without transection of the external ear
canal, permanent facial nerve re-routing, or mandibular translocation, the infratemporal
carotid artery can be exposed [9].

The permanent transposition of the facial nerve is a regular step during most of the
trans-labyrinthine approaches [24]. After opening the stylomastoid foramen, the bone in
the pre-facial area needs to be drilled. This drilling should be performed in the area that
corresponds to the base of the styloid process. When this portion is drilled, it results in the
detachment of the process. This detachment and the further permanent re-routing of the
facial nerve provide exposure to the carotid canal, which contains the vertical C7 segment
of the ICA [24,28,29]. Nevertheless, other authors have advocated performing an anterior,
slightly vertical translocation of the facial nerve instead of permanent rerouting with less
chance of facial nerve palsy when there is no need to expose the infratemporal segment
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(C7) of the carotid artery [9,31]. Translocating the facial nerve can often lead to temporary
facial nerve palsy, so this technique, as well as permanent rerouting of the nerve, must be
used with caution. It is important to keep the periosteum, which surrounds the facial nerve
and contains the blood supply to the nerve, intact to ensure optimal preservation of the
facial nerve [9].

Surgery of jugular foramen tumors often requires vascular control of the jugular
venous system by ligating the internal jugular vein and sigmoid sinus to allow intrabul-
bar access. Occlusion of the sigmoid sinus traditionally involves pre- and retrosigmoid
durotomies to allow the application of vascular clips or suture ligatures, with the risk of
postoperative cerebrospinal fluid (CSF) leakage and pseudomeningoceles. An endoluminal
sigmoid sinus occlusion with the gelfoam technique that is entirely extradural can avoid
any durotomies that can result in postoperative CSF leaks. It can be performed by placing
pieces of gel foam endoluminally into the proximal sigmoid sinus after the jugular vein is
tied off. Care must be taken to avoid occlusion of the venous outflow of the vein of Labbe
at the transverse-sigmoid junction to avoid temporal lobe venous infarction.

CSF leakage rate in jugular foramen tumors after surgery may vary according to the
tumor size, type, configuration, intradural or extradural localization, and extension. There
are several variables that must be taken into consideration when comparing one approach
to another regarding CSF occurrence. There is little information in the literature because
most of the case series presented have several approach selections, and none of them are
designed to compare CSF outcomes from one approach to another. Nevertheless, some
authors have reported low rates of CSF leaks, from 0% [10] in the retrosigmoid approach to
higher rates of 4.5% [32,33], 5.3% [34], and 10% [35,36] in the translabyrinthine approach
for other types of tumors. More studies should be conducted to give a more accurate CSF
leak rate for each approach and each type of jugular foramen tumor.

Nevertheless, there are general pearls and tricks that the surgeon must follow in
other to decrease the chances of CSF leakage. The first step involved is to perform a
watertight dural repair using the dural sling technique with autologous fascia lata [37].
This involves suturing a piece of autologous fascial lata graft to the borders of the dural
defect with interrupted 4-0 Nurolon (Ethicon) sutures producing a dural sling. Next,
Tachosil (fibrin sealant on a collagen carrier) is placed on the edges, creating an additional
layer of protection and further reinforcing the repair. After the repair has been reinforced, a
fat graft is placed on top of the fascial sling and fills the mastoidectomy defect. Creating a
facial sling prevents the fat from being in direct contact and compression with the intradural
structures such as the brainstem and cranial nerves, and reduces the chances of fat necrosis,
subarachnoid fat embolism and lipoid meningitis [38-40]. Then, a Medpor titanium plate
may be used to reconstruct the bony defect and also buttresses the fat graft against the
dural closure to further prevent a csf leak. It is important to seal off the entrance of the
mastoid antrum into the middle ear with a bone wax plate and also to wax off any air
cells as these may sometimes provide alternate accessory pathways to the middle ear. We
usually reinforce this with another layer of calcium phosphate bone substitute (Hydroset,
Stryker). The remaining dead space in the mastoid cavity is filled with fat graft and
buttressed with a Medpor Titan plate. Additionally, lumbar drainage is performed for
3-5 days postoperatively at 5-10 cc per hour to help reduce the risk of pseudomeningocele
formation and CSF leakage [37].

Endoscopic assistance can also be performed to assess the degree of tumor resection
and improve visualization of the lower cranial nerves after removing the tumor. The need
to perform a tracheostomy and/or gastrostomy is tailored on a case by case basis and will
depend mostly on postoperative assessment with video laryngoscopy and modified barium
swallow. Patients with dysphonia, either pre-existing preoperatively or newly developed
postoperatively, may require vocal cord injections to improve voice function. Additional
maneuvers with botox injection or esophageal balloon dilatation can be considered based
on the assessment by our laryngology team.
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A multidisciplinary team comprising neurosurgeons, otolaryngologists (including
neuro-otologist, laryngologist, head and neck surgeon), radiation oncologist, and neurinter-
ventionalist is critical for management of complex jugular foramen tumors. We encourage
all neurosurgeons to first have extensive anatomical knowledge of the jugular foramen
through cadaveric dissections or 3D simulations before attempting to perform these types
of approaches.

5. Conclusions

Surgery for jugular foramen tumors can be complex and laborious. Each case should
be thoroughly evaluated to determine the best strategy for the patient, allowing the surgeon
to achieve maximal safe removal of the tumor while avoiding neurological complications.
Our workhorse is the combined transmastoid retro- and infralabyrinthine transjugular
transcondylar transtubercular high cervical approach which can be used to resect diffi-
cult jugular foramen tumors such as paragangliomas, schwannomas, meningiomas, and
chordomas. Total exposure of the jugular foramen can be achieved, and multidirectional
approaches can be performed, including suprajugular, infrajugular, and transjugular corri-
dors. A multidisciplinary team and extensive understanding of the surgical anatomy are
essential to offer the patient with the greatest chance of optimal postoperative outcomes.
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Abstract: The treatment of skull base paragangliomas has moved towards the use of cranial nerve
preservation strategies, using radiation therapy and subtotal resection in instances when aiming for
gross total resection would be expected to cause increased morbidity compared to the natural history
of the tumor itself. The goal of this study was to analyze the role of surgery in patients with skull base
paragangliomas treated with CyberKnife stereotactic radiosurgery (SRS) for definitive tumor control.
A retrospective review identified 22 patients (median age 65.5 years, 50% female) treated with SRS
from 2010-2022. Fourteen patients (63.6%) underwent microsurgical resection. Gross total resection
was performed in four patients for tympanic paraganglioma (1 = 2), contralateral paraganglioma
(n = 1), and intracranial tumor with multiple cranial neuropathies (n = 1). Partial /subtotal resection
was performed for the treatment of pulsatile tinnitus and conductive hearing loss (1 = 6), chronic
otitis and otorrhea (1 = 2), intracranial extension (1 = 1), or episodic vertigo due to perilymphatic
fistula (n = 1). Eighteen patients had clinical and imaging follow-up for a mean (SD) of 4.5 (3.4) years
after SRS, with all patients having clinical and radiological tumor control and no mortalities. Surgery
remains an important component in the multidisciplinary treatment of skull base paraganglioma
when considering other outcomes besides local tumor control.

Keywords: paraganglioma; glomus tumor; skull base surgery; stereotactic radiosurgery; CyberKnife;
microsurgery

1. Introduction

Paragangliomas are rare tumors overall but are the most common tumors of the
jugular foramen and middle ear; hence, they are of importance to skull base surgeons [1,2].
Paragangliomas are slow-growing, benign-acting, neuroendocrine neoplasms that develop
from the embryonic neural crest. In the vicinity of the skull base, these tumors can develop
from cells in the adventitia of the jugular bulb (jugular paraganglioma, glomus jugulare),
middle ear (tympanic paraganglioma, glomus tympanicum), or along one of the three
ganglia of the vagus nerve (vagal paraganglioma) [3,4]. Patients with temporal bone
paragangliomas (jugular or tympanic paraganglioma) commonly present with hearing loss
and pulsatile tinnitus [5-9]. Less commonly, patients with jugular paragangliomas can
present with symptoms of facial or lower cranial neuropathy that can manifest as dysphonia,
dysphagia, shoulder weakness, or tongue hemiparesis [10]. Vagal paragangliomas can be
found incidentally on imaging, but they may also present initially with lower cranial nerve
deficits [11].

The management of head and neck paragangliomas has traditionally involved surgical
excision with a goal of gross total resection. Tympanic paragangliomas (Fisch class A
and B) can be managed surgically to achieve tumor control while improving symptoms
of hearing loss and pulsatile tinnitus [12-14]. The surgical management of larger (Fisch
class C and D) jugulotympanic paragangliomas (JTP) is challenging due to the complex
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anatomy, including the great vessels, cranial nerves, and proximity to intracranial structures.
Similarly, the excision of vagal paragangliomas has resulted in high rates of vagus nerve
injury leading to persistent dysphagia and dysphonia [15-18].

Advances in neuroimaging, refinements in radiation therapy, and an interest in less in-
vasive treatment paradigms for these usually benign-acting lesions have led to a movement
away from radical removal to achieve gross total resection of skull base paragangliomas
towards more conservative approaches focused on functional preservation [19-21]. This
has led to the use of individualized treatment using one or more modalities during the
course of treatment including surgery, radiation therapy, or observation with serial imaging
(“wait-and-scan approach”) as part of a multidisciplinary team approach. These modalities
can be combined or used sequentially based on contingencies and patient-specific factors
including tumor size, growth, and location; cranial nerve function (ipsilateral and con-
tralateral); patient age; and patient preferences. Understanding the utility of these options
can aid in the treatment planning of complex cases. Subtotal surgical resection has been
used in symptomatic patients, either alone or together with radiotherapy, to manage large
JTPs while maintaining the functionality of the lower cranial nerves [22-24]. Stereotactic
radiosurgery (SRS) has been shown to be effective when used to arrest tumor growth but
often does not lead to the improvement of symptoms such as pulsatile tinnitus and hearing
loss; hence, there is a need to consider surgical management options in order to achieve the
dual goals of tumor control and symptom reduction [25].

Numerous prior studies have examined outcomes including tumor control and cranial
nerve function among patients with head and neck paragangliomas treated with either
surgery or radiation therapy to contrast the relative merits of these treatment modali-
ties [21,26-28]. The goal of this study was to examine treatment management strategies in
patients who underwent CyberKnife SRS to determine the role of surgery in the contempo-
rary multidisciplinary treatment of complex skull base paragangliomas.

2. Materials and Methods

A retrospective chart review was performed for patients at a tertiary care neurotology
clinic who were treated for paragangliomas by the senior author (G.P.L.). The inclusion
criteria were patients with tympanic, jugular, vagal paraganglioma, or a combination of
these who underwent CyberKnife for definitive management of their tumor from 2010-2022.
Patient charts were reviewed, and demographic and clinical data were collected, including
sex, age, diagnosis, prior treatment, clinical history and presentation, radiation therapy
(treatment modality, dose, and dates treated), pre-operative embolization, surgical man-
agement (indication for treatment, operation performed, date treated, extent of resection,
surgical pathology), pertinent imaging records, and length of follow-up after treatment.
Tumor extent was stratified using the Fisch classification of paragangliomas. Data on
outcome measures were collected including, post-surgery and -radiotherapy new or wors-
ening cranial neuropathy or other treatment-related complications, length of follow-up
with tumor control, and mortality.

All patients were treated with CyberKnife radiosurgical ablation using a prescription
dose of 27 Gy in three fractions. Prior to treatment, an Aquaplast mask was fabricated to im-
mobilize the patient, and thin-section magnetic resonance imaging (MRI) with multiplanar,
multisequence reconstructions in the axial, coronal, and sagittal planes performed prior
to and following the administration of intravenous contrast and computed tomography
(CT) images using a high resolution multidetector CT scanner with post-processed reforma-
tions was obtained to delineate the target tumor volume and critical anatomic structures
for treatment planning using the CyberKnife Multiplan software (Accuray Incorporated,
Sunnyvale, CA, USA).

Patients were followed after treatment with contrast-enhanced MRI and clinical exam-
ination. Tumor control was defined as unchanged (<2 mm growth in any dimension) or
decreased tumor volume determined by the greatest linear measurements in the cranio-
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caudal, axial, and transverse dimensions on MRI studies and no new or worsening cranial
neuropathies identified on clinical examination.

Descriptive statistics were calculated to summarize the patient series. Continuous vari-
ables were reported as mean and standard deviation if normally distributed, or median and
interquartile range (IQR) if skewed as determined by the Shapiro-Wilk test. Associations
between continuous variables were assessed using independent samples t-tests. Statistical
analysis was performed in R version 4.3.1 (R Foundation for Statistical Computing, Vienna,
Austria). A threshold of p < 0.05 was considered significant for all statistical tests.

3. Results
3.1. Patient Demographics and Clinical Characteristics

There were 22 patients who met inclusion criteria and were retrospectively analyzed.
The mean (SD) age was 61.2 (16.8) years (range 15 to 83 years), and 50% were female
(Table 1).

Table 1. Patient demographic and clinical characteristics.

Variable Value
Age, mean (SD) 61.2 (16.8) years
Female (%) 11 (50%)
Tumor classification
Jugulotympanic paraganglioma 19

Fisch class A 0

Fisch class B 3

Fisch class C 15

Fisch class D 1
Vagal paraganglioma 3

Abbreviations: SD, standard deviation.

Nineteen patients were treated for jugulotympanic paragangliomas, including Fisch
class B tympanic paragangliomas (n = 3), and Fisch class C (n = 15) and class D (n = 1)
jugular paragangliomas. Three patients were treated for vagal paragangliomas. No tumors
were found to be functional/secreting.

3.2. Surgical Management

Fourteen patients (63.6%) underwent microsurgical resection. Tympanomastoidec-
tomy with or without an extended facial recess approach was used in half (n = 7) of the
cases, including all class B tumors (n = 3) for both tumor and symptom control, and three
class C tumors in cases in which the goal of surgery was relief of otologic symptoms. An
infratemporal fossa approach with modifications including with or without closure of the
external ear canal, and with or without facial nerve rerouting, was used for the remaining
jugular and all cases of vagal paragangliomas. In terms of extent of resection, gross total
resection was obtained in four patients for tympanic paraganglioma (n = 2), contralateral
paraganglioma (n = 1), or intracranial tumor with multiple cranial neuropathies (1 = 1).
Figure 1 shows pre- and post-operative imaging results from a patient with a class D tumor
with brainstem compression.

Subtotal resection was performed for treatment of pulsatile tinnitus and conductive
hearing loss (n = 6), chronic otitis and otorrhea (n = 2), intracranial extension (n = 1),
or episodic vertigo due to perilymphatic fistula (n = 1). Figure 2 shows imaging results
from a patient with a class C tumor who underwent subtotal resection for debilitating
pulsatile tinnitus.

144



Brain Sci. 2023, 13, 1533

Figure 1. T1-weighted contrast-enhanced MRI of a patient with a Fisch class D jugular paraganglioma
who underwent an infratemporal fossa approach for gross total resection of the tumor. The axial pre-
surgery image in (A) shows brainstem compression from a contrast-enhancing tumor. Part (B) shows
an axial image slightly more cranial compared to the image in (A) showing a fat graft that was used
to reconstruct the surgical defect. The coronal pre-surgery image in (C) shows contrast-enhancing
tumor extending from the jugular bulb to the cerebellopontine angle. The post-surgery image in (D)
shows the removal of intracranial tumor, with a fat graft visible. Arrows in (A,C) indicate tumor.
Arrowheads in (B,D) indicate fat graft.

Five patients underwent revision surgery for tumor growth or recurrence (1 = 4) or
persistent conductive hearing loss (n = 1) following prior infratemporal fossa (n = 2) or
tympanomastoidectomy (n = 3) approaches. This included tumors classified as Fisch class B
(n =2), class C (n = 2), or class D (n = 1) prior to the patients’ first paraganglioma resection.
Revision surgical approaches used included tympanomastoidectomy (1 = 3), infratemporal
fossa (n = 1), and far lateral (n = 1) approaches.
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Figure 2. MRI and CT imaging of a patient with a Fisch class C jugular paraganglioma who un-
derwent a modified infratemporal fossa approach for subtotal tumor resection for relief of pulsatile
tinnitus and conductive hearing loss. Axial T1-weighted contrast-enhanced MRI presurgical (A) and
postsurgical (B) imaging shows persistent tumor in the area of the jugular bulb. Axial CT bone
window (C) postsurgical imaging shows no persistent tumor adjacent to the cochlea. Coronal T1-
weighted contrast-enhanced MRI presurgical (D) and postsurgical (E) images show an interval
decreased in tumor. Coronal CT bone window (F) postsurgical imaging shows no persistent tumor in
the mesotympanum or hypotympanum. Arrows in (A,B,D,E) indicate tumor. Arrowheads in (C,F)
show the absence of tumor in the middle ear.

3.3. Outcomes

Six patients (43% of patients treated surgically) had new or worsening cranial neu-
ropathies after surgery. Facial nerve palsy occurred in three patients; all improved to
House-Brackmann grade 1 or 2. Other cranial neuropathies included worsened dyspho-
nia (n = 3) and worsened dysphagia (1 = 2). No patients required a tracheostomy or
gastrostomy.

Patients were treated with SRS a median of 1.4 years (IQR 0.4 to 3.1 years) after
initial surgical treatment. The extent of surgical resection (gross total versus subtotal
resection) was not associated with a statistically significant difference in time between
initial surgery and SRS (p = 0.41). Four patients were reported to have new or worsened
cranial neuropathies after SRS including dysphagia (1 = 2), dysphonia (n = 1), vertigo
(n = 1), facial numbness (n = 1), and facial spasm (1 = 1). Eighteen patients had clinical and
radiological follow-up for a mean (SD) of 4.5 (3.4) years after SRS, with all patients having
clinical and radiological tumor control. There were no mortalities.

4. Discussion

Over half (63.6%) of the patients in this series of 22 patients with skull base paragan-
gliomas who were treated with CyberKnife stereotactic radiation for tumor control of skull
base paragangliomas underwent surgery. Patients treated with subtotal surgical resection
comprised 10 (45.5%) of the series and the majority (10 out of 14, 71.4%) of patients who
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were treated surgically. Overall, rates of new or worsening cranial neuropathies treatment
using approaches directed towards preserving function were much lower compared to
the published literature on patients who were treated using surgical approaches focused
on gross total resection, thus showing that a management approach ordered towards
functional preservation in advanced skull base paragangliomas is practical [15,27,29-31].

Despite the typically indolent growth of these tumors, mass effect and local invasion
can produce symptoms and warrant management. Operative management of skull base
paragangliomas serves a role for alleviating otologic symptoms of conductive hearing
loss and pulsatile tinnitus, as well as controlling the effects of secreting tumors, though
functional tumors are uncommon among paragangliomas of the head and neck. Surgery
may also be indicated in patients with intracranial extension causing brainstem compression
or obstructive hydrocephalus [24,32-35]. The World Health Organization Classification
of Head and Neck Tumors now classifies paraganglioma as a tumor of indeterminate
biology, rather than benign or malignant, with a spectrum of malignant potential [36].
Known or suspected cases of metastasis may result in additional surgical indications. In
the present series, otologic symptoms including pulsatile tinnitus, conductive hearing
loss, and external ear canal extension comprised the symptomatic indications for surgery.
Other surgical indications in this series included intracranial extension and tympanic
paraganglioma treated with an intent to cure. There were no instances of secreting tumors
or suspected metastases.

The treatment of skull base paragangliomas is challenging due to the complex anatomy,
infiltrative growth though air cell tracts and along foramina and vascular pathways, and
the risk of damage to cranial nerves and blood vessels with treatment [25]. The surgical
management of jugular foramen tumors can result in high rates of new or worsening
cranial nerve deficits, especially to cranial nerves IX to XII as they pass through the jugular
foramen and the hypoglossal canal, though lower rates of cranial nerve dysfunction have
been reported for surgical management of paragangliomas compared to schwannomas or
meningiomas of the jugular foramen [31,37]. The majority of skull base paragangliomas
are slow-growing, non-secreting, benign-appearing tumors; thus, it is important that
interventions minimize added morbidity and deliver better long-term outcomes than
patients would have with the natural course of the disease. These considerations have led
to an interest in alternatives to methods such as the infratemporal fossa type A approach,
with facial nerve transposition and jugular vein resection, as described by Fisch in 1978 for
jugulotympanic paragangliomas [38,39].

Treatment that is more conservative compared to complete surgical extirpation and
that encompasses multiple goals, including tumor control, symptom reduction, the relief of
brainstem compression if present, and the prevention of late complications while maintain-
ing cranial nerve function, can be individualized based on tumor and patient factors. For
patients with symptomatic or growing tumors, subtotal resection with adjuvant or salvage
radiation therapy can result in high rates of tumor control with low rates of new or worsen-
ing lower cranial neuropathies [27,29,30]. Microsurgical techniques including preservation
of the medial wall of the jugular bulb in surgical resection of jugular paragangliomas allow
for protection of the lower cranial nerves that pass through the jugular foramen [40-42].

Special consideration should be given to paragangliomas of the vagus nerve. Operative
management of vagal paragangliomas carries an especially high risk of vagus nerve injury
compared to surgery for jugular paragangliomas. In a series of vagal paragangliomas, 37
out of 40 patients treated surgically had sacrifice of the ipsilateral vagus nerve, and all
40 patients had permanent ipsilateral vocal fold paralysis [15]. A systematic review of
226 vagal paragangliomas treated surgically found that the vagus nerve was functionally
preserved in only 11 (4.9%) patients [26]. In addition to the laryngeal deficits from vagal
nerve injury, high vagal paralysis causes ipsilateral soft palate paralysis and subsequent
nasal regurgitation and voice changes. Among elderly or debilitated patients especially,
multiple cranial neuropathies, as can occur with aggressive surgical resection of these
tumors, may prevent rehabilitation to adequate oral diet [43]. Bilateral vagal nerve palsy
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can lead to the need for permanent tracheostomy and enteral nutrition. In contrast to
these reasons for avoiding surgery, vagal paragangliomas have higher rates of metastasis
compared to jugulotympanic paragangliomas [44—46]. The management of these tumors
should be individualized in light of these considerations.

Radiation therapy, especially SRS with CyberKnife, has emerged as an option for both
primary or salvage treatment of skull base paragangliomas [26,28,47]. SRS has excellent
rates of tumor control, with decreased morbidity compared to surgery in these cases [21,26].
After a planned subtotal resection for indications including pulsatile tinnitus or conductive
hearing loss, SRS can be useful to arrest tumor growth in enlarging tumors, especially in
younger patients to reduce the risk of future complications such as cranial neuropathies. In
the absence of surgical indications, SRS can be used as a primary therapy to arrest tumor
growth. Overall, the incidence of new cranial neuropathy after SRS is low [24,48]. Among
patients in our series, two patients had more severe vagal neuropathies (worse dysphagia
and/or dysphonia) after SRS, and one patient developed facial numbness and facial spasms
after SRS. One important limitation of SRS compared to surgery is that radiation therapy
may yield improvement in symptoms in less than half of patients [25].

In the present series, while all patients underwent SRS for definitive control of their
paragangliomas (according to the inclusion criteria of this study), most of the patients
additionally underwent surgical management for indications including improvement in
conductive hearing loss, reducing pulsatile tinnitus, treating otorrhagia and chronic otitis
from tumor extension into the external ear canal, and reducing the radiation dose to the
cochlea sustained during SRS. Dual-modality treatment (subtotal microsurgical resection
with stereotactic radiotherapy) should be considered in patients with bothersome symptoms
that are amenable to surgical therapy and who are appropriately counseled regarding the
risks and benefits of these treatment modalities.

Angiography with embolization was a commonly used adjunct to surgery. A retro-
spective study of patients who underwent pre-operative embolization prior to resection
of jugular paraganglioma showed a >50% reduction in tumor blush in 86% of patients,
with no new or worsening cranial nerve deficits after embolization [49]. Nevertheless,
embolization carries risks as the overlapping blood supply between tumors and cranial
nerves has been shown to cause facial or lower cranial neuropathies after preoperative
embolization with onyx or ethylene vinyl alcohol [50,51]. Cerebrovascular accident can
occur due to anastomotic connections between branches of the external carotid artery (e.g.,
branches of the ascending pharyngeal, deep cervical, ascending cervical, and occipital
arteries) and the vertebral artery [52].

Non-operative management should be considered especially in patients who are el-
derly or who have contralateral lower cranial nerve deficits, poor health or life expectancy,
or are unable to tolerate surgery. Observation can be considered in asymptomatic and
non-growing tumors to avoid treatment-related morbidities. Reports show that a signifi-
cant portion of jugular paragangliomas may remain stable in size with observation with
serial MRI for years, allowing patients to potentially avoid either surgery or radiation
therapy [53-56].

Other considerations in the comprehensive management of skull base paragangliomas
include genetic and biochemical testing. The prevalence of germline mutations in head
and neck paragangliomas is now recognized to be about 40%, and the results of genetic
testing can provide information for risk stratification. This can include stratifying the risk
of aggressive tumor behavior and the development of future tumors, whether metastatic,
synchronous, or metachronous paragangliomas, or other tumors that can present as part of
a syndrome including renal cell carcinoma, papillary thyroid carcinoma, neuroblastoma,
or gastrointestinal stroma tumors [57]. Mutations in subunits of succinate dehydroge-
nase (SDH) are the most common, and tumors with SDHB mutations have the highest
risk for metastasis [36,58—60]. Clinical practice and clinical consensus guidelines recom-
mend referral for genetic testing for all patients diagnosed with paragangliomas, and
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initial biochemical testing with either plasma free metanephrines or urinary fractionated
metanephrines is recommended to evaluate for the presence of secreting tumors [57,61,62].

Given the rarity of these tumors, the present study comprises a relatively large number
of patients treated with definitive SRS. This series illustrates multiple indications for surgery
apart from tumor control, showing that in the multidisciplinary treatment of patients with
skull base paragangliomas both surgery and radiation therapy may have value, and the
comprehensive treatment of these patients should address both tumor control and symptom
amelioration. One of the limitations of this study is that it encompasses a heterogenous
group of patients, with a variety of presenting symptoms, tumor locations and sizes, patient
ages, and comorbidities. Treatment decisions were determined by shared decision making
between surgeons and patients for diverse reasons rather than per a defined protocol.
Given these limitations, the ability to quantitatively analyze the outcomes and generalize
them to other patient populations may be limited.

5. Conclusions

The management of head and neck paragangliomas has evolved to focus on long
term preservation of function, with many tumors being treated more conservatively than
they would have been in the past, and radiotherapy is a common treatment modality
for achieving tumor control. Among patients with skull base paragangliomas who are
treated with CyberKnife SRS for definitive management of their tumors, surgery remains an
important component in the multidisciplinary treatment when considering other outcomes
beyond local tumor control including the treatment of pulsatile tinnitus, conductive hearing
loss, chronic otitis and otorrhea, intracranial extension of tumor, or episodic vertigo due to
perilymphatic fistula.
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Abstract: Objective: to identify advanced or “so-called inoperable” cases of tympanojugular para-
gangliomas (PGLs) and analyze how each case is surgically managed and followed afterward. Study
Design: a retrospective case series study. Methods: Out of 262 type C and D TJPs and more than
10 cases of advanced or so-called inoperable cases, files of 6 patients with a diagnosis of advanced
tympanojugular PGLs who were referred to an otology and skull-base center between 1996 and 2021
were reviewed to analyze management and surgical outcomes. The criteria for choosing these cases
involve having one or more of the following features: (1) a large-sized tumor; (2) a single ipsilateral
internal carotid artery (ICA); (3) involvement of the vertebral artery; (4) a considerable involvement
of the ICA; (5) an extension to the clivus, foramen magnum, and cavernous sinus; (6) large intradural
involvement (IDE); and (7) bilateral or multiple PGLs. Results: The age range at presentation was
25-43 years old, with a mean of 40.5 years: two females and four males. The presenting symptoms
were glossal atrophy, hearing loss, pulsatile tinnitus, dysphonia, shoulder weakness, and diplopia.
The modified Infratemporal Fossa Approach (ITFA) with a transcondylar-transtubercular exten-
sion is the principal approach in most cases, with additional approaches being used accordingly.
Conclusions: The contemporary introduction of carotid artery stenting with the direct and indirect
embolization of PGLs has made it possible to operate on many cases, which was otherwise considered
impossible to treat surgically. Generally, the key is to stage the removal of the tumor in multiple
stages during the management of complex PGLs to decrease surgical morbidities. A crucial aspect is
to centralize the treatment of PGLs in referral centers with experienced surgeons who are trained to
plan the stages and manage possible surgical complications.

Keywords: tympanojugular paraganglioma; complex tympanojugular PGL; ITFA; carotid artery
stenting; preoperative balloon occlusion (PBO); vertebral artery closure

1. Introduction

Tympanojugular paragangliomas (TJPs) are rare locally aggressive neoplasms of the
temporal bone and skull base that arise from the adventitia of the jugular bulb [1]. Because
TPJ tumors grow slowly and silently, they often present at later stages, making cases with
extensive involvement inoperable in the past.

A TJP presents a challenge to the treating physician because of its high vascularity,
locally aggressive nature, and extension and involvement of important neurovascular
structures such as the jugular bulb (JB), facial nerve (FN), internal carotid artery (ICA), and
lower cranial nerves (LCNs) [1].

Advances in neuroradiology, endovascular interventions, lateral skull-base approaches,
neuroanesthesia, and postoperative care make surgical removal a safe and preferred way
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of treatment [2-5]. Thus, gross total removal remains the mainstay of treatment even in
advanced and complex lesions [6].

Some cases, however, are still complex and challenging to treat and require treatment
in the hands of highly skilled surgeons in specialized centers. Examples of such cases
include large tumors (modified Fisch class C3—4, D, and V); tumors with large intradural
extension; tumors involving the cavernous sinus, clivus, and foramen magnum; tumors
involving the ICA and vertebral arteries; previously irradiated tumors; recurrent tumors;
tumors involving a single carotid artery; bilateral and multiple tumors; and tumors on the
side of the dominant or single sigmoid sinus [2,7-12].

A thorough preoperative evaluation and individualized surgical planning are manda-
tory prerequisites in managing complex and so-called “inoperable” T]Ps. A preoperative
evaluation of such cases includes a complete otoneurologic clinical examination with an
emphasis on the assessment of the function of FN and LCNs, pure-tone audiometry, high-
resolution temporal bone CT scans (HRCTs), gadolinium-enhanced magnetic resonance
imaging (MRI), and angiography with both arterial and venous phases and four-vessel
angiography with cross-compression tests [1,2,5].

In all the cases of complex or so-called “inoperable” T]Ps, preoperative embolization is
performed 48 h before surgery. Endovascular intervention, such as stenting or permanent
balloon occlusion (PBO), however; can be used depending on the presence of indication
during the initial MRI and angiography evaluation. Examples of such indications include
an encasement of the distal cervical, vertical, and horizontal segments of the ICA between
270 and 360 degrees; evidence of stenosis and irregularity of the arterial lumen; extensive
blood supply from branches of ICA; prior irradiation; and past surgery including ICA
manipulation [13].

Conversely, extensive involvement of ICA doesn’t represent an absolute contraindica-
tion to surgery. Therefore, when the tumor invades the ICA and there is adequate collateral
blood flow, PBO is carried out. However, we frequently perform intraluminal stenting two
to three months prior to surgery in instances with inadequate collateral blood flow [1,13].

Achieving proximal and distal control of the major vessels and maximizing structural
exposure while avoiding damage are the objectives of surgical therapy in these instances.
Therefore, a surgical strategy that maximizes exposure while minimizing morbidity should
be pursued. Since its description by Fisch and Pillsbury in 1979 and its modification by
Sanna, the Infratemporal Fossa Approach (ITFA) has come to be recognized as the preferred
method for the surgical therapy of T]Ps [14,15].

The surgical management and results of several TJP cases that were previously deemed
complicated and “inoperable” are presented in this article.

2. Material and Methods

The medical records of patients who have been diagnosed with a TJP at Gruppo
Otologico Piacenza-Rome, between 1996 and 2021 were thoroughly examined.

Table 1 shows the updated Fisch classification of T] PGLs that was used to classify
all tumors [16]. The gathered information was examined for age, gender, symptoms at
presentation, surgical techniques, tumor size and location as established by radiologic and
surgical findings, surgical results, and clinical and radiologic follow-up observations.

A thorough otologic and neurologic examination was performed on each subject. The
House-Brackmann (HB) grading system of FN was used to grade the facial function prior
to the procedure, right after the procedure, and at each follow-up appointment [17]. In our
series, gadolinium-enhanced MRIs and HRCT with bone windows were performed on
all patients. In order to investigate the arterial supply, venous circulation, and blood flow
of the sigmoid sinus and jugular bulb, arteriovenous magnetic resonance imaging and
four-vessel angiography were carried out. A preoperative embolization of the tumor was
performed 24 to 48 h before surgery using polyvinyl alcohol. An ICA stent had to be
inserted in three patients. Pure-tone audiometry was used to measure hearing levels in
each case, and flexible fiber optic naso-pharyngo-laryngoscopy was performed.
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Table 1. Modified Fisch classification of T] PGLs.

Tumors extending beyond the tympano-mastoid cavity, destroying the bone of the infra-labyrinthine and apical
compartment of the temporal bone and involving the carotid canal

C1 Tumors with limited involvement of the vertical portion of the carotid canal
Class C C2 Tumors invading the vertical portion of the carotid canal
C3 Tumors with invasions of the horizontal portion of the carotid canal
C4 Tumors reaching the anterior foramen lacerum
Tumors with intracranial extension
Dil Tumors with up to 2 cm of intradural extension
Class D Di2 Tumors with more than 2 cm of intradural extension
Di3 Tumors with an inoperable intradural extension
Tumors involving the VA
Class V Ve Tumors involving the extradural VA
Vi Tumors involving the intradural VA

3. Intraoperative Preparation

The surgical site is shaved following the patient’s placement. The patient is placed in
a supine position with the head turned to the other side for each approach (Supplementary
Materials). Deep vein thrombosis is avoided by using stockings. To enable continuous
electromyographic monitoring of the facial nerve, pairs of electrodes are inserted in the
orbicularis oculi and orbicularis oris muscles. The surgical area is then prepared with
10 ppm of ether and Citrosil. Furthermore, the abdominal area is cleaned and draped in a
similar manner in order to take a piece of fat which is used to obliterate the surgical cavity
at the end of the procedure.

4. Postoperative Care

Once the surgery is complete, a tight bandage is applied and left in place for four to
five days. There are no drains implanted during intradural operations.

After that, the patients are transferred to the critical care unit, where they will be
closely followed for changes in blood pressure, pulse rate, respiratory rate, arterial oxygen
saturation, and ECG tracing. Furthermore, the patient’s degree of consciousness, pupillary
reflexes, and motor responses are assessed every 15 min for the first six hours; then after
every half hour for the next 12 to 18 h.

The patients are moved to the ward after 24 h where the vital signs and state of
consciousness continue to be monitored. Subsequently, the indwelling urinary catheter
is removed and if there is adequate swallowing function the nasogastric tube can be
withdrawn, and oral fluids can be initiated. Finally, in order to reduce the risk of pulmonary
embolism, early ambulation is advised following the first 24 h.

5. Clinical Cases with Illustrations
5.1. Case 1: (C4Di2)

A 25-year-old male patient with a persistent left TJP was sent to our center following
three previous operations performed elsewhere. On admission, he presented with profound
hearing loss with LCN palsy. The latest radiological examinations showed a C4Di2 T] PGL.
As there was significant involvement of the ICA, an intra-ICA stent was placed. However,
a preoperative angiography showed remarkable residual vascular supply from the ICA,
which could not be embolized. One contributing factor was that the stent diameter was
inadequate to occlude the vascular supply from the affected ICA. Thus, the decision was
made to proceed with PBO after confirming adequate contralateral supply. A first-stage
surgery was performed through revision ITFA-A with extradural tumor removal including
involved ICA. By using a combination of a translabyrinthine (TLAB) and petro-occipital-
trans-sigmoid (POTS) approach, the remnant intradural tumor was removed in the second
stage, along with the internal auditory canal (IAC) bone and its contents that the tumor
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had infiltrated (Figure 1). Three years after the second-stage operation, sural nerve grafting
was performed for reconstruction of the FN function with HB-IV in the last follow-up.

(e)

Figure 1. (Case 1) (a) Axial-enhanced TIW MRI, with large intradural tumor extension. (b) Axial-
enhanced TIW MRI, with extensive involvement of posterior fossa dura with intradural and IAC
involvement. (c) Plain lateral view skull X-ray. Red arrows indicate balloons during permanent
occlusion of the IAC. (d) Intra-carotid stent was seen after opening the wall of the carotid artery.
(e) Axial-enhanced TIW MRI revealing dural infiltration and the involvement of IAC.

5.2. Case 2: (C3Dil + Stage I VP)

A 40-year-old male patient [18] was admitted to our center with the diagnosis of right
vagal PGL and TJP. The fact that paragangliomas run in his family has been confirmed with
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genetic tests. The patient underwent surgery at a different facility fifteen years before a
left carotid body paraganglioma (CBP), which led to ligation of the left common carotid
artery. A clinical examination demonstrated the involvement of right LCN with vocal cord
paralysis that was well-compensated.

Two separate masses at the level of the parapharyngeal space and jugular foramen,
as well as the involvement of the vertical and horizontal parts of the petrous segment
of the ICA, were shown by HRCT and gadolinium-enhanced MRIs (Figure 2). These
findings are suggestive of a TJP (class C3Dil) and a VP (stage I). On the other hand,
an angiography revealed a left ICA and common carotid artery blockage. The tumor
encompassed the distal cervical section and the vertical part of the petrous segment of the
right ICA. Therefore, seven weeks before the procedure, the patient had the only right ICA
stented. He underwent surgery with an IFTA-A two days after embolization, and total
excision was completed successfully and with the preservation of the ICA. After two years
of surgery, the right FN function improved from HB-VI in the early postoperative period to
HB-III. Contralateral compensation allowed for a good level of tolerance for the paralysis
of the right vocal cord. For the first five years, the patient had annual HRCT and MRI scans;
after that, they were performed roughly every two years. In October 2021, the last MRI and
HRCT with contrast revealed no evidence of tumor recurrence.

ot LACAL SvETEWS
L AL GENSOA
Wil 2

Figure 2. (Case 2) (a,b) Enhanced-axial TIW MRI showing C3Dil + stage I VP. (c,d) Postoperative
axial and coronal MRI showing no residual tumor.

5.3. Case 3: (C4Di2Vi)

A 32-year-old woman affected by a TJP (class C4Di2Vi) on the right side was brought
to the authors’ attention (Figure 3). Due to the tumor’s invasion of Dorello’s canal, the
patient suffered from paralysis of the sixth cranial nerve. Because there was no contralateral
compensation, the PBO test was unsuccessful.
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(8)

Figure 3. (Case 3) (a) CT scan, coronal view, of tumor extending into the craniocervical junction.
(b) Axial-enhanced TIW MRI showing the tumor extension into the vertical segment of ICA. (¢) Axial
view, CT, after 1st stage showing residual tumor around horizontal ICA and PA. (d) X-ray screen
shows ICA stenting at the level of foramen lacerum. (e) Stented ICA after removal of tumor-invaded
adventitia. (f) Axial-enhanced TIW MRI showing residual tumor in the cavernous sinus. (g) Enhanced
T1W MRI after 4th stage [1].
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First stage: To minimize the danger of intraoperative arterial rupture, a staged subtotal
resection was planned, leaving some tumor remnants at the level of the ICA and at the level
of the cavernous sinus to preserve ocular mobility. The first stage was carried out in October
1996 using an IFTA-A following preoperative embolization. During the postoperative phase,
the FN function declined to HB-IV. Adjuvant treatment with stereotactic radiation was
used for cavernous sinus involvement.

During the second stage, in March 1998, the intradural component of the tumor was
excised using a translabyrinthine technique with transapical extension. It seems that the
tumor invaded every dura that covers the posterior surface of the petrous bone. A follow-
up CT scan revealed that the residual lesion was still present at the ICA level, but there
was no tumor growth in the cavernous sinus. All the same, a residual lesion around the
ICA grew more noticeable during follow-up surveillance. Since closing the artery was not
possible, this was handled conservatively.

Third stage: After the ICA was stented and a fresh embolization was carried out in
January 2004, new prospects emerged with the potential to use a stent to fortify the ICA’s
vascular walls [13]. Subadventitial dissection along the vertical and horizontal segments
was necessary for the treatment of the ICA.

Fourth stage: After 8 months from the last operation, the intradural vertebral artery
was affected, as determined by an angiography and MRI. As a result, the tumor was
completely excised with the involved VA by an extreme lateral approach. HRCT and MRI
follow-ups for over 20 years showed no recurrence.

5.4. Case 4: (C3Di2 + Stage II Vagal PGL)

A 53-year-old female patient arrived at our center with the diagnosis of a left-side
vagal and T] PGL. Upon examination of the cranial nerves (CNs), left X and XII CN palsy
was found. She has a dead ear on her left side, as determined by the pure-tone audiogram.
The radiological examination demonstrated a Fisch stage II vagal PGL and a left-sided
modified Fisch class C3Di2 T] PGL [15]. Severe stenosis and anterior displacement of the
cervical ICA were observed by angiography. Well-compensated collateral circulation was
found by the preoperative occlusion test. Since there was a genuine risk of an ICA rupture
during stent insertion due to severe stenosis, PBO was chosen over stent implantation.

The procedure was delayed for one month in order to give the cerebral vasculature
time to adjust to the new hemodynamic conditions. IFTA-A was carried out during the
first stage after super-selective embolization and planned subtotal tumor excision. For the
second-stage surgery, the bony labyrinth was preserved as a landmark. LCNs with tumor
infiltration were sacrificed. A periosteal invasion of the tumor necessitated extensive bone
resection from the horizontal segment to the foramen lacerum. The ICA was removed
right above the carotid bifurcation to the foramen lacerum. During the first stage, vagal
paraganglioma and the extradural portion of the TJP were excised concurrently. After
the first-stage surgery, an MRI revealed a remaining intradural component of the tumor.
The intradural component of the tumor was entirely excised during the second step of the
surgery and was performed using the POTS technique [15]. Following the second round of
surgery, the postoperative radiological test revealed the absence of any remaining tumor.
The swallowing function was successfully compensated for, and the FN function returned
to HB grade III. After four years, there was still no indication of a return.

5.5. Case 5: (C3Di2Vi)

The fifth case was diagnosed with a right TJP (C3Di2Vi) at another center that involved
the clivus, the vertebral artery, the foramen magnum, and the occipital condyle and was
treated with embolization and radiotherapy. On admission, an MRI showed an enlarging
tumor and a clinical examination revealed that there was paralysis of the cranial nerves X,
XI, and XII (Figure 4).
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Petrous Bone Involvement of TJP
[ ntradural extension of TJP

Figure 4. (Case 5) (a,b) Right tympanojugular paraganglioma (C3Di2Vi) involving the clivus, the
vertebral artery, the foramen magnum, and the occipital condyle. (¢) Axial-enhanced T1-weighted
magnetic resonance imaging (MRI) shows a large mass extending to the intradural space up to the
foramen magnum. (d) Axial-enhanced T1 MRI after first-stage tumor removal. (e) Enhanced T1 MRI
after second-stage surgery. (d,f) Axial-enhanced T1 MRI after third-stage tumor removal, which
shows total tumor removal with obliteration of the surgical cavity with abdominal fat. (g) A sagittal
CT scan after total tumor removal during the third stage shows cervical-occipital fixation.
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Petrous Bone Involvement of TJP

Intradural extension of TJP

The management plan was to stage the tumor removal to reduce the risk of surgical
complications, and the occlusion test revealed good compensation and a preoperative
PBO of the ICA and vertebral artery. At the first surgical stage in 2021, the tumor was
removed at the jugular foramen, including the ICA, from the carotid bifurcation to the
horizontal intra-petrous part through ITFA-A, leaving the tumor at the occipital condyle,
clivus, and foramen magnum as well as the intradural part for the second stage. During
the second stage, which was carried out in September 2022, the residual tumor from the
occipital condyle, clivus, and foramen magnum was removed through revision ITFA-A
with transcondylar extension. In February 2023, the third-stage procedure involved the
removal of the clival and dural tumors using a trans-cochlear method. Additionally, the
clivus was drilled until healthy bone appeared, and concurrent cervical-occipital fixation
was carried out (Figure 4g).

5.6. Case 6: (C4Di2Vi)

A 41-year-old man with a right-sided TJP (C4Di2Vi) who had undergone three prior
surgeries with partial tumor excision came to our facility. He had HB-IV facial palsy, cranial
nerve palsies IX and X1, and a dead ear on the same side at the time of presentation. The
management was to stage the tumor resection (Figure 5). During the first stage in 2008,
he underwent extradural tumor removal through a modified ITFA-A with transcondylar
extension, and the FN and LCNSs; IX, X, XI, and XII were sacrificed. During the second stage
in 2009, through a modified transcochlear approach (MTCA), he underwent the removal of
remnant extradural and intradural tumors. Following the second-stage surgery, coils were
used to permanently occlude the tumor-involved vertebral artery (Figure 5j). The third
stage was conducted in 2010 through an extreme lateral approach to remove the tumor
between the foramen magnum and vertebral artery and drill around the foramen magnum
until healthy bone was reached. During the fourth stage in 2011, he underwent a static
facial reanimation through a mid-facelift procedure. After receiving gamma knife treatment
in 2014 for a sub-centimetric remnant in the cavernous sinus, the tumor remained stable.
The most recent follow-up was in 2023.

(a) (b)

Figure 5. Cont.
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\)

Figure 5. (Case 6) (a,b) Right-sided tympanojugular PGL (C4Di2Vi). (c) Coronal Gd-enhanced
T1-weighted magnetic resonance imaging (MRI) shows a large residual tumor extending to the in-
tradural space involving the vertebral artery. (d) Axial Gd-enhanced T1-weighted MRI shows a large
residual tumor extending to the intradural space, involving transverse sinus ipsilaterally up to the torcula.
(e) Coronal Gd-enhanced T1-weighted MRI after first-stage tumor removal. Note the residual tumor: T1
is in the cerebellopontine angle, and T2 is in the foramen magnum. (f) Coronal Gd-enhanced T1-weighted
MRI after second-stage tumor removal, which shows a small residual tumor at the foramen magnum.
(g/h) Axial and coronal Gd-enhanced T1-weighted MRI after third-stage tumor removal, which revealed
total tumor removal at the level of the foramen magnum. (i,j) Axial CT scan after the third stage shows a
coil at the internal carotid and vertebral arteries that are used for artery occlusion.
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6. Results

Out of the 262 individuals with a pathologically proven TJP treated surgically by
the senior author (M.S.), six patients made up the study group. There were four (66.6%)
males and two (33.3%) females. At the time of operation, the mean age was 40.5 years old
(range: 25-53). There were four (66.6%) tumors on the right side and two (33.3%) on the
left. Table 4 includes the pertinent patient demographics, tumor locations, specific surgical
techniques performed in each case, and surgical treatment outcomes for the six patients
included in the case series. The most common symptoms at the time of presentation were
glossal atrophy (GA) (83.3%), hearing loss (66.6%), pulsating tinnitus (66.6%), dysphonia
(66.6%), dysphagia (66.6%), shoulder weakness (33.3%), and diplopia (16.6%) (Table 2).

Table 2. Signs and symptoms at presentation at our center.

Symptoms and Signs No. of Patients (%)
Hearing loss 4 (66.6)
Pulsating tinnitus 4 (66.6)
Vertigo 2 (33.3)
Dysphonia 4 (66.6)
Dysphagia 4 (66.6)
Glossal atrophy 5(83.3)
Shoulder weakness 3 (50)
Diplopia 1 (16.6)

One patient had paralysis of five cranial nerves (VII, IX, X, XI, and XII); one patient had
paralysis of nerves IX, X, XI, and XII; and two other patients presented multiple paralysis
of nerves (X, XI, XIL, X, and XII). The last patient had palsy of the VI cranial nerve. The FN
nerve function; preoperative, immediate postoperative, and during the last follow-up is
summarized in (Table 3).

Table 3. Facial nerve function.

Preoperative, Inmediate Postoperative, and Final Facial Nerve Function
According to House-Brackmann Scale

Patient Preoperative (HB) Immediately At Last Follow-Up
* Postoperative (HB) (HB)

1 I VI v

2 I VI I

3 I VI I

4 I VI I

5 I VI I

6 v VI III (after V-VII anastomosis)

* Status of VII cranial nerve (HB) before surgery at Gruppo Otologico.

All cases showed intradural involvement by the tumor mass (D). Two cases had multi-
ple concomitant paragangliomas (T] + vagal). All patients were treated with embolization
48 h before surgery. In three cases, it was necessary to place a stent from the carotid bifurca-
tion to the pre-cavernous internal carotid artery at the level of the ICA to proceed with the
surgery, and in two cases, the vertebral artery was closed by a coil (Table 4).
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7. Discussion

Six difficult TJPs make up the current series. Since our center is recognized as one of
the world’s top referral sites for lateral skull-base conditions, including TJPs, all six cases
were referred with advanced tumor stages. Some of them underwent multiple operations
at different locations throughout this period.

The mainstay of managing TJPs is total surgical extirpation. However, most of the
time, it is not easy to achieve this surgical goal due to the tumor’s location in relation to vital
neurovascular structures and local infiltrative behaviors [19]. Other options in the manage-
ment of TJPs include partial excision with adjuvant RTs, stereotactic radiosurgery [20], and
active surveillance (wait and scan) once total surgical removal is not possible due to the
patient’s condition or due to the involvement of critical structures such as the cavernous
sinus, AICA, brain parenchyma, and basilar artery [21].

The last few decades have seen a major increase in the use of preoperative direct and
intra-arterial embolizations, particularly with polyvinyl alcohol particles, in the treatment
of paragangliomas, which is mostly due to developments in high-resolution imaging
and super-selective catheterization techniques. The effectiveness of blocking particular
tumoral feeders of PGL tumors has significantly increased with the development of super-
selective embolization techniques [22,23]. Compared to the surgical resection strategy
without embolization, embolizing PGL preoperatively provides a number of advantages.
Preoperative embolization has been shown, in numerous studies, to reduce the incidence of
bleeding events and blood transfusions after surgery [24-26]. A frequent observation after
embolization is a reduction in the tumor size, which raises the possibility of a technically
successful excision and could shorten the duration of the procedure [27]. Tumors that were
once regarded as inoperable in the old days can now be managed safely. Nevertheless, some
TJP cases are too demanding to treat [2,7-12]. Examples of such cases include large tumors;
those with a massive intradural extension; tumors involving the cavernous sinus and the
ICA or VA and single carotid artery; tumors with the dominant or unilateral sigmoid sinus
on the tumor side; previously operated or irradiated tumors; as well as bilateral or multiple
tumors [1].

Broadly, the subtype C3 and C4 TJP tumors in Fisch and colleagues’ classification
are considered large tumors. When T]Ps enlarge, they either spread to the petrous apex
through an invasion of the carotid canal, or they spread through the medial wall of the
jugular bulb into the intradural space, which involves the LCNs [2,28]. As a rule, the
classic ITFA can be used for class C1 and certain class C2 tumors, while the class C2—-C4
subtype of TJPs—can be managed with the ITFA-A with a transcondylar trans-tubercular
extension [1]. However, an additional extension such as the modified transcochlear or
extreme lateral transcondylar approach might be required when there is an invasion of the
clivus or foramen magnum by the tumor. Furthermore, there is a relationship between the
size of the tumor and the probability of maintaining the LCN function. A larger tumor
reduces the likelihood of maintaining the LCN function [29,30].

When the intradural extension is large, the frequency of the LCN’s involvement and
the brainstem compression will be high. It is quite difficult to assess the extent of dural
involvement through preoperative radiology or intraoperative findings. If a small area of
the dura is invaded, it can be easily removed and managed immediately, whereas, if there is
massive dural involvement, it can be managed through staged tumor removal. Widespread
intradural recurrence might result from any undetected involvement. Many authors have
proposed that single-staged tumor removals are suitable even if there is extensive dural
and intradural involvement [3,5,31], but we observed that the risk of cerebrospinal fluid
(CSF) leaks is high when resecting a large intradural (Di2) tumor as compared with staged
tumor resection, and this is postulated due to several factors: First, the risk of sacrificing
LCNs is high when dealing with a large intradural tumor (Di2), which subsequently leads
to an increased risk of CSF leaks secondary to increased intracranial pressure from severe
aspiration and interactable coughing [28]. Second, larger skull base and dural defects,
as well as the direct communication between the intradural and neck space, occur when
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dealing with Di2 tumors, which in turn leads to a higher incidence of CSF leaks. Thus,
for Di2 TJPs, we favor staged tumor removals to prevent postoperative CSF leakage and
single-stage removals for tumors with a smaller intradural extension, which is consistent
with the practice in other studies [2,15]. Additionally, 5.2% (3.8-33.3) is the average rate
of postoperative CSF leaking in a single-stage surgery [5,10,32,33]. In addition, over the
years, we have observed that intradural tumor removal is relatively easy during the second
stage because the residual tumor has been partly devascularized during the initial stage.
A dissection and conservation of the LCN function during the second stage will be more
easily achieved, and a preoperative embolization of the feeder vessel during subsequent
stages will further help to lower the amount of operative blood loss.

In the second stage, the patient’s hearing level and the size and location of the tu-
mor are the main determinant factors for the approach selection. Although the POTS
approach [15,34] is the favorable approach among a vast majority of patients, an MTCA or
an extreme lateral transcondylar approach may be utilized as well.

The presence of a normal preoperative LCN function does not exclude an intraop-
erative neural invasion by the tumor [30]. In fact, a tumor extension beyond the dura
generally suggests the involvement of the LCN [21]. It has been suggested by some authors
to leave the piece of tumor that is attached to LCNs to preserve the function of the LCN,
especially in elderly patients [35]. However, in young patients, if total removal is technically
reasonable, it is preferred to sacrifice tumor-infiltrated LCNs to avoid recurrence. Most of
our patients for whom the LCNs have been sacrificed are well compensated even without
postoperative rehabilitation.

If the TJP involves the cavernous sinus, it is recommended to intentionally leave that
part of the tumor to avoid sacrificing the cranial nerves III, IV, and VI to maintain ocular
mobility. Postoperatively, stereotactic radiotherapy can be given as an adjuvant therapy to
control the rate of tumor growth. We have two cases involving the cavernous sinus, and
both of them are stable, with no growth of the residual tumor on the cavernous sinus in the
most recent follow-up MRI [6].

The modified transcochlear type D or extreme lateral approach is used when there
is an involvement of the foramen magnum and lower clivus [10,31]. To avoid leaving
the residual tumor, the clivus should be drilled until healthy bone appears because of the
infiltrative character of T]Ps.

Due to its close anatomical proximity, the ICA is frequently affected by TJPs. The
surgical planning and whether the tumor is operable is determined by the degree of the
arterial wall involvement by the tumor. When appropriate, the tumor must be dissected
from the arterial wall, which can be achieved by either a subperiosteal or subadventitial
dissection. A subperiosteal dissection is achieved by finding and dissecting the cleavage
plane between the periosteum of the carotid artery canal and the adventitia of the ICA [2].
This method of dissection is appropriate when a tumor involves only the periosteum
and is relatively safe and easier in the vertical part of the petrous carotid artery than in
the horizontal part of it, as the former has a thicker wall and is more easily accessed. A
subadventitial dissection, on the other hand, is a dissection between the adventitia and
the muscular layer. This is a delicate step during the surgery and should be carried out
with caution, as it may lead to tears in the wall of the ICA. The thickness of the vertical
segment of the petrous ICA is around 1.5-2.0 mm, with the adventitia being ~1 mm thick;
meanwhile, there is no adventitia in the horizontal segment [17]. Therefore, a subadventitial
dissection cannot be carried out at the level of the horizontal part of the petrous ICA.

When the tumor fully encases the artery with extreme narrowing, as evidenced by
arteriography, any intervention without sufficient preoperative endovascular control of the
ICA may lead to a massive hemorrhage, residual tumor, or stroke [13,35-38]. Whenever
there is adequate collateral blood supply, a preoperative balloon occlusion is carried out if
the tumor infilters the wall of the artery. But if the collateral blood supply is inadequate,
we usually reinforce the artery with intraluminal stenting [38], which in turn increases
the thickness of and strengthens the arterial wall that allows for generating a dissection
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plane at the outer surface of the stent to excise the tumor completely without risking
an inadvertent carotid rupture. With the advent of these new techniques (endovascular
stenting and preoperative balloon occlusion), selected patients who were regarded for a
subtotal resection can be safely re-evaluated for a total removal of the tumor.

In order to remove the tumor totally, it is critical to address the ICA preoperatively.
Options for those patients with a single carotid artery at the side of the lesion include
the following: either wait and scan (especially among elderly patients); an incomplete
tumor removal with adjuvant radiotherapy; and total tumor removal (following intra-
luminal stenting or by utilizing bypass surgery), but the later poses significant risks of
cerebral ischemia and strokes. Preoperative intraluminal stenting, however, may be the
optimal choice.

So far, at Gruppo Otologico, we have managed two cases with a single ICA on the
lesion side with no postoperative complications. One of them is a 55-year-old woman
with a previous history of a contralateral ICA occlusion, which had been managed for an
intracranial aneurysm, that was found to have a suspected tumor infiltration of the vertical
segment of the ICA, as evidenced by angiography. During the observation period, the
tumor was noted to have grown, prompting the discussion of a preoperative high-flow
carotid artery bypass as a potential management strategy. Ultimately, the surgical team’s
familiarity and positive experiences with stent insertions in similar cases led them to favor
this approach over the bypass procedure, and they proceeded with the stent placement
before the tumor resection. Given the patient’s advanced age, the substantial extent of
the tumor, and the presence of bothersome brainstem compression, the treatment team
determined that radiotherapy would not be an appropriate or effective treatment option in
this case. The successful placement of the stent enabled the surgical team to subsequently
accomplish a complete gross total removal of the tumor. The patients experienced no
postoperative complications and were free from disease at 15-20-year follow-ups.

In the case of extradural and/or intradural vertebral artery involvement (Ve/1i), we
added a new subclass to the Fisch classification of TJPs and removed the De component.
This was performed because we observed that, in the case of class D tumors, the tumor had
already penetrated the cranial cavity in both the De and Di components and that the general
surgical approach for excisions used for both components was nearly the same [16,39].

We discovered that 8 out of the 230 individuals with TJPs had vertebral artery involve-
ment. Six individuals had intradural VA involvement, and one patient had an involvement
of the extradural artery. In one patient, both the intradural and extradural VAs were affected
at the same time. Out of the eight, seven had surgeries. Through a microdissection, we
were able to remove the tumor from the artery in five of the seven patients. A preoperative
occlusion was conducted on two patients: one with coils and the other with a balloon. One
patient out of the seven underwent surgery to remove a subtotal tumor from the vertebral
artery. Tumors surrounding the VA were removed without any significant issues. A gross
complete tumor removal without major surgical complications was made possible by the
VA’s preoperative examination and intervention.

Because a TJP typically results from jugular bulb adventitia, surgical procedures to
remove the tumor typically involve closing the sigmoid sinus and ligating the jugular
vein. On the other hand, venous congestion, intracranial hypertension, and brain edema
may result from a closure of the dominant or sole sigmoid sinus on the lesion side [10].
Therefore, it is crucial to evaluate the brain’s venous drainage system prior to the surgery,
especially the ipsilateral mastoid emissary vein and condylar vein. The sigmoid sinus
should be closed distal to the mastoid emissary vein’s exit if their diameters are more
than normal. Otherwise, they should be left undisturbed. In cases where the patient lacks
adequate collateral venous drainage or where it is not possible to preserve collateral venous
drainage, more conservative measures, such as stereotactic radiosurgery, subtotal resection
with a preserved sigmoid sinus, or “wait and scan”, are advised.

The patient’s life is directly and significantly impacted by the management of bilateral
paragangliomas. One should never undervalue the significance of neuronal preservation,
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because bilateral deficiencies in LCNs may occur. The surgeon’s primary focus during the
initial stage of the surgery should be on removing the tumor while maintaining the LCN’s
functionality [5,40]. If a larger tumor has an LCN deficit on its side, it should be removed
before managing the smaller tumor with radiation therapy or a follow-up. Similarly, a
smaller tumor should be removed first if a patient has an LCN deficit on that side, and
then the larger tumor on the contralateral side can be monitored. If the tumor grows, it
will be managed through a partial removal of the tumor, while maintaining the LCN with
adjuvant radiotherapy [1].

However, if both paragangliomas, in the case of bilateral paragangliomas with a
normal LCN function, are of the same size, they can be monitored by serial MRIs in
addition to the surgery or radiation therapy recommended for tumors that show growth.
Surgery is carried out on the side of the larger tumor if the two tumors differ in size to
maintain the LCN function. If the function of the LCN is preserved postoperatively, surgery
can be considered for the contralateral side as well. On the other hand, if the LCNs are
sacrificed, the contralateral tumor needs to be monitored using MRIs regularly and treated
with radiation if growth is seen. When dissecting the tumor, it is crucial to protect the
jugular bulb’s medial wall to maintain the LCN function [5,41].

The cervical section of the vagus nerve should always be recognized and preserved
during ITFA-A. Conversely, it is advised to remove both lesions at the same time when
vagal paragangliomas and TJPs are present on the same side.

When treating infiltrative skull-base lesions, it is important to remember that persistent
or recurring tumors are always a possibility. To ascertain whether radiation, revision
surgery, or wait and scan is the best course of action, a thorough radiological appraisal is
necessary. It is more difficult to perform revision surgeries because there are no typical tissue
planes or surgical landmarks. A history of prior radiation therapy or surgery increases
the risk of CSF leaks, injury to LCNs, and damage to the facial nerve [3,10,11,13]. Because
irradiated tissue is often hard, removing and dissecting tumors can be challenging [13]. The
carotid canal is the most frequent location of recurrence in TJPs, and injuries to the ICA are
more likely following prior dissections. Consequently, as was already noted, preoperative
treatments of the ICA are quite important.

We performed an anterior FN rerouting with the appropriate extension in all cases
during an ITFA. Conservative care of the external auditory canal and FN is not appropriate
during revision surgeries. Thirteen individuals in one of our series had received prior
therapy; eight of these had undergone different mastoidectomies without rerouting the FN,
and following the surgery, a remnant tumor was found under the nerve and surrounding
the carotid artery. This was probably caused by either partial excision surrounding the ICA
or a lack of facial nerve rerouting.

As a result of the anterior facial nerve rerouting as part of the ITFA-A, the patients
experienced a new-onset or worsening facial weakness, which improved within a year
(Table 2). One patient experienced a postoperative CSF leak, which was managed with
a muscle graft and facia lata to seal the leak. Four patients experienced new-onset LCN
palsies (Table 4), which the patients tolerated. None of the six patients had embolization-
related complications.

In some instances, complete tumor removal requires a balloon occlusion or intralu-
minal stenting of the ICA. Due to the infiltrative nature of paragangliomas, wide bone
drilling is necessary to prevent residual tumors; preservation of LCNs infiltrated by the
tumor should not be attempted, particularly among younger patients.

8. Conclusions

Having one of the biggest series in TJP management has allowed us to draw several
conclusions. The cornerstone of this type of surgery is IFTA-A. By rerouting the facial nerve
anteriorly, we can lower the likelihood of recurrence and enhance the management of the
carotid artery. Planning requires a thorough investigation of the brain’s hemodynamics. To
prevent jeopardizing the patient’s life in situations where there are bilateral tumors, every
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effort should be taken to maintain the LCN function, if only unilaterally. Complete removal
is facilitated by appropriate preoperative endovascular interventions such as PBOT or
stenting. Staged removal is advised in cases with a significant intradural component in
order to lower the danger of CSF leakage and to make the second stage’s intradural tumor
removal more manageable and technically straightforward. A preoperative evaluation and
intervention, along with the careful management of aggravating variables, can significantly
reduce surgical morbidity with a high chance of gross complete removal. Some tumor ex-
pansions, such as those enclosing the posterior circulation vasculature, those extending into
the cavernous sinus, and those exhibiting a parenchymal brain invasion, are nonetheless
incurable without unacceptably high morbidities.
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