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Simple Summary: Stereotactic radiosurgery has changed the landscape of treatment for skull
base meningiomas. Lesions encasing or compressing radiosensitive structures are considered
not suitable for single session stereotactic radiosurgery because of the high risk of side effects.
Multisession stereotactic radiosurgery can reduce these risks, allowing for normal tissue repair
between fractions, while delivering a high dose per fraction. The aim of this study is to validate
the role of multi-session stereotactic radiosurgery in the treatment of skull base meningiomas,
through a retrospective analysis of 156 patients affected by skull base meningioma, treated at the
University of Messina between 2008 and 2018. Our study suggests that multisession stereotactic
radiosurgery represents a safe and effective profile in the treatment of skull base meningioma,
providing a satisfactory local control and a low toxicity rate, together with patient comfort from a
frameless procedure.

Abstract: Background: The efficacy of single-session stereotactic radiosurgery (sSRS) for the treatment
of intracranial meningioma is widely recognized. However, sSRS is not always feasible in cases of
large tumors and those lying close to critically radiation-sensitive structures. When surgery is not
recommended, multi-session stereotactic radiosurgery (mSRS) can be applied. Even so, the efficacy
and best treatment schedule of mSRS are not yet established. The aim of this study is to validate
the role of mSRS in the treatment of skull base meningiomas. Methods: A retrospective analysis of
patients with skull base meningiomas treated with mSRS (two to five fractions) at the University of
Messina, Italy, from 2008 to 2018, was conducted. Results: 156 patients met the inclusion criteria.
The median follow-up period was 36.2 ± 29.3 months. Progression-free survival at 2-, 5-, and 10- years
was 95%, 90%, and 80.8%, respectively. There were no new visual or motor deficits, nor cranial nerves
impairments, excluding trigeminal neuralgia, which was reported by 5.7% of patients. One patient
reported carotid occlusion and one developed brain edema. Conclusion: Multisession radiosurgery
is an effective approach for skull base meningiomas. The long-term control is comparable to that
obtained with conventionally-fractionated radiotherapy, while the toxicity rate is very limited.
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1. Introduction

1.1. Background/Rationale

Skull base meningiomas represent one of the greatest neurosurgical challenges, especially when
they encase multiple neurovascular structures. The involvement of this critical structures makes
complete surgical resection occasionally impossible or associated with a high risk of neurological
sequelae. The introduction of stereotactic radiosurgery (SRS) has changed the landscape of treatment
for such lesions. Multiple retrospective studies have shown the safety and efficacy of the SRS approach
for meningiomas, highlighting its role in the upfront treatment of selected cases and also as an adjuvant
treatment for residual or recurrent tumors. The tumor control rates for WHO Grade-I skull base
meningiomas after SRS are approximately 91% and 88% at 5 and 10 years, respectively [1–11].

Single-session SRS (sSRS) has been limited to the treatment of small- to moderately-sized lesions.
Traditionally, a tumor diameter of 30–35 mm was recommended as the cut-off for radiosurgery [5,11,12].
Furthermore, lesions encasing or compressing radiosensitive structures, like the optic nerves,
optic chiasm, and the brainstem, are not considered suitable for sSRS.

The emergence of frameless image-guidance technology enabled the principles of multisession
stereotactic treatments, conventionally consisting of two to five fractions of 4–10 Gy each. The goal
of this technology is the delivery of a highly conformal irradiation, actually comparable to that of
sSRS, with an assumed lower toxicity on the critical neural structures [13–15]. Multisession stereotactic
radiosurgery (mSRS) can reduce the risk of late side effects, allowing normal tissue to repair between
fractions, while delivering a high dose per fraction. In addition, reoxygenation and reassortment
between fractions can improve tumor control by increasing the cell kill rate. Recently, short- to
mid-term follow up data on mSRS of meningiomas have been reported [13,16–25]. The results are
encouraging, but several issues remain to be definitively addressed. In particular, the radiobiological
bases and the dose/fraction schemes to be used in the hypofractionated treatment of meningiomas still
need to be clarified [13,26]. Moreover, only small series with limited follow up have demonstrated the
overall safety and efficacy of mSRS.

1.2. Objective

The aim of this study was to evaluate the role of mSRS in the treatment of skull base meningiomas,
through a retrospective analysis of a large series of patients treated with multisession frameless robotic
radiosurgery (CyberKnife, Accuray Inc., Sunnyvale, CA, USA). The results are reported at a moderately
long term.

2. Material and Methods

2.1. Study Design

We retrospectively reviewed the clinical, radiological, and surgical outcomes of patients with skull
base meningiomas treated by mSRS (two to five fractions) using a CyberKnife system, between January
2008 and December 2018.

2.2. Setting

Patients were recruited and treated at the CyberKnife Center of the University of Messina,
Messina, Italy.
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2.3. Inclusion Criteria

Inclusion criteria: (I) histologically verified, or clinically and radiologically supposed diagnosis
of WHO I meningioma (no evidence of tumor growth, >10% of the pre-treatment volume, in two
sequential MR controls six months apart), (II) age >18 years, (III) meningioma clearly originating from
the base of the skull, (IV) irradiation schedule in multiple fractions, and (V) availability of complete
pre- and post-operative clinical and radiological data.

2.4. Participants and Sample Size

More than 500 patients affected by meningioma were treated. Among these, a cohort of 156 patients
affected by skull base meningiomas treated with mSRS were included in this analysis. The clinical and
demographic characteristics, as well as the treatment parameters, are summarized in Table 1.

Table 1. Patient clinical characteristics. ACF—anterior crania fossa; LSW—lateral sphenoid wing;
PCF—posterior cranial fossa.

Variations Value

No. of Patients 156

Gender (M/F) 37/119

Age at the treatment time (years)

Mean (range) 58 ± 11.4 (30–81)

Follow-up (months)

Mean (±SD)
Median (range)

36.2 (±29.1)
36.6 (2–137)

KPS

Mean (±SD)
Median (range)

88 (±9.1)
90 (70–100)

Treatment Modality

Upfront
Adjuvant
Residual

Recurrence

107
49
22
27

Tumor Site

Perioptic/ACF/LSW
PetroClival

PCF
Cavernous sinus

72 (46.1%)
46 (28.5%)
15 (9.4%)

23 (14.7%)

Pretreatment Cranial Nerves deficit 35 (22.4%)

II
III–IV–VI

V
VII
VIII
IX–X

13 (8.3%)
7 (4.5%)
9 (5.8%)
3 (1.9%)
2 (1.3%)
1 (0.6%)

Histology

Yes 49 (31.4%)

2.5. Ethics

This study was approved by the Local Ethics Committee (Comitato Etico Interaziendale della
Provincia di Messina; http://www.polime.it/comitato_etico_interaziendale) Prot. 0012782.

http://www.polime.it/comitato_etico_interaziendale
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2.6. Imaging and Treatment

An image-guided, frameless 6 MV radiosurgery system, namely a Cyberknife SRS system,
was used for the treatment; in brief:

2.6.1. Neuroimaging

The neuroimaging technique consisted of a thin-section, contrast-enhanced, multiplanar
reconstruction-gradient echo volumetric MR study performed with the following parameters: TR 9.7 ms,
TE 4 ms, matrix 200 × 256, flip angle 1, orientation sagittal. The CT protocol was elaborated according
to the CyberKnife-specific requirements: acquisition 16 × 0.75 mm, Kv 120, mAs 320, rotation time 1 s,
pitch 0.45; and reconstruction slice 1 mm, reconstruction increment 1 mm, filter reconstruction B30
(smooth), 512 × 512 matrix. The axial source images were transferred to the CyberKnife workstation.

2.6.2. The Planning Procedure Included Several Sequential Steps

(1) Contouring: the contouring of the tumor and the critical volumes was performed on co-registered
MR-CT images. The volumes were manually outlined on axial images, with a simultaneous
overlay of these contours on coronal and sagittal reconstructions. In all of the cases, the planning
treatment volume (PTV) and gross tumor volume (GTV) coincided.

(2) Dose selection: the marginal and maximal dose, as well as the number of sessions were influenced
by a multitude of factors, including patient age, tumor volume, length and volume of the irradiated
critical organs (optic nerve, chiasm, or brainstem), and neurological function. Adopting an α/β of
2, the target biologically equivalent dose (BED) to be used in the different fractionation schedules
was 87.5 Gy2, corresponding to that of a 25 Gy in a five fractions schedule [13,27]. The dose to
any portion of the anterior visual pathway was set not to exceed a maximum of 500 cGy per
fraction [13].

(3) Planning: An inverse planning algorithm using a nonisocentric technique determined the
optimal treatment planning program. The ray-tracing algorithm was routinely used for this
purpose. Some of the methods used included the following: (a) selection of the size and number of
collimators, balancing the necessity of target coverage, reduction in the number of radiation beams,
and monitor units with the necessity of steep dose gradients in specific areas; (b) the addition
of tuning structures to reduce uncontrolled dose diffusion (Figure 1); (c) definition of dose
constraints and their weight to the target volume and critical structures; and (d) maximization
of the resolution of a dose calculation using the smallest calculation grid. (e) Plan evaluation,
including: a visual analysis of the dose–volume histograms for the target and all of the critical
structures, and evaluation of the PTV coverage and the dose conformity. Conformity was expressed
with respect to the PTV as the new conformality index (nCI), defined as the inverse Paddick
conformity index [28], where

nCI =
VP

VPTV,P

VPTV

VPTV,P
(1)

with the PTV volume being VPTV, the volume covered by the prescription dose VP, and the
volume of PTV covered by the prescription dose VPTV,P. The coverage was defined as the fraction
of the PTV covered by the prescribed dose. The nCI was kept as low as possible, whereas coverage
was kept as close to 100% as possible; (f) the calculation grid was then expanded to evaluate the
distant isodose distribution.
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Figure 1. Treatment plan for a petroclival meningioma, showing some of the main steps. Single beams 
of radiation penetrate mainly through the splanchnocranium so as to protect the brain. Trajectories 
through the eyeballs are excluded. The use of tuning structures (green circles): these tuning shells are 
used as artificial critical organs in the inverse planning algorithm. A specific dose is set for each shell 
in order to contain the lower dose distribution outside the planning treatment volume (PTV). This is 
a fundamental step of non-isocentric planning, in order to force the system to use a wide array of 
beams (hundreds) and to avoid dangerous peripheral radiation hot-spots. 

2.7. Data Sources and Patient Assessment 

All of the radiometric, clinical, and follow-up data were obtained from the CyberKnife 
institutional database. All patients underwent serial radiological and neurological evaluations, and, 
in selected cases, endocrinological and ophthalmological examinations. Radiological assessment 
consisted of a contrast-enhanced MRI scan obtained at 3 months, then every 6 months for 2 years, 
and then yearly. At follow-up, contrast enhanced T1 weighed, T2w, Proton Density, and fluid-
attenuated inversion recovery (FLAIR) sequences were performed in all cases. 

Ophthalmological follow-up was obtained in peri-optic tumors, i.e., tumors lying within 2 mm 
of the optic apparatus. Visual acuity studies and a computerized visual field perimetry test were 
periodically performed by an ophthalmologist. Visual acuity was considered normal if >20/80; the 
visual perimetry was qualitatively assessed. The first assessment was obtained 6 months after the 
treatment, then every 6 months for 2 years and then yearly. Thyroid hormones, prolactin, cortisol, 
dehydroepiandrosterone (DHEA), and IGF-1 serum levels were monitored at the same time intervals 
as the ophthalmological follow-up. Normal range values could differ depending on laboratories and 
were, therefore, evaluated case by case. 

2.8. Bias and Assessment of Outcome Variables 

In order to avoid inconsistent interpretation, the clinical results were evaluated according to the 
numerical values and scales, when applicable. The variables that were examined were the (I) size of 
the lesion, (II) occurrence of neurological deficits, (III) presence of radiation-induced complications, 
and (IV) Karnofsky Performance Status (KPS). 

The radiological and clinical follow-up data were collected and stored during outpatient visits. 
A multidisciplinary tumor board reviewed and discussed these data. In particular, the final 

Figure 1. Treatment plan for a petroclival meningioma, showing some of the main steps. Single beams of
radiation penetrate mainly through the splanchnocranium so as to protect the brain. Trajectories through
the eyeballs are excluded. The use of tuning structures (green circles): these tuning shells are used
as artificial critical organs in the inverse planning algorithm. A specific dose is set for each shell in
order to contain the lower dose distribution outside the planning treatment volume (PTV). This is a
fundamental step of non-isocentric planning, in order to force the system to use a wide array of beams
(hundreds) and to avoid dangerous peripheral radiation hot-spots.

2.6.3. Treatment Delivery

Prior to the treatment delivery, patient alignment to treatment position was performed by
registering live stereoscopic X-ray images to the digitally reconstructed radiographs (DDRs) obtained
from the pre-treatment CT, using bony anatomy. During the treatment delivery, the intrafraction
motion was tracked by comparing the live X-ray images to the corresponding DRRs using dedicated
image-guided tracking algorithms. The fractions were delivered 24 h apart.

2.7. Data Sources and Patient Assessment

All of the radiometric, clinical, and follow-up data were obtained from the CyberKnife institutional
database. All patients underwent serial radiological and neurological evaluations, and, in selected
cases, endocrinological and ophthalmological examinations. Radiological assessment consisted of a
contrast-enhanced MRI scan obtained at 3 months, then every 6 months for 2 years, and then yearly.
At follow-up, contrast enhanced T1 weighed, T2w, Proton Density, and fluid-attenuated inversion
recovery (FLAIR) sequences were performed in all cases.

Ophthalmological follow-up was obtained in peri-optic tumors, i.e., tumors lying within 2 mm
of the optic apparatus. Visual acuity studies and a computerized visual field perimetry test were
periodically performed by an ophthalmologist. Visual acuity was considered normal if >20/80;
the visual perimetry was qualitatively assessed. The first assessment was obtained 6 months after the
treatment, then every 6 months for 2 years and then yearly. Thyroid hormones, prolactin, cortisol,
dehydroepiandrosterone (DHEA), and IGF-1 serum levels were monitored at the same time intervals
as the ophthalmological follow-up. Normal range values could differ depending on laboratories and
were, therefore, evaluated case by case.
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2.8. Bias and Assessment of Outcome Variables

In order to avoid inconsistent interpretation, the clinical results were evaluated according to the
numerical values and scales, when applicable. The variables that were examined were the (I) size of
the lesion, (II) occurrence of neurological deficits, (III) presence of radiation-induced complications,
and (IV) Karnofsky Performance Status (KPS).

The radiological and clinical follow-up data were collected and stored during outpatient visits.
A multidisciplinary tumor board reviewed and discussed these data. In particular, the final evaluation
of disease stability or progression was provided by a team of neuro-radiologists. Tumor progression
was defined as any increase in size of the tumor detected upon pre-treatment imaging. The treatment
was aimed at the stabilization or shrinkage of the tumor, including any contrast enhancing area
surrounding the main tumor bulk. Treatment failures were defined as a consistent increase in the size
of the treated tumor (>10% of the pre-treatment volume), persisting or further progressing in two
sequential MR control, 6 months apart. Marginal progression (i.e., within 10 mm of the target volume)
were also considered to be treatment failure.

The progression-free survival (PFS) was calculated according to the Kaplan–Meier method, and was
expressed as the time between initial treatment and the demonstration of any tumor progression after
mSRS. Every in-field or marginal progression was calculated in the Kaplan–Meier curve analysis.

2.9. Statistical Methods

The patients’ characteristics were presented as percentages for the dichotomous data, and as means
with standard deviations or medians with value ranges for continuous data. Progression-free survival
(PFS) with the corresponding survival curves and probabilities at different time points were estimated
using the Kaplan–Meier method. Curve comparisons were performed by log-rank (Mantel-Cox) test.
Data were analyzed using SAS software (SAS® 9.3, SAS Institute, Cary, NC, USA).

3. Results

3.1. Participants

More than 500 patients with a diagnosis of meningioma underwent radiosurgical treatment
during the considered period. Of these, 156 patients met the inclusion criteria. There were 37 men and
119 women. The mean age at presentation was 58 ± 11.4 years, (median 58 years, range 30–81 years).
Before treatment, a diagnosis of benign meningioma (WHO grade I) was histologically obtained in
49 patients and supposed in 107 patients. This was based on the volumetric stability in the sequential
MR studies. No patient included in this series showed a rapid radiological progression (i.e., >10% of the
pre-treatment volume in two sequential MR control 6 months apart) excluding 2 patients who presented
a rapid and uncontrolled progression and underwent rescue surgical resection. The histological analysis
demonstrated a WHO grade II meningioma. These two patients were, therefore, excluded from this
study. The mean follow-up period was 36.2 ± 29.3 months (median 36.6 months; range 2–137 months).
Before treatment, 35 patients (22.4%) complained about cranial neuropathy (Table 1).

3.2. Descriptive Data of Radiosurgical Doses and Schedules

In this series, all of the patients received mSRS. Treatment and dosimetric characteristics are
summarized in Table 2. The average gross tumor volume (GTV) was 10.3 ± 11.9 mL, with a median of
7.5. The GTV and the planning treatment volume (PTV) corresponded in all of the cases (Figure 2).
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Table 2. Treatments and dosimetric features.

Variations Value

Patients 156

PTV

Mean ± SD
Median

10.3 ± 11.9 mL
7.5 mL

Dose

Mean ± SD
Median

25 ± 5.3 Gy
25 Gy

Number of Fractions

Mean ± SD
Median

5 ± 2
5

BED (Gy)

Mean ± SD 87.2 ± 15.1

Median 87.5

EqD2 (Gy)

Mean ± SD 43.6 ± 7.6

Median 43.8

New Conformality Index

Mean ± SD 1.5 ± 0.3

Median (range) 1.4

Prescription Isodose

Mean ± SD 76.5 ± 5.1

Median 77
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Figure 2. Final planning treatment volumes (PTVs) of all patients in the series. On the X axis, numbers 
indicate individual patients. 

Figure 2. Final planning treatment volumes (PTVs) of all patients in the series. On the X axis,
numbers indicate individual patients.

Mean dose was 25 ± 5.3 Gy, and the median dose was 25 Gy. The median number of fractions
was 5 ± 2. The median biologically effective dose (BED) was 87.5 ± 15.1 Gy (Figure 3). The median
equivalent dose to the conventional fractionation (EQD2) was 43.8 ± 7.6 Gy.
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Figure 3. Biologically effective doses (BED) adopted in individual patients (each represented by a circle)
in this series. The BED was calculated using the linear/quadratic (LQ) model and an alfa/beta of 2 for
benign meningiomas. The figure shows that most patients were treated with a median BED of 87.5 Gy.
On the X axis, numbers indicate individual patients.

The prescription isodose ranged from 62% to 86% (median 77 ± 5.1%). The median number of
beams was 190 ± 26.5. The median nCI was 1.4. The median maximum point dose to the PTV was
32.6 Gy (mean 32.1 Gy ± 6.4 Gy). The median maximum point dose to the optic chiasm and optic
nerves were 25 Gy and 25 Gy, respectively.

3.3. Tumor Control

The local control in the whole series was 95%, with a median follow up of 36.6. Ninety five
out of 156 patients (60.9%) showed a stable disease or a minimal response (<10% size decrease);
53/156 patients had a partial response (34%) (<50% size decrease); 8/156 patients (5.1%) suffered from a
progressive disease. In 3.8% (6/156 patients), progression was in-field, whereas in the remaining 1.3%
who experienced a progressive disease (2/156), the progression was marginal (within 10 mm from the
prescription isodose line).

According to the Kaplan–Meier analysis, the progression-free survival at 2, 5, and 10 years was
95%, 90%, and 80.8%, respectively (Figure 4).



Cancers 2020, 12, 3569 9 of 16Cancers 2020, 12, x  9 of 16 

 

 
Figure 4. Progression-free survival (PFS) ± 95% confidence interval. 

3.4. Clinical Outcome 

According to the pre-treatment evaluation, 35 patients (22.4%) had some cranial nerve deficit; 
8.3% suffered a visual field deficit and/or a visual acuity loss, trigeminal neuralgia was described by 
nine patients (5.8%), diplopia was present in seven patients (4.5%), facial paresis in three patients 
(1.9%), hearing impairment in two patients (1.3%), and one patient (0.6%) had swallowing difficulties.  

Following mSRS, 15 of the 35 patients (42.8%) with cranial neuropathy at the time of treatment 
improved at the last clinical follow-up. Nine patients (5.8%) had a new cranial neuropathy. In all of 
these cases, the neuropathy was transient and included trigeminal neuralgia. The neuralgia was 
transient, and could be controlled with less than 400 mg of carbamazepine daily, except in one patient 
affected by a pre-existing trigeminal neuralgia that occurred after previous irradiation. No other 
permanent cranial neuropathy cases were detected. One patient with a large sphenopetroclival 
meningioma encasing the carotid artery developed its occlusion and a transient facial nerve deficit.  

Other pre-treatment clinical symptoms were headache (23 patients, 14.7%) and dizziness (10 
patients, 6.4%). No patients developed new pituitary deficits. 

One patient with a large sphenopetroclival meningioma developed persisting edema in the 
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similar in the two groups, although we recorded a tendency toward a lower control rate in the group 
treated upfront (p = 0.08; Figure 5).  
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3.4. Clinical Outcome

According to the pre-treatment evaluation, 35 patients (22.4%) had some cranial nerve deficit;
8.3% suffered a visual field deficit and/or a visual acuity loss, trigeminal neuralgia was described by
nine patients (5.8%), diplopia was present in seven patients (4.5%), facial paresis in three patients
(1.9%), hearing impairment in two patients (1.3%), and one patient (0.6%) had swallowing difficulties.

Following mSRS, 15 of the 35 patients (42.8%) with cranial neuropathy at the time of treatment
improved at the last clinical follow-up. Nine patients (5.8%) had a new cranial neuropathy. In all
of these cases, the neuropathy was transient and included trigeminal neuralgia. The neuralgia was
transient, and could be controlled with less than 400 mg of carbamazepine daily, except in one patient
affected by a pre-existing trigeminal neuralgia that occurred after previous irradiation. No other
permanent cranial neuropathy cases were detected. One patient with a large sphenopetroclival
meningioma encasing the carotid artery developed its occlusion and a transient facial nerve deficit.

Other pre-treatment clinical symptoms were headache (23 patients, 14.7%) and dizziness
(10 patients, 6.4%). No patients developed new pituitary deficits.

One patient with a large sphenopetroclival meningioma developed persisting edema in the
temporal lobe, causing papilledema that required prolonged steroid administration.

Eight patients (5%) underwent surgical resection as a result of tumor progression.
At the baseline and at last clinical follow-up, the mean KPS score was 88 ± 9.1, with a median of

90 (range 70–100) and 90 ± 9.6 (median 90) points, respectively (p = not significant). There was no
mortality related to the meningioma during the follow-up period. No other adverse events (>grade 2)
were registered in this series.

3.5. Upfront versus Adjuvant Treatment

One-hundred and seven patients underwent upfront radiosurgery, whereas 49 underwent adjuvant
treatment. Among these 49 patients, 22 underwent radiosurgery within 6 months after surgery because
of a residual tumor; 27 were treated post-surgery, but at the time of radiological recurrence or after
progression of post-surgical remnant. When comparing adjuvant versus upfront treatment, the two
groups did not differ in terms of median prescription dose, median number of fractions, median BED,
and complication rate. There was a significant difference between mean PTV, which was 8.9 cc in the
adjuvant group and 13.3 cc in the upfront group (p = 0.03). Tumor control was similar in the two
groups, although we recorded a tendency toward a lower control rate in the group treated upfront
(p = 0.08; Figure 5).



Cancers 2020, 12, 3569 10 of 16
Cancers 2020, 12, x  10 of 16 

 

 
Figure 5. Progression-free survival (PFS) of patients undergoing mSRS as upfront (red) and adjuvant 
(blue) treatment. Log-rank (Mantel–Cox) test p = 0.08. 

4. Discussion 

4.1. Key Results 

This study confirms that multisession SRS is a valid, highly effective, and well-tolerated 
treatment option for patients with skull base meningiomas, that are neither candidates for surgical 
resection nor suitable for sSRS. Indeed, image-guided SRS delivered in multiple sessions (median of 
five fractions) led to a beneficial risk–benefit profile in these patients. In our series, the local control 
at 2-, 5-, and 10-year follow up was 95%, 90%, and 80.8%, respectively. These results are in line with 
those reported in previous studies of meningiomas treated using both sSRS for smaller tumors or 
fractionated radiotherapy for larger tumors. 

4.2. Interpretation 

Radiation therapy is an effective alternative treatment in patients with skull base meningiomas, 
either as single-fraction radiosurgery or with a conventional fractionation. Local control rates in 
fractionated regimens range between 80% and 100%, depending on the size of the lesions, location, 
dose applied, and length of follow-up [29–45]. Modern radiotherapy techniques including intensity-
modulated radiotherapy (IMRT) and fractionated stereotactic radiotherapy (FSRT) may offer a 
favorable treatment profile and outcomes, as compared with the more traditional 3D conformal 
radiotherapy, through the use of image-guidance and improved conformal dose distributions. 
Several studies suggest that both FSRT and SRS are valid alternatives to surgical resection in selected 
skull base meningiomas, providing comparable satisfactory long-term tumor control [8,46–48]. Local 
tumor control rates with FSRT and SRS were reported to be 93–97% and 90–94%, respectively [8,46–
48]. The permanent morbidity rate was similar, between 0% and 2.6% for both FSRT and SRS. 
According to the current practice [8], selection between FSRT and SRS depends mostly on the 
diameter of the meningioma and the distance from radiation-sensitive structures. Indeed, in 
meningiomas with a diameter of <3 cm and lying more than 3 mm away from radiosensitive 
structures, SRS is generally preferred. FSRT is typically performed for all tumors not amenable to 
SRS.  

The use of hypo-fractionated or multisession radiosurgery was introduced in the last years, 
made possible by advanced image-guidance systems. The Cyberknife (Accuray, Sunnyvale, CA, 
USA) is a frameless, LINAC-based system that delivers nonisocentric, single beams of radiations 
through a high number of penetration trajectories from a robotic delivery system [49]. The real-time 
image guidance, based on the constant acquisition of the skull position by two perpendicular sources 
of X-rays, provides an accurate localization capability to treat a brain target without the need for a 

Figure 5. Progression-free survival (PFS) of patients undergoing mSRS as upfront (red) and adjuvant
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4. Discussion

4.1. Key Results

This study confirms that multisession SRS is a valid, highly effective, and well-tolerated treatment
option for patients with skull base meningiomas, that are neither candidates for surgical resection
nor suitable for sSRS. Indeed, image-guided SRS delivered in multiple sessions (median of five
fractions) led to a beneficial risk–benefit profile in these patients. In our series, the local control at
2-, 5-, and 10-year follow up was 95%, 90%, and 80.8%, respectively. These results are in line with
those reported in previous studies of meningiomas treated using both sSRS for smaller tumors or
fractionated radiotherapy for larger tumors.

4.2. Interpretation

Radiation therapy is an effective alternative treatment in patients with skull base meningiomas,
either as single-fraction radiosurgery or with a conventional fractionation. Local control rates
in fractionated regimens range between 80% and 100%, depending on the size of the lesions,
location, dose applied, and length of follow-up [29–45]. Modern radiotherapy techniques including
intensity-modulated radiotherapy (IMRT) and fractionated stereotactic radiotherapy (FSRT) may
offer a favorable treatment profile and outcomes, as compared with the more traditional 3D
conformal radiotherapy, through the use of image-guidance and improved conformal dose
distributions. Several studies suggest that both FSRT and SRS are valid alternatives to surgical
resection in selected skull base meningiomas, providing comparable satisfactory long-term tumor
control [8,46–48]. Local tumor control rates with FSRT and SRS were reported to be 93–97% and
90–94%, respectively [8,46–48]. The permanent morbidity rate was similar, between 0% and 2.6% for
both FSRT and SRS. According to the current practice [8], selection between FSRT and SRS depends
mostly on the diameter of the meningioma and the distance from radiation-sensitive structures. Indeed,
in meningiomas with a diameter of <3 cm and lying more than 3 mm away from radiosensitive
structures, SRS is generally preferred. FSRT is typically performed for all tumors not amenable to SRS.

The use of hypo-fractionated or multisession radiosurgery was introduced in the last years,
made possible by advanced image-guidance systems. The Cyberknife (Accuray, Sunnyvale, CA, USA)
is a frameless, LINAC-based system that delivers nonisocentric, single beams of radiations through
a high number of penetration trajectories from a robotic delivery system [49]. The real-time image
guidance, based on the constant acquisition of the skull position by two perpendicular sources of
X-rays, provides an accurate localization capability to treat a brain target without the need for a rigid
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frame with submillimetric accuracy and highly conformal dosimetry. This real-time guidance allows
for an accurate patient set-up between fractions and for the detection of intrafraction motion for
frameless irradiation [49].

Using multiple fractions, high doses can be applied to virtually all sized lesions and to lesions close
to the anterior optic pathway, representing an alternative to conventionally fractionated radiotherapy
(i.e., 25 to 30 fractions of 1.8–2.0 Gy; Figure 6).
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Figure 6. A large petroclival meningioma treated by mSRS. (A) The dose–volume histograms quantify
the treatment characteristics. The prescription dose was 25 Gy in five fractions. The PTV was 16.8 cc.
The nCI was 1.3 and the tumor coverage 95.4%. Maximal doses to the optic chiasm and left optic nerve
were 16.9 Gy and 14 Gy, respectively. (B) Doses distribution in the three spatial planes showing the
rapid dose fall-off from 80% to 15%, despite the large volume of the lesion. (C) Pre-treatment MR (A)
and 3-year control MR (B) showing satisfactory tumor shrinkage.

Beyond specific CyberKnife technology, multisession or hypofractionated SRS have also been
performed with the same platforms used for sSRS [15,16,25,50,51], demonstrating similar local control
rates compared to single fraction treatment, and may present a lower risk of side effects. Unger and
colleagues [51] analyzed 173 patients with meningiomas, and reported that the 56% of patients
underwent single fraction radiosurgery with a Gamma Knife and the remainder percentage received
multisession radiation therapy over generally two to five fractions with a CyberKnife. The median dose
for SRS was 15 Gy and the usual regimen for mSRS was 25 Gy in five fractions. Two-year actuarial risk of
symptomatic edema was 3.2% for multisession stereotactic radiation therapy, and 12.5% for SRS. A tumor
size greater than 4.9 cm3 was also a significant predictor of symptomatic edema [51]. Multisession SRS
has typically been adopted for the treatment of peri-optic meningiomas. Midterm follow-up data
on multisession radiosurgery of peri-optic meningiomas have been reported [13,16,18,22–25,27].
The results are encouraging, with tumor control rates >90% and a very limited toxicity to the anterior
optic pathway. Namely, authors from different centers demonstrated that it is possible to treat
meningiomas in proximity, or even encasing the optic nerve and chiasm, with mSRS. They showed a
limited risk of radiation-induced optic neuropathy, which occurred in a <3% of the cases and only
in patients with pre-treatment compromised function. Furthermore, after treatment, most patients
showed a recovery of visual deficits.

To the best of our knowledge, this is the largest series on the treatment of skull base meningiomas
using multisession SRS. The technique appears to be effective, with progression-free survival >80% at
10 years. This is in line with the results of conventionally fractionated radiotherapy for the treatment
of meningiomas. Multisession SRS also shows a very limited toxicity, represented mostly by transient
trigeminal neuralgia (5.8%). Actually, no patient reported new visual deficits, with only two patients
reporting severe edema (0.6%) and carotid occlusion (0.6%) attributed to tumor swelling. Furthermore,



Cancers 2020, 12, 3569 13 of 16

mSRS can provide the distinct advantage over FSRT of a limited number of sessions with greater
comfort for patients, together with a lower overall integral dose to the normal brain tissues as a result
of the radiosurgical definition of the PTV.

4.3. Study Limitations

The main limit of this study lies in its retrospective nature, which could have affected the results,
generating selection bias. Some aspects of the clinical outcomes, such as minor toxicities, may not have
been adequately explored. In addition, patients with relapse might have consult different healthcare
providers, leading to the loss of relevant long-term follow-up data. On the other hand, the strength of
the study is represented by the unique records of relatively long radiological and ophthalmological
follow-up data. In addition, this study was restricted to WHO Grade I meningiomas, because our
strategy of treatment of atypical and anaplastic meningioma is different and requires higher doses and
single fractions in most instances [52]. In 107/156 cases, this diagnosis could be only supposed on the
base of precise radiological criteria, but it turned out to be wrong in two cases, which were excluded
from the analysis. Thus, we cannot exclude, at this time, that other meningiomas in this series may
show a later aggressive behavior. Finally, hypofractionation can theoretically select radioresistant [53]
or even aggressive cell clones. Nevertheless, this remains a theoretical risk that is counterbalanced by
the advantages offered by hypofractionation, consisting of lower exposure to and potential repair from
radiation damage of normal tissue in complex skull base meningiomas. It should be also considered
that mSRS represents an alternative to conventionally fractionated radiotherapy rather than to sSRS.

5. Conclusions

Multisession stereotactic radiosurgery provides a safe and effective profile in the treatment of skull
base meningiomas. Satisfactory local control and a low toxicity rate, together with patient comfort from
a frameless procedure, suggest that mSRS should be considered the preferred radiotherapy treatment
modality for large skull base meningiomas, or for meningiomas that grow close to the anterior optic
pathway or other radiosensitive structures.
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