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Abstract Stereotactic radiosurgery (SRS) represents an

important tool in neurosurgery and radiotherapy for

addressing a multitude of diseases, most notably in the field

of neuro-oncology. The pathologies for which it is

employed vary significantly, and few controlled studies

exist to evaluate its efficacy. We aimed to provide a quan-

titative meta-analysis of SRS applications in neuro-oncol-

ogy, providing benchmarks for expected outcomes. The

meta-analysis was conducted in accordance with estab-

lished standards for evaluating observational data. Specific

inclusion criteria were utilized, search terms recorded, and

data extracted to summarize demographic and outcome

statistics. Meta-analysis was conducted where statistically

appropriate, and clinical outcomes summarized as tumor

stability, survival, and complications in a pathology-spe-

cific manner. For vestibular schwannoma, 37 studies with a

total 3,677 patients were included. Overall disease stabil-

ization rate after adjustment for significant publication bias

was 91.1%. Non-cranial nerve complication rate after

publication bias adjustment was 5.6%. Accounting for

publication bias, rate of hearing preservation was with

59.3%. For 456 glioblastoma multiforme (GBM) patients in

11 studies receiving SRS, median survival from diagnosis

was 13.5–26 months, while overall complication rate was

11.4%. For meningioma, 15 studies with a total 2,734

patients were included; 77.1% were classified as skull base.

Overall disease stabilization rate was 89.0, while overall

complication rate was 7.0%. For metastatic disease, 27

studies with a total of 2,679 patients were included. Overall

median survival from time of SRS was 5–14 months,

overall 1-year survival rates were 15–54.9%, while reported

local disease control rates were 59.6–96.8%. Stereotactic

radiosurgery is an increasingly important tool in the man-

agement of neuro-oncologic diseases. While there is a

pathology-specific role for SRS, current data show excellent

results in treating several pathologies. As such, SRS adds

significantly to the neurosurgical armamentarium for

treating neuro-oncologic processes.
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Leksell first described delivery of concentrated radiation to

intracranial targets over five decades ago [1]. This ‘radio-

surgery’ utilizes image guidance to aim multiple highly-

focused beams of radiation at a target from multiple

directions along in three dimensions. The introduction of

the cobalt-60 gamma unit in 1968 represented a concrete

application of the radiosurgery concept [2], and the gamma

knife and linear accelerator represent modern tools of this

technology. Proton-beam therapy, while utilizing a differ-

ent form of radiation, also represents a similarly highly

focused and targeted radiation tool. Recent advances in

imaging techniques, combined with high-powered com-

puter information systems with high-speed algorithms and

3-D rendering have allowed integration of data, and have

facilitated improved targeting of intracranial pathology

while sparing surrounding neurovascular structures. With

such advances, stereotactic radiosurgery (SRS) represents

an attractive minimally invasive tool for addressing intra-

cranial pathology.
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A number of radiation-based modalities are currently

available for treating intracranial tumors. External beam

radiation therapy (EBRT) uses uniform doses of radiation

delivered to large tissue volumes often in multiple sessions.

Examples include whole-brain radiation therapy (WBRT)

and conformal radiation therapy. SRS delivers focused

radiation to a specific target using precise neuronavigation

with minimal effect on surrounding structures in a single

session [3, 4]. Fractionated and hypofractionated stereo-

tactic radiotherapy utilize the same neuronavigational tar-

geting principles, but spread treatment over multiple

sessions with smaller per-session dose. Thus, the emphasis

of SRS is maximizing dose while limiting volume of dis-

tribution to the target lesion. Though many publications

have studied each of these modalities, examining SRS

alone provides a focused review of advances in targeted

radiation applied to neuro-oncology.

As SRS technology has advanced, its applications to

neuro-oncology have expanded to include vestibular sch-

wannomas, skull base meningiomas, intracranial metasta-

ses, and high-grade gliomas [5–8]. To gain a thorough

understanding of the current status of SRS, we aim to

provide an evidence-based, quantitative pathology-based

review on these most thoroughly studied oncologic appli-

cations. This analysis aims to provide clinical outcome

benchmarks for major intracranial SRS applications that

can aid the general practitioner in understanding its

promise and limitations.

Methods

Search strategy

The study was designed to meet standards for observational

meta-analysis [9]. Search databases included Pubmed and

Ovid, and were executed for each pathology using specific

keywords. Keywords included ‘‘SRS,’’ ‘‘stereotactic radio-

surgery,’’ ‘‘Gamma Knife,’’ and ‘‘Linear Accelerator,’’ and

pathology-specific terms: ‘‘acoustic neuroma,’’ ‘‘vestibular

schwannoma,’’ ‘‘glioblastoma multiforme,’’ ‘‘high-grade gli-

oma,’’ ‘‘metastases,’’ and ‘‘meningioma.’’ Individual publi-

cations up to November, 2008 were screened using specific

inclusion criteria. Hand-searching was conducted using ref-

erences from papers acquired using the computer searches.

Inclusion/exclusion criteria

Demographic information was recorded, and studies lack-

ing one or two demographic variables were included if they

met outcome variable criteria. Studies reporting fraction-

ated radiotherapy treatment regimens were excluded as the

variance in fractionation would introduce excessive

variability into the analysis. Only studies reporting

pathology-appropriate outcomes were included. For studies

of glioblastoma multiforme (GBM), only patients with

GBM were included. These included survival for malignant

tumors, and tumor control rates. Case reports and articles in

languages other than English were excluded. In order to

avoid repeat patient data, each group or institution was

limited to one included study unless different publications

from one institution clearly reported unique patient series.

For studies where outcome data were lacking, efforts were

made to contact authors to obtain the data. Studies focusing

on a population subgroup (i.e. presenting outcomes only

from patients with neurofibromatosis II) were excluded.

Studies were screened independently by two nonblinded

authors. As the aim was to provide a set of outcome

benchmarks, a study was included for analysis as long as

both screeners agreed that it met inclusion criteria. Studies

that were ruled out were recorded, along with the reasons

for the exclusion.

Statistical analysis

Outcome variables from included studies underwent meta-

analysis to yield overall rates and 95% confidence intervals

(95%CI) where applicable. Calculations were made using

the random-effects model; if there was no significant het-

erogeneity, the fixed-effects model was used. Publication

bias arises from the tendency for only positive results to be

published; as a result, conclusions from a meta-analysis

may be skewed since they are based only on an analysis of

data from publications. The presence of publication bias

was examined using the regression-based Egger’s test, and

adjustments were performed using Duval and Tweedie’s

Trim and Fill algorithm [10, 11].

Results

Vestibular schwannoma

Of 83 studies found, 37 studies met inclusion criteria [8,

12–47], while 46 were excluded [48–93]. The most com-

mon reason for exclusion was publication from a group

with an already included study (24 studies) [48–50, 53, 56,

57, 59–62, 64–68, 70, 74, 77–79, 86, 90, 91, 93]. Included

studies were case series, representing class III evidence.

Figure 1a summarizes demographic and treatment data.

About 3,677 patients were included; study sample sizes

ranged from 26 to 390. Age ranged from 10 to 92 years;

cited mean/median ages ranged from 41 to 68 years.

Tumor volumes varied widely, ranging 0.008–37.5 cm3;

mean/median range was 1.3–7.6 cm3. Many patients had

undergone previous surgical resection; the rate varied from
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Fig. 1 a Summary of demographic and treatment data for vestibular

schwannoma. b Summary of meta-analysis for vestibular schwan-

noma. The Forest plot illustrates the relative weight assigned to each

study for the calculation of this variable. Other outcome variables

studied using meta-analysis were non-cranial nerve (CN) complica-

tions, post-radiation (RT) new facial nerve dysfunction, serviceable

hearing preservation, and post-radiation improvement in tinnitus

(Forest plots not shown)
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0 to 100%, with 16 studies reporting between 20 and 40%.

Overall follow-up range was 1–206 months, with cited

mean/median follow-up 12–110 months. There was nota-

ble variation in dosing parameters with maximal doses

ranging 12–53 Gy, and margin doses ranging 7.5–25.2 Gy.

Figure 1b summarizes the meta-analysis for vestibular

schwannoma. Response to treatment was defined as ‘stabi-

lized disease’ at last follow-up. This includes tumors that

were judged to decrease in size or remain stable. Overall, the

rate of reported stabilized disease was 92.2% (95%CI:

90.4–93.7%), with 10 studies not directly reporting results

[8, 12, 14, 15, 17, 18, 30, 35, 43, 47???]. However, with

significant publication bias, the adjusted rate of stabilized

disease was 91.1% (95%CI: 89.1–92.8%). The study

reporting control rates with the smallest mean/median lesion

volume (1.6 cm3) reported a ‘‘stabilized disease’’ rate of

86.7%, while the study with the largest mean/median lesion

volume (7.6 cm3) reported a ‘‘stabilized disease’’ rate of

95.2%. Among those reporting both mean/median lesion

volume and rate of ‘‘stabilized disease’’ (14 studies), there

was no significant correlation between the two variables

(Spearman’s correlation rs 0.16, P = 0.59). The rate of non-

cranial nerve complications was 4.5% (95%CI: 3.3–6.1%).

With significant publication bias, the adjusted rate was 5.6%

(95%CI: 4.2–7.6%). These included hydrocephalus (most

common), disequilibrium, refractory edema, cerebellar

necrosis, and intratumoral hemorrhage. The overall rate

(adjusted for publication bias) of new facial palsy after SRS

was 7.1% (95%CI: 4.1–10.4%). The overall rate (adjusted

for publication bias) of serviceable hearing preservation was

59.3% (95%CI: 51.9–66.4%). The overall rate in post-SRS

improvement in tinnitus was 17.1% (95%CI: 10.8–26.0%),

though only 7 studies reported quantifiable comparative pre-

and post-treatment tinnitus rates. Overall, the rate of surgical

resection after SRS treatment was 3.7% (95%CI: 2.7–5.3%)

after adjustment for publication bias.

In the case of vestibular schwannoma, qualitative

changes in dosing parameters have generally reduced the

dose applied in response to early concern in the literature

regarding complication rates. In order to understand the

potential effect of changing dosing parameters, we ana-

lyzed outcomes in relation to dose. Pearson’s correlation

evaluation of the rate of facial nerve palsy against the

maximal margin dose used demonstrated a strong signifi-

cant positive correlation (r 0.52, P 0.0035). However, there

was no significant correlation between maximal margin

dose and rate of disease stabilization (r 0.01, P 0.95).

Glioblastoma

Of 21 studies screened, 11 met inclusion criteria [5, 94–103],

while 10 were excluded [104–113]. The most common rea-

son for exclusion was the use of fractionation (5 studies)

[104, 106, 111–113]. Nine studies were classified as class III

evidence, while 2 studies were classified as class II evidence;

one was a case–control study and one was a prospective

randomized study [98, 102]. The prospective, randomized

study was determined not to meet strict criteria for class I

evidence based on the following criteria: (1) The trial was not

blinded or masked in outcome assessment. (2) While there

was no initial cross-over, a significant number of patients

underwent salvage therapy. An intention-to-treat analysis

was used to determine effect; while this is a valid method,

there was no discussion of the bias of salvage therapy,

especially for a number of patients originally allocated to

non-radiosurgery who received salvage radiosurgery. (3)

While baseline characteristics of the population were pre-

sented in the publication, no statistical comparisons were

made to ensure a statistically matched controlled cohort for

comparison. Figure 2a summarizes demographic and treat-

ment data. About 456 patients were included; sample sizes

ranged 5–89. Age ranged 3–85 years, while cited mean/

median ages were 43–59 years. Overall follow-up range was

1–61 months, with cited mean/median follow-up 8-

61 months. One study utilized the Radiation Therapy

Oncology Group (RTOG) Protocol 9005, a tumor size-

related dose determination protocol, in setting their dose

parameters [102, 114].

Figure 2b summarizes the outcome analysis. There was

significant variability in the way in which data were accu-

mulated and presented. Of the 11 studies included, 6 repre-

sented case series summarizing the experience of SRS as

adjuvant or salvage treatment of GBM, while 5 directly

compared treatment with SRS to a designated comparison

group. Overall, median survival for patients treated with

conventional therapy with adjunctive SRS was 9.5–26

months. In publications directly comparing SRS to control or

alternative treatment groups, median survival for SRS from

time of diagnosis was 13.5–26 months, while for compari-

son groups it was 13–23 months. Among publications

reporting, 2-year survival for patients receiving SRS was

19–53%. Survival rates could not be quantitatively evaluated

due to heterogeneity of application (as adjuvant therapy or as

salvage after progression/recurrence). A comparison of

median survival rates of studies in which SRS was used as a

boost adjunct to initial therapy [95, 99, 100, 102, 103] versus

studies in which SRS was used as salvage therapy for

recurrent tumor [94, 96, 98, 101], the ranges of median

survival were similar (9.5–25 months vs. 10.2–26 months,

respective). Overall complication rate from SRS was 11.4%

(95%CI: 5.1–23.6%) without significant publication bias.

Meningioma

Of 23 screened studies, 15 studies met inclusion criteria [7,

115–128], while 8 were excluded [129–136]. The most

J Neurooncol

123



common reason for exclusion was publication from a group

with an already included study (3 studies) [130, 135, 136].

All included studies were case series, representing class III

evidence. Figure 3a summarizes demographic and treat-

ment data. About 2,734 patients were included, and sample

sizes ranged 24–982. Age ranged 8–90 years, while cited

mean/median ages ranged 47.8–60 years. Tumor volumes

varied widely with a maximum range of 0.11–121.8 cm3;

median volume range was 4.1–13.8 cm3. Overall follow-up

range was 3.96–144 months, and cited mean/median fol-

low-up ranged from 26 to 94.8 months. About 77.1% of

tumors were anatomically classified as ‘‘skull base.’’ The

proportions of patients receiving SRS as the primary

treatment modality ranged from 0 to 78.3%. Histology was

not available for all treated tumors. However, among those

reporting histology, the proportion of patients with benign

tumors ranged from 77.5 to 100%.

Figure 3b summarizes the meta-analysis for meningi-

oma. Tumor response was defined as ‘‘stabilized disease’’

if there was no change or decrease in size at last follow-up.

Overall, the rate of reported stabilized disease was 89.0%

(95%CI: 84.6–92.3%), with one study not directly report-

ing results of number of tumors stable or decreasing in size

[126]. However, that study reported an overall control rate

of 88.0% at a mean follow-up of 39 ± 18 months [126].

Regarding tumor volume, the study reporting control rates

with the smallest median lesion volume (4.1 cm3) reported

a ‘‘stabilized disease’’ rate of 97.2%, while the study with

the largest median lesion volume (13.8 cm3) reported a

‘‘stabilized disease’’ rate of 85.2%. However, among those

studies reporting both median lesion volume and rate of

‘‘stabilized disease’’ (10 studies), there was no significant

correlation between the two variables (Spearman’s corre-

lation rs –0.29, P = 0.42). Overall complication rates were

7.0% (95%CI: 5.3–9.3%). These included trigeminal dys-

function, diplopia, seizures, hypopituitarism, gait instabil-

ity, prolonged symptomatic edema requiring treatment, and

decreased visual acuity. The longest reported local control

rate was 95% at 10 years in 22 of 982 followed for that

interval [124].

Fig. 2 a Summary of demographic and treatment data for vestibular

schwannoma. In one study, treatment doses were based on RTOG

Protocol 9005 (marked with **). b Summary of analysis for

glioblastoma multiforme (GBM). Median survival was considered

the primary outcome endpoint, which ranged among included studies

9.5–26 months for patients receiving SRS. Given the heterogeneous

inclusion criteria and comparison groups, statistical meta-analysis of

median survival could not be performed on the entire group.

However, 2-year survival rates for patients receiving SRS ranged

from 19 to 53 months, while in similar comparison groups not

receiving SRS, they ranged from 17 to 49 months. One study reported

median survival from time of SRS rather than from time of diagnosis

(marked with *)
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Metastases

Of 57 studies screened, 27 studies met inclusion criteria

[137–163], while 30 were excluded [114, 164–192]. The

most common reasons for exclusion were publication from

a group with an already included study, and application of

radiosurgery as an adjunct rather than primary treatment.

Publications describing SRS as a boost for other treatment

were included if SRS was part of the original treatment

plan. In one study, SRS for single brain metastases was

compared to a protocol in which the tumor with an addi-

tional 2 mm margin was targeted with radiosurgery; as this

protocol represented a non-conventional practice, only the

patients that underwent the conventional protocol were

included [138]. Twenty-five included studies were case

series, representing class III evidence. Two studies were

randomized, controlled, nonblinded comparison of SRS to

another modality; one compared SRS to surgery and

WBRT, while another compared SRS alone to SRS in

combination with planned WBRT [146, 155]. In providing

detailed information regarding screening and inclusion, as

well as control of baseline characteristics, both represented

class I evidence. One studied only patients treated with

single metastases [155], while the other included patients

with 1–4 metastases [146]. Figure 4a summarizes demo-

graphic and treatment data. About 2,679 patients were

included, and sample sizes ranged from 22 to 502. Age

ranged 16–92 years, while cited mean/median ages ranged

Fig. 3 a Summary of demographic and treatment data for vestibular

schwannoma. b Summary of meta-analysis for meningioma. Of those

studies directly reporting disease stabilization, the overall rate was

89.0%. The Forest plot illustrates the relative weight assigned to each

study for the calculation of this variable. A small group of studies

detailed long-term follow-up rates of local tumor control, which

varied from 89.7–100%
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49.1–63.1 years. The percentage of treated lesions that

represented single intracranial metastases varied consider-

ably; while 5 studies only reported patients in whom a

single lesion was treated, the percentage ranged in other

studies from 9.0 to 72.7%. In 7 studies, WBRT was not

administered to any patient in the study group; however,

Fig. 4 a Summary of demographic and treatment data for vestibular

schwannoma. b Summary of meta-analysis for intracranial metastatic

disease. * Indicates survival intervals were reported as means rather

than as medians for that study [152]. # Indicates that survival data

were listed in reference to time from diagnosis rather than time from

treatment [157]. Given this confounding factor, survival results

from this study were not included in the summary ranges.

Primary endpoints were median survival (range 5–14 months), 1-year

survival rates (15–54.9%), and reported local disease control rates

(59.6–96.8%)
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among other studies, this rate varied from 1.7 to 100%.

Most patients were relatively high-functioning, with med-

ian KPS 70–90 among included studies. Tumor volumes

varied widely with a maximum range of 0.015–75.5 cm3;

mean/median range was 0.3–9.7 cm3.

Figure 4b summarizes the results of the analysis. Of note,

there was significant variability in the pathologies studied.

Of 27 included studies, 13 evaluated specific primary on-

cologic pathologies, while the remaining studies published

grouped results of several types of primary pathology.

Overall, median survival for patients treated with SRS as part

of the primary therapeutic treatment plan ranged from 5 to

14 months from the time of SRS treatment. One study

reported only survival intervals from time of diagnosis;

while illustrated in Fig. 4b, the results were not included in

the data synopsis [157]. One-year survival rates varied sig-

nificantly with a 15–54.9% range. Among pathology-spe-

cific publications, melanoma had the lowest range of median

survival at 6–7 months, while breast carcinoma had the

longest reported pathology-specific median survival of

15 months. Among known causes of death from studies

reporting cause of death, the rate of completely nonneuro-

logic deaths (most often due to progression of systemic

disease) ranged from 42.9 to 95%. About 17 of 27 studies

reported local tumor control rates, and demonstrated a rela-

tively high range of 59.6–96.8%, with 9 of 17 reporting

C90% local control after SRS. Regarding tumor volume, the

study reporting control rates with the smallest mean/median

lesion volume (0.3 cm3) reported a local tumor control rate

of 61.5%, while the study with the largest mean/median

lesion volume (9.7 cm3) reported a local tumor control rate

of 73.8%. However, among those studies reporting both

mean/median lesion volume and local tumor control rates

(11 studies), there was no significant correlation between the

two variables (Spearman’s correlation rs –0.06, P = 0.85).

Among those reporting, overall complication rate was 10.0%

(95%CI: 6.4–15.3%) without significant publication bias.

Complications included hemorrhage, seizures, symptomatic

radiation necrosis, hearing loss, and new neurological defi-

cits (hemiparesis, visual field deficits).

Discussion

SRS has become an important tool in the armamentarium of

physicians who treat neuro-oncologic diseases. Represent-

ing a marriage between SRS, neuroimaging and radiation

biology, SRS allows the treating physician to focally target

the lesion while limiting the exposure to vital anatomy [193].

With dose optimization and an understanding of dose toler-

ances [194], SRS has become a highly-effective minimally

invasive method for addressing focal neuro-oncologic

disease.

Vestibular schwannoma (VS) represents the most

extensively studied disease to which SRS is applied as a

standalone treatment. A typically benign tumor, mass effect

from continued growth often causes the most morbidity.

Characteristically impairing hearing and balance first (as

tumor-related mass effect is exerted on the vestibuloco-

chlear nerve branches), further growth may cause facial

motor dysfunction (via the facial nerve), brainstem dys-

function, and hydrocephalus. Among 37 studies, the

adjusted efficacy of SRS in stabilizing VS was 91.1%.

While smaller volume did not appear to correlate with

tumor control, the overall range of mean/median tumor

volumes reported was 1.3–7.6 cm3. This reflects the general

practice that vestibular schwannomas B3 cm in diameter

may be considered for radiosurgery, although no random-

ized controlled studies have firmly established size as a

limiting factor. Complication and deterioration rates related

to SRS treatment remain low; post-radiation facial dys-

function was 7.1%, while non-cranial nerve complications

were 5.6%. Hearing preservation is an important issue for

those with VS discovered prior to the unilateral loss of

hearing; with an overall preservation rate of 59.3%, SRS

offers an efficacious tool in treating VS with a measureable

rate of hearing preservation. There is some evidence to

suggest hearing preservation rates may be higher in SRS-

treated patients compared to those undergoing surgical

resection [24, 195]. Finally, some recently presented

abstracts and research suggest that low-dose fractionated

stereotactic radiotherapy may have comparable control

rates to high-dose, while improving hearing-preservation

[196]. This raises the question of whether fractionated

radiotherapy is better than single-dose radiosurgery for

hearing preservation; while further research is needed,

limited class III evidence suggests they may be comparable

[197]. However, SRS is not a panacea for all lesions. The

effects of SRS are not immediate; patients requiring rapid

decompression of mass effect from large tumors will

achieve faster results through microsurgery. While only

reported in 7 studies, the rate of response to SRS of tinnitus

was poor (17.1%). Though the overall effect on quality of

life of persistent tinnitus may be variable [198], it represents

an important limitation to SRS as a treatment tool for this

disease. The effect on tinnitus may represent an important

limitation to SRS, as these results do not compare favorably

for post-operative rates in studies evaluating the effects of

microsurgical excision. Such studies have reported rates of

tinnitus improvement from 16 to 62% [198–200].

Glioblastoma (GBM) is the most malignant primary

intracranial tumor. Survival from diagnosis ranges from 12

to 24 months, and no treatment regimen has been estab-

lished to reliably significantly extend long-term survival.

Extent of initial surgical resection has been shown to

provide a significant survival benefit, and regimens of
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radiotherapy, brachytherapy, and chemotherapy have been

evaluated as adjuvant therapy for GBM [201]. SRS offers

an additional tool for targeted radiation of GBM. Published

studies offer some guidance, but most clearly demonstrate

the variability with which SRS has been employed. Initial

experience with SRS as an adjunct tool suggested a bene-

ficial role in upfront treatment of high-grade gliomas [109].

However, of the examined literature, the study by Souhami

et al. [102] is often cited as evidence of no significant

benefit of SRS in GBM. Several study limitations preclude

the study from defining the role or lack thereof for SRS in

GBM treatment. First, of the 96 patients in the control

(non-SRS) group, 18 (19%) underwent ‘‘salvage therapy’’

with SRS [102]. Despite the equivocal findings of the

effects of SRS on survival, it was used as a modality for

salvage therapy in the non-SRS group, reflecting un-

incorporated ‘‘cross-over’’ among the two study groups.

Other studies have shown more favorable results of SRS.

Compared to those receiving conventional therapy (sur-

gery, EBRT), Nwokedi et al. [100] demonstrated that those

(N = 31) undergoing adjuvant SRS demonstrated high

relative median survival (25 months versus 13 months). As

such, the overall role for SRS in management of GBM has

yet to be defined.

Meningiomas are focal lesions arising from the dura that

cause neurological symptoms by local mass effect.

Although a small percentage of tumors are classified as

atypical or anaplastic, the majority are benign. However,

because of their dural origin, they may arise in very

accessible locations such as the cerebral convexities, or in

surgically difficult skull base regions such as the petrocli-

val apex, medial sphenoid wing, or cavernous sinus. SRS

has become a tool primarily used for adjuvant therapy of

meningiomas that have undergone previous resection,

particularly for histologically atypical or anaplastic tumors.

For challenging skull base tumors, SRS may be used to

treat small amounts of disease intentionally left during

resection to prevent injury to vital neurovascular structures

[202]. Among 2,734 patients, 77.1% were classified as

‘skull base’; in 9 studies, SRS was used as the primary

treatment in less than 50% of patients. This distribution

underscores the importance of SRS as a tool in treating

residual skull base tumors after resection. As a tool in

treating meningiomas, SRS has an overall stabilization rate

of 89.0%, with a low complication rate of 7%. Among

studies reporting tumor volumes, ranges varied signifi-

cantly (0.11–121.8 cm3). While no study specifically

evaluated volume in a controlled fashion, among those

reporting volume and control rates, there was no significant

correlation. This result should be interpreted with caution,

however, as other potentially important variables were not

controlled across the evaluated studies. DiBiase et al. [121]

evaluated prognostic factors associated with SRS treatment

for benign intracranial meningiomas in 162 patients. In a

multivariate analysis, gross tumor volume [10 cm3 was

associated with significantly lower disease-free survival

(hazard ratio 4.58, P = 0.05). As SRS is increasingly

employed as a primary and adjunctive treatment tool for

meningiomas, particularly of the skull base, more rigorous

controlled studies will be required to more clearly elucidate

size parameters for treatment. However, with such rates of

disease stabilization, SRS clearly has a role for treatment of

meningiomas, especially those small in size [124].

The most common intracranial tumor is a metastatic

lesion of extracranial primary oncologic pathology. About

15–30% of patients with cancer develop intracranial

metastases [203, 204]. Management strategies necessitate a

coordinated effort with oncologists to confront the systemic

disease, and to minimize further intracranial metastases.

Treatment strategies for intracranial lesions have included

surgery, WBRT, and, more recently, SRS [155, 205, 206].

However, the specific role of SRS for cerebral metastases

has not been well-defined. In a review of radiosurgery

applications for metastatic disease in 2005, McDermott and

Sneed concluded that SRS with WBRT remains a treatment

option for brain metastases. However, the appropriateness

and efficacy of SRS depends upon several factors including

the systemic-disease status, number of metastases, location,

and patient status (KPS) [207]. These variables, along with

the varying types of primary pathology, complicate attempts

to form singular recommendations for the application of

SRS to metastatic disease. The analysis conducted herein

demonstrates this difficulty, as the variances in survival rates

after SRS depend upon pathology, as well as upon the sce-

nario of application. First, underlying pathology affects

survival; the notable differences in median survival among

studies publishing on singular underlying primary diagnoses

demonstrate this. While overall median survival ranged

from 5 to 14 months from time of treatment, the two studies

reporting only melanoma patients represented the lowest

median survivals of 6 and 7 months [148, 159]. Future

studies that evaluate management of intracranial disease

should publish not only overall results, but note pathology-

specific outcomes. Second, despite the varying pathologies

studied, local control rates of treated lesions were relatively

high (59.6–96.8%), with the majority of reporting studies

demonstrating rates C90%. The lowest reported local con-

trol rate was 59.6% among 28 patients treated with SRS

without any other modality [152]. In this study, only 23.1%

of lesions treated were single metastases, and a high pro-

portion of the underlying primary pathology was colon

carcinoma (25% of lesions treated) [152]. Hasegawa et al.

[158] suggested that higher radiosurgical doses for gastro-

intestinal metastases may be required when they reported

lower local control rates in their series in comparison to

published control rates in other primary pathology
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metastases. A second complicating factor is the context in

which SRS is applied. While some studies evaluated SRS

alone, other studies reported results of patients treated with

SRS, WBRT, surgery, and/or chemotherapy. Some studies

evaluated SRS results in the context of controlled systemic

disease, while others did not address the primary oncology.

Furthermore, volume parameters for using SRS varied

widely (0.015–75.5 cm3). Thus, the data presented, while

providing an overall set of published benchmarks, is subject

to significant population- and treatment-based variables

which obviate quantitative meta-analysis of the results.

Recent publication of a set of guidelines and recommenda-

tions for treatment of metastatic brain tumors by the Joint

AANS/CNS Section on Tumors helps elucidate the current

role for SRS [208]. In their publication on SRS, the group

found level-1 evidence supporting the use of SRS with

WBRT compared to WBRT alone for single lesions in high-

function patients (KPS C 70). They found level-2 evidence

supporting SRS plus WBRT for 1–4 lesions, supporting

equivalence of single-dose SRS alone versus single-dose

SRS plus WBRT, and supporting equivalence of surgical

resection plus WBRT and SRS plus WBRT in selected

patients. Our results do not contradict the conclusions of

these treatment guidelines. Rather, our analysis emphasizes

the local control rates seen with SRS, affirming the con-

clusions of this Joint Section report. Furthermore, we

highlight the importance of systemic disease control, noting

the apparent incongruity of high local control rates and low

median survival.

The application of SRS to other neuro-oncologic

pathologies has been studied in smaller series. SRS has

been used in pituitary tumor pathology, both to treat

secreting and nonsecreting tumors. Jane et al. [6] reported

their results treating 220 hypersecreting pituitary adenomas

with gamma knife; biochemical remission occurred in 73%

of Cushing disease, 36% of growth hormone-secreting

tumors, 14% of Nelson syndrome, and 11% of prolacti-

nomas. Furthermore, SRS may be effective in treating

previously irradiated pituitary adenomas. Swords et al.

[209] found that linear accelerator treatment in 21 patients

who had previously undergone 45–50 Gy conventional

radiotherapy resulted in significant reductions in abnormal

hormone secretion in GH-secreting adenomas. In regard to

endocrine-inactive pituitary adenomas, SRS may have a

significant role in controlling tumor growth; a review by

Witt [210] of published series demonstrated growth control

of nonfunctioning pituitary adenomas ranging between 92

and 100%.

SRS has also been evaluated in the treatment of other

intracranial oncologic pathologies. Kobayashi et al. [211]

studied gamma knife treatment in 107 patients with crani-

opharyngioma with long-term follow-up (mean

65.5 months). While complete response was observed in

only 19%, tumor control rate was 77%, with a progression

rate of 23%. Deterioration in neurological and pituitary-

hypothalamic symptoms was observed in only 16.5% after

SRS treatment. Chung et al. [212] also reported SRS results

in treating 31 patients with craniopharyngioma; at mean

follow-up of 36 months, tumor control was achieved in

87% with 1 patient suffering new visual field restriction,

and none with treatment-related endocrinological impair-

ment. Sheehan et al. [213] found that SRS resulted in tumor

stabilized or regression in 88% of 26 patients with trigem-

inal schwannoma. SRS has also been studied as a treatment

for hemangiopericytomas, brainstem gliomas, oligoden-

drogliomas, recurrent medulloblastomas, juvenile pilocytic

astrocytomas and low-grade astrocytomas [214–220]. Fur-

ther studies are needed to fully elucidate the role of radio-

surgery as a tool for treating these intracranial pathologies.

Conclusion

Over the past two decades, SRS has rapidly developed into

a vital treatment tool in neuro-oncology. Thorough review

of its neuro-oncologic applications demonstrates several

important principles. The majority of evidence supporting

SRS is class III. Clearly, there is a need and an opportunity

for future well-designed clinical trials to evaluate SRS for

specific neuro-oncologic diseases. Despite the evidence

class, extensive numbers of studies support the role of SRS

in treating small meningiomas of the skull base, as well as

vestibular schwannomas in which tinnitus is not a major

symptom. Small intraparenchymal metastases can be

locally controlled with SRS, though the effect is clearly

somewhat dependent on primary pathology. Finally, the

role for SRS in treating glioblastoma and other high-grade

intraparenchymal tumors is less defined, and further studies

are clearly needed. Given its relative minimally invasive

nature, further advancement of SRS as a tool in neurosur-

gery and radiation oncology to address intracranial onco-

logic pathologies will undoubtedly occur.

Acknowledgments We appreciate the contribution of Suzanne

Ross, who provided editorial assistance. We appreciate the assistance

of Linda M. Gerber, PhD and Ya-Lin Chiu, MS from the Department

of Public Health, Division of Biostatistics and Epidemiology, Weill

Cornell Medical College for their consultation regarding the statistical

analysis. The authors report no conflicts of interests or sources of

funding in reference to this manuscript. All authors had full access to

all of the data in the study and take responsibility for the integrity of

the data and the accuracy of the data analysis.

References

1. Leksell L (1951) The stereotaxic method and radiosurgery of the

brain. Acta Chir Scand 102:316–319

J Neurooncol

123



2. Leksell L (1968) Cerebral radiosurgery. I. Gammathalanotomy

in two cases of intractable pain. Acta Chir Scand 134:585–595

3. Heros RC, Korosue K (1990) Radiation treatment of cerebral

arteriovenous malformations. N Engl J Med 323:127–129

4. Pollock BE, Lunsford LD (2004) A call to define stereotactic

radiosurgery. Neurosurgery 55:1371–1373

5. Hsieh PC, Chandler JP, Bhangoo S, Panagiotopoulos K, Kala-

purakal JA, Marymont MH, Cozzens JW, Levy RM, Salehi S

(2005) Adjuvant gamma knife stereotactic radiosurgery at the

time of tumor progression potentially improves survival for

patients with glioblastoma multiforme. Neurosurgery

57:684–692 Discussion: 684–692

6. Jane JA Jr, Vance ML, Woodburn CJ, Laws ER Jr (2003) Ste-

reotactic radiosurgery for hypersecreting pituitary tumors: part

of a multimodality approach. Neurosurg Focus 14:e12

7. Pollock BE (2003) Stereotactic radiosurgery for intracranial

meningiomas: indications and results. Neurosurg Focus 14:e4

8. Friedman WA, Bradshaw P, Myers A, Bova FJ (2006) Linear

accelerator radiosurgery for vestibular schwannomas. J Neuro-

surg 105:657–661

9. Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD,

Rennie D, Moher D, Becker BJ, Sipe TA, Thacker SB (2000)

Meta-analysis of observational studies in epidemiology: a pro-

posal for reporting. Meta-analysis of observational studies in

epidemiology (MOOSE) group. JAMA 283:2008–2012

10. Duval S, Tweedie R (2000) Trim and fill: a simple funnel-plot-

based method of testing and adjusting for publication bias in

meta-analysis. Biometrics 56:455–463

11. Egger M, Davey Smith G, Schneider M, Minder C (1997) Bias

in meta-analysis detected by a simple, graphical test. BMJ

315:629–634

12. Andrews DW, Suarez O, Goldman HW, Downes MB, Bednarz

G, Corn BW, Werner-Wasik M, Rosenstock J, Curran WJ Jr

(2001) Stereotactic radiosurgery and fractionated stereotactic

radiotherapy for the treatment of acoustic schwannomas: com-

parative observations of 125 patients treated at one institution.

Int J Radiat Oncol Biol Phys 50:1265–1278

13. Bertalanffy A, Dietrich W, Aichholzer M, Brix R, Ertl A,

Heimberger K, Kitz K (2001) Gamma knife radiosurgery of

acoustic neurinomas. Acta Neurochir (Wien) 143:689–695

14. Chihara Y, Ito K, Sugasawa K, Shin M (2007) Neurological

complications after acoustic neurinoma radiosurgery: revised

risk factors based on long-term follow-up. Acta Otolaryngol

Dec(Suppl 559):65–70

15. Chopra R, Kondziolka D, Niranjan A, Lunsford LD, Flickinger

JC (2007) Long-term follow-up of acoustic schwannoma radi-

osurgery with marginal tumor doses of 12 to 13 Gy. Int J Radiat

Oncol Biol Phys 68:845–851

16. Chung WY, Liu KD, Shiau CY, Wu HM, Wang LW, Guo WY,

Ho DM, Pan DH (2005) Gamma knife surgery for vestibular

schwannoma: 10-year experience of 195 cases. J Neurosurg 102

Suppl:87–96

17. Combs SE, Thilmann C, Debus J, Schulz-Ertner D (2006) Long-

term outcome of stereotactic radiosurgery (SRS) in patients with

acoustic neuromas. Int J Radiat Oncol Biol Phys 64:1341–1347

18. Delbrouck C, Hassid S, Massager N, Choufani G, David P,

Devriendt D, Levivier M (2003) Preservation of hearing in

vestibular schwannomas treated by radiosurgery using Leksell

Gamma Knife: preliminary report of a prospective Belgian

clinical study. Acta Otorhinolaryngol Belg 57:197–204

19. Foote RL, Coffey RJ, Swanson JW, Harner SG, Beatty CW,

Kline RW, Stevens LN, Hu TC (1995) Stereotactic radiosurgery

using the gamma knife for acoustic neuromas. Int J Radiat Oncol

Biol Phys 32:1153–1160

20. Hasegawa T, Fujitani S, Katsumata S, Kida Y, Yoshimoto M, Koike

J (2005) Stereotactic radiosurgery for vestibular schwannomas:

analysis of 317 patients followed more than 5 years. Neurosurgery

57:257–265 Discussion: 257–265

21. Hempel JM, Hempel E, Wowra B, Schichor C, Muacevic A,

Riederer A (2006) Functional outcome after gamma knife

treatment in vestibular schwannoma. Eur Arch Otorhinolaryngol

263:714–718

22. Hirato M, Inoue H, Zama A, Ohye C, Shibazaki T, Andou Y

(1996) Gamma knife radiosurgery for acoustic schwannoma:

effects of low radiation dose and functional prognosis. Stereo-

tact Funct Neurosurg 66 Suppl 1:134–141

23. Iwai Y, Yamanaka K, Shiotani M, Uyama T (2003) Radiosur-

gery for acoustic neuromas: results of low-dose treatment.

Neurosurgery 53:282–287 Discussion: 287–288

24. Karpinos M, Teh BS, Zeck O, Carpenter LS, Phan C, Mai WY,

Lu HH, Chiu JK, Butler EB, Gormley WB, Woo SY (2002)

Treatment of acoustic neuroma: stereotactic radiosurgery vs.

microsurgery. Int J Radiat Oncol Biol Phys 54:1410–1421

25. Kondziolka D, Lunsford LD, McLaughlin MR, Flickinger JC

(1998) Long-term outcomes after radiosurgery for acoustic

neuromas. N Engl J Med 339:1426–1433

26. Kwon Y, Kim JH, Lee DJ, Kim CJ, Lee JK, Kwun BD (1998)

Gamma knife treatment of acoustic neurinoma. Stereotact Funct

Neurosurg 70 Suppl 1:57–64

27. Landy HJ, Markoe AM, Wu X, Patchen SJ, Reis IM, Takita C,

Abdel-Wahab MM, Wen BC, Wolfson AH, Huang DT (2004)

Safety and efficacy of tiered limited-dose gamma knife stereo-

tactic radiosurgery for unilateral acoustic neuroma. Stereotact

Funct Neurosurg 82:147–152

28. Lee GY, Roos DE, Brophy BP (2001) Radiosurgery for ves-

tibular schwannomas: preliminary results of the Adelaide

experience. Stereotact Funct Neurosurg 76:209–212

29. Litvack ZN, Noren G, Chougule PB, Zheng Z (2003) Preser-

vation of functional hearing after gamma knife surgery for

vestibular schwannoma. Neurosurg Focus 14:e3

30. Meijer OW, Vandertop WP, Baayen JC, Slotman BJ (2003)

Single-fraction vs. fractionated linac-based stereotactic radio-

surgery for vestibular schwannoma: a single-institution study.

Int J Radiat Oncol Biol Phys 56:1390–1396

31. Myrseth E, Moller P, Pedersen PH, Vassbotn FS, Wentzel-

Larsen T, Lund-Johansen M (2005) Vestibular schwannomas:

clinical results and quality of life after microsurgery or gamma

knife radiosurgery. Neurosurgery 56:927–935 Discussion:

927–935

32. Okunaga T, Matsuo T, Hayashi N, Hayashi Y, Shabani HK,

Kaminogo M, Ochi M, Nagata I (2005) Linear accelerator

radiosurgery for vestibular schwannoma: measuring tumor vol-

ume changes on serial three-dimensional spoiled gradient-echo

magnetic resonance images. J Neurosurg 103:53–58

33. Ottaviani F, Neglia CB, Ventrella L, Giugni E, Motti E (2002)

Hearing loss and changes in transient evoked otoacoustic

emissions after gamma knife radiosurgery for acoustic neuri-

nomas. Arch Otolaryngol Head Neck Surg 128:1308–1312

34. Petit JH, Hudes RS, Chen TT, Eisenberg HM, Simard JM, Chin

LS (2001) Reduced-dose radiosurgery for vestibular schwan-

nomas. Neurosurgery 49:1299–1306 Discussion 1306–1297

35. Pollock BE, Driscoll CL, Foote RL, Link MJ, Gorman DA,

Bauch CD, Mandrekar JN, Krecke KN, Johnson CH (2006)

Patient outcomes after vestibular schwannoma management: a

prospective comparison of microsurgical resection and stereo-

tactic radiosurgery. Neurosurgery 59:77–85 Discussion: 77–85

36. Prasad D, Steiner M, Steiner L (2000) Gamma surgery for

vestibular schwannoma. J Neurosurg 92:745–759

37. Rowe JG, Radatz MW, Walton L, Hampshire A, Seaman S,

Kemeny AA (2003) Gamma knife stereotactic radiosurgery for

unilateral acoustic neuromas. J Neurol Neurosurg Psychiatry

74:1536–1542

J Neurooncol

123



38. Rutten I, Baumert BG, Seidel L, Kotolenko S, Collignon J,

Kaschten B, Albert A, Martin D, Deneufbourg JM, Demanez JP,

Stevenaert A (2007) Long-term follow-up reveals low toxicity

of radiosurgery for vestibular schwannoma. Radiother Oncol

82:83–89

39. Spiegelmann R, Lidar Z, Gofman J, Alezra D, Hadani M, Pfeffer R

(2001) Linear accelerator radiosurgery for vestibular schwan-

noma. J Neurosurg 94:7–13

40. Suh JH, Barnett GH, Sohn JW, Kupelian PA, Cohen BH (2000)

Results of linear accelerator-based stereotactic radiosurgery for

recurrent and newly diagnosed acoustic neuromas. Int J Cancer

90:145–151

41. Unger F, Walch C, Haselsberger K, Papaefthymiou G, Trummer

M, Eustacchio S, Pendl G (1999) Radiosurgery of vestibular

schwannomas: a minimally invasive alternative to microsurgery.

Acta Neurochir (Wien) 141:1281–1285 Discussion: 1285–1286

42. van Eck AT, Horstmann GA (2005) Increased preservation of

functional hearing after gamma knife surgery for vestibular

schwannoma. J Neurosurg 102 Suppl:204–206

43. Vermeulen S, Young R, Posewitz A, Grimm P, Blasko J, Kohler

E, Raisis J (1998) Stereotactic radiosurgery toxicity in the

treatment of intracanalicular acoustic neuromas: the Seattle

Northwest gamma knife experience. Stereotact Funct Neurosurg

70 Suppl 1:80–87

44. Wackym PA, Runge-Samuelson CL, Poetker DM, Michel MA,

Alkaf FM, Burg LS, Firszt JB (2004) Gamma knife radiosurgery

for acoustic neuromas performed by a neurotologist: early

experiences and outcomes. Otol Neurotol 25:752–761

45. Yang SY, Kim DG, Chung HT, Park SH, Paek SH, Jung HW (2008)

Evaluation of tumour response after gamma knife radiosurgery for

residual vestibular schwannomas based on MRI morphological

features. J Neurol Neurosurg Psychiatry 79:431–436

46. Noren G, Greitz D, Hirsch A, Lax I (1993) Gamma knife surgery

in acoustic tumours. Acta Neurochir Suppl (Wien) 58:104–107

47. Chung HT, Ma R, Toyota B, Clark B, Robar J, McKenzie M

(2004) Audiologic and treatment outcomes after linear acceler-

ator-based stereotactic irradiation for acoustic neuroma. Int J

Radiat Oncol Biol Phys 59:1116–1121

48. Mendenhall WM, Friedman WA, Bova FJ (1994) Linear

accelerator-based stereotactic radiosurgery for acoustic sch-

wannomas. Int J Radiat Oncol Biol Phys 28:803–810

49. Muacevic A, Jess-Hempen A, Tonn JC, Wowra B (2004)

Results of outpatient gamma knife radiosurgery for primary

therapy of acoustic neuromas. Acta Neurochir Suppl 91:75–78

50. Paek SH, Chung HT, Jeong SS, Park CK, Kim CY, Kim JE, Kim

DG, Jung HW (2005) Hearing preservation after gamma knife

stereotactic radiosurgery of vestibular schwannoma. Cancer 104:

580–590

51. Battista RA, Wiet RJ (2000) Stereotactic radiosurgery for

acoustic neuromas: a survey of the American Neurotology

Society. Am J Otol 21:371–381

52. Regis J, Roche PH, Delsanti C, Thomassin JM, Ouaknine M,

Gabert K, Pellet W (2007) Modern management of vestibular

schwannomas. Prog Neurol Surg 20:129–141

53. Unger F, Walch C, Schrottner O, Eustacchio S, Sutter B, Pendl

G (2002) Cranial nerve preservation after radiosurgery of ves-

tibular schwannomas. Acta Neurochir Suppl 84:77–83

54. Nader R, Al-Abdulhadi K, Leblanc R, Zeitouni A (2002)

Acoustic neuroma: outcome study. J Otolaryngol 31:207–210

55. Valentino V, Raimondi AJ (1995) Tumour response and mor-

phological changes of acoustic neurinomas after radiosurgery.

Acta Neurochir (Wien) 133:157–163

56. Ogunrinde OK, Lunsford LD, Flickinger JC, Kondziolka DS

(1995) Cranial nerve preservation after stereotactic radiosurgery

for small acoustic tumors. Arch Neurol 52:73–79

57. Pollock BE, Lunsford LD, Kondziolka D, Flickinger JC, Bis-

sonette DJ, Kelsey SF, Jannetta PJ (1995) Outcome analysis of

acoustic neuroma management: a comparison of microsurgery

and stereotactic radiosurgery. Neurosurgery 36:215–224 Discus-

sion: 224–219

58. Koos WT, Matula C, Levy D, Kitz K (1995) Microsurgery

versus radiosurgery in the treatment of small acoustic neurino-

mas. Acta Neurochir 63 Suppl:73–80

59. Flickinger JC, Lunsford LD, Linskey ME, Duma CM, Kon-

dziolka D (1993) Gamma knife radiosurgery for acoustic

tumors: multivariate analysis of four year results. Radiother

Oncol 27:91–98

60. Lunsford LD, Linskey ME (1992) Stereotactic radiosurgery in

the treatment of patients with acoustic tumors. Otolaryngol Clin

North Am 25:471–491

61. Flickinger JC, Lunsford LD, Coffey RJ, Linskey ME, Bissonette

DJ, Maitz AH, Kondziolka D (1991) Radiosurgery of acoustic

neurinomas. Cancer 67:345–353

62. Noren G, Arndt J, Hindmarsh T (1983) Stereotactic radiosurgery

in cases of acoustic neurinoma: further experiences. Neurosur-

gery 13:12–22

63. Battaglia A, Mastrodimos B, Cueva R (2006) Comparison of

growth patterns of acoustic neuromas with and without radio-

surgery. Otol Neurotol 27:705–712

64. Flickinger JC, Kondziolka D, Niranjan A, Lunsford LD (2001)

Results of acoustic neuroma radiosurgery: an analysis of

5 years’ experience using current methods. J Neurosurg 94:1–6

65. Foote KD, Friedman WA, Buatti JM, Meeks SL, Bova FJ, Kubilis

PS (2001) Analysis of risk factors associated with radiosurgery for

vestibular schwannoma. J Neurosurg 95:440–449

66. Friedman WA, Foote KD (2003) Linear accelerator-

based radiosurgery for vestibular schwannoma. Neurosurg

Focus 14:e2

67. Hasegawa T, Kida Y, Yoshimoto M, Koike J, Goto K (2006)

Evaluation of tumor expansion after stereotactic radiosurgery in

patients harboring vestibular schwannomas. Neurosurgery

58:1119–1128 Discussion: 1119–1128

68. Hirato M, Inoue H, Nakamura M, Ohye C, Hirato J, Shibazaki T,

Andou Y (1995) Gamma knife radiosurgery for acoustic

schwannoma: early effects and preservation of hearing. Neurol

Med Chir (Tokyo) 35:737–741

69. Inoue HK (2005) Low-dose radiosurgery for large vestibular

schwannomas: long-term results of functional preservation.

J Neurosurg 102 Suppl:111–113

70. Ito K, Shin M, Matsuzaki M, Sugasawa K, Sasaki T (2000) Risk

factors for neurological complications after acoustic neurinoma

radiosurgery: refinement from further experiences. Int J Radiat

Oncol Biol Phys 48:75–80

71. Kaylie DM, Horgan MJ, Delashaw JB, McMenomey SO (2000)

A meta-analysis comparing outcomes of microsurgery and

gamma knife radiosurgery. Laryngoscope 110:1850–1856

72. Kaylie DM, McMenomey SO (2003) Microsurgery vs gamma

knife radiosurgery for the treatment of vestibular schwannomas.

Arch Otolaryngol Head Neck Surg 129:903–906

73. Kondziolka D, Subach BR, Lunsford LD, Bissonette DJ,

Flickinger JC (1998) Outcomes after gamma knife radiosurgery

in solitary acoustic tumors and neurofibromatosis type 2. Neu-

rosurg Focus 5:e2

74. Kwon Y, Khang SK, Kim CJ, Lee DJ, Lee JK, Kwun BD (1999)

Radiologic and histopathologic changes after gamma knife

radiosurgery for acoustic schwannoma. Stereotact Funct Neu-

rosurg 72 Suppl 1:2–10

75. Lee F, Linthicum F Jr, Hung G (2002) Proliferation potential in

recurrent acoustic schwannoma following gamma knife radio-

surgery versus microsurgery. Laryngoscope 112:948–950

J Neurooncol

123



76. Likhterov I, Allbright RM, Selesnick SH (2007) LINAC radio-

surgery and radiotherapy treatment of acoustic neuromas. Oto-

laryngol Clin North Am 40:541–570 ix

77. Lunsford LD, Niranjan A, Flickinger JC, Maitz A, Kondziolka

D (2005) Radiosurgery of vestibular schwannomas: summary of

experience in 829 cases. J Neurosurg 102 Suppl:195–199

78. Mendenhall WM, Friedman WA, Buatti JM, Bova FJ (1996)

Preliminary results of linear accelerator radiosurgery for

acoustic schwannomas. J Neurosurg 85:1013–1019

79. Oyama H, Kobayashi T, Kida Y, Tanaka T, Mori Y, Iwakoshi T,

Niwa M, Kai O, Hirose M (1994) Early changes in volume and

non-enhanced volume of acoustic neurinoma after stereotactic

gamma-radiosurgery. Neurol Med Chir (Tokyo) 34:607–611

80. Pellet W, Regis J, Roche PH, Delsanti C (2003) Relative indications

for radiosurgery and microsurgery for acoustic schwannoma. Adv

Tech Stand Neurosurg 28:227–282 Discussion: 282–224

81. Perks JR, St George EJ, El Hamri K, Blackburn P, Plowman PN

(2003) Stereotactic radiosurgery XVI: isodosimetric comparison

of photon stereotactic radiosurgery techniques (gamma knife vs.

micromultileaf collimator linear accelerator) for acoustic neu-

roma–and potential clinical importance. Int J Radiat Oncol Biol

Phys 57:1450–1459

82. Regis J, Pellet W, Delsanti C, Dufour H, Roche PH, Thomassin

JM, Zanaret M, Peragut JC (2002) Functional outcome after

gamma knife surgery or microsurgery for vestibular schwan-

nomas. J Neurosurg 97:1091–1100

83. Roland PS, Eston D (2002) Stereotactic radiosurgery of acoustic

tumors. Otolaryngol Clin North Am 35:343–355

84. Rowe JG, Radatz M, Walton L, Kemeny AA (2002) Stereotactic

radiosurgery for type 2 neurofibromatosis acoustic neuromas:

patient selection and tumour size. Stereotact Funct Neurosurg

79:107–116

85. Sandooram D, Grunfeld EA, McKinney C, Gleeson MJ (2004)

Quality of life following microsurgery, radiosurgery and con-

servative management for unilateral vestibular schwannoma.

Clin Otolaryngol Allied Sci 29:621–627

86. Spiegelmann R, Gofman J, Alezra D, Pfeffer R (1999) Radio-

surgery for acoustic neurinomas (vestibular schwannomas). Isr

Med Assoc J 1:8–13

87. Thomassin JM, Epron JP, Regis J, Delsanti C, Sarabian A,

Peragut JC, Pellet W (1998) Preservation of hearing in acoustic

neuromas treated by gamma knife surgery. Stereotact Funct

Neurosurg 70 Suppl 1:74–79

88. Vachhani JA, Friedman WA (2007) Radiosurgery in patients

with bilateral vestibular schwannomas. Stereotact Funct Neu-

rosurg 85:273–278

89. van Roijen L, Nijs HG, Avezaat CJ, Karlsson G, Linquist C,

Pauw KH, Rutten FF (1997) Costs and effects of microsurgery

versus radiosurgery in treating acoustic neuroma. Acta Neuro-

chir (Wien) 139:942–948

90. Wowra B, Muacevic A, Jess-Hempen A, Hempel JM, Muller-

Schunk S, Tonn JC (2005) Outpatient gamma knife surgery for

vestibular schwannoma: definition of the therapeutic profile

based on a 10-year experience. J Neurosurg 102 Suppl:114–118

91. Yamasoba T, Kurita H, Ito K, Mizuno M, Nakamura M, Su-

gasawa M, Sugasawa K, Sasaki T (1996) Auditory findings after

stereotactic radiosurgery in acoustic neurinoma. Skull Base Surg

6:163–167

92. Shin YJ, Lapeyre-Mestre M, Gafsi I, Cognard C, Deguine O,

Tremoulet M, Fraysse B (2003) Neurotological complications

after radiosurgery versus conservative management in acoustic

neuromas: a systematic review-based study. Acta Otolaryngol

123:59–64

93. Linskey ME, Lunsford LD, Flickinger JC, Kondziolka D (1992)

Stereotactic radiosurgery for acoustic tumors. Neurosurg Clin N

Am 3:191–205

94. Chamberlain MC, Barba D, Kormanik P, Shea WM (1994)

Stereotactic radiosurgery for recurrent gliomas. Cancer 74:

1342–1347

95. Cho KH, Hall WA, Lo SS, Dusenbery KE (2004) Stereotactic

radiosurgery versus fractionated stereotactic radiotherapy boost

for patients with glioblastoma multiforme. Technol Cancer Res

Treat 3:41–49

96. Combs SE, Widmer V, Thilmann C, Hof H, Debus J, Schulz-

Ertner D (2005) Stereotactic radiosurgery (SRS): treatment

option for recurrent glioblastoma multiforme (GBM). Cancer

104:2168–2173

97. Kondziolka D, Flickinger JC, Bissonette DJ, Bozik M, Lunsford

LD (1997) Survival benefit of stereotactic radiosurgery for

patients with malignant glial neoplasms. Neurosurgery

41:776–783 Discussion: 783–775

98. Mahajan A, McCutcheon IE, Suki D, Chang EL, Hassenbusch

SJ, Weinberg JS, Shiu A, Maor MH, Woo SY (2005) Case–

control study of stereotactic radiosurgery for recurrent glio-

blastoma multiforme. J Neurosurg 103:210–217

99. Masciopinto JE, Levin AB, Mehta MP, Rhode BS (1995) Ste-

reotactic radiosurgery for glioblastoma: a final report of 31

patients. J Neurosurg 82:530–535

100. Nwokedi EC, DiBiase SJ, Jabbour S, Herman J, Amin P, Chin

LS (2002) Gamma knife stereotactic radiosurgery for patients

with glioblastoma multiforme. Neurosurgery 50:41–46 Discus-

sion: 46–47

101. Shrieve DC, Alexander E III, Wen PY, Fine HA, Kooy HM,

Black PM, Loeffler JS (1995) Comparison of stereotactic radi-

osurgery and brachytherapy in the treatment of recurrent glio-

blastoma multiforme. Neurosurgery 36:275–282 Discussion:

282–274

102. Souhami L, Seiferheld W, Brachman D, Podgorsak EB, Werner-

Wasik M, Lustig R, Schultz CJ, Sause W, Okunieff P, Buckner

J, Zamorano L, Mehta MP, Curran WJ Jr (2004) Randomized

comparison of stereotactic radiosurgery followed by conven-

tional radiotherapy with carmustine to conventional radiother-

apy with carmustine for patients with glioblastoma multiforme:

report of Radiation Therapy Oncology Group 93–05 protocol.

Int J Radiat Oncol Biol Phys 60:853–860

103. Whang CJ, Kwon Y (1995) Gamma knife radiosurgery for

malignant tumors. J Korean Med Sci 10:379–387

104. Lederman G, Wronski M, Arbit E, Odaimi M, Wertheim S,

Lombardi E, Wrzolek M (2000) Treatment of recurrent glio-

blastoma multiforme using fractionated stereotactic radiosurgery

and concurrent paclitaxel. Am J Clin Oncol 23:155–159

105. Alexander E III, Loeffler JS (1998) Radiosurgery for primary

malignant brain tumors. Semin Surg Oncol 14:43–52

106. Brada M, Laing R (1994) Radiosurgery/stereotactic external

beam radiotherapy for malignant brain tumours: the Royal

Marsden Hospital experience. Recent Results Cancer Res 135:

91–104

107. Cho KH, Hall WA, Gerbi BJ, Higgins PD, McGuire WA, Clark

HB (1999) Single dose versus fractionated stereotactic radio-

therapy for recurrent high-grade gliomas. Int J Radiat Oncol

Biol Phys 45:1133–1141

108. Crowley RW, Pouratian N, Sheehan JP (2006) Gamma knife

surgery for glioblastoma multiforme. Neurosurg Focus 20:E17

109. Loeffler JS, Alexander E III, Shea WM, Wen PY, Fine HA,

Kooy HM, Black PM (1992) Radiosurgery as part of the initial

management of patients with malignant gliomas. J Clin Oncol

10:1379–1385

110. Buatti JM, Friedman WA, Bova FJ, Mendenhall WM (1995)

Linac radiosurgery for high-grade gliomas: the University of

Florida experience. Int J Radiat Oncol Biol Phys 32:205–210

111. Regine WF, Patchell RA, Strottmann JM, Meigooni A, Sanders

M, Young B (2000) Combined stereotactic split-course

J Neurooncol

123



fractionated gamma knife radiosurgery and conventional radia-

tion therapy for unfavorable gliomas: a phase I study. J Neuro-

surg 93 Suppl 3:37–41

112. Schwer AL, Damek DM, Kavanagh BD, Gaspar LE, Lillehei K,

Stuhr K, Chen C (2008) A phase I dose-escalation study of

fractionated stereotactic radiosurgery in combination with gefi-

tinib in patients with recurrent malignant gliomas. Int J Radiat

Oncol Biol Phys 70:993–1001

113. Yoshikawa K, Saito K, Kajiwara K, Nomura S, Ishihara H,

Suzuki M (2006) CyberKnife stereotactic radiotherapy for

patients with malignant glioma. Minim Invasive Neurosurg

49:110–115

114. Shaw E, Scott C, Souhami L, Dinapoli R, Kline R, Loeffler J,

Farnan N (2000) Single dose radiosurgical treatment of recurrent

previously irradiated primary brain tumors and brain metastases:

final report of RTOG protocol 90–05. Int J Radiat Oncol Biol

Phys 47:291–298

115. Aichholzer M, Bertalanffy A, Dietrich W, Roessler K, Pfisterer

W, Ungersboeck K, Heimberger K, Kitz K (2000) Gamma knife

radiosurgery of skull base meningiomas. Acta Neurochir (Wien)

142:647–652 Discussion: 652–643

116. Chang SD, Adler JR Jr, Martin DP (1998) LINAC radiosurgery

for cavernous sinus meningiomas. Stereotact Funct Neurosurg

71:43–50

117. Chuang CC, Chang CN, Tsang NM, Wei KC, Tseng CK, Chang

JT, Pai PC (2004) Linear accelerator-based radiosurgery in the

management of skull base meningiomas. J Neurooncol 66:

241–249

118. Davidson L, Fishback D, Russin JJ, Weiss MH, Yu C, Pagnini

PG, Zelman V, Apuzzo ML, Giannotta SL (2007) Postoperative

gamma knife surgery for benign meningiomas of the cranial

base. Neurosurg Focus 23:E6

119. De Salles AA, Frighetto L, Grande CV, Solberg TD, Cabatan-

Awang C, Selch MT, Wallace R, Ford J (2001) Radiosurgery

and stereotactic radiation therapy of skull base meningiomas:

proposal of a grading system. Stereotact Funct Neurosurg 76:

218–229

120. Deinsberger R, Tidstrand J, Sabitzer H, Lanner G (2004) LINAC

radiosurgery in skull base meningiomas. Minim Invasive Neu-

rosurg 47:333–338

121. DiBiase SJ, Kwok Y, Yovino S, Arena C, Naqvi S, Temple R,

Regine WF, Amin P, Guo C, Chin LS (2004) Factors predicting

local tumor control after gamma knife stereotactic radiosurgery

for benign intracranial meningiomas. Int J Radiat Oncol Biol

Phys 60:1515–1519

122. Hasegawa T, Kida Y, Yoshimoto M, Koike J, Iizuka H, Ishii D

(2007) Long-term outcomes of gamma knife surgery for cav-

ernous sinus meningioma. J Neurosurg 107:745–751

123. Kollova A, Liscak R, Novotny J Jr, Vladyka V, Simonova G,

Janouskova L (2007) Gamma knife surgery for benign menin-

gioma. J Neurosurg 107:325–336

124. Kondziolka D, Mathieu D, Lunsford LD, Martin JJ, Madhok R,

Niranjan A, Flickinger JC (2008) Radiosurgery as definitive

management of intracranial meningiomas. Neurosurgery

62:53–58 Discussion: 58–60

125. Kreil W, Luggin J, Fuchs I, Weigl V, Eustacchio S, Papaefthy-

miou G (2005) Long term experience of gamma knife radiosur-

gery for benign skull base meningiomas. J Neurol Neurosurg

Psychiatry 76:1425–1430

126. Malik I, Rowe JG, Walton L, Radatz MW, Kemeny AA (2005)

The use of stereotactic radiosurgery in the management of

meningiomas. Br J Neurosurg 19:13–20

127. Pamir MN, Peker S, Kilic T, Sengoz M (2007) Efficacy of

gamma-knife surgery for treating meningiomas that involve the

superior sagittal sinus. Zentralbl Neurochir 68:73–78

128. Villavicencio AT, Black PM, Shrieve DC, Fallon MP, Alexan-

der E, Loeffler JS (2001) Linac radiosurgery for skull base

meningiomas. Acta Neurochir (Wien) 143:1141–1152

129. Rogers L, Mehta M (2007) Role of radiation therapy in treating

intracranial meningiomas. Neurosurg Focus 23:E4

130. Mattozo CA, De Salles AA, Klement IA, Gorgulho A, McArthur

D, Ford JM, Agazaryan N, Kelly DF, Selch MT (2007) Ste-

reotactic radiation treatment for recurrent nonbenign meningi-

omas. J Neurosurg 106:846–854

131. Chin LS, Szerlip NJ, Regine WF (2003) Stereotactic radiosur-

gery for meningiomas. Neurosurg Focus 14:e6

132. Elia AE, Shih HA, Loeffler JS (2007) Stereotactic radiation

treatment for benign meningiomas. Neurosurg Focus 23:E5

133. Hamm K, Henzel M, Gross MW, Surber G, Kleinert G, En-

genhart-Cabillic R (2008) Radiosurgery/stereotactic radiother-

apy in the therapeutical concept for skull base meningiomas.

Zentralbl Neurochir 69:14–21

134. Nicolato A, Giorgetti P, Foroni R, Grigolato D, Pasquin IP,

Zuffante M, Soda C, Tomassini A, Gerosa M (2005) Gamma

knife radiosurgery in skull base meningiomas: a possible rela-

tionship between somatostatin receptor decrease and early

neurological improvement without tumour shrinkage at short-

term imaging follow-up. Acta Neurochir (Wien) 147:367–374

Discussion: 374–365

135. Torres RC, Frighetto L, De Salles AA, Goss B, Medin P, Sol-

berg T, Ford JM, Selch M (2003) Radiosurgery and stereotactic

radiotherapy for intracranial meningiomas. Neurosurg Focus

14:e5

136. Zachenhofer I, Wolfsberger S, Aichholzer M, Bertalanffy A,

Roessler K, Kitz K, Knosp E (2006) Gamma-knife radiosurgery

for cranial base meningiomas: experience of tumor control,

clinical course, and morbidity in a follow-up of more than

8 years. Neurosurgery 58:28–36 Discussion: 28–36

137. Goyal S, Prasad D, Harrell F Jr, Matsumoto J, Rich T, Steiner L

(2005) Gamma knife surgery for the treatment of intracranial

metastases from breast cancer. J Neurosurg 103:218–223

138. Nataf F, Schlienger M, Liu Z, Foulquier JN, Gres B, Orthuon A,

Vannetzel JM, Escudier B, Meder JF, Roux FX, Touboul E

(2008) Radiosurgery with or without a 2-mm margin for 93

single brain metastases. Int J Radiat Oncol Biol Phys 70:

766–772

139. Kased N, Huang K, Nakamura JL, Sahgal A, Larson DA,

McDermott MW, Sneed PK (2008) Gamma knife radiosurgery

for brainstem metastases: the UCSF experience. J Neurooncol

86:195–205

140. Deinsberger R, Tidstrand J (2006) LINAC radiosurgery as single

treatment in cerebral metastases. J Neurooncol 76:77–83

141. Ulm AJ, Friedman WA, Bova FJ, Bradshaw P, Amdur RJ,

Mendenhall WM (2004) Linear accelerator radiosurgery in the

treatment of brain metastases. Neurosurgery 55:1076–1085

142. Combs SE, Schulz-Ertner D, Thilmann C, Edler L, Debus J

(2004) Treatment of cerebral metastases from breast cancer with

stereotactic radiosurgery. Strahlenther Onkol 180:590–596

143. Datta R, Jawahar A, Ampil FL, Shi R, Nanda A, D’Agostino H

(2004) Survival in relation to radiotherapeutic modality for brain

metastasis: whole brain irradiation vs. gamma knife radiosur-

gery. Am J Clin Oncol 27:420–424

144. Muacevic A, Kreth FW, Tonn JC, Wowra B (2004) Stereotactic

radiosurgery for multiple brain metastases from breast carci-

noma. Cancer 100:1705–1711

145. Jawahar A, Willis BK, Smith DR, Ampil F, Datta R, Nanda A

(2002) Gamma knife radiosurgery for brain metastases: do

patients benefit from adjuvant external-beam radiotherapy? An

18-month comparative analysis. Stereotact Funct Neurosurg

79:262–271

J Neurooncol

123



146. Aoyama H, Shirato H, Tago M, Nakagawa K, Toyoda T, Hatano

K, Kenjyo M, Oya N, Hirota S, Shioura H, Kunieda E, Inomata

T, Hayakawa K, Katoh N, Kobashi G (2006) Stereotactic radi-

osurgery plus whole-brain radiation therapy vs stereotactic

radiosurgery alone for treatment of brain metastases: a ran-

domized controlled trial. JAMA 295:2483–2491

147. Manon R, O’Neill A, Knisely J, Werner-Wasik M, Lazarus HM,

Wagner H, Gilbert M, Mehta M (2005) Phase II trial of radio-

surgery for one to three newly diagnosed brain metastases from

renal cell carcinoma, melanoma, and sarcoma: an Eastern

Cooperative Oncology Group study (E 6397). J Clin Oncol

23:8870–8876

148. Koc M, McGregor J, Grecula J, Bauer CJ, Gupta N, Gahbauer

RA (2005) Gamma knife radiosurgery for intracranial metastatic

melanoma: an analysis of survival and prognostic factors.

J Neurooncol 71:307–313

149. Muacevic A, Kreth FW, Mack A, Tonn JC, Wowra B (2004)

Stereotactic radiosurgery without radiation therapy providing

high local tumor control of multiple brain metastases from renal

cell carcinoma. Minim Invasive Neurosurg 47:203–208

150. Noel G, Medioni J, Valery CA, Boisserie G, Simon JM, Cornu

P, Hasboun D, Ledu D, Tep B, Delattre JY, Marsault C, Baillet

F, Mazeron JJ (2003) Three irradiation treatment options

including radiosurgery for brain metastases from primary lung

cancer. Lung Cancer 41:333–343

151. Hoshi S, Jokura H, Nakamura H, Shintaku I, Ohyama C, Satoh

M, Saito S, Fukuzaki A, Orikasa S, Yoshimoto T (2002)

Gamma-knife radiosurgery for brain metastasis of renal cell

carcinoma: results in 42 patients. Int J Urol 9:618–625 Discus-

sion: 626; Author Reply: 627

152. Shinoura N, Yamada R, Okamoto K, Nakamura O, Shitara N

(2002) Local recurrence of metastatic brain tumor after stereo-

tactic radiosurgery or surgery plus radiation. J Neurooncol

60:71–77

153. Amendola BE, Wolf AL, Coy SR, Amendola M, Bloch L (2000)

Brain metastases in renal cell carcinoma: management with

gamma knife radiosurgery. Cancer J 6:372–376

154. Simonova G, Liscak R, Novotny J Jr, Novotny J (2000) Solitary

brain metastases treated with the Leksell gamma knife: prog-

nostic factors for patients. Radiother Oncol 57:207–213

155. Muacevic A, Wowra B, Siefert A, Tonn JC, Steiger HJ, Kreth

FW (2008) Microsurgery plus whole brain irradiation versus

gamma knife surgery alone for treatment of single metastases to

the brain: a randomized controlled multicentre phase III trial.

J Neurooncol 87:299–307

156. Firlik KS, Kondziolka D, Flickinger JC, Lunsford LD (2000)

Stereotactic radiosurgery for brain metastases from breast can-

cer. Ann Surg Oncol 7:333–338

157. Flannery TW, Suntharalingam M, Regine WF, Chin LS, Krasna

MJ, Shehata MK, Edelman MJ, Kremer M, Patchell RA, Kwok

Y (2008) Long-term survival in patients with synchronous,

solitary brain metastasis from non-small-cell lung cancer treated

with radiosurgery. Int J Radiat Oncol Biol Phys 72:19–23

158. Hasegawa T, Kondziolka D, Flickinger JC, Lunsford LD

(2003) Stereotactic radiosurgery for brain metastases from

gastrointestinal tract cancer. Surg Neurol 60:506–514 Discus-

sion: 514–505

159. Mori Y, Kondziolka D, Flickinger JC, Kirkwood JM, Agarwala

S, Lunsford LD (1998) Stereotactic radiosurgery for cerebral

metastatic melanoma: factors affecting local disease control and

survival. Int J Radiat Oncol Biol Phys 42:581–589

160. Sheehan JP, Sun MH, Kondziolka D, Flickinger J, Lunsford LD

(2002) Radiosurgery for non-small cell lung carcinoma meta-

static to the brain: long-term outcomes and prognostic factors

influencing patient survival time and local tumor control.

J Neurosurg 97:1276–1281

161. Sheehan JP, Sun MH, Kondziolka D, Flickinger J, Lunsford LD

(2003) Radiosurgery in patients with renal cell carcinoma

metastasis to the brain: long-term outcomes and prognostic

factors influencing survival and local tumor control. J Neurosurg

98:342–349

162. Monaco E, Kondziolka D, Mongia S, Niranjan A, Flickinger JC,

Lunsford LD (2008) Management of brain metastases from

ovarian and endometrial carcinoma with stereotactic radiosur-

gery. Cancer 113:2610–2614

163. Sanghavi SN, Miranpuri SS, Chappell R, Buatti JM, Sneed PK,

Suh JH, Regine WF, Weltman E, King VJ, Goetsch SJ, Bren-

eman JC, Sperduto PW, Scott C, Mabanta S, Mehta MP (2001)

Radiosurgery for patients with brain metastases: a multi-insti-

tutional analysis, stratified by the RTOG recursive partitioning

analysis method. Int J Radiat Oncol Biol Phys 51:426–434

164. Matsumoto K, Ando M, Yamauchi C, Egawa C, Hamamoto Y,

Kataoka M, Shuto T, Karasawa K, Kurosumi M, Kan N,

Mitsumori M (2009) Questionnaire survey of treatment choice

for breast cancer patients with brain metastasis in Japan: results

of a nationwide survey by the task force of the Japanese Breast

Cancer Society. Jpn J Clin Oncol 39:22–26

165. Mathieu D, Kondziolka D, Flickinger JC, Fortin D, Kenny B,

Michaud K, Mongia S, Niranjan A, Lunsford LD (2008) Tumor

bed radiosurgery after resection of cerebral metastases. Neuro-

surgery 62(4):817–823

166. Drzymala RE, Wasserman TH, Won M, Shaw E, Cmelak AJ,

Loeffler J, Souhami L (2008) A phase I-B trial of the radio-

sensitizer: etanidazole (SR-2508) with radiosurgery for the

treatment of recurrent previously irradiated primary brain

tumors or brain metastases (RTOG Study 95–02). Radiother

Oncol 87:89–92

167. Huang CF, Chou HH, Tu HT, Yang MS, Lee JK, Lin LY (2008)

Diffusion magnetic resonance imaging as an evaluation of the

response of brain metastases treated by stereotactic radiosur-

gery. Surg Neurol 69:62–68 Discussion: 68

168. Aoyama H, Tago M, Kato N, Toyoda T, Kenjyo M, Hirota S,

Shioura H, Inomata T, Kunieda E, Hayakawa K, Nakagawa K,

Kobashi G, Shirato H (2007) Neurocognitive function of

patients with brain metastasis who received either whole brain

radiotherapy plus stereotactic radiosurgery or radiosurgery

alone. Int J Radiat Oncol Biol Phys 68:1388–1395

169. Narayana A, Chang J, Yenice K, Chan K, Lymberis S, Brennan

C, Gutin PH (2007) Hypofractionated stereotactic radiotherapy

using intensity-modulated radiotherapy in patients with one or

two brain metastases. Stereotact Funct Neurosurg 85:82–87

170. Ernst-Stecken A, Ganslandt O, Lambrecht U, Sauer R, Grab-

enbauer G (2006) Phase II trial of hypofractionated stereotactic

radiotherapy for brain metastases: results and toxicity. Radiother

Oncol 81:18–24

171. Roos DE, Wirth A, Burmeister BH, Spry NA, Drummond KJ,

Beresford JA, McClure BE (2006) Whole brain irradiation fol-

lowing surgery or radiosurgery for solitary brain metastases:

mature results of a prematurely closed randomized Trans-Tas-

man Radiation Oncology Group trial (TROG 98.05). Radiother

Oncol 80:318–322

172. Szeifert GT, Atteberry DS, Kondziolka D, Levivier M, Lunsford

LD (2006) Cerebral metastases pathology after radiosurgery: a

multicenter study. Cancer 106:2672–2681

173. Stafinski T, Jhangri GS, Yan E, Menon D (2006) Effectiveness

of stereotactic radiosurgery alone or in combination with whole

brain radiotherapy compared to conventional surgery and/or

whole brain radiotherapy for the treatment of one or more brain

metastases: a systematic review and meta-analysis. Cancer Treat

Rev 32:203–213

174. Andrews DW, Scott CB, Sperduto PW, Flanders AE, Gaspar

LE, Schell MC, Werner-Wasik M, Demas W, Ryu J, Bahary JP,

J Neurooncol

123



Souhami L, Rotman M, Mehta MP, Curran WJ Jr (2004) Whole

brain radiation therapy with or without stereotactic radiosurgery

boost for patients with one to three brain metastases: phase III

results of the RTOG 9508 randomised trial. Lancet 363:

1665–1672

175. Schmittel A, Proebstle T, Engenhart-Cabillic R, Scheibenbogen

C, Geueke AM, Thiel E, Keilholz U (2003) Brain metastases

following interleukin-2 plus interferon-alpha-2a therapy: a fol-

low-up study in 94 stage IV melanoma patients. Eur J Cancer

39:476–480

176. Nieder C, Nestle U, Walter K, Niewald M, Schnabel K (2000)

Dose–response relationships for radiotherapy of brain metasta-

ses: role of intermediate-dose stereotactic radiosurgery plus

whole-brain radiotherapy. Am J Clin Oncol 23:584–588

177. Loeffler JS, Bloomer WD, Buckley JA, Gutin PH, Malcolm

AW, Schupak KD, Larson D, Gaspar LE, Gibbs FA, Lewin AA,

Mendenhall WM, Schneider JF, Shaw EG, Simpson JR,

Wharam MD Jr, Rogers L, Leibel S (2000) Solitary brain

metastasis. American College of Radiology. ACR appropriate-

ness criteria. Radiology 215 Suppl:1111–1120

178. Yamanaka K, Iwai Y, Yasui T, Nakajima H, Komiyama M,

Nishikawa M, Morikawa T, Kishi H (1999) Gamma knife

radiosurgery for metastatic brain tumor: the usefulness of

repeated gamma knife radiosurgery for recurrent cases. Stereo-

tact Funct Neurosurg 72 Suppl 1:73–80

179. Yang CC, Ting J, Wu X, Markoe A (1998) Dose volume his-

togram analysis of the gamma knife radiosurgery treating

twenty-five metastatic intracranial tumors. Stereotact Funct

Neurosurg 70 Suppl 1:41–49

180. Auchter RM, Lamond JP, Alexander E, Buatti JM, Chappell R,

Friedman WA, Kinsella TJ, Levin AB, Noyes WR, Schultz CJ,

Loeffler JS, Mehta MP (1996) A multiinstitutional outcome and

prognostic factor analysis of radiosurgery for resectable single

brain metastasis. Int J Radiat Oncol Biol Phys 35:27–35

181. Shaw E, Scott C, Souhami L, Dinapoli R, Bahary JP, Kline R,

Wharam M, Schultz C, Davey P, Loeffler J, Del Rowe J, Marks

L, Fisher B, Shin K (1996) Radiosurgery for the treatment of

previously irradiated recurrent primary brain tumors and brain

metastases: initial report of radiation therapy oncology group

protocol (90–05). Int J Radiat Oncol Biol Phys 34:647–654

182. Fukuoka S, Seo Y, Takanashi M, Takahashi S, Suematsu K,

Nakamura J (1996) Radiosurgery of brain metastases with the

gamma knife. Stereotact Funct Neurosurg 66 Suppl 1:193–200

183. Rutigliano MJ, Lunsford LD, Kondziolka D, Strauss MJ, Khanna

V, Green M (1995) The cost effectiveness of stereotactic radio-

surgery versus surgical resection in the treatment of solitary

metastatic brain tumors. Neurosurgery 37:445–453 Discussion:

453–445

184. Kondziolka D, Niranjan A, Flickinger JC, Lunsford LD (2005)

Radiosurgery with or without whole-brain radiotherapy for brain

metastases: the patients’ perspective regarding complications.

Am J Clin Oncol 28:173–179

185. Hasegawa T, Kondziolka D, Flickinger JC, Germanwala A,

Lunsford LD (2003) Brain metastases treated with radiosurgery

alone: an alternative to whole brain radiotherapy? Neurosurgery

52:1318–1326 Discussion: 1326

186. Bhatnagar AK, Flickinger JC, Kondziolka D, Lunsford LD

(2006) Stereotactic radiosurgery for four or more intracranial

metastases. Int J Radiat Oncol Biol Phys 64:898–903

187. Mori Y, Kondziolka D, Flickinger JC, Logan T, Lunsford LD

(1998) Stereotactic radiosurgery for brain metastasis from renal

cell carcinoma. Cancer 83:344–353

188. Serizawa T, Yamamoto M, Nagano O, Higuchi Y, Matsuda S,

Ono J, Iwadate Y, Saeki N (2008) Gamma knife surgery for

metastatic brain tumors. J Neurosurg 109 Suppl:118–121

189. Kondziolka D, Patel A, Lunsford LD, Kassam A, Flickinger JC

(1999) Stereotactic radiosurgery plus whole brain radiotherapy

versus radiotherapy alone for patients with multiple brain

metastases. Int J Radiat Oncol Biol Phys 45:427–434

190. Kocher M, Maarouf M, Bendel M, Voges J, Muller RP, Sturm V

(2004) Linac radiosurgery versus whole brain radiotherapy for

brain metastases. A survival comparison based on the RTOG

recursive partitioning analysis. Strahlenther Onkol 180:263–267

191. Muacevic A, Kreth FW, Horstmann GA, Schmid-Elsaesser R,

Wowra B, Steiger HJ, Reulen HJ (1999) Surgery and radio-

therapy compared with gamma knife radiosurgery in the treat-

ment of solitary cerebral metastases of small diameter.

J Neurosurg 91:35–43

192. Sneed PK, Suh JH, Goetsch SJ, Sanghavi SN, Chappell R, Buatti

JM, Regine WF, Weltman E, King VJ, Breneman JC, Sperduto

PW, Mehta MP (2002) A multi-institutional review of radio-

surgery alone vs. radiosurgery with whole brain radiotherapy as

the initial management of brain metastases. Int J Radiat Oncol

Biol Phys 53:519–526

193. Colombo F, Benedetti A, Pozza F, Avanzo RC, Marchetti C,

Chierego G, Zanardo A (1985) External stereotactic irradiation

by linear accelerator. Neurosurgery 16:154–160

194. Flickinger JC, Kondziolka D, Niranjan A, Lunsford LD (2007)

Dose selection in stereotactic radiosurgery. Prog Neurol Surg

20:28–42

195. Pollock BE (2008) Vestibular schwannoma management: an

evidence-based comparison of stereotactic radiosurgery and

microsurgical resection. Prog Neurol Surg 21:222–227

196. Andrews DW, Werner-Wasik M, Den RB, Paek SH, Downes-

Phillips B, Willcox TO, Bednarz G, Maltenfort M, Evans JJ,

Curran WJ Jr (2009) Toward dose optimization for fractionated

stereotactic radiotherapy for acoustic neuromas: comparison of

two dose cohorts. Int J Radiat Oncol Biol Phys 74:419–426

197. Combs SE, Welzel T, Schulz-Ertner D, Huber PE, Debus J

(2010) Differences in clinical results after LINAC-based single-

dose radiosurgery versus fractionated stereotactic radiotherapy

for patients with vestibular schwannomas. Int J Radiat Oncol

Biol Phys 76:193–200

198. Fahy C, Nikolopoulos TP, O’Donoghue GM (2002) Acoustic

neuroma surgery and tinnitus. Eur Arch Otorhinolaryngol

259:299–301

199. House JW, Brackmann DE (1981) Tinnitus: surgical treatment.

Ciba Found Symp 85:204–216

200. Henrich DE, McCabe BF, Gantz BJ (1995) Tinnitus and

acoustic neuromas: analysis of the effect of surgical excision on

postoperative tinnitus. Ear Nose Throat J 74:462–466

201. Keles GE, Anderson B, Berger MS (1999) The effect of extent of

resection on time to tumor progression and survival in patients

with glioblastoma multiforme of the cerebral hemisphere. Surg

Neurol 52:371–379

202. Johnson WD, Loredo LN, Slater JD (2008) Surgery and radio-

therapy: complementary tools in the management of benign

intracranial tumors. Neurosurg Focus 24:E2

203. Delattre JY, Krol G, Thaler HT, Posner JB (1988) Distribution

of brain metastases. Arch Neurol 45:741–744

204. Mintz AP, Cairncross JG (1998) Treatment of a single brain

metastasis: the role of radiation following surgical resection.

JAMA 280:1527–1529

205. Patchell RA, Tibbs PA, Walsh JW, Dempsey RJ, Maruyama Y,

Kryscio RJ, Markesbery WR, Macdonald JS, Young B (1990) A

randomized trial of surgery in the treatment of single metastases

to the brain. N Engl J Med 322:494–500

206. Vecht CJ, Haaxma-Reiche H, Noordijk EM, Padberg GW,

Voormolen JH, Hoekstra FH, Tans JT, Lambooij N, Metsaars

JA, Wattendorff AR et al (1993) Treatment of single brain

J Neurooncol

123



metastasis: radiotherapy alone or combined with neurosurgery?

Ann Neurol 33:583–590

207. McDermott MW, Sneed PK (2005) Radiosurgery in metastatic

brain cancer. Neurosurgery 57:S45–S53 Discussion: S41–44

208. Linskey ME, Andrews DW, Asher AL, Burri SH, Kondziolka D,

Robinson PD, Ammirati M, Cobbs CS, Gaspar LE, Loeffler JS,

McDermott M, Mehta MP, Mikkelsen T, Olson JJ, Paleologos

NA, Patchell RA, Ryken TC, Kalkanis SN (2010) The role of

stereotactic radiosurgery in the management of patients with

newly diagnosed brain metastases: a systematic review and evi-

dence-based clinical practice guideline. J Neurooncol 96:45–68

209. Swords FM, Allan CA, Plowman PN, Sibtain A, Evanson J,

Chew SL, Grossman AB, Besser GM, Monson JP (2003) Ste-

reotactic radiosurgery XVI: a treatment for previously irradiated

pituitary adenomas. J Clin Endocrinol Metab 88:5334–5340

210. Witt TC (2003) Stereotactic radiosurgery for pituitary tumors.

Neurosurg Focus 14:e10

211. Kobayashi T, Kida Y, Hasegawa T (2003) Long-term results of

gamma knife surgery for craniopharyngioma. Neurosurg Focus

14:e13

212. Chung WY, Pan DH, Shiau CY, Guo WY, Wang LW (2000)

Gamma knife radiosurgery for craniopharyngiomas. J Neurosurg

93 Suppl 3:47–56

213. Sheehan J, Yen CP, Arkha Y, Schlesinger D, Steiner L (2007)

Gamma knife surgery for trigeminal schwannoma. J Neurosurg

106:839–845

214. Chang SD, Sakamoto GT (2003) The role of radiosurgery for

hemangiopericytomas. Neurosurg Focus 14:e14

215. Hadjipanayis CG, Kondziolka D, Flickinger JC, Lunsford LD

(2003) The role of stereotactic radiosurgery for low-grade

astrocytomas. Neurosurg Focus 14:e15

216. Hadjipanayis CG, Kondziolka D, Gardner P, Niranjan A, Dagam

S, Flickinger JC, Lunsford LD (2002) Stereotactic radiosurgery

for pilocytic astrocytomas when multimodal therapy is neces-

sary. J Neurosurg 97:56–64

217. Boethius J, Ulfarsson E, Rahn T, Lippittz B (2002) Gamma

knife radiosurgery for pilocytic astrocytomas. J Neurosurg 97:

677–680

218. Yen CP, Sheehan J, Steiner M, Patterson G, Steiner L (2007)

Gamma knife surgery for focal brainstem gliomas. J Neurosurg

106:8–17

219. Patrice SJ, Tarbell NJ, Goumnerova LC, Shrieve DC, Black PM,

Loeffler JS (1995) Results of radiosurgery in the management of

recurrent and residual medulloblastoma. Pediatr Neurosurg 22:

197–203

220. Sarkar A, Pollock BE, Brown PD, Gorman DA (2002) Evaluation

of gamma knife radiosurgery in the treatment of oligodendro-

gliomas and mixed oligodendroastrocytomas. J Neurosurg

97:653–656

J Neurooncol

123


	Stereotactic radiosurgery: a meta-analysis of current therapeutic applications in neuro-oncologic disease
	Abstract
	Methods
	Search strategy
	Inclusion/exclusion criteria
	Statistical analysis

	Results
	Vestibular schwannoma
	Glioblastoma
	Meningioma
	Metastases

	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


