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Abstract Objective Meningiomas are the second most common tumors in neurofibromatosis
type 2 (NF-2). Microsurgery is challenging in NF-2 patients presenting with skull base
meningiomas due to the intrinsic risks and need for multiple interventions over time.
We analyzed treatment outcomes and complications after primary Gamma Knife
radiosurgery (GKRS) to delineate its role in the management of these tumors.
Methods An internationalmulticenter retrospective study approved by the International
Radiosurgery Research Foundationwas performed. NF-2 patients with at least one growing
and/or symptomatic skull base meningioma and 6-month follow-up after primary GKRS
were included. Clinical and radiosurgical parameters were recorded for analysis.
Results In total, 22 NF-2 patients with 54 skull base meningiomas receiving GKRS as
primary treatment met inclusion criteria. Median age at GKRS was 38 years (10–79
years). Most lesions were located in the posterior fossa (55.6%). Actuarial progression
free survival (PFS) rates were 98.1% at 2 years and 90.0% at 5 and 10 years. The median
follow-up time after initial GKRSwas 5.0 years (0.6–25.5 years). Tumor volume at GKRS
was a predictor of tumor control. Lesions>5.5 cc presented higher chances to progress
after radiosurgery (p¼0.043). Three patients (13.64%) developed adverse radiation

received
August 6, 2020
accepted after revision
December 6, 2020

© 2021. Thieme. All rights reserved.
Georg Thieme Verlag KG,
Rüdigerstraße 14,
70469 Stuttgart, Germany

DOI https://doi.org/
10.1055/s-0041-1722937.
ISSN 2193-6331.

Original Article

D
ow

nl
oa

de
d 

by
: M

ay
o 

C
lin

ic
 L

ib
ra

ry
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.

Published online: 2021-01-19

https://orcid.org/0000-0002-9150-2916
https://orcid.org/0000-0003-3257-9443
https://orcid.org/0000-0003-2029-6315
https://orcid.org/0000-0002-8009-6430
mailto:jsheehan@virginia.edu
https://doi.org/10.1055/s-0041-1722937
https://doi.org/10.1055/s-0041-1722937


Introduction

Neurofibromatosis type 2 (NF-2) is an autosomal dominant
syndrome characterized by the presence of multiple benign
tumors such as bilateral vestibular schwannomas, meningi-
omas, ependymomas, and astrocytomas.1 Meningiomas are
the secondmost common tumors in NF-2, presenting in up to
80% of patients by 70 years of age.2,3 These lesions have been
associated with increased morbidity as well as a 2.51-fold
increase in mortality risk when comparing NF-2 patients
with and without meningiomas.4

Meningiomas of the skull base are ideally approached
with surgery; however, they tend to abut or encase neuro-
vascular structures complicating the chances of achieving
gross total resection (GTR), which is the most important
predictive factor of tumor control.5–12 Sporadic meningio-
mas of the skull base are frequently treated with GKRS, and
studies have demonstrated long-term tumor control and
neurological preservation or improvement in the majority
of patients.13–18 However, for NF-2 patients, particular ge-
netic alterations, histology types and potentially natural
history advocate for a different meningioma biology,19–22

and questions remain about the value of GKRS for skull base
meningiomas in NF-2 patients. NF-2 patients usually present
with several lesions and are more prompt to recur and
diachronically develop new tumors over time, which repre-
sents a challenging clinical scenario where less invasive
treatments should be better analyzed. Our study presents
outcomes from an international multicenter cohort of skull
base NF-2 associated meningiomas treated with upfront
Gamma Knife radiosurgery (Elekta AB, Stockholm) to identi-
fy treatment outcomes and its predictors, as well as compli-
cations rates on this specific group of patients.

Methods

Patient Selection
This is an international multicenter retrospective study. Data
about patient epidemiology and treatment outcomes were
collected from seven medical centers participating in the
International Radiosurgery Research Foundation after insti-
tutional review board (IRB) approval in each institution and
patient consent was waived by each IRB. The data were de-
identified and pooled; thereafter, the pooled data were
analyzed. Reporting of the data has been performed accord-
ing to the most updated (Strengthening The Reporting of
OBservational Studies in Epidemiology) STROBE statement.

Eligibility criteria included NF-2 patients of any age with
at least one skull base meningioma treated with upfront
Gamma Knife radiosurgery (GKRS). As patients who undergo
GKRS as primary treatment lack a definitive pathological
diagnosis, a radiological diagnosis of meningioma was
deemed adequate for patient inclusion. Radiological features
consistent with meningioma such as extra-axial location,
dural attachment, intratumoral calcifications, and/or con-
trast enhancement were considered relevant for diagnosis.
The indication for GKRS was the presence of either symp-
tomatic or progressively growing lesions. A follow-up of at
least 6 months was required. A longer follow-up was not
considered appropriate as this might have introduced study
bias in actuarial results by excluding earlier failures, which
did occur in this study (►Supplementary Fig. S1 [available in
the online version]). Exclusion criteria included previous
radiation or surgical resection of the meningiomas
(►Fig. 1). Vestibular schwannomas were not included in
this analysis.

Baseline Data and Variables
Clinical baseline parameters including sex, age at diagnosis,
age at first GKRS, total number of meningiomas, location,
symptoms, and neurological deficits were recorded. GKRS
treatment parameters including treatment volume, maxi-
mum dose, and margin dose were also noted directly from
the medical records.

Follow-Up and Outcomes
Clinical and radiological follow-up was recorded. Time to
tumor progression was calculated from the date of GKRS by
using radiographic data. Tumor progression was based on
volumetric analysis, and was defined as an increase of �20%
over the baseline pre-GKRS tumor volume (original volume),
on any follow-up MRI. The need for post-GKRS surgery,
repeated radiation, or adjuvant chemotherapy was also
recorded. Radiation adverse effects and time to its develop-
ment were documented. Radiation necrosis was defined on
the basis of either neuroimaging studies or tissue pathology.
RelevantMRI findings for radiographic diagnosis of radiation
necrosis are the characteristic enhancement of central ne-
crosis on T1-weighted images and/or the central high signal
intensity proper to the necrotic tissue surrounded by a low
signal intensity proper to the solid non-necrotic peripheral
portion on T2-weighted images.23 Mortality due to the
treated lesions or their treatment with GKRS was evaluated.
As most NF-2 patients present with multiple meningiomas,

effects. Nomalignant transformation or death due to meningioma or radiosurgery was
reported.
Conclusions GKRS is effective and safe in themanagement of skull basemeningiomas
in NF-2 patients. Tumor volume deserve greater relevance during clinical decision-
making regarding the most appropriate time to treat. GKRS offers a minimally invasive
approach of particular interest in this specific group of patients.
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information about each specific lesion was collected
independently.

Radiosurgical Technique
Details of the single fraction Gamma Knife technique
employed for the treatment of the lesions included in this
study have been widely described.24,25 Briefly, thin-slice
axial and/or coronal MRI images were obtained after a
stereotactic G frame (Elekta AB) was placed under sedation
and local anesthesia. Additionally, computed tomography
imaging was fused to the MRI to optimize imaging of the
skull base (soft tissue and bony structures) for treatment
planning and delivery. Different models of Leksell Gamma
Knife units (model B, U, 4C, Perfexion and Icon; Elekta
instrument, Inc.) were used upon the available technology
at the medical center and the time of the procedure. A
multidisciplinary team of radiation oncologists, radiation
physicists, and neurosurgeons were involved in the treat-
ment planning. It was important to place the frame’s base
ring at the level of C-2 to treat the lower extension of some
tumors effectively.

Statistical Analysis
Descriptive statistics were performed according to each
variable type; numerical variables were described by using
median and range. Gaussian distribution and homogeneity of
variance were tested accordingly when needed. Mann–
Whitney U test was performed to compare continuous
variables. Kaplan–Meier analysis and the log rank test
were performed to independently analyze the cumulative
probability of tumor progression and progression free sur-
vival (PFS). Multivariable analysis was performed via Cox
proportional hazards model to further investigate adjusted
predictive factors. When a patient presented more than one
tumor, each lesion was considered individually for analysis

of tumor control or progression. Statistical analysis was
performed by using SPSS (version 25, IBM, Armonk, New
York, United States), a p <0.05 was required to account for
statistical significance.

Results

Patients and Tumor Attributes
A total of 40 NF-2 patients and 213 associated meningiomas
treated with primary GKRS were identified and examined
for eligibility. One patient presenting with inadequate
follow-up was excluded. The final study cohort included
22 patients with at least one skull base meningioma, and 54
lesions (►Fig. 1). From these, one patient was recruited
from West Virginia University (USA), eight from University
of Virginia (USA), two from the CEDIMAT Hospital (Domini-
can Republic), four from University of Sherbrooke (Canada),
four from Charles University (Czech Republic), one from the
Post Graduate Institute of Medical Education and Research
(India), and two from the House Ear Institute (USA). Patient
attributes and tumor characteristics are described
in ►Table 1. In total, 14 out of 22 patients were females
(63.6%), and the median cohort age at diagnosis was 25.5
years (8–65 years). Patients were symptomatic in a 63.6% of
cases. The most common symptoms were headaches
(27.3%), visual disturbances (18.2%), and motor weakness
(13.6%). The number of skull base meningiomas treated
with GKRS per patient ranged from one to eight lesions
(median¼2, mean¼2.46). In total, 10 meningiomas were
located in the anterior cranial fossa (18.5%), 3 in the
cavernous sinus (5.6%), 11 in the sphenoid wind/middle
cranial fossa (20.4%), and 30 in the posterior cranial fossa
(55.6%), which represented the most common location for
these lesions. The median age at GKRS was 38 years (10–79
years).

Fig. 1 Patient selection algorithm. �Final number of patients recruited from each specific center for the cohort with 54 skull base lesions
included in the analysis is described in the results (section: patients and tumor attributes).
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Radiosurgical Treatment Attributes
The median treatment volume for the studied cohort was
3.5 cc (0.20–75 cc). The median maximum dose delivered
was 25.5 Gy (20–50 Gy) and the median margin dose was
12.0Gy (10–25 Gy; ►Table 2).

Gamma Knife Radiosurgery Outcomes and Tumor
Volume as Predictor of Tumor Progression
Specific parameters of tumor control are depicted
in ►Table 2. The overall tumor control rate was 92.6% (54

lesions), with a median follow-up time after initial GKRS of
5.0 years (0.6–25.5 years). Overall, actuarial PFS rates were
98.1% at 2 years and 90.0% at 5 and 10 years (►Fig. 2). Four
patients demonstrated treatment failure with amedian time
to progression of 3 years (0.58–3.9 years). One of these
patients required post-GKRS surgery and another received
adjuvant chemotherapy.

Univariate and multivariate regression analyses were
performed to identify any predictor for tumor progression;
the Cox proportional hazards model was used for this
purpose (►Table 3). After adjusting for clinically relevant
confounding factors, tumor volume (cc) was the only predic-
tor of tumor progression, accounting for 4.7% higher chances
of progression per each additional cc (hazard ratio: 1.047 5;
95% confidence interval: 1.011–1.083; p¼0.009). Once we
identified tumor volume as predictor, we inquired for the
cut-off value that granted higher odds of tumor progression

Table 1 Demographics and clinical features of patients with
neurofibromatosis type 2 presenting with skull base
meningiomas

Clinical characteristics

Number of patients 22

Sex (M/F) 8/14

Age at diagnosis in years, median
(range)

25.5 (8–65)

Age at GKRS in years, median (range) 38 (10–79)

Total number of skull basemeningiomas
treated with GKRS

54

Total number of meningiomas in in-
cluded patients

270

Number of skull base meningiomas
treated with GKRS per patient, Median,
mean (range)

2, 2.46 (1–8)

Number of meningiomas per included
patient, median (range)

11 (1–46)

Signs or symptoms prior to GKRS

Patients with preexisting neuro-deficit
due to meningiomas, n (%)

10 (45.5%)

Asymptomatic, n (%) 8/22 (36.4%)

Headache, n (%) 6/22 (27.3%)

Seizures, n (%) 3/22 (13.6%)

Gait instability, n (%) 1/22 (4.6%)

Visual disturbance, n (%) 4/22 (18.2%)

Motor weakness, n (%) 3/22 (13.6%)

Hearing loss, n (%) 3/22 (13.6%)

Sensory deficit, n (%) 1/22 (4.6%)

No. of patients with �10 meningiomasa 10/22 (45.5%)

No. of patients with �11 meningiomasa 12/22 (54.5%)

Tumor location (among 54 skull base meningiomas)

Anterior cranial fossa, n (%) 10/54 (18.5%)

Cavernous sinus, n (%) 3/54 (5.6%)

Sphenoid wind/middle cranial fossa, n
(%)

11/54 (20.4%)

Posterior cranial fossa, n (%) 30/54 (55.6%)

Median follow-up after initial GKRS in
years (range)

5.0 (0.6–25.5)

Abbreviations: GKRS, Gamma Knife radiosurgery
aRefers to total tumor burden disease

Table 2 Radiosurgical and outcome details for patients with
neurofibromatosis type 2 presenting with skull base
meningiomas treated with upfront Gamma Knife radiosurgery

Radiosurgical parameters and outcomes

Treatment volume, median (range) in cc 3.5 (0.20–75)

Maximum dose, median (range) in Gy 25.5 (20–50)

Margin dose, median (range) in Gy 12.0 (10–25)

No. of tumors with post-GKRS
radiographic progression, n (%)

4 (7.4%)

Anterior cranial fossa, n (%) 1 (10.0%)

Cavernous sinus, n (%) 0 (0.0%)

Sphenoid wind/middle cranial fossa, n
(%)

2 (18.1%)

Posterior Cranial fossa, n (%) 1 (3.3%)

Time to progression, median (range) in
years

3 (0.58–3.9)

No. of patients with repeat GKRS, n (%) 0/22 (0%)

No of patients undergoing post-GKRS
surgery, n (%)

1/22 (4.55%)

No. of patients receiving adjuvant che-
motherapy, n (%)

1/22 (4.55%)

Radiation induced adverse effectsa, n
(%)

3/22 (13.64%)

Nature of adverse radiation effectsa

Edema, n (%) 1/22 (4.55%)

Radiation necrosis, n (%) 1/22 (4.55%)

Radiation-induced changes on tem-
poral lobe pole (NOS), n (%)

1/22 (4.55%)

Malignant transformation in the treated
tumors, n (%)

0

Mortality due to meningioma related
causes

0

Abbreviations: GKRS, Gamma knife radiosurgery; NOS, no otherwise
specified.
aEach case represents a different patient (three in total).
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through Kaplan–Meier analysis, and found that tumors
greater than 5.5 cc convey a significantly higher chance of
progression over time (►Fig. 3, p¼0.043). However, there
were no differences between tumors with volumes �5.5 cc
and those with volumes >5.5 cc in regard to maximal or
margin dose (p>0.05).

Radiation-Induced Adverse Effects, Malignant
Transformation, and Death
GKRS for skull base meningiomas was generally well toler-
ated. Radiation-induced adverse effects (RAE) were noted in
three patients (13.64%). One patient had radiation-induced
perilesional edema 3.5 months after therapy, one patient
developed biopsy-proven radiation necrosis developed
6 months after GKRS, and other one receiving radiation
for a meningioma on the sphenoid wing/middle cranial
fossa presented nonspecified changes on temporal lobe
tip. All the RAE were transient and medically managed
with steroids. No cases of malignant transformation after
GKRS or death due to the meningiomas or their treatment
were reported.

Discussion

Patients with NF-2 present with multiple central and periph-
eral nervous system neoplasms. The results from this interna-
tional multicenter study provide estimates of long-term
outcomes and complications for this specific group of patients
presentingwith skull basemeningiomas treatedwith primary
GKRS. Furthermore,wehave identified and confirmed the role
of tumor volume as a predictor of treatment response in this
cohort of NF-2 patients with a mean follow-up of 5 years.

Skull Base Meningiomas on Neurofibromatosis Type-2
Patients
Meningiomas are the secondmost common tumor type inNF-2
patients; they are associated with increased tumor burden of
intracranial and spinal neoplasms, highermortality, andgrant a
greater likelihood of undergoing more surgical procedures.4,26

In general, 33 to 50% of nonsyndromic meningiomas present in
the skull base. Li et al described that in NF-2, the skull base
location is significantly more common in pediatric patients,
with rates of 30.9 and 19.1% for pediatric and adult population,

Fig. 2 Progression free survival on patients with neurofibromatosis
type 2 presenting with skull base meningiomas.

Table 3 Univariate and Multivariate analysis of relevant factors predicting tumor progression after Gamma knife radiosurgery

Variable Univariate Multivariate

p-Value HR 95% CI p-Value Hazard ratio 95% CI

Age at diagnosis 0.541 1.018 0.962–1.076

Female sex 0.163 0.241 0.033–1.775

Neurological deficit 0.300 0.302 0.031–2.913

Tumor volume (cc) 0.005 1.049 1.014–1.084 0.009 1.047 1.011–1.083

Maximum dose (Gy) 0.011 1.125 1.027–1.231 0.904 0.816 0.030–22.24

Margin dose 0.035 1.248 1.015–1.534 0.846 1.927 0.003–1430.3

No. of meningiomas 0.847 1.013 0.886–1.159

Abbreviations: CI, confidence interval; HR, hazard ratio; cc, cubic centimeters; Gy, gray.

Fig. 3 Cumulative probability of tumor progression on patients with
neurofibromatosis type 2 presenting with skull base meningiomas
according to volume per tumor analysis.
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respectively.27 NF-2 associated skull base lesions, and particu-
larly those arising fromthepetrosal region,wouldpossess faster
absolute and relative annual growth than tumors fromnonskull
base locations.27,28

The therapeutic goals for meningiomas of the cranial base
should account for relief of neurological deficits, prevention of
tumor progression or recurrence, and survival improvement
while still offering minimal to no morbidity. Although recent
technical adjuvants to surgery have allowed for better surgical
approaches and outcomes, these lesions represent a formida-
ble challenge as they tend to abut and/or encase critical
neurovascular structures as well as to extend to more than
one region. Additionally, meningiomas in NF-2 patients pres-
ent at a younger agewhen comparedwith sporadic meningio-
mas, resulting in NF-2 associated skull base lesions being even
more prevalent in pediatric patients.27 Thus, given the poten-
tial of requiringmultiple treatments since veryearly in life and
the increased odds of additional surgery across the entire
lifespan, and inmore thanone location, treatment selection for
NF-2 associated meningiomas is of particular importance.

Resection for Neurofibromatosis Type-2 Associated
Skull Base Meningioma
Microsurgical resection has historically been considered the
gold standard treatment for skull basemeningiomas due to its
potential to relieve mass effect, provide histologic diagnosis,
and immediately improve symptoms. However, these lesions
may be associated with substantial morbidity and mortality
after surgery and even delayed recurrence after complete or
partial resection. In this setting, the value of aggressive resec-
tions must be weighed against the indolent course of the
disease and potentially associated neuro-deficits. Overall, the
anatomic constraints of the skull base limit GTR rates to 20 to
100% of cases, with complication rates from complete resec-
tion of 10 to 96%.11,18,24,29–34 These numbers may vary
according to each specific region and improve according to
the date of the published series. Currently, microsurgery
embraces the concept of safe maximal resection, where the
quality of life of the patients is prioritized.

As most patients with NF-2 are under continuous and long-
term follow-up, the likelihood of detecting small skull base
meningiomas is high. In our series, 81.5 and96.3%of lesionshad
<10cc and<15cc, respectively.Nandaet al analyzeda cohort of
patients with sporadic small skull base lesions (<3cm) that
were surgically resected, and compared their outcomes with
matched lesions treatedwith radiosurgery. The group reported
comparable results, with a GTR rate of 65.3%, 8-year tumor
control rate of 86.4%, overall survival rate of 87.2% at 50months,
and need of second surgery due to recurrence in 7.6% of cases.
Nonetheless, special attention should be paid in NF-2 patients
presentingwithmeningiomas,where thebenefits fromsurgery
need to be well weighed as multiple surgical treatments are
usually required due to the high tumor burden.4,26

Gamma Knife Radiosurgery for Neurofibromatosis
Type-2 Associated Skull Base Meningioma
To date, there are no series looking specifically into the role of
GKRS in NF-2 associated skull base meningiomas. However,

the role of radiosurgery on sporadic skull base meningiomas
has been widely explored.13,15–18,24,35–63

The cohort of patients described here has a median age at
the time of GKRS of 38 years (10–79 years), which is in line
with what has been described for NF-2 associated meningio-
mas in general64,65 and the fact that treatment is needed at a
younger age when compared with sporadic meningioma
populations. Our cohort of patients demonstrated a 2-year
PFSof 98.1%and5-, 10-, and20-year rates of 90.0%. Thus, PFS in
this group of patients would be comparable to that among
sporadic skull base meningiomas, which demonstrate 5- and
10-year actuarial control rates around 91 to 96% and 79 to
87.6%, respectively.17,66 These results are also similar to con-
trol rates forNF-2meningiomas of all brain locations at 5 years
(92–97%) and 10 years (90–96%).64,65,67 Furthermore, despite
the anecdotal concern that GKRS can increase the risk of
malignancy in a group of patients already predisposed to
develop tumors, no malignant transformation was identified
in our cohort. Similarly, none of the patients from three series
ofGKRSonNF-2meningiomas,with286 treatedmeningiomas
in total, developedmalignant transformation.64,65,67No death
associated with a meningioma was reported in our cohort.

Predictors of Tumor Progression: The Role of Tumor
Volume
In contrast to other series analyzing GKRS for sporadic skull
base meningiomas, we did not find that variables such as age,
sex, maximal dose, or margin dosewere significant predictors
of tumor progression.13,15–18,24,35–63However, tumor volume
remained as a strong predictor even after multivariate analy-
sis, adding 4.7% risk per each additional cc of volume. This
finding could be explained by the therapeutic constraints
imposed by bigger tumors, as they are more likely to require
sparing of important organ-at-risk which lead to consider
conservative doses. In our cohort, which presents acceptable
outcomes, the median treatment volume was 3.5 cc (0.20–75
cc), the median maximum dose was 25.5Gy (20–50 Gy), and
themedianmargin dosewas 12.0Gy (10–25 Gy). These radio-
surgical parameters are in line with previously conservative
values reported on other series that also present acceptable
outcomes for sporadic skull base meningiomas.16–18,25,66

Overall, this would support the idea that NF-2 skull base
associatedmeningiomas do not requirehigher radiation doses
than those delivered to sporadic lesions, and consequently do
not represent additional risk to the surrounding critical neuro-
vascular structures. The rate of adverse radiation effects in our
series was 13.6% (3 out of 22 patients), and all the events were
medically managed with steroid therapy. In addition to the
predictive value of the pre-GKRS volume on tumor progres-
sion, we identified that tumors with a volume greater than
5.5 cc might harbor greater likelihood of progression. This
finding suggests that early intervention may be beneficial
evenduring awatchfulwaitingperiod, asoncea tumor reaches
a certain volume (5.5 cc, 31.5% of cases in our cohort), its
probability to recur after GKRS has already increased. The
relationship between volume and GKRS treatment outcomes
in sporadic skull basemeningiomas has also been described in
previous reports.18,42,68,69
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Study Limitations
This study harbors the limitations of a retrospective ap-
proach. No information about theWorldHealth Organization
grade or specific histology type was available for analysis as
patients were treatedwith primary GKRS. Thus, it is possible
that these tumors were not meningiomas or that they were
higher grade meningiomas. Higher grade meningiomas
would have biased the study’s PFS to a worse outcome;
however, the risk of image misdiagnosis in a contemporary
series was 2.3%.70 Also, skull base location for a meningioma
was noted to be predictive of a lower grade tumor.71 Al-
though our follow-up time was long, we would still benefit
from longer follow-up periods, specifically for data about
rates of post-GKRS malignant transformation.

Conclusion

Gamma knife stereotactic radiosurgery represents a safe and
effective primary treatment option for skull base meningio-
mas in patients with NF-2. Tumor control is achieved at
comparable rates with sporadic skull meningiomas without
the need for increasing radiosurgical doses. GKRS should be
considered as an important minimally invasive strategy in
the management of these lesions, which is particularly
relevant in the setting of patients with NF-2, with the
potential need for multiple surgical interventions during
their lifetime. Early treatment in NF-2 patients when the
tumor is smaller may portend amore favorable prognosis for
long-term tumor control post-GKRS.

Funding
None.

Conflict of Interest
None declared.

References
1 Asthagiri AR, Parry DM, Butman JA, et al. Neurofibromatosis type

2. Lancet 2009;373(9679):1974–1986
2 Smith MJ, Higgs JE, Bowers NL, et al. Cranial meningiomas in 411

neurofibromatosis type 2 (NF2) patients with proven gene muta-
tions: clear positional effect of mutations, but absence of female
severity effect on age at onset. J Med Genet 2011;48(04):261–265

3 Goutagny S, Kalamarides M. Meningiomas and neurofibromato-
sis. J Neurooncol 2010;99(03):341–347

4 Baser ME, Friedman JM, Aeschliman D, et al. Predictors of the risk
of mortality in neurofibromatosis 2. Am J Hum Genet 2002;71
(04):715–723

5 Desai R, Bruce J. Meningiomas of the cranial base. J Neurooncol
1994;20(03):255–279

6 Almefty R, Dunn IF, Pravdenkova S, Abolfotoh M, Al-Mefty O. True
petroclival meningiomas: results of surgical management. J Neu-
rosurg 2014;120(01):40–51

7 Gozal YM, Alzhrani G, Abou-Al-Shaar H, Azab MA, Walsh MT,
Couldwell WT. Outcomes of decompressive surgery for cavernous
sinus meningiomas: long-term follow-up in 50 patients. J Neuro-
surg 2020;132(02):380–387

8 Ichinose T, Goto T, Ishibashi K, Takami T, Ohata K. The role of
radical microsurgical resection in multimodal treatment for skull
base meningioma. J Neurosurg 2010;113(05):1072–1078

9 MorisakoH, GotoT, Ohata K. Petroclivalmeningiomas resected via
a combined transpetrosal approach: surgical outcomes in 60
cases and a new scoring system for clinical evaluation. J Neuro-
surg 2015;122(02):373–380

10 Nanda A, Javalkar V, Banerjee AD. Petroclival meningiomas: study
on outcomes, complications and recurrence rates. J Neurosurg
2011;114(05):1268–1277

11 Nanda A, Thakur JD, Sonig A, Missios S. Microsurgical resectabili-
ty, outcomes, and tumor control in meningiomas occupying the
cavernous sinus. J Neurosurg 2016;125(02):378–392

12 SinghN, SinghDK, Ahmad F, Kumar R. The retrosigmoid approach:
workhorse for petroclival meningioma surgery. Asian J Neurosurg
2019;14(01):188–192

13 Cohen-Inbar O, Lee CC, Schlesinger D, Xu Z, Sheehan JP. Long-term
results of stereotactic radiosurgery for skull base meningiomas.
Neurosurgery 2016;79(01):58–68

14 Sheehan JP, Williams BJ, Yen CP. Stereotactic radiosurgery for
WHO grade I meningiomas. J Neurooncol 2010;99(03):407–416

15 Patibandla MR, Lee CC, Sheehan J. Stereotactic radiosurgery of
central skull base meningiomas-volumetric evaluation and long-
term outcomes. World Neurosurg 2017;108:176–184

16 Starke RM, Nguyen JH, Reames DL, Rainey J, Sheehan JP. Gamma
knife radiosurgery of meningiomas involving the foramen mag-
num. J Craniovertebr Junction Spine 2010;1(01):23–28

17 Starke RM, Przybylowski CJ, Sugoto M, et al. Gamma knife
radiosurgery of large skull base meningiomas. J Neurosurg
2015;122(02):363–372

18 Starke RM, Williams BJ, Hiles C, Nguyen JH, Elsharkawy MY,
Sheehan JP. Gamma knife surgery for skull base meningiomas. J
Neurosurg 2012;116(03):588–597

19 Goutagny S, Yang HW, Zucman-Rossi J, et al. Genomic profiling
reveals alternative genetic pathways of meningioma malignant
progression dependent on the underlying NF2 status. Clin Cancer
Res 2010;16(16):4155–4164

20 Bi WL, Abedalthagafi M, Horowitz P, et al. Genomic landscape of
intracranial meningiomas. J Neurosurg 2016;125(03):525–535

21 Lee S, Karas PJ, Hadley CC, et al. The role of merlin/NF2 loss in
meningioma biology. Cancers (Basel) 2019;11(11):E1633

22 Goutagny S, Bah AB, Henin D, et al. Long-term follow-up of 287
meningiomas inneurofibromatosis type 2patients: clinical, radiolog-
ical, and molecular features. Neuro-oncol 2012;14(08):1090–1096

23 Walker AJ, Ruzevick J, Malayeri AA, et al. Postradiation imaging
changes in the CNS: how can we differentiate between treatment
effect and disease progression? Future Oncol 2014;10(07):
1277–1297

24 Patibandla MR, Lee CC, Tata A, Addagada GC, Sheehan JP. Stereo-
tactic radiosurgery forWHOgrade I posterior fossameningiomas:
long-term outcomes with volumetric evaluation. J Neurosurg
2018;129(05):1249–1259

25 Mehta GU, Zenonos G, Patibandla MR, et al. Outcomes of stereo-
tactic radiosurgery for foramen magnummeningiomas: an inter-
national multicenter study. J Neurosurg 2018;129(02):383–389

26 Aboukais R, Zairi F, Baroncini M, et al. Intracranial meningiomas
and neurofibromatosis type 2. Acta Neurochir (Wien) 2013;155
(06):997–1001, discussion 1001

27 Li P, Wu T, Wang Y, et al. Clinical features of newly developed NF2
intracranial meningiomas through comparative analysis of pedi-
atric and adult patients. Clin Neurol Neurosurg 2020;194:105799

28 Evers S, Verbaan D, Sanchez E, Peerdeman S. 3D volumetric
measurement of neurofibromatosis type 2-associated meningio-
mas: association between tumor location and growth rate. World
Neurosurg 2015;84(04):1062–1069

29 Bassiouni H, Asgari S, Stolke D. Tuberculum sellae meningiomas:
functional outcome in a consecutive series treated microsurgi-
cally. Surg Neurol 2006;66(01):37–44, discussion 44–45

30 D’Amico RS, Banu MA, Petridis P, et al. Efficacy and outcomes of
facial nerve-sparing treatment approach to cerebellopontine
angle meningiomas. J Neurosurg 2017;127(06):1231–1241

Journal of Neurological Surgery—Part B © 2021. Thieme.

GKRS for NF-2 Associated Skull Base Meningiomas Ruiz-Garcia et al.

D
ow

nl
oa

de
d 

by
: M

ay
o 

C
lin

ic
 L

ib
ra

ry
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.



31 Nanda A, Jawahar A, Sathyanarayana S. Microsurgery for potential
radiosurgical skull base lesions: a retrospective analysis and
comparison of results. Skull Base 2003;13(03):131–138

32 Giammattei L, Starnoni D, Levivier M, Messerer M, Daniel RT. Surgery
for clinoidalmeningiomas: case series andmeta-analysis of outcomes
and complications. World Neurosurg 2019;129:e700–e717

33 Guduk M, Yener U, Sun HI, Hacihanefioglu M, Ozduman K, Pamir
MN. Pterional and unifrontal approaches for the microsurgical
resection of olfactory groove meningiomas: experience with 61
consecutive patients. Turk Neurosurg 2017;27(05):707–715

34 GotoT, Ohata K. Surgical resectability of skull base meningiomas.
Neurol Med Chir (Tokyo) 2016;56(07):372–378

35 Aichholzer M, Bertalanffy A, Dietrich W, et al. Gamma knife
radiosurgery of skull base meningiomas. Acta Neurochir (Wien)
2000;142(06):647–652, discussion 652–653

36 Bir SC, Ambekar S, Ward T, Nanda A. Outcomes and complications
of gamma knife radiosurgery for skull basemeningiomas. J Neurol
Surg B Skull Base 2014;75(06):397–401

37 Black PM, Villavicencio AT, Rhouddou C, Loeffler JS. Aggressive
surgery and focal radiation in themanagement ofmeningiomas of
the skull base: preservation of functionwithmaintenance of local
control. Acta Neurochir (Wien) 2001;143(06):555–562

38 Couldwell WT, Cole CD, Al-Mefty O. Patterns of skull base
meningioma progression after failed radiosurgery. J Neurosurg
2007;106(01):30–35

39 Eustacchio S, Trummer M, Fuchs I, Schröttner O, Sutter B, Pendl G.
Preservation of cranial nerve function following gamma knife
radiosurgery for benign skull base meningiomas: experience in
121 patients with follow-up of 5 to 9.8 years. Acta Neurochir
Suppl (Wien) 2002;84:71–76

40 Han JH, Kim DG, Chung HT, et al. Gamma knife radiosurgery for
skull base meningiomas: long-term radiologic and clinical out-
come. Int J Radiat Oncol Biol Phys 2008;72(05):1324–1332

41 Hayashi M, Chernov M, Tamura N, et al. Gamma knife robotic
microradiosurgery for benign skull base meningiomas: tumor
shrinkage may depend on the amount of radiation energy deliv-
ered per lesion volume (unit energy). Stereotact Funct Neurosurg
2011;89(01):6–16

42 Igaki H, Maruyama K, Koga T, et al. Stereotactic radiosurgery for skull
base meningioma. Neurol Med Chir (Tokyo) 2009;49(10):456–461

43 Iwai Y, Yamanaka K, Ikeda H. Gamma knife radiosurgery for skull
base meningioma: long-term results of low-dose treatment. J
Neurosurg 2008;109(05):804–810

44 Iwai Y, Yamanaka K, Nakajima H, Yasui T, Kishi H. [Gamma knife
radiosurgery for skull base meningiomas: the treatment results
and patient satisfaction expressed in answers to a questionnaire].
No Shinkei Geka 2000;28(05):411–415

45 Iwai Y, Yamanaka K, Shimohonji W, Ishibashi K. Staged gamma
knife radiosurgery for large skull base meningiomas. Cureus
2019;11(10):e6001

46 Joshi KC, Raghavan A, Muhsen B, et al. Fractionated gamma knife
radiosurgery for skull base meningiomas: a single-institution
experience. Neurosurg Focus 2019;46(06):E8

47 KreilW, Luggin J, Fuchs I, Weigl V, Eustacchio S, Papaefthymiou G.
Long term experience of gamma knife radiosurgery for benign
skull base meningiomas. J Neurol Neurosurg Psychiatry 2005;76
(10):1425–1430

48 Liscák R, Kollová A, Vladyka V, Simonová G, Novotný J Jr. Gamma
knife radiosurgery of skull base meningiomas. Acta Neurochir
Suppl (Wien) 2004;91:65–74

49 Metellus P, Regis J, Muracciole X, et al. Evaluation of fractionated
radiotherapy and gamma knife radiosurgery in cavernous sinus
meningiomas: treatment strategy. Neurosurgery 2005;57(05):
873–886, discussion 873–886

50 Morita A, Coffey RJ, Foote RL, Schiff D, Gorman D. Risk of injury to
cranial nerves after gamma knife radiosurgery for skull base
meningiomas: experience in 88 patients. J Neurosurg 1999;90
(01):42–49

51 Nakaya K, Chernov M, Kasuya H, et al. Risk factors for regrowth of
intracranial meningiomas after gamma knife radiosurgery: im-
portance of the histopathological grade and MIB-1 index. Minim
Invasive Neurosurg 2009;52(5-6):216–221

52 Nicolato A. 111Indium-octreotide brain scintigraphy: a prognos-
tic factor in skull base meningiomas treated with gamma knife
radiosurgery. Q J Nucl Med Mol Imaging 2004;48(01):26–32

53 Nicolato A, Ferraresi P, Foroni R, et al. Gamma knife radiosurgery
in skull basemeningiomas. Preliminary experiencewith 50 cases.
Stereotact Funct Neurosurg 1996;66(Suppl 1):112–120

54 Nicolato A, Giorgetti P, Foroni R, et al. Gamma knife radiosurgery in
skull basemeningiomas: a possible relationship between somatostat-
in receptor decrease and early neurological improvement without
tumour shrinkage at short-term imaging follow-up. Acta Neurochir
(Wien) 2005;147(04):367–374, discussion 374–375

55 Park HR, Lee JM, Park KW, et al. Fractionated gamma knife
radiosurgery as initial treatment for large skull basemeningioma.
Exp Neurobiol 2018;27(03):245–255

56 Pendl G, Eustacchio S, Unger F. Radiosurgery as alternative treatment
for skull base meningiomas. J Clin Neurosci 2001;8(Suppl 1):12–14

57 Pendl G, Schröttner O, Eustacchio S, Feichtinger K, Ganz J. Stereo-
tactic radiosurgery of skull base meningiomas. Minim Invasive
Neurosurg 1997;40(03):87–90

58 Pendl G, Schröttner O, Friehs GM, Feichtinger H. Stereotactic
radiosurgery of skull base meningiomas. Stereotact Funct Neuro-
surg 1995;64(Suppl 1):11–18

59 Pollock BE, Stafford SL, Link MJ. Gamma knife radiosurgery for skull
base meningiomas. Neurosurg Clin N Am 2000;11(04):659–666

60 Reynolds MR, Hawasli AH, Murphy RK, et al. Acute hemorrhage
following gamma knife radiosurgery to a clival meningioma. J
Spine Neurosurg 2013;2(02):108

61 Su CF, Liu DW, Lee CC, Chiu TL. Volume-staged gamma knife
surgery for the treatment of large skull base meningioma sur-
rounding the optical apparatus: a snowman-shape design. J Chin
Med Assoc 2017;80(11):697–704

62 Takanashi M, Fukuoka S, Hojyo A, Sasaki T, Nakagawara J, Naka-
mura H. Gamma knife radiosurgery for skull-base meningiomas.
Prog Neurol Surg 2009;22:96–111

63 Vermeulen S, Young R, Li F, et al. A comparison of single fraction
radiosurgery tumor control and toxicity in the treatment of basal
and nonbasal meningiomas. Stereotact Funct Neurosurg 1999;72
(Suppl 1):60–66

64 Liu A, Kuhn EN, Lucas JT Jr, Laxton AW, Tatter SB, Chan MD.
Gamma knife radiosurgery for meningiomas in patients with
neurofibromatosis Type 2. J Neurosurg 2015;122(03):536–542

65 Gao F, Li M, Wang Z, Shi L, Lou L, Zhou J. Efficacy and safety of
gamma knife radiosurgery for meningiomas in patients with
neurofibromatosis type 2: a long-term follow-up single-center
study. World Neurosurg 2019;125:e929–e936

66 Minniti G, Amichetti M, Enrici RM. Radiotherapy and radiosur-
gery for benign skull base meningiomas. Radiat Oncol 2009;4:42

67 Birckhead B, Sio TT, Pollock BE, Link MJ, Laack NN. Gamma knife
radiosurgery forneurofibromatosis type2-associatedmeningiomas: a
22-year patient series. J Neurooncol 2016;130(03):553–560

68 Kondziolka D, Mathieu D, Lunsford LD, et al. Radiosurgery as
definitive management of intracranial meningiomas. Neurosur-
gery 2008;62(01):53–58, discussion 58–60

69 DiBiase SJ, Kwok Y, Yovino S, et al. Factors predicting local tumor
control after gamma knife stereotactic radiosurgery for benign intra-
cranial meningiomas. Int J Radiat Oncol Biol Phys 2004;60(05):
1515–1519

70 Flickinger JC, Kondziolka D, Maitz AH, Lunsford LD. Gamma knife
radiosurgeryof imaging-diagnosed intracranialmeningioma. Int J
Radiat Oncol Biol Phys 2003;56(03):801–806

71 Kane AJ, Sughrue ME, Rutkowski MJ, et al. Anatomic location is a
risk factor for atypical andmalignant meningiomas. Cancer 2011;
117(06):1272–1278

Journal of Neurological Surgery—Part B © 2021. Thieme.

GKRS for NF-2 Associated Skull Base Meningiomas Ruiz-Garcia et al.

D
ow

nl
oa

de
d 

by
: M

ay
o 

C
lin

ic
 L

ib
ra

ry
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.




