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ABSTRACT

Surgery has evolved greatly over the last decades thanks to the more sophisticated and
conservative surgical approaches and also thanks to the progress of diagnostic imaging.
An added value is represented by the increased experience of the professionals and the
close multidisciplinarity of the procedures including neurosurgeons, otolaryngologists and
maxillo-facial surgeons. One of the most recent developments is the endoscopic surgery
allowing for more conservative and cosmetically satisfactory outcomes.

Radiation therapy has greatly changed over the last decades thanks to the technology
advances related both to the availability of new imaging modalities and techniques of radi-
ation delivery. Delivery of radiation evolved from three-dimensional conformal techniques
to stereotactic and intensity-modulated radiation therapy. Particle therapy has the potential
to further improve in the near future thanks to the progress of technology. Proton therapy
allows for optimization of dose deposition in the target with lesser dose in the healthy tis-
sues and ion therapy, currently using carbon ions, has been more recently introduced with
the advantage of more effective treatments in case of less radio-sensitive tumours thanks
to a higher biological effectiveness.

Arelevant concept that can significantly improve the results is that of interaction and inte-
gration of different disciplines not only within the surgical field. The cooperation between
surgeons of various disciplines, radiation oncologists and medical oncologists together with
professionals from other disciplines, such as pathology and radiology is nowadays required
in an effort to customize and optimize the treatment in each single patient.
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1. Background

The base of skull is an anatomical district characterized by
various tissues that separate the intracranial content from the
facial structures. A peculiar aspect of skull base tumours is the
extreme heterogeneity of the lesions that may arise from or
involve this specific anatomic site. Many are benign and may
require a single treatment modality but others are malignant
and can aggressively evolve with frequent recurrences and
sometimes also distant metastases. Another particular aspect
is the proximity of the skull base to many structures deputed
to relevant physiologic functions that may not allow wide sur-
gical resections in many cases. For this reason, malignant and
also benign lesions cannot always be radically removed with
a consequent high risk of local recurrence.

Surgery and radiotherapy have been the two main modal-
ities employed in the treatment of these tumours and their
clinical and technical progresses substantially have con-
tributed to the improvement of the prognosis of patients
affected by skull base malignancies.

The present article describes the main steps in the devel-
opment of surgery and radiotherapy over the last decades.

2. Surgery

The term “cranial base surgery” appeared in the surgical liter-
ature around the end of the 1960s and soon became familiar
to practitioners and made them aware of a new principle of
exposing some areas of the brain, neck and face.! As in every
surgical procedure, there is an access route, a target area,
and a surgical corridor obtained by removing, displacing, or
bypassing anatomical structures; in cranial base surgery the
approach route involves the bone of the skull base and the
adjacent soft tissues.

The skeleton of the skull base is a bony diaphragm sepa-
rating the brain on one side from the neck and face on the
other. Skull base surgery is used to deal with lesions within
the base and extending into the cranial cavity and/or neck or
face as well as with lesions originating close to the base, but
not necessarily extending into the base. The route used for
the procedure thus involves an area of the bone of the base
and contiguous soft tissues forming part of the neck, face and
brain, but, conversely, it can involve a conventional mode of
access — craniotomy, or upper neck or face approach that is
enlarged to include the skull base as well.

The method was gradually developed, improving with
experience and especially gaining from the imaging radiology
that facilitated the diagnosis of the nature and extent of the
disease to be treated, and enabled a more accurate preopera-
tive planning of the procedure. The skull base ceased to be an
unsurpassable barrier to the neurosurgeon on one hand, and
to the otolaryngologist and maxillofacial surgeon on the other.
It became a site approached by means of multidisciplinary
combinations of techniques borrowed from all these special-
ties, mostly with the aid of a microscope, and involving the
brain and dura, nerves and vessels, sensory organs, bone and
face. At the same time, the procedure had to prepare grounds
for the subsequent functional and aesthetic reconstructions.
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Fig. 1 - Axial CT bone window of the skull base showing
extent of bone removal using the translabyrinthine
approach to the cerebello-pontine angle (yellow area).

In short, we are talking about primary lesions of the skull base
that may or may not extend into the cranial cavity, face or
neck, or about lesions of the brain, neck or face lying in the
vicinity of the skull base but not necessarily extending within
it. The route used for the surgical procedure involves the skull
base and the contiguous cranium, brain, neck and face.

The translabyrinthine approach was the first typical exam-
ple of such surgery.?? Fig. 1 is an axial CT showing the bone
removal needed to access to the cerebello-pontine angle.
Initially intended as a procedure for removing an acoustic
neuroma, the translabyrinthine approach helped to shape the
principle that bone could be removed to expose lesions not
only within the skull base (the internal auditory canal in the
example shown), but also in the cranial cavity adjacent to the
base, i.e. the cerebello-pontine angle.

A second historical contribution came from the system of
infratemporal approaches which prompted the concept that
a surgical corridor could be obtained by removing, displacing
or bypassing anatomical structures to expose a lesion arising
in the skull base and growing into the neck, face or cranium.*
In the infratemporal approach A, bone removal extends from
the petrous dura to the lower temporal bone and tympanum
to expose a surgical field from the dura (and c.p.a.) to the
neck. The facial nerve running through the middle of the
field is displaced supero-anteriorly to clear the way to the
jugular foramen. Similar principles apply to the infratemporal
approaches B and C. The purpose of this system of approaches
is to expose a wide area of the skull base, from the jugular
foramen to the nasopharynx.

The idea of entering via the skull base and expanding
the field into the adjacent cranium and neck, as well as
the conventional craniotomy enlarged to involve the skull
base, became well established. It was applied to a number of
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procedures involving the techniques used in different special-
ties, by a single surgeon or by teams of two or more surgeons
and gave rise to a surgical subspecialty. The fundamental fea-
tures of this subspecialty today are: a preoperative diagnosis of
the pathology, a precise knowledge of its extension, a planned
approach to expose the lesion and performance of the recon-
struction. The so-called tailored approach to individual lesion
entails choosing one from a number of tried and tested proce-
dures and removal and reconstruction steps.

A modern endoscope is a tube with lenses at both ends that
provide a picture of the surgical field to the eye or a TV screen.
A straight or angled instrument is brought right into the field,
closer than a microscope, and it has given rise to a new sub-
specialty as well.> Anterior approaches to the skull base rely
on natural apertures (the nose and mouth) allowing for a much
wider exposure than when entering via the paranasal sinuses,
to reach the fronto-nasal dura, sella and clivus. The dura can
be entered to reach the brain’s frontal lobe, parasellar area and
pre-pontine cistern. This transdural route allows a safe dura
repair. Advances are still being made in endoscopy of the skull
base, its present limits being the internal carotid arteries and
the brain.

Procedures that cross the skull base were known in both
neurosurgery and otolaryngology, e.g. for the removal of
paragangliomas growing from the skull base into the endocra-
nium, or for transnasal hypophysectomy, the cranio-facial
and transfrontal approaches to wounds and tumours of the
anterior cranial fossa, or the fronto-temporal or suboccipital
approaches. It was in the 1980s that microscopic neurosurgery
reached a widespread excellence following the work by Malis
and Yasargil and focused on the principles and procedures
of skull base surgery. Among several procedures avail-
able, worth mentioning is the subtemporal-infratemporal
approach, which runs along the trigeminal nerve from its gan-
glion to the foramen ovale and the parapharyngeal space.® The
procedure for reaching the cerebello-pontine angle extends
from the subtemporal fossa posteriorly through the petrous
apex.” More anteriorly, the procedures include the pterional
approach enlarged to include the orbito-zigomatic ridge and
extending both to the middle cerebral fossa and the upper
neck, the transfrontal route enlarged to include the fronto-
orbital ridge and the transfrontal-ethmoidal approach.®1* As
for the posterior edge of the skull base, the available pro-
cedures include the approaches to the foramen magnum
and the cranio-cervical junction.'? Experience suggested that
some approaches, such as the transapex and retrolabyrinthine
approaches to the cerebello-pontine angle, could be dismissed
in favour of the retrosigmoid approach, although the anterior
and lateral approaches enlarged to include the skull base bone
remain in use. The evolution seen in the surgical procedures
has also been promoted by the expertise gained with a surgical
microscope which makes good use of the extra space provided
by a transbasal enlargement.

The field of neurosurgery has changed remarkably since
the introduction of the endoscope. The transnasal and the
transbuccal routes enable lesions in the anterior cranial fossa,
sella and parasellar areas to be exposed, as well as the
pterygoid, petrous and occipital bones.’? The creation of
an approach to the median cisterns through the clivus is
an important achievement, too. The original contribution of

endoscopic brain surgery is a short, direct access through nat-
ural apertures with no need for any brain retraction. Overlaps
remain between the microscopic and endoscopic avenues.
Experience will enable their respective indications to be inte-
grated with the great contribution expected from imaging and
tumour biology. What remains to be universally achieved is
for the same surgeon to master both the microscope and the
endoscope so that the power of these different means and
methods can be combined to enable the best possible targeted
conservative surgery.

3. Radiotherapy

The evolution of radiation treatment for skull base tumours
imitates the evolution of radiation therapy for other tumour
types. The very first reports published in the literature around
the half of the 20th century describe radiation treatments for
pituitary adenoma in 1946, tumours of the glomus jugulare
in 1953 and craniopharyngioma in 1955.3% In the follow-
ing years, treatments for meningioma in 1963, chordoma in
1967 and chondrosarcoma in 1969 were reported.’®'® These
series were treated with very simple and old techniques by
using orthovoltage and cobalt radiations often with a palliative
intent.

The subsequent evolution was related not only to the tech-
nological progress of radiotherapy machines but also to the
implementation of new imaging modalities. The advent of CT-
scan in the 1970s changed dramatically the way to deliver
radiotherapy due to the ability to detect target and non-
target structures and to identify the density of the tissues
to X-rays and consequently to obtain a reliable calculation
of dose deposited in the tumour and in the rest of the body.
Similarly, the advent of MRI in the early 1980s improved sub-
stantially the ability to precisely define the tumour extension
with respect to the surrounding healthy tissues and to better
identify radiation-sensitive structures, such as various com-
ponents of the central nervous system and the cranial nerves
including the optic pathways and other structures.

The first report on the use of stereotactic radiation
technique was for radiotherapy of acoustic neuroma in
1979.'° Stereotactic radiotherapy evolved rapidly for the treat-
ment of acoustic neuroma, craniopharyngioma and pituitary
adenoma.? This irradiation modality in a single shot used an
invasive head frame fixed to the patient’s skull and a gamma-
knife machine with cobalt sources or a conventional linear
accelerator rotating around the isocentre.

A few years later a technique with a relocatable head frame
was adopted by Gill et al., allowing for stereotactic fraction-
ated radiotherapy with conventional linear accelerator.”’ The
main advantage of multiple fractionation with respect to a sin-
gle fraction was represented by the radiobiological advantage
with decreased risk of radiation induced damage to the tissues
susceptible to late side effects, i.e. the central nervous system
and the optic pathway.

Over the same years, radiation therapy evolved from two-
dimensional to three-dimensional techniques with precise
dose calculation in the three spatial dimensions. The imple-
mentation of sophisticated beam delivery devices, such as
the multileaf collimators, contributed to precisely deliver
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volumetric treatments. At the beginning of the 21st century,
the intensity-modulated radiation therapy (IMRT) technique
was implemented with further reduction of the high-middle
dose volumes outside the target. In the last years, technol-
ogy evolved further and innovative linear accelerators were
introduced in clinical practice, i.e. tomotherapy and cyberknife
that led to an optimization of the dose distribution with a
very precise control of the target before and during treatment
(Image Guided Radiation Therapy - IGRT).

In parallel to X-rays radiation therapy, since the 1970s,
particle therapy appeared in the scenario of radiation oncol-
ogy. The rationale of using charged particles is mainly related
to the advantageous physical dose deposition in the Bragg
peak region that can be appropriately spread out to cover the
tumour volume with substantial sparing of proximal and dis-
tal tissues compared to photons. Moreover, ion beams have a
narrower lateral penumbra compared to protons and are able
to increase the biological efficacy thanks to their higher linear
energy transfer (LET).

Interestingly, the very first tumour types treated by charged
particles were the tumours of the base of skull since they
were very often located closely to radio-sensitive critical struc-
tures, such as the brainstem, the optic pathway and the brain
parenchyma, and required high-radiation doses. As a mat-
ter of fact, the largest series of skull base tumours treated by
radiotherapy were reported by centres using proton therapy.

One of the first clinical series was reported from
Massachusetts General Hospital (MGH) using proton-beam
radiation therapy for the treatment of chordoma and chon-
drosarcoma of the base of skull and cervical spine.?” In 1982,
the authors reported the results of treatment of 10 patients,
six with chordoma, three with chondrosarcoma, and one with
a neurofibrosarcoma. Local control was achieved for all but
one patient with marginal failure after a follow-up period
ranging from 2 months to 6 years. High doses of radiation,
up to 76 Cobalt Gray Equivalents (CGE), were delivered with-
out significant morbidity. In the following years, a number of
retrospective and prospective clinical trials were reported by
institutions from the USA, Europe and Japan equipped with

proton facilities showing that very favourable clinical results
could be achieved with limited toxicity in the treatment of
skull base tumours.”>?” Most of the experiences focused on
skull base chordoma and chondrosarcoma. At MGH, 375 chor-
domas and 246 chondrosarcomas of the base of skull were
treated by protons obtaining 10-year local control rates of 54%
and 98%, respectively.”? At Loma Linda University Medical
Center (LLUMC), 58 patients were treated to a total dose of
65-79 GyE with 5-year local control and overall survival rates
of 59% and 79% for chordoma and of 75% and 100% for chon-
drosarcoma, respectively.’* At the Centre de Protontherapie
(CPO) in Orsay in France, 100 cases of chordoma of the skull
base and cervical spine were treated to a median total dose of
67 GyE obtaining 4-year local control and overall survival rates
of 54% and 81% respectively.”> At Paul Scherrer Institut in Villi-
gen, Switzerland, 47 patients affected by skull base chordoma
were treated to a mean total dose of 74 GyE reporting a local
control rate of 81% at 5 years.?® In Japan, the results on 16
patients treated at Tsukuba were published with local control
of 100% at 3 years for chordoma and 86% for chondrosar-
coma and an overall survival rate of 100%.?” At the Centre for
Oncological Hadrontherapy (CNAO) in Italy, the preliminary
results on the first patients treated with protons were recently
reported with very low-toxicity rates (Fig. 2).?8

One of the last developments of radiation therapy is related
to the use of high-LET radiation, such as carbon ions. The two
main pioneering institutions that experienced this treatment
modality are the National Institute of Radiological Sciences
(NIRS) in Japan and the Heidelberg Ion Therapy Centre (HIT)
in Germany. Thanks to a very precise spatial dose distribu-
tion and a high-biological efficacy (RBE), the results obtained
in clinical series were very favourable even in the case of
radioresistant tumours, such as chordoma and chondrosar-
coma of the cranial base.?>** This treatment modality has
been considered to date as experimental due to the difficulty
and uncertainty in predicting the real map of biological effects
and the relative shortness of follow-up of clinical series. At
present, the number of centres able to treat by carbon ions
is increasing worldwide and the physical, radiobiological and

Fig. 2 - Chordoma treated with carbon ion radiotherapy at CNAO (Pavia, Italy) after endoscopic surgery. Carbon ions were
delivered with active scanning and Intensity-Modulated Particle Therapy (IMPT) to a total dose of 70.4 Gy (RBE), 4.4 Gy

(RBE)/fraction, in 16 daily fractions, 4 days a week.
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clinical research activities are expected to progress fast and
make available solid results in terms of long-term local con-
trol, survival and side effects.

Nowadays, radiotherapy has demonstrated to be able to
become an effective complimentary treatment to surgery for
several tumour types but it could represent an even radical
approach alternative to surgery not only in the case of inoper-
able patients or unresectable disease but also when treatment
outcome is comparable to surgery in terms of local control but
with less severe side effects.

4, Discussion and conclusions

Surgery has evolved greatly over the last decades thanks to
the more sophisticated techniques, the progress of diagnos-
tic imaging, the increased experience of the professionals and
the close multidisciplinarity of the procedures including neu-
rosurgeons, otolaryngologists and maxillo-facial surgeons.
Transfacial and intracranial approaches have became less
risky in terms of intraoperative and postoperative complica-
tions and tumours located in sites considered as inaccessible
or very risky, such as the cavernous sinuses, can be safely
removed. One of the most recent developments was the endo-
scopic surgery that allowed, when feasible, more conservative
and cosmetically satisfactory outcomes. Neuronavigation was
recently also implemented in skull base surgery allowing for
more precise and conservative approaches.

Radiation therapy has greatly changed over the last
decades thanks to the technology advances related both to
the availability of new imaging modalities and techniques
of radiation delivery. Delivery of radiation evolved from two-
and three-dimensional conformal techniques to stereotactic
and intensity-modulated radiation therapy. Particle therapy,
first employed for treating skull base tumours in the early
1970s, has the potential to further improve in the near future
thanks to the progresses of technology. Proton therapy has
recently moved from passive scattering to active scanning sys-
tem allowing for intensity-modulated proton therapy (IMPT)
and, consequently, for optimization of dose deposition in the
target with less dose in the healthy tissues. Ion therapy, cur-
rently with carbon ions, has been more recently introduced
with the advantage of more effective treatments in the case
of less radio-sensitive tumours thanks to a higher biological
effectiveness.

Medical oncology can also contribute to the manage-
ment of malignant tumours arising from the base of skull
or originating from other structures and invading the skull
base. Thanks to chemotherapy and molecular targeted drugs,
patients can be offered more effective first or second line treat-
ments, sometimes in combination with radiation therapy.

Another aspect that has significantly changed over time
is the concept of interaction and integration of the differ-
ent disciplines. The cooperation between surgeons allowed
for more complex and useful approaches. However, surgery,
although performed through very complex and sophisticated
procedures, cannot have always the potential to achieve
oncologically radical resections especially when the tumour
removal is done by “piecemeal” resection. In these cases, radi-
ation therapy should actually be discussed upfront even before

the choice of the surgical approach. In other cases, surgery and
radiation can represent two alternative treatment modalities
and the selection of one of them should be discussed also with
the patient in relation to the chances of success and the risk
of side effects.

The multidisciplinary team should include also profes-
sionals from other disciplines, first of all pathologists and
radiologists, who can contribute to clarify pathological, ultra-
structural and biomolecular characteristics of the lesions and
describe the real extension of the tumour and its relationship
with the healthy surrounding structures.

All these aspects justify the foundation of scientific skull
base societies at national and international levels that pro-
mote progress and disseminate the knowledge about the
biological and clinical aspects of this peculiar anatomic dis-
trict.
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