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Abstract. Hearing preservation and tumour control after radiosurgery for NF2-related vestibular schwannomas.
Objectives: We analyzed the effects of stereotactic radiosurgery on tumour control and cranial nerve function in patients
with vestibular schwannomas (VS) secondary to neurofibromatosis type 2 (NF2). Irradiation was performed with a
Gamma Knife, model C equipped with a high-precision, robotized positioning system (APS™).

Methodology: This study included 18 patients with 25 VSs secondary to NF2 that were treated from 2001 to 2010 with
radiosurgery at our Gamma Knife Center. The radiosurgical procedure included high-resolution conformational dose-
planning with multiple, small-diameter isocenters, a single-fraction, low-dose irradiation prescription, and highly accu-
rate gamma rays delivery to the target with the APS™.

Results: The median follow-up time was 4.4 y. For 16 tumours in 12 patients with available follow-up data, we observed
an actuarial tumour control of 87.5% at 2 y and 80.2% at 5 y, based on the Kaplan-Meier method. No patient developed
facial weakness. Serviceable hearing was preserved in 78% of cases. Patients treated for bilateral and unilateral tumours
had similar outcomes.

Conclusions: Radiosurgery could control tumour growth and preserve hearing function and facial weakness in patients
with VS secondary to NF2. The enhanced techniques of radiosurgical irradiation provided with the Gamma Knife model

C have improved the results of this treatment alternative to microsurgery.

Introduction

Neurofibromatosis Type 2 (NF2) is an autosomal
dominant genetic disorder characterized by muta-
tions that affect a tumour suppression gene that en-
codes the Merlin protein. This gene is located on
the long arm of chromosome 22. NF2 arises de
novo in about 50% of patients. Incidence of the dis-
ease is estimated at 1/60000 births. These patients
typically develop multiple CNS tumours, including
meningiomas, schwannomas, and gliomas. The
hallmark of NF2 is the development of bilateral
vestibular schwannomas (VS). Most patients that
present with this disorder lose hearing over time,
and they may become completely deaf. Therefore,
next to tumour control, hearing preservation is of
paramount importance in patients with NF2. The
traditional management of NF2-associated VS has
been surgical removal of tumours that grow over
time or tumours that generate progressive hearing
loss.! However, surgery is associated with signifi-
cant morbidity; thus, research has moved towards

developing increasingly less invasive management
strategies.’

In recent years, radiosurgery has emerged as the
first-line management for sporadic VS.' Stereo-
tactic radiosurgery is a non-invasive, alternative
treatment option of these tumours. This approach
typically provides excellent long-term tumour con-
trol with low treatment-related toxicity. Few series
have reported the use of Gamma Knife radio-
surgery (GKR) for the treatment of VS in patients
with NF2. Here, we describe our experience in
treating patients with VS in NF2 with radiosurgery
performed with a Gamma Knife C, fitted with a
robotized positioning system (APS™; Elekta
Instruments, Stockholm, Sweden).*

Materials and methods

Population studied

We performed a retrospective analysis of the clini-
cal and radiological data for a series of 18 patients
(8 women, 10 men) with NF2 that were treated for



30

N. Massager et al.

Table 1
Population data
Number of tumours 25
Number of patients 18
Age median (range) 30y (13-50)
Gender F/M 10/15
Side L/R 12/13
Presence of a contralateral schwannoma 13 patients
Contralateral anacusis 9 patients
Prior surgery 2 patients
Tumour size Koos grade 1/2/3/4a/4b 3/3/11/8/ 0
Hearing G-R class I/I/IITVIV 13/3/2/0/7
Indication : tumour growth 18
hearing worsening 2

Dosimetric data

Tumour volume median (range)
Margin dose median (range)
Isodose median (range)
Conformity Index median (range)
Gradient Index median (range)
Nb of isocenters median (range)

tumour growth & hear. wors. 5

2.04 cc (0.07-8.3)
12 (11-12)

50% (50-50)
0.74 (0.57-0.89)
2.95 (2.34-3.45)
14 (1-20)

Legend: G-R: Gardner-Robertson classification ®

25 VSs at the Gamma Knife Center of the Univer-
sité Libre de Bruxelles, between 2001 and 2010
(Table 1). All patients were diagnosed based on the
presence of bilateral VS (13 patients) or unilateral
VS (5 patients) associated with multiple other CNS
tumours. Eleven patients were treated for a single
VS with GKR. Seven patients were treated for bi-
lateral VSs with GKR in a single procedure (2 pa-
tients) or in two procedures (5 patients) separated
by a median interval of 22 months (range 1-40
months). The median age at the time of treatment
was 30 y (range 13-50). We treated 12 VSs located
on the left side and 13 VSs located on the right side.
Radiosurgery was performed due to documented
progressive tumour growth (18 tumours), declining
hearing status over time (2 tumours), or simultane-
ous tumour growth and hearing worsening (5 tu-
mours). Contralateral anacusis was present at the
time of treatment in 9 patients. Two patients had
received prior surgery for the tumour treated in this
study. According to the Koos classification,’ tu-
mour sizes were grade 1 (n =3 tumours), grade 2 (n
=3), grade 3 (n = 11), and grade 4a (n = 8); no tu-
mours of Koos grade 4b were treated. Hearing was

evaluated for all patients by assessing the pure tone
average and the speech discrimination score, and
hearing was classified according to the Gardner-
Robertson (G-R) classification.® Before irradiation,
tumours were associated with G-R hearing class-1
(n =13), G-R hearing class-II (n = 3), G-R hearing
class-III (n = 2), or with complete hearing loss (G-R
hearing class-V; n = 7). Sixteen tumours (64%)
were associated with serviceable hearing (i.e., G-R
hearing class-I or class-II) at the time of treatment.

Radiosurgical procedure

Detailed information on different tumour manage-
ment options was provided for all patients. The
benefits and risks of conservative therapy, micro-
surgery, and GKR were discussed specifically for
each patient in relation to his/her particular medical
situation. All patients provided informed consent
for GKR treatment. The preoperative evaluations,
treatment procedures, and follow-up examinations
were performed in accordance with the ethical stan-
dards of the Belgian committee on human experi-
mentation and with the Helsinki Declaration.
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Figure 1

Dose planning of left VS using three stereotactic images. (Left) A high-resolution, 3D,
T1-weighted, gadolinium-enhanced MRI; (middle) a high-resolution, 3D, T2-weighted
MRI; and (right) a high-resolution, 3D, bone CT-scan. In all three images, the yellow
line drawn around the tumour delineates the prescription isodose.

Figure 2
Example of tumour volume reduction at 5 years after Gamma Knife irradiation GKR) of
a VS on the left side. Magnetic resonance images show the tumour (left) after GKR and
(right) at the 5-year follow-up. Insets below each image indicate (left) coronal recon-
struction and (right) sagittal reconstruction.

All patients underwent a radiosurgical procedure
with the Leksell Gamma Knife C fitted with a
robotized positioning system for targeting stereo-
tactic coordinates, called an Automatic Positioning
System (APS™). The APS facilitated access to the
target with a higher precision than with former
Gamma Knife models.* The Leksell G stereotactic
frame was applied to the patient’s head under local
anesthesia with mild intravenous sedation. For all
patients, we performed magnetic resonance (MR)
imaging to acquire stereotactic, axial, gadolinium-
enhanced, T1-weighted and T2-weighted, three-
dimensional, 1-mm slices of a volume; in addition,
we performed computer tomography (CT) densito-
metric scans to acquire 1-mm slices of bone struc-
tures in the same volume (Figure 1). Treatment

planning was achieved with the Leksell Gamma-
Plan program. A target volume was drawn according
to the tumour visualized on T1 and T2 MR-
sequences and according to osseous limits of the
internal auditory canal (IAC) visualized on the CT-
scan. A high-resolution radiosurgical plan was
achieved by outlining the target with multiple iso-
centers of the same or different diameters to cover
the entire tumour volume with the prescription iso-
dose (Figure 1). After transferring the dosimetric
plan to the operating console of the Leksell Gamma
Knife C, the treatment was delivered with the AP-
S™. The stereotactic frame was removed immedi-
ately after irradiation. Patients were discharged the
day after treatment.



32

N. Massager et al.

Table 2
Follow-up data
Number of tumours (patients) 16 (12)
Duration of follow-up, y; mean (range) 4.4 (2-10)
Tumour control
Tumour control rate at last follow-up 81%
Tumour volume decreased 8 (50%)
Tumour volume stable 5 (31%)
Tumour volume increased 3 (19%)
Actuarial tumour control
at 2 years 87.5%
at 5 years 80.2%
New treatment required 3 (19%)
microsurgery 2 (13%)
second GK radiosurgery 1 (6%)
Hearing outcome
Hearing status before radiosurgery
G-R class [-II-II-IV-V 7-2-1-0-6
Serviceable hearing (G-R class I-1I) 9 (56%)
Anacusis (G-R class V) 6 (38%)
Hearing status at last follow-up
G-R class I-II-ITI-IV-V 5-2-3-0-6
Hearing worsening (by = 1 G-R class) 3/10 (30%)
Loss of serviceable hearing (G-R class I-II) 2/9 (22%)
Induced complete hearing loss (GR class V) 0/9 (0%)

Values represent the number of patients (%).

Legend: GK: Gamma Knife; G-R: Gardner-Robertson classification®.

Follow-up

Follow-up evaluations were scheduled every 6
months for the first year and annually thereafter,
when the patient’s condition was stable. Audiologi-
cal evaluations and MR scans were obtained at
follow-up. Evolution of the tumour volume was
assessed on MR images, co-registered on the
follow-up module of the Leksell GammaPlan 9.0
(Figure 2). Changes in audiological status were
evaluated by modifications in the G-R classification
of the hearing level.

Results

Radiosurgical procedure

The main volumetric and dosimetric data are pro-
vided in Table 1. The median tumour volume was
2.04 cm?® (range 0.07-8.3 cm?®). A series of 1 to
20 isocenters (median 14) was used to determine

tumour volumes. The Paddick Conformity Index’
and Gradient Index® ranges were, respectively,
0.57-0.89 (median 0.74) and 2.34-3.45 (median
2.95). The median margin dose was 12 Gy (range
11-12 Gy). For all patients, the margin dose was
prescribed at the 50% isodose.

Outcome

Sixteen tumours in 12 patients were available for
clinical, radiological, and audiological follow-up at
aminimum of 2 y after irradiation. Table 2 provides
the main outcome data of these patients. The mean
follow-up duration was 4.4 y (range 2-10 y).

At the last follow-up, tumour control (i.e.,
absence of tumour growth compared to the initial
tumour volume before irradiation) was achieved in
13 tumours (81%). Tumour volumes remained
stable in 5 tumours (31%), reduced in 8 tumours
(50%), and increased in 3 tumours (19%). For the 3
patients with tumour progression after GKR, a new
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Audiological outcome in 12 patients (16 tumours) with available clinical, radiological,
and audiological after a 2-y minimum follow-up after GKR

G-R class before GKR
G-R class after GKR 1 II 11 v \"
I 5
1T 1 1
I 1 1 1
v 0
\ 6

Values indicate the number of ears.

Legend: G-R: Gardner-Robertson classification.® Bold: patients with unchanged
audiological status at last hearing control; italics: patients with worsened audiological

status at last hearing control.

Figure 3
Magnetic resonance image shows dosimetry planned for GKR
treatment of bilateral VS during a single procedure. Internal
white line = 12-Gy prescription isodose area; internal black
line = 10-Gy isodose area; external white line = 8-Gy isodose
area.

therapy was undertaken, with microsurgical removal
for 2 patients and a successful second GKR irra-
diation for 1 patient. The actuarial local tumour
control rate was evaluated based on the Kaplan-
Meier method. We found that the probability of
achieving tumour volume control after GKR was
87.5% at 2 y after treatment and 80.2% at 5 y. The
radiation dose and tumour volume were not related
to the tumour control rate.

At the last follow-up, of the 7 patients (71.4%)
with an audiological status of G-R class-I before
radiosurgery, 5 continued with G-R class-I hearing
(Table 3). Of the 10 patients with incomplete
hearing loss before radiosurgery, the hearing status
of 3 worsened by a minimum of one G-R class
(30%), as follows: (n = 1) class-I to class-II; (n=1)

class-I to class-III; and (n = 1) class-II to class-III.
No patient developed complete hearing loss after
irradiation. Of the 9 patients with useful hearing
before radiosurgery, 7 (78%) preserved serviceable
hearing, defined as the maintenance of hearing
class-I or -II.

Seven patients of our series were treated for
bilateral VSs (Figure 3). Of these, 4 patients had
available outcome data for the retrospective analy-
sis. One patient had bilateral serviceable hearing
(G-R class-I on both sides) before treatment; at last
follow-up, that patient preserved G-R class-I
hearing bilaterally. Three patients had anacusis on
one side, and G-R class-I hearing level on the other
side before radiosurgery. Of these, 2 patients had
unchanged hearing at the last audiological control
and 1 patient had worsened to G-R class-III hearing.
Thus, 80% of patients treated bilaterally with GKR
for both VSs preserved their hearing status at last
follow-up.

No other adverse effects of irradiation occurred
in our population. We found no facial weakness,
paresis, or spasms after treatment. No patient died
during the follow-up period. No patient developed
an atypical or malignant transformation in the irra-
diated tumour, and no other tumours developed.

Discussion

In recent years, stereotactic radiosurgery has
emerged as a first-line management strategy for
sporadic VS.® Unlike conventional fractionated
radiotherapy, stereotactic radiosurgery is typically
performed in a single session with high-energy
ionizing radiation to inactivate small to medium-
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sized targets, mainly brain tumours. Stereotactic
radiosurgery uses a rigid stereotactic guiding device
or other immobilization technology and a stereo-
tactic image-guidance system. GKR differs from
Linear accelerators (Linac), because GKR uses
gamma rays from radioactive cobalt to deliver
heterogeneous radiation doses with multiple, small-
sized isocenters.

GKR is a non-invasive, alternative treatment
for sporadic VS that provides excellent long-term
tumour control with low treatment-related toxicity .’
Hearing outcome after GKR was superior to that
achieved with microsurgery.’ A major argument for
the use of radiosurgery rather than microsurgery
for the first line treatment of VS is the improved
preservation of useful hearing. The risk of facial
palsy is currently very low with modern radiosurgi-
cal techniques compared to the incidence of facial
paralysis following microsurgery.’ Other complica-
tions of microsurgery, like CSF leakage, are also
avoided with radiosurgery. The main limitation
with the use of GKR for treating VS is that it is not
ideal for removing large tumours; there is an in-
creased mass effect after irradiation, which reduces
the chances of tumour control and incurs significant
risk of peritumoral edema induced by irradiation.
The risk of radiation-induced carcinogenesis is also
a concern, although it appears to be reduced in
highly conformational single-session radiosurgery.’

The management of VS in patients with NF2
represents a difficult challenge. Less than 10
published studies have reported results for the
radiosurgical irradiation of VS in patients with
NF2 2" Many of those papers involved treatments
performed in the 1990’s, when higher doses of
irradiation were used, less conformational dose
planning was performed, and less accurate irradia-
tion devices were available. In 2000, a robotized
mechanical system for delivering radiation at the
target was introduced with the Gamma Knife
model C.*'® Before 2000, the stereotactic coordi-
nates of each isocenter had to be placed manually,
which was time consuming and not very precise.'
The Gamma Knife model C is equipped with the
APS™. This has significantly increased targeting
accuracy because dosimetric planning conformity
and selectivity was improved with the use of more
isocenters with small diameters.” Consequently,
the GKR model C may provide different results
from those produced with former models. The
present study described our experience with exclu-
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sive use of the Gamma Knife model C with APS™
for treating VS in patients with NF2. No previous
series has reported these specific results.

Tumour control

The local tumour control rate at the last follow-up
and the actuarial tumour control at 5 years after
irradiation were greater than 80% in our series.
Rowe et al.” studied the largest series to date, with
122 tumours in 96 patients treated with GKR, from
1986 to 1994. They used peripheral doses of 17.5 to
25 Gy, but those doses were associated with a high
rate of new deficits. Consequently, they reduced the
dose prescription to margin doses of 16 Gy maxi-
mum, and from 1993 to 2000, they treated 92 VSs
in patients with NF2. In the latter patients, they ob-
served a local tumour control rate of 79% after a
mean follow-up of 50 months, and an actuarial pro-
gression-free tumour rate of 52% at 8 years. The
Marseille team reported a tumour control rate of
71% in a series of 50 tumours treated with a mean
peripheral dose of 12.3 Gy." Phi et al.'* and Sharma
et al."” recently reported local tumour control rates
of, respectively, 69% and 67.3% in 36 and 32 VSs
at 4 and 2.2 years after GKR. The present study
achieved a slightly higher tumour control rate com-
pared to those observed in previous studies that
used similar radiation doses. Our high tumour con-
trol rate could be due to improvements in dose
planning provided by the use of a large number of
isocenters with small diameters.*

Hearing outcome

Many patients with NF2 develop bilateral VS and
are at risk of becoming completely deaf over time.
One of the main goals of VS treatment in these
patients is preservation of useful hearing. Previous
studies on patients with NF2 have shown that the
audiological outcome after GKR for VS was related
to the radiation dose applied.'*'* Indeed, series that
described treatments with high radiation doses, low
conformational planning, and manual patient posi-
tioning reported useful hearing preservation in the
range of 20 to 40% .2 Those low audiological
success rates were probably due to direct radiation
injury to the VIII" cranial nerve and to the cochlea.’
Over the last decade, improvements in computer
science, imaging, and robotization have signifi-
cantly changed the accuracy of radiosurgical irra-
diation. Those improvements, in combination with
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the use of reduced radiation doses, have improved
the audiological outcome of patients treated with
GKR for VS.* We found that, in 78% of tumours
treated in patients that had useful hearing before
irradiation, serviceable hearing was preserved for
more than 3 years after treatment. To date, this is
the first report to describe results for a series of
patients with NF2 treated for VS with a Gamma
Knife device fitted with a robotized positioning
system (model C or Perfexion). The good results in
functional hearing after treatment observed in our
study could be due to improvements in targeting
with a modern Gamma Knife procedure.*

Other complications

Risk of facial nerve palsy represents another chal-
lenge in treating VS in patients with NF2. The
facial paralysis risk after microsurgical tumour
removal depends on multiple variables, including
the surgical approach (i.e., translabyrinthine or retro-
sigmoid), tumour volume, tumour extension into
the internal auditory canal, and the surgeon’s expe-
rience. Currently, in patients without NF2, very low
risk of worsening facial function is associated with
GKR for VS performed with low-dose irradiation.?
In VSs associated with NF2, there are specific ana-
tomical characteristics that can increase the risks of
facial injury for both microsurgical and radiosurgi-
cal treatments.” In a series of 120 patients with NF2
that were treated for VS, Samii er al.' preserved
the anatomical continuity of the facial nerve in
99 patients (83%), but the House-Brackmann
Grade 1 facial nerve function was preserved in
only 67%. In our study, none of the 12 patients de-
veloped even moderate long-lasting facial nerve
dysfunction after GKR. Previous studies that used
radiosurgery to treat VS in NF2 showed that the
risk of facial palsy was related to the quality of the
dosimetric plan and the dose used.”'* Currently, the
use of high conformational planning, low radiation
doses, and accurate radiation delivery has signifi-
cantly reduced the risk of VII" nerve injury after
GKR compared to any microsurgical approach.

No patients in our series experienced trigeminal
nerve dysfunction after treatment. This was consis-
tent with the low rate of new or worsened trigemi-
nal distribution sensory deficits after irradiation re-
ported in other series of VS treated with radiosurgery
in patients with NF2.>">"* However, greater odds of
trigeminal neuropathy were associated with GKR

35

performed with low-quality imaging and margin
doses greater than 14 Gy."* Conformity of the dose
planning in modern GKR procedures could also
influence the incidence of this complication.

Rowe et al. pointed out that GKR treatment for
VS in patients with NF2 ran the risk of malignant
transformation.” No patient in our series expe-
rienced this problem. Other investigations in
patients without NF2 assessed this risk to be very
low or even non-existent.’ A lifelong follow-up
with specific analysis would be required to assess
this risk in patients with NF2 after GKR.

Bilateral irradiation of VS

NF2 patients with bilateral VS sometimes expe-
rienced simultaneous growth in both tumours, with
or without associated audiological worsening on
one or both sides. GKR has been shown to provide
long-term tumour control and good functional
hearing outcome; thus, some groups have used
GKR for both tumours, in staged or single pro-
cedures.>'*” We performed GKR irradiation for
bilateral VS in 7 patients; 5 patients underwent
GKR in two separate sessions with an interval of 1
to 40 months and 2 patients underwent two GKRs
in a single procedure. This resulted in a serviceable
hearing preservation rate of 80% at the last follow-
up. In our experience, bilateral irradiation was not
associated with a worse functional outcome than
unilateral treatment. Other studies have found simi-
lar results.">"*

Conclusions

Radiosurgery represents an alternative treatment
to microsurgery for some VSs in patients with
NF2. Modern GKR techniques use multiple, small-
diameter isocenters, and a highly accurate target
radiation delivery to provide high rates of long-
term tumour control and good functional outcome,
particularly in the preservation of cranial nerve
function. We advocate the incorporation of radio-
surgery in the therapeutic armamentarium for
patients with NF2, particularly when growing
tumours are associated with useful hearing.
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