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Why the Funnel in Neurosurgery?

Massimiliano Visocchi

1 Editorial

According to the Cambridge Dictionary, a Funnel is an
object that has a wide round opening at the top, sloping sides,
and a narrow tube at the bottom, used for pouring liquids or
powders into containers with narrow necks.

From a simplified anatomic point of view, the skull base
along with its offshoot, the spine, replicate a bone funnel as
a vessel sustaining the brain, the cerebellum and the spinal
cord along with cranial and radicular nerves. There is no
doubt at all that the knowledge of the embryology, anatomy,
physiology, pathophysiology, and the more effective surgical
pathways to engage and remove surgical diseases is of para-
mount importance in the surgical cultural heritage and should
be strongly encouraged and supported in young neurosur-
geons (Fig. 1).

Moreover, the Funnel is also a scientific philosophy (epis-
temology?) aimed at progressively focusing a scientific
investigation on the core of the problem, etiology, basic
pathophysiological mechanisms, strategic radical minimally
invasive and maximally effective surgical principles. The
Funnel is a general philosophic concept starting and ending
also in religious principles.

The Funnel is also a technique that involves starting with
general questions, and then drilling down to a more specific
point in each. Usually, this will involve asking for more and
more detail at each level. It is often used by detectives taking
a statement from a witness.

The purchase funnel, or purchasing funnel, is a consumer-
focused marketing model that illustrates the theoretical cus-
tomer journey toward the purchase of a good or service. In
1898, E. St. Elmo Lewis developed a model that mapped a
theoretical customer journey from the moment a brand or
product attracted consumer attention to the point of action or
purchase [1]. St. Elmo Lewis’ idea is often referred to as the

M. Visocchi (D<)
Institute of Neurosurgery, Catholic University of Rome,
Rome, Italy

AIDA-model, an acronym that stands for Awareness, Interest,
Desire, and Action. This staged process is summarized
below: Awareness—the customer is aware of the existence of
a product or service; Interest—actively expressing an inter-
est in a product group; Desire—aspiring to a particular brand
or product; Action—taking the next step toward purchasing
the chosen product. The purchase funnel is also often referred
to as the “customer funnel,” “marketing funnel,” “sales fun-
nel,” or “conversion funnel.” The association of the funnel
model with the AIDA concept was first proposed in Bond
Salesmanship by William W. Townsend in 1924 [2] (Fig. 2).

When I learned these original and interesting concepts
from the Internet, so far from the sensitivity of a “simple”
Neurosurgeon, I remained impressed and emotional. The
spirit of this Issue of Acta Neurochirurgica appears to me
quite the same.

To bring attention to new trends and developments of the
modern neurosurgical practice and, at the same time, to offer
different and new points of suggestions and scientific specu-
lation. Finally, to drive the practical interests of the neurosur-
geons to further investigate and implement such blooming
new trends in technologies both in research and in surgical
practice.

So, the steps that seem to emerge from this Issue of Acta
Neurochirurgica Suppl are exploratory, strategic, tactical,
and, finally, operational. From the skull base to the sacrum,
we meet a macrosystem of anatomically and functionally
complex networks with a common embryological history as
well as contiguity. Different skills are necessary to face a
360° universe of functions and diseases. Intelligence and cul-
ture as knowledge of both anatomy and pathology help to
elaborate the STRATEGY while technical and manual sup-
ports are part of the TACTIC armamentarium which is proac-
tive and determinant to the final OPERATIONAL step
(Fig. 3).

In conclusion the Funnel is an anatomic concept, is a phi-
losophy, is the prerequisite of all operational performances,
is a creed.

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 1
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Fig. 1 The skull base and spine resemble a funnel
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1 Introduction

The discipline of neurosurgery has faced various stages of
development, featuring over time periods of prolonged
immobilism followed by rapid advancements [1]. The ulti-
mate challenge of the neurosurgical endeavor was the possi-
bility of overcoming the resolution of the human eye;
therefore, the operating microscope is considered the major
milestone in the recent history of neurosurgery [2].

The innovation and technological contributions by the
neurosurgical discipline raises the question about the need
for scientific validation of emerging technological advance-
ment, especially during recent years, when the promotion
and diffusion of ideas and methods has been more efficient
and global than ever [3, 4]. Surgeons may not always have
the benefit of level I evidence in support of the technology
or approaches available and at any given time need to make
the best decisions for their patients. In fact, while Yasargil
presented at the Giessen Congress in 1997 at the dawn of
modern microsurgery for cerebral aneurysms [5], Suzuki in
1979 kept reporting excellent results in over 1000 aneu-
rysms patients undergoing operation without microsurgical
techniques [6]. However, Yasargil concluded that: “while
there is no question that a few accomplished neurosurgeons
with a wealth of clinical material can achieve a high stan-
dard of operative results with classical or other sophisti-
cated approaches to aneurysm surgery, for most
neurosurgeons there nevertheless remains the need for a
comprehensive plan of operation fully utilizing the benefits
of the microsurgical technique; a plan that incorporates
microsurgical principles into the entire procedure from cra-
niotomy to closure” [5].
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The flourishing of microsurgical techniques and advances
in the quality of surgical microscopes relegated the endo-
scope to a role supporting the visualization obtained with the
microscope [7]. Tremendous improvements in the overall
quality of the endoscopic equipment allowed for the expan-
sion of endoscopic surgery and permitted the evolution of the
“pure” endoscopic transsphenoidal technique in the late
1990s [8—10]. Further enhancement of image quality, such as
the recent introduction of 4K technology, along with the
increased surgical experience, allowed for the expansion of
indications of the endoscopic technique, defining new routes
beyond the sella and playing a key role in its widespread
clinical application [11-16]. As with many advances in med-
ical technology, the development of functional surgical visu-
alization systems did not occur at one defined moment or as
a result of any major paradigm shift, but rather as a process
of ongoing refinement and stepwise progression resulting
from the conceptualization, deliberation, and innovation of
numerous scientists and physicians over a span of more than
two centuries [ 17, 18]. Many of these improvements occurred
as a direct result of the introduction and application of
emerging technology into the surgical environment. With
major advancement in illumination and magnification, inno-
vations in digital imaging, and robotics, all occurring nearly
simultaneously, the neurosurgeon must confront a series of
issues, including which system to utilize and in which device
to invest, relying on the judgment of the operator to deter-
mine specific surgical indications. The continuous evolution
of visualization tools in neurosurgery has been driven by the
need of magnification and precision, with the aim of maxi-
mizing benefits while decreasing morbidity: this synergism
between refinement of the surgical technique and techno-
logical innovations represents the natural evolution of this
discipline.

Herein we present a review of the evolution of visualiza-
tion tools in neurosurgery, with a special glimpse into the
future perspectives, analyzing in detail the current technol-
ogy development from the neurosurgeon’s eye perspective.
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2 Loupes

Spectacles, invented in the thirteenth century, represented
the first widespread practical use of magnification. The mod-
ification of lenses by manufacturers and scientists led to the
development of telescopes, loupes, and early compound
microscopes [19]. Historically, loupes became an essential
tool for watchmakers, who took advantage of the opportunity
of magnifying extremely miniaturized mechanisms, to
improve their precision and ability. In 1876, the ophthalmol-
ogist Edwin Theodore Saemisch of Bonn developed the first
simple loupe for surgical use [20]. The German Ernst Abbé
(1840-1905), collaborating with Carl Zeiss, derived the the-
oretical formulas that governed the optical properties of
lenses, allowing the performance of new lenses to be pre-
dicted and systematically designed [21]. At approximately
the same time, surgeons had already recognized the potential
benefit of magnification and had adopted single lens magni-
fying loupes [22, 23]. However, the challenge of improving
visualization runs parallel with the need for providing safe
and adequate illumination. Initial light sources, such as
ambient light, candles, and bulbs, were inadequate for bring-
ing light into the surgical field. The discovery that light could
be transmitted in through various conductors from an exter-
nal source improved the neurosurgeon’s vision [24].

Many surgical fields have adopted using surgical loupes
when high-demand visual performance is needed during mac-
roscopic procedures [25]: hand surgery as well as in plastic,
maxillofacial, otorhinolaryngologic, ophthalmic, cardiotho-
racic, and pediatric surgery. In neurosurgery, after an initial
widespread application, loupes began to overcome micro-
scope use and, nowadays, they find their application in periph-
eral nerves and spine surgery. Loupes allow magnification
from 2 to 8 times and for every 30% increase in magnification,
the depth and width of the field are decreased by approxi-
mately 2.5 cm [22, 26]. The main advantages are portability,
lower cost, and maneuverability; on the other hand, all loupes
are limited by their nonadjustable focus, low magnification,
ring of blindness peripherally (3—4 cm wide), and problems
with slippage and pressure on the nose [23]. Building on ergo-
nomics, loupes require a flexed head-neck posture for pro-
longed periods of time, with a potential increased
biomechanical risk for cervical musculoskeletal disorders
among surgeons who routinely use this device [27, 28].

3 Microscope

The introduction of the operating microscope in the 1960s
opened the era of modern neurosurgery, along with an esca-
lation in diagnostic and therapeutic capabilities [2, 19, 29].

During this time, the refinement of medical imaging, the
minimization of operative corridors and reduction of opera-
tive trauma through the adoption of the microsurgical tech-
nique, and the incorporation of technical tools into the
operative environment produced an evolution in neurosur-
gery, which offered higher precision of orientation and brain
manipulation, resulting in decreased morbidity, and improved
clinical outcomes. Over the past half century, perhaps, no
other innovation has uniquely characterized the surgical
technique and operating room spatial organization as much
as the operating microscope.

During the early part of the twentieth century, technical
advances in lighting and microscope design by manufac-
turers such as Carl Zeiss (1816—1888) brought improve-
ment in operative visualization [19]. The first use of the
microscope in a neurosurgical setting took place in 1957
by Theodore Kurze (1922-2002) of the University of
Southern California, who adapted the otological micro-
scope for use in the neurosurgical operating room [30].
However, history changed when Raymond MP Donaghy
(1910-1979) presented the first course on microsurgery at
the University of Vermont in 1966 [31]. M. Gazi Yasargil
(1925-), who arrived at the University of Vermont in 1965,
under the mentoring of Donaghy, was able to perform
anastomosis of small blood vessels in the limbs of animals.
Building on these initial efforts, he would firmly establish
the microneurosurgical revolution [32, 33]. Yasargil’s
chief in Zurich, Hugo Krayenbuhl, prophesied such a revo-
lution in surgery when, visiting Donaghy’s microsurgical
laboratory he pronounced: “Gentlemen, I give you the sur-
gery of the future.” Operating microscopes have improved
impressively since they first entered the operating room
[18, 20, 29]. Today, they offer good magnification without
significant aberrations, adequate illumination without
excessive heat, and good stability without sacrificing oper-
ational ergonomics. The cameras attached to modern
microscopes allow surgical procedures to be recorded in
high-definition quality. Sophisticated imaging capabilities
have been developed for today’s operating microscopes: in
patients who have been given ionophores, they allow visu-
alizing malignant glioma or intraoperative angiography;
they might display and overlap MR images, angiograms,
and CT scans simultaneously to the intraoperative infor-
mation, thus boosting the real-time access decision mak-
ing of the surgeon in the operating room. Nowadays,
optical microscopes working with the near field imaging
systems are already generating images of sub micrometer
resolution: further magnification beyond the limits of near-
field optical microscopes and electron microscopes might
be expected to enlighten the cellular and ultrastructural
environments during the procedures.
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4 Endoscope

In 1805, the Alert Faculty in Vienna heard Philippe Bozzini
(1773-1809) reporting on an instrument he had developed,
the “Lichtleiter,” which used candlelight reflected by a con-
cave mirror for the inspection of the abdominal visceral
organs [34]. Seventy years later, Max Nitze (1849-1906)
described the first system that contained a series of lenses:
i.e., a scope [35]. The German urologist definitely guessed
two crucial ideas: the need of magnifying the images through
a series of lenses and illumination through internal lights
rather than external ones. By the turn of the century, the
promise of endoscopy had been demonstrated, but its accep-
tance was slowed because of the poor illumination. Harold
Hopkins (1918—1994), a British optical physicist, built a new
endoscope designed to improve on light conduction [36, 37]:
he interchanged glass for air and vice versa, resulting in a
series of “air lens” housed in a glass tube (SELFOC lens,
1966). In the same period, Basil Hirschowitz, an American
gastroenterologist, developed an endoscope with flexible
glass-coated fibers (fiberoptics) illuminated by a simple light
bulb at the distal end. He called this system a fiberscope and
presented it at a meeting of the American Gastroscopic
Society in 1957 [36, 38]. Later on, the advent of charge-
coupling devices (CCDs) marked another technological
breakthrough [39, 40]: the CCDs are solid-state devices,
which can convert optical data into electrical current. The
endoscope’s earliest application in neurosurgery was its use
within the ventricular system [16, 40]: although Victor
Darwin Lespinasse (1878-1946), a urologist from Chicago,
was the first to use a cystoscope to coagulate the choroid
plexus, the father of neuroendoscopy is recognized as Walter
Dandy [36]. In 1922, he reported in the Annals of Surgery
using endoscopic ventriculostomy to remove the choroid
plexus for the treatment of hydrocephalus [41]. Endoscopy
was initially used as an adjunct to microneurosurgical tech-
niques, above all in tumor and aneurysm surgery, to provide
views in blind corners that surgeons had achieved with
angled mirrors [42]. Axel Perneczky and George Fries, who
pioneered using the endoscope in intracranial neurosurgery,
emphasized that endoscopy “improved appreciation of
micro-anatomy not apparent with the microscope’ and intro-
duced the concept of “minimally invasive neurosurgery” [43,
44].

Based on otorhinolaryngologists experience with func-
tional endoscopy in the nasal cavity, the endoscope has been
progressively adopted for the treatment of sellar lesions [16].
Roger Jankowski and his group [45] published the first use of
the pure endoscopic sublabial transsphenoidal approach.
Three years later, Drahambir Sethi and Prem Pillay [46],
from Singapore, reported their experience using a pure endo-
scopic endonasal approach. Finally, Carrau and Jho, working

at the University of Pittsburgh Medical Center started to
apply endoscopy to the removal of pituitary adenomas and
established guidelines for fully endoscopic skull base proce-
dures [9, 47]. Owing to the introduction of other technical
adjuncts, endoscopic endonasal surgery has been extended to
the treatment of lesions outside the sella, introducing the
concept of “endoscopic extended endonasal” skull base sur-
gery [13, 14, 48-61].

Expansion of indications moved along with visualization
technical improvements, such as 3-CCD xenon light source,
high-definition filters, ultra-high-definition television, the
4K and three-dimensional (3D) technologies.

5 Exoscope

Exoscopes are telescopic optical systems attached to a high-
quality television camera. The surgeon looks away from the
surgical field over a video monitor screen, and so it requires
eye-hand coordination that is quite different from the operat-
ing microscope [62]. The exoscope differs from endoscopes
presenting a long focal distance (therefore it is positioned
outside the surgical cavity), and the wide field of view that
parallels those seen with the operating microscope, as well
as the excellent optical quality without spherical aberration.

During the past three decades, telescopes have been rec-
ognized as valid visualization tools in many surgical fields.
In 2008, Mamelak et al. reported on preliminary experiences
using this novel tool in neurosurgery [63]. Following many
clinical reports and multiple technical improvements, high
definition exoscope systems have entered the field of con-
temporary neurosurgery [64—71]. Initial considerations were
that the most relevant benefits are related to working envi-
ronment ergonomics (easiness of operating room setup,
instruments handling, and surgeons’ comfort) and trainees
learning experience [72-74].

Along with the definition of advantages and disadvan-
tages of the exoscope over the operating microscope or endo-
scope [75-78], the increased experience has been lightening
on the surgical setting in which using exoscopes could be
best indicated. In general, the exoscope has proven extremely
useful in spinal procedures [79-83]: the visual property of
delivering light and magnification uniformly across a wide
field quite homogeneously deep, allows for a reduced need
of zooming and refocusing during spinal procedures; the
working distance offers enough space for the surgeon to
bring spinal instrumentation into the operating field under a
direct high-definition magnified view without needing to
move the scope out of the field; the exoscope does not need
to be transitioned in and out of the operative field during
placement of fluoroscopy, which may potentially contribute
to increased efficiency.
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More recently, the exoscope visualization system has
been integrated into surgical robotic devices that enhance
optical visualization, i.e., ROVOT-m, a robotically operated
video optical telescopic-microscope [84, 85]. This is a three-
element optical chain combining exoscope, navigation sys-
tem, and an automated holding robotic arm. The benefits of
the ROVOT include maneuverability, ergonomics, and
increased volume of view, while the inherent disadvantages
include the lack of stereoscopy and 3D perception and
proprioception.

6 A Glimpse into the Future

Augmented reality (AR) and virtual reality (VR) represent
some of the newest visualization modalities being integrated
into neurosurgical practice [86, 87]. VR offers the opportu-
nity to interact with a virtual environment and objects within
it. The concept of AR is to overlay artificial images onto the
current visual field, with users able to interact simultane-
ously with the real world and the virtual objects. In AR and
VR systems, the user wears glasses that display holographic
images onto the real world and interactions occur either
through voice commands or by hand gestures. Since the
1990s, pioneer contributions came from the field of video
games production and the U.S. military for training and reha-
bilitation of soldiers, but the available technology was not
ready to bring it into everyday application [88-90]. It was
not until the year 2010 that computer technology advanced
enough to support the development of truly immersive VR
and AR systems, that are progressively finding their applica-
tion also in the realms of surgery [86]. In neurosurgery, VR
may become an extremely valuable tool for education and
surgical planning [87, 91-93]. Trainees and residents can
virtually experience a surgical procedure, getting familiar
with anatomical orientation and assessing technical skills,
away from the risk of morbidity inherent to the intricate and
complex nature of neurosurgical practice. VR has the poten-
tial for a shift in the current paradigm of learning neurosur-
gery, which still relies on mentorship, volume of operations
performed, and time spent in hospital, as it has been during
the past three centuries. Utilizing VR to aid in preoperative
planning is another area of interest. Using traditional plan-
ning algorithms, the neurosurgeon uses 2D information from
computed tomography and/or magnetic resonance imaging
to build his or her own mental 3D model of the patient’s
anatomy and pathology. A VR system can allow the surgeon
to pre-operatively rehearse an upcoming procedure using VR
simulation loaded with patient-specific imaging. Several AR
systems have been shown to have specific uses in the field of
neurosurgery [94-96]. The projection of planned 3D diag-
nostic images directly to the surgeon’s optical view onto the
patient in the surgical field can aid in orientation, anatomical

delineation, and development of the surgical approach.
Specific software allows the surgeon to sample surgical
instruments prior to use, i.e., sample various clips size before
aneurysm exclusion. Nevertheless, they should be adaptable
to the surgical endeavor, in terms of ergonomic, versatility,
wear-ability, learning-curve, and affordability. Lastly, the
discussion of whether virtual reality applications in neuro-
surgery are ethically just an evolving landscape that changes
with the technology in question.

Recently, radiomics methods are being adopted to
retrieve advanced data off radiological images and define
eventual predictive factors to support the management
decision process and better understand disease prognosis
[97-99]. This branch of artificial intelligence is bringing
the eye of the neurosurgeon beyond a qualitative and sub-
jective description of individual patient’s images, focusing
instead on deep learning software to be applied on a large
scale so that “images are more than pictures, they are data”
[100].

Another recent paradigm shift in approaching neurosci-
ence relies on the possibility of mapping the connectivity
architecture of the brain—a connectome—and the neural
network organization [101-103]. Magnetic resonance imag-
ing is the tool used to map structural and functional proper-
ties of the human connectome. Connectomic offers a
powerful analytic framework for localizing pathology, track-
ing patterns of disease spread and predicting which areas
will be affected next, thus modifying the neurosurgeon’s
vision of the phenotypic expression of the disease.

Nowadays, we are see the possibilities of looking beyond
the anatomy and intra-operatively investigating the ultra-
structural texture and neural network to modulate the proper
treatment and address prognostic aspects of pathology.

There is no chance that this will replace the surgeon’s eye,
but we do hope that this will be the magic looking glass that
will boost surgical treatment paradigms.
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New Trends in Neurosurgery: Toward
a Future of Integration and Equity
Among Male and Female

Neurosurgeons

Debora Garozzo, Rossella Rispoli, Massimiliano Visocchi,
Francesca Graziano, and Barbara Cappelletto

Over the past few decades, the female presence in medical
schools and residency programs has progressively increased;
in the United States, for instance, in the past 5 years, women
have come to exceed men in the number of medical school
applications and matriculation [1].

Despite the rising percentage of women accessing the
medical profession, surgical specialties remain largely male-
dominated; in particular, only approximately 18% of neuro-
surgeons are females [2]. Several factors may be posited to
explain this remarkable gender disparity in neurosurgery [3,
4]. In the first place, many women have been reluctant to
choose neurosurgery, being concerned about how to balance
family and career. Especially in countries where the burden
of children’s upbringing is traditionally placed on females
only, many women eventually give up or are encouraged to
switch track to less demanding subspecialties. On the other
hand, prejudices against women neurosurgeons have long
been deeply rooted and may still be present nowadays.
Besides the fear that embracing motherhood might impact
their work performance, female neurosurgeons have often
been considered less “suitable” for this profession, as traits
of weakness and lack of physical resistance are attributed to
them. Consequently, many female neurosurgeons have expe-
rienced difficulties in career progression and have received
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unequal treatment in comparison with their male counter-
parts; such barriers might well exist even today.

In 1989 a group of eight female neurosurgeons founded
Women in Neurosurgery (WINs), an organization aiming to
“educate, inspire, and encourage women neurosurgeons to
realize their professional and personal goals, and to serve
neurosurgery in addressing the issues inherent to training
and maintaining a diverse and balanced workforce.” Thus,
the original intentions of WINs founders were undoubtedly
praiseworthy. Their purpose was to guarantee inclusivity in
neurosurgery, promoting a better and egalitarian working
environment, free of gender discrimination [5]. Thereafter,
WINs’ sessions were regularly organized in international
conferences in order to offer female neurosurgeons a plat-
form in which to report issues related to gender discrimina-
tion and promote a new culture against any form of
prejudice.

With regret, we must admit that in the past several years,
the original scope has been lost along the way and the mis-
sion of WINs sessions in national and international confer-
ences has taken an unexpected deviation. WINs sessions
have progressively become supplementary scientific ses-
sions with only female neurosurgeons as speakers, thus
paving the road to a form of self-segregation. This danger-
ous tendency has also been demonstrated by the foundation
of sections of only-female neurosurgeons within some
national societies [5].

Thus, the current situation is diametrically opposed to
WINSs’ original intention: it only results in an unproductive
separation, unfair to all neurosurgeons. We find women rel-
egated into neurosurgical “pink rooms.” Labels of male
chauvinism are implicitly fixed onto those men who have
always interacted with their female colleagues in a peer-to-
peer relationship.

Although there remains a non-negligible faction that
fiercely supports the WINs mindset of reserved spaces for
women, a growing part of the global community believes
that the conception of a “female neurosurgery” and a “male
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neurosurgery” is misguided and counterproductive. Such
segregation is an upsetting prospect for all those who deeply
believe that science and professionalism have no gender [6].

WENS will soon have a female president, who has been
elected by both male and female neurosurgeons around the
world. This election represents a clear indicator of the revo-
lutionary changes in the mindset of most neurosurgeons and
should advocate for the abolition of a cumbersome organiza-
tion that nowadays merely contributes to gender discrimina-
tion instead of favoring integration; if any form of
discrimination still persists, the boards of each society (in
particular WFNS) should supervise and enforce measures
that establish equity. Finally, the Covid-19 pandemic further
improved the natural trend of this progressive women inclu-
sive process in neurosurgery as well as in neurosurgical
meetings. In fact, due to the surprising implementation of
virtual workshops (webinars) in the most attractive World
Neurosurgical Societies Meetings (included WENS) and the
need to reverberating neurosurgical activities worldwide in
such a critical and unique time, the impressive role and merit
of the women’s neurosurgical community was newly further
found out both in research and surgical practice. So far, the
number of women as invited speakers recently increased up
to 50% compared to the men, as confirmed by the Co-Chair
of the WFNS Neurorehabilitation and Reconstructive
Committee (MV) who recently co-organized around 30
webinars. Moreover, noteworthy, in the recent Italian Society
of Neurosurgery (October 15, 2020), the very first voted can-
didate who became Society Board Member (Societa Italiana
di Neurochirurgia) was a young female neurosurgeon (TS),

overcoming an experienced worldwide known chairman of a
Neurosurgical Dept in a prestigious Italian University.

The best possible future of neurosurgery can be achieved
only through promotion of professionalism, commitment,
and dedication to the profession, regardless of the gender of
those that practice this challenging surgical specialty.
Nowadays, the existence of the WINs is anachronistic and
should no longer be necessary in a new era, open to integra-
tion, inclusivity, and equality.
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1 Introduction

Ergonomics is defined by the International Ergonomics
Association as ‘the scientific discipline concerned with the
understanding of interactions among humans and other ele-
ments of a system. It also encompasses the application of
theory, principles, data, and methods to optimize human
well-being and overall system performance’ [1]. Ergonomics
brings knowledge from anatomy and physiology, psychol-
ogy, engineering and statistics to ensure that a product,
workplace or system are designed to suit the user, rather than
expecting people to adapt to a design that forces them to
work in an uncomfortable, stressful or dangerous way.

Work-related musculoskeletal disorders (WMSDs) lead
to suboptimal performance, affecting the surgeons’ ability to
operate and as a result patient outcome. In recent studies, up
to 88% of neurosurgeons reported having experienced work-
related fatigue or pain at least once in their career [2, 3].
Consequently, performing surgical ergonomics research is
important to reduce the prevalence and effect of WMSDs and
to establish preferable techniques and surgical tools to per-
form an operation [3, 4].

The aim of the current short review is to present the avail-
able tools to perform ergonomics research in the surgical
specialties and, specifically, in neurosurgery. We also aim to
highlight some important future considerations specific to
the neurosurgical specialty.

2 Tools for Surgical Ergonomics
Research

The tools and technologies available for ergonomics research
in the surgical specialties can be broadly divided into subjec-
tive and objective. Figure 1 presents a summary of the avail-
able subjective and objective tools for ergonomics research.
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Fig. 1 Summary of the available subjective and objective tools to perform ergonomics research

2.1 Subjective Tools

The subjective tools can be further divided into three subcat-
egories: (1) questionnaires filled out by the participants, (2)
survey assessments/standardized scoring systems filled out
by the researchers and (3) video analysis. Even though sub-
jective tools are important in ergonomics research, it should
be noted that their use is hindered by the presence of recall
bias, and intra-rater and inter-rater variability [5].

A plethora of validated questionnaires are available [5],
and some of them have been used in craniofacial and spine
ergonomics studies [6]. The National Aeronautics and Space
Administration Task Load Index (NASA-TLX) evaluates the
physical and mental workload required for the execution of a
specific task and was initially developed for use in the aero-
nautical industry [7]. It consists of six subscales (mental
demand, physical demand, temporal demand, effort, perfor-
mance, frustration levels) that are combined to provide an
estimate of the required workload to perform a task. In a
recent study, Ramakrishnan et al. [8] used the NASA-TLX to
compare the standing and sitting positions in a cadaveric
study of endoscopic sinus surgery. Notably, the surgery task
load index (SURG-TLX) is a modified version of the NASA-
TLX, validated for use in surgical ergonomics research [9].
Other validated questionnaires that have been previously
used in surgery and neurosurgery ergonomics research
include: (1) the University of Michigan Upper Extremity
Questionnaire, (2) the National Institute for Occupational
Safety and Health (NIOSH) Division of Surveillance, Hazard
Evaluations and Field Studies Questionnaire, (3) the Body
Part Discomfort (BPD) survey and (4) the Dutch
Musculoskeletal Questionnaire [10-12].

It is important to note that non-validated questionnaires
are often used by researchers who are investigating the prev-
alence of WMSDs amongst a specific population. This was
also the case in two recent cross-sectional questionnaire-
based ergonomics studies amongst neurosurgeons [2, 3].
Although it can be argued that, when possible, researchers
should avoid using non-validated questionnaires, these stud-
ies are important because they can ask specialty-specific
questions that usually cannot be found in validated
questionnaires.

Video recording and analysis is another tool available
for ergonomics research and posture analysis. Single or
multiple-camera systems are used to record the surgeons
while they perform a specific task, either in the operating
theatre or in a simulation laboratory. The researchers then
analyse and score the ergonomic performance of the sur-
geons, usually using standardized scoring systems. The
most commonly used scoring system is the Rapid Upper
Limb Assessment (RULA) [5]. Researchers assess upper
limb, neck, trunk and leg posture alongside muscle use and
force rates, leading to a total score of 1-7. Scores of 3 or
higher imply possible ergonomic risk, while a score of 7
suggests high ergonomic risk necessitating change [13].
The Rapid Entire Body Assessment (REBA) is a scoring
system that has been specifically developed to assess the
unpredictable static-dynamic changes in the posture of
healthcare workers [14]. A recent study by Aaron et al. [15]
used the REBA tool to assess the ergonomic injury risk
intraoperatively and reported that neurosurgeons had the
highest REBA scores amongst surgeons from ten different
surgical specialties. It should be pointed out that the stan-
dardized scoring systems can be either used in conjunction
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with video recording or as a stand-alone tool for intraopera-
tive, real-time posture assessment, as was the case for the
study by Aaron et al.

2.2 Objective Tools

Surface electromyography (SEMG) is a type of electromyog-
raphy (EMG) that uses non-invasive electrodes attached to
the skin of the study participant and provides information
regarding the time and intensity of muscle activation [16]. It
has been extensively used in ergonomics research in various
fields, and it is probably the most commonly used objective
tool in surgery ergonomics research [5, 16]. By using SEMG
readings alongside various analysis tools, researchers can
identify excessive muscle activity and fatigue [5]. In
neurosurgery-related studies, SEMG has been used to assess
novel ergonomic body supports for spine surgeons [17, 18]
and to compare the sitting versus the standing position in
endoscopic sinus surgery [8]. The use of SEMG in the oper-
ating theatre is currently complicated by the cumbersome
wiring that might contaminate the sterile surgical field and
could affect surgeons’ performance [19]. However, in recent
years, engineers have managed to create wearable sSEMG
acquisition systems that can be used in surgery ergonomics
research [20]. Figure 2 shows an example of the set-up
needed for SEMG recordings [21].

Systems for kinematic data capturing using reflective
markers and cameras are also commonly used in surgery
ergonomics research [22, 23]. High-speed, high-resolution
motion capture systems, consisting of multiple digital cam-
eras, are used to track the reflective markers that are attached

to specific anatomical landmarks. The researchers are then
able to use the data to reconstruct the movement of selected
body segments in three-dimensional space. Park et al. [23,
24] used this modality to compare different operating table
heights and various visualization methods while performing
spine surgery, in a simulated environment. Notably, this
research tool is completely wireless, thus minimizing the
risk of compromising sterility. However, its limitations are
associated with the application of the non-sterile markers on
the sterile surgical gown [5]. Furthermore, objects or person-
nel in the operating theatre who cause reflections or block
the direct visualization of the reflective markers from the
camera can interfere with measurements [25]. Figures 3 and
4 present examples of the elaborate camera system needed
for kinematic data capturing and the placement of the reflec-
tive markers, respectively [26, 27].

Inertial measurement units (IMUs) are sensors that are
comprised of accelerometers, magnetometers and gyro-
scopes creating a wearable device that can be used for motion
tracking [28]. They have the advantage of being entirely
wireless and they can be placed underneath the surgical
gown, thus avoiding interference with the surgical sterile
field. They are also lightweight and small, ensuring minimal
effect on a surgeon’s ability to operate. Yang et al. [29] used
IMUs in the operating theatres to evaluate the impact of pro-
cedure type, operation duration and adjunctive equipment on
intraoperative discomfort, across surgical specialties
including neurosurgery. Figure 5a, b presents the IMUs used
in the study. Another study used IMUs to assess neck pos-
tures and cervical spine loading in microsurgeons using
loupes and a headlamp [30]. In the future, wearable technol-
ogy might be used to enable the adjustment of a surgeon’s

Fig. 2 The set-up and wiring during an ergonomic study using surface electromyography [Reproduced from [21] (License: Creative Commons
Attribution 3.0 License)]
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Fig. 5 The (a) size and (b) placement of inertial measurement units (Reproduced from [29] [License: Creative Commons Attribution—
NonCommercial—NoDerivs (CC BY-NC-ND 4.0)])



Tools and Modalities for Postural Ergonomics Research in Surgery and Neurosurgery 19

posture by broadcasting real time data on a screen that the
surgeon can observe while operating.

Force plates are mechanical systems that measure the
ground reaction forces created by someone standing or mov-
ing on them [31]. They can be used in surgical ergonomics
research to quantify the weight distribution between the two
legs while operating [22]. In neurosurgery, a possible appli-
cation is the assessment of the effect of using the foot pedal
of the craniotome or the bipolar cautery on posture. They can
also be used not only to evaluate the posture of the primary
surgeon but the assistant surgeon as well. In similar fashion,
pressure sensors have been used to map and evaluate the
pressure on the seat of the surgical chair, in a study compar-
ing four different types of chairs [32].

2.3 Future Perspectives

Ergonomics research can help in the assessment and com-
parison between novel and existing tools, and between surgi-
cal approaches. It can also enable the establishment of
guidelines and policies regarding the use of specific surgical
tools, the neurosurgical microscope, and surgical chairs.
Important projects specific to neurosurgery include, but are
not limited, to: (1) the comparison of loupes, microscope and
exoscope in various types of operations and different
approaches, (2) the evaluation of the burden of assisting in
cranial and spine surgery, (3) the comparison between per-
forming specific tasks while standing versus while sitting
and (4) the individualization of choosing a surgical chair/
surgical shoes/surgical tools based on a surgeon’s discrete
body characteristics.

3 Conclusion

It is imperative that ergonomics research becomes an impor-
tant part of the research output in all surgical specialties,
including neurosurgery, as it can help in alleviating the bur-
den of WMSDs. In doing that, surgeons can become more
productive and healthier resulting in better outcomes and
optimal patient care. As the current technology evolves into
wireless designs, ergonomics research will become easier to
perform in the sterile environment of the operating theatre.
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The Impact of a Robotic Digital
Microscope on the Ergonomics

in a Neurosurgical Operating Theatre (A
Single-Centre Experience)

N. Gabrovsky and M. Petrov

1 Introduction

The operative microscope (OPMI) is established as a pillar
of surgical precision and by enabling better visualization and
dissection of the neural structures has marked the beginning
of the microneurosurgical era.

A new class of intraoperative visualization tools, the
operative exoscopes, has been introduced recently. They
have proven to have some important advantages, such as
better magnification, brightness and mobility, compared to
the conventional operative microscope [1-6]. Moreover,
the exoscope brings better ergonomics to the neurosurgical
operating theatre, which is considered as a great asset given
the fact that work-related musculoskeletal disorders
(WMSD) are becoming widespread in the neurosurgical
community [2, 5, 7]. WMSD have been proven to nega-
tively impact surgical performance and decrease the sur-
geons’ quality of life [7, 8]. The operative exoscope could
play a substantial role for the resolution of these problems
of ergonomics by reducing the continuous neck flexion and
uncomfortable position of the neurosurgeon. In a compara-

N. Gabrovsky - M. Petrov (<)

Department of Neurosurgery, University Multiprofile Hospital for
Active Treatment and Emergency Medicine “N. I. Pirogov”,
Sofia, Bulgaria

tive study, 84% of the participants found the exoscope more
ergonomic than the OPMI [5].

The purpose of the present study is to compare the ergo-
nomics in similar neurosurgical cases while using a conven-
tional operative microscope (OPMI) and a Robotic Digital
Microscope (RDM) measured by the REBA scores [9].

2 Materials and Methods

For the period 01.04.2021-01.06.2021 at the Department of
Neurosurgery of the University Hospital Pirogov, Sofia,
Bulgaria, 41 consecutive patients (23 female and 18 male)
were operated on using the Aesculap AEOS® Robotic Digital
Microscope. Sixteen of the operations were cranial and 25
spinal. The mean age of the patients was 59 years. This com-
prised Group A. The control, Group B, included patients
with similar pathologies to Group A but operated on with
OPMI. REBA Employee Assessment Worksheets (Fig. 1)
were filled in prospectively based on the position of the
senior author on intraoperative photos [9].
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REBA Employee Assessment
Task Name: Date:
Worksheet
A. Neck, Trunk and Leg Analysis Scores B. Arm and Wrist Analysis
Step 1: Locate Neck Position Table A Neck Step 7: Locate Upper Arm Position:
“1 0200 *2 R, 207+ *2 =g m 1 - 3 . 2 20045" - o M 9’
Legs 2/ 41 2341234
B 12341 /2/3/4[3|3]|5]6
Trunk' 2 2 3 4 53456456 7
Step 1a: Adjust... Posture 3 2 4 5 6 4 56 756 7 8
1f neck is twisted: +1 Score 4 35 67567 86 7 8 9| sep7a:Adust..
If neck is side bending: +1 5 4 6 7 867 8 8 7 8 9 9 Ifshoulderisraised: +1
If upper arm is abducted: +1 -
Step 2: Locate Trunk Position i s
= e At If arm is supported or person is leaning: -1 Fyrery—
" 2 e 42 @ .60 W e Table B
020 1 2 Step 8: Locate Lower Arm Position:
\ Wit 1 2.3 123 “ oo B 2 :
Bl 2 2123 o e \
Bl 23 23 4 e
Step 2a: Adjust.. Bl 45455 Lower Arm Score
If trunk Is twisted: +1 B : 55567
1f trunk is side bending: +1 Trunk Score B c 728788 stepo !nmlewﬂstmn
Step3!.egs B 7 22299 e B
" o X6
Table C Wrist Score
beg S Score A Score B
1234567891012
Step 4: Look-up Posture Score in Table A A 1 (1(1(2/3/3/4(5|6/7|7]7 I!‘wﬂstlsbentfrunmldﬂneormm Add +1
Using values from steps 1-3 above, 2 1/2|2|(3|4]/4|5|6|6{7]|7|8
Step 10: Look-up Posture Score in Table B
Liceie soofe I Table A BN 25 1315(4/5/6(7 /718 8]8| Uanguokestiomstas 7:0 hove, ocate sciee i Tabe 5
Step 5: Add Force/Load Score bt 4 344456788999 gu1y:addCouplingScore Posture Score 8
1fload < 11 Ibs. : +0 5 444567 889 9 9 9  welfitting Handle and mid range power grip, good: +0
l:loadnmnlbs.:ﬂ 6 6 6 6 7 8 8 9 9 1010 10 10| Acceptable but not ideal hand hold or coupling
1fload > 22 Ibs.: +2
7 7 7 7 8 9 9 910101111 11 2cceptable with another body part, fair: +1
Adjust: If shock or rapid build up of force: add +1 Focce / Load Score & 5 8 8 9 101010 10 10 11 11 17, Hand hold not acceptable but possible, poor: +2 Coupling Score
Step 6: Score A, Find Row in Table C B 5[ 5[5 [10/%0;10/11[11[11[12]12 1z] 'O toaex. Sakaerd, unmate v sy body port,
Add values from steps 4 & 5 to obtain Score A. 10 10 10/10 1111 11 11 1212/12/12 12
Find Row in Table C. Score A 11111111 11 1212 12 12 12 12 12 12 Step 12: Score B, Find Column in Table C
BaN 12 12[1212/12/12/1212/12 12|12/ 12] 2ad values from steps 10 &11 &0 cbtain
Scoring Score B. Find column in Table C and match with Saun
1'WIMR§B Score A in row from step 6 to obtain Table C Score.
2-3 = Low Risk. Change may be needed. . s
0= Heuh s BN T vestine, Cliigs 00D, +11 o%?l;oremdemale held for longer than 1 minute (static)
8-10 = High Risk. Investigate and Implement Change TYable € Score Activty Score REBA Score

11+ = Very High Risk. Implement Change

+1 Repeated small range actions (more than 4x per minute)
+1 Action causes rapid large range changes in postures or unstable base

Original Worksheet Developed by Dr. Alan Hedge. Based on Technical note: Rapid Entire Body Assessment (REBA), Hignett, McAtamney, Applied Ergonomics 31 (2000) 201-205

Fig. 1 REBA Employee Assessment Worksheet [10]

3 Results

Forty-one operations were conducted in the study by a single
experienced neurosurgeon (N.G.)—16 cranial and 25 spinal.
The cranial operations were in the field of neuro-oncology—
glial tumors, meningiomas, brain metastases, one pituitary
adenoma and one hemangioblastoma. The spinal operations
were more and comprised a much greater variety—from
minimally invasive procedures such as microdiscectomy,
spinal decompressions, trauma cases and spondylolisthesis
to complex intramedullary tumors. Stratifying the operations
by their complexity was outside the scope of this study.
Spinal operations were conducted with a very typical posi-
tion of the operator while using either the RDM or the OPMI;
therefore, this led to similar REBA scores but with substan-
tial improvement of the ergonomics while using the exo-
scope. In cranial operations, the results were much more
diverse. Greater improvement in ergonomics while using the
exoscope was noted during challenging cranial approaches

where the operator needed to “look around corners,” for

instance, parasagittal craniotomies.

4 Discussion
The operative microscope is essential for achieving high
standards in the everyday neurosurgical practice. A new class
of equipment for intraoperative visualization and magnifica-
tion, the Robotic Digital Microscope as an example of the
exoscopes, has emerged as a substitute to the well-established
neurosurgical operative microscope [6]. In some surgical
fields, there have been attempts to replace the OPMI with 3D
digital microscopes or exoscopes [11, 12]. 3D exoscopes and
their advantages have already been reported, mainly in spinal
surgery in small case series [13, 14].

The RDM was first shown to be comparable to the con-
ventional OPMI in cadaver and animal studies [2, 3, 15].
When discussing image quality, exoscopes are equivalent to
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Fig. 2 Intraoperative photograph of the setup during a cranial opera-
tion. The Robotic Digital Microscope (marked with blue arrow) is posi-
tioned to the right of the patient, next to the right hand of the
neurosurgeon and next to the operating nurse. In this setup the main
screen (yellow arrow) of the RDM is used by the assistant and the addi-
tional wider screen (green arrow), placed at the foot of the operating
table, is used by the neurosurgeon. Notice the straight comfortable posi-
tion of both neurosurgeons and the unobstructed line of view between
them and the screens of the RDM [26]

OPMI, and when combined with a 4K high-definition screen,
exoscopes are even better [4, 16—18]. The magnification and
brightness of exoscopes is superior and especially conve-
nient for working in deep locations [1, 2, 17-19]. The wide
screen is visible to everyone in the operating theater and
enables good coordination between the operating surgeons,
the assisting nursing staff and the anesthesiologists [2, 14].
Furthermore, the RDM is suitable for educational purposes
[2, 20]. The “lock-on target” function is one of the most fre-
quently used features of the RDM, with which the neurosur-
geon moves around the zone of interest, always in focus,
maneuvering with just the foot pedal. Thus, the operator is
able to “look around corners” without leaving their comfort-
able posture, with a straight back and no neck flexion (Fig. 2)
[2, 16, 17]. This greatly reduces the operator’s effort and
backpain even in prolonged and complicated cranial cases.
The constant wearing of 3D glasses is pointed out as a pos-
sible drawback [14], but in our study, such observation was
not confirmed.

However, the major asset of the RDM is probably the
ability to enhance the ergonomics in the everyday neurosur-
gical practice [2, 5].

Continuous neck flexion is one of the reasons for the
increased neck pain in surgeons (59%) compared to the gen-
eral population (20%) [21]. It is reported that 73% of 417
neurosurgeons have complained of WMSDs [8]. Ergonomics
is an emerging concept in the neurosurgical operating theatre
that really needs improvement in the future. In a study by
Auerbach et al., 4.6% of the surgeons were operated on for a

Fig.3 Intraoperative photograph during a spinal operation. There are a
lot of supplementary devices during spinal operations; thus, their cor-
rect arrangement is very important for their easy and ergonomical use.
The RDM is marked with blue arrow, which is placed behind the neuro-
surgeon. The long arm with mobile joints of the RDM make it possible
in this position to not obstruct the line of view of the neurosurgeon to
the wide screen (green arrow). The screen of the RDM (yellow arrow)
is used by the assistant. The workstation with screens of the C-arm of
the X-ray machine is marked with a gray arrow. The C-arm is removed
after obtaining an intraoperative 3D image of the zone of interest and
transferring the images to the neuronavigation. The camera of the neu-
ronavigation (white arrow) is placed at the foot of the operating table
and the workstation of the neuronavigation is placed next to the wide
screen of the RDM in order to be in the most convenient position for the
neurosurgeon. Notice again the comfortable position of the two neuro-
surgeons [26]

cervical disk disease, while cervical radiculopathy in the
general population is quite rarer—0.35% [21]. The use of
RDM generates no neck or back strain, typical for the use of
OPMI, which suggests a significant reduction in the WMSD
that are becoming widespread in the neurosurgical commu-
nity (Figs. 2 and 3).

The REBA score was introduced in 2000 to assess ergo-
nomics in health care and other industries [10]. Since then,
this score has been widely used for assessing ergonomics in
the field of surgery [10, 22-25]. The REBA score is a stan-
dardized tool that was designed to quantitatively evaluate the
postural strain and discomfort [25]. This score takes into
consideration the whole body divided into segments and the
type of activity conducted with each segment—static,
dynamic and rapidly changing [25].

In our study with 41 patients, we found a considerable
improvement in ergonomics while using an exoscope in
daily neurosurgical practice. During spinal operations with
an exoscope, the mean REBA score was 3, which is consid-
ered as a low risk for WMSD. In similar spinal operations
conducted with OPMI, the REBA score was 4, which is con-
sidered a medium risk for WMSD and a change in the work-
flow is warranted. Even though the results look similar in
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spinal operations, the neck analysis during the calculating of
the REBA score is stunning. The neck score is three times
lower while using the exoscope, which shows a favourable
effect on the ergonomics. This is substantial as the continu-
ous neck flexion is the cause of premature degeneration in
this spinal segment in the neurosurgical community. For
challenging cranial approaches, the REBA score is 2.6 times
lower for the exoscope cases (Fig. 4). The continuous neck
flexion of the neurosurgeon during spinal operations could
lead to WMSD (Fig. 5).

Fig. 4 Intraoperative photograph while using OPMI in challenging
cranial operations. Note the uncomfortable posture of the operator

Exoscopes could be the solution to the ergonomics prob-
lem in the neurosurgical operating theatre. However, some
comparative studies point out the use of exoscopes has a
learning curve that is still unknown [2]. In our previous
study, by using the NASA-TLX, we were able to evaluate the
subjective workload of the transition from OPMI to RDM of
an experienced neurosurgeon and outline the learning curve
[26]. In total, 20 operations are needed with the RDM to
ensure fluent workflow of an experienced neurosurgeon, and
faster transition is observed in spinal cases [26].

Fig.5 Intraoperative photograph during a spinal operation with OPMI. Note the continuous neck flexion of the operator and lateral flexion in the
lumbar spine. This position is a prerequisite for WMSD in the future. This uncomfortable posture could be avoided by using an RDM
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Conclusion

Exoscopes, including the RDM, are an emerging alternative
to the conventional operative microscopes. The ergonomics
during neurosurgical operations could be substantially
improved with the implementation of the exoscope. For chal-
lenging cranial approaches, where the operator must fre-
quently “look around corners” the exoscope has a major
advantage compared with the OPMI—the REBA score is 2.6
times lower while using an exoscope. For spinal operations
the neck score as part of the REBA score is three times lower
for the exoscope, which leads to low risk for WMSD. The
RDM could reduce the WMSD that are becoming wide-
spread in the neurosurgical community.
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Post-mortem Imaging of Brain/Spine
Injuries: The Importance
of a Comprehensive Forensic Approach

Luis Azmitia, Simone Grassi, Francesco Signorelli,
Laura Filograna, Vincenzo Pascali, Alessandro Olivi,
Massimiliano Visocchi, and Antonio Oliva

1 Introduction

Forensic analysis has shifted from the traditional (purely)
autoptic approach to a comprehensive investigation per-
formed by cross-functional teams [1]. Two of the biggest
limitations of traditional autopsy are that (1) elements of
medico-legal interest sometimes can be found in anatomical
districts that are not usually dissected (e.g., the back) and (2)
dissection ruins the anatomical identity of structures and, in
general, makes it difficult to reconstruct a 3D image of the
anomaly (e.g., the extension and the thickness of an intra-
cranic hemorrhage, the description of bone fractures). Post-
mortem imaging, especially virtual autopsy, can be extremely
useful to overcome these limitations [2]. In particular, com-
puted tomography (CT) imaging with its 3D volume render-
ing (VR) and MPR reconstructions allow flagging anomalies
before the autopsy (thus orienting and guiding the dissec-
tion) and also to avoid the autopsy itself, in cases where—for
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instance—the families are against the autopsy for religious
beliefs. Moreover, when opening the intracranic cavity can
be hazardous at the autopsy (e.g., in cases of meningitis) and
the institution has no autopsy rooms with proper level of
safety, virtopsy can help to overcome this issue. In general,
opting for a comprehensive forensic approach based on the
combination of autopsy, virtual autopsy, and laboratory test-
ing is often the best decision because when combining radio-
logical, macroscopic, and microscopic findings, a certain
cause of death can often be found.

In this scoping review, we briefly describe the main appli-
cations of the two most common post-mortem radiological
techniques (computed tomography (CT) and magnetic reso-
nance imaging (MRI)) to the forensic investigation of brain
and spinal injuries.

2 Medical Malpractice

When medical malpractice is suspected, clinical autopsies
are a powerful tool for the hospital to promptly detect medi-
cal errors (and thus compensate the patient without expen-
sive lawsuits) and to improve its services. In these cases,
causal inference can often only be reliably made by combin-
ing known medical history, clinical information, autopsy
findings, and both ante- and post-mortem radiological
images [3-6]. However, both clinical autopsies and post-
mortem imaging represent a cost for the hospital. Wagensveld
et al. reported that minimally invasive autopsies (MRI, CT,
and CT-guided biopsies) had a mean cost of €1296 including
brain biopsies and €1087 without brain biopsies, while the
mean cost of a traditional autopsy was €991 including brain
autopsy and €740 without brain autopsy [7]. Moreover, they
found that the cause of the death was found by 67.7% of
post-mortem CTs and by 85.4% of post-mortem MRIs.
Virtopsy in not able to always find the cause of the death
because some features, such as thromboembolism, remain
difficult to investigate both by traditional autopsy and by
imaging [8].
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3 Brain and Spinal Injuries at Post-
mortem Computed Tomography

Traumatology is probably the most known field of applica-
tion for virtopsy. In particular, when a traumatic cranial and/
or spinal injury can be suspected, post-mortem CT and com-
plete autopsy are considered the gold standard. For instance,
in cases of brain trauma, the most common finding (sub-
arachnoid hemorrhage) can be clearly identified, described,
and quantified at the post-mortem CT, helping the patholo-
gist to evaluate whether it could have been the cause of the
death [9]. This kind of causal inference can be crucial, for
example, when surgical evacuation has not been performed
and thus malpractice of the neurosurgeon is suspected.
Regarding homicidal/suicidal scenarios and mass disas-
ters, post-mortem CT is particularly valuable, since it can
reliably flag both bone injuries (e.g., in cases of hanging or
bone fractures caused by gunshots) and hyperdense objects

Fig. 1 Brain post-mortem CT scans: brain window (a), bone window
(b, ¢). Pneumocephalus associated with subarachnoid hemorrhage (a),
depressed fractures of occipital bone (b), frontal sinus (a), ethmoidal

Fig.2 Post-mortem CT scans
obtained using 3D volume
rendering technique: a
fracture of the squamous part
of the occipital bone (a) and
of the cranial base (b) can be
seen

(e.g., bullets, metallic fragments) (Figs. 1, 2, 3, and 4) [2,
10]. Moreover, in cases of penetrating brain injury, the tra-
jectory can be inferred examining the stray given by the bul-
let fragments and the radiological appearance of skull holes
(the entrance wound has an inward conical shape, while the
exit wound has an outward conical shape) [1].

Post-mortem CT findings, especially if they concern the
brain or the spine, must always be interpreted by expert
forensic radiologists, since abnormal feature may be due to
“common” post-mortem phenomena. For instance, Persson
et al. reported that atlanto-axial rotatory subluxations often
found at post-mortem CT are rarely due to ante-mortem trau-
mas, mostly being caused by the post-mortem head rotation
[11]. Another example is given by the normal post-mortem
reduction in brain parenchymal density, that can be associ-
ated with a pseudosubarachnoid hemorrhage appearance
(that can be easily misdiagnosed by a radiologist who does
not know the typical post-mortem changes) [12].

sinuses (b), base of skull through the middle cranial fossa involving
both the petrous parts of the temporal bone with complete detachment
of the posterior cranial fossa (c¢)




Post-mortem Imaging of Brain/Spine Injuries: The Importance of a Comprehensive Forensic Approach 29

Fig.3 Post-mortem CT scans
of the neck. Emphysematous
bubbles can be seen inside the
soft tissue (yellow arrows)
and the spinal canal (blue
arrow) (a). In (b) a fracture of
the epistrophus with anterior
dislocation of bone fragments
can be observed

Fig. 4 Post-mortem CT scans obtained using multi-planar reformation in a case of head gunshot. A bullet fragment can be seen inside the clivus
(a, b). In (¢) a hole with an inward conical shape and surrounded by many small hyperdense fragments (bone? metal objects?)

4 Brain and Spinal Injuries at Post-
mortem Magnetic Resonance
Imaging

Growing evidence is emerging on the accuracy and reliabil-
ity of MRI [13]. Similar to post-mortem CT, post-mortem
MRI also has applications for neurosurgical traumatology:
for instance, in cases of spinal trauma, it is able to show
soft-tissue and ligament injuries that are very frequent acci-
dent injuries and cannot be investigated by CT [14]. Post-
mortem MRI is particular important in cases of pediatric
age. Indeed, especially in young cases, the diagnosis of spi-
nal cord injuries (especially of the cervical spine) can often
be missed before death because they are often not detect-

able by X-rays or CT (that are usually performed when a
traumatized patient arrives at the emergency room) [15]. In
these cases, performing MRI after death could reveal spinal
injuries. Even in cases of fetal death (e.g., due to perinatal
hypoxic-ischemic brain injury) post-mortem MRI can be
indicated: Thayyil et al. compared traditional autopsy and
“minimally invasive autopsy” (external examination of the
cadaver, post-mortem MRI, metabolic/genetic testing and,
for the fetuses, examination of placenta) in a study popula-
tion of cadavers younger than 16 years, finding a high
degree of concordance (especially in fetuses) [13]. In par-
ticular, they reported that minimally invasive autopsy suc-
ceeded in finding the cause of the death in more than the
89% of the cases.



30

L. Azmitia et al.

Post-mortem MRI can also be used in cases of gunshot
injuries: it can help to explore cavitation injuries (and to
assess their extent) and flag microinjuries (e.g., microbleed-
ings) caused by the temporary cavitations, because of the
high spatial resolution of this technique [11]. However,
optimal reliability and diagnostic accuracy of MRI are
achieved in cases of small-caliber guns and/or gunshots from
significant distances, since less severe bone and soft tissue
damages occur under these circumstances [16].

This technique can also be applied to the specimens col-
lected during the autopsy: for instance, postmortem micro-
scopic resolution MRI of spinal cord fixed samples can be
performed to detect a spinal cord lesion and for automated
volumetric gray matter segmentation/quantitative spinal cord
morphometry (e.g., quantification of the gray matter frac-
tion) [17].

Finally, Coolen et al. evaluated the use of post-mortem
MRI to investigate the heads 19 cases who died with
COVID-19 (without known brain injuries), finding paren-
chymal anomalies (subcortical microbleeds and macro-
bleeds, corticosubcortical edematous changes evocative of
posterior reversible encephalopathy syndrome, and nonspe-
cific deep white matter changes), asymmetric olfactory bulbs
(without downstream olfactory tract abnormalities), and no
brainstem anomalies [18]. They also described these post-
mortem changes: “(1) the necessary adaptation of the FLAIR
TI to obtain adequate water suppression, (2) increased TIWI
signal intensity of the deep nuclei, (3) T2WI fat suppression,
(4) DWIrim-like increased signal intensity, and (5) decreased
parenchymal ADC values.”

5 Training

Some authors advocated the use of virtopsy to achieve a bet-
ter understanding of the surgical anatomy [19, 20]. For
instance, Signorelli et al. underlined that dissection laboratory
experience can be extremely helpful for the neurosurgeons to
enhance their technical and non-technical (e.g., communica-
tion, leadership) skills, especially when innovative and/or
complex approaches must be validated, and that in these
cases, post-mortem CT scans are essential to guide the oper-
ator [10, 21, 22]. A better understanding of the surgical anat-
omy can also help to design new surgical approaches:
Bodmer et al. evaluated the post-mortem CT scans of 192
cadavers to develop a sacral endoscopic approach, assessing
anatomical variables such as the narrowest point of the sacral
canal and the lateral and anteroposterior diameters [20].

6 Conclusions

Although CT represents the traditional approach to post-
mortem imaging, MRI is proving to be a valuable tool to
investigate brain and spinal injuries and lesions. These post-
mortem radiological techniques can also be used to guide the
surgeons in simulated surgical procedures on corpses in the
context of training programs, thus helping operators to
improve technical and non-technical skills and to reduce the
risk of avoidable errors.
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1 Physiological Changes in the Prone
Position
1.1 Cardiovascular

Decreased Cardiac Index

When a patient is put into the prone position, an almost uni-
versal finding is a decrease in cardiac index (CI). In 16
patients [1] with cardiopulmonary disease, the most remark-
able finding during surgery in the prone position was an
average decrease of 24% in CI, which reflected a decrease in
stroke volume with little change in heart rate.

Mean arterial pressure (MAP) was maintained by
increased systemic vascular resistance (SVR), and pulmo-
nary vascular resistance (PVR) also increased in most
patients.

No changes were noted in mean right atrial or pulmonary
artery pressures (PAP). Interestingly, these cardiac function
alterations were only noted because cardiac output was mea-
sured. Normally, central venous and intra-arterial pressure
measurements would not have identified this. The decrease
in CI during prone position has also been confirmed else-
where [2]. On the other hand, one study that analysed transo-
esophageal echocardiography in patients undergoing lumbar
laminectomy [3] showed that although central venous pres-
sure (CVP) increased slightly when patients were moved
from supine to prone, CI did not change.

Nevertheless, it appears that the specific prone position used
may influence these findings. A study performed in 21 patients
undergoing lumbar surgery with direct PAP or IVC pressure
monitoring [4] demonstrated that the flat prone position did not
interfere with circulatory function but positioning with a convex
saddle frame caused a decrease in CI and stroke volume index
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without significant increase in IVC pressure. It suggests that
heart position at a hydrostatic level above the head and limbs
may result in reduced venous return and consequently a reduced
CI. A study [5] of four different surgical prone positions in 20
healthy non-anaesthetized volunteers (pillows under the thorax
and pelvis with a free abdomen, position on an evacuatable mat-
tress, position on a modified Relton—Hall frame or the knee—
chest position) found no substantial changes in heart rate or
MAP in any of the different positions, but CI decreased by 20%
on the knee—chest position and by 17% on the modified Relton—
Hall position. In the prone jack-knife position [2], head-down
tilt caused CI to return to supine values and this was attributed
to decompression of the IVC allowing an increased venous
return to the heart.

It has been suggested that the decrease in CI may be due
to elevated intra-thoracic pressures causing reduced arterial
filling which leads to sympathetic activity increase via the
baroceptor reflex. Consistent with this theory is the work
which demonstrated that in prone patients decreased stroke
volume is accompanied by an increased sympathetic activity
(increased heart rate, total peripheral vascular resistance and
plasma noradrenaline).

Recent studies suggest that the anaesthetic technique
could affect haemodynamic variables in the prone position.
One study [6] showed that when comparing total intra venous
anaesthesia (TIVA) with inhalation anaesthesia by measur-
ing MAP and heart rate in patients undergoing spinal sur-
gery, a greater decrease in arterial pressure in the TIVA group
was observed.

Another study [7] compared inhalation with intra venous
maintenance anaesthesia by using non-invasive cardiac out-
put measures in supine patients which were then pronated on
a Montreal mattress. The authors found a decrease in CI and
increase in SVR when the patients where pronated. The
changes were greater during TIVA (decrease in CI of 25.9%)
compared  with  inhalation  anaesthesia  (12.9%).
Notwithstanding, such results may be explained by the
change in propofol pharmacokinetics during prone position.
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Measured propofol concentrations have been observed to
increase during target-controlled infusions when patients are
transferred from supine position to prone, probably as a
result of the decrease in cardiac output [8].

Inferior Vena Cava Obstruction

Obstruction of the IVC is likely to play a role in reducing
cardiac output in at least some patients positioned prone. It
is also clear that such obstruction contributes to increased
blood loss during spinal surgery. Venous drainage obstruc-
tion forces blood to return to the heart by an alternative
route (usually the vertebral column venous plexus of
Batson). Given that these veins are thin-walled and contain
little or no muscle tissue with few valves, any increase in
pressure is transmitted and causes distension. This proba-
bly causes increased blood loss which adds to the difficulty
in the surgical field, especially during lumbar spinal
surgery.

The IVC obstruction issue is well recognized and various
methods have been attempted to reduce blood loss such as
the use of local anaesthetic infiltration, spinal and epidural
anaesthesia and deliberate hypotension. In one study, IVC
pressure was measured in six patients by comparing posi-
tions with and without a compressed abdomen. In all patients
[9] abdominal compression resulted in a large increase in
venous pressure by reaching more than 30 cm H,O in a par-
ticular patient. The position that appeared to cause the least
compression (changes of up to 4 cm H,O) involved placing a
large block under the chest and small sandbags under each
anterior superior iliac crest. It was also noted that hypercar-
bia and any increase in pressure during expiration caused an
increase in venous pressure.

When comparing IVC pressures in patients in the flat
prone position, it was found that pressures were 1.5 times
greater with respect to patients on the Relton—Hall frame,
demonstrating the benefit of a support system that allows a
free abdomen. This study also showed that induced hypoten-
sion had no significant effect on IVC pressure.

In summary, turning a patient into the prone position has
significant effects on cardiovascular physiology, the most
consistent of which being the reduction in CI. This has been
variably attributed to a reduced venous return, to direct
effects on arterial filling and reduced left ventricular compli-
ance secondary to increased thoracic pressure. Other haemo-
dynamic measures vary in a less predictable manner,
although at least some patients demonstrate an increased
sympathetic response to the change in position and the dif-
ferent anaesthetic techniques may influence the degree to
which such changes occur. IVC obstruction is a well-
recognized complication of prone positioning, and it is exac-
erbated by any degree of abdominal compression leading to
decreased cardiac output, increased bleeding, venous stasis
and consequent thrombotic complications. Careful position-
ing is therefore essential to minimize these risks.

1.2 Respiratory

Changes in Respiratory Physiology

The respiratory system is affected by an even more pro-
nounced and clinically significant change in the prone posi-
tion. Overall, functional residual capacity (FRC) decreases
in comparison to the erect position. On the other hand, when
compared to the supine position, FRC is seen to increase in
the prone patient. Forced vital capacity (FVC) and forced
expiratory volume in 1 s (FEV1) change minimally. In addi-
tion, pulmonary blood flow changes in the prone position.

It is common knowledge that pulmonary blood flow is
gravity dependent. In the prone position, perfusion of the
dependent lung would be increased compared to the nonde-
pendent lung. However, recent work has found that blood
flow is distributed more uniformly throughout the lung in the
prone position with respect to the supine position. As with
pulmonary perfusion, lung ventilation is probably less
dependent on gravitational forces than was once thought.

Recent work emphasizes that the architecture of the air-
way has a greater impact than gravity on the distribution of
ventilation. This leads to improved matching of ventilation
and perfusion, allowing for better oxygenation when prop-
erly placed in the prone position.

If not positioned correctly, excess abdominal compres-
sion could cause cephalad displacement of the diaphragm
and encroach the lung. This may result in a decrease in FRC
and lung compliance potentiating V/Q mismatch.

Lung Volumes
The most consistent finding is a relative increase in func-
tional residual capacity (FRC) when a patient is moved from
a supine to a prone position; forced vital capacity and forced
expiratory volume in 1 s (FEV1) change very little [10].
Coonan and Hope [11] discussed, in detail, the cardio-
respiratory effects of different body positions. The FRC of a
patient going from upright and conscious to supine, anaes-
thetized and paralysed may decrease up to 44%, but consid-
erably less (12%) when going from upright to prone. These
findings were confirmed in a clinical context involving
patients undergoing intervertebral disc surgery [12].
Measurements of FRC and arterial oxygen tension (Pa0,)
were taken in supine patients and after 20 min in prone posi-
tion. A significant increase was found in the FRC and PaO,
[1.9(SD0.6) vs.2.9(0.7) L and 160 (37) vs. 199 [13] mmHg]
when changing from supine to prone. The delivered tidal vol-
umes and inspiratory flow rates were unchanged by the posi-
tion as were the static compliances of the respiratory system
(chest wall and lung). Although the resistance of the respira-
tory system was found to increase by 20% primarily as a
result of changes in the viscoelastic properties of the chest
wall, this did not seem to be of any clinical significance.
Airway resistance was not altered by the change in position.
The authors attributed the increase in FRC to the reduction of
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cephalad pressure on the diaphragm and the reopening of
atelectatic segments.

The same study was repeated in obese patients (BMI
>30 kg/m?) [13] using a similar methodology and positioning,
whereby the authors observed an increase in lung volumes,
lung compliance and oxygenation when patients were turned
to the prone position, although, in obese subjects, the average
FRC when supine was significantly lower than in the non-
obese group [1.9 (0.6) L compared with 0.894 (0.327) L].

In summary, there are clear differences in respiratory
physiology between supine and prone positions, including an
increase in FRC and the distribution changes of both ventila-
tion and perfusion throughout the lungs. It is thought that this
leads to an improved ventilation/perfusion matching, which
results in a better oxygenation in the surgical patient.

1.3 Complications Associated

with the Prone Position

Injury to the Central Nervous System

Injury to the central nervous system represents a rare but
potentially catastrophic complication of the prone position.
These injuries can be classified according to the underlying
mechanism—arterial occlusion, venous occlusion, air
entrainment, cervical spine injury or the repercussion of
undiagnosed space-occupying lesions.

Injury to the Peripheral Nervous System

Peripheral nerve injury may occur in patients under anaes-
thesia in any position and is thought to be the result of nerve
ischaemia from undue stretching or direct pressure. In this
context, prone positioning might lead to a different pattern or
frequency of nerve injury when compared with supine
positioning.

1.4 Pressure Injuries

A wide variety of injuries can occur in the prone position as
a result of the pressure applied to dependent parts of the
body. These injuries can be thought of as being the result of
either direct pressure or indirect pressure (when injury occurs
as a result of pressure on or occlusion of the vascular

supply).
Direct Pressure Injuries

Pressure Necrosis of the Skin

Direct pressure is a common cause of anaesthesia-related
injury that can occur in the prone position. Most authors
advise to closely pay attention to the positioning of the face,
ears, breasts, genitalia and other dependent areas to prevent

pressure sores or skin necrosis. However, there are few
reports on the subject, and such complications are usually
mentioned as part of case series of other complications. The
skin areas mainly affected include the malar regions, iliac
crests, chin, eyelids, nose and tongue [14-16].

Contact Dermatitis

A patient developed contact dermatitis of the face [17] with
periorbital and lip swelling after undergoing surgery with the
head placed in a specific device (PronePositioner). A case of
contact dermatitis in response to a Bispectral Indexw moni-
tor placed on the forehead was thought to have been exacer-
bated by the prone position as a continuous pressure
potentiated contact with the electrode conductive gel [18].

Tracheal Compression

There have been four reported cases of tracheal compression
occurring during surgery in the prone position [19-22]. In all
patients, this was associated with thoracic scoliosis and the
proposed mechanism involved a reduced anterior—posterior
diameter of the chest, which resulted in the compression of
the trachea between the spine and the sternum. Tracheal
compression appears to be a problem only in patients with
underlying anatomical abnormalities and has not yet been
reported in those with normal habitus.

Salivary Gland Swelling

Bilateral painful swelling of the submandibular glands after
surgery in the prone position with lateral rotation of the head
has also been reported. Although the aetiology is not clear,
the authors concluded that it probably resulted from salivary
ducts stretching, leading to stasis and acute swelling.

Shoulder Dislocation
The distribution of pressure in the prone position can also
lead to anterior dislocation of the shoulder.

Indirect Pressure Injuries

Macroglossia and Oropharyngeal Swelling

Macroglossia is a well-documented complication of surgery
in the sitting position and is thought to result from excessive
flexion of the head and neck causing obstruction to venous
drainage. Swelling of the tongue and oropharynx can consti-
tute a real emergency for the patient undergoing surgery in
the prone position.

Visceral Ischaemia

Avoiding compression on the abdominal organs is as impor-
tant as avoiding abdominal compression to facilitate the sur-
gical field. Hepatic ischaemia with progressive metabolic
acidosis and elevated liver enzymes has been described after
prolonged surgery in the prone position [23, 24] with subse-
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quent resolution, and a case of hepatic infarction after 10 h of
surgery in the prone position has also been reported.

Peripheral Vessel Occlusion
The prone position can cause compression and occlusion of
several peripheral vessels.

Ophthalmic Injury

Postoperative visual loss (POVL) after non-ocular surgery in
any position is relatively rare. There are a few mechanisms
by which prone positioning may lead to ophthalmic injury.
The most obvious is the result of direct external pressure by
a headrest or other support on the orbital contents which
causes an increased intraocular pressure leading to retinal
ischaemia and visual loss. This has been named ‘Hollenhorst
Syndrome’ and is usually linked with findings related to cen-
tral retinal artery occlusion. Ironically, such injury has
recently been described as a result of using a device designed
to protect the eyes [25]. Specific devices designed to support
the head during the prone position are fashioned to leave an
open space for the eyes by distributing the weight of the head
between the bony structures. Mirror systems placed on the
operating table can be helpful with eye checks.

POVL can occur in the absence of external impingement
on the eyeball, for example, when the head has been pinned
and no headrest or other support has been placed near the
eyes. This situation tends to be associated with findings of
ischaemic optic neuropathy on examination [26] and may
also be bilateral (over 40% of patients in one review) [27].
The final common pathway in ischaemic optic neuropathy is
the inadequate oxygenation of the optic nerve causing isch-
aemic damage and failure of impulse transmission. Some
individuals may be more susceptible to this as a result of
anatomical variation in the arterial supply or abnormal vessel
autoregulation [28]. In any patient, however, oxygenation of
the optic nerve depends on adequate perfusion of its neu-
rones. Perfusion pressure to the optic nerve can be defined as
the difference between MAP and intraocular pressure or
venous pressure, whichever is greater. Consequently, an
increase in intraocular or venous pressure or a decrease in
arterial pressure result in greater likelihood of developing
optic nerve ischaemia.

2 ... and The Most Correct Anaesthetic
Approach?
2.1 Pre-assessment

Firstly, discuss with the surgeon the required position and the
predicted duration of the procedure. Then fully pre-assess
the patient, including physical examination and informed
consent for anaesthesia. Evaluate the airway carefully—cer-

vical spine surgery is an indication for prone positioning and
limited head and neck movements are common in these
patients, complicating airway management. Focus on periph-
eral neuropathy risk factors (diabetes, alcohol consumption,
B, deficiency) and document pre-existing nerve injuries and
neuropathies. Check for signs of vertebrobasilar insuffi-
ciency. Consider the need for invasive monitoring and appro-
priate consent. Perform pre-operative investigations as
needed.

2.2 Pre-induction

Standard monitoring should be set up when the patient is in
the supine position and an appropriate venous access should
be established. The anterior cubital fossae should be
avoided given that flexion of the arms will occlude this
route when the patient is positioned prone for surgery.
Place ECG electrodes on the patient’s back where they will
not interfere with surgery. Ensure that there is an adequate
number of staff present to turn the patient after induction;
they should be instructed on the technique using an awake
volunteer for practice. The correct operating table should
be in place and induction should take place on a separate
moveable bed.

23 Induction

Induce anaesthesia appropriately and then secure the airway.
A reinforced endotracheal tube (ETT) is often used. A laryn-
geal mask has been used in the prone position, but it is intui-
tively safer to fully secure the airway as intra-operative
access is difficult. Secure the tube, preferably with tape and
not a tube tie. The main reason for this is that when the
patient is positioned prone the tie may become tighter and
occlude venous drainage from the head and neck resulting in
morbidity as discussed earlier.

Protect the eyes carefully. Initially, by covering with
tape and then by placing protective extra padding over them
and securing that in place with additional tape. Hard gog-
gles have been designed to help protect the eyes in the
prone position—if used, ensure that they are correctly
placed, making sure there is no pressure on the ocular
globes. Consider temperature monitoring—if continuous
nasopharyngeal monitoring is needed, then insert the tube
prior to taping the ETT as access to the nose and mouth
may be difficult. Place arterial and central lines if required,
but keep in mind that CVP interpretation may be difficult in
the prone position. A urinary catheter is recommended in
major procedures to aid in the assessment of circulation
and fluid balance.
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24 Positioning

As soon as the airway and all lines are secure, tell the theatre
team members that you are ready for the prone position. Place
the stretcher with the patient next to the operating table. Take
control of the head and airway—as with all positioning, it is
safest to disconnect the patient from the breathing circuit at
this point. At least five other staff members (one of whom
should be the surgeon) are required to safely turn the patient—
two on each side and one controlling the legs and feet. The
patient should be turned prone slowly and gently onto the
operating table, while the anaesthetist coordinates the proce-
dure. Care should be taken to avoid misplacement of intrave-
nous lines and cannulas. Once positioning is complete, head
and neck should be placed carefully preferably in a neutral
position, on a soft head ring avoiding ocular pressure. Then
perform a rapid but thorough assessment of the airway,
breathing and circulation. It is not uncommon that the endo-
tracheal tube gets misplaced into the right main bronchus as a
result of increased neck flexion.

Arm positioning depends on surgery indication. In the
Montreal mattress prone position, arms should be placed
alongside the head on additional arm support. When moving
the arms, do so one at a time and not simultaneously, such
that greater ROM is allowed at the shoulder joint level (as per
butterfly versus freestyle swimming strokes). To avoid bra-
chial plexus stretching, ensure that the axillae are not under
tension.

Perform a full head-to-toe assessment of the patient to
verify that every potential pressure point is protected by pad-
ded material. When dealing with a Montreal mattress, assure
that the abdomen is correctly placed. Next, perform a sec-
ondary assessment of airway, breathing and circulation prior
to the commencement of surgery.

2.5 Intra-Operative Management

The same principles of intra-operative management of any
anaesthetic technique also apply to prone positioning. The
main difference lies in the fact that if a problem that requires
returning to the supine position arises, there may be some
delay before this can be done safely. As with all anaesthetic
procedures, extremely careful preparation and a double-
check prior to surgery initiation is crucial to prevent prob-
lems or potential adverse events related to position.

2.6 Emergence from Anaesthesia

Maintain adequate anaesthesia until the patient is reposi-
tioned in the supine position on the stretcher, given that it is
harder to safely reposition a coughing or non-compliant

patient. Anaesthetic emergence follows the same principles
as any other anaesthetic process including post-operative
examination.
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The Funnel: From the Skull Base to the
Sacrum. New Trends and Technologies
in Anaesthesia for the Adult Patient

F. Tosi, R. Festa, Massimiliano Visocchi, and R. Garra

Countless advances in paediatric neurosurgery have signifi-
cantly improved the outcome of infants and children suffer-
ing from central nervous system (CNS) lesions.

The physiological and developmental differences that
characterize paediatric patients present a huge challenge to
both neurosurgeons and anaesthetists. In paediatric surgery,
the prone position is used for spine surgery, encephalocele
repair and suboccipital craniotomies.

The enormous existing differences between adults and
children require a great deal of attention to be paid to the
paediatric neurosurgical patient. It is not uncommon to find
that children with signs and symptoms of intracranial hyper-
tension often have advanced disease. From a physiological
point of view there are many considerations to underline.

Cerebral blood flow is closely related to metabolic
demand, and both increase soon after birth in a proportional
manner. The self-regulating blood pressure in a new-born
normally ranges from 20 to 60 and changes are to be consid-
ered according to the age [1]. Such range is consistent with
the relatively low brain metabolic requirements and low
blood pressure that characterize the perinatal period.

Another important difference found in paediatric patients
when compared to adults is defined by a higher percentage of
cardiac output being directed to the brain, given that, in the
infant and child, the head occupies the largest body surface
area, and thus needs more blood flow. As a result, the child is
at greater risk for significant haemodynamic instability dur-
ing neurosurgical procedures.

More importantly, the cerebral blood flow autoregulation
curve is characterized by extreme variations at its lower and
upper limits. Given the narrow range at either end of the
auto-regulation curve, marked hypotension and/or hyperten-
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sion places the infant at risk for cerebral ischaemia or intra-
ventricular haemorrhage, respectively [2].

1 Anesthesiological Management

The management of children affected by neurosurgical
pathologies is multidisciplinary and should be set on several
fronts.

The main challenges involve:

e The potential need for massive blood components trans-
fusions: this is of particular importance, especially in
children undergoing surgery in the first months of life [3,
4]. In these patients, the nadir of physiological anaemia
often coincides with surgery, thus leading to a greater
number of intraoperative transfusions.

e Prolonged anaesthesia in paediatric age that may be often
complicated by various forms of syndrome-related
problems.

It is therefore a task of the anaesthesiology team to man-
age the ventilation, anticoagulation and transfusion support
of these patients during and after surgery. All this must be
done taking into consideration the pathophysiological and
clinical conditions. In addition, airway management must be
as accurate as possible [5-7] given the dysmorphic features
that are often encountered.

The problems to managed may be divided schematically
into three large groups:

1. preoperative

2. intraoperative:
(a) induction and maintenance of anaesthesia;
(b) blood loss control and transfusion support;
(c) prone position

3. postoperative.
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2 Preoperative Issues

Several studies have revealed that infants and children are at
higher risk of morbidity and mortality than any other age
group [8].

Respiratory and cardiac events account for most of these
complications.

However, one of the major pitfalls in the management of
infants and children undergoing neurosurgery relates to the
presence of coexisting pathologies. Very often, the neurosur-
gical pathology accounts for only one of the many patholo-
gies that the paediatric patient is affected by. The management
of the paediatric neurosurgical patient, especially when con-
sidering the prone position, requires a thorough and careful
evaluation of the airways, which are commonly altered in
syndromic patients [9].

It must be recalled that some paediatric patients are
affected by syndromes involving the craniofacial massif.

In many craniofacial syndromes, the difficulty in manag-
ing the airways may be present from the very beginning dur-
ing mask ventilation after anaesthesia induction has begun.
Besides taking into consideration potential infectious prob-
lems, the significant incidence of OSAS must also be
accounted for in airway management of these patients. The
obstruction can be at various levels and often creates a
marked anatomical distortion of the nasopharyngeal district;
in most cases, this distortion is clinically significant and
often causes obstructive apnoea. Every so often, patients
requiring CPAP are scheduled for tracheostomy to stabilize
the respiratory tract to ensure a more regular intra and post-
operative course, especially in long duration and prone
interventions.

It is not uncommon that cardiac morbidity related to con-
genital heart disease arises during the first year of life [10].
Congenital heart disease, often not evident soon after birth,
commonly emerge during surgery when haemodynamic
changes caused by aesthetic agents, mechanical ventilation
and blood loss unmask these heart defects. Echocardiography
can be helpful in evaluating heart function and motion and a
paediatric cardiologist should always evaluate patients with
suspected problems to help optimize heart function prior to
surgery.

Risk factors that indicate a potential or probable need of
blood transfusion should also be considered and evaluated
prior to surgery.

It is necessary to consider:

e Type of surgery (craniofacial surgery, correction of scoli-
osis and cardiac surgery are associated with increased
blood loss);

e Pre-existing comorbidities (heart or lung conditions, dia-
betes, kidney problems, etc.);

e Preoperative haemoglobin/haematocrit value adjusted for
age and weight;

e Presence or absence of clinical signs of anaemia or
hypovolemia;

e Preoperative treatment with anticoagulants.

Besides the importance of a multidisciplinary approach
when dealing with clinical problems in these patients, it is
fundamental to assess risk factors that can be modified before
surgery such as the interruption of anticoagulant therapy and
the weight of the small patient. The procrastination of the
intervention, when possible, aims to reach an optimal weight,
thus reducing the risk of periprocedural issues related to
transfusion requirements. It is also necessary to establish
preoperative fasting [11, 12], to calculate and set the intraop-
erative fluid therapy [13, 14] according to the clinical condi-
tion of the patient and type of surgery. This is done to prevent
an excessive administration of perioperative fluids from
causing acidosis, coagulation alterations, peripheral tissues
oedema and, rarely, pulmonary oedema. At the same time,
optimal fluid management is mandatory so that eventual
blood loss can be managed appropriately.

Conversely, excessive fluid restriction can lead to hypovo-
lemia with hypoperfusion, tissue hypoxia and oxygen deficit.
It is important to remark that paediatric patients are easily
susceptible to dehydration, so that overall fluid restriction
should be less stringent than in the adult patient. Severe
dehydration is most frequently due to vomiting, diarrhoea
and fever. In this context, careful clinical evaluation of the
Refill Time must be carried out, as well as of the sensory and
mental status, fontanelle appearance (whether sunken or not)
and other signs and symptoms of impaired hydration. It will
therefore be necessary to correct the dehydration state in the
preoperative period through the administration of crystal-
loids boluses (SER, electrolytic replenishment solution) dur-
ing the first hour of surgery.

Fluid balance optimization therefore represents a funda-
mental determinant for better outcome of the young patient.

3 Intraoperative Issues

Induction and Maintenance
of Anaesthesia

3.1

In children with upper airway obstruction and no tracheos-
tomy, anaesthesia induction may represent a considerable
trigger for OSAS development; it is therefore necessary to
assess and plan with extreme attention for airway manage-
ment in these patients, so that arising problems can be antici-
pated and appropriately handled.

In addition to upper airway obstruction that may occur
during the anaesthesia induction, it is crucial to consider the



The Funnel: From the Skull Base to the Sacrum. New Trends and Technologies in Anaesthesia for the Adult Patient 41

effect on the cardiovascular system and central nervous sys-
tem exerted by a chronic obstruction of the upper airways.
The recurrent respiratory obstruction that develops during
sleep leads to a reduction in cerebral perfusion pressure
(CPP), which may cause long-term negative effects on the
patient’s neuro-cognitive development. Regarding anaesthe-
siologic management in the intraoperative setting, a balanced
general anaesthesia should be preferred that includes muscle
relaxants, narcotics and inhalational agents [15, 16]. The
depth of anaesthesia aims to maintain haemodynamic bal-
ance so that blood pressure and heart rate are kept within
20% from baseline. Anaesthetic techniques that avoid
increases in intracranial pressure are preferred in patients
who may have reduced intracranial compliance [17-19].

Fluid intake in the perioperative period must be modu-
lated according to both basal demand of the small patient
(maintenance) and pre-existing deficit (fasting and dehydra-
tion), as well as considering intraoperative losses (blood and
third space).

One of the main intraoperative challenges for paediatric
anaesthetists is massive blood loss occurring during neuro-
surgery so that transfusion is needed in the majority of cases
[20, 21]. Blood volume percentage is representatively greater
in children compared to adults, given the younger age and
the weight. This is due both to the greater cranial surface that
syndromic children may have compared to non-syndromic
peers and to the greater blood supply at the cranial level that
is typical of children. Prolonged interventions (duration
greater than 5 h) are more frequently associated with a
greater blood volume loss (BVL). It is also known that hypo-
thermia contributes to the development of coagulopathy
[22], and therefore an increase in BVL.

There may be specific surgical phases characterized by
sudden and significant blood loss; knowledge of such phases
allows the anaesthetist to correctly predict and prepare for
the correct management of bleeding [23-25].

In addition to the specific surgical phases associated with
acute blood loss, it must not be forgotten that the risk of
bleeding is present during the entire surgical procedure, and
it also persists during the postoperative period [26].

So-called blood saving techniques have been developed
that consist in procedures aimed at reducing blood loss with
consequent minimization of the need for blood or coagula-
tion factors transfusion following multimodal and multidis-
ciplinary approaches, given the various requirements,
including medico-legal, economic, practical, ethical and reli-
gious [27]. Such techniques can be performed with relative
ease both in adults and older children, while it is certainly
more difficult in infants and new-borns, whereby significant
limitation is represented by the reduced oxygen transport
capacity that can derive from the aforementioned approaches.

The concept of ‘transfusion trigger’, introduced by Adams
and Lundy in 1940, identifies a haematocrit of 30% and a

haemoglobin value of 10 g/dL as the minimum acceptable
concentration.

To date, transfusion triggers vary according to centres and
circumstances [28].

It is not easy to quantify the blood loss in a child during
surgery, especially if it is a major surgery. Moreover, the hae-
matocrit does not always represent a clear image of the intra-
operative volume state and it should be added that blood
management programs (PBM, patient blood management)
still have limited application in the paediatric field [29].

If neurosurgery is known for one feature, it is its long
duration. This feature requires careful preservation of bony
prominences such as the elbow condyles, the sacrum, the
ankles and the iliac crests. It is also necessary to ensure that
the limbs are in a neutral position to avoid stretching or com-
pressing the peripheral nerves. Eyes should be lubricated
with wetting agents or antibiotic ointments and be carefully
taped or padded to prevent injury to the cornea. Urinary cath-
eters are advisable for long surgical procedures to prevent
bladder distension and to aid in fluid management [30].

As with most other paediatric surgical procedures, patient
position—especially the prone position—presents some
challenges for neurosurgery. Although patients, given their
small size, frequently disappear under the drapes and surgi-
cal equipment (Fig. 1), the anaesthetist must make every
effort to ensure an unobstructed view of the patient and guar-
antee access to every part of them, especially the venous line
and to the airways.

Many neurosurgical procedures are performed in the
prone position and assessing the endotracheal tube in such
position becomes very difficult. There are numerous occa-
sions in which the tube may be accidentally displaced in this
position. Such event is an emergency situation and requires
immediate intervention, which includes changing the posi-
tion having sometimes to remove the pin attachment that

Fig. 1 Paediatric surgical procedure
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secures the head, turning the patient and reintubating as soon
as possible. This could be a life-threatening event and has
been the focus of quality improvement programs related to
airway management in recent years. Accidental tube dis-
placement can be a potentially disastrous event and may be
due to factors such as the reduced adhesion of the patch as a
result of contact with the disinfectant or salivary secretions,
the weight of the breathing circuit that ‘pulls’ the endotra-
cheal tube, the natural gravity force in the prone position, a
poor positioning of the head and face during the execution of
the position, inadequate measures of the chosen endotracheal
tube. These factors not only lead to airway loss, but also to
other associated morbidities such as tissue trauma to the face
and airways, bronchospasm, aspiration pneumonia and
arrhythmias. This can be seen in any surgical procedure per-
formed in the prone position and in any patient but it becomes
much more importance when dealing with paediatric patients
as a lower safety margin is given by the shorter tube length
and circumference, both in orotracheal or nasotracheal intu-
bation. In paediatric patients, improved tube safety is essen-
tial and therefore proper ETT fixation is a must for the safe
conduct of the paediatric neurosurgical procedure in the
prone position. In addition, flexion of the neck in such posi-
tion may misplace the endotracheal tube causing intubation
of a main bronchus and consequent impaired ventilation.

Posterior fossa explorations are frequently performed
with the baby prone (Fig. 2). When that is the case, the prone
position requires extreme flexion of the neck so that the sub-
occipital skull is exposed, which often leads to kinking of the
endotracheal tube. The use of armoured endotracheal tubes
minimizes this problem.

When establishing the prone position, it is important to
ensure that the patient’s weight does not rest entirely on the
abdomen, being instead supported by padding under the pel-
vis and chest. Excessive abdominal pressure prevents lung

Fig.2 Prone position

ventilation and leads to inferior vena cava compression and
distension of the epidural venous plexus, both of which
increase surgical blood loss during spinal surgery. Extreme
neck flexion can impair venous or lymphatic drainage from
the tongue and cause postoperative macroglossia. Excessive
head flexion or extension may cause brain stem compression
in patients with Arnold—Chiari malformation.

4 Postoperative Issues

Prevention and early diagnosis of postoperative issues is
made possible only and exclusively by careful observation in
an intensive care unit with serial neurological examinations
and invasive haemodynamic monitoring.

Respiratory syndromes are the main complication after
posterior fossa craniotomies [31]. Airway oedema may
require endotracheal intubation for a long time after surgery.
Respiratory centres ischemia or oedema in the brain stem
can interfere with the regular and spontaneous resumption of
respiratory activity, thus leading to postoperative apnoea.
Children with Chiari malformations may be more prone to
respiratory depression [32].
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1 Introduction

Intraoperative neurophysiologic monitoring (IONM) is an
innovation introduced in neurosurgery in the past decades.
The study of the techniques and the technology evolution of
recording have permitted the application of intraoperative
neurophysiology to many surgical fields such as cranial and
spinal neuro-oncology, functional and vascular, as well. The
aim of IONM is to support and guide the neurosurgeon to
obtain the best surgical result possible, preventing the occur-
rence of neurological deficits.

IONM is founded on two main techniques: monitoring
and mapping. Monitoring means acquiring signals continu-
ously or at close intervals to study the variations throughout
the surgery. The mapping technique is based on the electro-
physiological possibility to stimulate a specific area of the
nervous system to identify eloquent or critical structures, to
preserve the anatomical area, and to guide the surgeon. The
stimulation during mapping gives real-time information, and
the constant and productive collaboration between the sur-
geon and the neurophysiologist appears crucial to avoid irre-
versible consequences [1, 2].
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2 Somatosensory Evoked Potentials
(SSEP)

The somatosensory evoked potentials assess the integrity of
the sensory pathways. SSEP monitors the dorsal column—
medial lemniscus pathway. During spine and cerebral sur-
gery, this technology is run by administering an electric
stimulus on a peripheral sensory nerve and recording the
electric potential generated by the primary sensory cortex
[3]. Most of the time, the median nerve and the ulnar nerve
(at the wrist) are used to study SEPs in the upper limbs
(Fig. 1). In the lower extremities, the tibial nerve at the exter-
nal malleolus is used. Intraoperative neurophysiological
monitoring (IONM) with somatosensory evoked potentials
(SSEP) is widely used for real-time assessment of spinal
cord function. Multiple clinical studies have demonstrated
that significant changes in SSEP waveforms indicate an
increased risk of postoperative neurologic deficit. Although
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Fig. 1 Somatosensory evoked potential recorded bilaterally from the
upper limbs
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similar studies have reported a high rate of false negative,
both in spinal and cranial surgery [4, 5].

Various types of SSEP changes, including reversible
change, irreversible change, and loss of response, could be
detected during intraoperative monitoring, and it is impor-
tant to underline the diagnostic value of each to perform the
best surgical strategy. Several factors could affect the trans-
mission of these signals such as temperature, nerve compres-
sion, systemic and neural perfusion, anesthetic type and
dose, etc. In particular, as the primary effect of anesthetic
agents is on synaptic transmission, the greater the number of
synapses between the stimulus and recording sites, the
greater the effect of the anesthetic agent.

3 Motor Evoked Potentials (MEPs)

MEPs provide information on the integrity of the motor
pathway. MEPs monitor the efferent motor pathways from
the motor cortex to the muscle through corticospinal (or cor-
ticobulbar) tracts [6]. To evoke the MEP, transcranial
electrical stimulation activates the axons of the large Betz
cells located in the motor cortex measured through the neu-
rogenic potential generated at the distal end of the spinal
cord or peripheral nerve [4]. The locations for measuring
myogenic potential could be: abductor pollicis brevis, dorsal
interosseous muscle, and forearm flexors in the upper
extremities and abductor hallucis, quadricepitis, or tibialis
anterior muscles in the lower extremities [7]. During open
cranial procedures, MEPs may also be produced by directly
stimulating the cortex and/or subcortical white matter (direct
cortical stimulation). Trans cranial MEP stimulation requires
stimulus intensities from 100 to 400 V or 40-200 mA and a
pulse width of between 50 and 500 ms.

MEPs provide information on the anatomical-functional
integrity of the anterior medullary cords and subcortical bun-
dles. The interpretation does not have well-defined guide-
lines [8, 9]: some authors give as an alarm criterion a
reduction in amplitude of 50%, others instead only the com-
plete disappearance of the potentials. Some factors could
affect the predictive values of intraoperative MEP changes.
MEPs from the muscles controlled by a large number of cor-
ticospinal fibers, for example, have high specificity, whereas
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Fig. 2 D-wave variation. Blue trace: basal acquisition, green trace:
intraoperative acquisition. The green trace shows 35% amplitude
decrease

MEPs measured from those controlled by a small number of
corticospinal fibers have high sensitivity [10, 11].

The response of motor cortex stimulation can also be
recorded as “waves” along the spinal cord. These responses
consist of two waves: a direct wave (D-wave) that is the
action potential generated in the corticospinal axons fol-
lowed by indirect waves (I-waves), which are action poten-
tials resulting from cortical activation of internuncial
neurons.

The recording is performed using a sterile electrode,
placed epidural, caudally to the surgical site before begin-
ning the cord manipulation. The D-wave is a negative wave,
with variable latency depending on the studied level of the
cord. Both MEPs and D-wave are used to monitor the integ-
rity of the corticospinal tract, but they have different features
and provide different information. The D-wave involves no
synapses such that anesthetics, at normal concentrations,
have very little effect. Single stimulation pulses can be used
to generate D-waves essentially eliminating movements and
minimizing anesthetic constraints. In general, this technique
is only used when the spinal cord is exposed (e.g., intramed-
ullary surgery).

Regarding D wave interpretation, amplitude decreases of
less than 50% suggest absence or transitory motor deficit.
Decreases of more than 50% indicate the onset of slower
recovery or definitive deficits [3, 12].

MEPs and D-wave are therefore essential and comple-
mentary for a complete monitoring of motor function (Figs. 2
and 3).
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4 Cortico Bulbar MEPs (CBMEPs)

CBMEPs are the application of the MEPs technique to the
study of the cortico-bulbar tract. Appropriate changes in the
position of the stimulation dipole and in the stimulation
techniques allow monitoring the integrity of the motor cra-
nial nerves: the stimulation dipole is C3-Cz for the muscles
of the right side and C4-Cz for those of the left side (accord-
ing with the international 10-20 system). Once the activa-
tion threshold has been identified, it is necessary to
administer a single pulse, at the same current intensity and
pulse width as the train of stimuli. This precaution is neces-
sary to avoid direct peripheral activation of the cranial
nerves [13].

The most studied muscles are masseter (V cranial
nerve), orbicularis of the eye and orbicularis of the mouth
(VII cranial nerve), vocal cords (X cranial nerve), trape-
zius (XI cranial nerve), and tongue (XII cranial nerve)
(Fig. 4).
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Fig. 4 Cortico-bulbar motor evoked potentials

5 Intraoperative EMG

Free-running EMG is the standard technique to monitor
peripheral nerves, roots, or cranial motor nerves during sur-
gery. Intraoperative EMG signals are activated during cranial
motor nerves damaging or after an irritative stimulus. The
duration, morphology, and persistence of EMG reflects the
severity of neural injury. As described in some studies, the
longer EMG train persists, the more likely neural deficits fol-
low after surgery. However, EMG signals could persist even
after ischemic or transection injury [14].

6 Auditory Evoked Potentials (BAEP)

Monitoring or mapping of cranial nerves (CNs) or nuclei is
an integral part of infratentorial brain tumor surgery. BAEP
is performed by delivering acoustic stimuli of a clicking
sound, which includes a wide range of frequencies, through
earplugs and recording potentials from electrodes at the mas-
toid process or earlobes, referred to as a cephalic electrode
placed in Cz [12]. Auditory evoked potentials study the
integrity of the auditory pathway and the functions of the
brain stem.

The recorded wave is polyphasic with different compo-
nents, numbered from I to VII. The most commonly studied
in IOM are the I, III, and V waves, which represent cochlear
potential (latency about 1.5 ms), cochlear nuclei (about
4 ms), and lateral lemniscus (6 ms), respectively. Monitoring
BAEP change are mainly focused on the “amplitude reduc-
tion” of waves as well as the interwave latencies [15].
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7 Visual Evoked Potentials (VEPs)

VEPs are potential that provide information on the integrity
of the visual pathway. The stimulus is a luminous flash of
variable color (red, blue, or white), administered by means of
LED diodes mounted on specific glasses. To verify the pro-
ductive efficacy of the stimulus, the electroretinogram
(ERG), a polyphasic wave that is recorded by placing a
recording electrode at the external canthus and a reference
electrode at nasion level, is recorded.

The cortical potential is recorded from three different
leads O1-Fz, O2-Fz, and Oz-Fz (electrodes positioned
according to the international system 10-20) with O1, O2,
and Oz active electrodes and Fz reference.

The studied response is found to be around 100 ms (P100),
all amplitude variations greater than 50% are considered sig-
nificant [6, 16].

8 Mapping Techniques for Cranial
Nerves and Nerve Roots

Nerve mapping consists of recording muscle activations
given by direct nerve stimulation. This technique makes use
of a stimulation probe available to the neurosurgeon that
allows administering current directly to the nervous tissue
(nerves, roots, etc.). In addition, each muscles response certi-
fies the integrity of the pathway from the stimulation site to
the effector muscle. By properly choosing the muscles to
observe, any motor nerve tract can be studied.

For example, for the ponto-cerebellar angle, the muscles
studied (homolaterally to the surgical site) are masseter (V
cn) orbicularis oculi and orbicularis oris (VII cn), vocal mus-
cles (X cn), trapezius (XI cn), and tongue (XII cn) (Fig. 5).

For the pathologies involving cauda equina or cono
medullaris, the muscles studied are (bilaterally) vastus lat-
eral (L4), anterior tibial and abductor of the big toe (L5),
sural triceps (S1), and external anal sphincter (S2-S5).
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Fig. 5 Mapping of the floor of IV ventricle. Activation of right VII
nerve

9 Conclusion

The development of methods for intraoperatively identifying
(mapping) and continuously testing the functional integrity
of the nervous structure (monitoring) has become fundamen-
tal during brain and spine surgery.
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Intraoperative neurophysiological monitoring (IONM) is
considered the standard of care during many procedures,
including spinal, intracranial, and vascular surgeries, where
there is a risk of neurological damage. Close communication
and collaboration between the surgical team, neurophysiolo-
gist, and anesthesiologist is mandatory to obtain high-quality
neuromonitoring, thus preventing neurologic injuries, and
gaining the best surgical “safe” result. Multidisciplinary
teams can improve the efficacy and the safety of the proce-
dures, decreasing the risk of misinterpretation of the neuro-
physiological changes.
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Abbreviations

CMS Cerebellar mutism syndrome
DTC Dentato-thalamo-cortical tract
DTI  Diffusion tensor imaging

FA Fractional anisotropy

SCP  Superior cerebellar peduncle
1 Introduction

Cerebellar mutism is a morbid complication of posterior
fossa surgery in children. It was described by Rebate et al. in
1985 [1, 2] and was named variedly like cerebellar mutism,
ataxic mutism, cerebellar mutism syndrome, syndrome of
mutism, subsequent dysarthria, and posterior fossa syn-
drome. In 1995, the board of the Posterior Fossa Society pre-
sented an international consensus on cerebellar mutism
syndrome (CMS) [3, 4]. CMS is characterized by delayed
onset mutism/reduced speech and emotional lability after
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cerebellar or fourth ventricular tumor surgery, along with
some others features [5].

Studies reported the incidence between 11% and 29% [6].
CMS mostly occurs after surgery but may follow trauma,
vascular incidents, and infections [7-9]. CMS develops
within 1-6 days and may last for a few days to months.
Recovery is spontaneous, most often with some deficits but
occasionally complete [10, 11]. The delayed onset and spon-
taneous reversal suggests a secondary process such as
dynamic perfusional or neurotransmitter disturbances,
edema, or axonal injury [3, 12].

Patho-physiological causes for CMS have been proposed,
including surgical disruption of vermis, superior cerebellar
peduncle (SCP), and/or dentate thalamo cortical tracts (DTC)
running in the superior cerebellar peduncle. In the past
decade, diffusion tensor imaging (DTI) techniques have
enormously helped in this search (Fig. 1) [2, 13].

Our study is unique in the way we compared preoperative
DTI images to the post-operative images and analyzed the
fractional anisotropy changes in DTC tract, thus advocating,
prognosticating and revealing the main pathophysiological
cause for CMS.
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Fig. 1 MRI showing diffusion tensor imaging: (a, ¢) are preoperatively scans, (b) postoperative scan revealing destruction of DTC and patient
developed CMS, (d) postoperative scan in which DTC fibers got better with non-occurrence of CMS

2 Materials and Methods

We had ethical committee approval for our prospective study
and included 38 consecutive patients who underwent surgery
for midline posterior fossa tumors in our institution between
January 2019 and May 2021, with an age range of 4-49 years.
Proper written consent was taken from all patients or their
legal guardians and patients with relapsed tumors, former
chemotherapy or radiotherapy, and mental retardation or
neurobehavioral psychological problems were all excluded.
Detailed clinical examination and DTI was performed preop-
eratively and postoperatively (within 48 h) for each patient.
Speech behavior was followed for a week after surgery in all
patients. All underwent midline suboccipital craniectomy,
and we assessed the patient throughout their clinical course
from tumor diagnosis, through development of CMS, and to

the language resolution. Analysis of preoperative DTI scans
was done to explore any clinical or radiographic findings that
could help identify any risk factor for developing mutism.
Post op. scans were assessed for changes in fractional anisot-
ropy of white matter tracts and correlation with mutism so as
to determine the causative disrupted fiber tract.

The collected data were transformed into variables,
coded, and entered in Microsoft Excel. Data were analyzed
and statistically evaluated using SPSS-PC-25 version.
Quantitative data were tested using the Mann—Whitney “U”
test, while for preoperative and postoperative comparison
the Wilcoxon sign rank test was used. Qualitative data
expressed in percentage were tested by chi square test or
Fisher’s exact test. Spearman correlation coefficient was
used and p value less than 0.05 was considered statistically
significant.
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The magnetic resonance (MR) examinations were per-
formed on a 3 T MR system (Philips 3 T Ingenia; Philips
medical system). DTI was performed using a single-shot
spin-echo echo-planar imaging pulse sequence. Images were
analyzed using DTI Studio, obtaining the main eigenvector,
and fractional anisotropy (FA) maps with color coding were
made to define the regions of interest (ROIs) within the supe-
rior cerebellar peduncle (SCP; dentato-thalamo-cortical
efferent cerebellar tract) and the middle cerebellar peduncle
(MCP; cerebro-ponto-cerebellar afferent tract), and cerebel-
lar white matter (CWM). We used anatomical landmarks to
identify the SCP that formed the wall of the fourth ventricle
and was noted to be medial and superior to the MCP, which
was visualized as a large white fiber tract linking the pons
and the cerebellar hemisphere. Manual ROIs within the right
and left SCPs, MCPs, and right and left CWM MCPs, and
the average FA within the ROI for each white matter tract
were recorded.

3 Results

A total of 38 patients were included in our study, who were
divided into two groups. Group A included patients who
did not develop CMS, and group B had patients who devel-
oped CMS. Only five of all 38 developed mutism, four
(80%) of which were male. No significant difference was
seen in gender in both the groups (p value: 1.0). CMS
developed at a mean-age of 9.4 years in group B, unlike the

mean-age of 22.72 years in group A (p value: 0.02).
Brainstem compression and the location of tumor also did
not correlate with CMS (p value >0.15). Maximum and
minimum tumor sizes in group A were 58 mm and 14 mm,
respectively, and 64 and 40 mm in group B. The average
tumor size of 5 cm is strongly correlated with the develop-
ment of CMS (p value 0.02). All patients with CMS had
midline tumors (p value 0.15).

In group A, 11 patients were operated via the telovelar
approach, five via transvermian, and the remaining patients
via the transcerebellar approach, whereas in in group B all
underwent the transvermian approach. Incision in the supe-
rior part of vermis (p value <0.001) and resection of tumor
involving SCP (p value <0.001) was a significant risk factor
for development of CMS, whereas complete total resection
was done in nine patients of group A and three patients of
group B (p value <0.06) (Table 1).

Residual lesions were found in the cerebellar hemisphere,
fourth ventricle floor, vermis, fourth ventricle wall, and SCP
in decreasing order but did not signify CMS (Table 1).
Histology included medulloblastoma and pilocytic astrocy-
toma in most cases, but group B patients had medulloblas-
toma only.

We noted and compared the fractional anisotropy values
(FA values) in left and right SCP, MCP, and left and right
CBW in all patients preoperatively and postoperatively
(Table 2).

A statistically significant difference was noted
between postoperative and preoperative FA values of the

Table 1 Intraoperative features noted for Group A non-CMS patients, Group B CMS patients

Group A (n=33) Group B (n = 5) Total (n = 38)
Parameters Non-CMS CMS p value
Part of vermis resected
Inferior 1 (3.0%) 0 1 (2.6%) 1.0
Middle 6 (18.2%) 2 (40.0%) 8 (21.1%) 0.27
Superior 0 5 (100.0%) 5 (13.2%) <0.001
Estimated tumor resection at surgery
Complete 17 (51.5%) 5 (100.0%) 22 (57.9%) 0.06
Incomplete 16 (48.5%) 0 16 (42.1%)
Superior cerebellar peduncle involvement
No 32 (97.0%) 0 32 (84.2%) <0.001
Yes 1 (3.0%) 5 (100.0%) 6 (15.8%)
Extent of resection
Complete 9 (27.3%) 3 (60.0%) 12 (31.6%) 0.30
Near total 10 (30.3%) 2 (40.0%) 12 (31.6%) 0.64
Partial 10 (30.3%) 0 10 (26.3%) 0.29
Subtotal 4 (12.1%) 0 4 (10.5%) 1.0
Residual lesion
Fourth ventricle floor 7(21.2%) 0 7 (18.4%) 0.56
Fourth ventricle lateral wall 1 (3.0%) 0 1(2.6%) 1.0
Vermis 4 (12.1%) 0 4 (10.5%) 1.0
Superior cerebellar peduncles 1 (3.0%) 0 1 (2.6%) 1.0
Cerebellar hemisphere 10 (30.3%) 0 10 (26.3%) 0.29
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Table 2 DTI parameters fractional anisotropy (FA) values for right and left superior cerebellar peduncle (SCP), middle cerebellar peduncle
(MCP), and right and left cerebellar white matter tract (CBW) pre-operatively and post-operatively

Group A (n=33) GroupB (n=5)
Parameters Non-CMS CMS p value group
Left SCP
Preop 0.445 + 0.066 0.430 + 0.063 0.34
Postop 0.445 + 0.064 0.398 £ 0.062 0.15
p value b/w preop and postop 0.76 0.04
Right SCP
Preop 0.434 + 0.054 0.475 £ 0.061 0.15
Postop 0.434 + 0.054 0.407 £ 0.050 0.17
p value b/w preop and postop 0.29 0.04
MCP
Preop 0.484 +0.061 0.459 +0.030 0.25
Postop 0.483 + 0.060 0.457 +0.031 0.29
p value b/w preop and postop 0.22 0.58
Left CBW
Preop 0.450 + 0.067 0.427 £ 0.048 0.33
Postop 0.448 + 0.060 0.424 £ 0.049 0.32
p value b/w preop and postop 0.12 0.49
Right CBW
Preop 0.454 £ 0.077 0.412 = 0.095 0.36
Postop 0.454 +0.076 0.409 £ 0.102 0.34
p value b/w preop and postop 0.69 0.50
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Fig. 2 Boxplot showing comparison of preoperative and postoperative fractional anisotropy (FA) values between both groups A-Non CMS &

B -CMS post surgery in right and left superior cerebellar peduncle (SCP)

SCP (p value <0.01). For the entire group B cohort, a sta-
tistically significant decrease in SCP FA value was noted
postoperatively. Mean FA of MCP and CBW preopera-
tively and postoperatively was not found to be signifi-

cantly associated with development of CMS (Table 2).
The boxplot graphs (Fig. 2) reveal the conclusion that
only SCP correlated with the mutism occurrence and not

the CBW or MCP (Fig. 3).
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4 Discussion

The pathophysiological cause of post-surgical CMS has been
evolving for the past few years, with a proposal of vermis by
Daiely et al. in 1995, and the dentato-thalamo-cortical path-
way within superior cerebellar peduncle by Morris et al. in
2009 [13-15].

We had 13% incidence of CMS, which is quite lower than
the reported incidence in the other studies. Of the patients
with CMS, 80% were male in our study which was also
observed by Catsman-Berrevoets et al., though no sex predi-
lection was shown in the study by McEvoy et al. [6, 16, 17].

Age correlation with the presence of CMS was not seen
like in the studies by lidan et al. and Marie et al. [18, 19].

In our study only midline tumors developed CMS, similar
to the Kotil et al. study reporting a 6-7 times greater risk
[20]. Tumors of size >5 cm, predilects mutism, similar to that
reported by Gora et al., although Sean et al. found no size
affiliation [17, 21]. Mussi and Rhoton proposed the telovelar
approach rather than the transvermian approach, our results
also advocates the same as all CMS patients underwent sur-
gery via the transvermian approach [22].

CMS only appeared in medulloblastomas cases unlike
other studies, which may be due to aggressive surgery in
medulloblastomas leading to tract injury [21].

DTTI helps to study the anatomic substrates by quantitative
measurement of anisotropy with a map of fractional anisot-
ropy (FA) for these tracts within the cerebellar peduncles
with different colors using tractography algorithms with 3D
visualization based on eigenvectors and eigen values [23].

Law et al. found that the right cerebello thalamus cerebral
pathway was significantly compromised, whereas Ojemann
et al., McEvoy, and Morris et al. suggested disruption of SCP
to be the causative factor. It is indeed the DTC tract within
the SCP that gets disrupted [13, 17, 24, 25].

The majority of cerebellar projections (75%) to the pri-
mary motor cortex (M1) come from the dentate nucleus [26,
27]. These dentate fibers pass through the ipsilateral superior
cerebellar peduncle, tegmental decussation, and synapse
with the contralateral ventrolateral thalamic nucleus, from
where the second order axons arise to terminate in the pri-
mary motor cortex as well as secondary and tertiary associa-
tion areas within the frontal and parietal lobes. Thus,
cerebellum influences planned motor activity as well as cog-
nition and behavior. The dentate nucleus has evolved in
humans, especially in its ventral part, thus controlling the
non-motor functions unlike monkeys [28].

In our prospective study, we noticed marked changes in
the FA values, preoperatively and postoperatively, of the
DTC tract within SCP in CMS patients. In Fig. 1a, b, DTI
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Table 3 Comparison of the change between the pre-operative and post-operative FA values in both groups, separately for superior cerebellar
peduncle (SCP), middle cerebellar peduncle (MCP), and cerebellar white matter tract (CBW)

Group A (n=33) Group B (n=5)
Change in FA value b/w preop and postop | Non-CMS CMS p value
Left SCP 0.016 +£0.012 0.082 +0.038 <0.01
Right SCP 0.018 +0.010 0.068 +0.042 <0.01
MCP 0.012 = 0.007 0.002 +0.014 0.10
Left CBW 0.016 £0.014 0.002 + 0.007 <0.01
Right CBW 0.012 +0.012 0.002 + 0.008 0.10

preoperative and postoperative is shown, which reveals
destruction of the DTC tract and development of CMS, and
in Fig. 1c, d, the DTC fibers got better postoperatively and
patients had no occurrence of CMS. No such alterations
were seen in the white matter of MCP or CBW. Similar
results were obtained by Kusano et al. and Morris et al., who
were the first to use DTI in their study, and also by a recent
study from Berlin as well [23, 29, 30]. We analyzed the FA
value changes of all three tracts right and left CBW, MCP,
and right and left SCP; plotting in the boxplot graph revealed
only the SCP changes significantly correlated with the mut-
ism occurrence (Fig. 2). The graph shows the comparison
between preoperative and postoperative FA values in all
tracts and makes the SCP the primary substrate.

Our study shows that the FA values diminution of SCP,
actually of the DTC tract, is the sole cause for mutism;
therefore, any attempt to prevent injury to the DTC tract or
anatomically the SCP during surgery can be helpful in pre-
venting the morbid mutism in a large number of pediatric
patients with posterior fossa tumors.

With this thought in mind, we searched the literature to
know how to identify DTC tract intraoperatively like the
facial nerve. Neurophysiological monitoring of the cerebel-
lum and posterior fossa connection is not frequent and is
mostly limited to the cranial nerve nuclei and brainstem.

Iwata and Ugawa in extraoperative settings demonstrated
EMG changes following transcranial magnetic stimulation
of motor cortex M1, when modulation by cerebellar stimula-
tion was applied in time difference, decrement when applied
at 5-8 milliseconds (ms) and facilitation when done within
3 ms. This normal physiology was not seen in patients with
lesions affecting the cerebellar hemisphere, dentate nucleus,
superior cerebellar peduncle, and motor thalamus, while it
was maintained in patients with lesions affecting the middle
cerebellar peduncle or pontine nucleus. Thus, confirming the
cerebellar modulation of motor activity via the DTC path-
way [31].

Thus, if cerebello-M 1 modulation is used intraoperatively
as a monitoring technique, it can reflect injury to the DTC
pathway, ultimately helping in functional outcome of chil-
dren. Though it appears difficult,

Giampiccolo et al. recently published a study on the fea-
sibility of cerebello-cortical stimulation for intraoperative

neurophysiological monitoring of cerebellar mutism and
found positive results [32].

Therefore, DTC neuromonitoring can be the future trend
in pediatric posterior fossa surgeries.

Since we propose DTC within the SCP as the primary
structure responsible for the development of CMS, surgical
strategies should be used and developed for intraoperative
DTC neuromonitoring, to protect it and thereby prevent
CMS (Table 3).

5 Conclusion

CMS is a frequent complication of posterior fossa surgery
and the DTC tract is strongly proposed as the pathophysio-
logical substrate. Injury to the DTC tract should be prevented
with the help of DTI FA maps and exploring the newer ave-
nues in intraoperative neuro-monitoring, to prevent morbid
CMS.
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Image-Guided Surgery in Complex Skull
Base and Facial Fractures: Initial
Experience on the Role

of Intra-Operative Computer

Tomography
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and Giuseppe M. V. Barbagallo

1 Introduction

Cranio-facial fractures (CFF) are often a challenge because
of the complexity of the anatomy region and the great num-
ber of vital structures that are located and protected by the
cranio-facial bones. Anterior skull base fractures, especially,
involves the intracranial compartment with the possibility of
a cerebrospinal fluid (CSF) leak and the orbit with its con-
tents. Indeed, repair of complex CFF involves more than
simply “putting the pieces together.” The goals of surgery
include to repair or prevent CSF leaks, prevent enophthal-
mos/hypoglobus, diplopia, reduction of visual acuity, nerves
sensory loss, restoration of occlusion, mastication and recon-
struction of an esthetic and symmetric facial skeleton [1, 2].
The complex anatomy of the region and their pathological
modifications makes this surgery a real challenge for sur-
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geons and the reported rate of revision is approximately 15%
[3]. In recent years, we have tested the efficacy of the intra-
operative use of portable CT scans (iCT) (portable 8-slices
small-bore CT scanner -CereTom®; NeuroLogica, Danvers,
MA, USA, and a portable full-body 32-slice CT scanner -
BodyTom® Elite, NeuroLogica, Danvers, MA, USA) for
gliomas surgery [4-8]. The aim of this paper is to retrospec-
tively evaluate our experience of iCT in CFF surgery to
establish if this tool can improve the safety of this complex
surgery.

2 Materials and Methods

A retrospective case control study on using intraoperative
CT for amultidisciplinary approach (i.e., cranio-maxillofacial
and neurosurgical) to cranio-facial complex fractures has
been performed. Data has been prospectively collected and
different variables have been analyzed. The preoperative
diagnosis, fracture patterns, number of scans/patient, and
any changes in surgical procedure based on the information
obtained from the CT scan and operative report were
recorded and collected.

For this study, consecutive patients suffering from facial
fractures were selected and no distinction of age, sex, or eth-
nicity was made: a total number of 12 patients, 10 males and
2 females was included in this study.

In all cases, fractures were caused by high-energy trauma,
with a constant involvement of skull-base and facial bones.
Eight patients needed the ICU before and after surgery
because of serious general conditions related to the trauma.
Cases with brain swelling or intracranial hemorrhages
requiring emergency surgical treatment were excluded.
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Indeed, all the cases included in the present study underwent
elective surgery, after stabilizing general conditions.

The study population was divided into two groups “case”
and “control.”

The case group (total six patients) included all those who
underwent intraoperative CT, while the control group (total
six patients) included all the patients treated without intraop-
erative CT.

Data were collected from January 2018 to June 2021.
Two neuronavigation systems were used for intraopera-
tive neuronavigation (StealthStation S7 and Stealth sta-
tion S8 Medtronic, Minneapolis, MN, USA). For the
acquisition of intraoperative images, the following

devices were used: a small-bore 8-slice portable CT scan-
ner and 32-slice portable CT scanner with 85 cm gantry
(Bodytom; Samsung-Neurologica, Danvers, MA, USA),
respectively. Patients in the case group were operated on
using radiolucent skull clamp and pre-operative and
intra-operative scans were acquired. An intra-operative
CT scan was used to check, according to surgeons’ point
of view, the accuracy of reconstruction and to visualize
complications early. All surgeries were performed by a
multidisciplinary team, including neurosurgeons and
maxillofacial surgeons. Post-operative CT scans were
collected for the objective analysis of the accuracy
(Figs. 1, 2 and 3).

Fig.1 Image A shows a coronal section of a CT scan with the evidence
of a depressed fracture of left fronto-temporo-parietal bones involving
the sphenoid wing. White arrow indicates the orbital fracture with com-

pression of the orbital content. Image B shows the intraoperative orbital
decompression. In C and D, the intraoperative view before and after
treatment
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Fig.2 Image A shows a 3D reconstruction of a complex trauma with craniofacial disconnection, in B we can see an intraoperative view of a surgi-

cal approach. In image C the radiological post-operative results

Fig. 3 Image A shows a patient positioned with radiolucent Mayfield
clamp; in B we can see the intraopreoperative CT scan. D and E show
the bi-coronal approach step by step, while in C we can see the intraop-

DICOM data of each CT scan were imported in Mimics
Research 19.0 software (Materialize NV, Leuven, Belgium),
a range of grayscale values of each radiographic volume—
thresholding—was set and a three-dimensional (3D) recon-
structions of the patient’s bone tissue was performed.

erative CT scan with the evidence of fat plug in the correct position (red
arrow). F depicts the post-operative result

The 3D image was obtained then imported on 3-Matic
research design software 11.0 (Materialize NV, Leuven,
Belgium) to generate the “mirror” of the skull in respect to
the sagittal plane. To obtain reproducible and objective data,
the same anthropometric parameters as the distance intercan-
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thal side, distance intercanthal medial, glabella, zygion,
gonion, and floor sagittal were set. A colorimetric map scale
analysis was performed to evaluate the differences in milli-
meters for each point of the patient’s bone tissue with respect
to the evaluated mirror (Fig. 4). A comparative analysis of
the accuracy of reconstruction based on intra- or post-

Fig.4 The application of the
mirroring method to measure
the accuracy of fracture
reconstruction is
demonstrated in this picture

operative TC was made and the average distances between
the reconstructed fracture and the normal anatomy were
recorded and compared in the case and control groups.
Changes of the surgical strategy and complications have also
been recorded. The statistical analysis was carried out using
SPSS (v.20.0, SPSS Inc., U.S.A).
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3 Results

The analysis of accuracy of reconstruction, performed by
the mirroring method described above, demonstrated an
average value of distances constantly lower in the case
group compared with the control group (Table 1). All dif-
ferences measured on different spatial plans were statisti-
cally significant. These data are related to the higher
accuracy of reconstruction in cases performed with
i-CT. Changes of surgical strategy (i.e., replacement of
micro-plates, re-orientations of bony fragments) were real-

ized in 4 out of 6 cases in the i-CT group. The incidence of
re-operation rate was the same in two groups: in one case of
i-CT group and in one case of control group further surgery
was required because of recurrent CSF leakage. One patient
in the case group and one patient in the control group died
because of deterioration of general conditions (not related
with cranio-facial surgery). Data were tested for normality
through the Shapiro—Wilk test and were normally distrib-
uted in all cases (SPSS). Thus, parametric statistical analy-
sis was applied: average and analysis of variance (ANOVA)
were performed (Fig. 5).

Table 1 Accuracy analysis using the mirroring method: the results of accuracy according to different spatial plans are summarized

Case group Control group
Reference plan Average distance in mm Standard deviation Average distance in mm Standard deviation
Transverse plane 4,9984 0,6832 5,3569 0,6219
Sagittal plane 1,5396 0,49164 1,6227 0,9685
Frontal plane -3,5917 1,149 -3,2472 1,2299
Fig. 5 Results of statistical QQ - Plot
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4 Discussion

Surgery of craniofacial fractures represent a challenge both
for neurosurgeons and maxillo-facial surgeons. Combined, a
multidisciplinary approach is related to the best clinical
result, as it allows, through a unique surgical procedure,
skull base, meningeal, and facial reconstruction and manage-
ment of concomitant brain lesion. The basic goal of cranio-
facial fractures surgery is to achieve the best clinical and
radiological result in a single-stage effective surgery, reduc-
ing the impact of complications. In this scenario, the assis-
tance of technologies and tools such as neuronavigation or
intraoperative imaging devices may play an important role in
increasing the safety and effectiveness of surgery. The use of
neuronavigation is the standard of care in different neurosur-
gical procedures, and its use is also extending to maxillofa-
cial surgery. Some authors report their experience using
neuronavigation in the surgical management of facial sur-
gery, with promising results. They highlighted the impor-
tance of neuronavigation to increase the precision of
fractures’ reduction [9-11]. However, the role of intraopera-
tive devices such as intraoperative CT-scan in facial surgery
has not been well described, as the availability of CT scan-
ners is limited to a few selected centers. Conversely, the role
of i-CT in neurosurgery is well defined and the importance of
this tool in brain tumor surgery has been reported by several
papers [4-8].

In this preliminary case control study, we investigated the
role of i-CT in complex cranio-facial multidisciplinary sur-
gery. The accuracy of reconstruction was measured with a
computerized mirroring method, based on a three-
dimensional reconstructed CT scan. The method proposed to
objectively evaluate the accuracy is widely used in maxillo-
facial surgery, particularly for pre-operative planning. In our
study, we used the same method to measure the impact of
1-CT in accuracy of reconstruction of complex cranio-facial
surgery. In our vision, i-CT may drastically change the
approach to this challenging pathology adding more
information compared with neuronavigation. Indeed, the
availability of multiplanar or 3D images of reconstruction
before closure is definitely associated with a better outcome.
Moreover, the correction of skull base fractures can be effec-
tively and safely made, as i-CT allows intraoperative correc-
tion of unsatisfactorily reduced fractures, particularly in
those cases where a direct visual control of correction is not
feasible (i.e., orbital, sphenoidal fractures).

Another interesting finding of our study is related to the
lack of differences in complication rate comparing the two
groups. Despite a statistically significant positive impact of
i-CT in accuracy of reconstruction, we did not find any dif-
ference in complication and re-operation rate. In all cases

requiring revision surgery in both groups, persistent CSF
leakage was observed.

This study has some limitations. Data are preliminary
and, albeit prospectively collected, they have been retrospec-
tively analyzed. We did not perform randomization to include
patients, and enrollment in the case or control group was
made only according to the availability of the intraoperative
CT scanner. Moreover, the sample is very small and statisti-
cal analysis is not conclusive. However, the importance of
this study is related to the demonstration of the feasibility
and effectiveness of intraoperative CT scans in patients with
complex cranio-facial fractures. Preliminary data docu-
mented a potential superiority of i-CT guided surgery in
comparison to traditional surgery in terms of accuracy and
safety.

5 Conclusion

This study analyzes preliminary results of the application of
i-CT in multidisciplinary surgery of cranio-facial fractures.
Further studies and larger clinical series should be performed
to address the role of intraoperative imaging guidance in
skull base and maxillofacial surgery.
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Insights on Pathogenesis

and Management
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and Massimiliano Visocchi

1 Introduction

Differently from adults, where meningiomas account for
13.4-27.3% of primary intracranial tumors, pediatric menin-
giomas (PMs) represent only 0.4—4% of all intracranial
tumors in children [1]. The mean age at diagnosis is approxi-
mately 13 years [2]. Furthermore, in the series also consider-
ing young adults, the age at diagnosis ranges between 6.5
and 38.5 years, while a male predominance is reported with
a male/female ratio usually being 1.5/1 [3, 4]. The presence
of tumoral cysts, the predominant involvement of the supra-
tentorial space (Fig. 1), the relatively common intraventricu-
lar location, the possibly missing dural attachment, the
clinical onset with raised intracranial pressure, and the good
prognosis in case of radical excision are the main character-
istics of PMs [2].
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However, the two most important distinctive aspects of
PMs compared with adult forms, are: (1) the significant asso-
ciation with neurofibromatosis (namely, NF-2), which can
account for 20% of cases (even 40% in some series), and
with previous brain irradiation (possibly because of the vul-
nerability of partially immature arachnoid cells) [3, 4]. The
association with syndromes and the immature arachnoid
would also explain the relatively high number of histological
subtypes [5]; and (2) the trend to develop high-grade variants
(WHO grade II and III, Table 1), with subsequent impact on
the clinical course and the prognosis [6].

These peculiarities withstand the interest that PMs raise
in the clinical practice, even though they are rare tumors, and
there is a need to increase the current knowledge on their
pathogenesis and management. The following paragraphs
summarize the most recent advances on the topic.
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Fig.1 MRI of a 14-year-old boy evidencing the presence of a pediatric ~ lying skull (arrow). The DWI sequences (¢, d) suggest an increased
meningioma. After administration of gadolinium (a, b) a non homoge-  cellularity of the tumour
neous enhancement is appreciated, with partial involvement of the over-
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Table 1 World Health Organization Classification Meningioma
Classifications. (Adapted from Louis et al. 2016)

WHO I WHO I WHO III
(Meningioma) (Atypical) | (Malignant or anaplastic)
Menngiothelial Chordoid Papillary

Fibrous (fibroblastic) Clear Cell | Rhabdoid

Transitional (mixed) Atypical Anaplastic
Psammomatous

Angiomatous

Microcystic

Secretory

Lymphoplasmacyte-rich

Metaplastic

2 Pathogenesis: Embryology, Location,

and Molecular Aspects

The tumorigenesis of PMs is believed to have its origin in the
interaction between a niche of stem cells and the immature
arachnoid. Therefore, the embryology of the meninges is
crucial to understand this process. As summarized by Boetto
etal. [5], during days 22—24 of the embryogenesis, the neural
crest surrounds the neural axis and, immediately after, a
group of mesenchymal cells covers the neural tube by migrat-
ing from the midbrain (days 24-28). The meningeal cover-
ings would be the result of the interaction between the
mesoderm and neural crest, although this process has not
been validated in humans yet. During days 33—41, the result-
ing mesenchymal cells spreading toward the midbrain, the
forebrain, and the spinal cord originate the primary meninx.
Afterwards, the primary meninx differentiates into the endo-
meninx (inner layer) and ectomeninx (outer layer), namely
during days 34-48. The endomeninx will form the pia mater
and the primitive subarachnoid space (days 45-55), while
the ectomeninx will form the dural sinuses, the vertebrae and
the skull (around day 55). At the end of this process, the
arachnoid consists of fibroblasts, connective tissue and fluid,
the arachnoid villi projecting into the dural sinuses and the
major cortical veins. The pia matter separates the subarach-
noidal space from the subpial and cortical perivascular
spaces. Cells contained in this subarachnoidal space, namely
the arachnoid cap cells and, more recently, the prostaglandin
D2 synthase (PGDS)-positive meningeal precursor cells, are
proposed as the best candidates to explain the origin of the
meningioma cells [5]. The intense immunoreactivity to
PGDS showed by meningioma cells supports the potential
role of PGDS in the tumorigenesis [7].

As a result of the embryological process, some anatomi-
cal and pathological correlations can be found [5].
Accordingly, meningothelial meningiomas are more likely
to involve the skull base, while fibroblastic meningiomas the
convexity; WHO II and III meningiomas are mainly located
at the convexity/parasagittal space, while WHO I meningio-
mas at the skull base. According to the old anatomical clas-

sification by Merten et al., most PMs were supratentorial
(66% out of a total of 32 patients) and distributed as follows:
8 intraventricular, 7 sphenoidal, 7 at falx and parasagittal, 7
at the convexity, and 3 para-sellar [8]. Currently, an anatomi-
cal classification based on the location alone is no longer
followed while the correlation between the pathology and
the location plays an important role, especially as far as the
neurosurgical indication is concerned, as demonstrated by
the rich number of subtypes (15 variants) in the WHO clas-
sification (see Table 1) [9]. The predilection of PMs for high
WHO grades (up to 60% are WHO II and 13% are WHO III)
and the infrequent involvement of infratentorial location
(except for NF-2) are an example of the results of the rela-
tionship between pathology and location [3, 10]. One of the
most recently published series, investigating the characteris-
tics of PMs in the Mexican population, confirmed the previ-
ous observations about the predilection for the male sex
(M/F 1.3) and the supratentorial location (75%) [11]. In this
series (42 children), seizures, paresis, and visual defects
were detected other than raised ICP. The transitional menin-
gioma was the most common histotype.

However, the most relevant information on the PMs
behavior currently comes from the genetic analysis.
Youngblood and colleagues investigated the genomic pro-
files of more than 3000 meningiomas, demonstrating a map
of specific genomic subgroups (namely HH, KLF4, NF2,
PI3K POLR2, SMARCBI1, TRAF7, and MU) and their ori-
gin in the skull [12]. Even though this study was performed
in adults, patients under 25 years clearly showed a higher
association with NF-2 and MU (and a few cases with TRAF7
pathway alone), differently from other subgroups. Thus, in
this study, NF-2 correlated with a high incidence in men and
a predilection for the middle cranial fossa, the falx cerebry,
and the tentorium cerebelli. Instead, crista galli, middle skull
base, and sella turcica were the preferential locations of MU
and TRAF7 pathways [12]. Furthermore, with specific regard
to PMs, in their study on 50 children, Toland et al. confirmed
the loss-of-function mutations in NF2 and the chromosome
22 losses as common findings, while the pathogenic variants
of other genes (SMARCB1, FUBP1, BRAF, TERT promoter,
CHEK?2, SMAD, and GATA3) were rarely encountered [13].
Similarly, the H3K27 hypomethylation (biomarker in adult
meningiomas) was not found in children. The authors also
established a threshold of 6 mitoses per 10 high powered
fields to predict the risk of recurrence. The rarity of these
types of mutation patterns in children has been confirmed by
the series described by Libert and Prayson, where only one
out of 45 patients with clear cells meningioma (commonly
found in the posterior cranial fossa and correlating with the
SMARCEI mutations) was a pediatric case (4-year-old boy
with NF-1 and SMARCEI mutation harboring a cavernous
sinus PM invading the posterior fossa) [14]. The detailed
genomic analysis of 37 affected children provided by Kirches
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et al. confirms and adds some important data: (1) the aggres-
sive behavior presented by the majority of PMs (70% of the
series were WHO grade II or III meningiomas); (2) the fre-
quent occurrence of some cytogenetic aberrations, such as
the loss of chromosome 22 (62% of cases), chromosome 1
(24%), chromosome 18 (19%), and chromosome 14 (14%)—
these aberrations being more expressed by NF-2 patients; (3)
the possible separation of PMs into three groups according to
the DNA methylation profiles: group 1, composed of clear
cell and papillary meningiomas; group 2A, mainly com-
posed of atypical meningiomas; and group 2B, showing rare
high-grade subtypes (such as rhabdoid or chordoid menin-
gioma). NF2 PMs belong exclusively to groups 1 and
2A. These features were demonstrated to be specific to PMs
if compared with adult meningiomas (105 cases) [15].

Another relevant field concerning the pathogenesis and
the current investigations on PMs is the differentiation
between radio-induced (RI) and non-radio-induced (NRI)
tumors. In a recent series including 35 PMs (24 cases were
NRI and 11 RI tumors) [16], the authors found some differ-
ences that deserve mention: (1) the mean age at diagnosis
was lower in NRI (10.7 = 5.7 years) than in RI
(17.3 = 3.5 years), as a result of the time elapsed from the
irradiation and the secondary tumor appearance; (2) 8/24
children with NRI tumors (33%) experienced tumor recur-
rence or progression (clear cell meningioma in three cases,
grade I and grade I meningioma with atypical features in
two cases each, atypical meningioma in one cases) while
no recurrences or progressions were detected among RI
tumors; (3) According to the univariate analysis, age at
diagnosis <10 years, clear cell meningioma, and NRI etiol-
ogy were predictors of tumor recurrence/progression, with
a significant correlation with increased MIB-1 staining
index (SI). On multivariate analysis, the younger age at
diagnosis and the higher MIB-1 SI resulted as independent
risk factors for recurrence. Although an elevated MIB-1 SI
statistically correlated with atypia, atypia did not affect the
tumor recurrence/progression. An interesting study carried
out on a Netherlands population (6015 cancer surviving
children <18 years, 1551 of them with irradiation) revealed
the occurrence of 93 RI PMs, 95.7% of them having
received previous irradiation [17]. The median age at diag-
nosis was 31.8 years, ranging from 13.2 to 50.5 years. Most
of the patients presented with symptoms (90.3%) and a sig-
nificant proportion of them (one third) showed synchronous
meningiomas. All patients received a treatment (surgery
with/without radiotherapy). It is worth noting that, differ-
ently from the previous study, at late follow-up, 40.9% of
survivors developed new meningiomas and 23.7% had a
recurrence.

3 Management: Diagnosis
and Treatment

Brain CT scan maintains a role in PMs diagnosis where a
quick diagnosis is needed, e.g., in case of children with signs
or symptoms of raised ICP or abrupt onset with seizures.
Moreover, an angio-CT scan (sometimes more useful than
angio-MRI) can be used for the surgical planning of PMs
with encasement of major vessels [18]. Anyway, when a PM
is suspected, the diagnosis has to be confirmed by MRI
which can properly show the often atypical appearance of
PMs. These radiological peculiarities include [3, 19]: (1) the
presence of cystic components in up to 24% of cases (only
2—7% in adults), probably resulting from hemorrhage, necro-
sis, or glial response and (2) frequent location in the intra-
ventricular space and absence of dural adhesion in 13 to 30%
of cases (both uncommon in adults). The occurrence of the
so-called MWODA (meningioma without dural attachment)
is explained by the possible origin of PMs by the arachnoid
cap cells of the perivascular spaces. Moreover, the radiologi-
cal sign of a dural tail found in some cases could actually be
the result of a neoplastic dural infiltration or reactive vessels
draining toward the adjacent dura rather than a real dural tail
while vasogenic edema with adjacent cerebral gliosis is
observed in 25.5% to 55.9% of the cases. The latter finding
suggests an “aggressive” radiological appearance that can be
ruled out by using multiparametric MRI. However, the expe-
rience with spectroscopy MRI is limited and the results are
not always conclusive [20, 21]. Also, Diffusion (DWI) and
Perfusion (PWI) MRI, which seemed to be more promising
than spectroscopy, failed to provide a reliable tumor staging
[22, 23]. Recently, the rich vascularization of meningiomas
has been easily demonstrated by IntraVoxel Incoherent
Motion (IVIM) and Dynamic Susceptibility Contrast MRI,
whose parameters can be proposed for the tumor staging
[23]. IVIM MRI, in particular, has been proved to be suc-
cessful in discriminating between grade I and grade II menin-
giomas and even among different tumor subtypes (e.g.,
secretory, angiomatous, fibrous meningiomas) [22].

In the largest meta-analysis available on PMs, (677 cases),
published on 2011, 518, and 547 children, were eligible to
investigate the relapse free survival (RFS) and the overall sur-
vival (OS), respectively [24]. NF-2 significantly affected the
outcome, since NF-2 patients showed both worse RFS and
10-year OS compared with non-NF-2 patients. Similar results
were found matching the tumoral grade with RFS: WHO III
PMs presented a shorter RFS than grade I and II. Moreover,
the multivariable analysis clearly showed better RFS and OS
in case of tumor gross total resection (GTR) compared with
subtotal resection. Radiotherapy did not affected RFS nor
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OS. The mortality rate at 5-7-year follow-up was 12.7%,
which is similar to the rate reported by a coeval study (16.1%
after 4.8-year follow-up) [25]. The authors concluded that the
initial surgical resection is the strongest independent prog-
nostic factor in PMs; therefore, an aggressive surgical man-
agement should be considered at the beginning of the
treatment as well as a second look surgery should be per-
formed in case of subtotal removal (if safely feasible). On
these grounds, GTR remains the goal standard treatment of
PMs, whenever possible. To favor this goal, some quite
widely diffused tools, such as neuronavigation, intraoperative
ultrasounds and Doppler, and preoperative embolization of
the feeding vessels can be successfully used [3, 26]. In adults
5-ALA has shown a capacity to maximize the radicality of
surgery (particulary when infiltrating the skull base) but in
PMs, there is no specific experience yet. Additionally, 5-ALA
seems to be safe and effective in driving the surgical resection
but without significantly increasing the rate of GTR of pedi-
atric brain tumors [27, 28]. In spite of the often large size of
PMs (diameter > 5 cm in 70% of cases in some series), a GTR
is obtained in 70-87% of cases, with a late OS ranging around
85% [29, 30]. It is worth noting that GTR should not be
achieved at any cost because an aggressive surgical behavior
can significantly increase the postoperative morbidity and
worsen the patients’ quality of life.

Radiotherapy (RT) is recommended in children with
incomplete tumor resection as long as the age is appropriate,
when an aggressive grade is confirmed, and when the resid-
ual tumor cannot be managed surgically [4, 31]. Indeed, RT
(usually gamma-knife or cyberknife) is the most important
resource in case of recurrent PMs [19]. However, the role of
RT in PMs remains under debate. Actually, some series,
where even a 43% rate of recurrence has been reported in
grade I PMs (not significantly different from that observed
in the WHO II and III of the same series) would support the
use of RT [30]. On the other hand, the experience of some
authors, who observed that 4 out of 7 patients undergoing
gamma-knife for incomplete tumor resection developed a
recurrence of their PM, would discourage its use [31].
Therefore, each case should be discussed by a dedicated
multidisciplinary tumor board taking into consideration the
risks related to the tumor recurrence and those arising from
the effects of RT on immature brains [32]. On the other
hand, based on the promising results obtained in adults [33],
Rombi et al. recently treated two children with unresectable
PMs by proton-therapy [34]. The authors were able to con-
trol the disease progression (follow-up 39 and 33 months,
respectively) with acceptable toxicity (brain edema and
small cavernoma in the first case, no side effect in the sec-
ond patient).

An aid for the management of PMs could come from che-
motherapy (CT), even if no specific chemotherapeutic
schemes have been proposed so far. Zwerdling and Dothage
treated three patients, respectively, with intrathecal metho-

trexate (survival 16 months); vincristine, fosfamide,
Adriamycin, and cyclophosphamide (survival 4 months);
and hydroxyurea plus a phase II agent (survival “still alive”
at the time of publication) [33]. A sporadic experience with
bevacizumab and irinotecan followed by avastatin has also
been reported: Grof3bach et al. reported a 1-year-old patient
with a subtotal resection of a suprasellar atypical meningi-
oma followed by adjuvant radiation plus bevacizumab and
irinotecan in an attempt to avoid radiation in a very young
child/brain. Nevertheless, this patient underwent RT follow-
ing a second subtotal resection after recurrence of the tumor
at the age of 6 years [4]. In all the aforementioned cases, CT
was following surgery and/or used in combination with
RT. As far as NF-2-related PMs are concerned, the role of
everolimus (the orally administered mTORCT inhibitor used
to improve the auditory functions in patients with bilateral
vestibular schwannomas) is still debated. This drug is also
used with the goal to slow tumor progression in NF2 children
with vestibular schwannoma or meningiomas. However, a
recent presurgical (phase 0) clinical trial demonstrated an
incomplete inhibition of mTORC1 by everolimus, thus
explaining the limited antitumor effect of this drug reported
in the clinical experience [35].

4 Conclusions

PMs are rare tumors actively investigated because of the par-
tially unclear pathogenesis and the hard management in the
case of unresectable tumors. In spite of the embryological
observations suggesting the role of embryological remnants
of immature arachnoid for the tumorigenesis and the tumor
location, the results of the molecular investigations are not as
rich as in the adult counterpart. NF-2 and RT remain the
main “etiological” factors together with some chromosomal
aberrations. The recent advances in MRI development seem
to be promising to differentiate between grade I and high-
grade PMs (which are significantly more frequent than in
adults). The prognosis of PMs mainly depends on the initial
surgical resection (namely GTR), since RT, which is the
main treatment option in case of tumor recurrence or pro-
gression, did not demonstrate to increase the RFS and OS,
while CT still misses effective protocols.
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1 Introduction

Tuberculum sellae (TS) meningioma is one of the most fre-
quent meningiomas of the anterior skull base (21%), arising
from the dura of the tuberculum sellae, chiasmatic sulcus,
limbus sphenoidale, and diaphragma sellae [1].

According to their location, the early optic canal involve-
ment (reported in 10% to 90% of TS meningiomas) and the
resulting compression and elevation of the optic nerves and
chiasm, visual deficits are generally the main symptoms [2,
3]. In addition, they may extend anteriorly to the planum
sphenoidale or posteriorly to the diaphragma and infundibu-
lum, with tumor filling the pituitary fossa, thus determining
more complex clinical pictures [2].

Herein we review the literature concerning the preferred
surgical approaches to TS meningiomas; additionally, we
describe two explicative cases, operated on by our group
using different approaches, with the aim to critically revise
surgical indications and contraindications.

Case 1 (Fig. 1) A 45-year-old patient with a 2-year history
of headache, visus decline in the right eye, and bitemporal
hemianopsia. An MRI showed a sellar/suprasellar lesion,
approximately 18x17x19 mm, with enhancement and dural
implant at the level of tuberculum sellae, determining com-
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pression of the homolateral optic nerve. An Angio-CT scan
highlighted its relationships with the carotid artery laterally
and the A1-Acoa complex above, excluding a stenosis hyper-
ostosis of the optic foramen. In October 2021, the patient
underwent a right frontal-temporal craniotomy, a resection
of the tuberculum sellae lesion with decompression of the
right optic nerve. Histopathology revealed WHO grade 1
meningioma. The post-operative course was uneventful with
reported improvement of the campimetric vision in the right
eye. A post-operative MRI revealed a macroscopically com-
plete lesion removal.

Case 2 (Fig. 2) A 68-year-old hypertensive patient with a
history of clipping of ruptured middle cerebral artery aneu-
rysm in 1978 and in 2015 and evidence, since 2019, of a
sellar lesion, initially suspected to be pituitary macroade-
noma. Then, serial MRI showed a progressive volumetric
increase of the lesion, with concomitant slight reduction of
the right temporal visual field. Laboratory exams showed
increased prolactin values (88 ng/dL) and a mild hypothy-
roidism. In October 2021, the patient underwent surgery via
the trans-sphenoidal endonasal approach. Histological
examination revealed: WHO grade I meningioma. In the
postoperative period, the patient experienced an improve-
ment of visual symptoms.
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Fig.1 Coronal (a) and sagittal (b) preoperative MRI scan with contrast enhancement showing a tuberculum sellae meningioma. (b) Post operative

sagittal MRI scan confirming gross total resection of the tumor

Fig.2 Coronal (a) and
sagittal (b) MRI scan with
contrast enhancement
showing a tuberculum sellae
meningioma

2 Surgical Technique

2.1 Frontal-Temporal Approach

The patient is positioned supine with the head rotated 15°
away from the side of the larger tumor extension. In patients
with strictly midline tumors, the approach is from the non-
dominant side [4]. A curvilinear skin incision is performed
starting anterior to the tragus at the root of the zygomatic
arch and ending at the hairline in the midline and a frontal-
temporal craniotomy is performed. The craniotomy at the
frontal base is extended close to the frontal sinus to enhance
the anterior view of the chiasm and the opposite optic nerve.
The greater sphenoid wing and the orbital roof are drilled to
flatten the line of work and improve the visual path to the
tuberculum area. The dura is opened and reflected anteriorly,
the basal cisterns are opened, the optic nerve is identified in
the cisternal segment. Tumor debulking starts with devascu-
larization of the dural base, in the midline at the tuberculum
sellae with low-intensity bipolar cautery; thereafter, it is
removed under the chiasmatic cistern in a contralateral to

ipsilateral direction to respect the optic nerves and carotid
arteries, if they were covered by tumor. After that, the tumor
is dissected from the pituitary stalk and from the interpedun-
cular cistern. A bony decompression of the optic canal and
the optic nerve is performed using a small diamond drill with
abundant irrigation to prevent heating of the optic nerve.
Finally, the tumor is removed from the optic canal. The dura
is closed in a watertight method and the bone flap replaced.

2.2 The Endoscopic Endonasal Approach

The transsphenoidal approach represents the most direct and
least traumatic surgical technique for the treatment of sellar
lesions. The surgical technique has extensively been
described elsewhere. The position of the carotids is localized
by direct visualization or using a micro-Doppler probe. After
bony opening, the dura above and below the diaphragm is
coagulated and opened. After tumor volume reduction, the
tumor capsule is dissected sharply away from arachnoid
attachments.
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3 Discussion

The tuberculum sellae is a slight bony elevation separating
the anterior roof of the pituitary fossa from the prechiasmal
sulcus.

TS meningiomas originating in the tuberculum sellae and
diaphragma sellae region overall account for 5-12% of all
intracranial meningiomas. There is a difference between
tuberculum sella and diaphragma sella meningiomas. In the
tuberculum tumors, there is usually a good plain of arach-
noid membrane between the tumor and the pituitary stalk.
By contrast, in diaphragma sellae meningioma, the arach-
noid membrane is usually missing, and therefore the risk of
injuring the stalk is greater [5].

They commonly present with visual deterioration: grad-
ual vision loss in one eye, followed by gradual visual distur-
bance in the contralateral eye. Another characteristic
presentation is the chiasmal syndrome, described by Cushing
and Eisenhardt in 1929, that includes a primary optic atrophy
with asymmetric bitemporal field defects in adult patients
showing a normal sella on a plain skull radiograph [6]. Other
possible symptoms include headache, anosmia, seizures,
and, rarely, pituitary dysfunction.

The anatomical boundaries of these tumors are laterally
the internal carotid and the posterior communicating arteries,
the optic nerves and their arachnoid pouch anteriorly, the
Liliequist arachnoid membrane and the pituitary stalk poste-
riorly and the chiasm, the lamina terminalis and the A1 seg-
ments superiorly [3, 4].

Surgical options include craniotomy approaches
(extended bifrontal, tailored bifrontal, interhemispheric,
orbitozygomatic, pterional, and subfrontal eyebrow
approaches) [6, 7], or the endonasal endoscopic transsphe-
noidal approach. The choice of the proper approach remains
a matter of debate [2, 4, 8, 9] depending on location, size and
lateral tumor extension, or cranial or caudal invasiveness.

McDermott and colleagues proposed a grading scale that
considers tumor size, relationship with the optic nerves and
with the adjacent arteries [6, 10].

Typically, these tumors are located medially to the optic
nerves, and therefore are approached by the subfrontal
approach, which allows good access to both ipsilateral and
contralateral optic nerves [11, 12]. The internal carotid artery
and the anterior cerebral artery on both sides can also be con-
trolled, especially when these structures are adherent or
encased by the tumor [2]. In addition, this approach provides
bilateral exposure and thus removal of the roof of the optic
canal. The opening and decompression of the optic canal
permit more extensive and safe manipulation of the nerve
and the removal of the tumor below the nerve and within the
optic canal [2]. TS meningiomas extending anteriorly and
pushing the optic nerves laterally should be considered for a
modified frontal approach [12].

The orbitozygomatic approach has traditionally been
used and provides similar advantages to the bifrontal
approach, allowing less exposure [11].

The supraorbital subfrontal eyebrow approach is another
option, especially when combined with angled endoscopic
assistance [7].

Several authors have reported good surgical outcomes
using the pterional approach for these tumors [5, 13—-15],
especially those determining upward dislocation of the optic
structures and without anterior extension [12].

Compared to the subfrontal approach, the pterional one
proved to also lessen the risk of excessive brain retraction,
postoperative subdural hygromas, and injury of the olfactory
nerves [16] (see Table 1).

Over the past decade, many authors have reported surgi-
cal experiences with anterior skull base meningiomas oper-
ated on via the endoscopic endonasal approach (EEA),
elucidating its feasibility and safety in selected cases
[17-23].

The endoscopic endonasal approach (EEA) presents sev-
eral advantages (see Table 2). First, a completely extracranial
route is utilized, which avoids any brain retraction or manip-
ulation of the optic chasm and nerves or arteries [1, 17-24].
Moreover, it allows an early devascularization, giving an
arachnoid cleavage plane to remove the tumor, and therefore,
it reduces the risk of damage by perforating vessels and opto-
chiasmatic feeder [1, 17-24]. Therefore, the early decom-
pression of the optic apparatus may avoid any direct injury
and thus could yield a better functional outcome [1, 24]. On
the other hand, limits of this approach are the relevant risk of
CSF leaks, the intracranial extension of the lesions beyond

Table 1 Comparison between the two most used transcranial
approaches (bifrontal and pterional approach)

Bifrontal approach Pterional approach

Advantages and | Meningiomas extending | Meningiomas

indications anterior the optic nerves | extending lateral optic
pushed laterally rostral | structures upward
tumors Lower risk of CSF
Very large tuberculum leak or infection from
sellae tumors extending | frontal sinus
to the frontal base transgression
Minimizing injury to
the olfactory nerves
Less brain exposure
Dorsal tumors
Disadvantages | The occurrence of CSF | Meningiomas not

leakage or infection
from frontal sinus
transgression

Injury of the olfactory
nerves

Brain retraction
Increased incidence of
postoperative subdural
hygromas

extend anteriorly
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Table 2 Comparison between transcranial and transsphenoidal approach

Transcranial (pterional/bifrontal) approach

Endnasal endoscopic approach

Advantages Relative/low risk of CSF leak

technique

Control of adherent or encased vessels

Good visualization of optic nerveGood access
to optic canalsStandard microsurgical dissection

Faster recoveryEarly devascularization of tumorNo brain
retractionMinimal manipulation of optic apparatus
Reduce the risk of indirect injury to the optic structures
Midline noncalcified tumors

Disadvantages Breach of frontal sinus if largeBrain

anterior to planum

retractionDifficult to remove tumor if it extends

Risk of CSF leakPotential loss of olfactionDifficult to
remove tumor in optic canal when superolateral to optic
nerve

Difficult to dissect adherent/encased small vessels at
posterior margin

Non-pneumatized sphenoidal sinus

the lateral limits of the approach, above the roof of the orbit
or with encasement of the carotid artery and its major
branches. Therefore, this approach should be reserved to
strictly midline tumors, with little eccentric lateral growth,
those in patients with a large sphenoid sinus, and tumors
situated entirely inferior and medial to the optic nerves, with
no encasement of major vessels [1, 24-26].

4 Conclusion

Despite the refinements of surgical techniques over the past
decades, dealing with TS meningioma remains a complex
surgical challenge, especially the choice of the proper
approach. The relationship of the tumor with the optic nerves,
optic canal, and anterior cerebral artery complex are impor-
tant issues that have to be considered. Both transcranial and
endonasal approaches, in experienced hands, can allow com-
plete resection of the lesion.
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1 Introduction

Von Hippel-Lindau (VHL) disease is a rare autosomal domi-
nant genetic condition associated with tumours arising in
multiple organs. It is caused by a germline mutation affect-
ing the VHL gene located on chromosome 3 [1]. VHL is a
classical tumour suppressor gene with loss of the wild type
allele leading to tumorigenesis [2]. VHL has been clinically
classified into two categories, based on the presence (type 2
disease) or absence (type 1 disease) of phaeochromocyto-
mas, with further subdivision of type 2 disease based on the
presence (2B) or absence (2A and 2C) of renal cancer. This
clinical variation results from a close genotype—phenotype
relationship in which type 1 disease arises from deletions
and truncating mutations, whilst missense mutations are
responsible for type 2 disease [3-5].
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1.1 Haemangioblastomas

Of patients with VHL, 60-90% will develop multiple hae-
mangioblastomas in their lifetime [6, 7].
Haemangioblastomas can be sporadic, but 20-30% of all
haemangioblastomas are in association with VHL [8]. These
lesions are benign (WHO grade 1) and cause symptoms from
mass effect of the tumour itself or the associated cyst, but can
also spontaneously haemorrhage into these lesions [9]. They
are highly vascular tumours, and although they can occur
anywhere in the CNS, they have a predilection for the poste-
rior fossa (predominantly in the cerebellum) and spinal cord.
In a large series published by Glasker et al. 63% of haeman-
gioblastomas were localised in the cerebellum. The majority
of these were in the cerebellar hemispheres, 5% were in the
brainstem and 32% were in the spinal canal [10]. They rep-
resent 3% of all CNS tumours [10-12].

Some studies suggest that it is not the capillaries but the
stromal cells that are neoplastic, and the capillary growth is
secondary to VEGF expression [13]. The underlying patho-
logical process in the formation of these haemangioblasto-
mas is thought to be explained by the ‘two hit hypothesis’
which describes the requirement for biallelic inactivation of
the tumour suppressor gene in the affected cells [1]. This is
also the case for all VHL-associated pathologies.

1.2  Other Manifestations

VHL has many manifestations outside of the central nervous
system. These include renal cell carcinomas, renal cysts,
phaeochromocytomas, paragangliomas, pancreatic cysts and
neuroendocrine tumours [1]. Blindness and deterioration in
vision can also result from retinal haemangioblastomas, and
this remains a major complication of VHL [7]. Endolymphatic
sac tumours are papillary epithelial neoplasms highly associ-
ated with VHL. The endolymphatic duct in the posterior
petrous bone is affected by tumours and patients experience
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progressive ipsilateral deafness, tinnitus, vertigo and
vestibular dysfunction [14]. In addition, arterial hyperten-
sion resulting from phaeochromocytoma development has
also been identified as a cause of retinal damage in these
patients [15, 16]. The cardiovascular effects of phaeochro-
mocytomas are particularly relevant peri-operatively when
adequate and staged adrenoreceptor blockade is necessary to
minimise the risk of life-threatening catecholaminergic crisis
[17]. This multisystem nature of the disease therefore
requires an interdisciplinary team to best manage these
patients at every stage, including timing and prioritisation of
surgery and peri-operative care and safety.

2 Methods

In this narrative review, we provide an update on the man-
agement and emerging therapies in this challenging group of
patients, with particular attention to the focussed treatment
and considerations in haemangioblastomas of the posterior
fossa and spinal cord.

We present the experience of two VHL referral centres
and draw on the expertise of the authors in managing these
patients in a multidisciplinary team setting, to advance our
understanding of an interdisciplinary approach. Emphasis is
focused on combining different modalities and on individu-
ally tailored decision making with a holistic approach rather
than isolated systems. In addition to the experience of the
authors, we describe exemplary cases to demonstrate some
of the challenges and highlight multimodality management.
We review the available literature on VHL-related posterior
fossa and spinal haemangioblastomas, by searching through
PubMed, Google Scholar and EBSCO.

3 Results and Discussion
3.1 Molecular Genetics
and Pathophysiology

Hypoxia-inducible factors (HIFs) are heterodimeric oxygen-
sensitive basic helix-loop-helix transcription factors that
play central roles in cellular adaptation to low oxygen envi-
ronments. The Von Hippel-Lindau tumour suppressor pro-
tein (pVHL) is the substrate recognition component of an E3
ubiquitin ligase and functions as a prime regulator of HIF
activity by targeting the hydroxylated HIF-a subunit for
ubiquitylation and rapid proteosomal degradation under nor-
moxic conditions [18]. Cells with dysfunctional pVHL can-
not degrade HIF1a, which therefore accumulates in the cell
nucleus, where it acts as a master transcription factor for a
myriad of genes involved in the response to hypoxia, includ-

ing vascular endothelial growth factor (VEGF) [19, 20].
Therefore: VEGF is one of the genes upregulated by HIF-1
and is the primary cytokine related to angiogenesis [21].
Herein lies the predisposition of VHL patients to angiogenic
tumours of the eye and CNS.

With regard to the influence of VHL mutations and
tumour behaviour, the literature is somewhat confusing.
Some data on clear cell renal cancer suggest that, with the
loss of pVHL expression, there is worse cancer survival
[22]. Other data have suggested that VHL mutation and
hypermethylation is associated with poor prognosis [23,
24]. Patard et al. describe that high levels of carbonic anhy-
drase 1X staining (a target of HIF transcriptional activator)
predicts functional VHL loss, indicating VHL events that
impart a significant failure of HIF suppression. Targeted
therapy against HIFla has the potential for treating the
tumours associated with Von Hippel-Lindau disease. mTOr
inhibitors (e.g. everolimus) have been used with efficacy in
renal carcinoma in those with VHL, and those without, sug-
gesting a common pathway. HIF-1a acted as a downstream
molecule of mTOR and regulated glucagon-like peptide-1
(GLP-1) receptor-induced metabolism reprogramming via
the PI3K/mTOR pathway [25, 26]. In a pancreatic cancer
hypoxic microenvironment, HIF-1o mediated tumorigenic
crosstalk between tumour parenchyma and stroma—and
influenced the epithelial/mesenchyme transition (EMT)—
so it is important in the metastatic potential for cancers
[27]. The potential for histone de-acetylase inhibitors is
discussed below.

3.2 Natural History
Natural history studies in VHL have shown that haemangio-
blastomas have a characteristically saltatory growth pattern.
Their growth is interrupted by long quiescent periods, and
new haemangioblastomas can arise over this time period
[28-30]. This is well demonstrated by Ammerman et al. who
studied CNS hemangioblastoma progression in VHL patients
they serially imaged and clinically evaluated for at least
10 years [28]. In 94% of haemangioblastomas that were fol-
lowed up, there were periods of rapid growth followed by
periods of quiescence and 97% demonstrated radiological
progression. Almost half (45%) of haemangioblastomas
requiring surgery were not apparent on initial imaging.
Artificial intelligence and machine learning algorithms may
in the future prove useful in radiological prediction models.
It is not clear what factors drive these periods of rapid
growth in haemangioblastomas. There is some evidence of
association between pregnancy and enlargement of the cystic
component, which can have a significant effect on both the
mother and developing foetus [31].
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3.3 Multi-Disciplinary Approach

and Decision Making

Patients with VHL are affected by a multi-system disorder
and are likely to require input from a range of specialties
including, but not limited to, ophthalmology, nephrology,
urology, endocrinology, neurosurgery, audiology, otolaryn-
gology, oncology, clinical genetics and neuro and visceral
radiology at various points in their lives. Cohesive and col-
laborative working between these specialties is required to
provide integrated patient-centred care [12] and is deemed
essential in the care of patients with VHL by the interna-
tional VHL Alliance. Multi-disciplinary teamworking allows
treatment prioritisation in patients with multiple synchro-
nous lesions, which can be obscured without appropriate,
and often wide ranging, inter-speciality dialogue. For exam-
ple, in the multimodal management of CNS haemangioblas-
tomas treatment, decision-making will primarily involve
neurosurgery, neuroradiology and radiation oncology.
However, the other members of the MDT are likely to also
contribute to peri-operative management—for example,
endocrinology in pre-operative adrenoreceptor blockade in a
patient with a co-existing phaeochromocytoma and nephrol-
ogy in a patient with end stage renal disease requiring
dialysis.

The onset of VHL-associated morbidity may be seen as
early as childhood and continues throughout adult life and
has the potential to have significant effects on educational,
occupational and reproductive decisions. This can be further
complicated by the inherited nature of the condition and the
prior experiences of affected family members. This is par-
ticularly relevant when discussing asymptomatic screening
detected lesions. Lifelong follow-up is mandatory and the
streamlining of imaging and clinic appointments is highly
desirable to minimise impacts on daily life. In our experi-
ence, the role of a clinical nurse specialist to co-ordinate
appointments and therapies and provide a point of communi-
cation with the patient and their families is fundamental to
this.

3.4  Treatment Modalities

Surgery

Haemangioblastomas can be cured surgically with a com-
plete resection. It therefore stands to reason that, if indicated,
this is the treatment of choice. Surgery can be performed
with minimal morbidity in the majority of cases [6, 29, 32].
Indications are symptomatic tumours or enlarging lesions on
surveillance. There is some debate as to whether radiological
progression in the absence of any symptoms should be an
indication for surgical intervention. The main argument for
operating prophylactically is that developing pre-operative

symptoms are usually not reversible and in experienced
hands, the morbidity of this procedure is low [9, 33]. In cases
of impending CSF flow obstruction, then surgery should be
performed in a timely fashion. For haemangioblastomas in
the brainstem, the risk of causing morbidity is slightly higher
than in the cerebellum. As such it is recommended that these
lesions are operated on only when they become symptomatic
or if any further growth increases the risk of surgery [32].
Rather predictably, if there is a residuum then the risk of
recurrence is significantly higher [29, 34]. Surgery can be
particularly challenging for larger lesions. Figure 1 demon-
strates a surgically treated lesion from our practice.

The use of indocyanine green (ICG) video angiography
has also been described to assist with the resection of hae-
mangioblastomas. ICG helps localise the lesions intra-
operatively and are associated with a superior complete
resection rate, although this has not been trialed [35-37].
Adjuncts such as CO, lasers have also been suggested, but
these are not considered the standard [9, 38]. Neuromonitoring
in spinal haemangioblastomas is well supported in the litera-
ture. Westphal et al. have recently published their experience
of 500 intramedullary spinal cases over 35 years describing
their refinement strategies, including neuromonitoring.
Whilst this includes other pathologies, the principles and
added safety of neuromonitoring remains applicable to hae-
mangioblastoma surgery.

Embolisation

Some authors have suggested pre-operative embolisation as
an adjunct to minimise bleeding [39-41]. The counter argu-
ment to this is that it is often not necessary provided the
tumour is not entered and the interface between tumour and
brain is dissected carefully, avoiding excessive retraction and
using low power bipolar diathermy [9]. Both in our experi-
ence and reflected in the published literature, embolisation
can be used as an adjunct to surgical management to mini-
mise bleeding from the nodule in highly selected cases. As
demonstrated in Fig. 3, some haemangioblastomas can be
extensive with a rich blood supply. Pre-operative embolisa-
tion is not without risk. Ene et al. report their experience
from two high volume centres, and in those patients who
underwent pre-operative embolisation, there was a 25% risk
of neurological deficit, and in 15% these were permanent
[42]. There are no reports in our literature review that have
looked at embolisation alone as a treatment choice for these
patients.

Stereotactic Radiosurgery

Stereotactic radiosurgery (SRS) has become more com-
monly employed in the management of haemangioblasto-
mas, as an emerging treatment option. Historically,
fractionated radiotherapy was used for inoperable, recurrent
or residual tumours. Stereotactic radiosurgery has obvious
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Fig. 1 Pre-operative CT angiogram (a) and MRI (b: axial T1 gadolinium; ¢: coronal T2) with intraoperative views (d) of haemangioblastoma in
close proximity to accessory nerve and vertebral artery

advantages over surgery, it is less invasive and has a lower
rate of morbidity. Large single radiation fractions are best for
all SRS treated vascular tumours. SRS is also better suited to
smaller or surgically inaccessible lesions [43]. Gamma Knife
(GK) has been used as an alternative to surgery for small
tumours or inoperable sites [44]. Evidence suggests that GK
is effective at reducing the solid component of the tumour
but does not reduce the size of the cyst, for which surgery
may still be required [45].

In 1997, we published our early experience using radio-
surgery for the treatment of brain haemangioblastoma [46].
We reported the 40 month follow up of six SRS treated
lesions in five patients. Four lesions demonstrated a com-
plete response and the fifth lesion demonstrated stability. We
described a sixth lesion which abutted the optic apparatus
and pituitary, which we treated with conventionally fraction-
ated radiotherapy; this demonstrated a partial response. We

discussed our experience with anecdotal Von Hippel-Lindau
cases where the cerebellum was heavily involved with mul-
tiple haemangioblastomas. In this situation, we recom-
mended conventionally fractionated radiotherapy (50-55 Gy)
to the posterior fossa (with brainstem not exceeding radia-
tion tolerance) and later for SRS, for any lesions which had
not durably responded to the radiotherapy. We have expanded
our experience since that time and now face the challenges of
more difficult cases, of which the intramedullary spinal
lesions are the most complex. Figure 2 demonstrates a case
from our experience of a spinal hemangioblastoma treated
with cyber knife.

Over the past few years, there have been a number of
reviews looking at cyber knife for spinal haemangioblasto-
mas. Pan et al. recently published a 10-year experience in
which image guided cyber knife for spinal haemangioblas-
toma is safe and effective, particularly in patients with
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Fig.2 Isodosimetric plan for two adjacent spinal haemangioblastomas
in the lower thoracic cord, treated by single dose SRS (Cyberknife).
Top (a) axial view and (b) lower panel: sagittal view. The spinal cord
(plus 1 mm planning margin) is outlined in magenta and the targets’
marginal 10 and 9 Gy isodoses are in white and yellow—with the lesion
circumscribed within these isodoses. The maximum dose to each lesion
was 12 GY

VHL. Control rates at 5 years were 92%, with an improve-
ment of symptoms in 77% [43]. Interesting is the success of
SRS in the treatment of spinal haemangioblastomas, not-
withstanding the need to frequently compromise on full SRS
dose (given the proximity/abutment of the spinal cord to the
tumour). Indeed, frequently the spinal cord partly surrounds
the target—and the dose prescription is compromised to
ensure the radiation tolerance of the cord is not exceeded.

Multimodal Treatment

Such cases of combined SRS and surgery are not reported in
the literature, with the exception of one recent case report
[47]. Rates of control with SRS have been reported as
80-90% with haemangioblastomas. More centres are there-
fore utilising this to treat asymptomatic tumours in VHL
with an aim to reduce the need for future surgery [48]; how-
ever, other authors feel that SRS should not be used prophy-
lactically to treat asymptomatic tumours [29]. A 90%
progression free survival has been demonstrated with SRS in
both sporadic and VHL-associated haemangioblastomas
[29]. This however, appears to infer a diminishing benefit

from the point of treatment, with control rates reducing to
70%, 61% and 51% at 8, 10 and 15 years, respectively [29].
Other centres have reported higher control rates of 80% at
10 years [48]. In complex cases, we have utilised multimodal
management. We present a case (Fig. 3) of a large haeman-
gioblastoma that was treated with combined embolisation,
surgery and SRS to residual tumour. Combining modalities
is emerging and is, to the best of our knowledge, underre-
ported. The flexibility of options and individualisation makes
this concept attractive in selected cases, but further studies
are needed.

Medical Treatments

The molecular mechanism driving tumorigenesis in VHL-
related lesions has been well elucidated [1] and provides
promising therapeutic avenues with the potential to treat all
VHL-deficient tumours in an individual regardless of tumour
type or location.

Inhibition of HIF-2«a, which is upregulated by pVHL loss,
results in downregulation of HIF target gene expression and
suppression of angiogenic sprouting in a zebrafish model of
VHL [30]. Belzutifan, a HIF-2« inhibitor, has very recently
been approved by the US Food and Drug Administration for
the treatment of cancers (including haemangioblastomas) in
adult patients with VHL disease based on results from an
ongoing phase II trial (NCT03401788). Inhibition of histone
deacetylases (HDACs) induces degradation of HIF-1a, [49]
stabilises pVHL and attenuates growth of VHL-deficient
tumours in mice [32]. Results of a phase I trial of the HDAC
inhibitor vorinostat in VHL-associated haemangioblastomas
are eagerly awaited (NCT02108002). Targeting the HIF-
responsive VEGF pathway is another attractive therapeutic
goal in VHL and trials are currently evaluating the role of the
antiangogenic tyrosine kinase inhibitors PTK787/ZK22258
(NCTO0052013) and pazopanib (NCT01436227) in haeman-
gioblastomas in VHL.

Surveillance

For tumours that are asymptomatic, the consensus supported
by most authors is for surveillance scans. The modality of
choice is gadolinium enhanced MRI. There is no available
guidance on what the time interval should be, and indeed
there appears to be variation between different centres on
scanning intervals. As previously mentioned, the natural his-
tory of haemangioblastomas is that they go through quies-
cent periods and growth periods, and this can and will vary
from case to case. It is therefore important to try and tailor
surveillance where possible to the individual case. This is
dictated by previous growth patterns as well as treatment pri-
orities with regard to other systemic problems. The multi-
disciplinary team is therefore key in deciding such
management decisions. A point of contact for patients will
also be able to tailor long-term surveillance to the patients’
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Fig.3 A large, complex haemangioblastoma. (a and b) Angiogram shows partial embolisation; (¢) Coronal T1 with gadolinium; (d) pre-operative
3D reconstruction with CTA. Patient was treated with a combination of modalities: partial embolisation, followed by surgery and SRS

personal circumstances as well. Artificial intelligence is
increasingly used to provide predictive models and automa-
tion of decision making.

4 Conclusion

The management of haemangioblastomas has classically
been surgical resection or surveillance. In association with
VHL, the age of onset is early and so any treatment offered
must be durable. In addition to this, treatment options must
consider the rest of the features of VHL and so must the tim-

ing. If a lesion is not causing symptoms, we need to consider
the best time to intervene in an unpredictable natural history.
Technologies are improving to increase the safety of surgical
resection and in attempting to predict from prior imaging
when a lesion is likely to start growing again. In addition to
this, multimodal treatments are being utilised in the manage-
ment of these patients. Radiosurgery is becoming increas-
ingly important in therapy. Furthermore, medical
interventions targeting the angiogenesis pathways may pro-
vide systemic options allowing the treatment of multiple
VHL-associated lesion types. These decisions and treat-
ments should be considered in an interdisciplinary fashion
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with the patients’ condition and treatments options at the
centre of this. Treatment in every aspect is becoming more
personalised.
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1 Introduction

Neurosurgical diseases have a devastating impact on society.
It is estimated that approximately 14 million essential neuro-
surgical cases develop worldwide annually, of which more
than 80% arise in low- and middle-income countries.
Neurosurgical cadaveric dissection remains largely unex-
ploited as a learning tool for the training of surgeons in
developing countries, often because of the assumed high
costs [1]. The anterior and middle incisural spaces are brain
regions of remarkable anatomic and neurosurgical interest
due to complex relationships between bony, dural, arachnoi-
dal, and neurovascular structures [2—14].

These areas are located at the junction between the sphe-
noid and the basal portion of the temporal bone (petrous
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bone, petrous apex, upper petro-clival region) and the free
edge of the tentorium encircles them. The insertion of the
tentorium itself to the petrous apex and the anterior and pos-
terior clinoid processes give rise to three distinct dural folds
or ligaments: the anterior petro-clinoid ligament, the poste-
rior petro-clinoid ligament, and the inter-clinoid ligament.
These dural folds participate to the dorsal lateral part of the
roof of the cavernous sinus named “the oculomotor triangle”
[2-5].

The primary purpose of this study is to describe the anat-
omy of this region with particular emphasis on the relation-
ships between the anterior margin of the free edge of the
tentorium and the sphenoid and petrous bone portions, as
mentioned above. Moreover, we would like to examine the
relationships between these compartments and the arachnoid
membranes of the basal cisterns belonging to the anterior
and middle incisural spaces.

We performed anatomical dissections mostly on fresh
(Iess than 48 h post-mortem), non-formalin-fixed or injected
specimens, to prevent arachnoid membranes changes and
artifacts due to formalin-fixation process [13, 15, 16].
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Nonetheless, formalin-fixed, or injected samples were
used occasionally in this study for describing specific
anatomical details apart from arachnoid-related structures.
In addition, some of the photographs presented in this study
were obtained “in vivo” during neurosurgical procedures
involving this particular region.

This study highlights the need for a detailed anatomical
comprehension of this region when performing neurosur-
gical practice with particular regard to the surgical treat-
ment of pathologies involving the anterior and middle
skull base.

The study has been subdivided into two parts to respect
editorial guidelines.

The first part involves osteology and the structural organi-
zation of the dura mater of the region of interest.

2 Materials and Methods

In our laboratory, we normally use two kinds of anatomic
preparations:

e Fresh cadavers of individuals who died between 24 and
48 h previously in nontraumatic circumstances when a
diagnostic examination is expected and the head/neck
represents an area of interest.

e Fresh-frozen specimens, purchased from private compa-
nies. To reduce costs, we perform all phases of specimen
preparation, thawing, irrigation, fixation, perfusion, and
storage according to a protocol developed in our Research
Center.

In this study, we used eight fresh, non-formalin-fixed
non-silicon-injected and five formalin-fixed silicon-injected
adult cadaver heads.

The cranial vault was removed circumferentially to
expose the entire skull base. The brains were left in place to
allow better visualization and understanding of the relation-
ships between the arachnoid membranes located in the cen-
tral skull base, the sellar region, and anterior and lateral
incisural spaces.

The study was focused on the description of the relation-
ships between bony (anterior clinoid process, posterior cli-
noid process, optic canal, optic strut, superior orbital
fissure) dural (anterior and posterior petroclinoid ligament,
interclinoid ligament, proximal and distal dural ring,
carotid-oculomotor membrane, falciform ligament, dia-
phragma sellae, carotid collar), arachnoid (basal arachnoid
membrane, medial carotid membrane, Liliequist’s mem-
brane, perimesencephalic cisterns of the anterior and mid-
dle incisural space), and neurovascular structures (optic
nerve, oculomotor nerves, internal carotid artery and its
main branches).

For the description of osteology and structural anatomy of
the dura mater of this region, we used frozen formalin-fixed
human specimens.

A CANON 1Ds MarklII camera was used to take high-
definition photographs, using a MacroLens 100 mm or MP-E
65 1-5X to obtain a reproduction ratio of 1:1 or more (2:1-
3:1). The operating microscope (Carl Zeiss Corp.,
Oberkochen, Germany) was used to perform dissections and
examinations.

3 Results

3.1 Anterior and Posterior Clinoid Process
The anterior clinoid process is the bony prominence located at
the medial limit of the lesser sphenoid wing. It represents the
bony component of both the superior orbital fissure and ante-
rior portion of the roof of the cavernous sinus (Figs. 1 and 2).
Three main sites of attachment characterize the connection
of the anterior clinoid to the skull: the lesser sphenoid wing
laterally, the roof of the optic canal and the planum sphenoi-
dale medially and the optic strut inferior-medially. The optic
strut extends from the inferior-medial margin of the anterior
clinoid process to the body of the sphenoid bone, separating
the superior orbital fissure from the optic canal and represent-
ing the lateral portion of the floor of the optic canal (Fig. 2).
The posterior clinoid processes represent the postero-
lateral appendix of the dorsum sellae (Fig. 1). Both these
structures are the site of attachment of dural folds derived
from duplication of the anterior margin of the free edge of
the tentorium at the petrous apex.

3.2 Structural Anatomy of Dura Mater

in the Middle Cranial Fossa

The anterior clinoid process together with its dural attach-
ments represents the anterior portion of the roof of the cav-
ernous sinus. A thick layer of dura mater superiorly covers
the clinoid process, also called the “meningeal layer” or
“dura propria.” This layer is continuous anterior-laterally
with the falciform ligaments that represent the posterior-
lateral portion of the roof of the optic canal. Medially, the
dura propria continues as diaphragma sellae extending until
the clivus, while posterior-medially it constitutes the distal
dural ring, embracing the internal carotid artery (ICA) and
representing the superior limit of the clinoid segment of the
ICA itself (Fig. 3).

Upon intradural removal of the anterior clinoid process
performed by cutting its three points of attachment to the
skull base (lesser sphenoid wing, orbital roof and planum
sphenoidale, optic strut), it is possible to reveal a deeper
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Fig.1 Sphenoid bone,
posterosuperior view. The
anterior clinoid process (acp)
is the bony prominence
localized at the medial limit
of the lesser sphenoid wing
(Isw). It represents the bony
component of both the
superior orbital fissure (sof)
and anterior portion of the
roof of the cavernous sinus.
The connection of the anterior
clinoid to the skull is
characterized by three main
sites of attachment: the lesser
sphenoid wing laterally, the
roof of the optic canal (ocr)
and the planum sphenoidale
medially, and the optic strut
(os) inferior-medially

Fig. 3 Formalin-fixed, injected specimens, posterosuperior view, left
side. The left anterior clinoid process (acp) has been removed through
an intradural clinoidectomy, and the periosteal layer of dura mater
localized below the clinoid has been exposed. The triangular area con-
stituted by dura mater between the optic nerve and the oculomotor
nerve is called the “carotid triangle” and represents the deepest layer of
the anterior half of the roof of the cavernous sinus (the first two layers
are the meningeal dura and the bony component of the anterior clinoid
process). The denomination of the dura in this region is variable and
depends on the localization of the membrane itself. Between the oculo-
motor nerve and the ICA (ica) it forms the carotid-oculomotor mem-
brane (com) separating the oculomotor nerve from the ICA. At the exit
point of the ICA from the cavernous sinus at the anterior portion of the
carotid triangle, the carotid-oculomotor membrane surrounds the ICA
constituting the proximal dural ring (pdr), which represents the inferior
limit of the clinoid segment. The same layer of dura mater accompanies
the clinoid portion of the ICA as the carotid collar (cc). fl, falciform
ligament; 2°, optic nerve; 3°, oculomotor nerve

layer dura mater (also known as “periosteal layer” or
“reticular layer”) that cover the inferior surface of the ante-
rior clinoid.

Fig. 2 Anterior clinoid process, magnified view. Attachment points of
the anterior clinoid to the skull can be clearly identified: lesser sphenoid
wing laterally (Isw), optic canal roof (ocr), and planum sphenoidale (ps)
anteromedially, optic strut (os) inferior-medially. The optic strut is also
the main constituent of the floor of the optic canal

The dural layer between the optic nerve and the third cra-
nial nerve constitutes the so-called carotid triangle, which
represent the deepest layer of the anterior half of the cavern-
ous sinus roof (Fig. 3). It forms the carotid-oculomotor
membrane separating the oculomotor nerve from the ICA.

When the ICA exits the cavernous sinus at the anterior
portion of the carotid triangle, it is encircled by the carotid-
oculomotor membrane constituting the proximal dural ring,
which represents the inferior limit of the clinoid segment of
the ICA itself. The same layer of dura mater accompanies the
clinoid portion of the ICA forming the so-called carotid col-
lar (Fig. 3). On the medial side, the dural collar is easily
accessible from a dural pouch named as “carotid cave” by
Kobayashi [9].
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Posteriorly, the reticular layer of the carotid-oculomotor
membrane and the meningeal layer of the distal dural ring
merge to constitute a single layer of dura, which covers the
triangular space between the petrous apex and the anterior
and posterior clinoid processes.

4 Discussion

The anterior and middle incisural spaces are regions of
remarkable anatomical and surgical interest [2—14]. Rhoton
introduced the term “incisural space,” and it is used to
describe areas of the central nervous system located between
the free edge of the tentorium and the upper brainstem [2].
The anterior incisural space is positioned anteriorly to the
brainstem while the middle incisural space is lateral [2].

These regions are characterized by complex relationships
between bony structures of the skull base, dura mater, arach-
noid membranes, cisternal spaces, cranial nerves, and vascu-
lar structures [2-9].

Despite the well-known advantages of the fresh non-
formalin-fixed dissection procedures [13, 15, 16], we pre-
ferred to use formalin-fixed silicon-injected specimens for
the description of the osteology and structural anatomy of
this region.

Using this technique, we have defined the structural anat-
omy of the dura mater surrounding the anterior clinoid pro-
cess and covering the middle cranial fossa well.

As mentioned above, in this region, the dura mater is
composed of two layers; a thick layer, also known as the
meningeal layer, and a thin one, also known as the periosteal
layer. The thick dural layer covers the superior surface of the
anterior clinoid and connects with the dura of the falciform
ligament and the diaphragma sellae. Moreover, on the medial
side, the dura propria encircles the ICA constituting the dis-
tal dural ring, which represents the superior limit of the cli-
noid segment of the ICA itself [2-5, 10] (Fig. 3).

Intradural removal of the anterior clinoid process exposes
a further triangular-shaped space called “carotid triangle”
made by a second thinner layer of dura known as “perios-
teal” or “reticular” dura [2-5, 11]. This layer constitutes the
so-called carotid-oculomotor membrane, which surrounds
the internal carotid artery giving place to the proximal dural
ring and the carotid collar [2-5]. The first represents the ori-
gin of the clinoid segment of the ICA; the carotid collar
adheres to the ICA itself in its clinoid portion, forming a
pouch on the medial side also known as “carotid cave” where
intracranial aneurysms commonly develop [2-5, 10] (Fig. 3).

An accurate knowledge of the anatomy of this region is
pivotal from a neurosurgical point of view since several
pathologies, both neoplastic and vascular, involve it.

More extensive considerations regarding surgical applica-
tions of the anatomy of this region will be made in the next
part of this study.

5 Conclusions

In the first part of this study, we performed an accurate study
of the osteology and structural anatomy of the dura mater of
the sphenoid bone, middle cranial fossa with particular inter-
est paid to the anterior clinoid process. Accurate knowledge
of this region is pivotal from a neurosurgical point of view
since this area is the location of several pathologies of neuro-
surgical interest. Moreover, the anatomy of these structures
is preparatory for the description of the subsequent part of
this paper.
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Petroclival Clinoidal Folds

and Relationships with Arachnoidal
Membranes of Anterior and Middle
Incisural Spaces: Old Neuroanatomical
Terms for a New Neurosurgical Speech
in Cadaver Labs with Limited Resources
Era. Part ll: Free Edge of the Tentorium,
Petroclinoid Folds, and Incisural Spaces

Pescatori Lorenzo, Tropeano Maria Pia, Lorenzo Gitto,
Massimiliano Visocchi, Francesco Signorelli,
and Ciappetta Pasqualino

1 Introduction

In the first part of this article, we explained why cadaver lab
dissection plays a pivotal role in Neurosurgery.

The constant increase of neurosurgical pathologies in low
and middle income countries represents a huge challenge for
the neurosurgical community, especially the necessity to pre-
pare a new generation of effective and autonomous neurosur-
geons [1]. In this scenario we tried to demonstrate how, even
in low resource setting, it is possible to perform clear and
educational anatomic dissection [1, 2]. The choice of a very
complex anatomic region such as the petroclinoid area as
well as the incisural spaces reflects our willingness to dem-
onstrate the effectiveness of our dissection techniques
[3-15].

After describing the osteology of the petroclival region
and the structural anatomy of the dura mater in the middle
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cranial fossa, we are going to examine the relationships
between the petroclinoid dural folds, the anterior and middle
incisural spaces, and the neurovascular structures of this
region.

To avoid the formalin fixation process artifacts on arach-
noid membranes and neurovascular structures, this part of
the study was entirely performed on fresh non-formalin-
fixed human specimens [14, 16, 17].

2 Materials and Methods

Thirteen anatomical specimens, including five injected spec-
imens, were dissected in this study.

In the first part of the study, osteology of the petroclival
region and structural anatomy of the dura mater in the middle
cranial fossa were described on five formalin-fixed, silicon-
injected cadaveric heads.

The description of the tentorial incisura, petroclinoid
folds, and incisural spaces is the result of dissections mostly
performed on fresh (less than 48 h post-mortem), non-
formalin-fixed nor injected specimens. As mentioned above,
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this dissection technique prevents arachnoid membranes
changes and artifacts due to the formalin fixation process
[14, 16, 17]. The cadaver work is the result of the coopera-
tion between three national university laboratories in Italy.

The cranial vault was removed circumferentially to
expose the entire skull base. The brain was left in place to
allow better visualization and understanding of the relation-
ships between the arachnoid membranes located in the cen-
tral skull base, the sellar region, and anterior and lateral
incisural spaces.

This part of the study focused on the description of the
relationships between the tentorial incisura, petroclinoid
ligaments, and anterior and middle incisural spaces.

A CANON 1Ds MarklII camera was used to take high-
definition photographs, using a MacroLens 100 mm or MP-E
65 1-5X to obtain a reproduction ratio of 1:1 or more (2:13:1).
The operating microscope (Carl Zeiss Corp., Oberkochen,
Germany) was used to perform dissections and
examinations.

3 Results
3.1 Free Edge of the Tentorium
and Petroclinoid Folds

The term “free edge of the tentorium” indicates the margin of
the tentorium, which is not attached to the skull and delimits
the incisural space on the medial side.

Anteriorly, it is fixed to the petrous apex and splits into
two distinct components also known as dural folds or liga-
ments (Fig. 1a).

The first component is the anterior petro-clinoid ligament,
which connects to the anterior clinoid process; the second
component is made by the posterior petro-clinoid ligaments,

which join to the posterior clinoid. Moreover, between the
anterior and posterior clinoid processes, the dura of the skull
base depicts a distinguishable dural fold called the inter-
clinoid ligament (Fig. 1a).

These dural folds delimit a triangular space, pierced by
the oculomotor nerve, which is commonly called the “oculo-
motor triangle” (Fig. 1a). It represents the posterior part of
the roof of the cavernous sinus through which the oculomo-
tor and trochlear nerves enter the cavernous sinus. The ocu-
lomotor nerve penetrates the dura in the central region of the
oculomotor triangle, and the trochlear nerve enters the dura
at its posterolateral edge (Fig. 1la—c).

The Gruber ligament or petro-sphenoid ligament (PSL)
passes between the folds of the posterior petro-clinoid liga-
ment from the petrous apex to the lateral border of the dor-
sum sellae, just below the posterior clinoid process
(Fig. 1c¢).

As mentioned above, the free edge of tentorium repre-
sents the lateral boundary of the tentorial incisura.

As a consequence, the tentorial incisura may be defined as
the anatomical region located between the free edge of the
tentorium and the upper brainstem (Figs. 1c, 2). It represents
the only existing communication between the supratentorial
and infratentorial space.

3.2 Incisural Spaces

Three different portions of the incisural space are identified:
anterior, middle, and posterior incisural spaces. The anterior
incisural space is located anteriorly to the brainstem; the
middle incisural space is placed laterally to it; the posterior
incisural space is positioned posteriorly (Figs. lc, 2). The
mesencephalon, the pons and the superior surface of the cer-
ebellar hemispheres occupy the incisural space.
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Fig. 1 These pictures show the relationships between dural folds, bony
structures, and cranial nerves. (a) Fresh, non-formalin-fixed specimen,
anatomic dissection, right side. The dura propria cover the superior sur-
face of the anterior clinoid process (acp). Anterolaterally this dural
layer is continuous with the falciform ligaments (fl) which represents
the postero-lateral portion of the roof of the optic canal. Medially,
together with the basal arachnoid membrane, the dura propria continues
as diaphragma sellae (ds) extending until the clivus. Here, it constitutes
posterior-medially the distal dural ring (ddr) embracing the internal
carotid artery (ICA) and representing the superior limit of the clinoid
segment of the ICA itself. In this dissection, the dural folds constituting
the oculomotor triangle are evident: anterior petroclinoid ligament
(apcl), posterior petroclinoid ligament (ppcl), interclinoid ligament
(icl). The oculomotor nerve (3°) penetrating in the central part of the
oculomotor triangle can be clearly observed. Posteriorly, the trochlear
nerve (4°) pierces the tentorium. (b) Fresh, non-formalin-fixed speci-
men, anatomic dissection, left side. In this dissection, the dural folds
forming the oculomotor triangle can be observed. The first two compo-
nents are the anterior and posterior petroclinoid ligaments (apcl, ppcl)
coursing between the petrous apex and the anterior and posterior cli-
noid process, respectively (acp, pcp). The third component is the inter-

clinoid ligament (icl) localized between the anterior and posterior
clinoids. The cisternal portion and the petroclinoid portion of the oculo-
motor nerve can be seen (see text for details). The oculomotor nerve
(3°) penetrates the dura in the central part of the oculomotor, whereas
the trochlear nerve (4°) enters the dura at the posterolateral edge of this
triangle. (¢) Fresh non-formalin-fixed specimens, anatomic dissection.
The arachnoid trabeculae of the mesencephalic portion of the Lilequist’s
membrane were removed, and the oculomotor nerves (3°) were dis-
sected to show the space between the upper-middle clivus and the brain-
stem within the posterior half of the anterior incisural space. On the
right side, below the cisternal portion of the fourth (4°) and the fifth (5°)
cranial nerves the sixth cranial nerve (6°) exits the brainstem at the
pontomedullary sulcus and ascends within the prepontine cistern to
pierce the dura of the clivus and eventually enters within the Dorello’s
canal. The roof of the channel is constituted by the petrous sphenoid
ligament (aka Gruber’s ligament, psl) running between the petrous apex
and the dorsum sellae just below the posterior clinoid process (pcp).
Further, structures observable in this dissection are the anterior clinoid
process (acp), the anterior petroclinoid ligament (apcl), and the ICA
(ica)
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Fig. 2 Fresh non-formalin-fixed specimen anatomic dissection, supe-
rior view of the skull base. The cerebral hemispheres were removed,
and the tentorium (t) was transected in a mediolateral direction from the
tentorial edge to show the anterior and middle incisural spaces and their
content. The anterior incisural space is the part of incisural space local-
ized ventral to the brain stem. Postero-inferiorly, it spreads between the
brainstem and the clivus; anteriorly, it encircles the optic chiasm. Above

4 Discussion

The second part of our study focused on the description of
the tentorial incisural, petroclinoid ligaments, and incisural
spaces.

As explained in part I of this study, the term “incisural
space” was introduced by Rothon to describe the area of the
central nervous system located between the free edge of the
tentorium and the upper brainstem [3].

Depending on the location with respect to the brainstem,
the incisural spaces have been divided into anterior (in front
of the brainstem), middle (lateral to the brainstem), and pos-
terior (behind the brainstem) [3].

Previous studies focused their attention on this topic, but
they were performed on formalin-fixed cadaver specimens
[3-10].

In the presented study, we had the chance to dissect fresh
specimens, enabling us to avoid the changes and artifacts due
to the formalin fixation process. Indeed, it has been reported
that formalin leads to arachnoid membranes morphological
changes, affecting the accuracy of the dissections and adding
bias to anatomical descriptions [16, 17].

Dissecting fresh specimens gave us the possibility to bet-
ter understand and describe the anatomical relationships
between the dural folds and the arachnoid membranes in this
region.

the optic chiasm, it reaches the subcallosal area. Below the chiasm and
the third ventricular floor, it extends backward until it enters the inter-
peduncular fossa and cistern. The middle incisual space is lateral to the
brain stem. m, mesencephalon, p, pons; ba, basilar artery; ce, cerebellar
hemisphere; 5°, trigeminal nerve; 6°, abducens nerve; 3°, oculomotor
nerve; 2°, optic nerve; oc, optic chiasm

The performed dissections mainly focused on evaluating
the region of the skull base known as the “oculomotor trian-
gle,” characterized by dural folds running between the
petrous apex and the anterior and posterior clinoid processes
[3-6].

In our study, the three main components of this triangle
were clearly identifiable in all the performed dissections.
The anterior and posterior petro-clinoid ligaments, running
between the petrous apex and the anterior and posterior
petro-clinoid process, respectively, derive from a duplication
of the free edge of the tentorium at the petrous apex. The
third component of the triangle includes the interclinoid
ligament formed by a thickening of the dura propria extended
between the anterior and posterior clinoid processes
(Fig. la—c).

The petroclinoid portion of the oculomotor nerve pene-
trates the triangle in its central part passing through an
elliptical opening known as the oculomotor porus [5, 8]
(Fig. 1a, b).

The superior dissection experience provided by fresh
cadavers in our study, above all regarding cisternal anatomy,
demonstrates the feasibility of establishing a neurosurgical
cadaver dissection laboratory for training and research pur-
poses even in the presence of limited resources, in a context
in which sophisticated embalming techniques are not
exploited.
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5 Conclusions

In the second part of this study, a detailed description of the
anatomy of the tentorial incisura, petroclinoid folds, and
incisural spaces was given. The possibility to perform dis-
sections on fresh specimens augmented the accuracy of the
description given eliminating the formalin fixation process
artifacts. Moreover, using this technique reduces the speci-
men preparation costs, making the dissection feasible even in
the presence of limited resources.
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Petroclival Clinoidal Folds

and Relationships with Arachnoidal
Membranes of Medial Incisural Space:
Old Neuroanatomical Terms for a New
Neurosurgical Speech in Cadaver Labs
with Limited Resources Era. Part lli:
Arachnoid Membranes, Cranial Nerves,
and Surgical Implications

Pescatori Lorenzo, Tropeano Maria Pia, Lorenzo Gitto,
Massimiliano Visocchi, Francesco Signorelli,

and Ciappetta Pasqualino

1 Introduction

In the first two parts of our study, in a “low resource laboratory”,
we described [1, 2] the anatomy of the anterior and middle inci-
sural spaces by describing the regional osteology, the structural
anatomy of the dura mater of the middle cranial fossa, as well as
the tentorial incisura and petroclinoid folds [3—14].

In the third part, we complete our study of the arachnoid
membranes and cranial nerves of the anterior and middle
incisural spaces. In the description of these structures, the
usefulness of the dissection on fresh, non-formalin-fixed
human specimens is clearly demonstrated.

Moreover, we identified and described surgical implica-
tions of these anatomical topics in different types of neuro-
surgical procedures dealing with this anatomic area.

Even though current literature contains plenty of anatomi-
cal studies detailing even the most hidden and tangled mean-
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der of human skull base and superb dissection images and
drawings are currently available, few studies demonstrated
how, even in low-resource setting and without elaborate spec-
imens preparation, good-quality dissection exploring very
complex and deep skull base structures are feasible [1, 2].

2 Materials and Methods

The description of the structures in this part of the study was
obtained by performing anatomical dissections only on fresh
(Iess than 48 h post-mortem), non-formalin-fixed or injected
specimens, to prevent arachnoid membranes changes and
artifacts due to the formalin fixation process [14—16].

After removing the cranial vault circumferentially, leav-
ing the brain in place, we examined the anatomy of arach-
noid membranes and cranial nerves of the anterior and
middle incisural spaces.

In addition, some of the photographs presented in this
study were obtained “in vivo” during neurosurgical proce-
dures involving this particular region.
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A CANON 1Ds MarklIII camera was used to take high-
definition photographs, using a MacroLens 100 mm or MP-E
65 1-5X to obtain a reproduction ratio of 1:1 or more (2:1-
3:1). The operating microscope (Carl Zeiss Corp.,
Oberkochen, Germany) was used to perform dissections and
examinations.

3 Results
3.1 The Liliequist’s Membrane
(Figs. 1a-d, 2)

The Liliequist’s membrane originates from the outer arach-
noid membrane located in correspondence to the posterior
clinoid processes and the dorsum sellae. As it spreads cau-
dally and superiorly between the oculomotor nerves, it splits
into two distinct membranes: the diencephalic and mesence-
phalic sheets. The diencephalic sheet extends upward and
backward, connecting to the posterior portion of the mamil-
lary bodies and separating the chiasmatic and the interpe-
duncular cistern. The lateral margin of both the mesencephalic
and diencephalic sheets continues into the arachnoid mem-
brane, surrounding the oculomotor nerves. In all the per-
formed dissections, trabeculae originating from the superior
surface of the Liliequist’s membrane co-joined to the infero-
lateral surface of the optic chiasm and the posterior and
postero-lateral surface of the pituitary stalk overlapped the
basal arachnoid membrane.

3.2 Pituitary Stalk and Pituitary Stalk

Cisternal Space (Figs. 1a-d, 2)

The pituitary stalk is a neural peduncle connecting the
hypophysis to the floor of the third ventricle. It crosses the
anterior incisural space entering the opening of the dia-

phragma sellae. The pituitary stalk is contained almost
entirely within the chiasmatic cistern. A brief portion of the
distal third of the pituitary stalk adjacent to the diaphragma
sellae is extra-arachnoidal. In all the performed dissections,
it was possible to identify the arachnoid components encir-
cling the neural tissue of the stalk. The basal arachnoid mem-
brane covers the stalk circumferentially and reflecting
upward over its surface at the penetrating site on the dia-
phragma sellae.

The anterolateral surface and the posterolateral surface
are also entirely and constantly encircled by trabeculae origi-
nating from the medial carotid membrane and the Liliequist’s
membrane, respectively. These three distinct components
create a “funnel-shaped” arachnoid collar around the pitu-
itary stalk, thus delimiting a cisternal space separated from,
but at the same time contained within, the chiasmatic
cistern.

3.3 Cranial Nerves (See Figs. 1, 2, 3 Part ll)
Cranial nerves related to the anterior and middle incisural
space are the optic nerves, oculomotor nerve, trochlear nerve,
trigeminal nerve, and abducens nerve.

The oculomotor nerve may be subdivided into four dis-
tinct segments: cisternal, petroclinoid, trigonal, and
cavernous.

The fourth cranial nerve may be divided into three distinct
segments: cisternal, tentorial, and cavernous.

The trigeminal nerve originates on the anterolateral mar-
gin of the pons, and runs through the pre-pontine cistern
toward the petrous apex where it lies on the trigeminal
impression. Here, the dural duplication of the tentorial edge’s
anterior margin depicts a cavity called trigeminal porus. The
trigeminal nerve, surrounded by its cistern, passes the porus
entering Meckel’s cave, located in the space between the
periosteal and meningeal layers of the middle fossa. The

Fig. 1 a Fresh, non-formalin-fixed specimen anatomic dissection sim-
ulating a left frontotemporal trans-Sylvian approach. Some of the
arachnoid membranes of the anterior space were exposed. The medial
carotid membrane (mcm) origin from the inferior-medial side of the
supraclinoid ICA (ica) and attaches on the inferolateral surface of the
optic chiasm (oc) reflecting over the anterolateral surface of the pitu-
itary stalk (ps). It separates the carotid from the chiasmatic cistern.
Above the optic chiasm, the lamina terminalis (It) is visible. Posteriorly
and inferiorly, arachnoid trabeculae belonging to the basal arachnoid
and the diencephalic portion of Liliequist’s membrane are visible (a). ot
optic tract. (b) Fresh, non-formalin-fixed specimen, anatomic dissec-
tion simulating a left frontotemporal trans-Sylvian approach, magnifi-
cation. The components of Liliequist’s membrane can be identified.
The diencephalic portion (d) runs from the dorsum sellae to the mam-

»
»

millary bodies, whereas the mesencephalic portion (Im) extends from
the dorsum sellae to the pontomesencephalic sulcus (3°, oculomotor
nerve; pcp, posterior clinoid process; ps, pituitary stalk). (¢) Fresh, non-
formalin-fixed specimen, anatomic dissection, left side. The frontal
lobe has been spatulated, and through a more frontal trajectory, the
diencephalic portion of Liliequist’s membrane (d) can be observed and
followed until its attachment (ldi) to the mammillary bodies (mb).
Below the diencephalic component, the mesencephalic portion (Im)
separating the interpeduncular from the pre-pontine cistern is visible.
(oc, optic chiasm; 2°, optic nerve). (d) Fresh non-formalin-fixed speci-
men, superolateral view, left side. The dissector has been placed below
the mesencephalic portion of Liliequist’s membrane to demonstrate
how it separates the prepontine cistern from the interpeduncular one
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Fig. 2 Fresh, non-formalin-fixed specimen anatomic dissection, supe-
rior view. The frontal and temporal lobes were removed leaving the
basal arachnoid membrane in place, and the optic chiasm was dissected.
In this dissection, the anterior incisural space and the arachnoid mem-
branes of the region can be visualized. The pituitary stalk (ps) is
approximately localized in the central part of the anterior incisural
space. Anteriorly, it is covered by arachnoid trabeculae (psa) originat-
ing from the medial carotid membrane and the basal arachnoid mem-
brane of the frontal lobes. Posteriorly, the mesencephalic portion of
Liliequist’s membrane (Imm) runs from the dorsum sellae to the ponto-
mesencephalic sulcus separating the pre-pontine incompletely from the
interpeduncular cistern. Ventral trabeculae of Liliequist’s membrane
cover the posterior surface of the pituitary stalk completing, together
with the arachnoid membrane as mentioned above, the funnel-shaped
arachnoid collar delimiting the pituitary stalk cisternal space.
Posterolaterally, note the accurate reflection of Liliequist’s membrane
over the oculomotor nerve (*)

cave hosts the Gasserian Ganglion, which is the origin of the
three sensory roots of the fifth cranial nerve.

The abducens nerve ascends from the infra-tentorial part
of the anterior incisural space. The nerve originates from the
pontomedullary sulcus, and runs upward in the pre-pontine
cistern, which represents the sole intracranial visible portion
of this nerve. Then, it pierces the dura mater covering the
clivus and passes below the petrosphenoid ligament to enter
the cavernous sinus.

Fig. 3 Neurosurgical applications in skull base surgery. (a)
Intraoperative photograph. A clinical case illustrating the pre-temporal
view from the left side. A left temporal polectomy was performed for
the removal of a glioblastoma cerebri. The anterior incisural space was
exposed. The component of the oculomotor triangle can be clearly
observed. apcl anterior petroclinoid ligament, ppcl posterior petrocli-
noid ligament, ic/ interclinoid ligament. In the central part of the trian-
gle, the oculomotor nerve (3°) enters the oculomotor porus. The
oculomotor nerve can be followed posteriorly in its cisternal within the
interpeduncular cistern until it reaches its origin at the brainstem below
the posterior cerebral artery. On the left side, the arachnoid membranes,
including Liliequist’s membrane, were dissected. Conversely, on the
right side, the mesencephalic portion of Liliequist’s membrane attach-
ing on the contralateral third cranial nerve (3°) can be identified.
Anteriorly, on the left side, between the ICA (ica) and the optic nerve
(2°), trabeculae coming from the medial carotid membrane and reflect-
ing over the pituitary stalk can be observed (psa). al anterior cerebral
artery, oc optic chiasm, acha anterior choroideal artery. (b) After the
dissection of the arachnoid membranes of the anterior incisural space

»
»

has been completed, the ICA can be easily mobilized. In this picture,
the dissector has been used to show the pituitary stalk dislocating the
ICA anteromedially. (¢) Another clinical case illustrating the subtempo-
ral view from the left side. The left temporal lobe (tl) has been lifted,
and the middle incisural space can be exposed. A more lateral route
increases the operative view of the interpeduncular cistern. The third
cranial nerve (3°) can be followed until its origin below the posterior
cerebral artery (pca). Medially, both the anterior-posterior communicat-
ing artery (¥) and its perforators constituting the pre-mammillary artery
(°) can be identified. (te, tentorial edge; ica, ICA; pcp, posterior clinoid
process; 2°, optic nerve). (d) The tentorial edge (te) has been lifted up
through the use of a microsurgical hook. Below the microsurgical hook,
the fourth cranial nerve running within the ambient cistern can be
observed. (e) Intraoperative photograph, another clinical case. A right
temporal suboccipital approach has been performed, and the tentorium
has been opened. The infratentorial compartment of the middle inci-
sural space has been exposed and the sixth cranial nerve entering the
Dorello’s channel can be observed
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4 Discussion The superior dissection experience provided by fresh

cadavers in our study, above all regarding cisternal anatomy,
4.1 Anatomic Considerations demonstrates the feasibility of establishing a neurosurgical

In the third part of the study of this complex and fascinating
region of the skull base, we focused our attention on the descrip-
tion of the anatomy of the arachnoid membranes and cranial
nerves of the middle and incisural spaces. In the previous studies,
we demonstrated how, even in the presence of limited resources,
a detailed and clear anatomic study can be performed [1, 2]. In
this last part, beyond the anatomic description, we also discuss
the neurosurgical applications of this study.

The peculiarity of our study is that it was mainly per-
formed on fresh non-formalin-fixed specimens to avoid the
changes and artifacts due to the formalin fixation process
[15-17].

Dissecting fresh specimens gave us the possibility to bet-
ter understand and describe the anatomical relationships
between the dural folds and the arachnoid membranes in this
region.

Just above the distal dural ring, it was possible to
appreciate the arachnoid sheets of the medial arachnoid
membrane. This membrane separated the chiasmatic cis-
tern from the carotid one and contributed to the formation
of the anterolateral portion of the funnel-shaped arach-
noid collar delimiting the pituitary stalk cistern [7, 14]
(Figs. la—d, 2).

Our dissection on fresh specimens was particularly useful
to explore the dorsum sellae allowing to discern the anatomy
of the Liliequist’s membrane accurately, thus identifying
both the mesencephalic and the diencephalic portions. To the
best of our knowledge, no other studies were able to show
both the components of the Liliequist’s membrane.

In particular, our research highlights that the diencephalic
portion of the Liliequist’s membrane joins the mammillary
bodies. We also observed that the cisternal portion of the
oculomotor nerve represents the pillar attaching to the mes-
encephalic part of the membrane, thus separating the prepon-
tine from the interpeduncular cistern incompletely [7, 14]
(Figs. la—c, 2).

Furthermore, it was possible to identify the trabeculae
from Liliequist’s membrane running from the dorsum sellae
toward the posterior surface of the pituitary stalk, completing
the arachnoid collar, and encircling the same pituitary stalk
and delimiting its cisternal space [14].

In our dissections, the following structures were clearly
identified: the petroclinoid ligaments running below the pos-
terior petroclinoid ligament and forming the roof of the
Dorello’s canal (through which the abducens nerve pene-
trates the cavernous sinus) (Fig. 3, part II); the fourth cranial
nerve in its cisternal and tentorial segment (Figs. 1, 2 part II);
the trigeminal root passing from the prepontine cistern to
Meckel’s cave through the trigeminal porus at the petrous
apex [3, 4, 9, 10] (Figs. 1, 2, 3 part II).

cadaver dissection laboratory for training and research pur-
poses even in the presence of limited resources, in a context
in which sophisticated embalming techniques are not
exploited.

4.2 Surgical Considerations

This study highlights the need for a detailed anatomical com-
prehension of this region when performing neurosurgical
practice with particular regard to the surgical treatment of
pathologies involving the anterior and middle skull base.

Accurate knowledge of the anterior and middle incisural
spaces with the related bony, dural, arachnoidal, and neuro-
vascular structures is crucial in neurosurgical practice. In
fact, vascular and neoplastic pathologies commonly involve
these anatomical areas, making them frequently exposed
during surgical procedures using pterional, pre-temporal,
and sub-temporal approaches [7, 10-14, 17] (Fig. 3a—e).
Although the above-mentioned anatomic structures contrib-
ute to maintaining the anatomical relationships between the
neurovascular components of these regions, at the same time,
their presence may impair the surgical exposure by occlud-
ing a complete view of the same neurovascular elements
[3-10]. As a consequence, the partial or complete removal of
these osteo-dural structures is required to expand the opera-
tive corridors, allowing a proper surgical procedure [6, 11—
14, 17].

For example, intradural or extradural removal of the ante-
rior clinoid process is commonly performed in neurosurgical
practice [6, 12, 17]. This allows exposing the clinoidal seg-
ment of the ICA ensuring the “proximal control” in the man-
agement of paraclinoidal aneurysms arising within the
carotid cave, as well as hypophyseal and carotid-ophthalmic
aneurysms [6, 12, 17].

The removal of the anterior clinoid process allows unroof-
ing the optic canal to remove tumors spreading within the
canal, such as meningiomas and craniopharyngiomas [6, 12,
14, 17].

Regarding craniopharyngiomas, accurate knowledge of
the arachnoid membranes around the pituitary stalk is crucial
during surgical removal. A strong relationship exists between
the tumor, the basal arachnoid membrane, and the trabecular
components of the medial carotid and Liliequist’s membrane
attaching over the pituitary stalk. As a result, it may jeopar-
dize the search on a plane of dissections between the tumor,
the pituitary stalk, the optic-chiasm structures, and the arte-
rial components of the region [14].

After a proper anterior clinoidectomy, more surgical
space may be obtained by the incision of the dura mater of
the distal dural ring and by opening of the carotid oculomo-
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tor membrane. It must be completed by a meticulous dissec-
tion of the arachnoid adhesions of the region [6].

These maneuvers are particularly relevant if a pre-
temporal approach is requested, since they allow an exten-
sive exposure of the oculomotor nerve from the trigonal to
the cisternal portion, widely exposing the interpeduncular
cistern [6, 12] (Fig. 3a, b).

For these reasons, a well performed pre-temporal
approach accompanied by extensive mobilization of dural
and arachnoid membranes should be reasonably considered
as the main surgical option for the management of aneu-
rysms placed at the high basilar bifurcation level, as well as
other pathologies located in the upper and ventral brainstem
[6, 12, 17].

Moreover, a posterior clinoidectomy with occlusion of
the posterior communicating artery at the P1-P2 junction
makes the pre-temporal approach a valid second option to
the subtemporal route for aneurysms in low laying basilar
bifurcation [6, 12, 17].

The subtemporal approach is mainly performed to expose
the middle incisural space [13, 17] (Fig. 3c, d). Using this
approach, the ambiens and the interpeduncular cisterns may
be widely exposed [13, 17].

In neurosurgical practice, this approach is used primarily
for the management of low lying basilar bifurcation aneu-
rysms, meningiomas of the free margin of the tentorium, and
other lesions involving the lateral portion of the mesencepha-
lon and the upper lateral pons at the trigeminal root origin.
Using this approach, the possibility to make an incision on
the tentorial edge after visualization of the entrance of the
fourth cranial nerve, together with the dissection of
Liliequist’s membrane, allows enlarging the surgical view
exposing both the supratentorial and infratentorial portions
of the upper brainstem [13, 17] (Fig. 3c—e).

5 Conclusions

1. A systematic approach based on the stepwise analysis of
the dural, bony, and neurovascular structures, by dissec-
tions performed on fresh specimens, including arachnoid
membranes and cisterns, provides neurosurgeons the nec-
essary neuroanatomical understanding required to suc-
cessfully manage the numerous pathologies involving the
anterior and middle incisural spaces.

2. Detailed anatomical knowledge of these regions finds
actual applications in neurosurgical practice since the
anterior and middle incisural spaces are often surgically
exposed to the high prevalence of neoplasms and vascular
events. The high-definition pictures reported in this study
could represent useful support to understand the anatomy
of this complex region.

3. Finally, our study could provide guidance to neurosurgical
centers in which resources are limited that are either plan-
ning to establish their own cadaver dissection laboratory or
failed to do so because of the supposed high-costs.
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Avoiding the Blinded Funnel:

A Combined Single Piece
Fronto-Temporo-Orbito-Zygomatic
Craniotomy Endoscopic-Assisted
Approach with Multimodal Assistance
for an Epidermoid Tumor of Meckel’s

Cave-Case Report

A. Curcio, F. F. Angileri, R. Zaccaria,
and Antonino Francesco Germano

1 Introduction

Intracranial epidermoid cysts are benign lesions that repre-
sent 0.2-1.8% of all intracranial lesions [1]. Tumors of
Meckel’s cave represent less than 0.5% of all intracranial
tumors [2]. Epidemroid cysts of the Meckel’s cave are very
rare and mostly have been reported as single cases or very
small series [3]. Surgical access to Meckel’s cave is a chal-
lenge due to the confluence of critical neurovascular struc-
tures. Many corridors of access have been developed and
proposed based on the specific location of the tumor and its
extent of involvement in adjacent structures [4, 5]. We
report a case of an epidermoid cyst involving the left
Meckel’s cave approached through a single piece fronto-
temporo-orbito-zygomatic craniotomy with endoscopic
assistance.

2 Material and Methods

A 51-year-old woman presented with numbness paresthesia
and pain over the left side of the face, and tingling paresthe-
sia over the left side of the superior lip. Neurological exam-
ination showed a left trigeminal nerve hypoesthesia with no
motor branch damage and abnormal left corneal reflex. MR
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showed a 42 x 41 x 33 mm lesion indissociable from
Meckel’s cave and cavernous sinus, extending into the tem-
poral pole, with a fair peripheral enhancement and fibrous
intralesional shoots. The lesion exerted medial compres-
sion on the left carotid, and anterior invasion of pterygo-
palatine fossa. CT scan showed an inhomogeneous tumor
with bone thinning of the greater sphenoid wing, carotid
canal, and dorsum sellae; a digital subtraction angiography
(DSA) was obtained to rule out vascular malformation and
to better explore the vascular anatomy of the region. Under
neurophysiologic monitoring, we performed a single piece
fronto-temporo-orbito-zygomatic  craniotomy. Lumbar
cerebrospinal drainage was placed preoperatively. A piezo-
electric scalpel was used to cut the zygomatic process of
the temporal bone, near its root, and the frontal process of
the zygomatic root. Craniotomy was completed cutting the
lateral face of the zygomatic bone, between the two pro-
cesses, and the sphenofrontal suture. The orbital part of the
zygomatic bone was fractured and the bone flap was
removed in one piece (Fig. 1). The temporal lobe was extra-
durally gently retracted exposing middle cranial fossa until
the spinosum foramen and the middle meningeal artery.
The dura mater was divided reaching the enlarged Meckel’s
cave with an interdural corridor. Neuronavigation was used
to identify and confirm major anatomical landmarks. The
tumor appeared as an encapsulated, pearly avascular lesion
that seemed to originate from between the two dural layers
with a macroscopical suspect of an epidermoid cyst. The
lesion was removed piecemeal trough the small corridor
using the endoscope to look around blind corners. To this
purpose, 30 and 45° endoscopes have been employed both
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Fig. 1 3-D reconstruction of craniotomy. Lower right image shows the single piece FTOZ

as a visualization tool and to guide tumor removal. After
generous decompression, the basal dura was incised to
access the intradural portion of the cyst (Fig. 2). The gas-
serian ganglion and fifth cranial nerve branches were dis-

placed medially and sharply dissected from the tumor
capsule. A microdoppler probe was adopted to identify the
carotid artery and its relationship with the tumor. Finally,
the tumor was completely resected.
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Fig.2 (a) Extradural subtemporal approach to the tumor within Meckel’s Cave. (b) Endoscopy-assisted resection of residual dermoid cyst, on the
left part of the image. (c) Intradural approach with cottonoid protecting left temporal pole. (d) Doppler probe for carotid localization

3 Results facial pain and numbness resolved. MR scan demonstrated
the complete removal (Fig. 3).

The post-operative course was uneventful and the patient

was discharged in 5 days. Histological examination con-

firmed the epidermoid cyst. At 3 months follow-up, both
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Fig. 3 Comparative MRI images of pre-operative lesion (left column) and post-operative images (right column). No residual tumor is apparent
and complete left temporal lobe integrity is noticed
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Fig. 3 (continued)

4 Discussion

The most common tumors in Meckel’s cave are neurinomas
and meningiomas [6, 7]. Epiermoid cysts in Meckel’s cave
are very rare and only case reports and a small series have
been published [1-15]. We found only 18 cases described
in the literature, and only 10 described the surgical
approaches. The most common symptom for Meckel’s cave
lesion is facial hypesthesia (49%) and facial pain (10%) [9]
due to a compression of the V® cranial nerve branches: in
our case all three branches were involved. The most com-
mon approach proposed to resect these lesions is a subtem-
poral intradural approach [3]. In two cases, an
orbitozygomatic craniotomy was employed. In our case, we
adopted the latter strategy with the aim of neuronavigation,
neuromonitoring, microdoppler, and endoscopic assistance.
To the best of our knowledge, this is the only case operated
on with this multimodal intraoperative assistance. We
adopted an interdural—intradural approach. The endoscopic
tool, as described by Lan et al. [9], was essential in explor-
ing and removing tumor in blind spots, thus minimizing the
surgical corridor. The advantage was mostly appreciated
because of the avascular characteristic of the epidermoid
cyst. Moreover, using intraoperative microdoppler helped

in identifying and preserving the integrity of the carotid
artery in a converted anatomy due to extensive tumor
growth. Finally, neurophysiologic monitoring prevented
damage to the fifth cranial nerve. Our report underlines
once more the employment of multimodal surgical assis-
tance, such as neuromonitoring, endoscopic assistance, and
intraoperative microdoppler as very useful tools in obtain-
ing safe maximal resection even in large skull base tumors.
However, these tools do not exclude the judicious and
meticulous microsurgical technique and anatomic knowl-
edge to manage these complex lesions: “A fool with a tool
is still a fool” as mentioned by Grady Booch. In conclusion,
Meckel’s cave tumors are rare entities and epidermoid cysts
are anecdotal with only a few cases reported in the litera-
ture. Their surgical removal is challenging due to the com-
plex anatomy of the region. We successfully adopted a
multimodal surgical technique using a one piece fronto-
temporo-orbito-zygomatic craniotomy, an interdural—intra-
dural approach. Endoscopic assistance, neuromonitoring
and intraoperative Doppler appeared very useful in mini-
mizing morbidity and obtaining complete resection.
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Middle Meningeal Artery Embolization
for the Management of Chronic
Subdural Hematomas: A New-Old

Treatment

A. Pedicelli, I. Valente, A. Alexandre, L. Scarcia, R. Gigli,
Francesco Signorelli, and Massimiliano Visocchi

1 Middle Meningeal Artery
Embolization for the Management
of Chronic Subdural Hematomas:
The Problem and How We Work

1.1 The Disease and the Management

The treatment and management of chronic subdural hemato-

mas (cSDH) remain controversial. These chronic extra axial

collections have conventionally been treated either conserva-
tively (observation) or more aggressively with surgical evac-
uation [1]. ¢cSDH treatment is burdened by -elevated
recurrence rates (ranging from 5% to 37%) that result in the
need for repeated surgical interventions and hospital admis-
sions with all the consequences [2-9]. Moreover, surgical
evacuation may lead to inoculation of microorganisms into
the subdural space, further developing into a subdural empy-
ema [10]. To aggravate the situation, this pathology is typical
of the older population, who often suffers from multiple
comorbidities and who are also often under antiplatelet ther-
apy [1]. It is estimated that by 2030, with the aging popula-
tion and the prevalent use of anticoagulation and antiplatelet
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medications, there will be more than 60,000 new cases of
SDH per year, making cSDH the most common neurosurgi-
cal diagnosis in adults at that time [11].

Middle meningeal artery (MMA) embolization has
emerged as a safe and minimally invasive treatment for
newly diagnosed or recurrent cSDH. The rationale is the
elimination of neovascularization through embolization; in
this way, the progression and recurrence of cSDH are arrested
[12-15]. Early case reports and case series have shown
encouraging results that include early brain re-expansion,
decreased hematoma progression, and decreased hematoma
recurrence [6, 16, 17]. MMA embolization has been reported
to effectively and safely treat patients with cSDH either as
stand-alone or adjunctive therapy [16, 18], with a low com-
plication rate and with a significantly lower treatment failure
rate than either surgical or medical therapy [19]. Moreover,
there are also at least 11 ongoing randomized trials to evalu-

ate this approach (NCT04270955, NCT04750200,
NCT03307395, NCT04742920, NCT04816591,
NCT04372147, NCT04511572, NCT04402632,

NCT04410146, NCT04095819, NCT04272996).

1.2 Middle Meningeal Artery Embolization
The MMA provides the predominant blood supply to the
fragile neo vessels that spontaneously rupture along the
membrane of the cSDH, leading to volume expansion and
recurrence [20]. Moreover, on histopathology studies, cSDH
membranes reveal highly permeable endothelial gap junc-
tions within microcapillaries that produce neovascular leaki-
ness and fragility, which are further responsible for repeated
cSDH rebleeding [21].

The aim of middle meningeal artery (MMA) embolization
is to devascularize the subdural membranes to stop the con-
tinuous accumulation of blood products in favor of reabsorp-
tion. This technique has been employed as the sole therapy
and as a preoperative or postoperative adjunct to surgical evac-

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 115
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uation with the intention of reducing postoperative recurrence
[18]. Primary embolization may be preferred for those able to
tolerate SDH for weeks to months given the natural history of
spontaneous resolution. Patients with an urgent indication for
surgical decompression can be considered for MMA postop-
erative embolization [22].

a

:
:
'i

Fig. 1 (a) DSA (upper left) showing selective catheterization of right
MMA. The MMA and its branches are patent, with distal arterial flow.
(b) X-ray (upper right) showing the MMA branches completely filled
with EVOH copolymer after embolization. (¢) Axial (lower left) CT

Srivastan et al. presented a meta-analysis of nine of the
available MMA embolization case series and reported a
markedly lower recurrence rate for cSDH after embolization
compared with conventional management (2.1% vs. 27.7%,
OR 0.087, 95% CI 0.026 to 0.292, P < 0.001) [23]. In a
60-patients case series, primary MMA embolization allowed

b

head scan showing the mixed density, right sided cSDH with moderate
mass effect before embolization. (d) Follow-up (lower right) axial CT
head scan obtained 4 weeks after left MMA embolization showing
complete resolution of cSDH
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avoiding surgery in 92% of cSDHs, with improvement in
clinical symptoms and reduction in size of SDH on follow-
up imaging studies [6] (Fig. 1).

Patient selection for MMA embolization is an important
consideration. Some suggest that it should be based on the
SDH size: 10 mm in greatest thickness, which is commonly
used for triaging surgical candidates, is gaining acceptance
as an appropriate threshold for MMA embolization selection
[16]. Furthermore, certain patient populations, such as those
with indications for anticoagulation, likely warrant consider-
ation for MMA embolization [24]. Not least, MMA emboli-
zation could significantly reduce hospital costs associated
with unexpected additional treatments [25].

Technical Note
MMA embolization is usually performed either with polyvi-
nyl alcohol particles (PVA, 150-250 microns in diameter) or
with liquid embolic agents (such as EVOH copolymers).
PVA mainly penetrate as distally as flow allows. Elderly
individuals with ¢SDH have often very small meningeal
arteries; therefore, only a small volume of PVA can be
injected and the degree of distal penetration could be limited.
Moreover, PVA itself is not spontaneously radiopaque.
Therefore, during the injection, the degree of distal penetra-
tion and the entity of the embolization are difficult to evalu-
ate. In addition, reflux into potentially unsafe branches can
be difficult to discern [18]. On the other hand, embolization
with PVA can be done without the need for analgesia making
the procedure faster and reducing anesthesiologic risks.
EVOH copolymers (mainly used for cerebro-medullary
vascular malformations [26]) can be injected into the distal
vasculature to achieve the filling of the subdural membranes,
keeping prudent control of any reflux to other meningeal
branches [18]; however, the injection is associated with
intense pain requiring deeper sedation, with all the predict-
able consequences on duration and procedural risks.

1.3 Conclusion

MMA embolization for cSDH is safe and seems to be associ-
ated with a decreased rate of post-surgical recurrence and
incomplete resolution compared with both surgical and con-
servative management. MMA embolization may be effective

in both the primary treatment of mildly symptomatic cSDH
and in case of recurrence.
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1 Introduction

When approaching the base of the brain, the pterional (PT)
craniotomy, as originally described by Yasargil and Fox in
1975, is still considered the standard approach for most
lesions located in the anterior cranial fossa, sellar region,
middle cranial fossa, and to reach the anterior aspect of the
Willis’ circle vessels [1, 2]. However, considerable literature
describing the limitations of this approach exists [3, 4], and
significant efforts have been made in the past to optimize the
related surgical exposure [5-8]. A variety of orbital-cranial
and orbital-zygomatic extensions have been developed over
the past two decades, but some of these modifiers revealed a
significant complexity, resulting in prolonged operative time,
increased surgical morbidity, and even inferior cosmetic
results [9].

The unprecedented technology advance of the past
decade, especially with regard to computer-imaged three-
dimensional rendering, endorsed a significant progress of
pre-operative planning and simulation, allowing less inva-
sive craniotomies, to the point of reassessing the ‘“keyhole”
concept as described by Perneczky and his group [10].
Recently, a systematic review of the literature addressing the
minimally invasive alternative approaches to PT craniotomy
has been published [11].
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The aim of the present study was to compare the micro-
surgical anatomy exposed by the SO craniotomy, as origi-
nally described, with the standard PT approach and to
evaluate its effectiveness with the development of current
visualization technologies. The volumes of the surgical cor-
ridors and the respective areas of surgical exposure were
quantfied and fundamental anatomical target points were
used to define the relative morphometry. The influence of the
head position was also studied to show the consequent surgi-
cal anatomy variation.

2 Material and Methods

Eight cadaveric heads injected with colored silicone were
used for this study, according to protocols broadly described.
In three specimens, a total of 5 mL of contrast agent
(Gastroview, Mallinckrodt, St. Louis, MO) was added to the
arterial and venous silicon mixture to enhance radiological
vascular anatomy. In addition to the cadaveric heads, one dry
skull was used to test the accuracy of the navigational
measurements.

Magnetic resonance imaging (MRI) was performed in all
specimens prior to dissection with axial, coronal, and sagittal
T1- and T2-weighted acquisitions. Computer tomography
(CT) were obtained prior and after dissection. Five small
titanium skull screws were placed in all specimens prior to
the scans for navigational purposes.

A cranial entry point (CEP) was chosen for each approach,
representing the main axis of the surgical corridor. The “key-
hole” burr hole, at the most proximal aspect of the temporal
line, represented the CEP in the SO approach; the lateral
aspect of the superior orbital fissure defined the CEP of the
PT approach.
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2.1 Neurosurgical Laboratory

and Equipment

All dissections were performed with a standard operating
microscope (VM 900, Wedel Moeller, Wedel, Germany)
connected to a navigational system (Brain Lab, Heimstetten,
Germany) and a PC computer (Inspiron 8000, Dell
computers, Austin, TX) for data analysis and picture transfer.
“Auto-fusion” software provided from BrainLab was used to
merge MRI with CT images, allowing simultaneous defini-
tion of brain tissue, neurovascular anatomy, and bony struc-
tures of the skull base. After pre-surgical calibration and
navigation, standard BrainLab software was used to define
volumetric measurements, as well as for calculating anatom-
ical distances and angles. Standard microsurgical instru-
ments were used for all microsurgical dissections.

2.2 Surgical Approaches and Techniques

All specimens were stabilized and carefully positioned using
a Mayfield headrest (Mayfield, Ohio Medical Instrument
Company, Cincinnati, OH). The SO and PT approaches were
performed using 30° and 45° of head rotation and 10° of
retro-flexion. A lateral eyebrow incision was made for the
SO approach, whereas a standard frontotemporal incision
was used for the PT approach.

23 Statistical Analysis

Statistical differences between craniotomy sizes and surgical
corridors were tested using a two-tailed Student’s #-test for
unpaired samples. Comparison among the various distances
measurements, areas of exposure, and angles were obtained
using analysis of variances (ANOVA), followed by post-hoc
procedures. Differences were regarded as statistically sig-
nificant at p < 0.05.

3 Results

3.1 Craniotomy Sizes and Target Distances
Sixteen dissections were carried out and no significant dif-
ferences between left and right sides were noticed. The aver-
aged craniotomy size for the PT approach measured
1899.73 = 646.51 mm? while the SO keyhole equaled
525.44 +102.30 mm? (p < 0.005).

The respective measurements of the 13 anatomical targets
from the CEP are reported in Table 1. The surgical distances
through the SO craniotomy were significantly longer when
compared to the PT approach increasing from 20 to 38.2%

Table 1 Distances (mm) of each of the thirteen anatomical targets
measured from the Cranial Entry Point following Supraorbital (SO) and
Pterional Craniotomy (PT). Each value represents the mean + standard
deviation of eight SO and eight PT approaches

SO PT

mm sd mm sd
Anterior Clinoid Ipsilateral | 52,8 4,52 37,97 7,19
Ant Clin Contralateral 64,41 7,06 53,68 4,47
Tub Sellae 69,78 7,36 53,65 6,93
Optic Can Ipsi 53,3 4,02 40,98 5,25
Optic Can Contra 67,79 7,01 56,5 7,36
Dural Ring/OA Contra 64,79 8,41 51,97 10,2
Chiasm Ant 67,48 7,22 52,93 7,06
Lam Term 71,41 7,03 58,17 6,73
Trifurc Ipsi 66,15 6,88 50,58 7,25
Acom 68,14 7,6 54,68 7,39
Post Clin Ipsi 67,65 6,8 53,23 7,53
Basilar tip 717,75 6,02 62,93 8,79
ICA/A1 Contra 82,05 8,87 67,42 10,21

(ipsilateral optic canal and ipsilateral anterior clinoid, respec-
tively) (p < 0.01). For both approaches, the most remote tar-
get was represented by the contralateral ICA-A1 bifurcation
at 67.42 = 10.21 mm when approached via a PT craniotomy
and at 82.05 + 8.87 mm via the SO. The closest anatomical
landmark was the ipsilateral anterior clinoid reachable at
37.82 + 8.03 mm by the PT approach and at 52.28 + 4.52 mm
using the SO craniotomy.

3.2 Surgical Corridors and Areas

of Exposure

The volume of the PT corridor resulted in 24.88 + 6.24 cm®
and the volume of the SO keyhole corridor was
22.19 = 5.81 cm?®, showing no significant difference. The
area of the surgical exposure and the profile of the surgical
field differed, also according to the degree of the head rota-
tion. In the PT approach with the head rotated 45°, the
exposed area had a triangular shape and was calculated to be
113.66 = 27.00 mm?. When the head was rotated 30°, the
area of the exposed zone decreased to 65.30 = 17.23 mm?
(p =0.01).

The SO keyhole exposed rather a quadrangular area in
both head positions. The area of this polygon was calculated
to measure 100.12 + 14.07 mm?, at 30°. A rotation of 45°
discovered a wider area, equaling 142.77 + 27.68 mm?
(p = 0.005) (Fig. la, b). Comparing the two approaches,
there was no significant difference when the head was rotated
by 45°. However, with 30° of rotation, the supraorbital
approach exposed a better surgical view than the PT
(p <0.01).

The angle between the two optic nerves (OA) showed
substantial variations in the two approaches, with further dif-
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I.C.A.

Ipsilateral
CN I

Contralateral

Lamina Terminalis CN |

O.A.
Contralateral

CN I \
Contralateral

Contralateral

A.Com.A

Fig. 1 (a, b) Illustration showing the SO keyhole exposition of a quad-
rangular area. The area of this polygon differs according to the degree
of the head rotation. At 30°, it measured 100.12 + 14.07 mm? (a). A
rotation of 45° (b) discovers a wider area, equaling 142.77 +27.68 mm?.
CN I, olfactory nerve; CN II, optic nerve; CN III, oculomotor nerve;
1.C.A., internal carotid artery; Ant. Clinoid, anterior clinoid process;

Lamina Terminalis

Ant. Clinoid

Basilar A.

Recurrent A.
(Heubner) ACA. Frontal Lobe
A1
Ant. Clinoid
Basilar A.

Recurrent A.
(Heubner)

Basilar A., basilar artery; S.C.A, superior cerebellar artery; M.C.A,
middle cerebral artery; A.C.A Al, segment | of the anterior cerebral
artery; Recurrent A., Heubner recurrent artery; A.Com.A, anterior com-
municating artery; P.C.A., posterior cerebral artery; O.A, ophtalmic
artery. (Original drawings by B. Nardacci, M.D.)
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Fig. 2 (a—d) [llustration showing the variations of the angles between
the optic nerves (OA) according to the chosen approach and to the
degree of head rotation. With the head rotated by 30°, the OA angle

ferences related to the head position (Fig. 2a—d). With the
head rotated by 30°, OA measured 42° in the PT approach
and 65° in the SO (p < 0.0001). Further rotation to 45° nar-
rowed the OA to 32° in the PT and to 52° in the SO
(p <0.0001). These differences were also significant within
the same approach: 42° vs. 32° in the PT approach (p =0.01),
and 65° vs. 52° in the SO keyhole (p < 0.001), from 30° to
45°, respectively. The optic-carotid angle (OCA) did not
show significant variations when comparing the two
approaches with the same degree of head rotation.

4 Discussion

The current anatomical study was designed to compare the
“standard” PT approach with the more recently proposed and
well-accepted “supraorbital keyhole” in exposing the ante-
rior skull base and the basal cisterns of the brain. Although

measured 42° in the PT approach (a) and 65° in the SO (b). Further
rotation to 45° narrowed the OA to 32° in the PT (c) and to 52° in the
SO (d). (Original drawings by B. Nardacci, M.D.)

the difference in the craniotomy size was striking, the vol-
ume of the surgical corridor to the “working area” was not
different and complete access to all landmarks was possible
from both approaches, confirming the “keyhole theory” that
the intracranial optical field widens with increasing distances
from the keyhole. However, comparison of the two
approaches showed that the surgical area of exposure was
different in sizes and morphology and strictly dependent on
the degree of head rotation. The distances to the targets were
significantly longer coming from the SO keyhole. An intui-
tive explanation is that this route approaches the brain
through a more rostral, sub-frontal aspect, rather than lateral,
accessing the parasellar region almost perpendicularly, with
also significant differences of the angles from which each
structure was observed and with visualization of the contra-
lateral anatomy.

A precise quantification of the area of exposure obtained
through the PT craniotomy is indeed a rather complicated
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matter since the actual “surgical window” is dependent on
the entity of the frontal and temporal lobes retraction.
Schwartz et al., using a frameless sterotactic device, reported
that the area of exposure of a standard fronto-temporal
approach was 2915 + 585 mm?, values very similar to the
area of our PT craniotomy size [12].

In an attempt to define the actual size of the “working area
under the microscope,” we noticed that by increasing the
head rotation from 30 to 45°, the PT exposed area increased
significantly, as the medial edge of the surgical field changed
from the lamina terminalis to the contralateral optic canal.
Gonzales et al. calculated that the maximal exposure area of
this triangle was approximately 100 mm?, a value similar to
our area with 45° of head rotation [13]. Interestingly, the
only significant difference regarded the angle between the
two optic nerves with no change of the optic-carotid angle. A
direct surgical implication of this data is that in the PT
approach, the head orientation becomes extremely important
when approaching lesions located in the anterior skull base
and cisterns. However, only minor changes were noticed in
the optic carotid space, which remains quite a narrow field to
expose the deeper structures such as the basilar tip.

The exposure of the anterior skull base obtained with the
SO resulted rather satisfactory, showing the widest optic
angle with an optimal sub-chiasmatic window. One disad-
vantage of the SO route is certainly represented by the longer
distance and the narrow corridor of work; however, from this
study, the use of standard micro-instruments revealed no
limitation of the surgical view. Coming from a frontal-lateral
trajectory, certainly the surgical corridor to the parasellar
region was significantly longer; however, this difference
decreased when approaching contralateral targets and retro-
sellar structures. Menovsky and colleagues, reported for the
first time that the SO craniotomy can be safely used to
approach lesions located in the interpeduncular fossa and
that one of the fundamental advantages of this approach was
the good view of the contralateral III nerve and the contralat-
eral PCA and SCA [14].

5 Conclusions

Although the PT craniotomy represents one of the most ver-
satile approaches in the field of neurosurgery, this anatomi-
cal study provided the morphometric evidence that the SO
keyhole could represent an appropriate alternative and an
interesting option to add to the neurosurgical armamentar-
ium to approach certain lesions in the parasellar region. The
comparison with the PT approach demonstrated that this
keyhole, especially with 30° of head rotation, offers an ade-
quate surgical exposure and optimal visualization of supra-
and retrosellar structures.
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Far Lateral Approach:“Trans-tumor
Approach” on Huge Dumbbell-Shape
Neurofibroma of Anterior Foramen
Magnum Without Craniectomy—
Anatomical Consideration and New

Trend

Ibrahim Dao, Abdoulaye Sanou, Haoua Alzouma,
Frédéric Bako, Yves Hema, Sylvain Delwendé Zabsonré,

and Abel Kabré

1 Introduction

Tumors of the foramen magnum remained a surgical chal-
lenge above all those located anteriorly or anterolaterally [1].
Several approaches have been described such as transoral,
midline suboccipital, far lateral approach and its variants.
The first techniques did not gain wide acceptance [2, 3] due
to a higher risk of CSF leakage and inadequate exposure of
lateral margins of the tumors, as well as unsuitable proximal
control of the vertebral artery [2, 3]. In contrast, the far lat-
eral approach appears to be a revolutionary solution to cope
with tumors arising from this region. Roberto Heros and
Bernard George originally introduced it in 1986 to treat ver-
tebrobasilar lesions and in 1987 to remove tumors located in
the anterior portion of the foramen magnum, respectively [4,
5]. This approach combines two steps: the cervical postero-
lateral approach corresponding to muscular dissection with
vertebral artery exposure; and posterolateral craniectomy,
including an opening of the foramen magnum with or with-
out occipital condyle drilling [5, 6]. Here, we describe the
trans-tumor approach after cervical posterolateral dissection
without craniectomy for removal of the anterior foramen
magnum extradural neurofibroma arising from the right C2
nerve root.
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2 Case Presentation

A 63 year-old woman without a medical past history was
admitted to our department for a progressive quadriplegia. It
was a long duration evolution till her admission and had
begun with right arm numbness, then her right leg, then her
left leg and finally her left arm. She also complained about a
suboccipital headache. A few months after quadriplegia,
swallowing disorders appeared. On neurological examina-
tion, the muscular strength was 1/5 on the right side and 2/5
on the left side with hyperreflexia. Gag reflex was negative.
Magnetic resonance imaging (MRI) revealed a process of the
inferior third of the clivus with an important compression on
the medulla oblongata and the spinal cord. The process was
also extended into the spinal canal till the level of C2 (Fig. 1).
This lesion was hypointense on T1 weighted images and iso
to slightly hyperintense on T2 weighted images. The process
showed an enhancement after Gadolinium injection. There
was neither a genuine hyperintensity surrounding the pro-
cess on FAILR weighted images nor a compression of verte-
bral artery on MR angiography. Due to a progressive
impairment of her condition with swallowing disorders, a
trans-tumor resection through a cervical step of far lateral
approach achieved a near total resection of the process. The
postoperative period showed a resolution of swallowing dis-
orders and a progressive improvement of muscular strength.
At 8 months follow-up she was asymptomatic and able to
walk with a normal balance.
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Fig. 1 Preoperative MRI: sagittal T1 post gadolinium (a) and coronal T2 weighted images (b) showing a process of foramen magnum with an
important compression of medulla oblongata

3 Operative Technique and Anatomical
Correlation

From a surgical view, the foramen magnum defines a space
delineated anteriorly by the lower third of the clivus to the
upper edge of the body of C2, laterally by the jugular tuber-
cles to the upper aspect of C2 lamina, and posteriorly from
the anterior edge of squamous occipital bone to the C2 spi-
nous process [7]. This region contains vital neurovascular
structures represented by the caudal portion of the medulla
oblongata, inferior vermis with cerebellar tonsils, fourth ven-
tricle, rostral part of spinal cord, lower cranial and upper cer-
vical nerves [7]. The hypoglossal nerve emerges from the
preolivary sulcus and courses posterior to the vertebral artery
to reach the hypoglossal canal in the occipital condyle [6, 7].
The most rostral part of the dentate ligament is anchored on
the dura matter at the level of foramen magnum and repre-
sents the transition point between the intradural and the
extradural segment of the vertebral artery [6, 7]. Dealing
with foramen magnum processes requires a perfect knowl-
edge of the vertebral artery, above all its third segment (V3),
which is divided into three portions: vertical (between the
transverse process of C2 and C1), horizontal (in the sulcus
arteriosus), and oblique (from this groove up to the dura
mater) [8, 9]. This so-called suboccipital segment is located
in the suboccipital triangle bounded medially by the rectus
capitus posterior major, inferiorly by the inferior oblique
muscle, and superiorly by the superior oblique muscle [6, 9].
The posterior arch of the atlas and the posterior atlantooc-

cipital membrane forms the floor of this triangle. This space
is filled with an abundant areolar tissue surrounding the hori-
zontal portion of the third segment of vertebral artery and the
dorsal ramus of C1 nerve root [9, 10] as well as the suboc-
cipital cavernous sinus. The vertical portion of the vertebral
artery is crossed posteriorly by the C2 nerve root in the infe-
rior suboccipital triangle. This latter triangle, measuring an
average of 1.89 cm? and where the periarterial venous plexus
is less represented, is limited superiorly by the obliqus capi-
tis inferior, inferolaterally by the posterior intertransversarii
muscle, and inferomedially by C2 lamina [9]. Finally, the
third segment of the vertebral artery courses posterior and
medial to the occipital condyle, the hypoglossal canal, and
the jugular tubercle to enter the dura mater and give the
fourth segment [9]. To facilitate a preoperative surgical strat-
egy, George et al. classified foramen magnum meningioma
in three subgroups [7, 8]. Subgroup 1 relies on their compart-
ment of origin (intradural, extradural, or intra-extradural).
Subgroup 2 relies on their insertion, which can be anterior,
lateral, and posterior. Subgroup 3 is according to their rela-
tionship with the vertebral artery: above, below, or both sides
of the vertebral artery. In our case, the process grows from
the right C2 nerve root in an anterior lateral direction, push-
ing the spinal cord laterally on the left side to reach the ante-
rior surface of the medulla oblongata. This latter is pushed
laterally and posteriorly. Therefore, this requires an exposi-
tion of the suboccipital and the inferior suboccipital trian-
gles. Thus, the far lateral approach extended slightly inferior
was set out.
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3.1 Patient Positioning

The patient is placed in the park bench position and the head
is secured using a four-pin Mayfield clamp with two pins on
the contralateral side on the occipital bone and the two others
pins at the ipsilateral side on the frontal bone. The incorpora-
tion of three movements is applied to the head for a proper
exposure of the craniovertebral junction: anteroposterior
flexion to uncover the suboccipital region and the rostral cli-
vus, contralateral flexion to increase working space beside
ipsilateral shoulder, and contralateral rotation to bring the
suboccipital surface uppermost in the field. The ipsilateral
shoulder is pulled toward the leg of the patient. The operative
table is slightly elevated to bring the head above the heart to
decrease cerebral venous congestion. Neurophysiological
monitoring of cranial nerve VII to XI as well as somatosen-

sory evoked potentials and motor evoked potential are
required in such surgery but were not available in our
hospital.

3.2 Skin Incision and Muscles Dissections

We chose a right C-shaped curvilinear incision, two fingers
breadth above then posterior to the heart, and then turns
downward along the posterior border of the sternocleidomas-
toid muscle (Fig. 2a). The skin flap was reflected anteriorly.
Superficial muscles of the posterolateral area of the neck,
namely trapezis, splenius, and semispinalis, were detached
and reflected posteriorly, whereas sternocleidomastoid, lon-
gissimus capits, and the posterior belly of digastric muscle
was reflected anteriorly and allowed the exposition of the

Accessory nerve

Occipital artery

Cl posterior
arch

vertebral artery

Jugular vein

Tumor cavity
filled with saline
and surgicel

Cl posterior
arch resected

Occipital bone

Fig. 2 Intraoperative images: (a) incision; (b) cervical step of far lateral approach with vertebral artery exposure; (¢) tumor exposure; (d) tumor

removal
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internal jugular vein and the accessory nerve running down-
ward on its surface. Care was taken to preserve the occipital
artery for bypass if needed. The third segment of the verte-
bral artery was revealed after dissection of the suboccipital
triangle. Bleeding from the veinous plexus of this area was
controlled using surgicel. Subperiostal dissection allowed an
exposition of the right posterior arch of C1 (Fig. 2b). Then, a
resection of the posterior arch of C1 was achieved to enlarge
the surgical field. The suboccipital dissection was brought
inferiorly till the inferior suboccipital triangle where the C2

Fig.3 (a) Postoperative T1
post gadolinium MRI
showing a complete
intracapsular removal; (b)
patient at 8 months follow up

|.Daoetal.

nerve root crossed the posterior surface of the vertebral
artery and C1C2 join. The C2 foramen was enlarged and dis-
played by a firm mass with smooth surface developed from
the C2 nerve root. This lesion was not hemorrhagic after the
opening of its thick capsule allowing a trans-tumor debulk-
ing from the C2 foramen to the posterior third of clivius
(Fig. 2¢). A complete intracapsular removal was achieved.
The capsule was adherent to surrounding structures, thus we
did not perform its dissection. Surgicel was left in the intra-
capsular surgical field for hemostasis (Figs. 2d and 3a).
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3.3 Operative Result

The patient was extubated at the end of surgery and trans-
ferred to the intensive care unit. Nil per os (NPO) or nothing
by mouth strategy was applied and nasogastric tube was used
for feeding. The daily assessment of the lower cranial nerve
through gag reflex and deglutition showed an improvement
of their function. The patient was thus transferred to a regular
neurosurgical ward at postoperative day 5 and normal feed-
ing by mouth with removal of the nasogastric tube was
achieved. The patient was discharge from the hospital day 10
and sent to physical therapy. There was neither CSF leakage
nor pseudomeningocele postoperatively.

Her condition improved dramatically, albeit gradually,
and she was asymptomatic at 8 months follow-up. She was
able to walk with normal balance with a complete recovery
of the swallowing disorder and without sensory or motor
deficit (Fig. 3b).

4 Discussion

Foramen magnum neurofibroma is rare and accounts for
13% of tumors arising in this area [11, 12]. It usual mimics
degenerative spondylosis [9, 12] in the early period and then
displays neurological impairment with a “U-shape” evolu-
tion [9], as in our patient. Untreated cases may progress to
quadriplegia with swallowing and respiratory disorders,
which can lead to death [9, 11]. In the past, foramen magnum
lesions were considered inoperable and associated with high
morbidity and mortality up to 29% [9]. Despite great prog-
ress in microsurgery and intraoperative neurophysiological
monitoring, the management of foramen magnum tumors
remains challenging. Postoperative impairment and mortal-
ity is estimated at 10% and 3%, respectively [9]. Anterior
and anterolateral lesions of the lower third of the clivius
extended to the foramen magnum and the superior cervical
spine require a retractorless surgery on surrounding struc-
tures [11]. Thus, these vital neurovascular structures are
exposed after tailored muscular dissection and bone resec-
tion. An anterior approach through the transoral route has
been described for the treatment of such lesions but did not
gain wide acceptance because of common associated com-
plications such as CSF leakage and infection [9]. Moreover,
inadequate proximal control of the vertebral artery and the
lateral margin of the tumor result in a low rate of complete
resection [9]. Therefore, the postero lateral approach appears
to be a cornerstone for a proper exposition and resection of
anterior and anterolateral lesions of the foramen magnum [9,
11]. This technique requires the exposition of the mastoid
process, the ipsilateral posterior arch of C1, and the lamina
of C2 [4]. The standard incision since the description by
Heros and George in the 1980s remains the classic “reverse

hockey stick” [4, 5]. However, we chose the “C-shaped”
incision, which is more targeted over the lateral aspect of the
inferolateral skull base [13]. This reduces the amount of
muscle dissection, thus preventing postoperative pseudo-
meningocele and CSF leakage, which occurs in 16-20% [9,
13]. A general surgical principle stipulates that tumors dis-
place the surrounding anatomical structures and provide a
surgical path to their own resection [14]. In this way, after the
cervical step of the far lateral approach consisting of muscles
dissection, vertebral artery exposition, and C1 posterior arch
resection, we decided to skip the craniectomy step and
immediately begin tumor resection via a trans-tumor corri-
dor. This strategy enabled us a complete intracapsular deb-
ulking. We used neither fat graft to augment closure nor
lumbar drainage postoperatively.

5 Conclusion

Anterior and anterolateral processes of foramen magnum are
properly managed through the far lateral approach [9, 15].
Two main steps constitute this surgical technique: the cervi-
cal step requiring muscular dissection from the posterolat-
eral area of the neck to suboccipital triangle allowing
exposition of the vertebral artery and resection of the poste-
rior arch of C1; whereas the cranial steps require craniec-
tomy with occipital condyle drilling [14, 16]. Our case
demonstrates that the latter step can be skipped in well-
selected anterolateral lesions of the craniovertebral junction
extended to the inferior third of the clivus, above all those
located partially extradural such as neurofibromas. In this
case, a “trans-tumor” corridor is suitable and may achieve a
total removal.

Disclosure The authors report no conflict of interest concerning the
materials or methods used in this study or the findings specified in this

paper.
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Use of BoneScalpel Ultrasonic Bone
Dissector in Anterior Clinoidectomy
and Posterior Fossa Surgery: Technical

Note

Giuseppe Emmanuele Umana, Gianluca Scalia,
Salvatore Cicero, Angelo Spitaleri, Marco Fricia,
Santino Ottavio Tomasi, Giovanni Federico Nicoletti,

and Massimiliano Visocchi

1 Introduction

First popularized by Dolenc [1], who introduced the high-
speed drill clinoidectomy for paraclinoid region surgeries,
the utility of the clinoidectomy has been reported in litera-
ture [2—12]. Surgical exposure is the mainstay of skull base,
vascular, and microneurosurgery. There are anatomical
structures that limit exposure: the anterior clinoid process
(ACP) in anterior skull base surgeries needs to be removed to
obtain proximal vascular control, to devascularize skull base
tumors, and to obtain a radical removal. ACP removal
exposes the clinoidal and ophthalmic segments of the inter-
nal carotid artery (ICA), the ophthalmic artery, as well as the
optic nerve. The ACP is the extreme medial portion of the
sphenoid wing, and it presents variable pneumatization,
shape, and dimensions. Anterior clinoidectomies were per-
formed with rongeurs, before the adoption of modern high-
speed drills, which allow an appropriate microsurgical APC
removal, thanks to the employment of the microscope and
burr holes of different sizes. Nevertheless, the high-speed
drill presents the risk of damage to eloquent structures due to
the heat or direct mechanical injury, which probably is
underestimated [13]. A minor limitation is represented by

G. E. Umana (<) - S. Cicero - A. Spitaleri - M. Fricia
Department of Neurosurgery, Cannizzaro Hospital, Trauma Center,
Gamma Knife Center, Catania, Italy

G. Scalia - G. F. Nicoletti
Department of Neurosurgery, Highly Specialized Hospital and of
National Importance “Garibaldi”, Catania, Italy

S. O. Tomasi
Department of Neurosurgery, Christian-Doppler-Klinik, Paracelsus
Private Medical University, Salzburg, Austria

M. Visocchi
Institute of Neurosurgery, Catholic University of Rome,
Rome, Italy

bone dust creation and the need to remove it through con-
tinuous suction and irrigation, also reducing heat. Finally,
the high-speed drill can damage neuromuscular structures
with its shaft’s rotation and move cottonoids [14]. We
describe a novel application of the piezoelectric
BoneScalpel™ in anterior skull base and posterior fossa sur-
geries, reporting our initial experience on a case series of 12
patients.

2 Materials and Methods

We reported a total of 12 patients, § affected by posterior
fossa tumors and 4 treated for anterior skull base oncologic
and vascular pathologies (Table 1). In all patients, an ultra-
sonic bone dissector (BoneScalpel™ — Misonix) was used to
perform anterior clinoidectomy (AC) and craniotomy. This
study aims to assess the safety and efficacy of the piezoelec-
tric osteotomy in skull base and posterior fossa surgeries. An
extradural clinoidectomy was performed in three out of four
patients, while an intradural clinoidectomy only in one case,
to complete tumor removal. The high-speed drill, in these
selected clinoidectomies, was used only to perform the first
step of pterional craniotomy; also, the posterior fossa crani-
otomies were conducted using the BoneScalpel™ for the
duration of the procedure.

2.1 Surgical Instruments

The BoneScalpel™ system was designed to resect bone tis-
sue ultrasonically with extreme precision (0.5 mm narrow),
sparing the underlying soft tissue, thus reducing risks of a
dural tear and/or vascular injury. The console produces an
electrical signal that is fed into the handpiece and its piezo-
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Table 1 Patients’ demographics

BoneScalpel® related Craniotomy
Patients | Age (years) | Sex Pathology complications Osteotomy type time (min)
#1 34 F Pinealoma None Supra-subtentorial 25
craniotomy
#2 54 F Cerebellar renal cell metastasis Dural tear Suboccipital craniotomy 13
#3 71 F Posterior fossa meningioma None Craniotomy 12
#4 68 F Right cavernous sinus None Clinoidectomy 27
meningioma
#5 40 F Right MCA aneurysm None Clinoidectomy 32
#6 73 M Left anterior clinoid meningioma | None Clinoidectomy 29
#7 43 F Pineal cyst None Supra-subtentorial 20
craniotomy
#8 16 F Medulloblastoma None Craniotomy 10
#9 53 F Left vestibular schwannoma None Craniotomy 8
#10 56 F Right vestibular schwannoma None Craniotomy 7
#11 47 F Left carotid-ophthalmic None Clinoidectomy 31
aneurysm
#12 12 M Cerebellar hemangioblastoma None Suboccipital craniotomy 7
Table 2 BoneScalpel™

technical specifications in comparison to the SONOPET® Ultrasonic Aspirator — Stryker and the PIEZOSURGERY® — Mectron

BONESCALPEL™ — Misonix SONOPET® Ultrasonic Aspirator — Stryker PIEZOSURGERY® — Mectron
Frequency 22.5 kHz 25 kHz 24-36 kHz
Irrigation Internal coaxial and proximal to the tip Distal to the tip Distal to the tip
Tip size 1.3 x 1.8 mm 2.5 %x2.0 mm 1.7-2.9 mm

electric transducer. The transducer converts the electrical
signal into mechanical vibrations. A peristaltic pump,
integrated into the BoneScalpel™ console, provides irriga-
tion of the operative site during its use. The instrument
causes compression damage to the bone and the cutting tip
oscillates a small distance at a rate of 22.500 times/s, while
preserving soft tissues. Moreover, the device heats the bone,
which stops bleeding. Table 2 shows BoneScalpel™ techni-
cal specifications and the comparison with the SONOPET®
Ultrasonic Aspirator — Stryker. Furthermore, other than by
the BoneScalpel™ — Misonix, the piezoelectric technology
in neurosurgery is used by the PIEZOSURGERY® — Mectron
and the SONOPET® — Stryker.

2.2 Surgical Technique

In the posterior fossa craniotomies, a piezoelectric osteo-
tome was used to perform the entire craniotomy, both for the
median suboccipital approach and the retrosigmoid approach.
In the median suboccipital approach group, the craniotomy
crossed the posterior third of the superior sagittal sinus (SSS)
and transverse sinuses (TS) (Fig. la—c). No burr hole was
performed, but we used the blade of the BoneScalpel™
(Fig. 1b) to cut the bone flap. We documented one dural tear
and no dural venous sinus injuries. The tumor removal was

accomplished as usual, and the bone flap was repositioned
and fixed with titanium miniplates (Fig. 1d).

In the anterior skull base group, the piezoelectric osteo-
tome was used after performing the first step of the pterional
craniotomy (Fig. 2a). We used a 4.4 mm BoneScalpel™ dia-
mond shaver to microsurgically remove bone from the poste-
rior orbital roof and sphenoid wing, accomplishing the
anterior clinoidectomy also with a microhook shaver
(Fig. 2b—d). Microsurgical instruments (e.g., pituitary instru-
ments, microdissectors) were used to gently dissect the dural
elements from the anterior clinoid process and to remove the
final bone lamina of the remnants of the ACP, optic canal
roof, and optic strut. The vector of the instrument’s pressure
should always be directed from the inside out, to avoid dam-
age to the periorbita and surrounding structures. Once the
ACP is removed, the optic canal is removed with the same
technique. The dura is opened in a typical semicircular man-
ner. With the operating microscope, the Sylvian fissure is
routinely opened in a distal-to-proximal manner, identifying
the M2 branches of the MCA and then the main middle cere-
bral artery trunk on the way down to the ICA. After placing
cotton patties to gently keep the Sylvian fissure open, the
optic-carotid recess is approached to section the falciform
ligament and the dura of the optic nerve sheath, to facilitate
the mobilization of the optic nerve as indicated by clinical
circumstances.
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Fig. 1 Coronal and sagittal T1-weighted brain MRI images with  third of the superior sagittal sinus and transverse sinuses (¢). The bone
Gadolinium showing a pinealoma. (a) Occipital craniotomy performed  flap was repositioned and fixed with titanium miniplates as shown in the
using the BoneScalpel™ blade shaver (b) that crossed the posterior — post-operative head CT scan with 3D reconstruction (d)
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Fig. 2 Coronal and sagittal T1-weighted brain MRI images with
Gadolinium showing a clinoidal meningioma. (a) Extradural clinoidec-
tomy performed with 4.4 mm BoneScalpel™ diamond shaver (b) and

3 Results

We retrospectively reviewed a total of 12 patients, 10 females
and 2 males with a female/male ratio of 5/1. The mean age
was 47.25 years (range 12-73 years). A successful clinoidec-
tomy was performed in 4 out of 12 patients (33.3%). We did
not document any heat damage to the surrounding soft tissue
in critical areas such as the paraclinoid structures (e.g., optic
nerve, oculomotor nerves, ICA). The mean surgical time for
the anterior clinoidectomy was approximately 22 min (range
18-25 min), depending on the patient’s specific anatomy.
The mean intraoperative blood loss was 156 mL (range
43-270 mL). The mean follow-up period was 21 months
(range 3 months to 6 years). The postoperative course was
uneventful. We documented only a small ischemia in the
right caudate nucleus without clinical consequences in one
patient affected by right anterior clinoidal meningioma.
Uneventful posterior fossa craniotomies were carried out in
7 out of 11 patients. We documented only one durotomy in
an oncologic patient, while no lesions of the SSS or TS were
detected. In these cases, the mean intraoperative blood loss
was 150 mL (range 75-300 mL). The mean follow-up period
was 13.5 months (range 3 months to 2 years). The postopera-
tive course was characterized by the persistence of Parinaud

microhook shaver (c). Post-operative head CT scan with 3D reconstruc-
tion showing anterior clinoidectomy (d)

syndrome in one patient affected by pinealoma, and hydro-
cephalus requiring ventriculoperitoneal shunt (VPS) in
another patient with posterior fossa meningioma. The patient
affected by cerebellar renal cell carcinoma metastasis died
after 2.5 months because of tumor progression and sepsis.
One patient affected by vestibular schwannoma presented
severe peripheral facial nerve paralysis, which partially
improved after 1 year. No cerebrospinal fluid (CSF) leaks
were detected. Adjuvant therapy was performed in one
patient affected by vestibular schwannoma to treat a small
intrameatal remnant with gamma-knife radiosurgery
(GKRS). We compared the surgical times reported in the lit-
erature of posterior fossa craniotomies and anterior clinoid-
ectomies using BoneScalpel™, standard osteotome, and
PIEZOSURGERY®; thus, we documented a slightly
increased operation time in the PIEZOSURGERY® and
BoneScalpel™ group to perform craniotomies, but no time
difference in performing the clinoidectomy between
BoneScalpel™ and a conventional high-speed drill (Table 3).
SONOPET® results are not included because the instrument
has been used to accomplish tumor removal or focal bone
removal and not to perform craniotomies. In literature, to
date, there is no mention of anterior clinoidectomies per-
formed with piezosurgical devices.
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Table3 Surgical times comparing that reported in the literature for posterior fossa craniotomies and anterior clinoidectomies using BoneScalpel™,
standard osteotome (high-speed drill for clinoidectomy), and PIEZOSURGERY®

Type approach Standard osteotome Bonescalpel™ (min) Piezosurgery®
Clinoidectomy 19-25 min (high-speed drill) 18-25 -
Supratentorial + suboccipital craniotomy 16-21 min 20-25 -
Retrosigmoid craniotomy 12-16 min 15-18 17-45 min

4 Discussion

In literature, piezosurgery has been widely reported in
maxillofacial surgery [5, 15-18], while only a few neuro-
surgical reports are present about retrosigmoid craniotomy,
in the supraorbital keyhole approach and lateral orbitotomy
[19], as summarized in Table 4 [16, 17, 20-34]. To our
knowledge, there are no reports about the use of piezosur-
gery in anterior clinoidectomy. One of the main advantages
of piezosurgery is related to the absence of spinning instru-
ments, thus avoiding the risk of damage to surrounding soft
tissue or of grabbing cottonoids during craniotomy, cli-
noidectomy, or skull base bone removal. The handpiece is
comfortable and offers good operative visualization, which
however can be limited in narrow spaces and require adjust-
ments of the microscope’s light direction. The continuous
irrigation helps in reducing excessive heat but sometimes
requires additional suction by the assistant. The literature
reports experiences using PIEZOSURGERY® in brain sur-
gery [23-28], which presents several important differences
with BoneScalpel™. Other piezosurgical devices accom-
plish two tasks: tumor removal and bone cutting, while
BoneScalpel™ has been created only to perform bone cuts.
The adjustments to technical specifications allow optimiz-
ing the bone cut, which becomes more effective. Specific
blades allow performing craniotomies sparing the dura
mater, and we accomplished the anterior clinoidectomy
with rounded tools for focal osteotomies. In our experi-
ence, we found that performing anterior clinoidectomies
with BoneScalpel™ reduces the heat, as no spinning instru-
ments such as a high-speed drill are used. However, we

have documented that the irrigation of the device must be
carefully set, to avoid the risk of overheating the tip, thus
transmitting heat to the bone. Another disadvantage is rep-
resented by the presence of the distal cover of the tip, which
may limit the view during microsurgical bone removal; this
issue can be overcome by modifying the microscope’s
direction. In the posterior fossa group, we found it advanta-
geous to perform thin cuts that, along with a meticulous
dural closure, help to prevent CSF leakage. Moreover, we
performed supra-subtentorial craniotomies across the main
venous sinuses that were spared and uninjured. In the retro-
sigmoid craniotomy, the anatomy can be unfavorable for
the standard osteotome, which needs to be used perpendic-
ular to the bone surface, whereas the possibility to use
BoneScalpel™ with smaller angles helps to operate in nar-
row corridors. PIEZOSURGERY® has already been
reported in the pediatric population for the treatment of
craniosynostosis, and the authors documented an increase
in surgical times, stating that the device hardly adapts to the
needs of emergency surgery [22]. As other authors have
documented concerning other piezoelectric devices, we
confirm that BoneScalpel™ has proven safe and effective
in skull base surgery. We have documented shorter times
than the other authors [34], and in this article, we report the
first experience using the piezoelectric osteotome in ante-
rior clinoidectomy. Despite BoneScalpel™ being faster
than other piezosurgery scalpels, probably thanks to fre-
quency optimization, it remains slower than the conven-
tional osteotome in performing craniomoties, but there is
no time difference in performing the clinoidectomy with a
conventional high-speed drill.
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Table 4 Summary of the main studies reported in the literature regarding piezosurgical devices use in neurosurgery

Authors (year) Patients | Osteotomy type Complications Piezosurgery device
Acharya and Rajan (2015) 10 Bone harvesting and graft None PIEZOSURGERY® — Mectron
[20]
Chaichana et al. (2013) [21] 13 Endoscopic osteotomies Dural tears 23%, short BONESCALPEL"™ — Misonix/
operative times PIEZOELECTRIC SYSTEM -
Depuy Synthes
Gleizal et al. (2007) [22] 30 Osteotomies and bone graft | Dural tears (6.5%), PIEZOSURGERY® — Mectron
minimal soft tissue damage
Grauvogel et al. (2011) [23] 8 Opening of internal acoustic | None PIEZOSURGERY® — Mectron
canal
Grauvogel et al. (2017) [24] 14 Orbital decompression None PIEZOSURGERY® — Mectron
Grauvogel et al. (2018) [25] 1 Retrosigmoid approach None PIEZOSURGERY® — Mectron
Grauvogel et al. (2018) [26] 22 Lateral suboccipital Dural tears (27%), sinus PIEZOSURGERY® — Mectron
craniotomy injury (13%)
Tacoangeli et al. (2013) [17] 1 Lateral orbitotomy None PIEZOSURGERY® — Mectron
Tacoangeli et al. (2015) [16] 20 Supraorbital keyhole None PIEZOSURGERY® — Mectron
approach
Kotrikova et al. (2006) [27] 2 Bone harvesting and None PIEZOSURGERY® — Mectron
splitting
Kramer et al. (2006) [28] 15 Osteotomies None PIEZOSURGERY® — Mectron
Martini et al. (2017) [29] 18 Osteotomies Dural injury (22%), PIEZOSURGERY® — Mectron
periorbital injury (27%)
Massimi et al. (2019) [30] 90 Craniotomies and Dural tears (3.3%) PIEZOSURGERY® — Mectron
laminotomies
Ramieri et al. (2015) [31] 27 Osteotomies None, quick orbitotomy Not available
Shen et al. (2017) [32] 9 Osteotomies None Not available
Spinelli et al. (2015) [33] 13 LeFort III/IV osteotomies CSF leakage (15%) Not available
Vetrano et al. (2018) [34] 197 Supra and infratentorial Dural tears (4.3%) PIEZOSURGERY® — Mectron
craniotomy
Umana et al. (2021)—present | 12 Anterior clinoidectomy, Dural tear (8.3%) BONESCALPEL™ — Misonix
study posterior fossa craniotomies
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1 Introduction

Chiari malformation type 1 (CM1) and Syringomyelia (Syr)
are classified as “rare diseases” even though, in recent years,
their diagnosis has become more and more common, also
thanks to the widespread availability of MRI. At the same
time, the body of literature on these topics is growing,
although randomized controlled studies on significant case
series to drive guidelines are missing both in the pediatric
and adult populations. On these grounds, the relevance of
CM1-Syr associations has increased worldwide by enhanc-
ing CM1-Syr awareness, identifying referral specialists, and
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promoting the debate among the scientific community, as
reported on their dedicated websites. As a result of the differ-
ent opinions about surgical indications and techniques raised
by CM1-Syr, an increasing number of well-informed but dis-
oriented patients is emerging.

To bridge this gap, an International Consensus Conference
was held in Milan in November 2019 to find a consensus
among international experts (IE) to produce a shared docu-
ment as a base for future guidelines. The present article aims
to comment on the recently published Consensus Document
focusing on the most relevant recommendations about diag-
nosis, treatment, and follow-up of CM1-Syr patients [1, 2].

2 Materials and Methods
of the Consensus Process

The Consensus Document was obtained through three differ-
ent phases: (1) Literature review: an extensive review of the
literature was done by the members of the Chiari and
Syringomyelia Consortium [3] looking for the primary and
controversial topics on Classifications, Definitions,
Diagnostic Criteria, Surgical Indications and Techniques,
Outcome, Failure, and Re-intervention. The other details of
this step as well as the next two steps are reported elsewhere
[1, 2, 4]; (2) Questionnaire elaboration: based on the evi-
dence from the literature review, a panel of experts of the
Consortium formulated 63 draft statements on CM1 and Syr
on adult patients and 57 on children. Finally, the statements
were collected in three different questionnaires, the General
Addendum (including definitions, classifications, diagnostic
criteria), the Pediatric and Adulthood Sections; (3) Delphi
Consensus Study: a panel of 30 IE coming from European
and extra European Countries plus two members of Patients’
Associations answered the questionnaire. The jury of IE was
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composed of neurosurgeons, neurologists, and neuroradiolo-
gists with a cumulative experience of 27,000 patients (18,200
adults and 8,800 children), more than 40% of them being
operated on patients. Each member of the jury answered the
statements of the questionnaire, providing a score between 0
(strongly disagree) and 4 (strongly agree), according to the
Delphi method [S5]. In case of agreement, the statements
were submitted to the working group for the final approval
and subsequent drafting of the ultimate document. In case of
disagreement (lower than 75%), alternative text and notes
were proposed and, if no agreement was reached, the state-
ments were returned to the authors with comments for neces-
sary changes and were resubmitted to the experts involved.
Once the Delphi process was completed, the preliminary
version of the document was submitted to the Jury for the
final discussion during the Chiari Consensus Conference
held in Milan in November 2019, where the final version of
the document was produced.

3 Results and Comments

The surgical indications, techniques, outcome, and indica-
tions for reoperation are summarized in Tables 1, 2, and 3,
respectively.

3.1 Definitions

Before addressing these three sections, it is worth mention-
ing that IE reached a general agreement on the radiological
and clinical definition of CM1. Accordingly, CM1 is defined
as one or both cerebellar tonsils caudal descent on the mid-
line sagittal TI-MRI, >5 mm below the basion-opisthion
line. A 3-5 mm ectopia is considered pathologic only if syr-
inx and/or peg-like deformation of the tonsillar profile is
associated. The application of such an old and apparently
banal definition is mandatory to reassure many patients with
a “missing” CM1 and avoid stress or even improper treat-
ments. CM1 definition necessarily needs certain posterior
fossa hypoplasia or overcrowding (therefore, tonsillar
descent >5 mm and/or peg-like deformation of the tonsils)
and/or impaired CSF dynamics at the level of its subarach-
noid spaces (therefore, syringomyelia) to be satisfied.

The CM1 syndrome is characterized by: (a) Headache,
usually occipital or suboccipital, of short duration (less
than 5 min) and provoked/precipitated by cough or other
Valsalva-like maneuvers; (b) Symptoms and signs of the
brainstem (i.e., nystagmus, dysphagia, sleep apnea), cere-
bellar (ataxia) and/or cervical cord dysfunction (such as
muscles hypotrophy, sensory and motor deficits); (c)
Otoneurogical symptoms and/or signs (e.g. dizziness, dis-
equilibrium, sensations of alteration in ear pressure,
hypoacusis or hyperacusis, nystagmus, oscillopsia); (d)

Table 1 Indications to surgery

1 | There is no indication for surgery in Agreement:
asymptomatic children with isolated >90%
CM1 and no syringomyelia,
independently from the extent of tonsillar
ectopia®
They should be followed by whole *Agreement:
neuraxis MRI 88.2%

2 | Neuro-pediatric evaluation is mandatory | Agreement:>90%
in all children with CM1 and Symptoms
(headache, symptoms and/or signs of the
brainstem, cerebellar and/or cervical cord

dysfunction) to identify co-pathologies.

3 | Epilepsy and cognitive and/or behavioral | Agreement:
disorders should not be considered >90%
CM-related symptoms, and surgery is not
indicated to improve the clinical picture.

4 | In asymptomatic children with CM1 and | Agreement:
Syringomyelia, surgery is indicated in >90%
cases of syrinx larger than 5-8 mm, and
smaller syrinx increasing in size.

6 | In CM1 children with Craniosynostosis | Agreement:
(Syndromic and Non-Syndromic sagittal >90%

or lambdoid synostosis, oxicephaly), the
craniosynostosis is better treated before
the CM1.

7 | There is no indication for surgery in
asymptomatic adults with CM1 without
Syringomyelia

8 | In symptomatic CM1 without
Syringomyelia, surgery is indicated in
adults with headache (typical,
invalidating, and resistant to therapy) and
auditory/cerebellar/bulbar/spinal signs at
neurological examination

Agreement: 100%

Agreement: 100%

9 | In adults with CM1 and Syringomyelia | Agreement:
surgery is indicated for holocord >95%
syringomyelia, clinical/MRI worsening,
central syringe and Vaquero Index >0.5 or
eccentric syringe, syringomyelia-
syringobulbia with spinal/bulbar signs

10 | In symptomatic children and adults with | Agreement:
CM1 and Hydrocephalus, it is >90%

recommended to treat hydrocephalus
firstly, and CM1 can be treated afterwards
if symptoms do not disappear.

11 | CM1 is rarely associated with tethered
cord syndrome, and the detethering is
recommended just to treat tethered cord
syndrome, and it plays no role in the
management of a possible CM1
syndrome.

12 | The extradural section of the filum
terminale in CM1 children is not
recommended either to treat tethered
cord syndrome nor for the management of
a possible CM1 syndrome.

Agreement: 100%

Agreement: 100%

“Indications to surgery: the percentage of agreement between IE in chil-
dren and adults are summarized in this table; the statements that pertain
just adults are with indicated

Scoliosis (optional criterion). Also, these clarifications
must be considered, especially about the definition of head-
ache, to avoid wrong indications to surgery. In patients with
radiological evidence of CM1, particularly in the absence
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Table 2 Surgical techniques for CM1-Syr

1 | In symptomatic CM1 children without Syringomyelia, the bony decompression of the posterior fossa alone could | Agreement:
be performed for the low complication rate if the family accepts the perspective of possible second surgery. >80%

2 | In CM1 children with Syringomyelia, bony decompression + duraplasty is preferable. Agreement:

>80%

3 | In CM1 adults with Syringomyelia, bony decompression + duraplasty is preferable regardless of symptoms Agreement: 100%

4 | CV] fixation, with or without posterior decompression, is not indicated in CM1 children and adults without a Agreement: 100%
documented CV] instability.

5 | The extent of the bony decompression of the posterior fossa should be wide on the foramen, always including C1 Agreement:
laminectomy and never extended to C2 for the risk of CVJ instability, both in children and in adults® >85% *>80%

6 | In CMI1 children and adults* without arachnoiditis, it is indicated to preserve the arachnoid membrane to avoid Agreement:
CSF leakage and delayed scarring. >85% *75%

7 | Cerebellar tonsils coagulation/resection is indicated in cases of very low-lying tonsils and recurrent or residual Agreement:
syringomyelia. >85%

8 | A watertight dural suture helps preventing CSF leakage, by non-resorbable stitches, together with a strict muscle Agreement:
and soft tissue closure, both in children and in adults? >95% *>90%

“Indications to surgery: the percentage of agreement between IE in children and adults are summarized in this table; the statements that pertain just

adults are with indicated

Table 3 Surgery for CM1: outcomes, failure, re-intervention

1 | Postoperative CSF leakage is a predisposing
factor for infections and surgical failure due to
arachnoiditis.

Agreement:
>95%

2 | In case of symptomatic CSF leakage, a new
operation is necessary, both in children and in
adults®.

3 | Children with persistent symptoms and
unchanged MRI (no tonsils ascent and absent
flow) at 6- or 12-months follow-up should be
re-operated on.

4 | CM1 operated adults with persistent
symptoms and syringomyelia and no MRI
improvement (tonsils descent with FM
obliteration, absent CSF flow, unchanged
syrinx) at 6 or 12 months follow up should be
re-operated on.

5 | In case of success of surgery, the long-term
postoperative follow-up in children is
performed by a clinical examination and whole
neuraxis MRI for at least 10 years, or until the
end of growth, with a timetable depending on
clinical and MRI patterns.

6 | In case of success of surgery, the long-term
postoperative follow-up in adults is performed
by a clinical examination and whole neuraxis
MRI for at least 10 years, with a timetable
depending on clinical and MRI patterns.

Agreement:
>90% *>85%

Agreement:
>85%

Agreement:
>85%

Agreement:
>85%

Agreement:
>85%

Indications to surgery: the percentage of agreement between IE in chil-
dren and adults are summarized in this table; the statements that pertain
just adults are with indicated

of neurological signs, a careful clinical characterization of
the headache (according to the International Headache
Society criteria) is advised because of the high prevalence
of migraine reported in CM1 patients (34—43%) [6].

3.2 Indications to Surgery

A first, clear, and important statement about asymptomatic
patients without Syr is provided. Indeed, no surgical indica-
tion should be proposed in this instance, both in children and

adults (Table 1, points 1 and 7). As known, asymptomatic
poorly symptomatic CM1 patients tend to remain clinically
unchanged over time [2, 7, 8], and there are no significant
risks during physical or sports activities [9—11]. Thus, these
patients should be reassured and followed up over time
according to their characteristics.

On the other hand, CM1-related Syr and, in particular,
syringobulbia are largely accepted as criteria to formulate an
indication to surgery, differently from isolated Syr or hydro-
myelia [4, 12, 13]. In children, it is considered for treatment
if progressively enlarging or if symptomatic or larger than
5-8 mm (maximum axial diameter) (Table 1, point 4); in
adults, if holocord or eccentric or with Vaquero index >0.5 or
if clinically or radiologically worsening, especially in the
case of syringobulbia (Table 1, point 9).

Symptomatic patients without Syr should undergo sur-
gery if presenting typical and invalidating headache and
associated neurological symptoms (Table 1, point 8). This
is considered a crucial point due to the large number of
patients affected by migraine or other headaches where
CM1 is also (incidentally) diagnosed by MRI. Migraine,
tension headache, and chronic daily headache are common
in the general pediatric and adult population, and their inci-
dence can largely overcome, even in CM1 subjects, that of
the typical couch-headache [14, 15]. Once again, this must
be taken into account to avoid wrong surgical indications.
Therefore, a multidisciplinary preoperative evaluation,
aiming at properly characterizing the type of headache, is
mandatory in this subset of patients. Such a need is particu-
larly felt in children, where the diagnosis of headache and
the presence of comorbidities may be difficult to assess
because of the young age and the variable clinical aspects
(Table 1, point 9). Such a preoperative work-up is also
mandatory to correctly assess some possible comorbidities,
such as epilepsy and cognitive and/or behavioral problems
(Table 1, point 3), which are widely demonstrated to be
etio-pathologically unrelated to CM1/Syr, which, in turn,
should be addressed separately [16, 17]. Of course, as dem-
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onstrated in children with autism operated on for CMI-
related pain, surgery for CM1 can improve the performance
of these children by relieving from pain but not because of
a direct effect on the behavioral problem [18]. Similarly,
the cognitive problems resulting from the stress related to a
chronic disease or from the CM1 surgical sequelae, which
are relatively frequent, should be considered as distinct
entities compared with the cognitive impairment resulting
from CM1 (which has not been demonstrated yet but could
be hypothesized, at least in some cases, according to the
cognitive functions of the cerebellum) [19].

The final part of this section addressed some debated con-
ditions. The first one is represented by craniosynostosis. In
this instance, CM1 is secondary to the premature sutural
fusion and, therefore, it should be addressed only after an
adequate skull expansion if symptoms or Syr are present
(Table 1, point 6). In many cases, the cranial expansion is
actually proved to resolve or improve the clinical/radiologi-
cal CM1/Syr picture [20]. If it does not occur, or in the case
of adult patients with stabilized cranial growth, CM1/Syr can
be addressed separately. In children with persistent CM1/
Syr, the effectiveness of the previous cranial expansion
should be carefully evaluated before proposing surgery for
the posterior fossa.

A relevant agreement was also obtained about associated
hydrocephalus. Although hydrocephalus is the consequence
of CM1, it is recommended to treat it in advance because it
is usually more symptomatic than CM1 and eliminate the
raised intracranial pressure that could worsen CM1 or affect
its surgical correction [21]. Endoscopic third ventriculos-
tomy is the best surgical option since it is about obstructive
hydrocephalus [22]. Should symptoms of CM1/Syr persist
after the treatment of hydrocephalus, which occurs in about
30% of cases, their management is indicated [21]. This
knowledge could allow avoiding a useless or even risky
operation in most cases.

The agreement on the tethered cord was universal
(Table 1, points 11 and 12). A manifest tethered cord is spo-
radically associated with CM1, and no etio-pathological
relationships between the two conditions are demonstrated
yet [23]. The spinal cord untethering has no relevant effects
on the CM1 [8]. Thus, the management of the two conditions
should be addressed separately, according to the patient’s
characteristics: usually, the most symptomatic one is
approached first; or, if a prevalence of symptoms is not evi-
dent, the choice could be driven by the radiological picture.
Finally, according to the panelists of this and other Consensus
Conferences [24], as well as according to the current meta-
analyses of the literature [25], the extradural section of the
terminal filum does not have enough evidence to be proposed
for CM1/Syr management. Despite this statement, this surgi-
cal option remains largely used in clinical practice. As other
techniques performed in the past and currently abandoned

because they were ineffective (e. g., plugging of the obex),
such an operation will be discontinued over time since the
number of “unchanged” patients is increasing.

3.3 Surgical Techniques

Hopefully, this section will contribute to giving a final word
on the eternal dilemma of surgery for CM1, that is posterior
fossa bony decompression alone versus duraplasty. The lit-
erature meta-analyses almost invariably showed that bony
decompression alone is a safer but less effective operation.
At the same time, the duraplasty (with or without coagula-
tion of the tonsils) is more effective but also riskier and
with a more extended hospitalization (mainly because of
CSF leakage-related complications) [7, 26—32]. On these
grounds, a “targeted” surgical strategy is recommended for
CM1/Syr patients: (a) in symptomatic children without
Syr, bony decompression alone is indicated. It is effective
because of the residual growth of the posterior fossa and
the greater elastic properties of the pediatric meninges
(which favors the re-creation of the cisterna magna). The
only prospective study on CM1/Syr in children available in
the literature shows superior effectiveness and lower compli-
cation rate of bony decompression alone versus duraplasty in
the pediatric population [33]. The main limit of the bony
decompression is the potentially long time passing between
surgery and symptoms disappearance; thus, this limitation
must be explained to patients and their families (Table 2,
point 1); (b) if symptoms are relevant, as generally happens
in Syr, duraplasty is also preferable in children (Table 2,
point 2). A discussion could be opened for asymptomatic
children with Syr. Although this aspect was not discussed
in detail at the Consensus Conference, a bony decompres-
sion seems to be a reasonable choice also in this instance as
long as Syr is thinner than 5 mm and not progressing, and
neurophysiological studies are normal; otherwise, dura-
plasty should be better performed; (c) due to the stabilized
cranial growth, adults with Syr should always undergo
duraplasty (Table 2, point 3). The literature and the clinical
experience supporting this are robust [28].

A second final word could be provided about another dis-
cussed topic: the craniovertebral junction micro-instability.
Such a phenomenon is advocated by some authors as an etio-
logic mechanism of CM1, thus justifying the use of cervical
fixation even if a proven instability is missing [34, 35]. Once
again, the clinical evidence does not support this choice, and
the provided results are not superior to those obtained by
posterior fossa decompression [36-38]. Therefore, a cranio-
vertebral junction fixation should be adopted only in docu-
mented instability (Table 2, point 4). Craniometric
measurement-based protocols designed to refine this type of
surgical indication are welcome [39].
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Some specific surgical steps raised further technical
considerations. The first one concerned bony decompres-
sion. Since in CM1, the maximal compression point is at
the level of the foramen magnum and C1, a large lateral
opening of the foramen should be carried out, and the pos-
terior C1 arch should be removed (Table 2, point 5).
Instead, the rostro-caudal decompression should not be
excessive because an extensive removal of the occipital
squama increases the risk of dural tears and could favor
cerebellar ptosis [40], while the C2 (and C3) laminectomy
increases the risk of postoperative pain, kyphosis, and
instability [41, 42].

The intradural manipulation was another issue for dis-
cussion (Table 2, points 6 and 7). Indeed, based on the
cumulative experience of IE and the literature, showing that
the intradural manipulation increases the risk of complica-
tions and symptoms recurrence [43, 44], it was recom-
mended to attempt to leave the arachnoid unviolated unless
clear arachnoiditis is already present. Arachnoid adhesions
or veils, indeed, can be found during the first surgery and are
considered a risk factor for Syr formation [45]. However,
the management of postoperative arachnoiditis remains
debated, especially in the case of multiple recurrences,
because the repeated lysis is not associated with a better
long-term outcome. Similarly, the coagulation of the tonsils
should be limited to cases of very low tonsils herniation or
recurrent Syr. A matter for further discussion could be rep-
resented by the relatively frequent indication of tonsils
shrinkage in children, where the narrow surgical field can
reduce in some cases the room for an adequately large dura-
plasty [32].

Finally, a watertight dural closure was advised, together
with proper suture of the muscular and soft tissue layers, to
reduce as much as possible the CSF leakage (Table 2, point
8). Even if postoperative CSF leakage or collections or pseu-
domeningocele represent a significant and feared complica-
tion, the missed universal agreement on this topic could
reflect the strategy to leave the dura opened, which is still
reported for CM1 surgery [46].

3.4  Outcome, Failures, Re-intervention

The goal of this last section was to provide some practical
advice on the management of failures or complications.
When addressing this issue, the most critical limitation is the
lack of standardized methods to assess the outcome, which
may significantly vary according to each center [47]. To pro-
mote cooperative studies or further Consensus Meetings to
provide a shared definition of the clinical and radiological
CM1/Syr outcome should be a priority for the Scientific
Community in the following years.

As far as CSF-related complications were concerned, the
agreement on their management was elevated. In particular,
postoperative CSF collections were always thought to
deserve a surgical repair if symptomatic (Table 3, point 2).
However, the discussion could go beyond this statement
because CSF collections are possible sources of infection
and arachnoiditis (Table 3, point 1), thus raising the need to
operate on asymptomatic patients. Once again, the answer
could come from cooperative studies.

A time ranging from 6 to 12 months was considered real-
istic to declare the failure of surgery in children or adults
with persistent symptoms and an unchanged radiological
picture (Table 3, points 3 and 4). Such timing results from a
compromise between the hypothetical time necessary for
surgery to be effective (12 months) and the period consid-
ered acceptable for a patient to keep on tolerating the symp-
toms (6 months). This rule cannot have an absolute value, but
it must be modulated according to each patient [48]. Its real
message is actually to avoid being precipitous in considering
a redo posterior fossa decompression but, at the same time,
not to prolong an unfavorable postoperative course if the
postoperative picture fails to improve.

Also, the last two points reflect a compromise between a
successful treatment and two unpredictable conditions, such
as CM1 and Syr (Table 3, points 5 and 6). Indeed, the need
for an adequately extended postoperative follow-up is felt
because of the evidence of late recurrences in the clinical
practice and because the follow-up period reported in the lit-
erature is often too short to deduce a conclusion on the final
outcome [7, 30]. At the same time, however, it is a shared
opinion not to prolong the follow-up of healthy and cured
patients. Therefore, a 10-year long clinical and radiological
follow-up is considered reasonable to prevent these two
risks. Such a period should be prolonged conveniently up to
the end of physical development in children. Moreover, the
timetable of the clinical and radiological check-ups should
be tailored to the characteristics of each pediatric or adult
patient.

4 Conclusions

The main goal of the previous Consensus Conference was
not to provide conclusive statements about CM1/Syr but to
suggest some recommendations that, in the near future,
could lead to guidelines. This commentary aimed to under-
line some of the most “urgent” issues that should be addressed
first by the scientific community. The Consensus Document
focused on the diagnosis for CM1 (almost 5 mm of tonsils
descent on the midline), the indication for surgery (associ-
ated Syringomyelia and CM Syndrome), and the endpoint
for surgery (syringomyelia shrinkage and/or resolution of
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symptoms). Reviewing large series with this Consensus grid
for diagnosis, indications, and outcomes will yield compa-
rable data for different techniques.

As shown, indeed, some “wrong” indications or tech-
niques, although widely disapproved by the IE and nega-
tively experienced by many patients, remain in use (e.g.,
sectioning of the filum). The assignment of current studies
and meetings should highlight that there is not enough
evidence for certain management choices and start pro-
posing proper solutions based on the “positive” results
obtained so far.
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1 Introduction

The Chiari malformation type 1 (CM1) represents a heteroge-
neous group of congenital malformations affecting children
and adults. Since the first description of Chiari malformation in
1891 [1], the spectrum of the disease has been dramatically
expanded. The main characteristic of CM1 is the caudal cere-
bellum ptosis through the foramen magnum, leading to obstruc-
tion of cerebrospinal fluid (CSF) outflow. Whereas the
estimated prevalence of cerebellar tonsils descent at magnetic
resonance imaging (MRI) has been estimated between 1.9 and
8.4/100,000 [2, 3], most individuals with radiologically defined
CMI1 remain asymptomatic. However, various neurological
signs and symptoms can be reconducted to the malformation.
Despite often being nonspecific, the clinical presentation of
CMI1 comprises headache, ocular and otoneurologic altera-
tions, ataxia, and lower cranial nerves disturbances [4].
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Moreover, CM1 could determine or be associated with
Syringomyelia (Syr) or syringobulbia, represented by single or
multiple fluid-filled cavities within the spinal cord and/or the
bulb. The degree of clinical manifestation of a Syr is variable,
but many patients present neurological damages and progres-
sive disability, according to the extent, location, and severity of
spinal cord compression. The therapeutic management of CM 1
and Syr often comprises suboccipital craniectomy and foramen
magnum opening, associated with posterior C1 arch laminec-
tomy, with or without enlargement duraplasty, arachnoid dis-
section, and tonsillar reduction [5-9]. Nevertheless, considering
the wide range of clinical presentations and the surgical strate-
gies proposed during the past years, it has been challenging to
evaluate the best outcome according to the techniques per-
formed. More recently, the neurosurgical and neurological
community committed to CM1 management planned to ana-
lyze the contemporary state of the art and find conduct unifor-
mity. In 2021, according to the “experts” agreement obtained at
the Chiari and Syringomyelia Consensus Conference held in
Milan in 2019, an international document was produced to
reach a consensus on controversial topics in children and adult
patients with CM1 [10, 11]. The results of a Delphi process
allowed the authors to summarize as a consensus document
(CD) some indications about the management of CM1.

Some debate points with less accordance among experts
were the role of bone decompression alone, the integrity of the
arachnoid membrane, and the use of autologous and allograft
dural patches instead of artificial grafts. This study aims to
evaluate, in a large, monocentric surgical series of adult and
pediatric CM1 patients, if the daily clinical practice reflects
what was achieved in the CD. To strengthen the value of inter-
national recommendations, we would support and highlight
the degree of consensus or difference based on a homogenous
series analysis, using evaluation grids derived CD to quote the
accordance of a large series with the indications for surgery
and reoperation, and calculating a comparable outcome rate.
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2 Materials and Methods

The main statements about diagnosis, indications for treat-
ment, surgical technique, evaluation of surgical results, and
indication for reoperation were summarized (Tables 1, 2, and
3). A retrospective analysis was performed on a prospec-
tively collected database, reporting data about consecutive

Table 1 Indications to surgery

CM1 adults and children admitted at our Institution between
2000 and 2021. The malformation was documented, in all
patients, with a sagittal midline T1-weighted MRI showing
the ptosis of one or both cerebellar tonsils for more than
5 mm beyond the basion-opisthion, or McRae, line. In all
cases, a whole spine MRI was also performed to detect syr-
inx, and a flow study in the posterior fossa was done to con-

In asymptomatic children with CM1 and Syringomyelia, surgery is indicated in cases of syrinx larger than 5-8 mm, and | Agreement:
smaller syrinx increasing in size. >90%
Neuro-pediatric evaluation is mandatory in all children with CM1 and Symptoms (headache, symptoms and/or signs of Agreement:
the brainstem, cerebellar and/or cervical cord dysfunction) to identify co-pathologies. Surgery is indicated if symptoms are | >90%
related to CM1.
Children series Nb % Symptoms | Syringomyelia | Just Accordance
headache |to CD
Males 89 46.8%
Females 101
53.2%
Mean age (9 months to 18 years) 10.8
Very young <= 6 years 44 23.2%
Total 190 5529% 132 69.5% ‘ 31.5% 100 %
In symptomatic children with CM1 and Hydrocephalus, it is recommended to treat hydrocephalus first, and CM1 can be Agreement:
treated afterward if symptoms do not disappear. >90%
In CM1 children with Craniosynostosis (Syndromic and Non-Syndromic sagittal or lambdoid synostosis, oxycephaly), the | Agreement:
craniosynostosis is better treated before the CM1. >90%
CM1 is rarely associated with tethered cord syndrome, and untethering is recommended just to treat tethered cord Agreement:
syndrome, and it plays no role in the management of a possible CM1 syndrome. 100%
Children series Nb % Op. before | Op. after Not Accordance
operated to CD
CMO 0
CM 1 155
CM 1.5 35 18.4%
Ass. hydrocephalus 2513.1% |15 3 7 60 %
Ass. craniosynostosis 4021%
Simple 31 4 1 26 12.9%
Complex 9 7 - 2 77 %
Ass. tethered cord 42.1% 2 2 - 100 %
In symptomatic CM1 without Syringomyelia, surgery is indicated in adults with headache (typical, invalidating, and Agreement:
resistant to therapy) and auditory/cerebellar/bulbar/spinal signs at neurological examination 100%
In adults with CM1 and Syringomyelia surgery is indicated for holocord Syringomyelia, clinical/MRI worsening, central | Agreement:
syringe and Vaquero Index >0.5 or eccentric syringe, syringomyelia-syringobulbia with spinal/bulbar signs >95%
Adult series Nb % Symptoms | Syringomyelia | Just Accordance
headache |to CD
Males 65 29.5%
Females 155
70.5%
Mean age 41
(18-77)
Total 220 46209% | 17177.2% 31.4% 100%
In symptomatic adults with CM1 and Hydrocephalus, it is recommended to treat hydrocephalus first, and CM1 can be Agreement:
treated afterward if symptoms do not disappear. >90%
Adult series Nb % Op. before | Op. after Not Accordance
operated to CD
CMO 5
CM 1 193
CM 1.5 22 10%
Ass. hydrocephalus 18 8.1% 13 3 2 72%
Ass. tethered cord 0 100 %
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Table 2 Surgical techniques for CM1-Syr

In symptomatic CM1 children without Syringomyelia, the bony decompression of the posterior fossa alone could be Agreement:

performed for the low complication rate if the family accepts the perspective of possible second surgery. >80%

In CM1 children with Syringomyelia, bony decompression + duraplasty is preferable. Agreement:
>80%

CV] fixation, with or without posterior decompression, is not indicated in CM1 children and adults without a Agreement:

documented CV] instability. 100%

Children series Laminect. |Laminect. |PFD PFDD | CVI fixation

Cl1 C2

CM1 57 - 49

CML1 + Syr 130 — 4 126

+CV]J instability 1 - 7/12 1 1

craniosynostosis

Accordance CD 100 % 100 % 96.7 % 100% | 100%

In CM1 adults with Syringomyelia, bony decompression + duraplasty is preferable regardless of symptoms Agreement:
100%

The extent of the bony decompression of the posterior fossa should be wide on the foramen, always including C1 Agreement:

laminectomy and never extended to C2, for the risk of CVJ instability, both in children and in adults >85% >80%

CV|] fixation, with or without posterior decompression, is not indicated in CM1 children and adults without a Agreement:

documented CV] instability. 100%

Adult series Laminect. |Laminect. |PFD PFDD | CVI fixation

Cl1 C2

CM1 25 - 2 23 -

CM1 + Syr 195 - 1 194 -

+CV] instability 1 1

Accordance CD 100 % 100% 99 % 100% | 100%

In CM1 children and adults without arachnoiditis, it is indicated to preserve the arachnoid membrane to avoid CSF Agreement:

leakage and delayed scarring. >85% 75%

Cerebellar tonsils coagulation/resection is indicated in very low-lying tonsils and recurrent or residual Syringomyelia Agreement:

cases. >85%

A watertight dural suture helps prevent CSF leakage, by non-resorbable stitches, together with a strict muscle and soft Agreement:

tissue closure, both in children and in adults >95% >90%

Global series Nb Intact arachnoid Tonsils
coagulation

DCV + duroplasty 392 97 (24.7%) 125 (31.9%)

Accordance CD 100 % 100 %

firm the constraint to CSF passage posteriorly. All patients
had neurological symptoms attributable to the CM1 (i.e.,
Chiari-type headache, bulbar or cerebellar dysfunction) as
evaluated preoperatively by a pediatric or adult neurologist
or harbored progressive Syr. The data collected were related
to the tonsil descent measured in cervical vertebra level (C1,
C2, C3), the syrinx presence, and extension (medullar, cervi-
cal, dorsal, holochord), the association with hydrocephalus
or previous CSF shunting. The clinical presentation, the
headache characteristics (typical, atypical, both), and the
presence of other associated diseases were also analyzed.
Finally, we evaluated all results for the accordance with the
CD, using specific grids.

2.1 Surgery and Postoperative

Management

All patients were submitted to a standard preoperative evalu-
ation, including blood tests, general and neurological clinical
assessment. At our center, posterior fossa decompression

with duraplasty (PFDD) is the treatment of choice on all
patients, except rare cases, mainly children, in which the
associated malformation (hydrocephalus, craniosynostosis,
tethered cord) was treated before/concomitantly/after. After
general anesthesia, the patients were placed prone with the
head secured in a Mayfield clamp, with a 15-30-degree flex-
ion. A midline incision was made from inion to the spinous
process of C2. After the suboccipital bone and C1 arches
were exposed, the bony decompression was performed with
a high-speed drill and bony rongeurs. There was no standard
rule regarding the extent of the resection, but we tend to set
the bone removal to avoid a cerebellar slump. The arch of C1
was always removed. The dura is then sharply dissected with
a longitudinal incision, starting caudally and proceeding cra-
nially. The arachnoid may be left intact or opened depending
on the intraoperative findings, such as important adhesions
or CSF flow obstruction. The same thought process was
applied to whether or not to perform the tonsillar coagulation
via bipolar cautery. After assessing cerebellar pulsations as a
sign of restored CSF flow, the duraplasty was performed by
using allograft patches, such as bovine or equine pericar-
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Table 3 Surgery for CM1: outcomes, failure, re-intervention

Postoperative CSF leakage predisposes to Agreement:
infections and surgical failure due to arachnoiditis. >95%

In case of symptomatic CSF leakage, a new Agreement:
operation is necessary, both in children and in >90%>85%
adults

Global series Nb % Evacuated Reoperated
CSF collection 28 22 6

CSF leakage 15 12 3

Global 43 24 92.3%
complication rate 10.9%

Children with persistent symptoms and Agreement:
unchanged MRI (no tonsils ascent and absent flow) | >85%

at 6- or 12-month follow-up should be re-operated

on.

CM1 operated adults with persistent symptoms Agreement:
and Syringomyelia and no MRI improvement >85%
(tonsils descent with FM obliteration, absent CSF

flow, unchanged syrinx) at 6 or 12 months follow up

should be re-operated on.

Global FINCB Early Failures | Failures Accordance
series success reoperated | to CD
Syringomyelia 216 10 9

Symptoms 314 16 16

Operated - - 36

elsewhere

Persistent 1

symptoms

Persistent 35

syringomyelia

Total reoperations 52 100%

In case of success of surgery, the long-term Agreement:
postoperative follow-up in children is performed >85%

by a clinical examination and whole neuraxis MRI

for at least 10 years, or until the end of growth, with

a timetable depending on clinical and MRI patterns.

In case of success of surgery, the long-term Agreement:
postoperative follow-up in adults is performed by a | >85%
clinical examination and whole neuraxis MRI for at

least 10 years, with a timetable depending on clinical

and MRI patterns.

dium. A watertight closure was the dural closure goal, which
was reinforced by collagen or fibrin sheets. Postoperatively,
patients were closely monitored for complications, such as
CSF leaks, hematomas, wound infections and dehiscence,
hydrocephalus, pseudomeningocele, or general complica-
tions. A non-contrast CT scan was also performed before the

patients’ discharge. A clinical and neuroradiological follow-
up (brain MRI and, when necessary, spinal MRI) was indi-
cated at 3 months and 1 year from surgery. Afterward, the
follow-up was repeated every 1-3 years, depending on the
outcome.

3 Results

3.1 Pediatric Series Characteristics

From 2000 to 2021, 190 pediatric Chiari patients underwent
surgery at our Institution, mainly due to the first author.
There was a slight predominance of females (53.2%) on
males (46.8%). The mean age at surgery was 10.8 years,
ranging from 9 months to 18 years, whereas 23.2% of the
whole cohort (44 patients) were younger than 6 years. The
indication for surgery was mainly represented by the pres-
ence of Syr, as it happened in 132 patients (69.5%); 29% of
patients had, nevertheless, symptoms related to CM1. Only
in 3 patients (1.5%), the surgical indication was headache
only. Considering that aspect, our series presents accordance
with the CD in 100% of the surgically treated cases (Table 1).
There were no CMO, and in 35 cases, the radiological diag-
nosis was CM 1.5 (18.4%).

A total of 25 patients (13.1%) presented associated hydro-
cephalus. The CD showed an agreement greater than 90% in
treating hydrocephalus first and CM1 later if symptoms do
not disappear. In our series, 15/25 children received a spe-
cific treatment before surgery, 3 afterward, while 7 were
never treated.

Finally, the CD indicates to treat craniosynostosis before
CM1 (agreement >90%): among our pediatric series, 40 chil-
dren (21%) presented associated craniosynostosis, largely
isolated forms (39 children); only 11 of them were submitted
to cranioplasty before CVD, mainly the complex forms. A
smaller percentage of children (2.1%) presented an associ-
ated tethered cord, with the conus lying lower than L3; an
untethering procedure was performed according to the
neurourological presentation (specifically, 2 cases before
and another 2 after the PFD). It is worth noting that we never
performed any extradural sectioning of the filum terminalis,
with 100% accordance with the CD.
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3.2 Adult Population

The cohort of 220 adult patients was composed of 65 males
(29.5%) and 155 females (70.5%), thus with a significant
predominance of females. The mean age was of
41 = 9.9 years (range 18-77 years). Also, in this case, as it
happens for the pediatric cohort, the main indication for sur-
gical treatment was the Syr, affecting 171 (77.2%) patients;
among the 220 patients in total, 46 (20.9%) presented symp-
toms, but headache alone was the indication for surgery
only in 3 patients. Again, the concordance with the CD indi-
cations was 100%.

Preoperative MRI findings showed that out of 220
patients, 193 (87.7%) had CM1, 22 (10%) had CM1.5, and 5
were diagnosed as CMO. Every patient had a tonsillar hernia-
tion >5 mm, apart from the 5 CMO patients; the average ton-
sil descent was 12.6 + 4.45 mm, ranging from 5 to 33.85 mm.
CM1-associated hydrocephalus occurred in 18 (8.1%)
patients; however, only 13 underwent a preoperative shunt-
ing procedure (Table 1).

3.3 Surgical Findings and Long-Term

Outcome

Among children, 178 patients underwent PFDD, while the
other 12 were submitted to bone decompression only. In 188
children, C1 laminectomy was also performed. In particular,
7 out of 12 bone decompression only were indicated in cra-
niosynostosis patients. The posterior arch of C2 was never
removed. Almost all these findings were in total accordance
with the CD indications (Table 2). In the adult population,

PFDD was performed on 217 patients (98.6%); only 3
patients underwent posterior fossa decompression without
duraplasty (PFD); only 1 patient received craniovertebral
junction fixation. Every patient underwent C1 laminectomy;
the C2 arch was partially eroded in 130 patients due to sig-
nificant tonsillar descent. Nevertheless, we tried to preserve
the muscular and ligamentous system to guarantee stability
in such cases (Fig. 1).

Regarding the whole series, isolated or bilateral tonsil
coagulation, due to severe stenosis or tonsils” herniation, was
carried out in 125 cases (31.8%), mainly upon intact arach-
noid. The average length of stay was 4.5 days. The overall
complication rate was 10.9%, principally due to CSF leakage
and collection, but a surgical treatment for this specific issue
was necessary only in 9 cases (2.3%). Other minor complica-
tions, such as partial wound dehiscence, were rapidly
resolved. No deaths, respiratory failures, or intracranial
infections occurred.

The average follow-up duration was 4.5 + 3.3 years, with
a minimum of 0.33 years (4 months) and a maximum of
21 years. Symptoms disappeared early in 314 cases, and Syr
showed a favorable evolution (progressive and persistent
reduction or disappearance) in 216 affected patients.
However, a late second surgery was proposed in 52 cases due
to the persistence of symptoms or Syr secondary to reactive
arachnoiditis. Among these patients, 36 represented a re-do
surgery of patients previously treated at different centers
(Table 3). These results overcome the agreement obtained
about the statement indicating that CM1 adults with persis-
tent symptoms and Syr, and without MRI improvement at
6- or 12-month follow-up, should be submitted to a second
surgery.
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Fig. 1 Indications for surgery: the preoperative MRI scans show a PFDD imaging depicts the degree of posterior decompression (b) with
CM1 (T1-weighted sagittal scan) in (a) with associated cervico-dorsal ~ syringomyelia reduction (d)
syringomyelia (T2-weighted sagittal scans) in (c); the 3-months after
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4 Discussion

Our retrospective analysis showed homogeneity in the man-
agement and treatment of CM1 patients, both for adults and
children. Nevertheless, we aimed to evaluate whether our
results were comparable to other reported series and experts’
opinions [6, 12]. Considering the difference among neuro-
surgeons involved in CMI, the CMI1-Syr Consensus
Conference (Milan, 2019) proposed a CD. This document
reported shared indications by 47 international experts, com-
ing from 27 centers pooling 27,000 cases, based on the expe-
rience of high-volume referral units for the CMI-Syr
associations’ network. The CD produced, by using the
Delphi method in 3 rounds, 121 detailed recommendations
on CMI1-Syr regarding diagnosis, treatment, outcome, and
follow-up. Besides answering the patients’ questions on the
correct therapeutic and diagnostic pathway, the main advan-
tage of CD was to create a common language between clini-
cians for CM1-Syr diagnosis, symptoms, surgical outcomes,
and failures, also allowing a comparison between series
treated by different techniques. Some statements obtained a
very high consent among experts. The first one is related to
adult CM1 with syringomyelia [10]: despite the presence of
symptoms, with or without symptoms, patients should
undergo surgery if a holocord syringomyelia is present, or in
case of clinical or radiologically worsening progression over
time, or if the Vaquero index is greater than 0.5 (defined by
syrinx/canal ratio) [13], or in syringobulbia [14, 15]. This
statement had an agreement higher than 95% among experts,
and our series fully reflect this statement. Almost all adults
with Syr underwent PFDD, except for one case belonging to
the early period of the series. Moreover, there is a complete
agreement about treating symptomatic CM1 in adult patients
without Syr in the case of persistent headache (typical, inval-
idating, and resistant to therapy) associated with cerebellar,
auditory, bulbar, or spinal signs. The surgical statements
were more complex in pediatric CM1 [11]. In symptomatic
CM1 children without Syr, there was 80% agreement to sug-
gest bony decompression only (but after a detailed discus-
sion with patients and relatives), with the perspective of a
possible second surgery; on the other hand, the agreement
was always >80% in CM1 with Syr children to perform
PFDD. The CD had a higher consent >90% on the need for a
pediatric neurology definition of CM1 symptoms to indicate
surgery; our series shows a complete agreement with all such
statements.

The management of CM1 associated with craniosynosto-
sis is not following the CD, which suggests (with an agree-
ment >90%) to treat the craniosynostosis before the CM1.
Our series comprises a high percentage of associated cranio-
synostosis (21%), mainly isolated (31 children), usually dis-
covered after CM1 because actively searched by 3D-CT. As

aresult, only in 12.9% of cases, surgery for craniosynostosis
was performed before CM1 treatment. During the last years,
we paid more attention, also in older children, to the associa-
tion among the two diseases to better recognize secondary
CM1 [16], and we experienced no need for PFD after Cranial
Vault expansion in two cases. On the contrary, in the nine
cases with complex synostosis, well known before CM1, the
accordance with CD was good

In the case of concomitant hydrocephalus, our current
operative approach includes a shunting procedure such as
VPS or ETV prior to PFDD; however, it is not a firm rule,
and the decision depends on the clinical decision and radio-
logical presentation. PFDD is then accomplished in patients
who have not improved after the shunting operation. Despite
these premises, the series analysis shows that associated
hydrocephalus in children was present in 25 cases (13.1%),
but only 15 of them underwent a shunting procedure before
posterior fossa decompression. This low agreement (60%)
with CD can present some speculative hypotheses, mainly
related to the previous hypothesis that PFDD may solve a
ventricular dilatation, improving CSF circulation; the higher
complication rate experienced in these cases led us recently
to a stricter adherence to this Consensus statement.

Four children underwent an intradural untethering proce-
dure (two children before and two after PFD) for a true teth-
ered cord, associated with CMI1. Patients submitted to
untethering depicted no relief of CM1 symptoms and no
radiological improvement of tonsil descent, reinforcing the
hypothesis that this quite rare association has a polimalfor-
mative rather than a causative relation. Some groups have
advocated this procedure as a potential, less invasive
approach to the CM1; however, considering the lack of
robust scientific evidence for this procedure, especially in
case of the absence of tethered cord syndrome, such tech-
nique plays no role in the treatment of CM1, due to complete
different pathophysiology [17, 18]. There is a total agree-
ment among experts about the lack of usefulness of untether-
ing procedures to manage a possible CM1 syndrome, and
our series followed and confirmed this statement.

About the surgical technique, our series shows a signifi-
cant concordance with the CD statements but considering
that the general indications should be shaped around the
single institution or surgeons. For example, it is accepted that
an excessive craniectomy may cause cerebellar ptosis, but
we do not follow a strict measurement rule, and we deter-
mine the extension of the decompression based on intraop-
erative findings, mainly occurrence of dural pulsations. C1
laminectomy was always carried out, with a partial C2 pos-
terior arch erosion due to significant tonsillar herniation and
obstruction. The issues regarding C2-laminectomy are sec-
ondary to the possible postoperative onset of kyphotic defor-
mity and secondary craniovertebral junction (CVJ) instability
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[19]; however, no such complications occurred in our study.
This may depend on the careful preservation of the C2 mus-
cular and ligamentous complex.

Concerning the risks and benefits of duraplasty or tonsil
coagulation, the surgical experience and the results of some
meta-analyses [6, 7,9, 20-23] led us to utilize PFDD in CM1
patients with Syr due to the better symptomatic and syrinx
results. We did not run into any complications such as scar
tissue or neurological deficits by cerebellar tonsils reduction.
PFDD is also associated with a higher risk of CSF-related
complications: in a recent meta-analysis [22], CSF leak rates
were reported to be around 8%, ranging from 3.44% to
11.23%; our results did not differ significantly, with CSF
leaks occurring in 10% of the patients, despite that it drops
down to 2.3% considering just the cases deserving surgical
revision.

Regarding the type of duraplasty, we tend to use
pericardium-based heterologous products, mainly equine or
less frequently bovine pericardium. The patch is then sewn in
a waterproof fashion with non-resorbable stitches to prevent
CSF leaks. This point was reached during the years, while pre-
viously we used adsorbable sutures, and most of the CSF leaks
or collection requiring surgery were related to the old approach.
Furthermore, we prefer to leave the arachnoid membrane
intact in the absence of significant arachnoid scarring. In con-
trast, spontaneous arachnoid interruption with arachnoiditis
was identified after dural opening, mainly in patients with the
longest history or extended descendants of tonsils [10].

Finally, about the postoperative management, we agree
with the statement indicated by CD: in case of effective sur-
gery, the long-term postoperative follow-up in children and
adults is performed by a clinical examination and whole
neuraxis MRI for at least 10 years, or until the end of growth,
with a timetable depending on clinical and MRI patterns.

In conclusion, the CM1 has been known for more than
100 years; however, many debates are still ongoing, in the
present time, about the exact definition and treatment options.
When, if, and how to treat CM 1 patients often depends on the
different surgeons and centers’ thinking, but the introduction
of the CD (based upon experts’ agreement) could reduce this
variability and obtain comparable series. The present series
analysis on 446 consecutive patients, treated according to the
CD, confirms that PFD is a safe surgical option for the treat-
ment of CM1, in particular for Valsalva-exacerbated symp-
toms; the addition of duraplasty, in our hands, showed an
overall better outcome, especially in patients with Syr, at the
low cost of CSF-related complications rate (2.3%). This
effectiveness was confirmed by the few cases (7.6%) requir-
ing additional surgeries due to recurrent symptoms, postop-
erative complications, or Syr persistence.

Disclosure Statement The authors have no conflicts of interest to
declare.
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Percutaneous Balloon Compression

for Trigeminal Neuralgia. A Comparative
Study Between the Fluoroscope Guided
and Neuronavigated Technique
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Massimiliano Visocchi, and Nicola Montano

1 Introduction

Trigeminal neuralgia (TN) is a paroxysmal electric shock-
like facial pain in the field distribution of the trigeminal
nerve; it can involve one or more neural branches, more fre-
quently both maxillary and mandibular, and it is usually uni-
lateral (right in 60% of cases vs. left in 40%). Patients are
typically over 50 years old. In the case of failure of medical
therapy, patients can benefit from both ablative and nonabla-
tive treatments. Microvascular decompression (MVD) is the
only nonablative treatment useful in cases of radiologic evi-
dence of neurovascular conflict between aberrant arterial
loops or veins and the root entry zone of the trigeminal nerve.
MVD provides the better long-term outcome with the lowest
rate of pain recurrence, although is an invasive procedure
burdened with significant risks such as facial nerve impair-
ment, hearing loss, stroke, and meningitis [1]. Ablative pro-
cedures consist in lesioning the trigeminal nerve or the
Gasserian ganglion: they are currently applied in cases of TN
related to demyelinating conditions such as multiple sclero-
sis [2, 3], in patients unsuitable for MVD surgery, or in
whom prior MVD has failed [4]. They include percutaneous
balloon compression (PBC), radiofrequency, thermocoagu-
lation and stereotactic radiosurgery. Among these, the first
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three are performed through percutaneous cannulation of the
foramen ovale (FO), according to the technique first
described by Hirtel in 1911 [5]. Traditionally, FO cannula-
tion is accomplished with the assistance of intraoperative
C-arm fluoroscopy; recently, however, several authors have
reported successful application of intraoperative CT naviga-
tion as well. Reported advantages powered by navigation
include better spatial orientation and successful cannulation
with a lower rate of attempts and complications [6-9].
Nonetheless, these advantages should be considered in the
face of concerns regarding increased radiation dose to the
patient relative to traditional fluoroscopy and its possible
adverse effects [10]. The aim of this study was to compare
the fluoroscopic guided and neuronavigated PBC techniques
in terms of efficacy and radiological exposure. We also dis-
cussed the pertinent literature.

2 Materials and Methods

We retrospectively analyzed 37 patients (18 M and 19 F)
suffering for TN and submitted to PBC at our institution
from January 2021 to December 2021. The mean age was
66.43 + 12.77 years with a follow-up of at least 1 month.
TN duration before the PBC was 11.08 + 9.93 years, the
pain was atypical in 7 patients and 23 patients had under-
gone one or more procedures before PBC. The fluoroscope
guided technique was performed as previously reported [2,
4]. The neuronavigated technique was performed according
to the following steps: the reference frame was placed on
the patient’s forehead and secured with the aid of a nonin-
vasive Landmark Fess Strap (Medtronic, Dublin, Ireland),
with the head of the patient lodged in a U-shaped head-
holder. After acquisition of an HD-3D head scan with the
use of a Medtronic O-Arm O2, slice images were trans-
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ferred to StealthStation S8 (Medtronic) and then used to
reconstruct a 3D model for the skull base. After checking
accuracy and selecting the medial part of FO as the target,
a surgical plan was drawn with entry point according to the
Hartel technique. Guidance view and three-plane view
were selected for navigation. The orange Suretrak refer-
ence frame (Medtronic) is secured on the top of a 14-G can-
nulated needle. After removal of the inner stylet, a 4F
Fogarty catheter (Edwards Lifescience, Lucerne,
Switzerland), (Iopamiro 300, Bracco Imaging Italia) is
inserted in the needle 16 mm beyond needle tip until the
balloon tip is fully exposed. After cannulating of FO, con-
firmed by neuronavigation and in some cases by tactile per-
ception, the stylet is removed and replaced with a 4F
Fogarty catheter, which was advanced beyond the needle
tip into Meckel’s cave and inflated with 0.8 mL of iodinated
radiocontrast medium for 90-120 s under fluoroscopic lat-
eral view provided by O-arm O2. The outcome was evalu-
ated according to the Barrow Neurological Institute (BNI)
pain scale that was assessed before PBC and at 1 month FU
[11, 12]. Dosing information was recorded both from the
fluoroscope and O-Arm as provided by the devices.

2.1 Statistical Analysis

Means and SD were calculated and reported when appropri-
ate. Differences between groups were explored with #-
Student test, 2 test and Fisher’s exact test, where appropriate.
Differences were considered significant at p <0.05. Statistical
analyses were done using StatView version 5 software (SAS
Institute Inc.).

3 Results

Clinical and outcome data are showed in Table 1 and reported
according to the surgical technique used (fluoroscopy or neu-
ronavigation). Briefly, no difference was noticed in both
groups concerning the clinical features of patients. We
observed a significant improvement of BNI score at 1 month
FU compared with the pre-operative in both groups
(p <0.0001 and p < 0.0001, respectively, see Table 1). A sig-
nificant increase in radiation exposure was found in the neu-
ronavigated group compared with the fluoroscopy group
(p <0.0001, see Table 1). No complications were reported.

Table 1 Clinical and outcome data of TN patients submitted to percutaneous balloon compression according to the surgical technique used (fluo-

roscopy or neuronavigation)

Fluoroscopy guided PBC Neuronavigated PBC p-Value
Age 67.44 = 11.78 65.47 +13.90 n.s.
Sex (M/F) 10/8 8/11 n.s.
TN type (typical/atypical) 16/2 14/5 n.s.
TN side (right/left) 9/9 10/9 n.s.
Previous operations 11 12 n.s.
TN duration before PBC (years) 10.52 £ 8.79 11.57 £ 11.06 n.s.
BNI before PBC 422 +0.54 4.26 £ 0.56 n.s.
BNI at FU 1.38 = 0.50 1.94 = 1.07 n.s.
Radiation exposure (mGy) 3.24 £2.57 17.73 +13.20 p <0.0001

TN trigeminal neuralgia, PBC percutaneous balloon compression, /U follow-up, BNI Barrow Neurological Institute, n.s. not significant
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4 Discussion

PBC is currently considered as a safe and effective proce-
dure in the treatment of TN, mainly because of its simplic-
ity, low cost and the possibility of being repeated in case of
pain recurrence. Many studies reported high success rates,
ranging between 81% and 85%, both in patients at their
first treatment and in those with previous operations, thus
confirming that PBC can also be a valid option in patients
with TN recurrence after previous surgical procedures [4,
13-16]. Similar to other percutaneous techniques, PBC
provides arapid pain relief, thus being preferable to delayed
results of stereotactic radiosurgery. Among side effects, the
most common is facial hypoesthesia, occurring in approxi-
mately 20% of patients in our experience, with an onset
immediately after procedure and improving after a few
weeks, usually being well tolerated by patients. However,
fluoroscopy-guided cannulation of FO requires some expe-
rience and is characterized by a steep learning curve. The
lateral fluoroscopic view, in fact, provides indirect guiding
landmarks only, while the anteroposterior (submental) view
allows direct visualization of the FO, although in some
patients it might not be clearly visible. The difficult visual-
ization of the FO using fluoroscopy might prolong the pro-
cedure, mainly in young neurosurgeons, by requesting
multiple attempts and could increase the risk of complica-
tions due to the immediate proximity of critical neuro-vas-
cular structures such as the foramen lacerum, inferior
orbital fissure, carotid artery, and jugular foramen. The
reported rate of unsuccessful puncture and complication in
procedures guided by X-ray fluoroscopy is 5-7% [17].
Moreover, FO can exhibit wide anatomic variation between
subjects and throughout the natural life, as outlined in many
cadaveric studies [18, 19]. Gusmao and colleagues first
reported the use of CT fluoroscopy real time guidance for
cannulation of the FO, although this technique proved to be
difficult to reproduce because of logistic limitations [20]. A
further evolution was obtained with the introduction of the
neuronavigation technique, providing a real-time link
between neuroradiological images and anatomic structures,
with the aim of increasing the precision and reducing the
rate of complications. Navigation guided procedures are of
course easier to master when compared to fluoroscopic
guided ones. Moreover, the accuracy of CT images allows
studying the bony details of the FO in three dimensions and
its possible anatomical variations, thus allowing prevention
of potential complications. Nonetheless, the advantages
provided by intraoperative CT-based neuronavigation may
be weakened by concerns regarding increased radiation
dose to the patient and the staff when compared to tradi-
tional fluoroscopy. This aspect has been poorly investigated
and definitive radiation exposure reports with both tech-

niques are still lacking. Desai et al. investigated this topic
in a cadaveric study revealing an equivalent exposure in
O-arm guided procedures compared to fluoroscopy (16.55
vs. 15.2 mGys) [21]. To our knowledge, this is the first
comparative study in in vivo subjects. In our experience, a
significant higher radiation exposure was found in the neu-
ronavigated group compared with the fluoroscopy group,
with no significant differences in clinical outcome.
Considering these data, we do not suggest routine applica-
tion of CT-based neuronavigation in FO cannulation, but
rather in selected cases, such as patients with multiple pre-
vious operations, in whom a difficult access can be pre-
operatively hypothesized.
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The Key to a Successful PBC
in Treatment of Trigeminal Neuralgia

Jun Zhong

1 Introduction

As a minimally invasive treatment of trigeminal neuralgia,
percutaneous balloon compression (PBC) has become
increasingly popular worldwide. Compared to microvascular
decompression (MVD), PBC is more acceptable due to its
convenience and safety regardless of the unavoidable post-
operative facial paresthesia at some degree [1]. In spite of an
etiological remedy, it was reported that the offending vessel
had not been found in 3.1-17% of MVD cases [2-4].
According to the literature, the actual cure rate of MVD
ranged from 79% to 98.7% [5-7] with 30% recurrence at
6.2 years in a large series [8]. So far as PBC is concerned, the
immediate cure rate ranged from 83% to 100% without seri-
ous complications [9-12]. Therefore, PBC seems to be a
good alternative, especially for those recurrent cases follow-
ing MVD—due to serious arachnoid adhesion and the ana-
tomical alteration, re-exploration of the posterior fossa may
induce increasing risk and give rise to a failure. Logically,
the result of PBC is supposed to be more direct, at least at the
early stage, because this process has actually turned off the
“main switch” of hemifacial algesthesia. However, we have
not yet reached such a perfect outcome as it deserves clini-
cally. We believe the cure or complication rates are mainly
attributable to the manipulation of the operator. Although
numerous neurosurgeons, e.g., Brown, Meglio, Abdennebi,
et al., have advanced the process since it was first reported by
Mullan in 1978 [13-16], this surgical technique can never be
overemphasized.
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2 Target of PBC

2.1 The Semilunar Ganglion

Instead of the Meckel cave, the Gasserian ganglion is the
target of PBC. It consists of the pseudounipolar neuron giv-
ing out a protuberance and dividing into two branches ina T
shape. The peripheral branch (nerve fibers) transmits the
facial and oral stimulations into the neuron and the central
branch (nerve rootlets) transmits these processed impulses
into the brainstem nucleus. Unlike the axon, the soma is non-
renewable. Therefore, the ganglia rather than the nerve fibers
or the rootlets should be ablated. If the pressure was mainly
focused on the rootlets instead of the ganglia, the pain relief
would be unsatisfactory or an earlier recurrence might not be
avoidable.

3 A Pear in Meckel Cave

3.1 The Meckel’s Cave

Meckel’s cave locates inferiorly on the anterior slope of the
petrous apex and crosses over the ridge toward the posterior
fossa. Virtually, it is a cavity between duras and does not
look like a pear in a stereo image before it is filled by the
balloon. To simplify, you can imagine a tetrahedron with
four triangle plans pointing toward the porus through where
the trigeminal rootlets converge into root and finally enters
the pons. The anterior plan consists of semilunar ganglion
where the three branches of the fifth cranial nerve come and
the balloon catheter enters via the foramen oval. The medial
plan faces the cavernous sinus. The superolateral plan is the
tentorium and the bottom the petrous bone. Therefore, we
should manage to concentrate the pressure on the anterior
rather than on the medial plan or porus while the balloon is
inflated (Fig. 1).
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Abco: the medial plan
daco: the bottom plan
Aabe: the anterior plan
Aabo: the superolateral plan

Fig. 1 An abstraction depicting the surrounding structures of Meckel’s
cave. A right Meckel’s cave is abstracted as a tetrahedron with four tri-
angle plans pointing toward the porus. The anterior plan (Aabc) consists
of semilunar ganglion where the three branches of the fifth cranial nerve
(V1, V2, and V3) converge and the balloon catheter enters via the fore-

3.2 Pear

When the Meckel cave is full of contrast agent, a pear shape
opacity bending to the petrous bone appears in the lateral
radiograph. The body of the pear outlines the main part of
the cavity with a rounded bottom referring to the semilunar
ganglion, the waist depicts the rootlets, the head indicates the

HOIMILNY

LATERAL a

man oval. The medial plan (Abco) faces the cavernous sinus consisting
of the third (III), fourth (IV), and fifth (VI) cranial nerves as well as the
carotid artery. The superolateral plan (Aabo) is the tentorium and the
bottom (Aaco) the petrous bone. Actually, the cavity does not present as
a pear shape in a 3D image until it is filled by the balloon

trigeminal root going through the porus (neck), and the stalk
the tip of the catheter. Because of a harder bony pedestal
inferiorly and a softer celling superiorly, this pear bends
stiffly to the petrous bone, while it extends supplely to the
tentorium, respectively. When this figure forms in
fluoroscopy, it is implied that the entirety of the ganglion is
covered and an effective compression has been built (Fig. 2).
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Fig.2 A diagram illustrating the fluoroscopic appearance of a pear in
Meckel’s cave and the proper puncture angle. When a balloon is inflated
in Meckel’s cave, a pear shape opacity appears in the lateral radiograph.
The body of the pear outlines the main part of the cave with a rounded
bottom referring to the semilunar ganglion, the waist indicates the root-
lets, the head the trigeminal root coming from the porus (neck), and the
stalk the tip of the catheter. The penetrative angle is critical to achieve a
satisfactory pear. The tip of the catheter as well as the puncturing points

4 Effective Compression

The process of PBC is implemented by an effective compres-
sion against the ganglia. Therefore, first, the balloon should
be positioned correctly, which is judged by a typical pear
shape fluoroscopically. Second, to reach enough pressure, a
certain volume of agent needs to be injected into the balloon.
Third, to reduce complications, the compression time needs
to be well controlled.

4.1 Shapes

A typical pear may not always be available. When an anom-
aly shape emerges, the balloon could be actually outside the
cavity and a reposition is suggested. If the catheter is
advanced too far forward, a bowling pin shape may exhibit
with too much tension concentrated in the root instead of in
the ganglion. While a ping-pong bat shape indicates the cap-
sule has been excessively compressed, which may lead to an
unacceptable paresthesia postoperatively. Sometimes, a bit-

of the foramen oval and facial skin should be in a line. Sometimes, a
pear with stalk rising from the neck is observed (the left bottom insert),
which is caused by an upward angle of the line (1)—the tip is located in
front of the porus and the head is pushed forward twistedly while inflat-
ing. Therefore, it is suggested to penetrate the upper edge of the fora-
men oval and advance the tip down through the porus (2) to obtain a
tractable pear (the upper insert)

ten pear is observed. That is caused by bubbles which should
have been exhausted before Omnipaque is injected in. Owing
to the extraordinary compressibility of air, it will not offer
enough pressure against the ganglia at the bottom.
Accordingly, a tractable slim pear without defect should be
expected.

4.2 Volume

The compression of the trigeminal ganglion is functioned by
the volume of contrast agent injected into the balloon.
However, as the volume reaches some extent, the pressure
will not enhance synchronously with the dimension since
Meckel’s cavity is a sort of capsule with limited elasticity
modulus. Contrarily, a too big balloon may conduct the pres-
sure to the surrounding structures and threaten the cavernous
sinus, especially the abducent nerve. Because the size and
the elasticity vary individually, it is hard to quantify a pres-
sure standard [17, 18]. Therefore, it is wise to stop injecting
when growth of the pear becomes apparently slow.
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4.3 Time

To increase cure rate and reduce complications, a minimal
value of an optimized combination of volume and time
should be pursued. Generally, the inflation time ranged from
1 to 4 min according to the literature [18-21]. It is suggested
to maintain the effective pressure by holding the syringe con-
tinuously instead of using a triple stopcock. Corresponding
to the radiographic projection and the feedback in thumb, the
pressure can be well controlled in real time.

5 Tips on the Process

PBC is simple, straightforward, and does not need a compli-
cated apparatus only a fluoroscope plus an operator’s experi-
ence. Therefore, the surgical technique is essential and every
single step of this process is worth further addressing.

5.1 Position

Basically, a lateral view fluoroscopy is enough to target
Meckel’s cave and check the inflation. To obtain clear land-
marks in radiograph, the patient’s head should be positioned
stably to keep the projections of bilateral porions and man-
dibles superimposed, respectively, during the process.

5.2 Puncture

As a start leading to a correct track, the facial entry point
should be emphasized. It should be aligned in the reverse
extension line between the porus and the foramen oval.
Basically, it is lateral to the commissure of the lips where an
alcove can be felt by pressing. That is the corridor between
the maxilla and the mandible. It is not necessary to put your
finger into the patient’s mouth to guild the puncture because
the needle has already been in the corridor once entering the
skin. For safety, a needle with a noncutting obturator is
employed and a very tiny incision on the skin needs to be
made.

5.3 Cannulate

The needle is advanced toward the ipsilateral pupil on the
coronal plane and to the infra 1/3 of the line between the
posterior clinoid and mandibular condyle on the lateral pro-
jection of fluoroscopy and halted as its tip just entering the
foramen oval. Before withdrawing the obturator, one should
make sure that the cannula is fixed well otherwise its sharp
mouth rim might cut the balloon while the catheter goes by.

5.4 Penetrate

As the cannula has been steadily positioned, a sharp stylet is
inserted to stab the capsule. Then a blunt stylet is used to
clear the way for balloon entry. In the tunnel, the softer cath-
eter could be advanced smoothly to an appropriate position.
Otherwise, the balloon may suffer contusion as extruding
tortuously from a sharp cannula’s mouth and burst during
inflation. To achieve a typical pear, the penetrative angle is
critical—it is suggested to puncture the upper edge of the
foramen oval and advance the tip down through the porus
(Fig. 2).

5.5 Inflation

The balloon should not be inflated until it has been posi-
tioned appropriately, otherwise a typical slim pear may never
be achieved—for the catheter tends to enter the same route
with easy access. Because less contrast agent is needed to
outline the head compared with the body, it is suggested to
advance the catheter straight ahead to the trigeminal root—
whereabouts the catheter tip appears down. If a waist begins
to appear after a tentative injection, then the balloon can be
slowly inflated till its body emerges. If not, it should be
deflated and repositioned.

6 Conclusion

1. A pear shape with well-rounded bottom defined in fluo-
roscopy indicates an effective compression of the tri-
geminal ganglion has been built, which is crucial to a
cure.

2. To attain a tractable pear, Meckel’s cave needs to be tun-
neled in a proper penetration angle before balloon entry.

3. No full inflation before a proper position is confirmed.

4. To avoid an unacceptable postoperative paresthesia, a
more than 3-min compression is not encouraged.
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The Role of the Anesthesiologist

and the Modern Intraoperative
Echography in Ventriculoatrial Shunt
for Hydrocephalus: From Hakim

to Nowadays

R. Garra, A. Pusateri, R. Festa, Massimiliano Visocchi,

and F. Tosi

Hydrocephalus is the most common disease treated by pedi-
atric neurosurgeons, which presents a prevalence of 1/1000
births in high-income countries. The term hydrocephalus
refers to a pathological accumulation of cerebrospinal fluid
(CSF) in the subarachnoid space or in the cerebral ventricles,
typically associated with increased intracranial pressure [1].
Understanding CSF physiology enables us to differentiate
two pathophysiological mechanisms underlying the acquired
and congenital causes of pediatric hydrocephalus (Table 1).
The obstruction to CSF flow from its origin in the choroid
plexus within the ventricles is known as hydrocephalus
obstructive or non-communicating, and the obstruction of
CSF absorption in the subarachnoid space is classified as
communicating hydrocephalus [2].

Since the introduction of silastic tubing, in the middle of
the last century, hydrocephalus treatment has been and still
remains based on ventricular shunting. The technique con-
sists in the insertion of a cranial catheter in the lateral ven-
tricle of the head and the insertion of a catheter in a distal site
(heart, peritoneum, pleura). Differential pressure (with fixed
or programmable settings) or flow-regulating valve mecha-
nisms are between the ventricular and distal catheters and are
often paired with antisiphon or gravitational devices to pre-
vent CSF over-drainage from posture-related siphoning [3].
Despite that endoscopic third ventriculostomy (ETV) has
been shown as a viable alternative treatment for hydrocepha-
lus, particularly in patients with non-communicating hydro-
cephalus, ventricular shunting procedures continue to be the
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Table 1 Causes of pediatric hydrocephalus

Acquired hydrocephalus
— Inflammatory

— Neoplastic

— Vascular

Congenital or development hydrocephalus
— Chiari II

— Myelomeningocele

— Acqueductus stenosis

— Posterior fossa malformation
— Subaracnoidal cysts
— Foramen of Monro atresia

mainstay of hydrocephalus management in children [4].
Among these, ventricular peritoneal (VP) shunting is consid-
ered the first-line option for the effectiveness of peritoneal
resorption and the feasibility of catheter insertion that runs
subcutaneously from the head to the abdomen. However, dis-
tal shunt failure may occur as a result of adhesions, intraperi-
toneal infections, ascites, and a history of necrotizing
enterocolitis. Moreover, the presence of intestinal stoma
after abdominal surgery contraindicates VP shunting due to
the risk of infections of the peritoneal catheter [5]. Therefore,
in situations where VP shunting is contraindicated or has
failed, ventricular atrial (VA) shunting may be considered a
valid second-line option as it provides an alternative site for
the distal catheter [6].

The first Nulsen and Spitz’s description of the technique,
way back in 1951, involved open neck dissection to cannu-
late a tributary vein of the internal jugular in which to pass
the catheter to the right atrium.

The less invasive method of percutaneous insertion,
described by Ashker et al. in 1981, based on anatomical
landmarks, has allowed the technique to be widely accepted
(Fig. 1). However, even the “blind” percutaneous venipunc-
ture has serious limitations when performed in neonates,
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Fig. 1 Anatomical landmark for the internal jugular venipuncture

infants, and children due to the landmarks less defined
respect to adults, and the increased risk of complications,
such as pneumothorax, hemothorax, secondary to accidental
arterial and/or pleural puncture.

The introduction of ultrasound guided venipuncture in
clinical practice has greatly facilitated the performance of
the procedure, especially in neonates and children where it
results in a lower technical failure rate, less time-consuming,
and fewer complications compared to the traditional land-
mark method [7, 8]. The higher efficacy and safety of “ultra-
sound guidance” lies in the visualization of the needle
entering the vein. This dynamic or “real time” technique has
become part of the anesthetist’s tools also to perform nerve
blocks in loco-regional anesthesia/analgesia and for moni-
toring vital cardiac and pulmonary functions in the periop-
erative period; thus, two decades after its introduction into
anesthetic practice, practitioners have achieved considerable
technical expertise. This allowed anesthetists to be part of
the surgical team; therefore, they are not only dedicated to
inducing and maintaining general anesthesia but also to per-
forming venipuncture of the central vein of the neck and to
localizing the tip of the catheter.

The procedure is performed methodically, with the child
in the supine position, the head slightly in extension and
turned in the opposite site, starting with the visualization of
the internal jugular in short or long axis using a frequency
probe of 7-10 MHz for children, and 10-14 MHz for neo-
nates [9-11] (Fig. 2) Under ultrasound guidance the internal

Fig.2 Ultrasound guided venipuncture in long axis using a frequency
probe of 10-14 MHz

jugular vein is punctured with a 22-20 gauge needle and a
floppy tipped in guide wire inserted. A 3.5—4.5-Fr, peel-away
sheath is inserted and the shunt catheter is passed inside it
after having removed the guide wire. Then, the peel-away
catheter is removed leaving the shunt catheter in situ which
is attached to the cranial catheter via a connector.

The tip catheter can be localized by fluoroscopy, intra-
cavitary ECG (IC-ECG), or by echocardiography. However,
even for tip catheter localization anesthetists have borrowed
the IC-ECG method used to check the tip of the central
venous catheter (CVC), as it has a better cost—benefit ratio.
Indeed, unlike fluoroscopy, it does not require a fluoroscope,
and it does not expose the patient to radiation; while unlike
transesophageal ultrasound, it is not invasive and it is more
accessible [12]. The basis of the IC-ECG technique is to fill
the catheter with saline solution that acts as an electrical con-
ductor, and to use the catheter tip as an exploratory electrode
or, in other words, as an endocavitary lead. In practice, if the
catheter is connected to lead V1 or V2 of an electrocardio-
graph, the tip level can be followed “step by step” evaluating
the different morphologies assumed by the P wave, in terms
of deflection and amplitude, as it approaches the sinoatrial
node. Thus, when the tip, acting as a scanning electrode, is at
the level of the superior cava, the P wave shows a negative
deflection and a low voltage. While, as the tip approaches the
sinoatrial node, the atrial depolarization is always read as a
negative deflection, but of greater amplitude the closer the tip
approaches the nodal tissue in the atrio-caval junction.
Finally, when the tip reaches the right atrium, a biphasic P
wave appears, first positive of small size, then of greater
amplitude, while the negative phase tends in the same time to
shrink, until disappearing.

The atrio-caval junction or the atrium are the ideal loca-
tions for the placement of a VA shunting. Indeed, if the distal
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Fig. 3 Subcostal scan to visualize the atrium and inferior vena cava

end of the catheter does not reach at least the lower third of
the superior vena cava, the risk of thrombosis is high.
Conversely, catheters that are too long, with the tip posi-
tioned in the lower part of the atrium, near the tricuspid or in
the ventricle, can cause arrhythmias, thrombosis, or valve
damage. Therefore, the tip of the atrial catheter must be posi-
tioned in such a way to obtain a biphasic P-wave, which cor-
responds to the upper-middle right atrium [13].

The subcostal ultrasound scan give, in children more than
in adults, an excellent visualization of the inferior vena cava
and the right atrium. This “window” allows identifying the
tip of the catheter and it looks equally promising to confirm
its correct position in the right atrium with the so-called bub-
ble test, which consists in visualizing a linear flow of micro
bubbles after having injected a bolus of 4.5 mL of saline
solution or 0.5 of air into the distal catheter (Fig. 3).

The anesthetist’s tools have allowed performing a simple
and safe method, and anesthetists have become an active part
of the surgical team, charged with a specific role during the
placement of the ventricular atrial shunting, in addition to the
well-known conventional one.
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Role of Navigation in the Surgery

of Spine Tumours

Marcel Ivanov and Matthias Radatz

1 Background

Computer-assisted navigation has emerged in neurosurgery
as an approach to improve intraoperative orientation and
achieve better surgical results with lower complication rates.
While its initial use in cranial neurosurgery was focused
around precise identification of the surgical target, the cur-
rent applications, in particular in spine surgery, are much
wider and continue to rapidly expand.

2 Methods

This is a retrospective analysis of the spinal cases operated in
Sheffield Teaching Hospitals using spinal navigation between
2010 and 2020 with a focus on the analysis of benefits of
computer guidance in the surgery of spinal tumours.

For intraoperative navigation, we used BrainLab
Navigation with dedicated spinal software for CT-based 3D
surface matching and intraoperative 3D X-ray (Siemens
Arcadis and Ziehm).

3 Findings and Discussions

Widespread adoption of instrumentation in spine surgery
helped to provide the necessary stability and was initially
performed using anatomical landmarks. However, some of
the early papers reported suboptimal screw placement in up
to a third of implanted screws [1]. This was explained by
several factors that include individual variations of the anat-
omy among patients and individual surgeon’s experience.
Suboptimal screw placement prompted the need to
improve accuracy and safety of the procedure. Although the
conventional method, fluoroscopy, became readily available
and inexpensive, it has several drawbacks. The main disad-
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vantage is limitation provided by having only antero-
posterior and lateral or oblique views with the inability to
provide an axial view of the spine. The other disadvantages
include poor or absent visibility in case of obesity, severe
osteoporosis, cervico-thoracic junction due to shoulder
obstruction, or in patients with abnormal anatomy secondary
to previous surgeries, tumour/trauma destruction, degenera-
tive and/or congenital problems.

Narrow or abnormal pedicles leave little or no room for
error and the ability to accurately identify them and execute
their cannulation with millimetric accuracy became crucial
for the success of surgery. In addition, concerns regarding
radiation exposure and the drive to provide better visual
guidance spurred the development of intraoperative image-
guided surgery.

Computer-assisted navigation and advanced intraopera-
tive imaging provided numerous benefits in spine surgery. It
was able to significantly increase the accuracy of screw
placement up to 98—100% [2-5]. As a result of more accurate
placement, the spine surgeons are now able not only to
reduce the risk of iatrogenic injury secondary to subopti-
mally placed screws, but also to plan and achieve much more
robust spinal construct from a biomechanical perspective,
with optimisation of the screw length and diameter, choice of
optimal trajectory, consideration of bi- and three-cortical
screws with expected lower risk of screw pull-out/metalwork
failure.

The ability to view the unexposed anatomy not only on
the A-P and lateral view but also on axial or virtually any
desired plane significantly improved the accuracy and safety
of spine surgery.

This is particularly relevant for the cervical spine, which
not only has a limited bone mass for screw placement but is
also abundant in anatomical structures that must not be dam-
aged during surgery (vertebral artery, nerve roots, spinal
cord). In the cervical spine, with the aid of spinal navigation,
the surgeon can enhance the biomechanical constructions by
planning cervical pedicles screws, which offers much more
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solid construction, in particular when lateral masses are not
suitable for screws due to significant degenerative/arthritic/
osteoporotic changes. Although free-hand cervical pedicle
screw fixation has been well described [6, 7], the majority of
spine surgeons do not use this technique because of the high
risks associated with the lack of reliable anatomical land-
marks, narrow pedicles and proximity to important anatomi-
cal structures that should not be damaged.

In tumour surgery, in particular when a gross total tumour
resection is planned, image guided surgery can help to define
with high accuracy the margins of the tumour on preopera-
tive MRI scans and merge with the intraoperative imaging,
thus providing intraoperative multimodal information impor-
tant for better intraoperative orientation during various steps
of surgery (Figs. 1 and 2). This applies both for the tumours
of the spine as well as intraspinal tumours, in particular large
dumbbell nerve sheath tumours, where in addition to naviga-
tion the real-time intraoperative ultrasound can help to assess
whether the dumbbell tumours are extending intradurally or
are limited to the extradural compartment, avoiding unneces-
sary dural opening (Fig. 2C2) [8-11].

Another benefit of image-guided surgical navigation is
accurate planning and execution of osteotomy in the case of
primary bone tumours—with a margin of healthy tissue. The
ability to see the optimal trajectory and size of osteotomy on
the screen can help to maximise the chances of gross total
resection of the tumour [12].

It is important to acknowledge that in intraspinal benign
nerve sheath tumours with slow growth, the vertebral bodies
suffer scalloping with significant narrowing or displacement
of the pedicles, laminas and vertebral bodies. It frequently
results in abnormal spinal alignment. To access the intraspi-
nal tumour component which often affects several levels, the
surgeon has to perform a laminectomy at several levels with
further negative impact on spinal stability (Fig. 1). In such a
scenario, spinal instrumented stabilisation often becomes
mandated, but local anatomical changes produced by the
tumour make spinal stabilisation extremely challenging and
risky with no margin for error. Navigation guided surgery in
such cases becomes a mandatory part of the procedure
(Figs. 1 and 2). In addition to this, congenital spinal abnor-
malities or coexistence with other regional pathologies may
add to the complexity of an already challenging surgery.

In addition to improved intraoperative orientation with
millimetric accuracy, we did find spinal navigation beneficial
for several other reasons.

3.1 Safe Training

It is well recognised that in spine surgery there is a steep
learning curve, which may last several years. At the begin-
ning of this learning curve, the trainees are more likely to
make a mistake, with a higher risk of suboptimal screw
placement. With the aid of intraoperative navigation, we
developed a system when a trainee is asked during surgery to
identify the usual anatomical landmarks as well as screw
entry point without looking at the navigation screen first.
Subsequent placement of the navigation pointer can confirm
whether the anatomically identified entry points and trajecto-
ries are accurate, which would be re-assuring for the trainee,
or if the anatomical knowledge has to be improved, in which
case the trainee can re-adjust his knowledge of anatomical
landmarks without causing a harm to the patient.

3.2 Radiation
It is well known that X-ray guided spinal stabilisation has a
risk of cumulative radiation exposure to the surgeon and sur-
gical team, which may have long-term detrimental effects.
Use of navigation in our hospital reduced radiation exposure
of the surgical team in spinal instrumented cases to zero, also
bringing additional comfort from not needing to wear a
heavy led gown during the procedure and no need for repeat
X-rays during the procedure, freeing a radiographer for other
tasks. For patient’s registration in our spinal cases, we used
either CT scans obtained preoperatively or intraoperative 3D
X-ray at the beginning and, if needed, at the end of the pro-
cedure (to confirm accurate screw placement). We also find
that better intraoperative orientation and no need to perform
repeat X-rays had a positive impact on improvement of the
overall duration of surgery.

The benefits of advanced navigation guidance during
spine surgery are numerous. One of illustrative cases is
described below.

Illustrative Case

A 56-year-old patient presented with clinical features of pro-
gressive myelopathy. An MRI scan showed a large intraspinal
tumour extending between C2 and C6 (Fig. 1A1) with lateral
displacement of the spinal cord. Further investigations with
angio-CT demonstrated displacement of the right vertebral
artery anteriorly, but also looping of the vertebral artery (VA)
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Fig. 28.1 (continued)

and an aneurysm of VA within the rostral part of the tumour
(Fig. 1B2). Dynamic X-ray of the cervical spine demonstrated
inversion of the normal lordosis (Fig. 1A2). It is important to
note that there was significant scalloping of several vertebras
affected by the tumour with abnormal lateral masses which
made them unsuitable for screw insertion (Fig. 1B1).

In such a scenario, one of the surgical steps is multilevel
laminectomy. Considering the inversion of the normal lordo-
sis with listhesis of C3 on C4, such laminectomy would have
a high risk of deterioration of instability/deformity, and to
avoid this, spinal stabilisation is imposed. However, most of
the lateral masses were anatomically not suitable for instru-
mentation. Another challenge in this case was the intimate
relationship of the tumour with displaced abnormal vertebral
artery and aneurysm, covered by the tumour.

The patient had standard posterior midline exposure. With
the aid of spinal navigation, we were able to (a) accurately
define the edges of the tumour and perform initial safe
tumour debulking with the ability to see the exact location of
the vertebral artery and aneurysm, even when covered by the
tumour (Fig. 1D1); (b) pre-plan optimal trajectories for the
cervical screws and achieve necessary spinal stabilisation
using limited bone mass in this specific patient (Fig. 1Cl1,
C2).

Patient recovered well without any new deficit and
was discharged home within 72 h from surgery.
Postoperative MRI confirmed satisfactory decompres-
sion of the spinal cord and CT scan demonstrated accu-
rately placed spinal implants providing good spinal
stability (Fig. 1E1, E2).
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Fig. 2 (al) Preoperative T2 MRI—thoracic T8 dumbbell tumour with
intra and extraspinal extension. There is also old osteoporotic fracture
T12 and evidence of cement augmentation T11. (a2) CT—narrow
‘hairpin’ size pedicles at T7 and T8. (b1) Intraoperative 3D X-ray
(Ziehm) fused with preoperative imaging demonstrating tumour con-
tour. (c1) Navigation guided pedicle cannulation using intraop 3D

X-ray. (¢2) Intraoperative ultrasound demonstrates no intradural exten-
sion of the tumour. (d2) Intraoperative 3D X-ray after pedicle screw
insertion—showing accurate placement of the screws and extension of
laminectomy. (d1) Postoperative MRI (24 h postop) confirms gross
total tumour excision
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4 Conclusion

Intraoperative navigation is a technology that helped us to
improve intraoperative orientation to the unexposed anatomy
and reduce the risk of iatrogenic complications; achieve bet-
ter tumour resection; optimise the biomechanical construct;
provide a safer learning environment for the spinal surgical
trainees; minimise radiation exposure of the surgical team
and shorten the operating time.

In our opinion, navigation was helpful not only to reduce
the risk of complications but also, by providing millimetric
accuracy and improving orientation, to perform procedures,
which without navigation could have been considered inop-
erable or very high risk.

We have to emphasise that careful examination of the pre-
operative imaging as well as a sound knowledge of the regional
anatomy remain paramount in any neurosurgical procedure.
Image guidance in spine surgery, similar to more trivial navi-
gation on the road, is an adjunct that can help to improve our
results and the efficiency of our activity. However, it does not
replace the basic principles of the anatomy and surgical knowl-
edge, which should remain dominant.
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Spinal Cord Stimulation Meets Them
All: An Effective Treatment for Different
Pain Conditions. Our Experience

and Literature Review
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Domenico Gerardo lacopino, and Rosario Maugeri

1 Introduction

Spinal Cord Stimulation (SCS) is an emerging minimally
invasive technique which uses neuromodulation to manage
different forms of intractable pain. This technique relies on
the gate control theory in order to perform neuromodulation
through the application of electrical stimuli [1, 2]. SCS is
performed through implantation of epidural leads which are
connected to a subcutaneous implantable pulse generator
(IPG). Stimulation modalities and parameters can be easily
modified in relation to pain location and patients’ response.

As regards action mechanisms, SCS is capable of convert-
ing pain perception into different sensitive modalities.
Traditionally, SCS electrical stimuli transform nociception
into paresthesia. During the past few decades, technological
improvement led to an extended range of stimulation modal-
ities by the introduction of burst, high frequency, and multi-
ple waveforms stimulation patterns [1-3].

SCS is a well-established treatment option for various
pain conditions such as failed back surgery syndrome
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