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Abstract

Background and objective The clivus was defined as “no man’s land” in the early 1990s, but since then, multiple approaches
have been described to access it. This study is aimed at quantitatively comparing endoscopic transnasal and microsurgical
transcranial approaches to the clivus in a preclinical setting, using a recently developed research method.

Methods Multiple approaches were performed in 5 head and neck specimens that underwent high-resolution computed tomography
(CT): endoscopic transnasal (transclival, with hypophysiopexy and with far-medial extension), microsurgical anterolateral (supra-
orbital, mini-pterional, pterional, pterional transzygomatic, fronto-temporal-orbito-zygomatic), lateral (subtemporal and
subtemporal transzygomatic), and posterolateral (retrosigmoid, far-lateral, retrolabyrinthine, translabyrinthine, and transcochlear).
An optic neuronavigation system and dedicated software were used to quantify the working volume of each approach and calculate
the exposure of different clival regions. Mixed linear models with random intersections were used for statistical analyses.

Results Endoscopic transnasal approaches showed higher working volume and larger exposure compared with microsurgical
transcranial approaches. Increased exposure of the upper clivus was achieved by the transnasal endoscopic transclival approach
with intradural hypophysiopexy. Anterolateral microsurgical transcranial approaches provided a direct route to the anterior
surface of the posterior clinoid process. The transnasal endoscopic approach with far-medial extension ensured a statistically
larger exposure of jugular tubercles as compared with other approaches. Presigmoid approaches provided a relatively limited
exposure of the ipsilateral clivus, which increased in proportion to their invasiveness.

Conclusions This is the first anatomical study that quantitatively compares in a holistic way exposure and working volumes
offered by the most used modern approaches to the clivus.
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Introduction

In the early 1990s, Samii and Knosp defined the clivus “no
man’s land” due to the difficulty of accessing it [37]. During
the last three decades, different approaches to this complex
skull base region have been described. These include micro-
surgical transcranial approaches (MTCAs) [22-25] and, more
recently, endoscopic transnasal transclival approaches
(ETCAs) [22-25].

As opinions are still conflicting on what might be the best
approach/es to reach the different portions of the clivus for
different pathologies [8, 9, 28, 31], following the IDEAL rec-
ommendations for surgical research [6, 13, 30], this preclinical
study was conceived, as an evolution of previous ones [10,
11], with the aim of providing a systematic and objective
comparison of all the most used approaches to the clivus. A
novel research method, based on neuronavigation, was imple-
mented, with specific software that quantifies the working
volume and the area of exposure provided by a surgical ap-
proach [2, 10, 11, 14, 15, 20, 35, 39].

Materials and methods

The study was conducted in accordance with institutional eth-
ical committee guidelines.

Specimens

A total of 5 specimens (10 sides) were dissected. Intracranial
arteries were injected via the common carotid and vertebral
arteries with a silicone rubber composed of a base and a cat-
alyst (Xiameter® RTV rubber base and curing agent, Dow
Corning®, Midland, MI, USA) colored with red-stained sili-
cone Pintasol® (Mixol® Red E-L3mix, Kirchheim unter
Teck, Germany).

CT scans

Each specimen underwent a CT scan using a multidetector
128-slice scanner (Somatom Definition Flash®, Siemens,
Forchheim, Germany). The acquisition was conducted from
the vertex to the fifth cervical vertebra. CT parameters includ-
ed tube tension 120 kV, tube current 280 mAs (with dose
modulation), and collimation 0.6 mm. Images were recon-
structed at 1 mm (increment 0.7 mm) with a soft tissue kernel.
Subsequently, each specimen CT scan was rectified manually
using the CT machinery workstation by rotating CT scans on a
coronal plane to maintain the two internal acoustic canals
(IACs), glossopharyngeal canals, and hypoglossal canals on
the same axial images, respectively. CT scan files were
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recorded on a CD in Digital Imaging and Communications
in Medicine (DICOM) format.

Surgical approaches

All dissections were performed in the Anatomy Laboratory of
the University of Brescia.

Standard neurosurgical instrument sets were used.
Endoscopic surgical instruments were part of the Storz® en-
doscopic pituitary and skull base surgery set (Karl Storz®,
Tiittlingen, Germany). The surgical microscope Leica®
M320 (Leica Microsystems Srl, Buccinasco, Italy) and 2D
HD head-camera (Karl Storz®, Tiittlingen, Germany) with
0° optics (Karl Storz®) were respectively used for microsur-
gical and endoscopic visualization. High-speed drills and
craniotome (Anspach®, High Wycombe, UK) were used.

The following ETCAs were performed and quantified
(Fig. 1):

1. Endoscopic transnasal transclival approach (ETCA), as
described by De Notaris et al. [9]. A posteroinferior
septectomy, dissection of the nasopharyngeal posterior
wall, and drilling of the sphenoid floor were performed.
The clivectomy was completed, respecting the dura and
considering the following limits: the paraclival internal
carotid artery (ICA) and hypoglossal nerves laterally,
sellar floor superiorly, and foramen magnum inferiorly.

2. ETCA with intradural hypophysiopexy approach
(ETCAH), according to Kassam et al. [26]. The sellar
floor and tuberculum sellae were drilled, the sellar peri-
osteum opened, and the diaphragma sellae cut. Both in-
ferior hypophyseal arteries were cut; the entire pituitary
gland was displaced in the suprasellar cistern. Finally, the
dorsum sellae was removed.

3. ETCA with far-medial extension (ETCAFM), according to
Beltran-Giner et al. [4]. The neurovascular pterygoid
structures were exposed, Eustachian tube transposed,
and the anteromedial portion of the ipsilateral occipital
condyle was drilled. The hypoglossal canal was opened
and the nerve exposed. The medial portion of the jugular
tuberculum was drilled and the lower cranial nerves
identified.

The following anterolateral MTCAs were investigated
(Supplementary Fig. 1):

1. Supraorbital approach (SO), as described by Perneczky
[34]. After skin incision, a fronto-basal burr hole was
placed just posterior to the anterior portion of the temporal
line. The craniotomy was extended from the keyhole to
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Fig. 1 Quantified crossing ETCAs to the clivus. Exemplificative
screenshots from ApproachViewer (part of GTx-Eyes II — UHN —
University of Toronto) in axial, coronal, and sagittal planes and 3-

the medial edge of the supraorbital rim. The frontal dura
was incised along the roof of the orbit.

2. Mini-pterional approach (MPT), according to Figueiredo
et al. [16]. An interfascial dissection was performed. The
craniotomy was extended along the superior temporal line
and curved downward to include the pterion and anterior-
ly up to the keyhole.

3. Pterional approach (PT), according to Yasargil [45]. A
fronto-temporo-sphenoidal osteotomy was performed.
Then, the lateral wall of the orbit and the lesser wing of
the sphenoid bone were partially drilled to avoid any bony
obstruction. Once the dura was incised, the Sylvian fissure
was widely opened.

4. Pterional transzygomatic approach (PTTZ), as described
by Campero et al. [5]. Starting from the pterional ap-
proach, the zygomatic arch was exposed and cut posteri-
orly, near the temporomandibular joint, and anteriorly just
behind the zygomatic bone. The bone segment was
reflected inferiorly with the masseter muscle.

dimensional view of endoscopic transnasal approaches. a Transnasal
endoscopic transclival approach. b ETCA with intradural
hypophysiopexy. ¢ ETCA with far-medial extension

5. Fronto-temporal-orbito-zygomatic approach (FTOZ), ac-
cording to Van Furth et al. [42]. The craniotomy was
performed in two steps, with the fronto-temporal craniot-
omy followed by the orbito-zygomatic one.

The following lateral MTCAs were performed and quanti-
fied (Supplementary Fig. 2):

1. Subtemporal approach (ST), as described by Dolenc [12].
A craniotomy with a 2.5-cm base parallel to the zygomat-
ic arch and 2 cm high was performed. The temporal dura
was opened and the temporal lobe was retracted
superomedially for 1 cm in a standardized manner. The
dura was detached from the skull base bone, cutting the
middle meningeal artery at foramen spinosum, and the
dissection proceeded extradurally.

2. Subtemporal transzygomatic approach (STTZ), according
to Ustun et al. [41]. Starting from the subtemporal ap-
proach, the zygomatic arch was cut posteriorly near the
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temporomandibular joint and anteriorly just behind the
zygomatic bone and then removed.

The following posterolateral MTCAs were investigated
(Fig. 2):

1. Presigmoid retrolabyrinthine infratentorial approach
(RL), as described by Wanibuchi et al. [44]. A
retroauricular C-shape incision was made. An open mas-
toidectomy was performed and the sigmoid and superior
petrosal sinuses were exposed. Lateral, posterior, and su-
perior semicircular canals were identified and preserved.
The dural triangle bounded by the sigmoid sinus posteri-
orly, the labyrinth anteriorly, and superior petrosal sinus
superiorly was incised.

2. Presigmoid translabyrinthine infratentorial approach
(TL), according to Wanibuchi et al. [44]. After performing
the RL, the labyrinth was drilled up to the internal audi-
tory canal (IAC), which was subsequently opened. After
completing the drilling, the dura deep to the labyrinth was
uncovered and lanced in a T-shaped fashion.

3. Presigmoid transcochlear infratentorial approach (TC),
in accordance with Wanibuchi et al. [44]. After
performing the TL, the facial nerve was skeletonized from
its entrance into the TAC to the stylomastoid foramen, and
posterior rerouting of the facial nerve was performed. The
cochlea was drilled starting from the basal turn to middle
and apical turns, reaching the petrous ICA.

4. Retrosigmoid approach (RS), as described by Vender
[43]. The sigmoid sinus was identified along the
line connecting the zygomatic arch and the inion.
A curved vertical incision was made two fingers
behind the insertion of the pinna. The burr hole
was placed on the asterion and a suboccipital
craniectomy was performed. The dural incision was
performed parallel to the sigmoid sinus.

5. Far-lateral approach (FL), according to Rhoton [36]. A
hockey stick incision along the posterior midline of the
neck was performed, approximately down to the level of
C4. The V3 segment of the vertebral artery was exposed
and a suboccipital craniectomy with ipsilateral C1
hemilaminectomy performed. The ipsilateral occipital
condyle was drilled, performing the transcondylar variant
of this approach. Finally, the RS dural incision was ex-
tended inferiorly to the cranial margin of C2.

Care was taken to ensure that all approaches were
performed in a modular way, i.e., from the less invasive
to the more extensive ones, to avoid any loss of infor-
mation. Specifically, among ETCAs, ETCA was always
performed first and randomly followed by ETCAH or
ETCAFM. Anterolateral MTCAs were performed with
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this sequence: SO, MTP, PT, PTTZ, and FTOZ and then
EAC. ST was followed by STTZ. Concerning postero-
lateral MTCAs, RS was always performed first and
followed by FL and presigmoid approaches.
Presigmoid approaches were performed by progressive
invasiveness: RL, TL, and TC.

Surgical corridor quantification

After each approach was reproduced on the specimen, each
surgical corridor was quantified with an optical
neuronavigation system (Polaris Vicra®; NDI, Waterloo,
Ontario, Canada) [11] coupled with dedicated software
(ApproachViewer, part of GTx-Eyes II — UHN; University
of Toronto, Toronto, Ontario, Canada) [7]. A neuronavigation
error of less than 1 mm was considered acceptable for
quantification.

Regarding the ETCAs (ETCA, ETCAH, and ETCAFM),
anterolateral MTCAs (SO, MPT, PT, PTTZ, and FTOZ), and
lateral MTCAs (ST and STTZ), the surgical corridor corre-
sponds to the total space bounded by the nasal structures or
the craniotomy window and the intracranial anatomical
structures.

Concerning posterolateral MTCAs (RS, FL, and
presigmoid approaches), the surgical corridors were quanti-
fied using the routes to the clivus limited by the neurovascular
structures of the pontocerebellar angle (PCA) for a total of 10
different surgical corridors (Fig. 2): the sum of these was con-
sidered the total working space of the approach. During vol-
ume tracking, the vertebral artery was gently displaced and
cerebellar retraction was kept constant with brain retractors
[11].

Radiological reconstructions of the surgical pyramids (i.e.,
the working volume) were available in real time in

Fig. 2 Quantified crossing posterolateral MTCAs to the clivus. P
Exemplificative screenshots from ApproachViewer (part of GTx-Eyes
I — UHN — University of Toronto) in axial, coronal, and sagittal planes
and 3-dimensional view of crossing posterolateral microsurgical transcra-
nial approaches. a Retrosigmoid approach. b Far-lateral approach. ¢
Presigmoid retrolabyrinthine infratentorial approach. d Presigmoid
translabyrinthine infratentorial approach. e Presigmoid transcochlear
infratentorial approach. 10 surgical pathways of posterolateral MTCAs
to the clivus were identified and quantified as follows: (1) between troch-
lear nerve and trigeminal stem (green—pathway 1); (2, 3) between the
trigeminal stem and the acoustic-facial bundle both above (red—
pathway 2a) and below (yellow—pathway 2b) the abducens nerve; (4,
5) between the acoustic-facial bundle and the glossopharyngeal nerve
both above (light blue—pathway 3a) and below (fuchsia—pathway 3b
) the abducens nerve; (6) between the glossopharyngeal and vagus nerves
(orange—pathway 4); (7, 8) Between the vagus nerve and the spinal root
of the accessory nerve both above (blue—pathway 5a) and below
(brown—pathway 5b) the hypoglossal nerve; (9, 10) below the hypoglos-
sal nerve, both anterior (white—pathway 6a) and posterior (gray—
pathway 6b) of the spinal root of the accessory nerve
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ApproachViewer, on the coronal, sagittal, and axial CT im-
ages, as well as in a 3D view.

Quantification of the surgical corridors was performed in
non-crossing and crossing positions, as described by Belotti
et al. [3], and repeated three times for each modality.

Thanks to a recent refinement of the software, only
the deep surface of the surgical corridor was tracked
using a navigation pointer, contouring the perimeter of
the reachable portions of the exposed clivus (Qiu et al.
2019, unpublished data). The superficial surface was
tracked simultaneously and automatically at a preset
height through the “tool length” function of
ApproachViewer. For MTCAs, tool length was set at
90 mm, whereas for ETCAs, it was 120 mm.
Subsequently, the surgical pyramid was cut at the level
of the craniotomy (MCTAs) or nostrils (ECTAs), and
ApproachViewer calculated the volume of the surgical
pyramid (Qiu et al. 2019, unpublished data).

Surface rendering

ITK-SNAP [46] software was used to render the surfaces of
interest on each CT scan. Drawings were performed tracing a
line from one side to another of the desired slice on axial,
sagittal, and coronal CT images. Subsequently, the software
automatically assembled lines to generate the surface.

Sixteen clival surfaces were thus defined (Fig. 3): 8 on the
intracranial (posterior) clivus and 8 on the extracranial
(anterior) clivus.

Each surface was saved in “Metalmage” file format (.mha)
to be uploaded on ApproachViewer and exported in “Surface
Mesh” with “STL Mesh file” format file (.stl) [38].

Surface area calculation

“STL Mesh file” format file (.stl) was imported in Autodesk
Meshmixer 3.5®, and through “analysis,” “conversion mm in
cm,” and “stability” functions, the absolute value of each sur-
face was obtained.

Area of exposure extrapolation

The “.mha” file of drawn surfaces was imported in
ApproachViewer, and the software calculated the absolute
value of the deep surface included in each pyramid volume.

Finally, data were collected in Microsoft Excel 16.16.1©:
the intersection percentage was calculated by dividing each
absolute intersection value obtained in ApproachViewer by
the total surface area of the corresponding segmentation image
obtained in Autodesk Meshmixer 3.5®.

Statistical analysis

Descriptive statistical analysis was used to summarize the
main characteristics of the study sample. Linear mixed models
were fit to evaluate the association between surface exposure
and each surgical volume with random intercepts for speci-
mens, using STATA® software (StataCorp® LLC, College
Station, TX, USA). Bootstrap resampling method was used

Fig. 3 Anatomical subdivision of the clivus. The 16 surfaces, as drawn
on ITK-SNAP, are shown in the posterior, intracranial aspect (a) and the
anterior, extracranial region (b). The upper clivus is depicted in yellow,
the middle in green, and the lower in red; the jugular tubercle is colored in
blue. Different shades are used for the anterior and posterior surfaces, as
well as the left and right sides. The inferior limit of the upper clivus was
the axial plane, including the dural entrance of abducens nerves. The
inferior limit of the middle clivus was the axial plane, including the
dural entrance of glossopharyngeal nerves. The inferior limit of the
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lower clivus was the axial plane, including the foramen magnum. The
lateral margins of the clivus were represented, in a craniocaudal direction,
by the ipsilateral posterior clinoid, the lateral portion of the dorsum sellae,
the medial limit of the paraclival carotid, and a sagittal plane including the
entrance of the hypoglossal nerve in its canal. The medial margin was
represented by the midline. The jugular tubercle was drawn in its
intracranial portion, and its projection in the axial plane at the level of
the cortical clival bone defined its anterior surface
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to estimate the 95% confidence interval with 1000-fold repli-
cation. Analysis was stratified also for crossing measures.
Statistical significance was set at P < 0.05.

Results

The mean percentages of the exposed area of each clival sur-
face by each surgical corridor are reported in detail in
Supplementary Tables 1-16. The graphical representation of
the exposed area of each clival surface offered by each surgi-
cal approach is illustrated in Fig. 4.

Statistical analysis of the more than 33,000 collected
data showed that ETCAs offer a better clival exposure
than MTCAs for all clival surfaces. ETCAFM offers the
best exposure of the jugular tubercle with a 46% advan-
tage over ETCA. With ETCAH, an exposure gain of
39% is obtained compared with ETCA. Furthermore,
with respect to presigmoid approaches, the greater is
the invasiveness of the approach, the better is the expo-
sure of the ipsilateral clivus.

Analyzing the results for every single surface and
considering the cranial portion of the clivus, the upper
posterior clivus is exposed significantly more by
ETCAH compared with ETCAs (Fig. 5a), lateral
MTCAs, and posterolateral MTCAs. Among lateral
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50 50
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Fig. 4 Exposure of different clival regions by all approaches. The radar
diagrams show the percentage value of the exposed area obtained by each
approach (as measured in a crossing modality) for the different clival
regions. a Anterior clival surfaces. b Posterior clival surfaces. ETCA,
transnasal endoscopic transclival approach; ETCAFM, ETCA with far-
medial extension; ETCAH, ETCA with intradural hypophysiopexy; FL,
far-lateral approach; FTOZ, fronto-temporal-orbito-zygomatic approach;

MTCAs, STTZ offers a greater exposure of the upper
(anterior and posterior) clivus than ST, but not in a
statistically significant way (Supplementary Fig. 3).
Regarding the middle and lower posterior clivus,
ETCAs offer a significantly wider exposure compared
with posterolateral MTCAs; anterolateral and lateral
MTCAs do not allow exposure of this region. The pos-
terior jugular tubercle region was exposed significantly
more by ETCAFM as compared with other ETCAs (Fig.
5b) and posterolateral MTCAs; anterolateral and lateral
MTCAs do not allow exposure of this region.

The upper anterior clivus was exposed more by
ETCAH as compared with other ETCAs, anterolateral
MTCAs, and lateral MTCAs. Concerning the middle
anterior clivus and the lower anterior clivus, all endo-
scopic transnasal approaches expose the same clival sur-
face. MTCAs do not allow significant exposure to this
region. ETCAFM exposes a significantly larger surface
of the anterior jugular tubercle region as compared with
other ETCAs; MTCAs do not allow exposure of this
region.

The mean volume of each surgical approach is reported in
Supplementary Table 17 and in Fig. 6. ETCAs had a higher
volume than all MTCAs. Among ETCAs, ETCAFM had the
greatest working volume. STTZ had a higher working volume
than ST. STTZ had a lower working volume than all the
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MPT, mini-pterional approach; PT, pterional approach; PTTZ, pterional
transzygomatic approach; RL, presigmoid retrolabyrinthine infratentorial
approach; RS, retrosigmoid approach; SO, supraorbital approach; ST,
subtemporal approach; STTZ, subtemporal transzygomatic approach;
TC, presigmoid transcochlear infratentorial approach; TL, presigmoid
translabyrinthine infratentorial approach

@ Springer



Acta Neurochir

Fig. 5 Comparative analysis of ETCAs. Exemplificative screenshots
from ApproachViewer (part of GTx-Eyes II — UHN — University of
Toronto) in axial, coronal, and sagittal planes and 3-dimensional view
of endoscopic transnasal approaches performed in one specimen and
compared. a Crossing ETCA (green) and crossing ETCAH (red) are
shown, documenting the gain in exposure of the upper (anterior and

posterolateral and anterolateral MTCAs, except for SO.
Among anterolateral MTCAs, FTOZ offered the most signif-
icant working volume, whereas, among posterolateral
MTCAs, FL guaranteed the greatest working volume.

Discussion

Recently, our group published a limited comparative analysis
of some approaches to the clivus [11]. With this new study,
new data have been produced, and the research method has
been improved (Qiu et al. 2019, unpublished data), to create a
broader comparison that considers all the most used modern
approaches to the clivus.

In this anatomical study, using modern stereotactic
computer-based techniques, it was found that ETCAs
objectively provide an advantage in terms of clival ex-
posure, when compared with MTCAs. It was also
shown that ETCAs guarantee a fair exposure of lateral
anatomical structures, significantly exposing the jugular
tubercle with ETCAFM. In addition, it has been

@ Springer

posterior) clivus offered by the latter approach. b Crossing ETCA
(green) and crossing ETCAFM (yellow), showing the gain of exposure
of the (anterior and posterior) jugular tubercle region obtained by the
latter approach. ETCA, transnasal endoscopic transclival approach;
ETCAFM, ETCA with far-medial extension; ETCAH, ETCA with
intradural hypophysiopexy

demonstrated that anterolateral MTCAs are an excellent
route to selectively expose the posterior clinoid process.
Another expected evidence was the larger exposure of
the ipsilateral clivus offered by the presigmoid ap-
proaches in proportion to their invasiveness.

This study showed that ETCAs generally offer a greater
exposure of all clival portions than MTCAs. The advantage
of ETCAs is to offer a direct corridor to the clivus without
major neurovascular structures interposed. This is possibly the
reason that has led different authors to recently use ETCAs
also for the treatment of intradural pathologies [1, 3, 17, 29,
31], although a significant postoperative cerebrospinal fluid
(CSF) leak risk still limits the approach in these cases [18, 19,
21, 47].

While it is well established that ETCAs provide better ex-
posure of midline structures, there is still less information
about the possible advantages of endoscopic approaches to
transcranial approaches in relation to the exposure of lateral
structures. Several authors underlined the limited ability of
ETCAs to expose lateral structures such as jugular tubercles
[8, 27], while other authors already underlined the potential
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cm®. ETCA, transnasal endoscopic transclival approach; ETCAFM,
ETCA with far-medial extension; ETCAH, ETCA with intradural
hypophysiopexy; FL, far-lateral approach; FTOZ, fronto-temporal-

for reaching the ventromedial brainstem offered by far-medial
approach [11, 32]. Another original finding of the present
study is the demonstration of the lateral extension capacity
of endoscopic approaches, with a statistically significant gain
of exposure of the jugular tubercles offered by ETCAFM with
respect to ETCA (Fig. 5b).

The possibility of exposure of the superior clivus, and in
particular the posterior clinoid process, has been little de-
scribed in the literature. For example, Nutik [33] reported a
case of removal of a posterior clinoid process meningioma
through a pterional approach. The innovative finding of this
study was that all anterolateral MTCAs offer a direct route for
posterior clinoid process exposure, regardless of the size of the
craniotomy. This demonstrated how, for pathologies with lo-
calization limited to the anterior face of the posterior clinoid
process (such as meningiomas [40]), it is possible to use an
anterolateral MTCA with limited invasiveness, such as the
SO, to facilitate complete and safe removal of the lesion
(Fig. 7).

Furthermore, this study demonstrated the limited ability of
exposing the ipsilateral clivus offered by the presigmoid ap-
proach, due to the interposition of the petrous bone.
Nevertheless, it has been proved that the major was the dril-
ling of the petrous bone and the greater was the exposure of
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orbito-zygomatic approach; MPT, mini-pterional approach; PT, pterional
approach; PTTZ, pterional transzygomatic approach; RL, presigmoid
retrolabyrinthine infratentorial approach; RS, retrosigmoid approach;
SO, supraorbital approach; ST, subtemporal approach; STTZ,
subtemporal transzygomatic approach; TC, presigmoid transcochlear
infratentorial approach; TL, presigmoid translabyrinthine infratentorial
approach

Ost @stiz

the ipsilateral clivus offered by a presigmoid approach. This
explains why the TC offers a larger exposure of the ipsilateral
clivus than the other presigmoid approaches, although not in a
statistically significant way. Therefore, it is possible to state
objectively that the invasiveness of transpetrosal approaches
does not justify their employment to gain access to the ipsilat-
eral clivus. RS provides adequate exposure of the ipsilateral
clivus while limiting morbidity to the potential injury of PCA
neurovascular structures (Supplementary Fig. 4).

Limitations of the study

This is a preclinical study, so it did not consider the possible
increase in working volume and anatomical distortion caused
by a tumor or other space-occupying lesions nor the position
of relevant vascular and neural structures in relation to the
mass that has to be treated. Despite the objective data of work-
ing volumes and exposure areas obtained with a defined ap-
proach, it is important to note that no surgical approach can be
recommended over another based on a preclinical study alone.

Although the quantification and comparison of the ap-
proaches in the same specimen minimized any potential var-
iability related to different brain characteristics and anatomical
variations, further studies are necessary to investigate the

@ Springer
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Fig. 7 Comparative analysis of anterolateral MTCAs. Exemplificative
screenshots from ApproachViewer (part of GTx-Eyes II — UHN —
University of Toronto) in axial, coronal, and sagittal planes and 3-
dimensional view of crossing anterolateral microsurgical approaches to

possible influence of anatomical variations on the choice of
the surgical approach.

Notably, fixation-induced shrinkage and hardening of the
brain and sinonasal structures might have affected the quanti-
fication of surgical approaches.

Furthermore, this study is aimed at providing a complete
overview of all the most widely used approaches to the clivus.
Further anatomical studies may be performed to analyze and
compare specific approaches to single clival areas.

Conclusions

This is the first anatomical study that quantitatively compares
exposure areas and working volumes provided by the most
used approaches to the clivus in modern surgical practice.
Although this study is limited to a preclinical evaluation, it
is possible to integrate its findings in the more complex clin-
ical scenario, thus tailoring the approach to the single patient.
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