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Abstract

The treatment strategy for patients with vestibular schwannoma (VS) is controversial, and data concerning the long-term
hearing outcomes > 5 years after gamma knife surgery (GKS) are limited. The long-term hearing outcomes after GKS were
evaluated in VS patients with hearing preservation. Ninety-two VS patients with a pure tone average (PTA) <50 dB were
evaluated. The median age was 54 years; the median tumor volume was 1.5 cm®. The tumors were treated with a median
margin dose of 12 Gy and a median mean cochlear dose of 4.0 Gy. At the time of GKS, 65 patients retained a PTA of 0-30
dB, and 27 had a PTA of 31-50 dB. The median follow-up period was 106 months. At the final follow-up, 2 (2%) developed
tumor progression. During the median audiogram follow-up of 83 months, the PTA was <30 dB in 22 patients (24%) and
31-50 dB in 27 patients (29%); 43 patients (47%) worsened to a PTA > 50 dB. Hearing preservation rates were 66, 57, and
44% at 3, 5, and 10 years, respectively. In multivariate analysis, the mean cochlear dose (P <0.001) and pre-GKS PTA
(P=0.045) were significant for hearing preservation. GKS was an effective treatment option for VS patients with a PTA <50
dB. As a lower cochlear dose and better pre-GKS PTA contributed to long-term hearing preservation, prophylactic GKS
before hearing deterioration or tumor growth would be a treatment of choice if patients provided informed consent.

Keywords Gamma knife - Hearing preservation - Long-term outcomes - Prognostic factor - Stereotactic radiosurgery -
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Introduction

Gamma knife surgery (GKS) has been proven to be safe and
effective for patients with small- to medium-sized vestibu-
lar schwannomas (VSs) [1-9]. Although good tumor con-
trol and a low risk of facial palsy after GKS are important
advantages, it remains difficult to preserve hearing function.
As VSs are histologically benign, the treatment goal must
be retention of a better quality of life with tumor control
while preserving neurological function as long as possi-
ble. When an optimum dose of 12-13 Gy is applied to the
tumor margin, the risk of permanent facial palsy after GKS
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is approximately zero [4]. Additionally, GKS is quite safe
even for older patients or those with medical comorbidi-
ties. However, the best strategy to preserve hearing function
in VS patients who retained hearing remains controversial;
options include the “wait-and-see” approach, surgical resec-
tion, or stereotactic radiosurgery (SRS)/radiotherapy. At pre-
sent, data concerning detailed long-term hearing function
> 5 years after GKS are scarce. The purpose of the present
study was to evaluate the long-term hearing preservation
rate and the factors associated with hearing preservation in
patients treated with GKS, focusing on patients who retained
a PTA <50 dB at the time of treatment. Hearing preservation
used in this study was defined as a PTA <50 dB.
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Methods and materials
Patient characteristics

The data on patients with VS who were treated with GKS at
our institute were obtained from a single institutional review
board-approved database. The inclusion criteria of this study
were as follows: (1) unilateral VS (excluding neurofibroma-
tosis type 2), (2) patients who had retained hearing func-
tion, defined as a pure tone average (PTA) <50 dB on the
tumor side as measured by a pre-GKS audiogram, and (3)
patients who had a pre-GKS audiogram and hearing follow-
up period of 3 years or longer after GKS. Between May
1991 and December 2013, 872 VS patients were treated with
GKS at our institute. Among them, 311 patients (36%) had
a PTA <50 dB at the time of treatment. Of those, 219 were
excluded due to the unavailability of a serial audiogram or
to neurofibromatosis type 2; most patients followed by refer-
ring doctors were excluded because of the unavailability of
pure tone audiometry after GKS, regardless of hearing pres-
ervation. Accordingly, limited patients followed at our insti-
tution were evaluated. A serial audiogram continued to be
checked to avoid patient selection bias, even if the patients
lost serviceable hearing within 3 years after GKS. Finally,
92 patients were eligible for evaluation of long-term hearing
outcomes and were retrospectively analyzed. All patients
provided informed consent. Patient characteristics are sum-
marized in Table 1. All patients received their treatment of
choice, including the wait-and-see approach, surgical resec-
tion, or radiosurgery. Of the 92 patients, GKS was selected
on the basis of patient preference in 66 patients; Koos grade
4 tumors with a PTA <50 dB in 10; tumor growth in 9; and
neurological deterioration, such as deterioration of hearing,
facial sensation, or gait disturbance during observation in
7. The patients who required intervention were those who
had refused or were unsuitable for craniotomy because of
advanced age or comorbidity. On the pre-GKS audiogram,
65 patients (71%) were found to have a PTA of <30 dB on
the tumor side, and 27 patients (29%) were found to have a
PTA of 31-50 dB. The mean PTAs on the tumor and normal
sides were 26.0 and 14.2 dB, respectively. One patient (1%)
had House and Brackmann grade 2 facial palsy and 4 (4%)
had trigeminal nerve dysfunction.

Radiosurgical techniques

Detailed radiosurgical treatment data are shown in Table 2.
The median tumor volume was 1.5 cm®. The median maxi-
mum dose, marginal dose, and D95 (irradiation dose that
included 95% of the planning target volume) were 24, 12,
and 11 Gy, respectively.
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Table 1 Patients’ characteristics and radiosurgical parameters
(N=92)
Characteristics Value
Gender
Male 38 (41%)
Female 54 (59%)
Age
Median 54
Range 17-77
Prior surgery
No 91 (99%)
Yes 1 (1%)
Dose planning
KULA 14 15%)
GammaPlan 78 (85%)
Tumor nature
Solid 80 (87%)
Cyst 12 13%)
Koos grade
1 20 22%)
1T 38 (41%)
I 24 (26%)
v 10 (11%)
Fundal obliteration
Yes 41 (45%)
No 51 (55%)
Pure tone average
0-30dB 65 (71%)
31-50 dB 27 (29%)
Mean (dB) 26.0
Range (dB) 5-50
Facial nerve function (House and Brackmann grade)
1 91 (99%)
2 1 (1%)
Trigeminal nerve function
Normal 88 (96%)
Dysfunction 4 (4%)
Initial symptom
Hearing disturbance 52 (57%)
Vertigo/dizziness 19 21%)
Tinnitus 11 (12%)
Incidental findings 4 (4%)
Headache 3 (3%)
Facial numbness 2 2%)
Gait disturbance 1 (1%)
Radiosurgical parameters
Tumor volume (cm®) 0.1-14.5 (Median, 1.5)
Maximum dose (Gy) 15.0-32.0 (Median, 24.0)
Marginal dose (Gy) 10.4-16.8 (Median, 12.0)
D95 (Gy) 6.0-13.5 (Median, 11.2)
Isodose line (%) 45-75 (Median, 50)
No of isocenter (n) 1-53 (Median, 4)
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Table 1 (continued)

Characteristics Value

Cochlear dose (Gy) 1.6-10.5

Distance from meatal fundus to  0.0-12.0
the tumor end (mm)

(Median, 4.0)
(Median, 2.2)

Table 2 Hearing results on the basis of pre-GKS PTA

Post-GKS PTA Pre-GKS GR PTA Pre-GKS PTA
<30 dB (n=65) 31-50 dB
(n=27)
No. (%) No. (%)
<30dB 21 (32) 1 4
31-50 dB 20 31) 7 (26)
51-90 dB 22 (34) 16 (59)
91 dB < 2 3) 3 an

Dose planning

When dose-planning for GKS, the KULA system (Elekta,
Stockholm, Sweden) was used until August 1996. Thereaf-
ter, GammaPlan software (Elekta) was used. On the basis
of the dose-planning methods, the patients were classified
into early or recent treatment method groups. In 47 patients
(51%) treated with a recent treatment method that matched
our current treatment method, dose-planning was conducted
with 4-mm collimators applied to the intracanalicular portion
based on thin-slice, axial, three-dimensional spoiled gradient
echo recalled images and heavy T2-weighted images with
gadolinium enhancement. The other 45 patients were clas-
sified into the early treatment method group, including 14
patients treated with the KULA system.

Follow-up evaluation

Clinical follow-up data were obtained when the patients
visited our hospital, or from the referring doctors if the
patients lived a considerable distance from our institution.
Magnetic resonance (MR) imaging scans and audiograms
were requested at 3-month intervals for the first year after
GKS, at 6-month intervals for the second and third years,
and then annually thereafter. On the basis of the radiological
follow-up studies with thin-sliced T1-weighted axial images
with gadolinium enhancement, tumor regression was defined
as a volume reduction of >25%, no change was defined as
a volume reduction or increase of <25%, and tumor pro-
gression was defined as a volume increase of >25%. In
addition, transient expansion was defined as the occur-
rence of any enlargement before tumor shrinkage. Hearing
function was evaluated based on the PTA as measured by

serial audiograms before and after GKS. The PTA was cal-
culated with the following formula: PTA =(a+2b+c¢)/4,
where “a” had a threshold at 500 Hz, “b” had a threshold at
1000 Hz, and ““c” had a threshold at 2000 Hz. To evaluate
hearing deterioration due to GKS, the PTA on the normal
side was used as a control. In addition, the difference in the
PTA before and after GKS was calculated for each patient.
Hearing preservation was defined as retention of a PTA of
<50 dB. In all patients, serial audiograms according to the
follow-up protocol were obtained until the patients lost hear-
ing function.

Statistical analysis

Tumor control and hearing preservation rates were calcu-
lated using Kaplan and Meier methods. To analyze the fac-
tors that were correlated with hearing preservation, the fol-
lowing were assessed: age, sex, tumor nature, dose-planning
group, pre-GKS PTA, difference between bilateral pre-GKS
PTAs, Koos grade [10], transient expansion, tumor volume,
treatment dose (maximum, marginal, and D95), mean coch-
lear dose, use of a 4-mm collimator in the intracanalicular
portion, fundus obliteration, and distance from the meatal
fundus to the tumor end. As the mean cochlear dose and
D95 were calculated using GammaPlan software, these data
were not available in 14 patients treated with the KULA
system. The factors affecting hearing preservation were
assessed with a log-rank test in a univariate analysis and a
Cox proportional regression model in a multivariate analy-
sis in which the continuous variables were age, dose, dis-
tance, tumor volume, and pre-GKS PTA. A final multivariate
analysis was calculated with a stepwise forward selection
method. Hazard ratios were reported with 95% confidence
intervals (CIs). The statistical analyses were performed with
SPSS Statistics for Windows, Version 21.0 (IBM Corpora-
tion, Armonk, NY, USA). P values <0.05 were considered
significant.

Results
Tumor control

The median radiological follow-up period was 106 months
(range 36-262 months). At the final follow-up, 71 patients
(77%) had tumor regression, 19 (21%) had stable tumors,
and 2 (2%) had experienced tumor progression. Of those two
patients, one required a craniotomy 41 months after GKS,
followed by a second GKS for further progression. The other
was observed without any additional treatment due to lack
of symptomatic deterioration. The overall tumor control
rate with the Kaplan and Meier method was 98%. During
the follow-up period, transient expansion was found in 20
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patients (22%). The median intervals to transient expansion
was 6 months (range 3—60 months).

Hearing results

The median follow-up period for the audiogram was
83 months (range 36-262 months) and the median number
of audiometric evaluation was 10 (range 2-27). At the final
follow-up audiogram, 22 patients (24%) retained a PTA of
<30 dB, 27 (29%) retained a PTA of 31-50 dB, and 43
(47%) lost hearing with a PTA of > 50 dB. Detailed hearing
outcomes depending on pre-GKS PTA are shown in Table 3.
Time courses of the mean PTA on the tumor and contralat-
eral sides are demonstrated in Fig. 1a; time courses of the
mean differences between the pre- and post-GKS PTA are
shown in Fig. 1b. Compared with the pre-GKS PTAs, the
post-GKS PTAs showed mean declines of 15.7 and 26.6
dB at 5 and 10 years, respectively, on the tumor side and
1.2 and 2.2 dB at 5 and 10 years, respectively, on the con-
tralateral side. The actuarial 3-, 5-, 8- and 10-year hearing
preservation rates were 66, 57, 47, and 44%, respectively
(Fig. 2a). Depending on the pre-GKS PTA, the actuarial 3-,
5-, and 10-year hearing preservation rates in 65 patients with
a pre-GKS PTA of <30 dB were 73, 67, and 55%, respec-
tively, whereas those of 27 patients with a pre-GKS PTA of
31-50 dB were 48, 35, and 23%, respectively (log rank test:
P=0.004; Fig. 2b).

Table 3 Factors affecting hearing preservation

Factors associated with hearing preservation

Factors affecting hearing preservation are shown in
Table 3. In univariate analysis, the pre-GKS PTA
(P <0.001), difference between bilateral pre-GKS PTA
(P <0.001), mean cochlear dose (P <0.001), fundus
obliteration (P=0.011), use of a 4-mm collimator to the
intracanalicular portion (P =0.032), and distance from the
fundus and the tumor end (P =0.038) were significant for
hearing preservation. By multivariate analysis, the mean
cochlear dose and pre-GKS PTA were significantly cor-
related with hearing preservation, with hazard ratios of
1.366 (95% CI 1.181-1.580; P <0.001) and 1.036 (95% CI
1.001-1.072; P=0.045), respectively. In a limited number
of 41 patients with a pre-GKS PTA <30 dB who were
treated with a mean cochlear dose of <5 Gy, the 3-, 5-,
and 10-year hearing preservation rates increased to 88, 76,
and 69%, respectively.

Other neurological function

During the follow-up period, no newly developed neuro-
logical deterioration other than hearing deterioration was
found. At the last follow-up, pre-GKS mild facial palsy
was resolved in one patient, and trigeminal dysfunction
was improved in three patients and stable in one.

Factor Univariate P value Multivariate P value Hazard ratio (95% CI)
Age 0.15 NT

Gender 0.78 NT

Tumor nature 0.80 NT

Koos grade 0.54 NT

Fundus obliteration 0.011* 0.18

Distance from fundus and tumor end 0.038%* NT

Pre-GKS PTA <0.001* 0.045%* 1.036 (1.001-1.072)
Difference between bilateral pre-GKS PTA <0.001* 0.80

Planning group 0.082 NT

Tumor volume 0.20 NT

Maximum dose 0.74 NT

Marginal dose 0.15 NT

D95 0.42 NT

Mean cochlear dose <0.001* <0.001* 1.366 (1.181-1.580)
4-mm collimeter to the intracanalicular portion 0.032%* 0.43

Tumor expansion 0.22 NT

NT not tested

*Significant
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Fig. 1 Graphs showing time courses for mean pure tone averages on
the tumor side and the normal side, and the difference between mean
pure tone averages on the tumor and the normal side (a), and time
courses for the differences between pre- and post-GKS pure tone
averages on the tumor side and the normal side (b). Error bars repre-
sent standard error of the mean

Discussion

Currently, the best treatment strategy for VS patients with
serviceable hearing remains controversial. Due to the tumors
being histologically benign, true long-term results of both
tumor control and hearing preservation are essential for
decision-making strategies.

Long-term hearing preservation

Many investigators have reported relatively long-term
hearing outcomes after SRS [4, 9, 11-13], but these results
are still unsatisfactory, showing a serviceable hearing
preservation rate of <50% over longer periods. In this
study, long-term hearing preservation rates were 57 and
44% at 5 and 10 years, respectively. This result seemed
consistent with other radiosurgical reports. One possibil-
ity for the retention of hearing function in VS patients is

0.2
0.0 Months
-——————————7———————7—
0 60 120 180 240
Number at risk
Pre-GKS PTA<30dB 61 52 27 14 1 2
Pre-GKS PTA31-50dB 23 16 9 7 2
Year after GKS 1 3 5 8 10 15

Fig.2 Kaplan and Meier curves demonstrating a hearing preservation
rate in 92 vestibular schwannoma patients with a PTA <50 dB (a) and
hearing preservation rates depending on pre-GKS hearing (b)

dose reduction. To date, the tumor margin dose has been
reduced to an optimum dose of 12 Gy to avoid facial palsy.
Although further dose reduction may improve hearing
results, it could cause an increased rate of tumor progres-
sion. Watanabe et al. [9] reported the long-term hearing
results of 183 VS patients with a median audiometric fol-
low-up period of 59 months. The tumors were treated with
a median marginal dose of 12 Gy, but the anterior tumor
portion facing the cochlear and facial nerves was covered
with a 10 Gy isodose gradient. Consequently, despite a
dose reduction to the cochlear nerve, serviceable hearing
could not be preserved; the hearing preservation rates were
49 and 24% at 5 and 10 years, respectively.
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Another possibility for the reduction of damage to the
normal tissues is fractionation. There are several papers
on the use of fractionated stereotactic radiotherapy for the
treatment of VS [14-22]. Champ et al. [16] reported the
results for 154 VS patients treated with fractionated ste-
reotactic radiotherapy using a reduced dose of 46.8 Gy in
1.8 Gy fractions. The mean tumor volume was 2.4 cm>. At a
median follow-up period of 35 months, the actuarial 3- and
5-year serviceable hearing preservation rates were 66 and
54%, respectively, with a median PTA decline of 13 dB.
This result was comparable to our results. Currently, there
is no evidence showing SRT is superior to SRS in hearing
preservation.

Factors affecting hearing preservation

To date, various factors such as patient age, tumor volume,
pre-radiosurgical PTA and cochlear dose have been reported
as significant factors associated with hearing preservation
after radiosurgery [9, 11, 13, 23]. In our study, the mean
cochlear dose and pre-GKS PTA were significant for hearing
preservation. Considering mean PTA declines of 15.7 and
26.6 dB at 5 and 10 years compared to the pre-GKS PTA, it
was not surprising that pre-GS PTA was a prognostic fac-
tor for hearing preservation. The mean cochlear dose has
been considered to be a common prognostic factor in sev-
eral articles [23-25]. To minimize the risk of hearing loss,
dose-planning should include a cochlear dose that is as low
as possible. If possible, it is recommended that the mean
cochlear dose be reduced to <4-6 Gy. The tumor exten-
sion to the fundus and dose escalation of the anterolateral
portion of the tumor would lead to an increased cochlear
dose, resulting in a decline of hearing preservation rates. The
cause of continuous hearing deterioration beyond 3 years
after GKS is unknown. Hearing deterioration within 3 years
after GKS could be explained by ischemic or mechanical
damage to the cochlear nerve due to high-dose irradiation
or nerve compression by transient expansion. However, as
has been demonstrated in many articles [4, 6, 9, 11-13],
hearing acuity continues to deteriorate even beyond 5 years;
hearing preservation rates after radiosurgery were 42-50%
at 5 years and decreased to 23-24% at 10 years. At present,
it is not evident whether long-term continuous deteriora-
tion was caused by direct radiation injury of the cochlear
nerve, vascular insufficiency due to the cochlear nerve scar-
ring, long-term cochlear nerve compression by a tumor, or
cochlear nerve distortion due to tumor shrinkage. From the
results of GKS in patients with facial nerve schwannomas
[26], most retained serviceable hearing despite treatment
with higher mean cochlear doses, indicating that hearing loss
does not seem to be related to direct damage of the cochlea
by high-dose irradiation.
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Comparison of hearing outcomes with other
treatments

Recently, the long-term follow-up data of 156 intracanali-
cular VS patients who were managed conservatively were
reported in the Danish national database [27]. After a
mean follow-up period of 9.5 years, 37% of patients devel-
oped tumor progression, defined as a >2 mm increase in
any tumor diameter. During the follow-up period, 15% of
patients underwent surgical resection or radiation therapy
after a mean follow-up period of 4.2 years. Of 73 evaluated
patients with serviceable hearing, 25 retained serviceable
hearing at their final audiogram, resulting in a crude service-
able hearing preservation rate of 34%. This result indicates
that even if VS patients were observed without any inter-
vention they had a high risk of loss of serviceable hearing,
regardless of tumor growth. The hearing function after GKS
shown in this study indicated a relatively rapid deterioration
in some patients instead of providing tumor control, but the
5- and 10-year hearing preservation rates seemed consist-
ent with those managed conservatively. According to recent
surgical series [28—34], the immediate postoperative hearing
results for VS patients with serviceable hearing are improv-
ing. However, the durability of hearing function after micro-
surgery is of great interest. Wang et al. [34] reported in the
results of their microsurgical treatment with the middle fossa
approach that immediate postoperative serviceable hearing
was achieved in 78 of 95 patients (82%) and that 27 of 32
patients with immediate postoperative serviceable hearing
(84%) maintained serviceable hearing at 5 years after sur-
gery, meaning the serviceable hearing preservation rate at
5 years was approximately 69%. This seems to be a better
hearing outcome than that of radiosurgery, but the higher
risk of facial palsy should be considered, as patients showed
an immediate postoperative facial palsy of 31% and a persis-
tent House and Brackmann grade III or worse palsy of 9%
postoperatively. Although the ambiguity of such microsurgi-
cal hearing results dependent on the surgeons’ experience is
difficult to comprehend for decision-making purposes, the
results of the durability of hearing preservation after micro-
surgery would encourage patients with serviceable hearing.

Study limitations

This study was a retrospective study at a single institution.
Approximately 70% of patients were followed by refer-
ring doctors and discontinued serial audiograms within
3 years after GKS regardless of hearing preservation; those
patients were excluded from this study. Consequently,
limited patients followed at our institution were included.
Although it might be possible that some patients discontin-
ued serial audiograms within 3 years because of hearing loss
after GKS, this was our limitation in this study. In addition,
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some biases due to patient selection or radiosurgical tech-
niques at a single institution may have impacted our results.
The inclusion of patients treated using older radiosurgical
techniques such as the KULA system, an 8-mm collimator
applied to the intracanalicular tumor, or higher prescription
doses may have led to lower hearing preservation rates. The
major weakness in this study was that speech discrimina-
tion was not evaluated because long-term follow-up data of
speech discrimination were not available in most patients. It
has been known that the speech discrimination tends to be
worse in patients with retrocochlear lesions such as VSs than
in patients with cochlear lesions with similar hearing thresh-
olds. Van Dijk et al. [35] demonstrated that VS patients who
retain better hearing function of a PTA <50 dB rarely have
the maximum speech discrimination score <50%, while
those with a PTA > 50 dB are more likely to lose the speech
discrimination. However, hearing preservation rates in this
study may not have been strictly equivalent to serviceable
hearing preservation rates.

Conclusions

GKS was an effective treatment option for VS patients with
hearing preservation of a PTA <50 dB. As a lower cochlear
dose and better pre-GKS PTA contributed to long-term hear-
ing preservation, prophylactic GKS before hearing deterio-
ration or tumor growth would be a treatment of choice if
patients provided informed consent.
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