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Since a VS was first treated with radiosurgery in 1969 
(as documented by Hirsch et al.19 in 1979), more 
than 40 years have passed. To date, many investiga-

tors have reported the safety and effectiveness of radio-
surgery for VSs during the short to medium term.8–10,16, 

22–24,28,36,38,40,41,50,51 Consequently, SRS is currently the most 
common treatment for small- to medium-sized VSs, re-
sulting in good tumor control and functional outcomes. 
However, because the majority of VSs are histologically 
benign, it is mandatory to clarify the true long-term results, 
especially if radiosurgery is applied in young patients. At 
present, there is little information regarding long-term 
tumor control > 10 years after radiosurgery18,25,43 as well 
as the true incidence of late adverse effects of radiation 
such as delayed cyst formation, intratumoral hemorrhage, 
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Object. Little is known about long-term outcomes, including tumor control and adverse radiation effects, in 
patients harboring vestibular schwannomas (VSs) treated with stereotactic radiosurgery > 10 years previously. The 
aim of this study was to confirm whether Gamma Knife surgery (GKS) for VSs continues to be safe and effective > 
10 years after treatment.

Methods. A total of 440 patients with VS (including neurofibromatosis Type 2) treated with GKS between May 
1991 and December 2000 were evaluable. Of these, 347 patients (79%) underwent GKS as an initial treatment and 93 
(21%) had undergone prior resection. Three hundred fifty-eight patients (81%) had a solid tumor and 82 (19%) had a 
cystic tumor. The median tumor volume was 2.8 cm3 and the median marginal dose was 12.8 Gy.

Results. The median follow-up period was 12.5 years. The actuarial 5- and ≥ 10-year progression-free survival 
was 93% and 92%, respectively. No patient developed treatment failure > 10 years after treatment. According to 
multivariate analysis, significant factors related to worse progression-free survival included brainstem compression 
with a deviation of the fourth ventricle (p < 0.0001), marginal dose ≤ 13 Gy (p = 0.01), prior treatment (p = 0.02), and 
female sex (p = 0.02). Of 287 patients treated at a recent optimum dose of ≤ 13 Gy, 3 (1%) developed facial palsy, 
including 2 with transient palsy and 1 with persistent palsy after a second GKS, and 3 (1%) developed facial numb-
ness, including 2 with transient and 1 with persistent facial numbness. The actuarial 10-year facial nerve preservation 
rate was 97% in the high marginal dose group (> 13 Gy) and 100% in the low marginal dose group (≤ 13 Gy). Ten 
patients (2.3%) developed delayed cyst formation. One patient alone developed malignant transformation, indicating 
an incidence of 0.3%.

Conclusions. In this study GKS was a safe and effective treatment for the majority of patients followed > 10 
years after treatment. Special attention should be paid to cyst formation and malignant transformation as late adverse 
radiation effects, although they appeared to be rare. However, it is necessary to collect further long-term follow-up 
data before making conclusions about the long-term safety and efficacy of GKS, especially for young patients with 
VSs.
(http://thejns.org/doi/abs/10.3171/2012.10.JNS12523)
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Abbreviations used in this paper: GKS = Gamma Knife surgery; 
GR = Gardner-Robertson; HB = House-Brackmann; NF2 = neurofi-
bromatosis Type 2; PFS = progression-free survival; SRS = stereo-
tactic radiosurgery; VS = vestibular schwannoma. 

See the corresponding editorial, DOI: 10.3171/2012.6.JNS12866.
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malignant transformation, and secondary neoplasms. Al-
though to our knowledge the risks of late complications 
are predicted to be extremely low, the long-term safety 
and efficacy of radiosurgery should be verified. Other-
wise, SRS is not justified for young patients with benign 
tumors such as VSs. Accordingly, we retrospectively 
evaluated long-term tumor control and adverse radiation 
effects in our > 20 years of experience with GKS for VS. 
These results should contribute to decision-making strat-
egies for younger patients with VSs.

Methods
Patient Characteristics

Between May 1991 and December 2000, 451 consec-
utive patients harboring VSs including NF2 were treated 
with GKS in Komaki City Hospital. Eleven patients were 
lost to follow-up; therefore, a total of 440 patients were as-
sessed. Patient characteristics are shown in Table 1. Three 
hundred forty-seven patients (79%) underwent GKS as 
an initial treatment, and the other 93 patients (21%) had 
experienced prior resection. Thirteen patients (3%) had 
NF2. Hearing and facial function were evaluated on the 
basis of the GR classification11 and HB grading,20 respec-
tively. Hearing and facial function at the time of GKS are 
shown in Table 2.

Tumor Classification
All tumors were classified as solid or cystic; the lat-

ter included mixed tumors with cystic components. Of 
440 patients, 358 (81%) had solid tumors, and 82 (19%) 
had cystic tumors. Additionally, all tumors were classi-
fied into 4 categories depending on the location and the 
brainstem compression, as follows: Type A, intracanalic-
ular tumor (43 patients [10%]); Type B, cerebellopontine 
angle tumor without brainstem compression (238 patients 
[54%]); Type C, tumor compressing the brainstem with no 

deviation of the fourth ventricle (92 patients [21%]); and 
Type D, tumor with a deviation of the fourth ventricle (67 
patients [15%]) (Fig. 1).

Radiosurgical Techniques
The GKS procedure was performed with the aid of 

the Leksell model G stereotactic frame (Elekta Instru-
ments). The frame was applied after mild sedation and 

TABLE 1: Characteristics in 440 patients with VSs*

Variable No. of Pts (%)

sex
 M 175 (40)
 F 265 (60)
age
 range 7–86 yrs
 median 55 yrs
side
 lt 222 (50)
 rt 218 (50)
no. of prior ops
 0 347 (79)
 1 76 (17)
 2 13 (3)
 3 4 (1)
NF2 13 (3)

* Pts = patients.

TABLE 2: Preradiosurgical hearing and facial function in 440 
patients with VSs*

Classification
No. w/  

Initial Tx (%)
No. w/  

Secondary Tx (%) Total (%)

GR class
 I 43 (12) 2 (2) 45 (10)
 II 92 (27) 0 (0) 92 (21)
 III 134 (39) 13 (14) 147 (34)
 IV 39 (11) 11 (12) 50 (11)
 V 37 (11) 67 (72) 104 (24)
 total† 345 93 438
HB grade
 I 327 (94) 43 (46) 370 (84)
 II 13 (4) 22 (24) 35 (8)
 III 5 (1) 8 (9) 13 (3)
 IV 2 (1) 14 (15) 16 (4)
 V 0 (0) 6 (6) 6 (1)
 VI 0 (0) 0 (0) 0 (0)
 total 347 93 440

* Tx = treatment.
† Pretreatment hearing class was unknown in 2 patients at initial treat-
ment.

Fig. 1. Schematic drawings showing tumor classification depending 
on the location and brainstem compression. A: Type A—intracana-
licular tumor. B: Type B—a cerebellopontine angle tumor without 
brainstem compression. C: Type C—tumor compressing the brain-
stem with no deviation of the fourth ventricle. D: Type D—tumor with 
a deviation of the fourth ventricle.
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local anesthesia had been administered. After frame ap-
plication, all patients underwent MRI studies; axial and 
coronal T1-weighted images with contrast enhancement 
were used for dose planning. All patient treatment was 
planned with the KULA system until 1996, and thereaf-
ter GammaPlan software was used. After dose planning, 
GKS was performed using the Leksell Gamma Knife, 
model B (software and Gamma Knife obtained from Ele-
kta Instruments). The maximum and marginal doses var-
ied from 13 to 36 Gy (median 25 Gy) and from 10 to 18 
Gy (median 12.8 Gy), respectively. The isodose line for 
the tumor margin varied from 40% to 95% (median 50%). 
The number of isocenters varied from 1 to 12 (median 3). 
The tumor volume varied from 0.07 to 36.7 cm3 (median 
2.8 cm3).

Follow-Up Method
Clinical follow-up data were obtained from either the 

patient or the referring doctor if the patient lived at a dis-
tance from our institution. When necessary the patients 
were contacted, and provided a questionnaire or tele-
phone interview to update their outcomes for the purpos-
es of this study. Radiographic studies were requested at 
3-month intervals for the 1st year after GKS, at 6-month 
intervals for the next 2 years, and then annually. Tumor 
enlargement or regression was defined as a change of ± 2 
mm in one direction, measured with calipers.

Statistical Analysis
The PFS was calculated using the product limit 

method of Kaplan and Meier. When calculating PFS, 
treatment failure was defined as tumor enlargement or 
radiation-induced peritumoral edema requiring resection. 
To analyze factors that correlated with PFS, the following 
were assessed: sex (male vs female), age (< 65 vs ≥ 65 
years), prior treatment (no vs yes), tumor nature (cyst vs 
solid), tumor type (Type A, B, or C vs Type D), tumor vol-
ume (< 10 cm3 vs ≥ 10 cm3), maximum dose (≤ 26 Gy vs > 
26 Gy), marginal dose (≤ 13 Gy vs > 13 Gy), and number 
of isocenters (< 5 vs ≥ 5). Factors affecting PFS were as-
sessed with the log-rank test and the Cox proportional 
hazards model. A final multivariate analysis was calcu-
lated using a stepwise backward elimination. Probability 
values < 0.05 were considered statistically significant.

Results
At the last follow-up, 402 patients were alive and 38 

were dead. Four patients with tumor volumes of 4, 16, 18, 
and 21 cm3 died of VSs 10–79 months after GKS. The 
median follow-up period was 12.5 years. Three hundred 
eleven patients (71%) were followed for > 10 years, and 
115 of these 311 patients (26% of the study cohort of 440) 
were clinically followed for > 15 years.

Tumor Control
Follow-up radiological studies were unavailable in 

13 patients. Therefore, these patients were excluded from 
the calculation of PFS with the Kaplan-Meier method, al-
though these patients had not experienced any additional 

treatments for VSs. One hundred eighty-eight patients 
(43%) and 53 patients (12%) had follow-up images at > 10 
years and > 15 years after GKS, respectively. On the last 
follow-up image, 3 patients (1%) had a complete remis-
sion, 246 (58%) had a partial remission, 147 (34%) had 
stable tumor, and 31 (7%) had treatment failure. Twenty-
three patients developed treatment failure within 3 years 
after GKS, whereas 8 developed treatment failure > 3 
years after GKS. No patient experienced treatment fail-
ure > 10 years after GKS. All patients with NF2 had good 
tumor control at the last follow-up evaluation. The actu-
arial 5-year and ≥ 10-year PFS rates were 93% and 92%, 
respectively (Fig. 2).

Factors Associated With PFS
In univariate analysis, tumor volume (p < 0.0001), tu-

mor type (p < 0.0001), number of isocenters (p = 0.018), 
prior treatment (p = 0.02), marginal dose (p = 0.03), and 
sex (p = 0.046) affected PFS significantly. In multivari-
ate analysis, tumor type (p < 0.0001), marginal dose (p 
= 0.01), prior treatment (p = 0.02), and sex (p = 0.02) re-
mained significant (Table 3). No other factors were sig-
nificantly associated with PFS. Based on tumor type, the 
actuarial ≥ 10-year PFS was 100% in Type A, 95% in 
Type B, 92% in Type C, and 76% in Type D tumors. The 
Type D tumors were significantly worse for tumor control 
compared with Types A, B, and C as a group (p < 0.0001, 
Fig. 3 upper). Type D tumors were significantly worse for 
tumor control compared with Type C tumors alone (p = 
0.004), whereas there was no significant difference be-
tween Type B and Type C tumors (p = 0.33). 

Based on tumor volume, the actuarial 10-year PFS 
was 94% in small tumors (< 10 cm3), compared with 77% 
in large tumors (≥ 10 cm3) (p < 0.0001, Fig. 3 lower). Even 
when tumor volume was analyzed with continuous vari-
ables, larger tumors were significantly worse for tumor 
control, with a hazard ratio of 1.122 per cm3 (p < 0.0001, 
95% CI 1.079–1.166 per cm3). Tumor nature did not af-
fect PFS significantly (p = 0.58). Marginal dose > 13 Gy 
significantly contributed to good tumor control (p = 0.03). 
However, if limited to the 363 patients who had small tu-
mors of < 10 cm3 in volume, the actuarial 10-year PFS 

Fig. 2. Kaplan-Meier curve demonstrating PFS in 427 patients in 
whom follow-up radiological studies were available.
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was 96% in the high-dose group (123 patients) and 94% 
in the low-dose group (240 patients), demonstrating that 
a reduced marginal dose of 12–13 Gy did not affect the 
long-term PFS significantly (p = 0.62).

Salvage Treatment
Thirty-six patients (8%) underwent further treatment 

for VSs. The mean interval to the second treatment was 
31 months. Thirty patients underwent craniotomy as a 
second treatment 3–68 months after GKS. Of these, 7 
patients underwent craniotomy on the advice of their re-
ferring doctors in spite of unchanged tumor volume or 
slight tumor expansion, although the biological process 
would have probably led to later tumor regression. One 
had craniotomy for treatment of intratumoral hemorrhage 
after tumor regression. Six patients underwent a second 
GKS with a mean marginal dose of 11 Gy 24 –70 months 
after the first GKS. Of these, 3 patients achieved tumor 
shrinkage with no complications, and the other 3 eventu-
ally underwent craniotomy. The actuarial 5-year and ≥ 

10-year additional treatment-free survival was 92% and 
91%, respectively. Twenty-five patients (6%) developed 
hydrocephalus requiring a ventriculoperitoneal shunt 
between 7 days and 47 months after GKS (mean tumor 
volume 10.7 cm3, range 0.7–36.7 cm3). Of these, 8 patients 
developed hydrocephalus with treatment failure.

Functional Outcomes and Complications
Detailed long-term hearing results after GKS were 

documented in our previous paper.17 Briefly, in the evalua-
tion of 117 patients in that earlier paper who retained ser-
viceable hearing of GR Class I or II at the time of GKS, 
the actuarial 3-, 5-, and 8-year hearing preservation rates 
were 55%, 43%, and 34%, respectively. Based on margin-
al dose group, the actuarial 3- and 5-year hearing preser-
vation rates were 58% and 46%, respectively, in patients 
treated at a marginal dose of ≤ 13 Gy and 37% and 19%, 
respectively, in patients treated at a marginal dose of > 13 
Gy (p = 0.37). Based on GR classification, the actuarial 3- 
and 5-year hearing preservation rates were 71% and 64%, 

TABLE 3: Factors affecting PFS in 427 patients with VSs*

Factor No. of Pts

% w/ PFS p Value

5 Yrs 10 Yrs Univariate Multivariate

sex
 M 168 95 95 0.046† 0.021†
 F 259 91 89
age in yrs
 <65 331 92 92 0.86 NT
 ≥65 96 94 93
prior Tx
 no 334 95 93 0.021† 0.015†
 yes 93 86 86
nature of lesion
 cyst 80 90 90 0.58 NT
 solid 347 93 92
tumor type
 A, B, or C 361 95 95 <0.0001† <0.0001†
 D 66 78 76
tumor vol
 <10 cm3 363 95 94 <0.0001† 0.17
 ≥10 cm3 64 79 77
max dose
 ≤26 Gy 282 94 93 0.20 NT
 >26 Gy 145 90 90
marginal dose
 ≤13 Gy 287 91 90 0.032† 0.011†
 >13 Gy 140 96 96
no. of isocenters
 <5 274 95 94 0.018† 0.91
 ≥5 153 88 88

* Thirteen patients in whom radiological images were not available were excluded. Abbreviations: max = maximum; NT = not 
tested. 
† Significant difference at p < 0.05.
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respectively, in patients with pre-GKS GR Class I hearing 
and 40% and 24%, respectively, in patients with Class II 
hearing (p = 0.0003). Compared with pre-GKS pure tone 
average, a decline of approximately 20 dB was found at 3 
to 5 years after GKS on the tumor side, whereas hearing 
function was almost unchanged even 10 years later on the 
contralateral side. 

Based on marginal dose group, the risks of facial 

palsy, facial numbness, and facial spasm are shown in 
Table 4. Among the patients treated at a marginal dose 
of > 13 Gy, 5 developed persistent facial palsy (including 
HB Grade II in 3 patients, Grade III in 1, and unknown 
in 1) and 2 developed transient facial palsy. Of patients 
treated at a recent optimum dose of ≤ 13 Gy, only 2 de-
veloped transient facial palsy—although 1 had persistent 
palsy (HB Grade IV) after a second GKS. The actuarial 
10-year facial nerve preservation rate was 97% in the 
high-dose group (> 13 Gy), whereas it was 100% in the 
low-dose group (≤ 13 Gy), excluding the patient who de-
veloped persistent facial palsy after a second GKS. Three 
patients developed trigeminal neuralgia. As a result, 2 
required craniotomy at 32 and 41 months, respectively, 
and another had GKS for neuralgia at 57 months. One 
patient's preexisting trigeminal neuralgia resolved at 12 
months. Three patients had peritumoral edema causing 
a bedridden state. One patient had intratumoral hemor-
rhage. One patient experienced rupture of a vertebral 
artery aneurysm originating at the posterior inferior 
cerebellar artery, although the relationship to GKS was 
unknown.

Delayed Cyst Formation
Delayed cyst formation was found in 10 patients 

(2.3%) at a mean period of 71 months after GKS (range 
30–142 months). Of these, 3 patients required further 
treatment at 33, 53, and 70 months after GKS, includ-
ing craniotomy in 2 and a second GKS session followed 
by craniotomy in 1 patient. The other 7 patients needed 
no additional treatments, because their cysts were stable 
with no neurological deterioration, or collapsed naturally.

Malignant Transformation
During a total of 5098 patient-years of follow-up, 1 

patient with unilateral VS developed a malignant trans-
formation as described in our previous paper.16 Briefly, 
the patient was a 56-year-old woman with a VS 4 cm3 in 
volume that was treated at a marginal dose of 12.7 Gy. 
The tumor was stable at 48 months, but 4 months later 
the patient required craniotomy because of sudden tu-
mor enlargement, although histological investigation still 
demonstrated a benign tumor. After that, however, the tu-

Fig. 3. A comparison of Kaplan-Meier curves showing PFS between 
patients with Types A, B, or C and Type D tumors (upper), and between 
patients with tumors < 10 cm3 and ≥ 10 cm3 (lower).

TABLE 4: Adverse radiation effects based on marginal dose

Effect

Marginal Dose
>13 Gy (143 pts) ≤13 Gy (287 pts)

Persistent Transient % Persistent Transient %

facial palsy 5 2 4.9 1* 2 1.0
HB grade
 II 3
 III 1
 IV 1
 unknown 1
facial numbness 3 2 3.5 1 2 1.0
facial spasm 0 2 1.4 0 5 1.7

* After second GKS.



T. Hasegawa et al.

6                                                                                                                      J Neurosurg / November 9, 2012

mor grew rapidly, requiring repeat craniotomy 66 months 
after GKS, and showing malignant change. The patient 
eventually died at 79 months in spite of 5 craniotomies, 
2 GKS treatments, and 1 linear accelerator radiosurgery. 
There was no tumorigenesis in any other case. No patient 
with NF2 experienced malignant change. The overall ma-
lignant transformation rate in this study was 0.3%, calcu-
lated by the Kaplan-Meier method. The annual incidence 
of malignant change was 0.02%.

Discussion
Long-Term Tumor Control

In recent decades, numerous published articles have 
shown that GKS is effective for tumor control in pa-
tients harboring small- to medium-sized VSs.8–10,16,22–24, 

28,36,38,40,41,50,51 Additionally, GKS has been a reasonable al-
ternative to resection, especially for older patients or those 
with medical comorbidities. Because VSs are benign, to 
truly recommend GKS to young patients, it should first be 
confirmed that radiosurgery will continue to be safe and 
effective all their life. In this study, a total of 440 patients 
harboring VSs treated with GKS > 10 years previously 
at our institution (since 1991) were evaluated to clarify 
long-term tumor control, with a median follow-up period 
of 12.5 years. 

To our knowledge, this is one of the largest series 
of VSs treated using SRS ever studied, with the longest 
follow-up data. The actuarial 5-year and ≥ 10-year PFS 
were 93% and 92%, respectively, as calculated with the 
Kaplan-Meier method. If limited to tumors < 10 cm3, the 
5- and 10-year PFS values increased to 95% and 94%, 
respectively. No patient experienced treatment failure > 
10 years after GKS. Note that one-third of the patients 
were treated at a high marginal dose of > 13 Gy despite 
the recently reduced optimum marginal dose of ≤ 13 Gy 
to avoid hearing deterioration or facial palsy. The actu-
arial ≥ 10-year PFS in patients treated at a lower marginal 
dose of ≤ 13 Gy was 90%, compared with 96% in those 
treated at a higher dose. Although a higher dose tended 
to result in better tumor control, it should be considered 
that this result was influenced by the fact that larger tu-
mors were usually treated at lower marginal doses. In a 
limited number of patients with small tumors (< 10 cm3), 
the actuarial 10-year PFS was 94% in 240 patients treated 
at lower doses (≤ 13 Gy), compared with 96% in 123 pa-
tients treated at higher doses (> 13 Gy), demonstrating 
that reduced marginal dose was not significantly related 
to worse long-term PFS (p = 0.62). 

In general, it has been assumed by most neurosur-
geons that VSs with brainstem compression should first 
be removed, but are not suitable for radiosurgery because 
of a high risk of peritumoral edema after treatment. How-
ever, our results did not demonstrate that mild brainstem 
compression (Type C) caused treatment failure signifi-
cantly. The most important factor causing treatment fail-
ure was whether a fourth ventricle deviation (Type D) 
existed on MRI studies before treatment, because even 
slight tumor expansion can cause severe gait disturbance 
requiring craniotomy. Patients with prior surgeries sig-
nificantly developed treatment failure, particularly in pa-

tients who had previously undergone ≥ 2 surgeries. In this 
study, 4 (25%) of 16 patients who underwent ≥ 2 prior 
surgeries eventually developed treatment failure, indi-
cating that recurrent tumors tend to be more aggressive. 
Also, female patients were more likely to develop treat-
ment failure, but the reason was not evident. With respect 
to tumor nature (cyst vs solid), although most neurosur-
geons tend to prefer microsurgery to radiosurgery for the 
treatment of cystic tumors because of a risk of rapid cyst 
expansion after radiosurgery, the tumor’s nature did not 
affect PFS significantly in our study.

Delayed Cyst Formation
Delayed cyst formation is one of the most common 

late adverse radiation effects. In this study, 10 patients 
developed delayed cyst formation between 30 and 142 
months after GKS. Of these, only 3 patients underwent sal-
vage treatment. The others did not require any additional 
treatments because the cysts were stable in size with no 
neurological deficits, or they naturally collapsed. The mean 
original tumor volume was 8.5 cm3 (range 1.7–25.1 cm3), 
and these tumors were treated at a mean marginal dose of 
12.8 Gy (range 12–14 Gy). Nine patients originally had sol-
id tumors and one had a cystic tumor. Relatively large solid 
tumors were likely to develop delayed cyst formation in our 
cases, regardless of radiation doses. Delayed cyst formation 
was classified into 2 progressive patterns of intratumoral 
and extratumoral cyst formation. 

Although the mechanism of cyst formation is still 
unclear, it is postulated that intratumoral cyst formation 
is caused by radiation-induced repeat microbleeding or 
increased vascular permeability.37,39 On the other hand, an 
extratumoral cyst appears to be CSF trapped by adhesion 
of irradiated tumors, and it is postulated that the cyst ex-
pands due to an osmotic effect. Of the 10 patients who de-
veloped delayed cyst formation, 6 had intratumoral and 4 
had extratumoral cyst. Three of the 6 patients with intra-
tumoral cyst formation eventually underwent resection. 
None of the patients with extratumoral cyst formation 
required any additional treatments. Similarly, Murakami 
et al.34 reported that in 5 (1.1%) of 449 patients with VS 
treated with GKS, 3 had delayed newly developed cysts 
and 2 had enlarged preexisting cysts. Of these, 3 patients 
developed intratumoral cyst and 2 developed extratumor-
al cyst. Interestingly, all of the tumors were classified into 
Koos Grade IV with a mean target volume of 11.3 cm3, 
and eventually required salvage microsurgery. 

Those authors found that intratumoral cysts con-
tained hemorrhage or necrotic debris, whereas extratu-
moral cysts were composed of thin and semitransparent 
membrane with xanthochromic fluid, and there were no 
tumor cells on the cyst wall. In 1 patient with intratumor-
al cyst formation, cavernous angioma was found within 
the solid component adjacent to the cyst. It is unknown 
whether the development of delayed intratumoral cyst is 
associated with repeat hemorrhage caused by de novo 
cavernous angiomas after radiation or by the coexistence 
of angiomas within VSs at onset.7,35

Malignant Transformation
Until now, malignant transformation of benign VSs 
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after SRS was believed to be extremely rare. Recently, 
however, a number of articles have been published docu-
menting malignant transformation of VSs following ra-
diosurgery.1,2,5,6,15,16,21,27,30,32,45–47,49,53 Among 440 patients 
with VS in this study, who had a relatively long median 
follow-up duration of 12.5 years, only 1 patient devel-
oped malignant transformation, indicating an incidence 
of 0.3%. In fact, it was not evident whether GKS directly 
affected malignant transformation in our case because 
there was no histological confirmation of the tumor type 
before GKS. 

Although primary malignant VSs are extremely rare, 
there may be a possibility of a natural course unrelated to 
radiation, as reported by several authors.3,12–14,26,31,33,48 All 
previously published cases of VSs with malignant trans-
formation or secondary neoplasms after radiosurgery are 
shown in Table 5. Among them 4 cases were reported 
from Japan. The case reported by Hanabusa et al.15 had 
malignant transformation only 6 months after GKS. In 
this case it may have been possible that the atypical or 
malignant component existed before GKS, because there 
was an insufficient latency interval to develop radiation-
induced malignancy. 

According to data accumulated by the Leksell Gam-
ma Knife Society, between 1991 and the end of 2010 an 
estimated 10,514 VSs were treated with GKS at 56 units 
in Japan. If limited to Japanese cases to increase the reli-
ability of calculation, the estimated incidence of malig-
nant transformation or secondary neoplasms after GKS 
is 0.03%, excluding the case reported by Hanabusa et al.15 

Furthermore, if 3423 recent cases treated between 2007 
and 2010 are excluded from the calculation due to an in-
sufficient latency interval to develop radiation-induced 
malignancy, the estimated incidence is 0.04%. Even if 
the calculation included the case reported by Hanabusa 
et al., the incidence ranged from 0.04% to 0.06%. Al-
though these figures may be underestimated because of 
the lack of publication of a few radiation-induced malig-
nancies, the incidence appeared to be < 0.1% at worst. 
Importantly, this fatal risk was lower than one-fifth of the 
postoperative mortality rate of 0.5% (22 of 4886 patients) 
reported in the analysis of VS treated with microsurgery 
at a total of 374 hospitals in the US between 1994 and 
2003,29 or 0.6% (25 of 3969 patients) reported in a review 
of 15 microsurgical studies.52 Also, Samii and Matthies44 
reported a postoperative mortality rate of 1.1% in their 
large microsurgical series of 1000 VSs treated between 
1978 and 1993. 

Considering these surgical results, the estimated risk 
of malignant transformation after GKS would be accept-
able. Besides that, it is not even evident whether this fatal 
risk is really higher than the incidence of malignancy at 
onset or in the natural course of the disease. According to 
a report on radiotherapy in childhood for tinea capitis in 
Israel,42 the 30-year cumulative risk of secondary brain 
tumors was 0.8%, with a mean dose to the neural tissue of 
1.5 Gy. On the other hand, a report on radiotherapy for pi-
tuitary adenomas demonstrated that the 20-year cumula-
tive risk of secondary brain tumors was 1.9% at a median 
dose of 45 Gy.4 At the moment, the estimated risk after 

TABLE 5: Literature review of radiation-induced malignancies in patients harboring VSs treated with radiosurgery*

Authors & Year
Age (yrs), 

Sex NF2 Prior Op Tx Method Target Vol
Max/Marginal 

Dose (Gy)
Latency 

Period (yrs) Final Histological Findings

Comey et al., 1998 44, M no no GKS largest diam  
 2.7 cm

30/14.4 5 Triton tumor

Thomsen et al., 2000 19, F yes yes on contralat  
 side

GKS 1.9 cm3 20/12 6 meningosarcoma

Hanabusa et al., 2001† 57, F no yes GKS 3.4 cm3 30/15 0.5 MPNST
Shamisa et al., 2001 57, F no no GKS 8.6 cm3 27.5/11 7.5 GBM in temporal lobe
Bari et al., 2002 28, F yes no GKS 3.9 cm3 NA/15 4 MPNST
Shin et al., 2002† 26, F no yes GKS NA 34/17 6 MPNST
McEvoy & Kitchen, 2003 22, M yes yes on contralat  

 side
GKS NA NA/15 3 no histology (rapid growth)

Hasegawa et al., 2005† 56, F no no GKS 4.0 cm3 23/12.7 5 MPNST
Akamatsu et al., 2010† 67, F no yes GKS 5.1 cm3 24.4/12 8 MPNST
Demetriades et al., 2010 27, M no yes GKS NA 30/15 10 MPNST
Lee et al., 2010 46, F no no GKS 16.7 cm3 21/12 6 MPNST
Yang et al., 2010 74, M no yes SRS NA 15.6/12.5 6 HG undiff sarcoma
Husseini et al., 2011 15, M yes no GKS largest diam  

 2.2 cm 
27/13.5 5 MPNST

Schmitt et al., 2011 51, M no no GKS 19.1 cm3 30/12 7 HG undiff sarcoma
Milligan et al., 2012 59, M no NA GKS NA NA 7 pleomorphic sarcoma

* Diam = diameter; GBM = glioblastoma multiforme; HG = high grade; MPNST = malignant peripheral nerve sheath tumor; NA = not available; undiff = 
undifferentiated.
† Japanese case.
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GKS seems to be much lower than that after conventional 
fractionated radiotherapy, but the duration of follow-up 
would still be too short to compare with the reports of 
radiotherapy. Although this fatal risk is extremely low, 
every patient should be informed of the possibility of this 
complication before GKS. Because radiation-induced 
malignancy takes place after a sufficient latency period 
(usually ≥ 5 years for radiosurgery), it becomes most im-
portant to collect further long-term follow-up data and 
elucidate the true incidence. Otherwise, even if SRS is 
superior to resection in terms of tumor control and func-
tional outcomes on the short to middle term, SRS would 
not be truly acceptable for younger patients.

Conclusions
In this study we found that GKS was a safe and effec-

tive treatment for VSs in selected patients during a long 
follow-up period of approximately 10–15 years. No pa-
tient experienced treatment failure > 10 years after GKS. 
In patients who had large VSs compressing the brainstem 
with a deviation of the fourth ventricle, resection should 
be recommended first, followed by GKS if necessary. 
Cyst formation and malignant transformation should be 
taken into consideration as late adverse radiation effects, 
although they appear to be rare. Further long-term follow-
up is essential to elucidate the true incidences of delayed 
adverse radiation effects.

Disclosure

The authors report no conflict of interest concerning the mate-
rials or methods used in this study or the findings specified in this 
paper.

Author contributions to the study and manuscript prepara-
tion include the following. Conception and design: Hasegawa. 
Acquisition of data: all authors. Analysis and interpretation of data: 
Hasegawa. Drafting the article: Hasegawa. Critically revising the 
article: all authors. Reviewed submitted version of manuscript: all 
authors. Approved the final version of the manuscript on behalf of all 
authors: Hasegawa. Statistical analysis: Hasegawa. Administrative/
technical/material support: Hasegawa. Study supervision: Hasegawa.

References

 1. Akamatsu Y, Murakami K, Watanabe M, Jokura H, Tomi-
naga T: Malignant peripheral nerve sheath tumor arising 
from benign vestibular schwannoma treated by gamma knife 
radiosurgery after two previous surgeries: a case report with 
surgical and pathological observations. World  Neurosurg 
73:751–754, 2010

 2. Bari ME, Forster DM, Kemeny AA, Walton L, Hardy D, An-
derson JR: Malignancy in a vestibular schwannoma. Report of 
a case with central neurofibromatosis, treated by both stereo-
tactic radiosurgery and surgical excision, with a review of the 
literature. Br J Neurosurg 16:284–289, 2002

 3. Best PV: Malignant triton tumour in the cerebellopontine 
angle. Report of a case. Acta Neuropathol 74:92–96, 1987

 4. Brada M, Ford D, Ashley S, Bliss JM, Crowley S, Mason M, 
et al: Risk of second brain tumour after conservative surgery 
and radiotherapy for pituitary adenoma. BMJ 304:1343–1346, 
1992

 5. Comey CH, McLaughlin MR, Jho HD, Martinez AJ, Lunsford 
LD: Death from a malignant cerebellopontine angle triton tu-
mor despite stereotactic radiosurgery. Case report. J Neuro-
surg 89:653–658, 1998

 6. Demetriades AK, Saunders N, Rose P, Fisher C, Rowe J, 
Tranter R, et al: Malignant transformation of acoustic neu-
roma/vestibular schwannoma 10 years after gamma knife ste-
reotactic radiosurgery. Skull Base 20:381–387, 2010

 7. Feiz-Erfan I, Zabramski JM, Herrmann LL, Coons SW: Cav-
ernous malformation within a schwannoma: review of the lit-
erature and hypothesis of a common genetic etiology. Acta 
Neurochir (Wien) 148:647–652, 2006

 8. Flickinger JC, Kondziolka D, Niranjan A, Lunsford LD: Re-
sults of acoustic neuroma radiosurgery: an analysis of 5 years’ 
experience using current methods. J Neurosurg 94:1–6, 2001

 9. Flickinger JC, Lunsford LD, Linskey ME, Duma CM, Kondzi-
olka D: Gamma knife radiosurgery for acoustic tumors: mul-
tivariate analysis of four year results. Radiother Oncol 27: 
91–98, 1993

10. Foote RL, Coffey RJ, Swanson JW, Harner SG, Beatty CW, 
Kline RW, et al: Stereotactic radiosurgery using the gamma 
knife for acoustic neuromas. Int J Radiat Oncol Biol Phys 
32:1153–1160, 1995

11. Gardner G, Robertson JH: Hearing preservation in unilat-
eral acoustic neuroma surgery. Ann Otol Rhinol Laryngol 
97:55–66, 1988

12. Gonzalez LF, Lekovic GP, Eschbacher J, Coons S, Spetzler 
RF: A true malignant schwannoma of the eighth cranial nerve: 
case report. Neurosurgery 61:E421–E422, 2007

13. Gruber B, Petchenik L, Williams M, Thomas C, Luken MG: 
Malignant vestibular schwannoma. Skull Base Surg 4:227–
231, 1994

14. Han DH, Kim DG, Chi JG, Park SH, Jung HW, Kim YG: Ma-
lignant triton tumor of the acoustic nerve. Case report. J Neu-
rosurg 76:874–877, 1992

15. Hanabusa K, Morikawa A, Murata T, Taki W: Acoustic neuro-
ma with malignant transformation. Case report. J Neurosurg 
95:518–521, 2001

16. Hasegawa T, Fujitani S, Katsumata S, Kida Y, Yoshimoto M, 
Koike J: Stereotactic radiosurgery for vestibular schwanno-
mas: analysis of 317 patients followed more than 5 years. Neu-
rosurgery 57:257–265, 2005

17. Hasegawa T, Kida Y, Kato T, Iizuka H, Yamamoto T: Fac-
tors associated with hearing preservation after Gamma Knife 
surgery for vestibular schwannomas in patients who retain 
serviceable hearing. Clinical article. J Neurosurg 115:1078–
1086, 2011

18. Hasegawa T, Kida Y, Kobayashi T, Yoshimoto M, Mori Y, 
Yoshida J: Long-term outcomes in patients with vestibular 
schwannomas treated using gamma knife surgery: 10-year 
follow up. J Neurosurg 102:10–16, 2005

19. Hirsch A, Norén G, Anderson H: Audiologic findings after 
stereotactic radiosurgery in nine cases of acoustic neurino-
mas. Acta Otolaryngol 88:155–160, 1979

20. House JW, Brackmann DE: Facial nerve grading system. Oto-
laryngol Head Neck Surg 93:146–147, 1985

21. Husseini ST, Piccirillo E, Taibah A, Paties CT, Rizzoli R, 
Sanna M: Malignancy in vestibular schwannoma after stereo-
tactic radiotherapy: a case report and review of the literature. 
Laryngoscope 121:923–928, 2011

22. Iwai Y, Yamanaka K, Shiotani M, Uyama T: Radiosurgery for 
acoustic neuromas: results of low-dose treatment. Neurosur-
gery 53:282–288, 2003

23. Karpinos M, Teh BS, Zeck O, Carpenter LS, Phan C, Mai 
WY, et al: Treatment of acoustic neuroma: stereotactic radio-
surgery vs. microsurgery. Int J Radiat Oncol Biol Phys 54: 
1410–1421, 2002

24. Kondziolka D, Lunsford LD, McLaughlin MR, Flickinger JC: 
Long-term outcomes after radiosurgery for acoustic neuro-
mas. N Engl J Med 339:1426–1433, 1998

25. Kondziolka D, Nathoo N, Flickinger JC, Niranjan A, Maitz 
AH, Lunsford LD: Long-term results after radiosurgery for 
benign intracranial tumors. Neurosurgery 53:815–822, 2003



J Neurosurg / November 9, 2012

Long-term results after vestibular schwannoma radiosurgery

9

26. Kudo M, Matsumoto M, Terao H: Malignant nerve sheath tu-
mor of acoustic nerve. Arch Pathol Lab Med 107:293–297, 
1983

27. Lee CC, Yen YS, Pan DHC, Chung WY, Wu HM, Guo WY, 
et al: Delayed microsurgery for vestibular schwannoma after 
gamma knife radiosurgery. J Neurooncol 98:203–212, 2010

28. Linskey ME, Lunsford LD, Flickinger JC: Radiosurgery for 
acoustic neurinomas: early experience. Neurosurgery 26:736–
745, 1990

29. McClelland S III, Guo H, Okuyemi KS: Morbidity and mortal-
ity following acoustic neuroma excision in the United States: 
analysis of racial disparities during a decade in the radiosur-
gery era. Neuro-oncol 13:1252–1259, 2011

30. McEvoy AW, Kitchen ND: Rapid enlargement of a vestibular 
schwannoma following gamma knife treatment. Minim Inva-
sive Neurosurg 46:254–256, 2003

31. McLean CA, Laidlaw JD, Brownbill DSB, Gonzales MF: Re-
currence of acoustic neurilemoma as a malignant spindle-cell 
neoplasm. Case report. J Neurosurg 73:946–950, 1990

32. Milligan BD, Pollock BE, Foote RL, Link MJ: Long-term tu-
mor control and cranial nerve outcomes following gamma 
knife surgery for larger-volume vestibular schwannomas. Clini-
cal article. J Neurosurg 116:598–604, 2012

33. Mrak RE, Flanigan S, Collins CL: Malignant acoustic schwan-
noma. Arch Pathol Lab Med 118:557–561, 1994

34. Murakami K, Jokura H, Kawagishi J, Watanabe M, Tominaga 
T: Development of intratumoral cyst or extratumoral arach-
noid cyst in intracranial schwannomas following gamma knife 
radiosurgery. Acta Neurochir (Wien) 153:1201–1209, 2011

35. Nimjee SM, Powers CJ, Bulsara KR: Review of the literature 
on de novo formation of cavernous malformations of the cen-
tral nervous system after radiation therapy. Neurosurg Focus 
21(1):e4, 2006

36. Noren G: Gamma knife radiosurgery for acoustic neurinomas, 
in Gildenberg PL, Tasker RR (eds): Textbook of Stereotac-
tic and Functional Neurosurgery. New York: McGraw-Hill, 
1996, pp 835–844

37. Park CK, Kim DC, Park SH, Kim JE, Paek SH, Kim DG, et al: 
Microhemorrhage, a possible mechanism for cyst formation 
in vestibular schwannomas. J Neurosurg 105:576–580, 2006

38. Petit JH, Hudes RS, Chen TT, Eisenberg HM, Simard JM, 
Chin LS: Reduced-dose radiosurgery for vestibular schwan-
nomas. Neurosurgery 49:1299–1307, 2001

39. Pollock BE, Brown RD Jr: Management of cysts arising after 
radiosurgery to treat intracranial arteriovenous malforma-
tions. Neurosurgery 49:259–265, 2001

40. Prasad D, Steiner M, Steiner L: Gamma surgery for vestibular 
schwannoma. J Neurosurg 92:745–759, 2000

41. Régis J, Pellet W, Delsanti C, Dufour H, Roche PH, Thomas-
sin JM, et al: Functional outcome after gamma knife surgery 
or microsurgery for vestibular schwannomas. J Neurosurg 
97:1091–1100, 2002

42. Ron E, Modan B, Boice JD Jr, Alfandary E, Stovall M, Chetrit 

A, et al: Tumors of the brain and nervous system after radio-
therapy in childhood. N Engl J Med 319:1033–1039, 1988

43. Roos DE, Potter AE, Brophy BP: Stereotactic radiosurgery 
for acoustic neuromas: what happens long term? Int J Radiat 
Oncol Biol Phys 82:1352–1355, 2012

44. Samii M, Matthies C: Management of 1000 vestibular schwan-
nomas (acoustic neuromas): surgical management and results 
with an emphasis on complications and how to avoid them. 
Neurosurgery 40:11–23, 1997

45. Schmitt WR, Carlson ML, Giannini C, Driscoll CLW, Link 
MJ: Radiation-induced sarcoma in a large vestibular schwan-
noma following stereotactic radiosurgery: case report. Neuro-
surgery 68:E840–E846, 2011

46. Shamisa A, Bance M, Nag S, Tator C, Wong S, Norén G, et al: 
Glioblastoma multiforme occurring in a patient treated with 
gamma knife surgery. Case report and review of the literature. 
J Neurosurg 94:816–821, 2001

47. Shin M, Ueki K, Kurita H, Kirino T: Malignant transformation 
of a vestibular schwannoma after gamma knife radiosurgery. 
Lancet 360:309–310, 2002

48. Son EI, Kim IM, Kim SP: Vestibular schwannoma with ma-
lignant transformation: a case report. J Korean Med Sci 16: 
817–821, 2001

49. Thomsen J, Mirz F, Wetke R, Astrup J, Bojsen-Møller M, 
Nielsen E: Intracranial sarcoma in a patient with neurofibro-
matosis type 2 treated with gamma knife radiosurgery for ves-
tibular schwannoma. Am J Otol 21:364–370, 2000

50. Unger F, Walch C, Schröttner O, Eustacchio S, Sutter B, Pendl 
G: Cranial nerve preservation after radiosurgery of vestibular 
schwannomas. Acta Neurochir Suppl 84:77–83, 2002

51. Weber DC, Chan AW, Bussiere MR, Harsh GR IV, Ancukie-
wicz M, Barker FG II, et al: Proton beam radiosurgery for ves-
tibular schwannoma: tumor control and cranial nerve toxicity. 
Neurosurgery 53:577–588, 2003

52. Yamakami I, Uchino Y, Kobayashi E, Yamaura A: Conserva-
tive management, gamma-knife radiosurgery, and microsur-
gery for acoustic neurinomas: a systematic review of outcome 
and risk of three therapeutic options. Neurol  Res 25:682–
690, 2003

53. Yang T, Rockhill J, Born DE, Sekhar LN: A case of high-
grade undifferentiated sarcoma after surgical resection and 
stereotactic radiosurgery of a vestibular schwannoma. Skull 
Base 20:179–183, 2010

Manuscript submitted March 11, 2012.
Accepted October 4, 2012.
Please include this information when citing this paper: published 

online November 9, 2012; DOI: 10.3171/2012.10.JNS12523.
Address correspondence to: Toshinori Hasegawa, M.D., Depart-

ment of Neurosurgery, Gamma Knife Center, Komaki City Hospital, 
1-20 Jobushi, Komaki, Aichi Prefecture, 485-8520 Japan. email: 
h-toshi@komakihp.gr.jp.


