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Abstract
Background  Stereotactic radiosurgery (SRS) has become a primary option for management for both newly diagnosed ves-
tibular schwannomas (VS), as well as VS that enlarge after initial observation.
Methods  A retrospective review of our prospectively maintained data base found 871 patients who underwent Gamma knife® 
SRS as their initial (primary) management between 1987 and 2008. Follow-up ranged from 1–25 years (median = 5.2 years) 
Median tumor volume was 0.9 cc (0.02–36) and median margin dose was 13 Gy (12–25).
Results  Progression free survival (PFS) after SRS was 97% at 3 years, 95% at 5 years, and 94% at 10 years. Freedom from 
delayed surgical resection was found in 98.7% of patients. Smaller tumor volume was significantly associated with improved 
PFS. There were 326 patients with serviceable hearing (Gardner–Robertson 1 or 2) at the time of SRS with audiological 
follow-up of ≥ 1 year. Serviceable hearing preservation rates after SRS were 89.8% at 1 year, 76.9% at 3 years, 68.4% at 
5 years, 62.5% at 7 years, and 51.4% at 10 years. Factors associated with improved serviceable hearing preservation included 
younger age, Gardner-Robertson grade 1 at SRS, and absence of subjective complaints of dysequilibrium or vertigo (ves-
tibulopathy). Fifty-one patients (5.8%) developed trigeminal neuropathy. Fourteen (1.6%) developed a transient House-
Brackmann grade 2 or 3 facial neuropathy.
Conclusions  In this report with extended follow-up, primary SRS achieved tumor growth control in 94% of patients. Opti-
mization of long- term cranial nerve outcomes remains an important achievement of this management strategy for VS.
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Introduction

Vestibular schwannomas (VS) are primary brain tumors that 
account for 10% of newly diagnosed intracranial tumors and 
80% of cerebellopontine angle tumors [1]. Over the last three 
decades, management options, including observation, micro-
surgical resection, fractionated radiation therapy, and stereo-
tactic radiosurgery (SRS) have evolved. SRS is now one of 
the most common strategies for newly diagnosed or progres-
sive VS. Extensive data defining safety, tumor control, and 
cranial nerve preservation rates have been reported in recent 
years [2–6]. In this study, we sought to define the long -term 
outcomes of SRS as a primary management for VS. In order 
to emphasize long term follow-up, we performed a retro-
spective review of our prospectively maintained database 
of patients who underwent primary SRS between 1987 and 
2008. This serves as an update and a long-term extension to 
prior studies from our institution.[3]
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Material and methods

During our 32 years experience beginning in 1987, we 
performed Leksell Gamma Knife® (AB Elekta, Stock-
holm, Sweden) SRS on 1954 patients with schwannonmas 
located in the posterior fossa. We reviewed our prospec-
tively maintained Institutional Review Board approved 
database of 1372 VS patients who underwent SRS between 
1987 and 2008. Patients with neurofibromatosis type-2, 
prior surgical resection, or prior SRS at an outside facility 
were excluded from this study. Patient clinical and imaging 
follow up ranged from 1 to 25 years (median = 5.2 years). 
Fifty patients had > 15 years follow up. Mean age, tumor 
volume, follow-up, and median margin dose were 57 years 
(range 18–95), 0.98 cc (0.05–36), 5.2 years (1–25), and 
13 Gy (8–20), respectively (Table 1). While dose planning 
evolved between 1987 and 1992, the typical prescribed min-
imum tumor margin dose (12–13 Gy) has since remained 
stable for more than 20 years. During this interval various 
models of the Leksell Gamma knife were used (U, B, C, 
4C, Perfexion).

Preoperative evaluation

All patients underwent high-resolution posterior fossa 
imaging with magnetic resonance imaging (MRI) or com-
puted tomography (CT) if ineligible for MRI, detailed 
neurological examination, and audiologic testing that 
included speech discrimination score and pure-tone aver-
age. Hearing was subsequently categorized according to 
the Gardner-Robertson (GR) hearing classification [7]. 
Serviceable hearing, GR classes I and II, was defined 
as a speech discrimination score (SDS) higher than 50% 
and a pure tone average (PTA) less than 30 dB. The Koos 
classification was used to assess the relationship between 
the tumor and the surrounding structures, and served as 
an indirect indicator of tumor volume [8]. Facial nerve 
function was evaluated according to the House-Brack-
mann grading system [9]. Patients were also assessed for 
trigeminal sensory dysfunction, symptoms of trigeminal 
neuralgia, tinnitus, and vestibulopathy (dysequilibrium or 
vertigo symptoms).

Table 1   Demographics in patients undergoing SRS of VS

SRS stereotactic radiosurgery, CN cranial nerve, FU follow-up, GR Gardner-Robertson, HB House-Brackmann
*326 patients with GR grade I or II at the time of SRS whom had audiological follow-up of more than 1 year

Parameter Entire series (N = 871) GR grade I–II (N = 326)*

Sex Female 412 (47%) 149 (46%)
Male 459 (53%) 177 (54%)

Age (y) 57 (19–95) 52 (20–85)
Preexisting CN symptoms Imbalance/ataxia 15 (2%) 2 (0.6%)

Trigeminal Neuralgia 46 (5%) 12 (4%)
Numbness 52 (6%) 23 (7%)

Hearing loss GR grade I 347 (40%) 226 (69%)
GR grade II 128 (15%) 74 (23%)
GR grade III 169 (19%) 0
GR grade IV 22 (3%) 0
GR grade V 135 (15%) 0
No hearing data 70 (8%) 26 (8%)

Tinnitus 536 (62%) 215 (66%)
Vertigo 314 (36%) 125 (38%)
Facial nerve HB grade I 830 (95%) 318 (98%)

HB grade II–VI 39 (5%) 6 (2%)
Unknown 2 (0.2%) 2 (0.6%)

Median tumor volume (cc) 0.9 (0.02–36) 0.65 (0.02–16.7)
Median margin dose (Gy) 13 (8–25) 13 (12–25)
Koos class Class 1 145 (16%) 63 (19%)

Class 2 236 (27%) 100(31%)
Class 3 194 (22%) 68 (21%)
Class 4 235 (27%) 75 (23%)
Unknown 61 (7%) 20 (6%)
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Radiosurgical technique

Under conscious sedation and after the injection of a local 
anesthetic, an imaging-compatible Leksell stereotactic head 
frame was attached to the head. High-resolution 1.5 or 3 T 
MR images were obtained with a fiducial system in place, 
generating 1 to 1.5-mm axial slice thickness that is refor-
matted into coronal and sagittal images. CT was used if the 
patient was treated before the availability of MRI (1991) or 
had a contraindication to MRI. Multiple isocenter conformal 
dose planning was then performed by an interdisciplinary 
team consisting of a neurosurgeon, radiation oncologist, and 
a medical physicist (Fig. 1). The tumor volume, margin dose, 
and maximum doses were determined jointly. The prescribed 
tumor margin dose of 12–13 Gy became standard by 1992. 
Radiation delivery was performed in a single procedure. 
At the conclusion of the procedure, patients were typically 
observed for 1–2 h before discharge to home.

Follow up

Follow up ranged from 1 to 25 years (median = 5.2 years. 
Follow up was recommended at 6 month intervals for the 
first year. If initial tumor control was achieved, then fol-
low up imaging and evaluations were performed at 2, 4, 8, 
12, 16, 20 and 24 years (Fig. 2). If a patient reported new 
or worsening symptoms, then more frequent imaging was 
obtained. Depending on the quality of imaging, which was 
often done at an institution closer to home, 10%-20 patients 
had transient tumor enlargement within the first year after 

SRS [10]. Sustained tumor progression was defined as + 15% 
estimated volume in cubic centimeters determined by the 
measurements of the X, Y, and Z tumor dimensions × 0.5 cm. 
Continued tumor progression lead to additional intervention 
(repeat SRS or surgical resection) typically within 3 years.

Formal audiological testing was performed at regular 
intervals to assess the hearing status in patients with ser-
viceable hearing at the time of SRS. Hearing deterioration 
was defined as a decline from serviceable to non-serviceable 
hearing, corresponding to a drop from GR grade I or II to 
grade III or worse. Trigeminal neuropathy was defined as 
a subjective or objective decrease in facial sensation and 
was documented by patient examination. Facial neuropathy 
was evaluated using the House-Brackmann (HB) grading 
method.

Fig. 1   (Left) Pre-SRS axial T1-weighted MRI scan with gadolinium 
enhancement showing an vestibular schwannoma. (Middle) Axial 
T1-weighed MRI scan with gadolinium enhancement showing tumor 

regression 4  years after SRS. (Right) Axial T1-weighed MRI scan 
with gadolinium enhancement showing further tumor regression 
8 years after SRS

Fig. 2   Bar graph showing the number of patients and follow-up year
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Statistical analysis

For statistical analysis, Kaplan Meier survival plots were 
used to determine progression-free survival and hearing 
preservation rates, based on the date of the SRS procedure 
and the date of follow-up imaging and audiometry. Univari-
ate analysis was performed on the Kaplan–Meier curves 
with the use of the log-rank statistic with p < 0.05 set for 
statistical significance. Multivariate analysis was performed 
with the Cox proportional hazards model. The suggested 
cut-off value for variables found to significantly affect tumor 
response rate and serviceable hearing preservation rate was 
determined by Youden index based on Receiver operating 
characteristic (ROC) curve analysis [11]. Statistical analysis 
was performed with IBM SPSS Statistics 24 (IBM, Armonk, 
NY).

Results

Tumor growth control

The primary goals of SRS were to arrest further tumor 
growth, to reduce perioperative risks, and to maintain cra-
nial nerve function whenever possible. We identified 27 
(3.1%) patients who despite primary SRS had progressive 
tumor growth and for whom we recommended additional 
management. The progression free survival (PFS) after SRS 
was 97% at 3 years, 95% at 5 years, 95% at 7 years, and 
94% at 10 years (Fig. 3). Only an initial smaller tumor vol-
ume < 0.56 cc was significantly associated with improved 
PFS (p = 0.028). Margin dose, age, and Koos class were 
not associated with PFS (Fig. 2). Patients with a tumor 
volume ≥ 0.56 cc had a 10-year PFS of 93% compared to a 
10 year PFS of 96% in patients whose initial tumor volume 
was < 0.56 cc (p = 0.028) (Fig. 3). The median time until 
imaging defined continued progression was 32 months, and 
was detected between 2 and 3 years after initial radiosurgery 
in most patients. Only 2 patients had delayed progression 
more than 10 years after SRS (1% of patients with 10-year 
follow up). Eleven patients (1.3%) ultimately underwent 
surgical resection, 15 (1.7%) required CSF diversion, and 6 
(0.69%) underwent repeat SRS. All 6 patients who under-
went repeat SRS had no further tumor growth after their 
second SRS procedure. All patients had imaging evidence of 
continued tumor progression despite initial SRS. One patient 
also had incomplete surgical resection after initial SRS. All 
patients were deaf at the time of the second SRS.

Trigeminal nerve outcomes

Fifty-one patients (5.8%) developed mild symptoms of 
trigeminal neuropathy. Four patients (0.46%) required 

either repeat SRS or percutaneous retrogasserian glyc-
erol rhizotomy for management of refractory trigeminal 
neuralgia. A higher margin dose was not associated with 
trigeminal neuropathy.

Facial nerve outcomes

Fourteen patients (1.6%) developed a HB grade 2 or 
3 facial neuropathy. All cases underwent SRS prior to 
1997, during an interval in which higher marginal doses 
were delivered to the tumor. No patient who received a 
margin dose of ≤ 13 Gy developed any degree of facial 
weakness.

Fig. 3   a Kaplan–Meier curve shows progression free survival after 
SRS. b Kaplan–Meier curves comparing progression free survival in 
patients who had tumor volume < 0.56 cc vs. ≥ 0.56 cc
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Hearing and tinnitus

We studied 326 patients with serviceable hearing (GR grade 
1 or 2) at the time of SRS, all of whom had audiological 
follow-up of ≥ 1 year. The last audiological examination 
demonstrated that 196 (60.1%) retained serviceable hearing 
(GR grade 1 or 2). Serviceable hearing preservation rates 
after SRS were 89.8% at 1 year, 76.9% at 3 years, 68.4% at 
5 years, 62.5% at 7 years, and 51.4% at 10 years (Fig. 4). 
In the univariate analysis, factors associated with improved 
serviceable hearing preservation rates included younger age 
(p < 0.0001), GR grade I at SRS (p < 0.0001), and absence 

of vestibular symptoms (p = 0.031) (Table 2). In the mul-
tivariate analysis, factors associated with improved ser-
viceable hearing preservation rates included younger age 
(p < 0.0001, HR 1.04, 95% CI 1.02–1.06), smaller tumor 
volume (p = 0.038, HR 1.08, 95% CI 1.00–1.16), and pre 
-procedure GR grade I hearing (p = 0.001, HR 1.98, 95% CI 
1.31–2.97) (Table 2).

We found the cut off values of for an age related hear-
ing effect were < 45 years, 45 to 60 years, and ≥ 60 years 
based on ROC curves. Serviceable hearing preservation 
rates in patients who were < 45 year-old were 87% at 3 years, 
83% at 5 years, and 76% at 10 years (Fig. 2). Serviceable 

Fig. 4   a Kaplan–Meier curve shows serviceable hearing preservation 
rate after SRS. b Kaplan–Meier curves comparing serviceable hear-
ing preservation in patients who were < 45  year-old vs. 45–59  year-
old vs. ≥ 60 year-old. c Kaplan–Meier curves comparing serviceable 

hearing preservation in patients who were Gardner-Robertson grade 
1 vs. grade 2 at the time of SRS. d Kaplan–Meier curves comparing 
serviceable hearing preservation in patients with vs. without vertigo 
at the time of SRS
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hearing preservation rates in patients who were between 45 
and 59 years-old were 78% at 3 years, 69% at 5 years, and 
64% at 10 years. Serviceable hearing preservation rates in 
patients who were ≥ 60 years-old were 66% at 3 years, 54% 
at 5 years, and 45% at 10 years (Fig. 4). Serviceable hearing 
preservation rates in patients with initial Gardner-Robertson 
grade I hearing were 83% at 3 years, 75% at 5 years, and 
59% at 10 years. Serviceable hearing preservation rates in 
patients with Gardner-Robertson grade II at the time of SRS 
were 56% at 3 years, 49% at 5 years, and 32% at 10 years. 
Tinnitus was reported by 538 patients (61.5%) prior to SRS. 
Seventy –nine patients (14.7%) noted reduction in tinnitus, 
376 (69.9%) had no change, and 29 (5.4%) reported wors-
ening tinnitus. Fifty-four (10%) had insufficient follow-up 
information available. Twenty-six patients (7.7%) reported 
the new onset of tinnitus after SRS.

Early and late SRS risks

Perioperative headache from stereotactic frame placement 
dissipated within hours and responded to oral acetami-
nophen. Pin site inflammation occurred in < 0.1% of patients 
and responded to local care. Rare occipital nerve sensory 
dysfunction related to the posterior pin site injection of local 
anesthesia typically resolved within days of treatment. No 

SRS patients sustained a CSF leak, pulmonary embolus, or 
treatment related brain hemorrhage. In this long- term study, 
no cases of delayed brain tumor oncogenesis were reported. 
Late peritumoral cyst development (usually a trapped CSF 
cistern posterior to the tumor) was detected in < 0.1% of 
patients.

Dysequilibrium and vertigo (vestibulopathy)

Three-hundred thirteen patients (35.8%) reported intermit-
tent symptoms of vertigo or disequilibrium at the time of 
SRS. Ninety-nine (31.6%) noted improvement or resolution 
of their symptoms during follow-up, 170 (54.3%) had no 
change, and 28 (8.9%) described worsening vestibulopathy. 
Sixteen patients (5.1%) had insufficient subsequent follow-
up information. Thirty of 562 patients (5.3%) without vestib-
ular symptoms prior to SRS developed such symptoms sub-
sequently. Serviceable hearing preservation rates in patients 
without associated vestibulopathy were 80% at 3 years, 72% 
at 5 years, and 55% at 10 years. Serviceable hearing pres-
ervation rates in patients with vestibulopathy were 71% at 
3 years, 62% at 5 years, and 45% at 10 years. Vestibulopathy 
was associated with significantly worse serviceable hearing 
preservation rates (p = 0.031) (Fig. 4 and Table 2).

Table 2   Univariate and 
multivariate analysis for hearing 
status after radiosurgery

SRS stereotactic radiosurgery, GR Gardner-Robertson grade, HR hazard ratio, CI confidence interval

Univariate analysis Multivariate analysis
P value P value HR 95% CI

Progression free survival
 Variables
  Age 0.542 NA NA NA
  Tumor volume (continuous) 0.514 NA NA NA
    Tumor volume (<0.56 cc) 0.028 NA NA NA
  GR grade at SRS 0.696 NA NA NA
  Vertigo/dysequilibrium 0.294 NA NA NA
  Tinnitus 0.515 NA NA NA
  Koos class 0.887 NA NA NA
  Gender 0.139 NA NA NA
  Margin dose (continuous) 0.357 NA NA NA

 Serviceable hearing
 Variables
  Age (continuous)  < 0.0001  < 0.0001 1.04 1.02–1.06
  Tumor volume (continuous) 0.204 0.038 1.08 1.00–1.16
  Tumor volume (<1.2 cc) 0.091 NA NA NA
  GR grade I at SRS  < 0.0001 0.001 1.98 1.31–2.97
  Vertigo/dysequilibrium 0.031 0.089 NA NA
  Tinnitus 0.152 0.538 NA NA
  Koos class 0.444 0.338 NA NA
  Gender 0.938 NA NA NA
  Margin dose (continuous) 0.734 NA NA NA
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Long term follow up

Among 191 patients who were followed up of more than 
10 years, complete regression was seen in 7 patients (4%), 
partial regression was seen in 149 (78%), no volume change 
was seen in 31(16%) and continued tumor progression was 
seen in 4 (2%). Among 48 patients who had imaging follow-
up of more than 15 years, only one patient developed tumor 
progression and required repeat SRS 14 years after the initial 
SRS. This tumor was well controlled after repeat SRS. The 
remaining 41 tumors were smaller in size and 6 were stable 
in size. Among 31 patients who had hearing follow-up of 
more than 15 years, 11 of 18 patients who had serviceable 
hearing maintained serviceable hearing.

Discussion

SRS using various modalties has been utilized as a manage-
ment for VS for over 50 years and is now the most commonly 
utilized primary intervention [1]. Stereotactic technology, 
dosing parameters, and patient selection all have evolved 
over these years. While prior reports established SRS as 
a safe and effective option, additional long-term outcome 
studies remain important to cement the role of radiosurgery. 
Fractionated stereotactic radiation therapy is a more recent 
alternative for vestibular schwannoma management and has 
been offered mostly by centers using linear accelerator based 
technologies. No randomized trials currently exist to com-
pare outcomes after SRS to fractionated radiation therapy. 
Most early outcome studies report similar findings of tumor 
control, and cranial nerve preservation. Longer term out-
comes such as the present SRS study will be able to better 
evaluate late results of tumor control, cranial nerve preser-
vation, delayed oncogenesis, and other late complications 
of fractionated radiation therapy [12–14]. Such studies no 
doubt will be able to evaluate whether there is any clinical 
or radiobiological advantage to fractionation, or whether this 
methodology is simply technology dependent.

The present review has a median follow up of 5.2 years 
(maximum 25 years) and includes 50 patients with a mini-
mum 15-year follow-up. Our results confirm that both long 
term tumor control and high rates of functional cranial 
nerve preservation are possible. With the exception of two 
late cases, tumor progression occurred within a median of 
32 months after the procedure. We found that a pre-treatment 
tumor volume of ≥ 0.56 cc was associated with a slightly 
worse progression free survival (PFS) (10 year = 93%), 
although the Koos grade itself did was not statistically 
related to tumor response.

While radiosurgical tumor margin doses evolved over 
the first 10 years of VS experience at our center, they have 
largely remained constant over the past 21 years [15]. The 

reduction in prescribed tumor margin dose over time did not 
decrease tumor control, but did reduce cranial nerve compli-
cations such as delayed facial neuropathy, which we did not 
encounter in the years since the margin dose was reduced 
to 12 Gy. We suspect that the long term tumor control rates 
may drop if tumor margin doses are further reduced below 
12 Gy [15]. Klijn et al. reported 420 patients who underwent 
SRS using a prescribe tumor margin dose of 11 Gy. The 
5 year tumor control rate was 91.3% [16].

Hearing preservation after SRS

In our previous studies, factors associated with better hear-
ing preservation after SRS included younger patient age, 
smaller tumor volume, better hearing at the time of SRS, 
and average cochlear dose < 4.2 Gy [17–22]. In addition we 
found that patients who underwent SRS within two years 
of diagnosis had better hearing preservation rates [23]. In 
the present study, younger age, smaller tumor volume, and 
better hearing at the time of SRS were significantly asso-
ciated with improved serviceable hearing preservation on 
multivariate analysis (Table 2). The strongest predictor of 
serviceable hearing preservation was age at the time of SRS. 
Observation is considered an initial option for small tumors 
found in minimally symptomatic patients [13, 24]. The long 
term hearing preservation rates during observation require 
further study.[25, 26]. The best timing to initiate SRS is still 
unknown.

Delayed malignant transformation or oncogenesis 
after SRS

Delayed oncogenesis is a concern frequently described to 
patients who are obtaining multispecialty consultation rela-
tive to management strategies for their VS. We have reported 
a single case of a patient with a malignant schwannoma who 
died from recurrent and progressive disease [27]. In our 
32-year institutional experience of over 1950 VS and 16,030 
SRS patients, we have not confirmed a case that fulfills the 
Cahan criteria of a radiation related tumor (different histol-
ogy in the field of radiation after a period of elapsed time) 
[28]. Hasegawa et al. reported that the estimated incidence 
of malignant transformation after vestibular schwannoma 
radiosurgery ranged from 0.03 to 0.06% [18].

Additional surgical resection after SRS

Delayed microsurgery after radiosurgery has been reported 
by some to be more difficult. (7, 23–28) We found no con-
sensus positive, negative, or neutral related to the impact 
of prior SRS in 11 patients who underwent delayed tumor 
removal because of tumor progression. Wise et al. reported 
37 patients who underwent VS surgical resection after SRS. 
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These tumors were matched to non-radiated controls [29]. 
They found that less than complete resection was utilized 
more frequently in previously radiated patients. However, 
they found no difference in major complications such as 
stroke, hydrocephalus, meningitis, CSF leak, or facial 
neuropathy.

Conclusion

Our experience in 871 patients who underwent primary 
VS radiosurgery confirmed that long term tumor control 
was achieved in 94% of patients at 10 years. Only 1.3% of 
patients underwent subsequent microsurgery for continued 
progression. The risk of facial neuropathy approached zero. 
Serviceable hearing at 10 years was maintained in 76% of 
patients younger than 45 years of age and in patients whose 
tumors are smaller than 0.56 cc in volume at the time of 
the procedure. SRS optimized long term tumor control, 
eliminated risks associated with alternative surgical man-
agement, and facilitated cranial nerve preservation in the 
present report.
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