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1. Introduction

The fundamental goal of improving radiation therapy (RT) is to maximize dose to the tumour
while limiting dose to normal tissues. Higher radiation dose to the tumour can result in better
disease control, and possibly also in improving survival. Decreasing dose to normal tissues is
desirable in order to avoid acute and late side effects.

Recent technological advances in photon-RT have allowed an improvement in targeting
accuracy, dose escalation, delivery of multiple large fractions (hypofractionated stereotactic
radiation therapy - HSRT) or single fraction stereotactic ablative radiation therapy (radiosur-
gery - SRS). Radiosurgery delivers a single large dose with very steep dose fall-off outside the
lesion to very small volumes in order to be tumouricidal through DNA damage or ablative
causing necrosis via a vascular endothelial damage [1]. Furthermore, it has been shown that
molecular responses to radiation differ based on dose per fraction. More recently, HSRT in two
to five sessions has been employed to deliver extremely hypofractionated regimens. Prelimi-
nary data suggest that HSRT may represent an effective treatment associated with lower risk
of radiation-related adverse effects in patients with perioptic or large benign tumours as
compared with single fraction SRS, although potential benefits remain to be demonstrated.

Different techniques are used to deliver both HSRT and SRS, enabling patient immobilization,
set-up uncertainty reduction, targeting accuracy, delivery of high doses, and heterogeneous
dose distribution with a steep dose gradient. Despite these enhancements in delivery with
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better conformality indices, photons still have a relatively high exit dose (beyond the tumour
target), which can produce significant normal-tissue exposure.

Protons are positively-charged elementary particles, with similar biological effectiveness to
conventional photon radiation. They have a defined range exhibited by the Bragg peak
resulting in an energy deposition with no exit dose beyond the target volume. Thanks to these
fundamental physics characteristics, proton radiation therapy offers superior dose distribution
and reduced low-dose integral irradiated volume [2] enabling more radiation dose to be
delivered to the tumour while significantly lowering the dose to the surrounding normal
tissues.

The skull base (SB) is a very complex anatomical region that includes portions of the anterior
cranial fossa, clivus, petrous bone, middle cranial fossa, cavernous sinus and infratemporal
fossa encompassing several critical neurovascular structures. Tumours of the SB are challeng-
ing lesions because of their anatomical location and close proximity to several critical neuro-
vascular structures. Surgical treatment is considered the first managing step and it has the aim
to remove (completely or partially) the tumour. The deep location of SB tumour requires
extensive experience in surgical procedures; in fact, surgical damage could severely affect
vision, hearing, speech, swallowing, and could even be life-threatening.

New RT techniques allow targeting SB tumours when surgery is not feasible, macroscopic
residual is left after surgical intervention or even as an alternative, definitive treatment. Most
patients with lesions of the SB have a benign tumour and a long-life expectancy. They need to
be treated with techniques allowing target irradiation with a conformal isodose configuration
and a steep fall-off into other surrounding structures in order to provide long-term tumour
control with a low morbidity profile.

Several machines have been developed or implemented to deliver stereotactic treatments and
are currently in use: Gamma Knife, linear accelerators, Cyberknife, and dedicated proton
equipments are the most used and have been compared in several plan-comparison studies.
At the same time, in the treatment of SB tumours, many studies have shown the effectiveness
of SRS and HSRT with photons and, though less frequently, with protons. Considering the
continuous advancement of technology in delivering SRS and HSRT with photons and the
increased use of protons, we deemed it useful to review this topic by evaluating differences
with photons and possible advantages of the use of protons. An analysis of the fundamental
principles and differences underlying photon- and proton-based SRS/HSRT as well as clinical
outcomes in SB tumours is provided and discussed.

2. Radiobiological background

Experimental and clinical data suggest that the radiobiological principles may differ when
irradiation is delivered with different fractionation regimens (fractionated versus large single
doses) [3] or when a different type of radiation, such as protons, is employed [4].
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This section provides a brief overview on the radiobiological principles underlying radiation
therapy and their applications to single or (hypo)fractionated radiotherapy. For a compre-
hensive analysis of the topic, the reader is referred to specific textbooks and articles [4-6].

The first principle points out that hypoxic cells are highly resistant to the radiation-related
killing [7] when radiations with low linear energy transfer are employed.

Secondly, the dose-response relationship differs according to the type of tissues. Those
containing mainly non-cycling cells (classified as “late reacting tissues” [8]), are more sensitive
to large doses per fraction than tissues containing mainly cycling cells (classified as “early
reacting tissues” [8]).

Finally, experimental data show that cells have different radiation sensitivities in different
parts of the cell cycle [9].

Taking into account such knowledge, the employment of a fractionated regimen allows
hypoxic cells to reestablish their oxygenation state [6] so that they will be more sensitive to a
second, and subsequent, dose fraction. Dose fractionation also spares late reacting (healthy)
tissues more than early reacting (malignant tumor) tissues [5]. Finally, it allows part of the cells
to leave the resistant phase while entering in a more sensitive phase. As an overall result, a
more effective cell killing takes place.

Conversely, SRS exploits a different pattern of dose distribution, rather than radiobiological
differences between normal and tumour tissue, to achieve effective tumour destruction.
Theoretically, the use of large single dose does not allow reoxygenation [4] and may be more
damaging if the target is in close proximity of or embedded within late responding organs at
risk [10]. Provided that SRS dose falloff is steep enough to spare surrounding structures, the
delivery of high single dose should translate into a greater rate of local tumour control, while
still offering a low rate of complications. Moreover, the delivery of a single large dose does not
allow redistribution of cells into a more radiosensitive phase of the cell cycle. However, the
argument for the use of SRS is the relevant radiobiological effect of single-session radiation
cell kill or cell division capability arrest, regardless of the mitotic phase [10].

Protons and photons differ in terms of physical properties and interaction with matter, which
ultimately translate into different dose distribution as well as biological effectiveness [2]. To
date, such a difference has been quantified in a 1.1 relative biological effectiveness (RBE) of
protons over photons [11]. Despite the fact that this generic RBE may not be true, its variations
do not show sufficient degree to be clinically relevant [11]. As a consequence, all of the above
stated radiobiological principles as well as the corresponding clinical applications keep their
validity regardless the employed type of radiation so that there is no difference between
photon- and proton-based stereotactic irradiation.

However, experimental data [11] have shown that proton RBE values increase over the last
few millimeters of the range, ultimately leading to an increased linear energy transfer. The
corresponding effect may be equivalent to the expansion of 2 mm or more of the distal
penumbra [11], which may be clinically relevant for the surrounding healthy structures. From
the radiobiological standpoint, this issue probably represents the most relevant difference
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between photon- and proton-based stereotactic radiotherapy. Therefore, it is wise to take into
account the biological effects of this high-RBE component during the planning.

3. Dosimetrical features

The stereotactic delivering modalities and techniques have been compared in several plan
comparison studies [12-15]. The corresponding efficacy has been investigated also on the basis
of the normal tissue complication probability (NTCP) and tumour control probability (TCP)
models in the attempt to set the results also on a biological basis [14,16].

In general, the differences among photon-based techniques (GK, multi- non-coplanar arcs or
shaped beams linac treatment) are negligible [12-15]. Conversely, the modality (photons or
protons) can be what is more important. Target features such as size, shape and location within
the brain can influence the choice for the best stereotactic modality. In fact, all modalities are
equally good if the target is small and regular [14,15].

Based on the normal brain dose, the dosimetrical advantage of charged particles relative to
photons is evident in all types of targets [12,14,15]. Such a difference is more relevant under
the 60% dose level regardless of the target features [14]. Moreover, the larger the target volume
the greater the difference [12,14,15], which peaks for regular shaped targets larger than 24-26
cc, even though it can be relevant even for smaller and irregular targets (about 6 cc) [14,15].

All of the above-stated considerations also apply with respect to the lesion’s shape and location:
charged particles perform better than photon techniques.

All of the above-mentioned quantitative differences have been confirmed when the analysis
was approached on a biological basis, being the NTCP different according to the treatment
modality, size, shape and location of the target [14,16]. Again, protons demonstrated the lowest
NTCP for medium-large regular and irregular shaped lesions [14,16]. In this scenario, charged
particles scored NTCP values 4-6% smaller than photon techniques.

In this context, it is noteworthy that radiation-induced tumours have been reported after
photon SRS [17,18]. It is well-known that protons feature a low integral dose to healthy
structures providing the potential to reduce this risk. However, the tissue volume that can
benefit from this feature may be very small in SRS and the corresponding clinical gain may be
difficult to detect.

In conclusion, in the attempt to customize the treatment according to the clinical scenario it is
possible to state that small to medium regularly-shaped lesions can be effectively managed by
all photon-based techniques although at the expense of some target dose inhomogeneity. The
charged particle capability to simultaneously provide high-target conformity and dose
homogeneity maximizes for regularly and irregularly-shaped, medium to large lesions.

Finally, it is noteworthy that despite such comparisons included several planning and
treatment strategies, further improvements, such as intensity-modulated photon and proton
RT, have been introduced. These certainly deserve further investigation.
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4. Clinical results of photon and proton SRS/HSRT for skull base tumours

4.1. Search strategy and selection criteria

Data for this review were obtained searching MEDLINE databases for publications dated
between January 1980 and December 2011.

The search terms were: “skull base” and “stereotactic radiosurgery”. Further research was

A

conducted by adding the definitions of different SB tumours (“meningioma”, “schwannoma /

s i i g

acoustic neuroma”, “pituitary adenoma”, “chordoma”, “chondrosarcoma”, “craniopharyng-

AT A

ioma”, “olfactory neuroblastoma / esthesioneuroblastoma”, “glomus jugulare / chemodecto-

AT

ma”, “proton”) to the previously-searched keywords.

This search was limited to articles written in English. Editorials, case reports, letters of opinion,
and congress abstracts were excluded, even if they added valuable information. In case of
repeated publications by the same institution, only the most updated was used for the
analysis. Papers were reviewed and prioritized according to content relevancy. Reference
lists from these sources were searched for additional publications. A systematic review was
beyond the aim of the paper; the following results are reported in the form of a narrative
summary.

4.2. Clinical outcomes

Photon-based SRS and HSRT have been increasingly employed as primary or post-operative
treatments with more than 10.000 patients reported in published studies over the last two
decades. Less data are available on the treatment with proton-based SRS and HSRT even
though several types of tumour in benign and malignant settings, and also non-tumoural
lesions as arteriovenous malformations, have been treated since its early use showing that it
as a viable option for larger volumes.

To date, no randomized or non-randomized study has compared photon SRS/HSRT with
proton SRS/HSRT, and almost all the studies available in literature are retrospective. Clinical
outcomes are presented in the following, according to histopathological classification.

A brief summary is provided in Table 1.

Tumor type Delivery technique Doses Five-year tumor control
SRS 12-18 Gy >92%
Benign meningioma 14— 25 Gy / two-five
HSRT ) 93.5%
fractions

15— 22 Gy (non functioning)
SRS ) 94%
18 — 26 Gy (secreting)

Pituitary adenoma

17 — 25 Gy / three-five
HSRT ] 98% (three-years)
fractions
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Tumor type Delivery technique Doses Five-year tumor control

SRS 12-13 Gy 92%-100%
Acoustic neuroma 30 - 36 Gy /six fractions

HSRT , , 94%-100%

20 - 25 Gy /five fractions

SRS 3-25Gy 36%-91.6%
Craniopharyngioma

HSRT NA NA

Chordoma: 32-72%
SRS 15-20 Gy

Chordoma and Chondrosarcoma: 63-100%
chondrosarcoma oRT 20 - 43.6 Gy / two-five Chordoma: 100% (two-
fractions years)

Table 1. Main clinical outcomes regarding the most frequent tumours of the skull base treated with stereotactic
radiosurgery (SRS) and hypofractionated stereotactic radiotherapy (HSRT).

* Meningioma

Meningiomas represent approximately 25% of all intracranial tumours, the majority of which
are benign (grade I according to the World Health Organization classification).

These lesions can be observed or treated with surgery or RT. Surgical resection is the preferred
treatment for accessible tumours that can be safely removed. RT is used when surgery is not
possible for the location of the lesion or when the patient is not a suitable surgical candidate.
Other indications are the risk of progression after partial excision or the salvage after a relapse.
Atypical or malignant meningioma are usually irradiated adjuvantly after complete surgical
excision [19]. Recently-published multicenter series [20] and review [21] on benign lesions
show a 5-year control rate > 92%. Radiosurgical doses between 12 and 18 Gy have been used
in the control of skull base meningiomas. A similar 5-year actuarial tumour control rate in the
range of 90-95% has been observed with doses of 15-16 Gy or 12-14 Gy. Large meningiomas
are associated with worse long-term local control [22,23].

Radiation-induced toxicity has been shown in up to 40% after SRS, being represented by either
transient or permanent neurological complications; however, the reported rate of significant
complications at doses of 12-15 Gy, as currently used in most centres, is relatively low.
Reference [22] reported permanent neurological deficits of 6.3% for cavernous sinus menin-
giomas treated with GK SRS. Reference [24] showed late transient or permanent complications
in 4.5% of patients, and similar complication rates have been reported in the majority of
published series [21]. Other complications, such as epilepsy, internal carotid occlusion, and
hypopituitarism have been rarely reported (less than 1-2%).

Only few studies report on the use of HSRT for skull base meningiomas [25-27]. In a series of
157 patients treated with Cyberknife [27], 5-year control was 93.5%. Interestingly, local control
in tumours bigger than 8 ml and/or situated close to critical structures and treated with two
to five daily fractions was similar to that obtained in smaller meningiomas treated with single
fraction SRS.
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Protons have been used in this context usually with conventional fractionation and in associ-
ation with photons for benign [28-32] or atypical lesions [33,34], but also with HSRT or single
session SRS [35-37]. In reference [35], 23 patients were treated, 18 with three fractions HSRT,
and five with HSRT in 16 or more fractions: the mean reference dose was 20.3 Cobalt Gray
equivalent (CGyE). In the HSRT group, clinical control was 89% (16/18) and radiological local
control was 88%. Two patients (11%) developed transient new cranial nerve neuropathy after
radiosurgery, which gradually recovered. Two more patients (11%) developed late side effects.
The results of 51 cases of benign meningioma treated, between 1996 and 2007, with proton SRS
as primary treatment (n = 32) or for residual tumour following surgery (n = 8), or recurrent
tumour following surgery (n = 10) were recently published [37]. The median dose delivered
was 13 CGyE (range, 10-15.5 CGyE) prescribed to the 90% isodose line. After a median follow-
up of 32 months (range, 6-133 months), MRI revealed 33 meningiomas with stable, 13 with
decreased, and five with increased size. The 3-year actuarial tumour control rate was 94%.
Symptoms were improved in 47% (16/34) of patients. Potentially permanent adverse effects
after SRS were recorded in 3/51 (5.9%) patients. The main limitation of these studies is that
longer follow-up is needed to assess the durability of tumour control.

* Pituitary adenoma

There are two general categories of pituitary tumours: non-secreting and secreting lesions.
Functioning tumours cause an excess secretion of one or more pituitary hormones. Although
pituitary adenomas are histologically benign, successful management of these tumours can be
challenging. Treatment options include microresection, medical therapy, fractionated RT, and
SRS. The role of RT in pituitary adenomas is well-established [38], particularly when medical
and surgical options have been exhausted. Therapeutic goals when performing RT for pituitary
tumours are: stopping the tumour growth by preventing problems from mass effect, and
normalization of excessive hormone secretion.

All main published results on the long-term effectiveness of SRS in patients with non-
functioning and secreting pituitary adenomas have been recently reviewed [39,40]. In 15
studies reporting 684 patients with non-functioning adenomas treated with SRS at doses of
15-22 Gy, the reported 5-year actuarial tumour control rate was 94%. A similar local control
was observed in patients with secreting pituitary adenomas, although higher doses in the
range of 18-26 Gy are usually employed with the aim to achieve normalization of hormone
hypersecretion. SRS data for 1215 patients with acromegaly have been reported in 29 studies
[39]. At a median follow-up of 50 months, the 5-year and 10-year biochemical remission rates
were 44% (range, 15-60%) and 74% (range, 46-86%), respectively. Time to response ranged
from 12 to 66 months. Results of SRS were reported for 280 patients with Cushing’s disease in
12 studies [40]. At a corrected median follow-up of 45 months, 48% of patients had biochemical
remission of disease, with a reported time to hormonal response ranging from 3 months to 3
years. SRS is rarely used in the treatment of prolactinomas since medical treatment with
dopamine agonists can achieve tumour shrinkage and normalize prolactin (PRL) levels in more
than 80% of patients. When employed in patients who fail surgery and medical therapy, at a
median follow-up of 29 months normalization of elevated PRL levels has been observed in
33% of 353 patients included in 18 studies, with a reported time to hormonal response ranging
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from 5 to 40 months [40]. The reported overall rate of serious complications after SRS is low.
The main complication is hypopituitarism, which is reported in up to 47% of patients, with
higher rates in those series with a longer median follow-up.

HSRT has been employed in patients with tumours involving the optic apparatus and patients
who are not considered suitable for SRS. Initial experiences with Cyberknife in treating patients
with pituitary adenomas are promising [25,41,42]. Reference [25] reported high rates of tumour
control and preservation of visual function in a small group of patients with pituitary adeno-
mas within two mm of the optic apparatus treated to doses of 18-24 Gy delivered in two to
five sessions. Although hypofractionated treatment schedules may offer a reduced risk of
radiation-related adverse effects as compared to single fraction SRS, its efficacy needs to be
evaluated in large prospective studies.

Data on proton treatment in pituitary adenomas are available both with the option of conven-
tional fractionation [43] or with SRS [44-47]. In a small series of 22 patients treated with proton
SRS for persistent acromegaly at a median follow-up of 6.3 years, the biochemical remission
of disease was observed in 13 patients (59%) [44]. Time to response was 42 (range, 6-62) months.
In a retrospective series of 33 patients with Cushing’s disease at a median follow-up of 62
months, normalization of plasma and urinary free cortisol was achieved in 17 (52%) patients,
with a time to remission of 18 (range, 5-49) months [45]. In both series, the only reported toxicity
was represented by new pituitary deficits, which occurred in up to 52% of patients, whereas
no visual complications, seizures, or secondary tumours were noted. The small number of
cases treated and limited follow-up precludes drawing firm conclusions, even though it
supports the hypothesis that proton SRS may offer better dosimetric coverage of the pituitary
gland than photon-based treatments.

* Acoustic neuroma/vestibular schwannoma

Acoustic neuroma is a benign primary intracranial tumor of the vestibulocochlear nerve that
can be treated with surgery or with several stereotactic irradiation techniques. Studies in the
literatureare poorly comparablebecause of thelack of uniform-reporting evaluation criteria[48].

SRS as an effective treatment for acoustic neuroma has evolved over the last decades, leading
to an improvement of local control and reduction of long-term toxicity. At doses of 12-13 Gy,
as used in most recent studies, SRS results in an actuarial 5-year tumour control between 92
and 100% with a low incidence of radiation-induced complications [49]. The reported local
control is similar to that reported with higher doses in the range of 15-18 Gy as used in early
experiences of SRS, however with a lower incidence of radiation-induced complications. A
recent review of more than 2000 patients included in 23 studies has shown an overall facial
nerve preservation rate of 96% after GK, with a significant better facial nerve preservation rate
in patients receiving < 13 Gy of radiation at the marginal dose and with a tumor volume < 1.5
cm? [50]. Using similar doses, an overall hearing preservation, as defined by the maintenance
of Gardner-Robertson Grade I or Il after SRS, has been reported in 51% (range, 32-71%) of 4234
patients included in 45 publications [51]. Equivalent tumor control and hearing preservation
rates have been reported for larger acoustic neuromas compressing the brainstem, with a
reported balance improvement or stabilization in more than 85% of patients who had imbal-
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ance at presentation [52]. Neurological toxicity, including facial and trigeminal neuropathies,
and balance disturbances may occur in 0-3% of patients. Hydrocephalus has been observed in
1-2% of patients, whereas radiation-induced tumors or malignant transformation of acoustic
neuroma have been reported rarely [49].

There are only few reports regarding the use of HSRT in patients with vestibular schwannomas
[53,54]. The reference [53] employed a regimen of 30 or 36 Gy in six fractions. At a median
follow-up of 4.5 years, absolute tumor control, as well as hearing, facial and trigeminal
preservation were 100%.

In reference [54], 20 or 25 Gy were delivered in five fractions. Five-year tumor control,
trigeminal, facial, and hearing preservation were 94%, 98%, 97%, and 61%, respectively. It is
noteworthy that in the latter reference HSRT provided equivalent tumor control, facial and
hearing preservation with respect to SRS. Conversely, trigeminal preservation was signifi-
cantly improved in patients treated with HSRT.

Also in this site, proton beam has been used with conventional fractionation [55] or with SRS
with a satisfactory level of hearing, facial nerve, trigeminal nerve preservation, and with
tumor-control rates of 84-100% [56-58]. Reference [56] reported on 88 patients with vestibular
schwannomas treated at the Massachusetts General Hospital between 1992 and 2000 with
proton SRS. At a median follow-up period of 38.7 months (range, 12-102), the actuarial 2- and
5-year tumor control was 95.3% and 93.6%, respectively. Hearing was preserved in 33% of 21
(24% of the total) patients with functional hearing before treatment. Actuarial 5-year normal
facial and trigeminal nerve function preservation rates were 91% and 89%, respectively. Three
patients (3.4%) underwent shunting for hydrocephalus.

Figure 1 shows a representative case of vestibular schwannoma treated with proton SRS.

Courtesy of Francis H. Burr Proton Therapy Center — Massachusetts General Hospital, Boston (USA).

Figure 1. Dose distribution in axial (A), sagittal (B), and coronal (C) views of a right vestibular schwannoma treated by
proton radiosurgery. Tumor volume (in red) was 1 cubic centimeter. A dose of 12 Cobalt Gray Equivalent was prescri-
bed to 90% isodose. Three equally weighted passive scattering beams were employed. The dose-volume histogram
graph (D) shows the doses to organs at risk (right cochlea in blue and brainstem in green) and tumor volume (in red).
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Reference [58] reported on 51 patients treated with proton HSRT with a dose of 26 CGyE in
three fractions. At a median follow-up of 72 months, the 5-year local control was 98%. Hearing,
facial nerve, and trigeminal nerve preservation rates were 42%, 90.5% and 93% at 5 years,
respectively.

* Craniopharyngioma

Craniopharyngioma is a rare and mostly benign epithelial paediatric brain tumour of the sellar
and suprasellar region. The treatment is based on a surgical approach with transcranial
approaches or endoscopic endonasal surgery followed by RT, mainly in form of fractionated
regimens with a local control of 80-90% at 5-10 years [59]. The proximity of craniopharyngio-
mas to the optic pathways provides a major limitation to the use of SRS, although in selected
series of relatively small residual tumours, a local control of 34-88% has been reported [60-62].
Tumor control was achieved with a median dose of 22-24 Gy (marginal dose 11-12 Gy), whereas
the use of lower radiation results in an unsatisfactory tumor control [63]. The reported late
toxicity after SRS ranges from 0 to 38%, mainly represented by visual and endocrinological
deficits [59].

To date, there are no data dealing with the delivery of HSRT in patients with craniopharyng-
ioma.

Protons have been recently used for the treatment of this tumour but only with conventional
fractionated regimens [64-66], and to date no experience with proton SRS has been reported.

* Chordoma and chondrosarcoma

Chordomas and chondrosarcomas of the SB are rare bone tumours with locally aggressive
behaviour. Safe, maximal resection is the mainstay of treatment, usually followed by adjuvant
RT. Protons are used with conventional fractionation schemes utilizing doses of 70 Gy in
chondrosarcoma and, 74-78 in chordoma with valuable results [67,68]. The improvements in
surgical techniques allow more radical tumour resection, while frequently providing small
residual lesions suitable also for SRS or HSRT. Few clinical data was published on this issue,
showing, however, promising preliminary results. Both for chordomas and chondrosarcomas,
SRS has been employed to treat small tumour volumes: with few exceptions, corresponding
median or mean values were less than 20 cm’. Median delivered dose was 15-20 Gy in most
series, depending on the proximity with organs at risk. Such dose levels translated into
actuarial local control rates of 32-72% at 5 years for chordomas [67] and 63-100% for chondro-
sarcomas [68]. It is noteworthy that most series have mean or median follow-up of less than 5
years.

Concerning the delivery of HSRT, literature shows very limited data [69-71]. None of them
reports outcomes regarding chondrosarcomas. Total dose was 20-43.6 Gy delivered in 2 to 5
fractions. When reported, tumour volumes were again limited in size (less than 20 cm?). Only
one series reports specific outcomes for patients treated with HSRT: at a median follow-up of
just 24 months, absolute local control was 100% [70].

Both for SRS and HSRT severe radiation-related side effects were rare [67].
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Even though such data need to be confirmed at a longer follow-up, it seems that SRS and HSRT
could represent viable treatment options for small sized chordomas and chondrosarcomas
residual after surgery or relapsing.

No data are available at this moment concerning the use of proton SRS or HSRT.
* Chemodectoma/glomus jugulare tumours

Radiation has been found to be helpful in controlling glomus jugulare tumour growth by
inducing fibrosis around the supplying vessels. A recent comprehensive review identified 109
studies for a total of 869 patients described outcomes for patients with glomus jugulare
tumours [72]. Patients undergoing SRS had the lowest rates of recurrence and the most
favourable rates of tumour control. In particular, those treated with subtotal resection plus
SRS had a control rate of 71% at 96 months of follow-up. At a median follow-up of 71 months,
patients undergoing SRS alone had a tumour control rate of 95%. A recent meta-analysis [73]
found 19 eligible studies. SRS marginal dose ranged between 12 and 20.4 Gy. Ninety-seven
percent of patients achieved tumour control, and 95% of patients achieved clinical control
suggesting the useful utilization of SRS for the primary management of glomus jugulare
tumours in particular for patients with preserved glossopharyngeal and vagus nerve function,
after surgical recurrence, in the elderly, and in patients with serious pre-existing medical
conditions [74].

So far, data dealing with the use of HSRT in patients with chemodectoma or tumors of glomus
jugulare are very limited. In reference [75], part of the patient sample received a slight
hypofractionated regimen: 2.67 Gy per fraction (median dose 45 Gy). Overall, the 10-year
tumour control rate was 92%. In reference [76] 49 patients received a median dose of 45 Gy in
15 or 16 fractions. At both 5 and 10 years, 92% of cases were recurrence-free. More recently, 18
patients were treated with a median dose of 20 Gy in 3 fractions [77]. At a median follow-up
of 22 months, local control was 100%.

No data are available for the use of protons in this field.
* Olfactory neuroblastoma/Esthesioneuroblastoma

Olfactory neuroblastoma or esthesioneuroblastoma is a rare tumour of the frontal SB. It is
characterized by high rates of tumour recurrence and mortality. A recent meta-analysis [78]
demonstrated that the most effective management of these lesions is usually based on surgery
followed by post-operative irradiation. For early stage tumours, where the risk of cervical
nodes involvement is very low, the combination of SRS (15-34 Gy marginal dose) with
endoscopic sinus surgery seems a promising treatment option [79,80].

To date, there are no data dealing with the delivery of HSRT in patients with olfactory
neuroblastoma or esthesioneuroblastoma.

In the only report concerning the use of protons in this field, 14 patients received irradiation
as definitive treatment [81]. Total dose was 65 CGyE, with 2.5 CGyE per fraction. Actuarial 5-
year local progression-free survival rate was 84%.
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5. Conclusions

Stereotactic irradiation is highly effective in the management of SB benign tumours and long-
term data clearly indicate a tumour control in more than 90% of cases after 5 and 10 years, with
an acceptable incidence of complications. In most series, radiosurgical dose has been delivered
using GK, although outcome is similar for patients with SB tumours treated with Linac SRS.

Even though protons are increasingly used in the clinical community, only few studies have
been performed to assess the efficacy and toxicity of proton SRS and HSRT in skull base tumors.
The number of Institutions that are currently using protons is small, particularly those
performing proton-based stereotactic techniques. Proton beam, while utilizing a different type
of radiation, also represents a similar highly focused and targeted radiation tool. The physical
properties of protons offer superior conformality in dose distribution with respect to photons.
This advantage becomes more apparent as the lesion volume increases. However, current
results do not clearly indicate that proton SRS/HSRT is superior to photon SRS/HSRT. Clinical
results are probably confounded by a bias toward reserving proton beams for the treatment
of larger and more complex lesions; but conclusions about the presumed superiority of protons
in comparison to other photons-based techniques are difficult to draw.

With respect to the small number of treated patients and short follow-up, toxicity was similar
with the use of the different techniques; however, the evaluation of complications is often
completely subjective and unsatisfactory. Proton SRS may represent a treatment alternative to
photon SRS especially for larger and/or irregularly shaped tumors close to sensitive structures.
The difference between techniques may be small and large numbers of patients followed for
long periods would be required to demonstrate any clinically significant advantage. The more
widespread use of protons could allow comparative multi-institutional trials to select the
appropriate modality for each tumour type.
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